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Preface

On September 27 – October 3, 2008 the NATO Advanced Research Workshop
(ARW) on progress in high-energy physics and nuclear safety was held in Yalta,
Crimea (see: http://crimea.bitp.kiev.ua and http://arw.bitp.kiev.ua). Nearly 50
leading experts in high-energy and nuclear physics from Eastern and Western
Europe as well as from North America participated at the Workshop.

The topics of the ARW covered recent results of theoretical and experimental
studies in high-energy physics, accelerator, detection and nuclear technologies, as
well as problems of nuclear safety in high-energy experimentation and in nuclear in-
dustry. The forthcoming experiments at the Large Hadron Collider (LHC) at CERN
and cosmic-ray experiments were among the topics of the ARW.

An important aspect of the Workshop was the scientific collaboration between
nuclear physicists from East and West, especially in the field of nuclear safety.

The present book contains a selection of invited talks presented at the ARW. The
papers are grouped in two parts.

Part I contains original papers on the progress in high-energy physics – theory,
phenomenology and experiment. The Part opens with two papers by prominent Rus-
sian theorists, members of the Russian Academy of Sciences, L.D. Faddeev and
A.A. Slavnov, known for their classical works in quantum field theory and, more
generally, in mathematical physics. One of them – Ludwig Faddeev – winner of
many prestigious prizes, was also awarded (shared with Vladimir Arnold) by the
2008 Shaw prize for his widespread and influential contributions to mathematical
physics.

The subsequent papers of Part I, ordered alphabetically by the author name
of presentation, cover most of the current high-energy experiments, thus giving a
panorama of the present state of the high-energy particle and nuclear physics. The
role of, and the need for the Higgs particle in the standard theory of the micro-world
is the frontier of modern physics. Possible explanations of its non-observation are
widely presented in the theoretical and experimental papers of Part I. Among other
topics is high-energy diffraction – a familiar but still enigmatic phenomenon ob-
served at largest accelerator of particles and nuclei. Recently it was realized that
diffraction can produce a glue-rich environment (“glue” comes from “gluon” – an

v
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elementary field in quantum chromo-dynamics), favoring the production and detec-
tion of new particles, such as Higgs, magnetic monopoles or super-partners of the
known particles.

The chances to create a mini-black hole in an accelerator experiment, e.g. at the
LHC and its safety aspects, i.e. its impact on the environment, often exaggerated by
the mass media, are also analyzed in the book. On the other hand, the prospects to
create a new phase of the hot and dense nuclear matter (quark-gluon plasma, super-
fluid nuclear matter etc.) in high-energy heavy-ion collisions are more promising.
The diagnostic of relevant signals is a key issue in this field.

Part II contains papers on various aspects of nuclear energy safety. This Part
opens with a paper by a leading Ukrainian expert, chairman of the nuclear
physics department of the Ukrainian National Academy of Sciences, academician
I.M. Neklyudov and his collaborators, on the progress in developing new radiation-
resistant materials for the present and future nuclear reactors. It is followed by an
interesting proposal by S. Taczanowski from Poland to use coal-nuclear symbiotic
methods of energy production. In another paper from Ukraine, new and safe nuclear
reactor designs, including the so-called slowly-burning (Feoktistov) reactor, are
presented, contrasting the background of the Chernobyl disaster and its lessons.
More papers deal with recent progress in nuclear safety.

The original color of the figures presented in the book can be recovered in
the electronic version of the relevant presentations, by opening http://crimea.bitp.
kiev.ua/, then clicking “Presentations”.

We thank the participants of this Workshop for their invaluable contributions.
We are grateful to our technical editor Lyuba Shmagailo for her highly professional
performance in preparing the camera-ready version of this book. The ARW and the
present publication were supported by the NATO SPS Program, grant No 983265.

Viktor Begun
László L. Jenkovszky
Aleksander Polański
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Part I
Progress in High-Energy Physics



An Alternative Interpretation
of the Weinberg–Salam Model

L.D. Faddeev

Abstract A new interpretation of the Higgs field on the basis of a non-orthodox
approach to the Weinberg–Salam (WS) model is suggested. It is argued that the
masses of vector mesons can be generated without the use of the Higgs potential.

Keywords: Yang–Mills, Weinberg–Salam, Goldstone, vector meson, scalar field,
Abelian transformation, ferromagnetism

Si nous ne trouvons pas des choses agréables,
nous trouverons du moins des choses nouvelles.

Cacambo to Candide before finding Eldorado

My wife and me found this phrase while reading on the Crimean beach during free
time Voltaire’s ironic description of the Candide’s adventures. (What can you do on
the beach but collecting pebbles and reading.) We could not help noting, that this
sentence reflects feelings of the large part of physical community in wake of the re-
sults on LHC. In my talk, based on the joint paper with A. Niemi and M. Chernodub
[1], I shall present a nonorthodox approach to WS model, proposing a new interpre-
tation for the Higgs field. In particular I shall argue, that masses of vector bosons
could be suplemented without use of the Higgs potential.

The paper [1] was produced by email correspondence and the version of A.N.
and M.Ch. was published. Here I shall use my approach, which is fully equivalent
to [1] and add some personal remarks.

The new interpretation concerns only bosonic part of WS model, so I shall con-
sider only lagrangian for complex scalar dubletΦ = (φ1,φ2), abelian vector field Yμ
and SU(2) Yang–Mills triplet Ba

μ ,a = 1,2,3

L =
(
∇μΦ ,∇μΦ

)
+

1
4g2 Ba

μνBa
μν +

1
4g′2

Y 2
μν ,

L.D. Faddeev
St. Petersburg Department of Steklov Mathematical Institute, Russian Academy of Sciences,
e-mail: faddeev@pdmi.ras.ru

V. Begun et al. (eds.), Progress in High-Energy Physics and Nuclear Safety, 3
© Springer Science+Business Media B.V. 2009



4 L.D. Faddeev

where
∇μΦ = ∂μΦ+

i
2

YμΦ+Ba
μ taΦ

Ba
μν = ∂μBa

ν −∂νBμ + εabcBb
μBc

ν

Yμν = ∂μYν −∂νYμ
with ta = i

2τ
a, τa — Pauli matrices, (·, ·) — hermitian scalar product in C

2, g and
g′ — coupling constants.

I do not introduce selfinteraction for the scalar field Φ . The interpretation below
is exactly based on this omission. In fact all my friends among theoretical physicists
hate φ 4 interaction, it is not asymptotically free and quite possible dissapears under
proper renormalization.

The lagrangian L has U(2) gauge invariance with parameters: matrix Ω from
SU(2) and real function ω:

ΦΩ =ΩΦ , Φω = eiωΦ ,

BΩμ =ΩBμΩ−1 −∂μΩΩ−1, Bωμ = Bμ ,

YΩμ = Yμ , Yωμ = Yμ −2∂μω.

Here Bμ = Ba
μ ta. The idea of [1] is to make the change of variables, which leads to

the gauge invariant degrees of freedom. Before presenting the explicite formulas I
shall give a geometric reason for them. The “target” for the fieldΦ is C

2 or R
4 if we

count real components. In radial coordinates R
4 can be presented as R+ ×S

3 and
furthermore S

3 is (almost) the same as SU(2). The SU(2) degrees of freedom, real-
ized as matrix g, allow to introduce gauge transformation of the Yang–Mills field,
leaving the gauge invariant vector field. In [1] one of realization of this idea was
proposed. I am sure, that this comment is not original, a similar considerations were
discussed for example long ago in [2]. However, I believe that the interpretation
given below is new.

Let us proceed. We should extract the SU(2) degrees of freedom from Φ in most
convenient way. Here is my proposal. First write Φ as

Φ = ρχ,

where ρ is a positive function and χ — normalised as follows

(χ,χ) = χ̄1χ1 + χ̄2χ2 = 1.

The matrix

g =
(
χ1 −χ̄2
χ2 χ̄1

)
=
∣
∣χ,σ χ̄

∣
∣

is unimodular and unitary. Here

σ =
1
i
τ2 =

(
0 −1
1 0

)
.



An Alternative Interpretation of the Weinberg–Salam Model 5

The doublet σ χ̄ transforms under the nonabelian gauge transformation exactly as
χ , indeed (

σ χ̄
)Ω = σΩ̄ χ̄ = −σΩ̄σσ χ̄ =Ωσχ̄,

where I use the properties σ2 = −I and στ̄σ = τ for all Pauli matrices. Thus the
whole matrix g transforms as

gΩ =Ωg.

The abelian transformation is different for χ and χ̄ , so that

gω = g
(

eiω 0
0 e−iω

)
= geiωτ3 .

We see, that covariant derivative of g assumes the form

∇μg = ∂μg+
i
2

Yμgτ3 +Bμg

and |∇μΦ |2 can be rewritten as

|∇μΦ |2 =
ρ2

2
tr
(
(∇μg)∗(∇μg)

)
+∂μρ∂μρ.

Introduce the new vector field

Wμ = g∗Bμg+g∗∂μg.

It is easy to check, that

WΩ
μ = Wμ ,

Wω
μ = e−iωτ3Wμeiωτ3 + i∂μωτ3

and direct calculation shows, that

1
2

tr
(
(∇μg)∗(∇μg)

)
=
ρ2

4
tr
(
Z2
μ +[Wμ ,τ3]2

)
=
ρ2

4
(
Z2
μ +W+

μ W−
μ
)
,

where
Zμ = Yμ +W 3

μ

and we introduce the components of field Wμ

Wμ =
i
2
(W 1

μ τ1 +W 2
μ τ2 +W 3

μ τ3)

W±
μ = W 1

μ ±W 2
μ .

In these components

(W±
μ )ω = e±2iωW±

μ , (W 3
μ )ω = W 3

μ +2∂μω,
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so that abelian vector field Zμ is completely gauge invariant and W±
μ and W 3

μ
behave under abelian transformation as charged and abelian gauge vector field,
correspondingly.

The vector part of the lagrangian can be rewritten as

1
4g′2

Y 2
μν +

1
4g2 (W 3

μν +Hμν)2 +
1

4g2 (∇μW+
ν −∇νW+

μ )(∇μW−
ν −∇νW−

μ ),

where

W 3
μν =∂μW 3

ν −∂νW 3
μ

Hμν =
1
2i

(W+
μ W−

ν −W−
μ W−

ν )

and
∇μW±

ν = ∂μW±
ν ± iW 3

μW±
ν .

To express the sum of quadratic forms of Yμν and W 3
μν via Zμ it is convenient to

introduce the combination

Aμ =
1

g2 +g′2
(g′2Wμ −g2Yμ)

such that

1
4g′2

Y 2
μν +

1
4g2 (W 3

μν)
2 =

1
4(g2 +g′2)

Z2
μν +

g2 +g′2

4g2g′2
A2
μν

with as usual
Zμν = ∂μZν −∂νZμ , Aμν = ∂μAν −∂νAμ .

The abelian vector field Aμ transforms in the same way as W 3
μ

Aωμ = Aμ −2∂μω

and enters into lagrangian via 1
4e2 A2

μν with e2 = g2g′2

g2+g′2
. It is clear, that Aμ can be

interpreted as electromagnetic field with electric charge given by e the ω-action
having meaning of electromagnetic gauge transformation.

Thus in new variables the list of fields consists of real positive field ρ , neutral
abelian fields Zμ and Aμ and charged vector field W±

μ . The lagrangian assumes the
form

L = ∂μρ∂μρ+
ρ2

4
(Z2
μ +W+

μ W−
μ )+

1
4g2 (∇μW+

ν −∇νW+
μ )(∇μW−

ν −∇νW−
μ )

+
1

4(g2 +g′2)
Z2
μν +

1
4e2 A2

μν +
2

4g2 (Hμν ,W 3
μν)+

1
4g2 H2

μν ,
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where W 3
μ should be changed to its expression via Zμ and Aμ . Now we can begin

discussion.
The change of variables, which I undertook, eliminates 3 degrees of freedom,

leaving positive field ρ instead of four real components of scalar Φ . The functional
measure

dμ =∏
x

dφ1 dφ̄1 dφ2 dφ̄2 dYμ dBa
μ

used before gauge fixing, looks in new variables as

dμ =∏
x
ρ2dρ2 dZμdW+

μ dW−
μ dAdg,

where∏x dg is volume of the gauge group, which is completely separated from mea-
sure without any gauge fixing. We are just to drop it to write nonsingular functional
integral.

We see, that ρ2 is not an ordinary scalar field. Besides being positive, it enters the
functional integral with local factor. This requires some interpretation. In particular
the reason for nontrivial expectation value

〈ρ2〉 =Λ 2,

supplying mass to vector fields Zμ and W±
μ , must be elucidated.

In [1] we proposed to interpret ρ2 as conformal factor of the metric in space-time

gμν = ρ2δμν .

Indeed, in 4-dimensional space-time we have
√

g = ρ4, and contravariant vector and
tensors have factors

χμ = ρ−2χμ , χμν = ρ−4χμν ,

so that ρ2Z2
μ = ZμZμ

√
g, H2

μν = HμνHμν√g, etc. Moreover the scalar curvature is
given by

R =
1
6
∂μρ∂μρ
ρ4 +divergence.

Finally, the Christoffel’s symbols, entering the definition of the field strengths Aμν ,
Zμν , W±

μν via covariant derivatives, cancel due to antisymmetry. Thus the lagrangian
can be rewritten in manifestly covariant form.

In this interpretation it is natural to require, that

ρ2|r→∞ →Λ 2

at spacial infinity to maintain the asymptotical flatness. Parameter Λ 2 enters as a
new parameter of the model.

An alternative argument for nontrivial expectation valueΛ 2 looks as follows. The
field ρ enters the lagrangian either via derivatives or being multiplied by another
field. So the classical vacuum configuration, given by

ρ2 =Λ 2, Zμ = 0, W±
μ = 0, Aμ = 0
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is degenerate. The choice of particular value of Λ 2 corresponds to the concrete
choice of the vacuum. All this looks as noncompact analogy of ferromagnetism.

Thus, one way or another we see, that the nonzero expectation value for the
ρ2 can be envoked without the Higgs potential. The fundamental question which
remains, is the origin of the excitations for the field ρ . In both interpretations the
most natural answer is massless scalar–analogy of dilaton in the first interpretation
or kind of Goldstone mode in the second.

I hope, that more experienced phenomenologist can consider seriously this
hypothesis.
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A Lorentz Invariant Gauge for the Yang–Mills
Field Without Gribov Ambiguity

A.A. Slavnov

Abstract A new formulation of the Yang–Mills theory which avoids the problem of
Lorentz invariant gauge fixing without Gribov ambiguity is proposed.

Keywords: Yang–Mills field, Gribov ambiguity, Lorentz invariance, gauge invari-
ance, Faddeev–Popov ghosts, Coulomb gauge, Abelian theory

1 Introduction

Non-Abelian gauge theories suffer from the problem of Gribov ambiguity. It is im-
possible to fix a Lorentz invariant gauge which selects a unique representative in the
class of gauge equivalent configurations. For perturbation theory this problem is ir-
relevant, but for large fields Gribov copies appear, which makes questionable using
the standard Faddeev–Popov procedure [1] as a starting point for nonperturbative
calculations.

I propose a procedure which preserves in the quantum Yang–Mills theory the
manifest Lorentz invariance and at the same time the gauge fixing used in the present
paper is free of Gribov ambiguity. In perturbation theory our formulation leads to
the same results as the standard quantization procedure.

The paper is organized as follows. In the next section the model is described
and its equivalence to the standard Yang–Mills theory is demonstrated. In the third
section a new Lorentz invariant gauge condition free of Gribov ambiguity is in-
troduced and the diagram technique is analyzed. The relations between the Green
functions are derived. In Conclusion I discuss the results obtained in this paper and
their possible applications.

A.A. Slavnov
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2 The model

We start with the usual path integral representation for the S-matrix in the Coulomb
gauge

S =
∫

exp{i
∫

[LY M +λ a∂iAa
i ]dx}dμ , (1)

where
LY M = −1

4
Fa
μνFa

μν , (2)

Fa
μν = ∂μAa

ν −∂νAa
μ +gεabcAb

μAc
ν , a,b,c,= 1,2,3. (3)

The measure dμ includes differentials of all the fields as well as the Faddeev–Popov
determinant detM. This determinant is conveniently presented as the integral over
anticommuting ghost fields

detM =
∫

exp
{

i
∫

c̄∂iDicdx
}

dc̄dc, (4)

where Di is a covariant derivative. For simplicity I assume that we are considering
the SU(2) model. Generalization to other groups makes no problem.

The effective action in the integral (1) is not gauge invariant. Contrary to the
Abelian case the gauge invariance is broken not only by the gauge fixing term but
also by the Faddeev–Popov ghost Lagrangian. To avoid this complication I propose
the following construction.

Let us consider the path integral

S =
∫

exp{i
∫

[LY M +(Dμϕ)∗(Dμϕ)− (Dμχ)∗(Dμχ)+

+i[(Dμb)∗(Dμe)− (Dμe)∗(Dμ(b)]]}dxδ (∂iAi)dμ ′. (5)

The measure dμ ′ differs of dμ by the product of differentials of the scalar fields
(ϕ,ϕ∗,χ,χ∗,b,b∗,e,e∗).

We assume that the scalar fields comprise complex SU(2) doublets, the fields
ϕ,χ are commuting and b,e are anticommuting. The integration goes over the scalar
fields with radiation (Feynman) boundary conditions, which corresponds to consid-
ering the matrix elements between states which do not include excitations corre-
sponding to the scalar ghost fields. The gauge fields in the integral (5) satisfy the
boundary conditions

Atr
i → Atr

i (in,out), t →∓∞, (6)

where Atr
i are the three dimensionally transversal components of Ai, other fields hav-

ing vacuum boundary conditions. Obviously due to the presence of δ (∂iAi), ∂iAi = 0
at any time.

Performing explicitly the integration over the scalar fields in the Eq. (5), we get
the factor (|D|2)−2 from the integration over commuting fields ϕ and χ , and the
factor (|D|2)2 from the integration over the anticommuting fields b and e. Hence the
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integral (5) coincides with the integral (1), which justifies the using in the l.h.s. of
Eq. (5) the same symbol S.

Let us make in the integral (5) the shift of the integration variables1

ϕ → ϕ+g−1â, χ → χ−g−1â, â = (0,
a√
2
), (7)

a is a constant parameter. Instead of the Eq. (5) now we have

S̃ =
∫

exp{
∫

[LY M +(Dμϕ)∗(Dμϕ)+g−1(Dμϕ)∗(Dμ â)+

+g−1(Dμ â)∗(Dμϕ)+g−1(Dμχ)∗(Dμ â)+g−1(Dμ â∗)(Dμχ)+

−(Dμχ)∗(Dμχ)+ i[(Dμb)∗(Dμe)− (Dμe)∗(Dμb)]dx]}δ (∂iAi)dμ ′. (8)

Notice that the choice of the negative sign of the kinetic term for the χ field is
crucial for our construction. Due to the different signs of kinetic terms for ϕ and
χ fields the shift (7) does not generate a mass term for the Yang–Mills field and
preserves the equivalence of the modified theory to the original Yang–Mills model.

The action in the exponent (8) is invariant with respect to “shifted” gauge trans-
formations

δAa
μ = ∂μηa −gεabcAb

μηc

δϕ0 =
g
2
ϕaηa

δϕa = −aηa

2
− g

2
εabcϕbηc − g

2
ϕ0ηa

δχa =
aηa

2
− g

2
εabcχbηc − g

2
χ0ηa

δχ0 =
g
2
χaηa

δba = −g
2
εadcbdηc − g

2
b0ηa

δb0 =
g
2

baηa

δea = −g
2
εadcedηc

δe0 =
g
2

eaηa, (9)

where we introduced the representations of the scalar fields in terms of Hermitian
components, e.g.

ϕ = (
iϕ1 +ϕ2√

2
,
ϕ0 − iϕ3√

2
). (10)

This action is also invariant with respect to the supersymmetry transformations

δϕα(x) = iεbα(x)
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δχα(x) = −iεbα(x)

δeα(x) = ε(ϕα(x)+χα(x))

δb = 0, (11)

where ε is an anticommuting constant parameter. This invariance is closely related
to the fact that the integral (5) in the sector which does not contain excitations corre-
sponding to the scalar fields coincides with the Yang–Mills scattering matrix. More-
over the renormalization of our model may require introduction of new counterterm
structures. To remove ultraviolet infinities generated in the perturbative expansion
of the integral (8) mass renormalization of the type

iδmg(e∗b−b∗e), δmϕϕ∗ϕ, δmχχ∗χ (12)

may be needed, as well as new four point vertices

γ(e∗b−b∗e)2, μ(ϕ∗ϕ)2, ρ(χ∗χ)2. (13)

In general any counterterms compatible with the symmetries of the theory may arise.
Nevertheless the invariance of the action in the exponent (8) with respect to the
transformations (9, 11) provides the unitarity of the S-matrix (8) in the physical
subspace which includes only transversal spin one excitations. The proof goes in
analogy with the construction given in the papers [2–4].

The invariance of the action with respect to the supersymmetry transformations
(11) leads to existence of the conserved charge Q and one can separate the physical
subspace by requiring its annihilation by the charge Q. For asymptotic states we
shall have

Q0|ψ〉as
ph = 0, (14)

where Q0 is the asymptotic conserved charge. The asymptotic charges has a form

Q0 ∼
∫

[∂0bα(ϕ+χ)α −∂0(ϕ+χ)αbα ]d3x. (15)

I recall that we are working in perturbation theory and assume that the interaction
is asymptotically turned off. That means all the terms ∼g do not contribute to the
asymptotic charge. Being written in terms of creation and annihilation operators the
asymptotic charge looks as follows

Q0 ∼
∫

[aα+
b (aα−χ +aα−ϕ )+(aα+

χ +aα+
ϕ )aα−b ]d3k, (16)

where the operators a± satisfy the following (anti)commutation relations

aα−b (k)aβ+
e (k′)+aβ+

e (k′)aα−b (k) = δαβ δ (k−k′)

aα−e (k)aβ+
b (k′)+aβ+

b (k′)aα−e (k) = δαβδ (k−k′), (17)
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aα−ϕ (k)aβ+
ϕ (k′)−aβ+

ϕ (k′)aα−ϕ (k) = δαβ δ (k−k′)

aα−χ (k)aβ+
χ (k′)−aβ+

χ (k′)aα−χ (k) = −δαβδ (k−k′). (18)

The operator Q0 is obviously nilpotent as the operators a+
b ,a−b are anticommuting

and the operators (a−χ +a−ϕ ),(a+
χ +a+

ϕ ) are mutually commuting.
Nonnegativity of the subspace annihilated by the operator Q0 may be proven

in the usual way (see [5]). Introducing the number operator for unphysical scalar
modes

N̂ =
∫
{a+
ϕ (k)a−ϕ (k)−a+

χ (k)a−χ (k)+a+
b (k)a−e (k)+a+

e (k)a−b (k)}d3k, (19)

we see that this operator may be presented as the anticommutator

N̂ = [Q0,K0]+, (20)

where

K0 =
∫
{a+

e (k)(a−χ (k)−a−ϕ (k))+(a+
χ (k)−a+

ϕ (k))a−e (k)}d3k. (21)

Applying the number operator (19) to an arbitrary vector we get

N̂|ψ〉 = N|ψ〉; (22)

if N 
= 0 it follows that

N|ψ〉 = Q0K0|ψ〉+K0Q0|ψ〉 (23)

and any vector annihilated by Q0 has a form

|ψ̃〉 = |ψ〉A,c +Q0|ω〉, (24)

where |ψ〉A,c does not contain the excitations corresponding to the ghost fields
ϕ,χ,b,e. Recollecting that this vector contains only three dimensionally transversal
excitations of the Yang–Mills field we conclude that

|ψ〉as
ph = |ψ〉tr + |N〉. (25)

Here the vector |ψ〉tr depends only on the three dimensionally transversal
Yang–Mills field excitations and |N〉 is a zero norm vector orthogonal to |ψ〉tr.
Factorizing this subspace with respect to the vectors |N〉 we see that the S-matrix
(8) with the counterterms respecting the gauge invariance (9) and supersymmetry
(11) is unitary in the subspace which contains only three dimensionally transversal
excitations of the Yang–Mills field.
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3 An unambiguous Lorentz covariant gauge with gauge
invariant ghost interaction

Up to now we considered the Yang–Mills theory in the Coulomb gauge and our
reformulation did not give any advantages in comparison with the standard one. In
particular the Gribov ambiguity was present. However we may pass in the integral
(8) to some other gauge, which avoids the problem of existence of Gribov copies
for large fields.

We consider the gauge
ϕa −χa = 0. (26)

Obviously this condition selects a unique representative in the class of gauge equiv-
alent configurations.

To pass to this gauge we shall use the standard Faddeev–Popov trick, multiplying
the integral (8) by “one”

Δ∏
a

∫
δ (ϕΩ −χΩ )adΩ . (27)

At the surface ϕa −χa = 0 the gauge invariant functional Δ is equal to

Δ−1 =∏
x

(a+
g
2
(ϕ0 −χ0))−3. (28)

Hence in the gauge (26) the S-matrix generating functional may be written as
follows

S =
∫

exp{i
∫

[LY M +(Dμϕ)∗(Dμϕ)− (Dμχ)∗(Dμχ)+

+g−1[(Dμϕ)∗ +(Dμχ)∗](Dμ â)+g−1(Dμ â)∗(Dμϕ+Dμχ)+ i[(Dμb)∗(Dμe)−
−(Dμe)∗(Dμb)]+λ a(ϕa −χa)]dx}Δdμ̃ . (29)

The measure dμ̃ is the product of all the fields differentials and does not include any
dynamical ghost determinants. All the terms in the exponent except for the gauge
fixing term

∫
λ a(ϕa − χa)dx are invariant with respect to the gauge transforma-

tions (9).
The part of the effective Lagrangian which describes the interaction of bosonic

scalars with the Yang–Mills field looks as follows

L1 = ∂μϕ0+∂μϕ0− +a∂μϕa+Aa+
μ +

g2

8
A2
μ(ϕ0=ϕ0−)+

+
ag2

4
A2
μϕ0+ − g

2
∂μϕ0−ϕa+Aa

μ +
g
2
ϕ0−∂μϕa+Aa

μ , (30)

where we used natural notations ϕα± = ϕα ±χα .
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The integral (29) includes a local measure, which may be formally presented as
an addition to the action having a form

δA =
∫
δ 4(0) ln(1+

g(ϕ0 −χ0)3

2a
)d4x. (31)

This term compensates some ultraviolet divergencies present in the diagrams gener-
ated by the expansion of the integral (29). We shall not analyze this cancellation in
details and assume that this integral is calculated by using a regularization similar to
the dimensional one, that is we omit all counterterms proportional to δ (0) or Dc(0).

The free action determining the propagators for the perturbative expansion of the
integral (29) looks as follows

A0 =
∫

[−1
4
(∂μAν −∂νAμ)2 +

1
2
∂μϕ0∂μϕ0−

−1
2
∂μχ0∂μχ0 +a∂μϕaAa

μ +
1
2
∂μbα∂μeα ]dx, (32)

where we used the gauge condition ϕa = χa.
One sees that the propagators ϕ0,ϕ0;χ0,χ0;bα ,eβ ;Atr

μ ,Atr
ν have a standard form

and for large k decrease as k−2, whereas the mixed propagator ϕa,∂μAa
μ is a constant

∼ a−1. The free field Aμ satisfies the condition ∂μAa
μ = 0.

Account of the interaction leads to modification of this condition. Variation of
the Lagrangian (30) with respect to ϕa leads to the following condition on the inter-
acting field Aμ

(a+
g
2
(ϕ0 −χ0))∂μAa

μ = −gAa
μ(∂μϕ0 −∂μχ0). (33)

Renormalization of our model is not quite trivial, because the propagator of the
fields ϕa,Ab

μ decreases at infinity as k−1. This problem will be discussed elsewhere,
now we only indicate that perturbative renormalization is most easily performed
in the gauge ∂μAμ = 0, considered above which as was shown defines the same
scattering matrix.

The relations between Green functions which replace the standard Slavnov–
Taylor (ST) identities [6,7], may be obtained in the same way as the Ward identities
in Abelian theories [8–10]. We consider the Green function generating functional
given by the integral

Z =
∫

exp{i
∫

[L̃(Aμ ,ϕ,χ,b,e)+λ a(ϕa −χa)+

+ Ja
μAa

μ +ζα(ϕα −χα)+ξα(ϕα +χα)+κ∗b+b∗κ+σ∗e+ e∗σ ]dx}dμ , (34)

where L̃ is the gauge invariant Lagrangian standing in the exponent of the integral
(29), and Jμ ,ζ ,ξ ,κ,σ are external sources. Let us make the change of variables
given by the Eq. (9). Due to the gauge invariance of the Lagrangian L̃ the only terms
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which change under this transformation are the source terms and the gauge fixing
term. Using the fact that the integral (34) does not change under this transformation
we get

∫
exp{i

∫
[L̃+λ a(ϕa −χa)+ s.t.]dx{λ a(y)[a+

g
2
(ϕ0(y)−χ0(y))]+

+ i∂μJa
μ(y)+ζ a(y)[a+

g
2
(ϕ0(y)−χ0(y))]+ . . .}dμ = 0. (35)

Here s.t. stands for the source terms and . . . denote the variation of all remaining
source terms. It is convenient to make further redefinitions:

λ a(a+
g
2
(ϕ0 −χ0)) = λ ′a, (36)

ϕa −χa = (ϕa −χa)′(a+
g
2
(ϕ0 −χ0)). (37)

After such redefinition the Eq. (35) acquires the form
∫

exp{i
∫

[L̃(Aμ ,(ϕa +χa),(ϕa −χa)(a+
g
2
(ϕ0 −χ0),ϕ0,χ0,bα ,eα)+

+λ a(ϕa −χa)+ Ja
μAa

μ +ζ a(ϕa −χa)(a+
g
2
(ϕ0 −χ0))+ . . .]dx}×

×{λ a(y)+∂μJa
μ(y)+ζ a(y)(a+

g
2
(ϕ0(y)−χ0(y))+ . . .}dμ = 0. (38)

Here . . . denote all remaining source terms and their variations under transformation
(9).

This equation replaces the standard system of ST identities. In particular the
simplest identity, which follows from the Eq. (38) is

〈λ a(x)Ab
μ(y)〉 = ∂μδ (x− y)δ ab. (39)

As follows from our previous discussion the S-matrix defined by the Eq. (29) co-
incides with the Coulomb gauge scattering matrix given by the Eq. (1). The Eq. (1)
strictly speaking defines a unique S-matrix for the Yang–Mills theory only in per-
turbation theory. However one can perform the canonical quantization directly in
the gauge ϕa − χa = 0, and prove the unitarity of the scattering matrix. Of course
beyond the perturbation theory, the proof of unitarity becomes a bit formal.

4 Discussion

The main goal of this paper was to show that Yang–Mills theory allows a mani-
festly Lorentz invariant formulation without Gribov ambiguity. In this formulation
Yang–Mills theory demonstrates a remarkable similarity to QED. The relations be-
tween the Green functions which replace in this case the standard ST-identities also
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may be derived in a way similar to QED. Gauge invariance of the effective action
simplifies the construction of invariant regularization and may be helpful for invari-
ant regularization of non-Abelian supersymmetric models. Finally this construction
may be useful for a nonperturbative analysis of the Green functions on the basis of
Dyson–Schwinger equations having in mind that the gauge condition (26) does not
introduce Gribov ambiguity. This problem requires further investigation.
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Phenomenology of the Heavy Flavored Spin 3/2
Baryons in Light Cone QCD

T.M. Aliev, K. Azizi, and A. Ozpineci

Abstract Motivated by the results of the recent experimental discoveries for charm
and bottom baryons, the masses and magnetic moments of the heavy baryons with
JP = 3/2+ containing a single heavy quark are studied within light cone QCD sum
rules method. Our results on the masses of heavy baryons are in good agreement
with predictions of other approaches, as well as with the existing experimental data.

Keywords: Magnetic moments, Light cone QCD sum rules, heavy bottom baryons,
heavy charm baryons

1 Introduction

In the recent years, considerable experimental progress has been made in the spec-
troscopy of baryons containing a single heavy quark. The CDF Collaboration has
observed four bottom baryons Σ±

b and Σ ∗±
b [1]. The DO [2] and CDF [3] Collab-

orations have seen the Ξb. The BaBar Collaboration discovered the Ω ∗
c state [4].

The CDF sensitivity appears adequate to observe new heavy baryons. Study of the
electromagnetic properties of baryons can give noteworthy information on their in-
ternal structure. One of the main static electromagnetic parameters of the baryons is
their magnetic moments. Magnetic moments of the heavy baryons in the framework
of different approaches are widely discussed in the literature. In the present work,
we study the magnetic moments and masses of the ground state baryons with to-
tal angular momentum 3/2 and containing one heavy quark within light cone QCD
sum rules. The paper is organized as follows. In section 2, the light cone QCD sum
rules for mass and magnetic moments of heavy baryons are calculated. Section 3
is devoted to the numerical analysis of the mass and magnetic moment sum rules
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and discussion. Detailed analysis of the mass and magnetic moments of the baryons
containing single heavy quark is presented in the original work in [5].

2 Light cone QCD sum rules for the mass and magnetic
moments of the heavy flavored baryons

To calculate the magnetic moments of the heavy flavored hadrons, we start consid-
ering the correlation function which is the basic object in LCSR method. In this
correlator, the hadrons are represented by their interpolating quark currents.

Tμν = i
∫

d4xeipx〈0 | T{ημ(x)η̄ν(0)} | 0〉γ , (1)

where ημ is the interpolating current of the heavy baryon and γ means the external
electromagnetic field. In QCD sum rules method, this correlation function is calcu-
lated in two different ways: (1) In terms of quark-gluon language (QCD side), (2)
In terms of hadrons, where the correlator is saturated by a tower of hadrons with
the same quantum numbers as their interpolating currents (phenomenological side).
The magnetic moments are determined by matching two different representations
of the correlation function, i.e., theoretical and phenomenological forms, using the
dispersion relations.

From Eq. (1), it follows that to calculate the correlation function from QCD side,
we need the explicit expressions of the interpolating currents of heavy baryons with
the angular momentum JP = 3/2+. The main condition for constructing the interpo-
lating currents from quark field is that they should have the same quantum numbers
of the baryons under consideration. For the heavy baryons with JP = 3/2+, the in-
terpolating current is chosen in the following general form

ημ = Aεabc

{
(qaT

1 Cγμqb
2)Q

c +(qaT
2 CγμQb)qc

1 +(QaTCγμqb
1)q

c
2

}
, (2)

where C is the charge conjugation operator and a, b and c are color indices. The
value of A and quark fields q1 and q2 for each heavy baryon is given in Table 1.

Table 1 The value of A and quark fields q1 and q2 for the corresponding baryons

A q1 q2

Σ ∗+(++)
b(c) 1/

√
3 u u

Σ ∗0(+)
b(c)

√
2/3 u d

Σ ∗−(0)
b(c) 1/

√
3 d d

Ξ ∗0(+)
b(c)

√
2/3 s u

Ξ ∗−(0)
b(c)

√
2/3 s d

Ω ∗−(0)
b(c) 1/

√
3 s s
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The phenomenological part of the correlation function can be obtained by insert-
ing the complete set of states between the interpolating currents in (1) with quantum
numbers of heavy baryons.

Tμν =
〈0 | ημ | B(p2)〉

p2
2 −m2

B
〈B(p2) | B(p1)〉γ

〈B(p1) | η̄ν | 0〉
p2

1 −m2
B

, (3)

where p1 = p + q, p2 = p and q is the photon momentum. The vacuum to baryon
matrix element of the interpolating current is defined as

〈0 | ημ(0) | B(p,s)〉 = λBuμ(p,s), (4)

where λB is the residue and uμ(p,s) is the Rarita–Schwinger spinor. The matrix
element 〈B(p2) | B(p1)〉γ entering Eq. (3) can be parameterized in terms of the form
factors fi and Gi as follows

〈B(p2) | B(p1)〉γ = ερ ūμ (p2)
{
−gμν

[
γρ ( f1 + f2) +

(p1 + p2)ρ
2mB

f2 +qρ f3

]

− qμqν
(2mB)2

[
γρ (G1+G2)+

(p1 + p2)ρ
2mB

G2+qρG3

]}
ūν (p1), (5)

where ερ is the photon polarization vector and q2 = (p1 − p2)2. To obtain the ex-
plicit expressions of the correlation function, summation over spins of the spin 3/2
particles is performed. Using the above equations in principle one can write down
the phenomenological part of the correlator. But, the following two drawbacks ap-
pear: (a) all Lorentz structures are not independent, (b) not only spin 3/2, but spin
1/2 states also contribute to the correlation function. Indeed the matrix element of
the current ημ between vacuum and spin 1/2 states is nonzero and is determined as

〈0 | ημ(0) | B(p,s = 1/2)〉 = α(4pμ −mγμ)u(p,s = 1/2), (6)

where the condition γμημ = 0 is imposed.
There are two different ways to remove the unwanted spin 1/2 contribution and

retain only independent structures in the correlation function: (1) Introduce pro-
jection operators for the spin 3/2 states, which kill the spin 1/2 contribution, (2)
Ordering Dirac matrices in a specific order and eliminate the structures that receive
contributions from spin 1/2 states. In this work, we will follow the second method
and choose the ordering for Dirac matrices as γμ 
 p 
ε 
qγν . With this ordering for the
correlator, we get

Tμν = λ 2
B

1
(p2

1 −m2
B)(p2

2 −m2
B)

[
gμν 
 p 
ε 
qgM

3
+ other structures with γμ at the beginning and γν at the end

or which are proportional to p2μ or p1ν

]
, (7)
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where gM/3 = f1 + f2 and at q2 = 0, gM is the magnetic moment of the baryon in
units of its natural magneton. The factor 3 is due the fact that in the non-relativistic
limit the interaction Hamiltonian with magnetic field is equal to gMB = 3( f1 + f2)B.

On QCD side, the correlation function (1) can be evaluated using operator prod-
uct expansion. After simple calculations, we get the following expression for the
correlation function in terms of quark propagators

Πμν = −iA2εabcεa′b′c′

∫
d4xeipx〈0[γ(q)] | {Sca′

Q γνS′bb′
q2
γμSac′

q1

+ Scb′
Q γνS′aa′

q1
γμSbc′

q2
+Sca′

q2
γνS′bb′

q1
γμSac′

Q +Scb′
q2
γνS′aa′

Q γμSbc′
q1

+ Scb′
q1
γνS′aa′

q2
γμSbc′

Q +Sca′
q1
γνS′bb′

Q γμSac′
q2

+Tr(γμSab′
q1
γνS′ba′

q2
)Scc′

Q

+ Tr(γμSab′
Q γνS′ba′

q1
)Scc′

q2
+Tr(γμSab′

q2
γνS′ba′

Q )Scc′
q1
} | 0〉, (8)

where S′ = CSTC and SQ(Sq) is the full heavy (light) quark propagator. In calcula-
tion of the correlation function from QCD side, we take into account terms linear
in mq and neglect quadratic terms. The correlator contains three different contri-
butions: (1) Perturbative contributions, (2) Mixed contributions, i.e., the photon is
radiated from freely propagating quarks at short distance and at least one of quark
pairs interact with QCD vacuum non-perturbatively. The last interaction is parame-
terized in terms of quark condensates. (3) Non-perturbative contributions, i.e., when
photon is radiated at long distances. In order to calculate the contributions of the
photon emission from large distances, the matrix elements of nonlocal operators
q̄Γiq between the photon and vacuum states are needed, 〈γ(q) | q̄Γiq | 0〉. These ma-
trix elements are determined in terms of the photon distribution amplitudes (DA’s).
For these matrix elements and also the photon DA’s see [6].

Using the expressions of the light and heavy full propagators and the photon
DA’s and separating the coefficient of the structure gμν 
 p 
ε 
q, the expression of the
correlation function from QCD side is obtained. Separating the coefficient of the
same structure from phenomenological part and equating these representations of
the correlator, sum rules for the magnetic moments of the JP = 3/2+ heavy baryons
is obtained. In order to suppress the contribution of higher states and continuum,
Borel transformation with respect to the variables p2

2 = p2 and p2
1 = (p + q)2 is

applied.The sum rules for the magnetic moments is obtained as

−λ 2
B
μBQ

3
e
−m2

BQ
M2 = A2ΠBQ . (9)

The functions Πi(q1,q2,Q) can be written as

Πi =
∫ s0

m2
Q

e
−s
M2 ρi(s)ds+ e

−m2
Q

M2 Γi, (10)

where the explicit expressions for the ρi and Γi functions are given in [5]. In the
above relations M2 and s0 are the Borel mass square and continuum threshold,
respectively.
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For calculation of the magnetic moments of the considered baryons, their
residues λB as well as their masses are needed (see Eq. (9)). Note that many of
the considered baryons are not discovered yet in the experiments. The residue is
determined from analysis of the two point sum rules. For the interpolating current
given in Eq. (2), we obtain the following result for λ 2

B :

λ 2
Be

−m2
BQ

M2 = A2
[
Π ′ +Π ′(q1 ←→ q2)

]
, (11)

where the explicit expression for Π ′ is presented in [5]. The masses of the consid-
ered baryons can be determined from the sum rules. For this aim, one can get the
derivative from both side of Eq. (11) with respect to −1/M2 and divide the obtained
result to the Eq. (11), i.e.,

m2
BQ

=
− d

d(1/M2)

[
Π ′ +Π ′(q1 ←→ q2)

]

[
Π ′ +Π ′(q1 ←→ q2)

] . (12)

3 Numerical analysis

In this section, we perform numerical analysis for the mass and magnetic moments
of the heavy flavored baryons. Firstly, we present the input parameters used in
the analysis of the sum rules: 〈ūu〉(1 GeV ) = 〈d̄d〉(1 GeV ) = −(0.243)3 GeV 3,
〈s̄s〉(1 GeV ) = 0.8〈ūu〉(1 GeV ), m2

0(1 GeV ) = (0.8± 0.2) GeV 2 [7], Λ = 1 GeV
and f3γ = −0.0039 GeV 2 [6]. The value of the magnetic susceptibility was ob-
tained in various papers as χ(1 GeV ) = −3.15 ± 0.3 GeV−2 [6], χ(1 GeV ) =
−(2.85±0.5) GeV−2 [8] and χ(1 GeV ) = −4.4 GeV−2[9].

Before proceeding to the results for the magnetic moments, we calculate the
masses of heavy flavored baryons predicted from mass sum rule. Obviously, the
masses should not depend on the Borel mass parameter M2 in a complete theory.
However, in sum rules method the operator product expansion (OPE) is truncated
and as a result the dependency of the predictions of physical quantities on the auxil-
iary parameter M2 appears. For this reason one should look for a region of M2 such
that the predictions for the physical quantities do not vary with respect to the Borel
mass parameter. This region is the so called the “working region” and within this
region the truncation is reasonable and meaningful. The upper limit of M2 is deter-
mined from condition that the continuum and higher states contributions should be
small than the total dispersion integral. The lower limit is determined by demanding
that in the truncated OPE the condensate term with highest dimension remains small
than sum of all terms, i.e., convergence of OPE should be under control.

These both conditions conditions for bottom (charmed) baryons are satisfied
when M2 varies in the interval 15 GeV 2 < M2 < 30 GeV 2 (4 GeV 2 < M2 <
12 GeV 2). In Figs. 1–5, we presented the dependence of the mass of the heavy
flavored baryons on M2. From these figures, we see very good stability with respect
to M2.
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Fig. 1 The dependence of
mass of the Ω ∗

b on the Borel
parameter M2 for two fixed
values of continuum thresh-
old s0

15 20 25 30

M2(GeV2)

2

4

6

8

m
Ω

∗ b(
G

eV
)

s0=6.22GeV2

s0=6.52GeV2

Fig. 2 The dependence
of mass of the Ω ∗
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fixed values of continuum
threshold s0
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Fig. 3 The same as Fig. 1, but
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Fig. 4 The same as Fig. 2, but
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c

4 6 8 10 12

M2(GeV2)

0

1

2

3

4

m
Σ∗

c(
G

eV
)

s0=2.72GeV2

s0=3.02GeV2



Phenomenology of the Heavy Flavored Spin 3/2 Baryons in Light Cone QCD 25

Fig. 5 The same as Fig. 1, but
for Ξ ∗

b
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Table 2 Comparison of mass of the heavy flavored baryons in GeV from present work and other
approaches and with experiment

mΩ∗
b

mΩ∗
c mΣ∗

b
mΣ∗

c mΞ∗
b

mΞ∗
c

This work 6.08±0.40 2.72±0.20 5.85±0.35 2.51±0.15 5.97±0.40 2.66±0.18
[10] 6.063+0.083

−0.082 2.790+0.109
−0.105 5.835+0.082

−0.077 2.534+0.096
−0.081 5.929+0.088

−0.079 2.634+0.102
−0.094

[11] 6.088 2.768 5.834 2.518 5.963 2.654
[12] - - 5.805 2.495 - -
[13] 6.090 2.770 5.850 2.520 5.980 2.650
[14] - 2.768 - 2.518 - -
[15] 6.083 2.760 5.840 - 5.966 -
[16] 6.060 2.752 5.871 2.5388 5.959 2.680
Exp[17] - 2.770 5.836 2.520 - 2.645

The sum rule predictions of the mass of the heavy flavored baryons are presented
in Table 2 in comparison with some theoretical predictions and experimental results.
Note that the masses of the heavy flavored baryons are calculated in the framework
of heavy quark effective theory (HQET) using the QCD sum rules method in [10].

After determination of the mass as well as residue of the heavy flavored baryons
our next task is the calculation of the numerical values of their magnetic moments.
For this aim, from sum rules for the magnetic moments it follows that the photon
DAs are needed [6]. The sum rules for magnetic moments also contain the auxiliary
parameters: Borel parameter M2 and continuum threshold s0. Similar to mass sum
rules, the magnetic moments should also be independent of these parameters. In the
general case, the working region of M2 and s0 for the mass and magnetic moments
should be different. To find the working region for M2, we proceed as follows. The
upper bound is obtained requiring that the contribution of higher states and contin-
uum should be less than the ground state contribution. The lower bound of M2 is
determined from condition that the highest power of 1/M2 be less than say 30%
of the highest power of M2. These two conditions are both satisfied in the region
15 GeV 2 ≤ M2 ≤ 30 GeV 2 and 4 GeV 2 ≤ M2 ≤ 12 GeV 2 for baryons containing
b and c-quark, respectively. The working region for the Borel parameter for mass
and magnetic moments practically coincide, but again we should stress that, this
circumstance is accidental.
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In Figs. 6–16, we present the dependence of the magnetic moment of heavy
flavored baryons on M2 at two fixed values of continuum threshold s0. From these
figures, we see that the magnetic moments weakly depend on s0. The maximal
change of results is about 10% with variation of s0. The magnetic moments also
are practically insensitive to the variation of Borel mass parameter when it varies in
the working region. We should also stress that our results practically don’t change
considering three values of χ which we presented at the beginning of this section.
Our final results on the magnetic moments of heavy flavored baryons are presented
in Table 3. For comparison, the predictions of hyper central model [18] are also pre-
sented. The quoted errors in Table 3 are due to the uncertainties in m2

0, variation of
s0 and M2 as well as errors in the determination of the input parameters.

Fig. 6 The same as Fig. 2, but
for Ξ ∗
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Fig. 7 The dependence of the
magnetic moment of Ω ∗−

b on
Borel parameter M2 (in units
of nucleon magneton) at two
fixed values of s0
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Fig. 8 The dependence of the
magnetic moment of Ω ∗0
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fixed values of s0
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Fig. 9 The same as Fig. 7, but
for Σ ∗−
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Fig. 11 The same as Fig. 8,
but for Σ ∗0
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Fig. 12 The same as Fig. 8,
but for Σ ∗++
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Fig. 13 The same as Fig. 7,
but for Ξ ∗−
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Fig. 14 The same as Fig. 7,
but for Ξ ∗0
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Fig. 15 The same as Fig. 8,
but for Ξ ∗0
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Fig. 16 The same as Fig. 8,
but for Ξ ∗+
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Table 3 The magnetic moments of the heavy flavored baryons in units of nucleon magneton

Our results Hyper central model[18]

μΩ∗−
b

−1.40±0.35 −1.178÷−1.201
μΩ∗0

c
−0.62±0.18 −0.827÷−0.867

μΣ∗−
b

−1.50±0.36 −1.628÷−1.657
μΣ∗0

b
0.50±0.15 0.778÷0.792

μΣ∗+
b

2.52±0.50 3.182÷3.239
μΣ∗0

c
−0.81±0.20 −0.826÷−0.850

μΣ∗+
c

2.00±0.46 1.200÷1.256
μΣ∗++

c
4.81±1.22 3.682÷3.844

μΞ∗−
b

−1.42±0.35 −1.048÷−1.098
μΞ∗0

b
0.50±0.15 1.024÷1.042

μΞ∗0
c

−0.68±0.18 −0.671÷−0.690
μΞ∗+

c
1.68±0.42 1.449÷1.517

Although the SU(3) f breaking effects have been taken into account through
a nonzero s-quark mass and different strange quark condensate, we predict that
SU(3) f symmetry violation in the magnetic moments is very small, except the re-
lations μΣ∗+

c
= μΞ∗+

c
and ΠΣ∗++

c +ΠΩ∗0
c = 2ΠΞ∗+

c , where the SU(3) f symmetry
violation is large. For the values of the magnetic moments, our results are consistent
with the results of [18] except for the μΩ∗−

b
, μΞ∗−

b
and especially for the μΣ∗+

c
, μΞ∗0

b
which we see a big discrepancy between two predictions.

In summary, inspired by recent experimental discovery of the heavy and flavored
baryons [1–3], the mass and magnetic moments of these baryons with JP = 3/2+

are calculated within the QCD sum rules. Our results on the masses are consistent
with the experimental data as well as predictions of other approaches. Our results
on the masses of the Ω ∗

b , and Ξ ∗
b can be tested in experiments which will be held

in the near future. The predictions on the magnetic moments also can verified in the
future experiments.
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First DAMA/LIBRA Results and Beyond

R. Bernabei, P. Belli, F. Montecchia, F. Nozzoli, F. Cappella, A. d’Angelo,
A. Incicchitti, D. Prosperi, R. Cerulli, C.J. Dai, H.L. He, H.H. Kuang, J.M. Ma,
X.D. Sheng, and Z.P. Ye

Abstract The DAMA project is an observatory for rare processes and it is operative
deep underground at the Gran Sasso National Laboratory of the I.N.F.N. Its main
apparatus is the DAMA/LIBRA set-up, consisting of 250 kg highly radiopure
NaI(Tl) detectors. Its first results – obtained by exploiting over four annual cy-
cles the model independent annual modulation signature for Dark Matter (DM)
particles – confirm by those of the former DAMA/NaI, supporting the evidence
for Dark Matter presence in the galactic halo at 8.2 σ C.L.. The DAMA/NaI and
DAMA/LIBRA data, in fact, satisfy all the many peculiarities of the DM annual
modulation signature. Neither systematic effects nor side reactions able to account
for the observed modulation amplitude and to contemporaneously satisfy all the
several requirements of the DM signature are available. Future perspectives are also
addressed.

Keywords: Scintillation detectors, elementary particle processes, Dark Matter

1 The DAMA project

DAMA is an observatory for rare processes and it is operative deep underground at
the Gran Sasso National Laboratory of the I.N.F.N.. The DAMA project is mainly
based on the development and use of low background scintillators [1–16]; the main
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aim is the direct detection of DM particles in the galactic halo by investigating the
model independent annual modulation signature. of the low background features
of these set-ups, many rare processes are also investigated obtaining very com-
petitive results. The main experimental set-ups are: (i) DAMA/NaI (100 kg of
highly radiopure NaI(Tl)) which completed its data taking on July 2002 [1, 12]; (ii)
DAMA/LXe (6.5 kg liquid Kr-free Xenon enriched either in 129Xe or in 136Xe)
[17, 18]; (iii) DAMA/R&D, devoted to tests on prototypes and to small scale ex-
periments [19]; (iv) the new second generation DAMA/LIBRA set-up (250 kg
highly radiopure NaI(Tl)) in operation since March 2003 [15, 16]. Moreover, in the
framework of devoted R&D for radiopure detectors and photomultipliers, sample
measurements are carried out by means of the low background DAMA/Ge detector
(installed deep underground since more than 10 years); the detector has also been
used for some small scale experiments [20].

In the following we will just briefly summarize the first results on the Dark Matter
particles obtained by DAMA/LIBRA, exploiting over four annual cycles the model
independent DM annual modulation signature (exposure of 0.53 ton × year). The
result has also been combined together with the previous data collected over seven
annual cycles by DAMA/NaI (0.29 ton × year). The whole available data corre-
spond to 11 annual cycles for a total exposure of 0.82 ton × year.

2 DM model independent annual modulation signature

With the present technology the only reliable signature able to point out the pres-
ence of DM particles in the galactic halo and sensitive to wide ranges both of DM
candidates and of interaction types, is the DM annual modulation signature. This
signature – originally suggested in the middle of 1980s by Ref. [21] – exploits the
effect of the Earth revolution around the Sun on the number of events induced by the
Dark Matter particles in a suitable low-background set-up placed deep underground.
In fact, as a consequence of its annual revolution, the Earth should be crossed by a
larger flux of Dark Matter particles around ∼2 June (when its rotational velocity
is summed to the one of the solar system with respect to the Galaxy) and by a
smaller one around ∼2 December (when the two velocities are subtracted). This
offers an efficient model independent signature, able to test also a large interval of
cross sections and of halo densities.

The expected differential rate as a function of the energy, dR/dE (see also Refs.
[4–6, 8–11] for some discussions), depends on the DM particle velocity distribu-
tion and on the Earth’s velocity in the galactic frame, ve(t). Projecting ve(t) on the
galactic plane, one can write: ve(t) = v�+v⊕ cosγ cosω(t−t0). Here v� is the Sun’s
velocity with the respect to the galactic halo (v�v0 + 12 km/s and v0 is the local
velocity whose value is in the range 170–270 km/s [22, 23]); v⊕ = 30 km/s is the
Earth’s orbital velocity around the Sun on a plane with inclination γ = 60◦ with the
respect to the galactic plane. Furthermore, ω=2π/T with T = 1 year and roughly t0
2 June (when the Earth’s speed is at maximum). The Earth’s velocity can be con-
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veniently expressed in unit of v0: η(t) = ve(t)/v0 = η0 +Δη cosω(t − t0), where –
depending on the assumed value of the local velocity – η0 = 1.04− 1.07 is the
yearly average of η and Δη = 0.05–0.09. Since Δη � η0, the expected counting
rate can be expressed by the first order Taylor approximation:

dR
dE

[η(t)] =
dR
dE

[η0]+
∂
∂η

(
dR
dE

)

η=η0

Δη cosω(t − t0). (1)

Averaging this expression in a k-th energy interval one obtains:

Sk[η(t)] = Sk[η0]+ [
∂Sk

∂η
]η0Δη cosω(t − t0) = S0,k +Sm,kcosω(t − t0); (2)

the contribution from the highest order terms less than 0.1%. The DM annual
modulation signature is very distinctive since the corresponding signal must simul-
taneously satisfy all the following requirements: the rate must contain a component
modulated according to a cosine function (1) with 1 year period (2) and a phase that
peaks roughly around 2 June (3); this modulation must only be found in a well-
defined low energy range, where DM particle induced events can be present (4); it
must apply only to those events in which just one detector of many actually “fires”
(single-hit events), since the DM particle multi-interaction probability is negligible
(5); the modulation amplitude in the region of maximal sensitivity must be <∼7% for
usually adopted halo distributions (6), but it can be larger in case of some possible
scenarios such as e.g. those in Refs. [24, 25]. Only systematic effects able to fulfil
these six requirements and to account for the whole observed modulation amplitude
could mimic this signature1; thus, no other effect investigated so far in the field of
rare processes offers a so stringent and unambiguous signature.

It is worth noting that the corollary questions related to the exact nature of the
DM particle(s) (detected by means of the DM annual modulation signature) and to
the astrophysical, nuclear and particle Physics scenarios require instead subsequent
model dependent corollary analyses, as those performed e.g. in Refs. [4–11]. On
the other hand, one should stress that it does not exist any approach in direct and
indirect DM searches which can offer information on the nature of the candidate
independently on assumed astrophysical, nuclear and particle Physics scenarios.

3 DAMA/LIBRA: First results

Highly radiopure NaI(Tl) scintillators have offered and offer many competitive fea-
tures to effectively investigate the DM annual modulation signature, such as e.g.:
(i) high duty cycle; (ii) well known technology; (iii) large masses; (iv) no safety

1 It is worth noting that the DM annual modulation is not – as often naively said – a “seasonal”
variation and it is not a “winter-summer” effect. In fact, the DM annual modulation is not related
to the relative Sun position, but it is related to the Earth velocity in the galactic frame. Moreover,
the phase of the DM annual modulation (roughly 2 June) is well different than those of physical
quantities (such as temperature of atmosphere, pressure, other meteorological parameters, cosmic
rays flux, ...) instead correlated with seasons.
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problems; (v) the lowest cost with the respect to every other considered tech-
nique; (vi) necessity of a relatively small underground space; (vii) reachable high
radiopurity by material selections and protocols, by chemical/physical purifications,
etc.; (viii) feasibility of well controlled operational conditions and monitoring, (ix)
feasibility of routine calibrations down to few keV in the same conditions as the pro-
duction runs; (x) high light response (that is keV threshold reachable); (xi) absence
of the necessity of re-purification or cooling down/warming up procedures (imply-
ing high reproducibility, high stability, etc.); (xii) absence of microphonic noise and
an effective noise rejection at threshold (time decay of NaI(Tl) pulses is hundreds
ns, while that of noise pulses is tens ns); (xiii) wide sensitivity to both high and
low mass DM candidates and to many different interaction types and astrophysi-
cal, nuclear and particle Physics scenario; (xiv) possibility to effectively investigate
the DM annual modulation signature in all the needed aspects; (xv) possibility to
achieve significant results on several other rare processes; (xvi) etc.

These arguments motivated the development and use of highly radiopure NaI(Tl)
scintillators for the DAMA/NaI and DAMA/LIBRA target-detectors. The compet-
itivity of these set-ups is based on the reached intrinsic radiopurity (obtained after
very long and accurate work for the selection of all low radioactive materials, for
the definition of suitable protocols, etc.), on the large sensitivity to many of the
DM candidates, of the interaction types and of astrophysical, nuclear and particle
Physics scenarios, to the granularity of the set-ups, to the data taking up to the MeV
scale (even though the optimization is made for the lowest energy region), to the full
control of the running conditions, etc.

The DAMA/NaI set up and its performances are described in Refs.[2–5], while
DAMA/LIBRA set-up and its performances in Ref. [15]. Here we just summa-
rized that: (i) the detectors’ responses range from 5.5 to 7.5 photoelectrons/keV;
(ii) the hardware threshold of each PMT is at single photoelectron (each detector
is equipped with two low background photomultipliers working in coincidence);
(iii) energy calibration with X-rays/γ sources are regularly carried out down to few
keV; (iv) the energy threshold of the experiment is 2 keV. The DAMA/NaI exper-
iment collected an exposure of 0.29 ton × year over 7 annual cycles [3–5], while
DAMA/LIBRA has released so far an exposure of 0.53 ton × year collected over
four annual cycles [16]; thus, the total exposure of the two experiments is 0.82 ton ×
year, which is orders of magnitude larger than the exposure typically collected in the
field.

Several analyses on the model-independent investigation of the DM annual mod-
ulation signature have been performed (see Ref. [16] and references therein); here
just few arguments are reminded. In particular, Fig. 1 shows the time behaviour of
the experimental residual rates for single-hit events collected by DAMA/NaI and
by DAMA/LIBRA in the (2–4), (2–5) and (2–6) keV energy intervals. The super-
imposed curves represent the cosinusoidal functions behaviors Acosω(t − t0) with
a period T = 2π

ω = 1 year and with a phase t0 = 152.5 day (2 June), while the
modulation amplitudes, A, have been obtained by best fit over the DAMA/NaI and
DAMA/LIBRA data. When the period and the phase parameters are released in the
fit, values well compatible with those expected for a DM particle induced effect are
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Fig. 1 Experimental model-independent residual rate of the single-hit scintillation events, mea-
sured by DAMA/NaI and DAMA/LIBRA in the (2–4), (2–5) and (2–6) keV energy intervals as
a function of the time. The zero of the time scale is 1 January of the first year of data taking of
DAMA/NaI. The experimental points present the errors as vertical bars and the associated time
bin width as horizontal bars. The superimposed curves are the cosinusoidal functions behaviors
Acosω(t − t0) with a period T = 2π

ω = 1 year, with a phase t0 = 152.5 day (2 June) and with mod-
ulation amplitudes, A, equal to the central values obtained by best fit over the whole data, that is:
(0.0215±0.0026) cpd/kg/keV, (0.0176±0.0020) cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV
for the (2–4) keV, for the (2–5) keV and for the (2–6) keV energy intervals, respectively. The
dashed vertical lines correspond to the maximum of the signal (2 June), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 t × year. For details see [16].

obtained [16]. Summarizing, the cumulative analysis of the single-hit residual rate
favours the presence of a modulated cosine-like behaviour with proper features at
8.2 σ C.L. [16].

The same data of Fig. 1 have also been investigated by a Fourier analysis, ob-
taining a clear peak corresponding to a period of 1 year [16]. For comparison the
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power spectrum of the (6–14) keV energy interval has also been investigated; it
shows instead only aliasing peaks. Similar result is obtained when comparing the
single-hit residuals in the (2–6) keV with those in the (6–14) keV energy interval;
in fact, a clear modulation is present in the lowest energy interval, while it is absent
just above [16]. Moreover, in order to verify absence of annual modulation in other
energy regions and, thus, to also verify the absence of any significant background
modulation, the energy distribution measured during the data taking periods in en-
ergy regions not of interest for DM detection has also been investigated. In fact,
the background in the lowest energy region is essentially due to “Compton” elec-
trons, X-rays and/or Auger electrons, muon induced events, etc., which are strictly
correlated with the events in the higher energy part of the spectrum. Thus, if a mod-
ulation detected in the lowest energy region would be due to a modulation of the
background (rather than to a signal), an equal or larger modulation in the higher
energy regions should be present. The data analyses have allowed to exclude the
presence of a background modulation in the whole energy spectrum at a level much
lower than the effect found in the lowest energy region for the single-hit events [16].

A further relevant investigation has been done by applying the same hardware
and software procedures, used to acquire and to analyse the single-hit residual rate,
to the multiple-hits one. In fact, since the probability that a DM particle interacts
in more than one detector is negligible, a DM signal can be present just in the
single-hit residual rate. Thus, this allows the test of the background behaviour in
the same energy interval of the observed positive effect. In particular, Fig. 2 shows
the residual rates of the single-hit events measured over the four DAMA/LIBRA
annual cycles, as collected in a single annual cycle, together with the residual rates
of the multiple-hits events, in the considered energy intervals. A clear modula-
tion is present in the single-hit events, while the fitted modulation amplitudes for
the multiple-hits residual rate are well compatible with zero: −(0.0004± 0.0008)
cpd/kg/keV, −(0.0005±0.0007) cpd/kg/keV, and −(0.0004±0.0006) cpd/kg/keV
in the energy regions (2–4), (2–5) and (2–6) keV, respectively. Similar results were
previously obtained also for the DAMA/NaI case [5]. Thus, again evidence of annual
modulation with proper features as required by the DM annual modulation signature
is present in the single-hit residuals (events class to which the DM particle induced
events belong), while it is absent in the multiple-hits residual rate (event class to
which only background events belong). Since the same identical hardware and the
same identical software procedures have been used to analyse the two classes of
events, the obtained result offers an additional strong support for the presence of a
DM particle component in the galactic halo further excluding any side effect either
from hardware or from software procedures or from background.

The annual modulation present at low energy has also been shown by depicting
the differential modulation amplitudes, Sm,k, as a function of the energy; the Sm,k
is the modulation amplitude of the modulated part of the signal (see above) ob-
tained by maximum likelihood method over the data, considering T =1 year and
t0 = 152.5 day. In Fig. 3 the measured Sm,k for the total exposure (0.82 t × year,
DAMA/NaI and DAMA/LIBRA) are reported as function of the energy. It can be
inferred that positive signal is present in the (2–6) keV energy interval, while Sm,k
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Fig. 2 Experimental residual rates over the four DAMA/LIBRA annual cycles for single-hit events
(open circles) (class of events to which DM events belong) and for multiple-hits events (filled
triangles) (class of events to which DM events do not belong), in the energy regions (2–4), (2–5)
and (2–6) keV, respectively. They have been obtained by considering for each class of events the
data as collected in a single annual cycle and by using in both cases the same identical hardware
and the same identical software procedures. The initial time of the scale is taken on 7 August.
The experimental points present the errors as vertical bars and the associated time bin width as
horizontal bars. See Ref. [16]. Analogous results were obtained for the DAMA/NaI data [5].

values compatible with zero are present just above. In fact, the Sm,k values in the
(6–20) keV energy interval have random fluctuations around zero with χ2 equal to
24.4 for 28 degrees of freedom. All this confirms the other analyses.

It has also been verified that the measured modulation amplitudes are statistically
well distributed in all the crystals, in all the annual cycles and in the energy bins;
these and other discussions can be found in Ref. [16].
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Fig. 3 Energy distribution of the Sm,k variable for the total exposure of DAMA/NaI and
DAMA/LIBRA: 0.82 t × year. A clear modulation is present in the lowest energy region, while
Sm,k values compatible with zero are present just above. In fact, the Sm,k values in the (6–20) keV
energy interval have random fluctuations around zero with χ2/d.o. f . equal to 24.4/28. See Ref.
[16].

It is also interesting the results of the analysis performed by releasing the as-
sumption of a phase t0 = 152.5 day in the maximum likelihood procedure to
evaluate the modulation amplitudes from the data of the seven annual cycles of
DAMA/NaI and the four annual cycles of DAMA/LIBRA. In this case alterna-
tively the signal has been written as: S0,k + Sm,k cosω(t − t0)+ Zm,k sinω(t − t0) =
S0,k +Ym,k cosω(t − t∗). Obviously, for signals induced by DM particles one would
expect: (i) Zm,k ∼ 0 (because of the orthogonality between the cosine and the sine
functions); (ii) Sm,kYm,k; (iii) t∗t0 = 152.5 day. In fact, these conditions hold for
most of the dark halo models; however, it is worth noting that slight differences
can be expected in case of possible contributions from non-thermalized DM com-
ponents, such as e.g. the SagDEG stream [7] and the caustics [26].

Figure 4–left shows the 2σ contours in the plane (Sm,Zm) for the (2–6) keV and
(6–14) keV energy intervals and Fig. 4–right shows, instead, those in the plane
(Ym, t∗). The best fit values for the (2–6) keV energy interval are (1σ errors):
Sm = (0.0122± 0.0016) cpd/kg/keV; Zm = −(0.0019± 0.0017) cpd/kg/keV; Ym =
(0.0123± 0.0016) cpd/kg/keV; t∗ = (144.0± 7.5) day; while for the (6–14) keV
energy interval are: Sm = (0.0005± 0.0010) cpd/kg/keV; Zm = (0.0011± 0.0012)
cpd/kg/keV; Ym = (0.0012± 0.0011) cpd/kg/keV and t∗ obviously not determined
(see Fig. 4). These results confirm those achieved by other kinds of analyses. In
particular, a modulation amplitude is present in the lower energy intervals and the
period and the phase agree with those expected for DM induced signals. For more
discussions see Ref. [16].

Both the data of the first four annual cycles of DAMA/LIBRA and of the seven
cycles of DAMA/NaI fulfil all the requirements of the DM annual modulation sig-
nature.

As previously done for DAMA/NaI [4, 5], careful investigations on absence of
any significant systematics or side reaction effect in DAMA/LIBRA have been
quantitatively carried out and reported in details in Ref. [16].

In order to continuously monitor the running conditions, several pieces of
information are acquired with the production data and quantitatively analyzed.
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Fig. 4 2σ contours in the plane (Sm,Zm) (left) and in the plane (Ym, t∗) (right) for the (2–6) keV and
(6–14) keV energy intervals. The contours have been obtained by the maximum likelihood method,
considering the seven annual cycles of DAMA/NaI and the four annual cycles of DAMA/LIBRA
all together. A modulation amplitude is present in the lower energy intervals and the period and the
phase agree with those expected for DM induced signals. See Ref. [16].

No modulation has been found in any possible source of systematics or side re-
actions for DAMA/LIBRA as well; thus, cautious upper limits (90% C.L.) on the
possible contributions to the DAMA/LIBRA measured modulation amplitude have
been estimated and are summarized in Table 1. It is important to stress that – in
addition – none able to mimic the signature has been found or suggested by anyone
over more than a decade. In fact, they cannot account for the measured modulation
amplitude and contemporaneously satisfy all the requirements of the signature. For
detailed quantitative discussions on all the related topics and for results see Ref.
[16] and Refs. therein.

Summarizing, DAMA/LIBRA has confirmed the presence of an annual modu-
lation satisfying all the requirements of the DM annual modulation signature, as
previously pointed out by DAMA/NaI; in particular, the evidence for the presence
of DM particles in the galactic halo is cumulatively supported at 8.2 σ C.L..

4 On corollary quests and comparisons

As regards the corollary investigation on the nature of the DM candidate parti-
cle(s) and related astrophysical, nuclear and particle Physics scenarios, it has been
shown – on the basis of the DAMA/NaI result – that the obtained model indepen-
dent evidence at 8.2 σ C.L. can be compatible with a wide set of possibilities (see
e.g. Refs. [4–6, 8–11] and in literature, for example see [27]); many others are also
open. Obviously, this is also the case when the DAMA/NaI and DAMA/LIBRA
data are considered all together (see e.g. [16]); an updating of previous corollary
investigations and some new ones are in progress.
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Table 1 Summary of the results obtained by investigating all possible sources of systematics and
side reactions in the data of the DAMA/LIBRA four annual cycles. None able to give a modulation
amplitude different from zero has been found; thus cautious upper limits (90% C.L.) on the possible
contributions to the measured modulation amplitude have been calculated and are shown here. For
details see Ref. [16]. Analogous results were obtained for DAMA/NaI [4, 5]

Source Main comment Cautious upper limit
(also see Ref.[15]) (90%C.L.)

Sealed Cu Box in
Radon HP Nitrogen atmosphere, <2.5×10−6 cpd/kg/keV

3-level of sealing

Temperature Air conditioning <10−4 cpd/kg/keV
+ huge heat capacity

Noise Efficient rejection <10−4 cpd/kg/keV

Energy scale Routine <1−2×10−4 cpd/kg/keV
+ intrinsic calibrations

Efficiencies Regularly measured <10−4 cpd/kg/keV

No modulation above 6 keV;
no modulation in the (2–6) keV

Background multiple-hit events; <10−4 cpd/kg/keV
this limit includes all possible
sources of background

Side reactions From muon flux variation <3×10−5 cpd/kg/keV
measured by MACRO

In addition: No effect can mimic the signature

It is worth noting that no other experiment exists, whose result can be di-
rectly compared in a model-independent way with those by DAMA/NaI and
DAMA/LIBRA. In particular, let us also point out that results obtained with dif-
ferent target materials and/or different approaches cannot intrinsically be directly
compared among them even when considering the same kind of candidate and of
coupling, although apparently all the presentations generally refer to cross section
on nucleon.

Moreover, we remark e.g. that other existing activities: (1) are insensitive to the
annual modulation signature; (2) use different target materials; (3) often provide
model-dependent exclusion limits without accounting for the existing experimen-
tal, theoretical and phenomenological uncertainties and for the existing alternative
choices; (4) often use crude approximation in the calculations; (5) have a dis-
favoured sensitivity with respect to DAMA/NaI and DAMA/LIBRA in several sce-
narios; moreover, scenarios exist (see literature) to which the others are not only
disfavoured with respect to the DAMA experiments, but even blind. Furthermore,
considering the difficulties of exploiting relative new techniques in this very low-
energy and low-rate field, additional limitations in the model-dependent sensitivities
(just for “nuclear recoils” and a single assumed scenario and parameters set) also
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arise from some of their experimental features Moreover, the implications of the
DAMA model-independent results are generally quoted in an incorrect, partial and
unupdated way. Some arguments have been addressed e.g. in Refs.[4–11,28,29] and
in some literature.

In conclusion, claims for contradiction have intrinsically no robust scientific
bases.

Regarding the indirect detection searches, let us stress that also no direct model-
independent comparison can be performed between the results obtained in direct
and indirect activities. Anyhow, if possible excesses in the positron flux and in the
γ rays flux from the center of the Galaxy with respect to some simulations of the
hypothesized contribution, which should be expected from standard sources, would
be interpreted in terms of Dark Matter, this could also be not in conflict with the
effect observed by DAMA experiments.

5 Toward the future

The large merits of highly radiopure NaI(Tl) have been demonstrated in the practice
by the DAMA set-ups which have been/are the highest radiopure set-ups available in
the field, have effectively pursued a model independent approach to investigate the
presence of DM particles in the galactic halo collecting exposures several orders of
magnitude larger than those usually available in the field and have obtained and/or
are in progress to obtain many other complementary or by-products results.

The highly radiopure DAMA NaI(Tl) set-ups are powerful tools for the inves-
tigation on the Dark Matter particle component in the galactic halo having all the
intrinsic merits already mentioned and large exposed mass, an high overall radio-
purity, an high duty-cycle and particular performances. Moreover, it is worth noting
that an increase of the exposure and a possible lowering of the energy threshold be-
low 2 keV will improve the discrimination capability among different astrophysical,
nuclear and particle Physics scenarios.

In 1996 DAMA proposed to INFN to realize a ton set-up [14] and a new R&D
project for highly radiopure NaI(Tl) detectors was funded at that time and carried
out for several years in order to realize DAMA/LIBRA, as an intermediate step.

The collection of a much larger exposure will allow to further investigate the
model independent evidence with an increased sensitivity. Moreover, it will also of-
fer an increased sensitivity to improve corollary quests on the nature of the candidate
particle, trying to disentangle at least among some of the many different possible as-
trophysical, nuclear and particle physics models as well as to investigate other new
possible scenarios.

In the following some of the many topics – not yet well known at present
and which can affect whatever model dependent result and comparison – will be
summarized.

• The velocity and spatial distribution of the Dark Matter particles in the galac-
tic halo. It has been shown that the naive description of the galactic halo as an
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isothermal halo is an unphysical and non-realistic approximation which signif-
icantly affects model dependent evaluations (exclusion plots, allowed regions,
etc.) and comparisons. Other modelings (not exhaustive at all), many of them
based on N-bodies simulations, have been considered in literature and some of
them have been discussed at some extent in [4, 30] and references therein. Some
of these models can be significantly discriminated when larger exposure (larger
mass and/or much longer running time) will be available.

• The effects induced on the Dark Matter particles distribution in the galactic halo
by contributions from satellite galaxies tidal streams. It has been pointed out
[25] that contributions to the Dark Matter particles in the galactic halo should be
expected from tidal streams from the Sagittarius Dwarf elliptical galaxy. Con-
sidering that this galaxy was undiscovered until 1994 and considering galaxy
formation theories, one has to expect that also other satellite galaxies do exist
and contribute as well. In particular, the Canis Major satellite Galaxy has been
pointed out as reported in 2003 in Ref. [31]; it can, in principle, play a very sig-
nificant role being close to our galactic plane. Some debate on these arguments is
present. Anyhow, at present, the best way to investigate the presence of a stream
contribution is to determine in accurate way the phase of the annual modulation,
t0, as a function of the energy; in fact, for a given halo model t0 would be expected
to be (slightly) different from 152.5 day and to vary with energy [7].

• The effects induced on the Dark Matter particles distribution in the galactic halo
by the existence of caustics. It has been shown that the continuous in-fall of Dark
Matter particles in the galactic gravitational field can form caustic surfaces and
discrete streams in the Dark Matter particles halo [26]. The phenomenology to
point out a similar scenario is analogous to that in the previous item.

• The detection of possible “solar wakes”. As an additional verification of the
possible presence of contributions from streams of Dark Matter particles in our
galactic halo, It can also be investigated the gravitational focusing effect of the
Sun on the Dark Matter particle of a stream. In fact, one should expect two kinds
of enhancements in the Dark Matter particles flow: one named “spike”, which
gives an enhancement of Dark Matter particle density along a line collinear with
the direction of the incoming stream and of the Sun, and another, named “skirt”,
which gives a larger Dark Matter particle density on a surface of cone whose
opening angle depends on the stream velocity [26]. Thus, such a possibility can
be investigated with high sensitivity through second-order time-energy correla-
tion analyses.

• The investigation of possible diurnal effects. Beyond the diurnal variation ex-
pected only in case of high cross section WIMP/WIMP-like candidates (see [32]
and ref. therein), also other sidereal daily effect can be considered.
In particular, a very interesting effect, which holds for a wide range of DM candi-
dates, is – in principle – the diurnal modulation due to the Earth rotation velocity
contribution. In fact, considering a detector on the Earth surface at the latitude ζ ;
the velocity of the detector in the galactic frame can be written as:

vd(t) = v� + v⊕ cosγ cosω(t − t0)+ vrotcosζ sinβ cosΩ(t − td). (3)
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Here vrot0.46 km/s is the Earth rotational velocity at the equator, β42o is
the angle between the Earth axis and the DM flux (approximatively the Cygnus
constellation declination),Ω = 2π/ds (were ds is 1 sidereal day) and td is a phase
depending on detector longitude. Applying a Taylor expansion – as already done
in Eqs. (1) and (2) – the expected signal counting rate in a given k− th energy
bin can be written as:

Sk[η(t)]Sk[η0]+ [
∂Sk

∂η
]η0 (Δη cosω(t − t0)+δη cosΩ(t − td)) (4)

Were δη = vrot cosζ sinβ
v0

. The interest in this second-order signature is that the
ratio Rdy of this diurnal modulation amplitude over the annual modulation am-
plitude is a fully model independent constant; considering the LNGS latitude
(ζ42.5o) one has:

Rdy =
δη
Δη

=
vrot cosζ sinβ

v⊕ cosγ
0.015 (5)

This signature can allow a powerful decoupling from the models. However, con-
sidering that the annual modulation amplitude observed in DAMA in the (2–6)
keV energy interval is roughly 0.013 cpd/kg/keV [16], the expected diurnal mod-
ulation amplitude is 2× 10−4 cpd/kg/keV; this amplitude can be relevantly inves-
tigated just when a much larger exposure will be available (e.g. many years of
running of DAMA/1ton).

• The study of possible structures as clumpiness with small scale size. Possible
structures as clumpiness with small scale size could, in principle, be investigated
by exploiting a large exposure and searching for distinctive peculiarities in the
time distribution of the data.

• The coupling(s) of the Dark Matter particle with the 23Na and 127I and its nature.
As mentioned, several large uncertainties are linked to the coupling(s) between
the Dark Matter particle and the target-nuclei. A suitably large exposure will
allow to better constrain the related aspects.

• The scaling laws and cross sections. At present just simple scaling laws are used
to scale all the nuclear cross sections to a common nucleon cross section; how-
ever, they are a large source of uncertainties in model dependent results and com-
parisons. For example, it has been pointed out [33] that, even for the neutralino
candidate, these assumptions (which hold in the case of model with one-nucleon
current) are arbitrary when two-nucleon current with pion exchange are intro-
duced. Thus, the presence of two target-nuclei in the NaI(Tl) detectors could in
principle offer a probe for that in the large exposure this experiment will collect
and with the increasing of the knowledge on the related aspects.

At present a third generation R&D effort toward the possible highly radiopure
NaI(Tl) ton set-up has been funded and the DAMA collaboration has already per-
formed various related works.

Finally, it is worth noting that ultra low background NaI(Tl) scintillators can also
offer the possibility to achieve significant results on several other rare processes as
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already done e.g. by the former DAMA/NaI apparatus such as [12–14]: (i) possi-
ble violation of Pauli exclusion principle in 127I and in 23Na; (ii) electron stability;
(iii) charge non-conserving processes; (iv) search for solar axions; (v) search for
exotic matter; (vi) search for spontaneous transition of nuclei to a superdense state;
(vii) search for spontaneous emission of heavy clusters in 127I; (viii) search for pos-
sible nucleon, di-nucleon and tri-nucleon decays into invisible channels with new
approach; etc.

6 Conclusions

The highly radiopure NaI(Tl) DAMA set-ups have investigated the aspects related
to the presence of DM particles in the galactic halo by exploiting the DM annual
modulation signature and achieving a model independent evidence at 8.2 σ C.L.

During September 2008, an upgrade of the DAMA/LIBRA set-up has been re-
alized, in order to restore a photomultiplier, to replace the transient digitizers with
those of higher performances, and to install a new more-performing DAQ system
with optical fibers. Moreover, it is foreseen the replacement of all the photomultipli-
ers with new ones, having larger quantum efficiency, around the end of year 2009;
this would allow us to lower the energy threshold of the experiment below 2 keV.
Hence, an increase of the exposure and a lowering of the energy threshold will allow
us to further investigate the model-independent evidence with an increased sensitiv-
ity; moreover, it will also improve the discrimination capability among different
astrophysical, nuclear and particle Physics scenarios.

In conclusion, the collection of larger exposures (with DAMA/LIBRA or with the
possible DAMA/1ton, which is at R&D stage) will allow to significantly investigate
several open aspects on the nature of the candidate particle(s) and on the various
related astrophysical, nuclear and particle Physics as well as to investigate with high
sensitivity other DM features and second order effects.
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Issues of Reggeization in qq′ Backward
Scattering

M.V. Bondarenco

Abstract The Kirschner–Lipatov result for the DLLA of high-energy qq′ backward
scattering is re-derived without the use of integral equations. It is shown that part
of the inequalities between the variables in the logarithmically divergent integrals is
inconsequential. The light-cone wave-function interpretation under the conditions
of backward scattering is discussed. It is argued that for hadron–hadron scattering
in the valence-quark model the reggeization should manifest itself at full strength
starting from shh = 50 GeV2.

Keywords: Quark–quark scattering, double-log asymptotics, Regge behavior

1 Introduction

Backscattering of high and intermediate energy, weakly radiating1 particles (pro-
tons, X-ray) is known as a clean tool for atomic material structure analysis [1].
The clarity of the analysis owes exactly to the low scattered particle fraction. With
the initial macroscopic luminosity, that poses no problem for detectability, but,
more importantly, the relative background (actually, all the diverse kinds thereof)
is suppressed.

In case when wave nature of the scattered particles is relevant, the backward
scattering can sometimes get enhanced as compared with that at other large angles –
due to some or the other kinematical symmetry (coherent backscattering).

M.V. Bondarenco
NSC Kharkov Institute of Physics & Technology, Kharkov 61108, Ukraine,
e-mail: bon@kipt.kharkov.ua

1 Weakness of the radiation is, rather, a wish than a necessary condition. Backscattering, or large-
angle scattering of electrons, of course, is widely applied, too, but requires proper calculation of
radiative corrections.
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For hadrons, which are objects composed of quarks, one can detect the events
of single quark backscattering by separating (single-) flavor exchange reactions to
high energy. Thereat, most probably, only one pair of quarks (of different flavor)
scatters backwards and then recombines with the forward-moving hadron remnants.
There is no external gluonic radiation in the fully exclusive reaction, because of
color confinement. Besides, there is no necessity to rise the energy to extremely high
values, where some internal radiative effects should eventually become important.

Owing to the hardness present in the process, a plausible approximation for it is
one-gluon exchange. The latter is impact parameter conserving, which is convenient
for the overlap representation of the scattering matrix element in terms of quark
wave functions of hadrons, as was partially discussed elsewhere [2].

But yet, at energies high enough, the energy dependence of flavor-exchange re-
actions departs notably from the one-gluon-exchange prediction σ ∼ s−2, which is
referred to as reggeization phenomenon. It is desirable to get it incorporated in the
theory, within the impulse approximation treatment.

In 1967, Gorshkov, Gribov, Lipatov, and Frolov [3] (see also textbook [4]) had
evaluated double-leading-logarithmic asymptotics (DLLA) of Feynman integrals
corresponding to e−μ− backward scattering in QED, and resumed to all orders.
They had found a power falloff slowdown (basically, t-independent).

Later, Kirschner [5], being generally interested in DLLA of QCD elementary
scattering processes, examined quark-quark backward scattering, and quark-
antiquark forward/backward annihilation, paralleling the framework of [3]. The
negative signature amplitude was thereafter computed by Kirschner and Lipatov
[6].

The amplitude of qq′ backward scattering, which is the kernel of the hadron
binary reaction overlap matrix element, has the asymptotics

Mqq′→q′q
(
sqq′

)
=

1
Nc
δm′lδl′m

√
2παs

CF

8π
lnsqq′

I1

(√
2αsCF

π
lnsqq′

)

(DLLA) (1)

∼ 1
lnsqq′

s

√
2αsCF
π

qq′ (s → ∞) (2)

with I1 the modified Bessel function, and

CF =
N2

c −1
2Nc

. (3)

(Account of single logarithms can somewhat change the index in (1), but the effect
of that correction is rather uncertain in view of our poor knowledge of the coupling
constant αs, anyway.)

Letting numerically Nc = 3, αs  0.1÷0.2, and assuming that for reactions such
as np → pn small Feynman-x contribution is moderate (given that constituent quark
models work rather well for nucleon), one obtains an estimate

dσnp→pn

dt
∝

1
s2 |Mdu→ud |2 ∼ s−1.4÷−1.2. (4)
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Fig. 1 Regge trajectory for
np → pn reaction. Data taken
from [7]. The straight line
shown for comparison is the
conventional ρ,A2-trajectory
0.5+0.8t

0 0.1 0.2
0.2

0.3

0.4

0.5

0.6

0.3 0.4 0.5 0.6

pQCD
prediction

−t, (GeV/c)2

np→pnaeff

ar, A2

0.7

This asymptotics is expected to hold when
√

2αsCF
π ln

(
sqq′ =

shh
N1N2

)
� 1, where N1,

N2 are valence quark numbers in the colliding hadrons. That numerically implies

shh � 50÷100 GeV2. (5)

The correspondence of (4) with the experimental behavior is not too bad.
The best experimental representative of flavor exchange reactions is np → pn,

given the detailed data available for dσ/dt and even some data for polarization for
this reaction, and in addition – nucleon form-factors as an independent constraint
for the wave function.

The Regge trajectory slope for np → pn is small (see Fig. 1). In contrast, for
meson flavor exchange, particularly for π−p → π0n (usually quoted as having an
examplary linear Regge trajectory) the slope seems to be close to Chew–Frautchi
substantial value 0.8 GeV−2. But it is to be minded that in the pion charge exchange
case there are cancelations between ud → du scattering and uū → dd̄ annihilation,
and in itself, pion is a more relativistic system then nucleon, probably, with a larger
contribution from small x. Altogether, this makes the dynamics more intricate, and
we refrain from discussing it here.

In this contribution we shall focus only on reggeization of two-free-quark scatter-
ing. That was the subject of Kirschner and Lipatov, but it is desirable to give it more
dynamical interpretation, which can in future prove useful for scattering treatment
in the spectator quark surroundings.

2 The origin of enhancements

Consider an ultra-relativistic collision of a free d-quark carrying momentum pd with
a free u-quark of momentum pu, resulting in a near-backward elastic scattering to
momenta p′d , p′u:

d(pd)+u(pu) → u(p′u)+d(p′d),

Δ⊥ = pd − p′d = p′u − pu ∼ 1 GeV.
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As long as no other particles are concerned in the initial or final state, we shall
throughout designate inter-quark kinematic invariants without hats or subscripts:

s = (pd + pu)2 � Δ 2
⊥.

Quark bispinors will be denoted as u for initial and u′ for the final u-quark, and d,
d′ – the same for d-quark.

2.1 Loop structure. Collinear vs. infra-red large logarithms

The tree-level amplitude of quark–quark backward scattering is the single-gluon
exchange:

M(1) ≈−4πα
s

(
d̄′γ μd

)(
ū′γ μu

)
tA
l′lt

A
m′m. (6)

It scales with the collision energy
√

s as s0, which corresponds to cross-section de-
creasing as s−2. But in higher orders there can arise loop enhancements of logarith-
mic kind, which are conventionally classified by two categories – soft and collinear
ones. Soft divergences originate when some mass ratio tends to be large, m

λ → ∞.
Collinear ones require the high-energy limit s

m2 →∞; they correspond to an effective
phase space extension with the energy.2

In general, a collinear divergence is encountered when a soft virtual particle con-
nects two high-energy lines, provided the latter are sufficiently close to the mass-
shell. Then, the high-energy line propagators admit eikonal approximation,3 ∼ 1

pk
(p being the momentum of the high-energy line, and k – the momentum of the soft
one), whereas the soft particle propagator decreases as ∼ 1

k2 if it is a boson, or ∼ 
k
k2 if

it is a fermion. When covered with 4d integration, by k-power counting it is seen to
produce logarithmic divergences – in a triangle loop with two eikonal (fermion) and
one soft boson lines (not counting possible hard propagators, which may be regarded
as momentum-independent, and graphically represented as contracted into a point),
and in quadrangular loops with two eikonal (boson) lines and two soft fermion lines.

In the first case, of triangular loops, the collinear divergence is merging with the
soft one (IR). Although those can be given independent meaning, physically they
both are related to emission and reabsorption of bremsstrahlung photons, with the
energy smaller then the mass of the radiating particle (in the IR soft case), or then the

2 An often quoted definition of collinear divergence type is that it is inherent to the massless case,
when the singularity of the integrand is encountered not in a single point (that would characterize
soft divergence), but along an entire line. But from the viewpoint of initially massive, physical
case, one yet needs to specify, in which order the massless limit is achieved. The answer is that
ratios of all the masses stay finite and non-zero, while their ratios to the energy tend to zero – in
contrast to the soft case when some mass ratio turns small. Again, that is equivalent to the growth
of the effective phase space, in mass units. As for the method of identifying soft and collinear
divergences by dω

ω and dθ
θ factors, it is not manifestly Lorentz-invariant.

3 The eikonal condition (pk � k2, p2−m2) is exactly the criterion of the line proximity to the mass
shell.
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collision energy (in the IR collinear case). So, it is natural that they obey the same
cancelation principles. For backward scattering of equal-charge particles, or with
perfect charge (color) exchange, IR cancelations must be working at full strength.

The second case, of quadrangular loop, instead, has no soft counterpart. More-
over, virtual corrections of that kind upon resummation should lead to enhancement
rather then suppression of the cross-section, as we shall discuss in detail below.

In higher orders of perturbation theory, in order to obtain the leading logarithmic
contribution, there must be an eikonal condition for each gluon line. Denoting by
qi – d-quark momenta on its course from pd to p′d (see Fig. 2 below),

−(qi−1 −qi)2 ≈ 2qi−1qi � q2
i−1,q

2
i . (7)

Fulfilment of these conditions is possible if the intermediate quark (and gluon) mo-
menta approximately belong to the plane formed by initial and final momenta. For
backward scattering this plane approximately coincides with that of collision, and
it may unequivocally be called longitudinal. It is profitable to define in it light-cone
coordinates, and expand any vector aμ = aμ‖ +aμ⊥, aμ‖ = (a0,a3), aμ⊥ = (a1,a2)

a± =
a0 ±a3
√

2
,

a ·b = a+b− +a−b+ +a⊥ ·b⊥.

Then, Eq. (7) requires4

p+
d � q+

1 � q+
2 . . . � q+

n−1 � p′+d , (8)

p−d � q−1 � q−2 . . . � q−n−1 � p′−d , (9)

q2
i⊥ � q+

i−1q−i , q+
i q−i+1. (10)

In fact, Eq. (10) will be satisfied automatically if

q2
i⊥ < 2q+

i q−i = q2
i‖, q2

i > 0. (11)

Fig. 2 The diagram giving
leading logarithmic contribu-
tion in 2n-th order: a – the
temporal ordering representa-
tion; b – the spatial projection

4 Presuming that there are no fine cancelations between ‖ and ⊥ components in momentum
squares, which would reduce the integration volume.
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This is nothing but the usual multi-peripheral kinematics – the same as for the
reggeization at forward scattering. That is quite natural, since the denominator struc-
ture for those cases is the same (for instance, in a scalar theory, with no propagator
numerators, and all the particles identical, there would be no difference between
forward and backward scattering).

2.2 The Feynman diagram topology

The ordering in rapidity guarantees uniqueness of the Feynman diagram, and the
temporal order of boson emission from one fermion should be reverse to that of their
absorption by the other fermion. Thereby, the concept of near-neighbor interaction
in the phase space finds support.

The amplitude corresponding to the n-rung diagram (see Fig. 2) is

M(n) = i(−4πiαs)nC(n)
∫ d4q1

(2π)4 . . .
d4qn−1

(2π)4
N (n)

D (n) (12)

with
C(n) =

(
tAn . . . tA1

)
l′l

(
tA1 . . .tAn

)
m′m , (13)

N (n) ≈
[
d̄′γ μn 
 qn−1 . . .γ μ2 
 q1γ μ1 d

][
ū′γ μ1 
 q1γ μ2 . . . 
 qn−1γ μn u

]
, (14)

D (n) ≈ (−2pdq1 + i0)(−2q1q2 + i0)(−2qn−1 p′d + i0)q2
1(q1 −Δ)2 . . .q2

n(qn −Δ)2.
(15)

At this stage, certain insight can already be gained from the topology of Feynman
diagrams. Drawing Feynman diagrams in accord with the process spatial projection,
when the initial particle momentum directions are opposite, an arbitrary order dia-
gram is depicted as a ladder, each cell of which is dissectible by two lines in the
t-channel (for backward scattering, |t| � s ≈ |u|). On the other hand, drawing Feyn-
man diagrams according to the event temporal ordering, either the two fermion lines,
or all the boson lines must cross. In any way, the diagram cannot be cut by two lines
in the s-channel (which might be utilized for evaluation by unitarity). This is in
contrast with the IR boson attachment order, where triangle loops (though not nec-
essarily the entire diagram) can always be cut by two lines in the s-channel, and the
concept of correspondence with the emitted real bosons through unitarity is useful.

2.3 Classical interpretation

In classical terms, the mechanism of enhancement may be thought of, roughly, as
follows. In a high-energy collision, charged particles can shed their proper fields
with the impart to them of the bulk of their energy, and slow down. In the slow state,
they are turned around on a larger mutual distance, which results in the increase of
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the scattering differential cross-section. Upon the reflection, the charged particles
can again pick up each the comoving proper field from the other particle, and thus
restore the high relative energy up to the initial value.

3 Numerators

Let us, in the first place, analyze matrix numerators, determining all the speciality
of quark–quark scattering.

3.1 Spin factors

As long as fermion masses are neglected, their helicity must be conserved. But, in
addition, we shall acquire strict correlation of helicities of colliding particles.

In addition to the light-cone decomposition, it is convenient to introduce chiral
vector basis in the transverse plane:

aR = −a1 + ia2
√

2
, aL =

a1 − ia2
√

2
, a⊥ ·b⊥ = aRbL +aLbR. (16)

Using in capacity of basic γ-matrices

γ± =
γ 0 ± γ 3
√

2
, γ R = −γ

1 + iγ 2
√

2
, γ L =

γ 1 − iγ 2
√

2
(17)

makes the covariant anticommutation relation {γ μ ,γ ν} = 2gμν look like
{
γ+,γ−

}
= 2,

{
γ R,γ L}= 2, (18)

with all other anticommutators zero:
(
γ+)2 =

(
γ−

)2 =
(
γ R)2 =

(
γ L)2 = 0, (19)

{
γ±,γ R,L}= 0. (20)

Important for the future practice are cubic relations

γ Rγ Lγ R = 2γ R, γ Lγ Rγ L = 2γ L, (21)

and Dirac conjugation properties

¯γ± = γ±, γ̄ R = −γ L, γ̄ L = −γ R. (22)
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For in- and out-quark bispinors, which satisfy (massless) Dirac equations

γ−d = 0, ū′γ− = 0, d̄′γ+ = 0, γ+u = 0, (23)

further, define polarization states as those of definite helicity (left and right):

γLdR =
√

2dL, γRdL =
√

2dR, (24)

ū′RγR = −γLu′R = −
√

2ū′L, ū′LγL = −
√

2ū′R, (25)

γRuR = −
√

2uL, γLuL = −
√

2uR, (26)

ū′RγL =
√

2d̄′
L, d̄′

LγR =
√

2d̄′
R, (27)

and the normalization should be

d̄′
LdR = d̄′

RdL = ū′LuR = ū′RuL =
√

s. (28)

The important consequence of Eqs. (25–28) and (19) is

γRdR = 0, γLdL = 0. (29)

ū′RγL = 0, ū′γR = 0. (30)

(The factor
√

2 in (25–28) comes from the relation
{
γR,γL

}
= 2, and the sign at it

is the matter of bispinor normalization convention.)
We shall nowhere need the use of matrix γ5, for which the chirality bispinors

are eigenvectors. Thanks that all the momenta are contained in one hyper-plane,
one can manage with matrices γR, γL alone, playing the role of (nilpotent) angular
momentum raising and lowering operators.

Now, the smallest block in the matrix element

γμdRū′Rγμ = −2dLū′L, (31)
γμdRū′Lγμ = 0. (32)

Eq. (31) implies that fermion angular momentum projection onto the collision axis
must flip after the vector boson exchange, and the spins of the opposing fermions
must exactly correlate. Physically, that is natural, since a vector boson emitted by
a Mz = + 1

2 fermion has Mz = +1, so after the vector boson emission the fermion
acquires Mz =− 1

2 , and the opposite fermion must initially have Mz =− 1
2 to be able

to absorb the Mz = +1 boson.
Hence,

N
(1)

RR,RR = N
(1)

LL,LL = −2s, (33)

whereas all the other helicity amplitudes equal zero.
The next larger block

γν 
 q1γμdRū′Rγμ 
 q1γν = −2γν 
 q1dLū′L 
 q1γν = 4 
 q1dRū′R 
 q1. (34)



Issues of Reggeization in qq′ Backward Scattering 55

The non-zero part of r. h. s. of (34)


 q1dRū′R 
 q1 =
(
q−1 γ

+ +qR
1 γL)dRū′R

(
q−1 γ

+ +qL
1γR) . (35)

Now, matrix-vectors 
 qi sandwiching this expression have components q+
i at γ−,

which are negligible as compared to then qi⊥. Then, it is possible to (anti-)commute
the matrices γ+ in (36) outwards to a position next to on-mass-shell bispinors d̄′

and u, action on which, by virtue of (23), gives zero. So, block (34) equals


 q1dRū′R 
 q1 = qR
1 qL

1γLdRū′RγR = q2
⊥dLū′L, (36)

which is proportional to (31).
Ultimately, it is understood that in the arbitrary order

N
(n)

RR,RR = N
(n)

LL,LL = (−2)nsq2
1⊥ . . .q2

n−1⊥. (37)

Note that the 2q2
⊥ factors emerge here without the appeal to the azimuthal av-

eraging, or reasoning that q‖ components cancel the logarithmic singularities in
the integral (cf. [3]). As is known, vector interaction at hard momentum transfers
(compared to the mass) is predominantly magnetic – similarly to the conventional
separation of electric and magnetic form-factors:

Jμf i = ū f

[
Fe
(
Q2)γμ‖ +Fm

(
Q2)γμ⊥

]
ui. (38)

Since in our case polarizations of all the virtual particles are completely fixed by
that of initial ones, the problem is equivalent to some scalar field theory. The vector
character of the bosons does not entail any momentum-dependent numerators, and
merely secures helicity conservation.

3.2 Color matrix factor

As had been discussed in [3], [5, 6], in the perfect charge (color) exchange situa-
tion the infra-red vector boson exchange contributions mutually cancel. Here, let us
neglect them altogether, and consider only the hard ladder.

Embarking on the Fierz-type identity for color generators

tA
l′lt

A
m′m =

1
2
δl′mδm′l −

1
2Nc

δl′lδm′m, (39)

by induction one proves5

5 Here, CF and − 1
2Nc

are just the values of Kirschner’s matrix τ2 (defined in a basis of convenience
for him [5]), and δm′lδl′m together with tA

m′lt
A
l′m − 1

2Nc
δm′lδl′m are its eigenvectors.
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C(n) =
(
tAn . . . tA1

)
l′l

(
tA1 . . . tAn

)
m′m

= Cn
F

1
Nc
δm′lδl′m +2

(
− 1

2Nc

)n [
tA
m′lt

A
l′m − 1

2Nc
δm′lδl′m

]
, (40)

with CF given by Eq. (3). Obviously, CF > − 1
2Nc

, both by sign, and in magnitude.
At n ≥ 2, i.e., in any loop, it suffices to keep only the first term in the r.h.s. of (40).
As the Kronecker symbols indicate, the leading term requires exchange of color.6

The underlying reason for the law that the color exchange is assured at the given
ordering of gluon emission and re-absorption, and when Nc →∞, is also transparent.
For each quark, the first ladder gluon emitted by it carries away its color, and in
addition has arbitrary (except at the tree level) anticolor. The final quark moving in
the same direction will absorb this gluon last of all, and must annihilate its anticolor
whatever it is (by color conservation), and accept its color. Thereby, the color of the
final quark will coincide with that of the comoving initial one.

Summarizing this section, re-absorption of gauge bosons in the inverse order
stipulates transfer of all the quantum numbers between the scattered quarks. The
large-Nc limit here is sufficiently robust, and within it the picture is equivalent to
that of QED, the coupling constant correspondence being αQED → αsCF .

4 Loop integrals in DLLA

Using the numerator kinematical factors, we are in a position to treat the loop inte-
grals.

4.1 One-loop integral reduction. Wave-function interpretation

By far the simplest approach for of high-energy asymptotics derivation and under-
standing is infinite momentum frame quantum field theory. One might anticipate
its applicability for the backward scattering, as well, inasmuch as the denominator
structure in Feynman integrals is the same as for forward scattering. But, because of
the occurrence of factors q2

⊥ in the numerator (see section 3.1), application of LCPT
is obstructed by the divergence of the eikonal integral, over d2q⊥. To keep the treat-
ment consistent, one may, first, straightforwardly carry out the q− integration in
Feynman integrals. In one loop,

M(2)/C(2) ≈ −2is(4πα)2
∫ d4q

(2π)4
2q2

⊥
(2p′dq− i0)(2pdq− i0)q2(q−Δ)2

≈ (4πα)2
∫ dq−

2πi(q−− i0)
dq+

2πq+
d2q⊥
(2π)2

2q2
⊥

q2
⊥(Δ⊥−q⊥)2 .

6 The second term of (40), in fact, is not yet related to a self-consistent scattering amplitude since
it is devoid of infra-red DL corrections.
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Upon the integration (in the exact expression) over q−, reducing, essentially, to tak-
ing residue in a single pole q− ≈ 0, we derive a restriction on q+: p−d ≤ q+ ≤ p+

d .
Then, one can pass to the eikonal approximation. At that, the condition

−(p′d −q)2 ≈ 2p′dq ≈ 2p′−d q+ � q2, q2
⊥

yields ordering of q2
⊥ and q+, which secures convergence of the integral over q2

⊥ at
large q2

⊥. Within the (double-) logarithmic accuracy,

M(2)/C(2) ≈ (4πα)2

(2π)2

∫ p+
d

p′+d

dq+

q+

∫ p′−d q+

1

dq2
⊥

q2
⊥

(41)

=
(4πα)2

8π2 ln2 s =
α
4π

ln2 s ·M(1)/C(1).

In the final representation (41) valuable is the separation of hard and soft physics,
which does not in fact depend on our choice of prior integration over q−, or q+. The
longitudinal hard gluons pertain to hard physics, whereas the braking fermions – to
the soft. Soft physics is most conveniently interpreted in terms of wave functions and
their overlaps. If one invokes the analogy with the non-relativistic (or old-fashioned)
perturbation theory, Eq. (41) may be compared with the expression for the second-
order transition matrix element

〈2|V |1〉 =∑
n

〈2|V |n〉〈n|V |1〉
E0 −En

. (42)

The role of the perturbation operator V in our case is played by the coupling con-
stant 4πα . The energy denominator finds an analog in the factor 1

q+ , which, how-
ever, is positive, not negative, i.e., the intermediate states reside under the mass-
shell. As for the intermediate state wave functions |n〉, their counterparts are the
factors

√
2

q1±iq2 . Finally, the phase space volume element is dq+d2q⊥
(2π)3 . It should be

noted that the phase space available for q2
⊥ is restricted by the value of the “en-

ergy” q+. That reflects the circumstance that soft and hard physics are not separated
absolutely, but only within the logarithmic accuracy. A similar situation (not en-
countered at forward scattering) is often met at description of exclusive hadronic
processes with a large momentum transfer (see, e.g., [9]).

In conclusion, let us remark that in [3] the extraction of DLLA contributions
is conducted by prior integration over d2q⊥, in analogy with the Sudakov’s vertex
asymptotic treatment [10]. That renders the framework more symmetric appearance,
but the wave-function interpretation gets obscured.

4.2 All-order treatment

Integrals for higher orders of perturbation theory may also be calculated via first
q−-integration, but it requires more detailed considerations (cf. [8]). Instead of the
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variables q−i , q2
i⊥, in the present case it is convenient to introduce

q−i , κi =
q2

i⊥
2q−i

, (43)

and only then carry out the q−i integration. Then, a strong ordering condition ensues

κi � κi+1 (44)

(corresponding to the multiperipheral condition q−i � q−i+1 for q−i , which have been
integrated over), and

κi < q+
i (45)

(corresponding to the eikonal condition q2
i⊥ < 2q+

i q−i ). The integral of the 2n-th
order of perturbation theory, in DLLA assumes the form

M(n)/C(n) =
(

M(1)/C(1)
)( α

2π

)n−1 ∫ p+
d

p′+d

dq+
1

q+
1

∫ q+
1

p′+d

dκ1

κ1
...

...
∫ q+

n−3

p′+d

dq+
n−2

q+
n−2

∫ min(q+
n−2,κn−3)

p′+d

dκn−2

κn−2

∫ q+
n−2

p′+d

dq+
n−1

q+
n−1

∫ min(q+
n−1,κn−2)

p′+d

dκn−1

κn−1
. (46)

For evaluation of this integral, it is convenient to recast the i-th pair of integrations

∫ q+
i+1

p′+d

dq+
i

q+
i

∫ min(q+
i ,κi+1)

p′+d

dκi

κi
... =

∫ q+
i+1

p′+d

dq+
i

q+
i

∫ κi+1

p′+d

dκi

κi
...−

∫ κi+1

p′+d

dq+
i

q+
i

∫ κi+1

q+
i

dκi

κi
...

≡
∫ q+

i+1

p′+d

dq+
i

q+
i

∫ κi+1

p′+d

dκi

κi
...−

∫ κi+1

p′+d

dκi

κi

∫ κi

p′+d

dq+
i

q+
i

...

(47)

(the integral over a trapezium represented as an integral over the rectangle minus
the integral over the triangle). But, as is easy to demonstrate by changing the order
of variables,

∫ κi+1

p′+d

dκi

κi

∫ κi

p′+d

dq+
i

q+
i

{∫ q+
i

p′+d

dq+
i−1

q+
i−1

∫ κi

p′+d

dκi

κi−1
−
∫ κi

p′+d

dκi−1

κi−1

∫ κi−1

p′+d

dq+
i−1

q+
i−1

}

... ≡ 0,

(48)
so, we can drop the terms −

∫ κi+1
p′+d

dκi
κi

∫ κi
p′+d

dq+
i

q+
i

at all the dq+
i dκi integrations but the

(n−1)-th.7 The (n−1)-th double integration gives

∫ q+
n−2

p′+d

dq+
n−1

q+
n−1

∫ κn−2

p′+d

dκn−1

κn−1
−
∫ κn−2

p′+d

dκn−1

κn−1

∫ κn−1

p′+d

dq+
n−1

q+
n−1

=

7 This means that inequalities (45) are inconsequential, except for the first and the last one.
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= ln
q+

n−2

p′+d
ln
κn−2

p′+d
− 1

2
ln2 κn−2

p′+d
. (49)

Passing to the self-suggestive variables

ηi = ln
q+

i
p′d

, ξi = ln
κi

p′d
, (50)

the DLLA amplitude of 2n-th order is calculated quite trivially:

M(n)/C(n) =
(

M(1)/C(1)
)( α

2π

)n−1

×
∫ lns

0
dη1...

∫ ηn−3

0
dηn−2

∫ lns

0
dξ1...

∫ ξn−3

0
dξn−2

{
ηn−2ξn−2 −

1
2
ξ 2

n−2

}

=
(

M(1)/C(1)
)( α

2π
ln2 s

)n−1
{

1
[(n−1)!]2

− 1
(n−2)!n!

}

=
(

M(1)/C(1)
)( α

2π
ln2 s

)n−1 1
(n−1)!n!

. (51)

Invoking the series expansion for the modified Bessel function of first order,

I1(z) =
∞

∑
n=1

( z
2

)2n−1

(n−1)!n!
, (52)

we arrive at the result of [3], which we have thus re-derived by straightforward
resummation, without the recourse to the formalism of integral equations.

Post factum, it is important to check the self-consistency of the adopted multi-

peripheral approximation (8–10). When z =
√

2αCF
π lns � 1, the largest terms in

sum (52) have numbers
n̄ ∼ z

2
. (53)

Equally, and independently of the overall energy, one can say that each gluon
typically shifts the quark rapidity by

Δy =
Y = lns

n̄
∼
√

2π
αCF

 5÷7. (54)

This implies that for the given problem the multi-peripheral approximation is very
safe.

The transverse motion of quarks in the ladder rails is usually regarded as ran-
dom walk. At that, the rung gluons propagate nearly forward (since, in the eikonal
approximation, their propagators do not depend on transverse momenta), and so, im-
pact parameters of the final u-quark must coincide with that of the initial d-quark,
and impact parameter of the final d-quark – with that of the initial u-quark. Thereby,
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the walk is not completely random. Yet, the walk step is small as compared to typical
hadronic radius (recall that large q2

⊥ dominate), so the initial quark impact parame-
ters must be close to one another, anyway.

5 Discussion and summary

The mechanistic picture of reggeization is observed to fall into certain contrast with
the analyticity and duality expectations. In particular, transversal hardness excludes
exact analogy with meson exchange in the t-channel, and yet suggests that the quark-
exchange reggeization phenomenon, and the relevant intercept, may be universal,
or there can be a few universal reggeons (much less numerous then the host of
mesons). The similarity of the Regge ladder diagram with that of the Bethe-Salpeter
equation must not be deluding, given the dominance in the present case of large q⊥
(let alone the excessive hardness of the ladder u-channel gluons). In their own turn,
mesons, being strongly bound relativistic states, for which the interaction radius is
not small compared to the average inter-constituent distance must not necessarily
obey a Bethe–Salpeter-like equation at all.

In what concerns the hadron wave function overlap representation, the hardness
of the Regge ladder implies that one can rather safely exploit the notion of coinci-
dence of colliding quark impact parameters – unless the energy becomes super-high,
giving the short-step transverse random walk eventually a spread comparable to the
hadron size. Another feature important at hadron wave function overlap computa-
tions is that the reggeized kernel (1) is not scale-invariant, and does not factorize in
terms of Feynman-x of the active quarks:

Mqq′→q′q
(
sqq′ = shhxqxq′

)

= f1 (shh) f2 (xq) f3

(
xq′
)
, (55)

and it is only in far asymptotics (2), where some noninteger-power scaling law and
factorization set in. Finally, note that amplitude (1) is neither even, nor odd function
of s, in contrast to the kernel in Born approximation. The latter property matters at
calculations of meson flavor exchange amplitudes.
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ππ Scattering Length Measurements from Ke4
and K± → π±π0π0 Decays at NA48/2

F. Bucci

Abstract We report here the preliminary results on the ππ scattering lengths a0 and
a2 at NA48/2. We determine a0 and a2 by studying two different kaon decay modes.
In the K± → π+π−e±ν decays (Ke4) we measure the form factors of the hadronic
current (F, G, H) and the ππ phase difference (δ = δs − δp) in ten independent
bins of the ππ mass spectrum to investigate their variation. Taking into account
the isospin simmetry breaking effects and using numerical solutions of the Roy
equations we obtain a0 and a2. In the K±→ π±π0π0 events we determine the a0−a2
difference and a2 from a fit to the π0π0 invariant mass distribution (M00) around
M00 = 2mπ+ .

Keywords: Charged kaon, cusp, Ke4, scattering length

1 Introduction

The single-flavor quark condensate < 0|qq|0 > is a fundamental parameter of the
chiral perturbation theory (ChPT), determining the relative size of mass and mo-
mentum terms in the expansion. Since it cannot be predicted theoretically, its value
must be experimentally determined by measuring, for example, the ππ scattering
lengths a0 and a2 whose values are precisely predicted within the framework of the
ChPT, assuming a big quark condensate [1], or of a generalised ChPT, where the
quark condensate is a free parameter [2].

The Ke4 decay is a very clean environment for the measurement of the ππ scat-
tering lengths since the two pions are the only hadrons in the final state and they
are produced close to the threshold. In the past years, only two experiments col-
lected significant samples of Ke4 decays [3,4], large enough to study their properties
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but without reaching the same precision level as the theoretical predictions. An
alternative way to study the ππ interactions through a measurement of the lifetime
of the ππ-atom was followed in the DIRAC experiment at CERN [1]. An additional
method for the determination of the ππ scattering length a2 and the a0 −a2 differ-
ence is based on the study of the π0π0 invariant mass spectrum in the K± → π±π0π0

decays.
We present here the preliminary results on ππ scattering lengths based on about

1.2 · 106 Ke4 events and 6 · 107 K± → π±π0π0 decays collected by the NA48/2
experiment.

2 Experimental setup

The NA48/2 experiment beam line has been designed to measure the CP violating
charged asymmetry in the K → 3π decay [6]. Simultaneous K+ and K− beams are
produced by 400 GeV protons from the CERN Super Proton Synchrotron (SPS)
impinging on a beryllium target. Kaons are deflected in a front-end achromat to se-
lect the momentum band of (60±3) GeV/c and then focused at the beginning of
the detector ∼200 m downstream, at the end of the ∼100m long decay region. The
NA48 detector and its performances are described in detail elsewhere [7]. The Ke4
analysis is essentially based on the magnetic spectrometer, consisting of four drift
chambers and a dipole magnet located between the second and the third chamber.
Each chamber consists of four staggered double planes of sense wires along the hor-
izontal, vertical and ±45◦ directions. The momentum resolution of the spectrometer
is σp/p = (1.02⊕0.044 · p)% (with p in GeV/c). The K± → π±π0π0 analysis uses
the liquid-krypton calorimeter (LKr) to identify the photons produced in the π0 de-
cay. The transverse segmentation and the 27 radiation lenght thickness result in an
energy resolution σE/E = (3.2/

√
E ⊕9.0/E ⊕0.42)% (with E in GeV) and a space

resolution for isolated showers σx = σy = (0.42/
√

E ⊕ 0.06) cm (with E in GeV).
Furthermore, a hodoscope consisting of two planes of scintillators segmented into
horizontal and vertical strips is used to trigger the detector readout on charged track
topologies. Its time resolution is ∼150 ps.

3 The Ke4 decay

3.1 Formalism

The kinematics of the Ke4 decay is fully described by five variables introduced by
Cabibbo and Maksymowicz [8]: M2

ππ , the squared invariant mass of the dipion sys-
tem; M2

eν , the squared invariant mass of the dilepton; θπ , the angle of the pion
with the same charge as the kaon in the dipion rest frame (Σππ ) with respect to
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the direction of flight of the dipion in the K rest frame (ΣK); θe, the angle of the
electron in the dilepton rest frame (Σeν ) with respect to the direction of flight of
the dilepton system in ΣK ; φ , the angle between the plane formed by the two pi-
ons and the corresponding plane formed by the two leptons. Three axial (F, G, R)
and one vector (H) dimensionless complex form factors contribute to the transition
amplitude and can be developed in partial wave expansions of s, p, d waves [9]:

F = Fseiδs +Fpeiδp +d wave

G = Gpeiδp +d wave

H = Hpeiδp +d wave (1)

where we assumed the same phase for Fp, Gp and Hp. The third axial form factor R
is suppressed by a factor m2

e/M2
eν . Neglecting d wave terms, Fs, Fp, Gp and Hp can

be further [10] expanded in powers of q2 = (M2
ππ/4m2

π)−1:

Fs = fs + f
′
sq2 + f

′′
s q4 + ...

Fp = fp + f
′
pq2...

Gp = gp +g
′
pq2 + ...

Hp = hp +h
′
pq2... (2)

3.2 Selection and fitting procedure

The Ke4 events are selected by requiring three charged tracks within the detector
acceptance. Two opposite sign pions and one electron or positron are required. Par-
ticle identification is mainly based on the E/p ratio between the energy as measured
by the LKr calorimeter and the momentum as measured by the magnetic spectrom-
eter. The reconstructed three tracks invariant mass (assigning a pion mass to each
track) and the transverse momentum pt relative to the beam axis have to be out-
side an ellipse centered on the kaon mass and zero pt , allowing missing energy and
pt for the undetected neutrino. The kaon momentum pK is obtained by imposing
energy-momentum conservation in the Ke4 decay, under the assumption of an un-
detected neutrino and fixing the kaon mass and the beam direction to their nominal
value. If a solution exists in the range between 50 and 70 GeV/c, the event is kept
and the solution closer to 60 GeV/c is assigned to pK . The background comes from
K± → π+π−π± decays with a pion misidentified as an electron or the subsequent
π→ eν decay and K± → π±π0(π0) decays with π0 → e+e−γ , an electron misiden-
tified as a pion and photon(s) undetected. The background is evaluated by studying
the “wrong-sign” events, i.e. events for which the ΔS = ΔQ rule is violated (the
electron charge is opposite to the total one) and it results to be at 0.5% level.
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We define 15,000 iso-populated boxes in the 5-dimension space of Mππ , Meν ,
cosθπ , cosθe and φ . The form factors Fs, Fp, Gp, Hp and the phase shift δ = δs −δp
are extracted by minimizing a log-likelihood estimator in the ten independent Mππ
bins. Actually, only relative form factors Fp/Fs, Gp/Fs and Hp/Fs are accessible
since the branching fraction is not measured. Their variation with Mππ is then fitted
to extract the form factors f

′
s/ fs, f

′′
s / fs, f

′
e/ fs, fp/ fs, gp/ fs, g

′
p/ fs and hp/ fs.

3.3 Results

Preliminary results on form factors data are shown in Table 1. The systematic er-
rors are quoted by comparing two independent analysis and taking into account the
effect of reconstruction method, acceptance, fit method, uncertainty on background
estimate, electron-ID efficiency, radiative corrections and bias due to the neglected
Meν dependence.

Dispersion relations and data at intermediate energies give the functional relation
between the phase shift δ and Mππ with the scattering lenghts a0 and a2 as parame-
ters [11–13]. Figure 1 shows the measured variation of δ with Mππ . After correcting
for the isospin simmetry breaking effects, the a0 and a2 values are extracted by per-
forming a fit to the phase shift variation. The ππ scattering data above 0.8 GeV
and the dispersion relations restrict the a0 and a2 values to a band in the (a0, a2)
plane called the Universal Band (UB); the width of the allowed band is consider-
ably reduced if the a2 = f (a0) relation given by the chiral perturbation theory [14]
is imposed in addition. Exploiting the ChPT constraint, a2 = f (a0), we also perfom
a one paramater fit. Fit results are reported in Table 2.

Table 1 Form factors preliminary results based on 1.2 ·106 Ke4 events

Stat Syst

f
′
s/ fs = 0.158 ± 0.007 ± 0.006

f
′′
s / fs = −0.078 ± 0.007 ± 0.007

f
′
e/ fs = 0.067 ± 0.006 ± 0.009

fp/ fs = −0.049 ± 0.003 ± 0.004
gp/ fs = 0.869 ± 0.010 ± 0.012
g
′
p/ fs = 0.087 ± 0.017 ± 0.015

hp/ fs = −0.402 ± 0.014 ± 0.008



ππ Scattering Length Measurements from Ke4 and K± → π±π0π0 Decays at NA48/2 67

0

0.1

0.2

0.3

0.4

0.28 0.3 0.32 0.34 0.36 0.38 0.4

NA48/2 Ke4 (2003+2004)

no isospin corrections

with isospin corrections

PRELIMINARY

Fig. 1 Phase shift variation as a function of Mππ with (full circle) and without (empty circle) taking
into account the isospin symmetry breaking effects

Table 2 Scattering lengths preliminary results on 1.2 ·106 Ke4 events

Without ChPT constraint With ChPT constraint

a0mπ+ = 0.218±0.013stat ±0.007syst a0mπ+ = 0.220±0.005stat ±0.002syst
a2mπ+ = −0.0457±0.0084stat ±0.0041syst

4 The K± → π±π0π0 decay

4.1 The cusp effect

The study of 2.4 ·107 K±→ π±π0π0 decays showed a change of slope in the squared
invariant mass distribution of the π0π0 system (M00) at the π+π− threshold [15].
This anomaly, never observed in the previous experiments, was theoretically inter-
preted as an effect due to the charge-exchange scattering process π+π− → π0π0 in
K± → π±π+π− decays. Cabibbo [16] proposed a simple rescattering model desrib-
ing the K± → π±π0π0 decay amplitude as the sum of two terms: the unperturbed
decay amplitude M0 and the contribution M1 from the K± → π±π+π− decay am-
plitude through the π+π− → π0π0 charge-exchange with the renormalization con-
dition M1 = 0 at M00 = mπ+π− . M1 is proportional to a0 − a2 and changes from
real to imaginary at the π+π− threshold with the consequence that it interferes de-
structively with M0 below the threshold while it adds quadratically above it. The
experimental measurement of this effect thus provides a precise determination of
a0 − a2 (including its sign). Subsequently, Cabibbo and Isidori (CI) [17] have ex-
tended the amplitude calculation at two loops level adding five terms proportional
to the scattering lenghts. This model allows to extract a0 − a2 and a2. A different
model was developed by Colangelo et al. (CGKR) [18] which includes the electro-
magnetic effects and introduces a different correlation between the parameters with
respect to the CI approach.
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4.2 Selection and fitting procedure

The analysis was redone on 6 ·107 K± → π±π0π0 decays. Signal events are selected
by requiring one charged track and at least four energy clusters in the LKr. We as-
sume that each possible pair of photons originates from π0 → γγ and we calculate
the longitudinal position of the corresponding neutral vertex. We choose the two
vertices combination with the closest vertices and the arithmetic average of the two
π0 vertices is taken as the kaon decay vertex. This choice gives the best M00 res-
olution at M00 = 2mπ+ . The r.m.s. of the M2

00 resolution curve increases with M2
00,

varying between ∼0.0002 GeV2 and ∼0.001 GeV2. The cusp in the M2
00 distribu-

tion is clearly visible in Fig. 2 at M00 = 2mπ+ . At this point the resolution on M2
00 is

∼0.0003 GeV2.
Both the CI and CGKR formulations are used to fit the squared invariant mass

distribution of the π0π0 system. The resolution and the detector response matrix are
obtained using an accurate Geant3 based simulation. For the unperturbed amplitude
M0 the PDG parameterization is taken:

M0 = A0(1+
1
2

g0u+
1
2

h
′
0u2 +

1
2

k
′
0v2) (3)

where u and v are the Dalitz variables.
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Fig. 2 π0π0 invariat mass distribution in K± → π±π0π0 decays. A cusp at M00 = 2mπ+ is clearly
visible
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The fit parameters are g0, h
′
0, a0 −a2, a2 and the normalization factor N. k

′
0 and

the unperturbed amplitude of the K± → π±π+π− decay which is present in M1
are fixed to the values previously measured by NA48/2 [19]. The fit is performed
excluding a small region around the threshold where the theoretical treatment of the
electromagnetic interaction is still missing.

4.3 Results

The preliminary results obtained on 6 ·107 K± → π±π0π0 events are:

CI : (a0 −a2)mπ+ = 0.266±0.005stat ±0.002syst ±0.001ext

a2 mπ+ = −0.039±0.009stat ±0.006syst ±0.002ext

CGKR : (a0 −a2)mπ+ = 0.273±0.005stat ±0.002syst ±0.001ext

a2 mπ+ = −0.065±0.015stat ±0.010syst ±0.002ext (4)

If we impose the constraint between a0 and a2 due to analiticity and chiral symme-
try [14], we obtain:

CI : (a0 −a2)mπ+ = 0.268±0.003stat ±0.002syst ±0.001ext

CGKR : (a0 −a2)mπ+ = 0.266±0.003stat ±0.002syst ±0.001ext (5)

The external error originates from the uncertainty on the branching ratio Γ (K± →
π±π+π−)/Γ (K± → π±π0π0). Cabibbo and Isidori also assign a 5% theoretical
error on (a0 − a2)mπ+ to take into account the missing orders and the Coulomb
corrections. Recent results both in radiative corrections [20] and in the next order
preliminary calculations allow to decrease this contribution to the total error at 1%
level.

5 Comparison and conclusions

Two statistically independent analysis have been performed by the NA48/2 collab-
oration to measure the ππ scattering lenghts: one, based on the high-statistics mea-
surement of the π0π0 invariant mass distribution in the K± → π±π0π0 decay; the
other, on the measurement of the phase shift variation with the π+π− invariant mass
in the K± → π+π−e±ν decay. In Fig. 3 the agreement between these two indepen-
dent measurements is shown together with other experimental results.
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Fig. 3 Results for the ππ scattering lengths a0 and a2 in m+
π units. The black solid curves are

the universal band boundaries and the narrow blue band is the restricted area using the ChPT
constraint. The ellipses correspond to 68% CL in a two-parameter fit to K± → π±π0π0 events
(blue ellipses) and Ke4 events (red ellipse). The upper blue ellipses represent the result with the
CI theory assuming a 5% (dotted) and a 1% (solid) theoretical error, respectively. The lower blue
ellipse is the CGKR fit result. The red square is the result of 1-paramenter fit to Ke4 data, to
be compared with the ChPT predictions (purple ellipse). The result form the DIRAC experiment
(cyan) is also shown
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Measurement of the Proton-Longitudinal-
Structure Function FL at HERA

G.W. Buschhorn

Abstract The longitudinal structure function FL(x,Q2) of the proton has been mea-
sured at the HERA collider in positron–proton deep inelastic scattering in the H1
and ZEUS experiment. Protons of 920 GeV,575 GeV and 460 GeV have been col-
lided with positrons of 27.5 GeV. In the H1 experiment (ZEUS experiment) the Q2

range 12 GeV2 < Q2 < 800 GeV2(24 GeV2 < Q2 < 110 GeV2) corresponding to
0.00028 < x < 0.0353(6.10−4 < x < 0.005) was covered. The results are consis-
tent with each other and with NLO QCD predictions. Parton distribution functions
derived from a combined fit of the H1 and ZEUS measurements of F2(x,Q2) are
compared with recent global fits.

Keywords: structure function, HERA, proton, deep inelastic scattering, ZEUS,
NLO QSD, parton distribution function, global fit

1 Deep inelastic electron–proton scattering and the proton
structure

In the scattering of electrons/positrons on protons the structure of the proton can
be investigated. While in elastic scattering integral properties of the proton like the
distribution of the electric charge and magnetic moment are measured, at increas-
ing momentum transfer to the proton the inelastic cross section where the proton
is fragmented into secondary hadrons is dominating the scattering process. At high
energies of the electron/positron the inelastic scattering (“deep inelastic scattering”
DIS) is described by the parton model as the interaction of a photon with the con-
stituents of the proton i.e. the quarks and gluons in terms of structure function. At
not too high momentum transfers two structure functions completely describe the
structure of the proton.
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The structure functions are functions of the kinematic variables of the scattering
process: the squared 4-momentum transfer q2 = (k−k′)2 = −Q2 from the scattered
electron (4-momenta k,k′) to the scattering parton, the fractional 4-momentum x of
this parton with respect to the 4-momentum P of the proton with x = Q2/2q.P and
the ineleasticity y of the scattering reaction with y = Q2/sx where s is the electron–
proton squared centre-of-mass energy s = (k +P)2.

The differential cross section for the inclusive inelastic scattering process ep →
eX where X is the hadronic final state is given by

d2σ
dxdQ2 =

2πα2

Q4x

[
Y+F2 − y2FL

]
, (1)

with the fine structure constant α , the longitudinal structure function FL = F2−2xF1
and the electron helicity factor Y+ = 1− (1− y)2. (1) is often given in the form of
the reduced cross section.

σr(x,Q2,y) = F2(x,Q2)− y2

Y+
FL(x,Q2) . (2)

The DIS cross section can be expressed in terms of the total photoproduction cross
section of transversely T or longitudinally L polarized virtual photons on protons:
F2/x ∼ σT +σL,FL/x ∼ σL with R = σ L/σT = FL/F2 −FL.

In the quark parton model QPM one has

F2 =∑
i

e2
i x fi(x,Q2); FL = F2 −2xF1 = 0 , (3)

whereas in Quantum Chromo Dynamics QCD gluon and quark/antiquark emission
results in

FL ∼ αs xg(x,Q2) . (4)

(αs = strong coupling constant) in next-to-leading order approximation.

F2 has been extensively measured in the HERA experiments H1 and ZEUS. With
increasing Q2 it is strongly rising towards low x values where it is dominated by the
gluon density. In contrast little is known about the detailed behaviour of FL. In fixed
target experiments (SLAC, EMC, BCDMS, NMC Ref. [2]) it was found that FL
is small at x > 0.2. At higher Q2 the H1-experiment estimated FL (Ref. [3]) using
assumptions on the extrapolated behaviour of F2 and concluded that FL is expected
to differ significantly from zero.

At HERA FL(x,Q2) can be directly measured using the linear dependence of σr
on y2/Y+ which requires a variation of s i.e. the proton energy.

The kinematics of the scattering process can be derived from the scattered elec-
tron/positron via

y = 1− E ′
e

Ee
sin2

θ

2
; Q2 = 4EeE ′

e cos2 θ
2

; x = Q2/sy . (5)



Measurement of the Proton-Longitudinal-Structure Function FL at HERA 73

Since the sensitivity of σr to FL is largest at high y this implies a detection of the
scattered electron at low energies.

From the measurements of F2 at HERA a prediction of FL can be derived. The
H1-data are fitted with parton densities x fi which are parametrized as functions
of x and evolved in Q2 applying the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi
equations. The resulting prediction of FL can be compared with the measured FL.

The combination of the F2 data from H1 and ZEUS results in an improved fit
of the parton densities of the proton which can be compared with global fits of the
parton densities.

2 The HERA collider and the H1- and ZEUS-detector

The HERA collider has been designed for colling 27.5 GeV electrons/positrons with
920 GeV protons allowing a maximum momentum transfer Q2 of 105 GeV2. The
peak luminosity reached 5.1031 cm−2s−1. In a later stage the possibility for longi-
tudinal polarization of the electrons/positrons was added. A total of about 1 fb−1

equally shared between the H1- and ZEUS experiment, electrons and positrons and
positive and negative beam polarization was collected befor the early shutdown of
the collider in July 2007. Dedicated runs at reduced proton energies serving the
measurement of FL (see below) were performed in 2007.

The components of the H1 detector essential for the FL measurement are shown
in Fig. 1. The interaction point in the centre of the detector is almost completely
surrounded by sets of wire chambers and a liquid argon calorimeter which is split
into an electromagnetic section followed by a hadronic section; the opening of the
argon calorimeter in the positron beam direction (defined as the backward direction

Fig. 1 H1 detector at HERA
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of the protons) is covered by a scintillator calorimeter of the spaghetti type (SpaCal)
also split into an electromagnetic and a hadronic section. The small angle forward
and backward direction is covered by silicon counter telescopes.

Triggers for the FL measurement are derived from the inner proportional cham-
bers and the calorimeters; fast electronics provided on-line triggers for reconstructed
tracks in the inner wire chambers (fast track tigger FTT) and energy-clusters (jet
trigger JT) in the liquid argon calorimeter.

Monte Carlo simulations were performend for the three proton beam energies
with the DJANGO program in which the hadronic final state was simulated with
ARIADNE and the hadron fragmentation with JETSET; the detector response was
simulated with a GEANT based code.

The ZEUS detector is similar to the H1 detector in its general layout with the
main difference that a uranium/scintillator calorimeter is used. Inside is central
tracking detector and surrounding the beam pipe a micro-vertex-detector of silicon-
counters is placed.

3 FL Measurements at HERA

First the measurement of FL are presented which have been performed with the H1
detector in 2007 at proton beam energies of 920 GeV (corresponding to an inte-
grated luminosity of 46.3pb−1),575 GeV(7 pb−1) and 460 GeV(13pb(−1) and the
standard positron energy of 27.5 GeV.

For a medium Q2 range of 12 GeV2 < Q2 < 90 GeV2 the scattered positron was
detected in the SpaCal (θe > 153◦) with a minimum energy of the scattered electron
of 3.4 GeV. The trigger efficiency for these high y events was determined as >98%.
The main background for these events is due to photoproduction. By comparing the
measured SpaCal energy with the measured momentum of the showering particle
this background can be subtracted with a small correction applied for low-energy
antiprotons from photoproduction which can result in a large SpaCal signal. An
additional suppression of the photoproduction background results from requiring for
DIS candidates longitudinal energy- momentum conservation Σi(Ei− pzi) > 35 GeV
with the sum running over all particles i in the final state including the scattered
positron (for genuine non-radiative DIS events the corresponding value is ∼2Ee =
55 GeV). The data for the medium Q2 range have been published (Ref. [4]).

In the high Q2 range of 35 GeV2 < Q2 < 800 GeV2 the scattered positron was
detected in the liquid argon calorimeter (θe < 153◦) with a minimum energy of
E ′

e > 3 GeV. The combined trigger efficiency of the LAr calorimeter, the SpaCal,
the LAr Jet trigger and the Fast Track Trigger reached 97% at E ′

e = 3 GeV and
∼100% at >6 GeV.
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Fig. 2 Reduced cross section σr from H1 at medium and high Q2 as function of x

The reduced cross section for the full range of medium and high Q2 as a function
of x is shown in Fig. 2. The data from different beam energies are normalized to
each other at low y values where the cross sections are determined by FL(x,Q2)
with minor corrections only for residual FL contributions. Straight line fits to σr at
the same x and Q2 but different proton beam energies resp. values of y2/(1+1−y)2)
are shown in Fig. 3 where measurements from the LAr calorimeter and the SpaCal
are combined.

In Fig. 4 the resulting FL(x,Q2) – measurements at different Q2 are shown as
function of x. In Fig. 5 these data averaged in x are shown as function of Q2 in
comparison with the prediction of FL resulting from the QCD fit (H1 PDF 2000) to
the F2 measurements from H1 (Ref. [3]) and with global fits (CTEQ Ref. [5] and
MSTW Ref. [6]). Within experimental uncertainties the H1 results are consistent
also with a NNLO QCD fit by S. Alekhin (Ref. [7]).

The ZEUS collaboration has presented results of the runs at 575 GeV(14 pb−1
and 920 GeV(32.8 pb−1) (Ref. [8]). The results of FL for θe < 168◦ and E ′

e > 6 GeV
corresponding to 24 GeV2 < Q2 < 110 GeV2(6.10−4 < x < 0.005) are shown in
Fig. 6 in comparison to a QCD fit based an ZEUS jet measurements in DIS.

Within the Q2 range covered by the H1- and ZEUS-experiment the data are com-
patible with each other and also with QCD predictions.
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4 Parton distribution functions

The combined H1 fit and ZEUS fit of the parton distribution functions xuv,xdv,xS
and xg (“HERA-1 PDF” Ref. [9]) for Q2 = 10 GeV2 is shown in Fig. 7. The com-
parison with a global fit (CTEQ 6.5 M) is shown in Fig. 8. Such fits will be of
importance to the evaluation of the coming LHC experiments.
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Cuoricino Results and Perspectives for CUORE

M.A. Carrettoni on the behalf of the CUORE collaboration [1]

Abstract CUORE will be one of the next generation experiments designed for the
search of a rare nuclear events such as Neutrinoless Double Beta Decay. It will
be a closely packed array of TeO2 crystals operating at the cryogenic temperature
of 10 mK. While presenting the main reasons and ideas behind CUORE, the re-
sults of its smaller scaled prototype, Cuoricino, will be shown. Cuoricino consists
of an array of 62 bolometric detectors operating in anti-coincidence to reduce back-
ground events: it took datas for 4 years, being the largest bolometric experiment
who operated until now in the search for rare events.

Keywords: Neutrinoless Double Beta Decay, radioactivity, bolometers, cryogen-
ics, neutrinos, Majorana

1 Introduction

Since their discovery neutrinos have always puzzled the scientific world. Given the
precious informations from oscillation experiments, there are still many open ques-
tions concerning their nature. Massive neutrinos can in fact be described either by a
Dirac field or by a Majorana field and we can’t still point out their mass hierarchy.

A probe which is very sensitive to the neutrino nature is Neutrinoless Double
Beta Decay.

Double Beta Decay (DBD) is a rare transition, in which an even nucleus (A, Z)
decays in its isobar (A, Z+2) with the emission of two electrons and two antineu-
trinos. The search for its neutrinoless variant (DBD0ν) is a powerful and sensitive
way to investigate the neutrino nature and mass. The next generation experiments
have the possibility to reach down to a few meV scale. The signature for DBD0ν
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is a sharp peak in the energy spectrum at the Q-value of the transition due to the
energy released by the two electrons emitted in the decay with no energy carried
away by neutrinos. The measurement of the rate of the DBD0ν decay is related
to the effective Majorana neutrino mass by Γ0ν = G0ν(Q,Z)|Mnucl |2〈mee〉2, where
G0ν(Q,Z) is the phase space factor, |Mnucl | are the nuclear matrix elements, and
〈mee〉 = Σk|Uek|2mkeiαk , where Uek are the mixing matrix elements for the mass
eigenstates mk and eiαk are the CP Majorana phases. A search for DBD0ν in several
nuclei is imperative [3] due to the theoretical uncertainties in |Mnucl |.

One of the promising nuclei is 130Te. Its high natural isotopic abundance of 34%
alleviates the requirement for isotopic enrichment, and its high Q-value of 2530.3
keV results in a large phase space for the decay and lies in a relatively background
free region between the Compton edge and the full peak of the 208Tl 2615 keV line.
The large phase space contributes to a decay rate that is four or five times higher for
130Te than for 76Ge.

Two main approaches are used to search for DBD0ν : homogeneous and non-
homogeneous. In the non-homogeneous approach, an external source of the chosen
DBD candidate is placed in the form of thin foils inside the detector. In the ho-
mogeneous approach, the detector material is chosen to be a compound containing
the DBD candidate, providing a high efficiency and in many cases, high resolution
technique.

2 Cuoricino

Cuoricino has a total TeO2 mass of 40.2 kg consisting of an array of 62 TeO2 crys-
tals, arranged in a tower of 13 planes. Eleven of the planes are made of four crystals
of 5 cm cube, while two of the remaining planes have nine crystals of 3× 3× 6 cm3.
Cuoricino uses a bolometric technique to search for DBD0ν of 130Te, in which an
energy deposition in the crystals induces temperature increase. A measurable tem-
perature increase can be achieved in dielectric and diamagnetic materials such as
TeO2 when operated at very low temperatures. The operating temperature of Cuori-
cino is 10 mK. The temperature change of each crystal is detected using neutron
transmutation doped Ge thermistors, thermally coupled to each crystal with glue
spots.

The detector has a series of shields designed to reduce the background radioac-
tivity. The inner-most lead shield is made of roman lead with 210Pb content of less
than 4 mBq/kg (90% confidence level), 1.5 cm around the side and 10 cm on the
top and the bottom of the tower. The background from the cryostat contamination
is reduced by the copper shields, and 20 cm of commercial lead shielding and 10
cm of borated PET shielding surround the cryostat to reduce environmental gammas
and neutrons in the detector volume.
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2.1 Results

Cuoricino took datas form April 2003 to June 2008 at the underground laboratory at
LNGS (Gran Sasso National Laboratory). The data used for this analysis are from
two separate runs, taken from April 2003 to September 2003 and from May 2004
to the end of the experiment. The total statistics consists of 15.83 kg year of 130Te.
The average FWHM resolution at the 208Tl gamma line is 8 keV for the 5× 5× 5
cm3 crystals, and 11 keV for the 3× 3× 6 cm3 crystals.

The detected events are run through pulse-shape analysis for noise rejection, then
through software filtering to optimize energy resolution (Optimum filter) and to
reject pile-ups (Wiener filter). Coincident events were used to reduce and study
the background. The detection efficiency for fully contained DBD0ν events is 86%
as evaluated by Monte Carlo simulations. Rejecting coincident events reduces the
background by roughly 20%. The total measured background in the DBD0ν region
is 0.18 +/– 0.01 cnts/keV/kg/year.

In evaluating the limit for the 130TeDBD0ν half-life (T 0ν
1/2 ) the background spec-

tra collected in the two runs are kept separate, due to the different measured FWHM
and background. A maximum likelihood procedure is applied in the 2475–2550 keV
energy interval to evaluate the maximum number of DBD0ν events possible with a
flat continuum plus the 2505 keV 60Co gamma line. The Q-value for the DBD0ν
peak is set at 2530.30 keV and a peak shape obtained by summing up N gaussians
is considered, in order to account for the different detectors energy resolutions. The
obtained limit is of 3.1× 1024year at 90% C.L. (Fig. 1), corresponding to a limit
for 〈mee〉 between 0.2 and 0.68 eV (with nuclear matrix elements from [4]). Limit
variations on the order of 10% were observed when the expected peak was shifted
by ±3 keV around the Q-value and for different models for the background fitting
function and for the peak shape of the 60Co.

DBD0ν evidence for 76Ge have been claimed [2] with a best value for 〈mee〉 of
0.44 eV, in the degenerate region of the neutrino mass spectrum.
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Fig. 2 CUORICINO DBD0ν background contributions

Given the present sensitivity, it is not possible for CUORICINO to confirm the
claimed evidence however, in fact a null result will not rule it out due to the uncer-
tainty in the nuclear matrix element calculations.

Next generation experiments, with ∼1 t of detector mass, and with a background
in the DBD0ν region down to 0.01–0.001 c/keV/kg/year, are necessary to increase
the sensitivity enough to reach the inverted hierarchy region of the neutrino mass
spectrum.

2.2 Background analysis

An accurate knowledge of the radioactive sources, responsible of the background
measured in CUORICINO in the DBD0ν region, is fundamental, in order to be able
to reduce it to the wanted level in CUORE. The study of the coincidence and an-
ticoincidence spectra, together with a comparison with Monte Carlo simulations of
different radioactive contaminations in the bulk and surfaces of the various detector
components, allowed us to identify the main sources of background in the DBD0ν
region. They are β and α decays from 238U ,232Th and 210Pb contaminations on the
crystal surface (20% ± 5%), α decays from the same contaminats on the surface of
the mounting structure (50% ± 10%) and 208Tl multi-Compton events due to 232Th
contaminations of the cryostat shields, far away from the detectors (30% ± 5%)
(Fig. 2).

3 CUORE

The next generation experiment CUORE will be made of 19 Cuoricino-like towers,
52 5× 5× 5 cm3 crystals each, arranged in a tight cylindrical structure (Fig. 3), for
a total TeO2 mass of ∼741 kg. CUORE is expected to start at the beginning of 2011
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Fig. 3 CUORE set-up: Internal Pb and Cu shields and external Pb and borated PET shields are
present

with a sensitivity goal for 〈mee〉 down to the inverted hierarchy region of the neu-
trino mass spectrum. CUORE is expected to probe the range between 29 and 150
× t1/4 meV for a background level in the DBD0ν region of 0.01 c/keV/kg/year and
between 16 and 85 ×t1/4 meV for a background level of 0.001 c/keV/kg/year. The
high granularity of the detector will provide an effective reduction of the background
by employing anticoincidence cuts. The detector shieldings have been designed in
order to completely eliminate the contribution from environmental gamma radioac-
tivity and from cryostat contaminations.

3.1 R&D for background reduction

The technical feasibility of CUORE has been proven by the good performances of
Cuoricino. The true challenge, as in all the next generation DBD0ν experiments,
will be the background achievement. The background knowledge acquired with
Cuoricino was a helpful starting point for the background reduction R&D towards
CUORE, aimed to reduce the background in the DBD0ν region to a level between
0.01 and 0.001 c/keV/kg/year.

The shielding is designed to reduce the contribution from 208Tl multi-Compton
events, due to 232Th sources in the cryostat shields, to a negligible level. The dom-
inant background appears to be the surface contamination both of the crystals and
the copper parts facing them. A “Radioactivity study Array Detector” (RAD), was
built at the end of summer 2004. The detector consists of two planes of 5× 5× 5
cm3 TeO2 crystals, with a structure almost identical to that of Cuoricino.
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The tests were performed in a second cryostat, housed in the Hall C of LNGS,
provided with 5 cm thick internal copper shields and a 10 cm thick external lead
shield. Due to the limited space in the cryostat, there is less shielding against the
multi-Compton events from 208Tl in the DBD0ν region than in Cuoricino. This
results in higher background in the DBD0ν region in the RAD runs and direct com-
parison between RAD run and Cuoricino is only possible above 3 MeV where no
gamma lines from the U or Th are present. We were able to isolate the alpha decays
occurring in the crystals bulk (peaks at the transition energy) and surfaces (broader
and asymmetric peaks at the transition energy and at the alpha energy), and on the
surfaces facing the crystals, whose largest one is due to copper (flat continuum from
alpha energy down to low energies).

A series of RAD runs were performed. In the first run, the crystals were etched
with nitric acid, removing about 10 μm of the surfaces, then polished with SiO2
powder. The copper mounting structure was also etched and successively treated
through electroerosion, removing from 10 to 20 μm of the surfaces. All the oper-
ations were performed in a clean environment. In the second run, all copper parts
facing the crystals were fully covered with polyethylene film. The result was quite
successful from the point of view of crystal cleaning: the TeO2 surface contami-
nation in 238U and 232Th was drastically reduced (a factor ∼5), as proven by the
reduction of the correspondent alpha peaks (Fig. 4). The extremely low background
reached allowed us for the first time to disentangle the bulk vs. surface contamina-
tion of the crystals. Once the broader peaks due to surface contamination had dis-
appeared, the Gaussian and sharp peaks due to crystals bulk contamination became
visible.

From the observed peaks and assuming secular equilibrium, TeO2 bulk impurities
have been evaluated: 232Th and 238U are present at a level of ∼×10−13 g/g, 210Pb
concentration is of ∼10−5 g/g. The background due to surface contamination of the
copper was reduced by a factor 1.8 in the 3–4 MeV region by improved surface
treatment and covering its surfaces with polyethylene film (Fig. 4).
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With the surface treatment techniques, material reduction and shielding devel-
oped in the R&D program towards CUORE, the dominant sources of background
are expected to be crystal surfaces (7× 10−3 c/keV/kg/year) and copper surfaces
(2.5× 10−2 c/keV/kg/year). A small contribution is expected from crystal bulk
impurities (10−4 c/keV/kg/year).

Additional R&D is underway to further reduce the background. One novel ap-
proach is the use “surface sensitive bolometers” (SSB) [5] where the main bolometer
crystal is completely surrounded by and thermally coupled to six thin bolometers.
Surface events either from the crystal or the surrounding, would deposit energy on
both the main crystal and a surrounding bolometer, and these events can be excluded
via anticoincidence analysis. Unfortunately several wires were lost during our test
run however, we were able to reduce the background by a factor of 2 between 3 and 4
MeV with respect to the first RAD. This technique has the possibility to serve as a
valuable R&D tool that allows us to unambiguously identify the origins of the back-
ground observed in Cuoricino.

4 Conclusions

CUORICINO set a limit on the half-life of 130Teof 3.1× 1024year at 90% C.L. and
〈mee〉 between 0.2 and 0.68 eV. It demonstrated the technical feasibility of CUORE,
the next generation experiment on the 1-t scale, and has given us important insight
into the sources of background. An R&D program is underway to achieve a back-
ground of below 0.01 counts/keV/kg/year.
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OPERA Experiment – Status Report

A. Chukanov, for the OPERA Collaboration

Abstract OPERA (Oscillation Project with Emulsion tRacking Apparatus) is an in-
ternational collaboration between Europe and Asia, aiming to give the first direct
proof of tau neutrino appearance in a pure muon neutrino beam, in order to validate
the hypothesis for atmospheric neutrino oscillations. The first European long base-
line neutrino beam called CNGS is produced at CERN and sent in the direction of
the Gran Sasso underground laboratory 732 km away, where the OPERA detector is
located. Since 2006 the electronic detector part is fully commissioned and running.
Neutrino beam events have been recorded and partly analysed in the target elements
made of very precise emulsion films and lead sheets during the 2007–2008 run. This
paper reviews the status of the detector, the beam performances, the first results from
the neutrino event analysis and the prospects.

Keywords: Neutrino oscillation

1 Introduction

OPERA [1] is a long baseline neutrino experiment located in the Gran Sasso un-
derground laboratory (LNGS) in Italy. The experiment is a massive hybrid detector
with nuclear emulsions used as very precise tracking devices and electronic de-
tectors to locate the neutrino interaction events in the emulsions. It is designed to
primarily search for ντ appearance in the CERN high energy νμ beam CNGS [2]
at 732 km from the neutrino source, in order to establish unambiguously the ori-
gin of the neutrino oscillations observed at the “atmospheric” Δm2 scale. The
preferred hypothesis to describe this phenomenon is νμ → ντ oscillation. Com-
bining all the present known neutrino data the best fit values of a global three
flavour analysis of neutrino oscillations [3] give for νμ → ντ oscillation parameters
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Δm2 = 2.39 × 10−3eV2 and sin2 2θ = 0.995. The range of allowed values at 3σ is
2.06 × 10−3 < Δm2 < 2.81×10−3eV2. In addition to the dominant νμ → ντ oscil-
lation in νμ beam, it is possible that a sub-leading νμ → νe transition occurs as well.
This process will also be investigated by OPERA profiting from its excellent elec-
tron identification capabilities to asses a possible improvement on the knowledge of
the third yet unknown mixing angle θ13.

The ντ direct appearance search is based on the observation of events produced
by charged current interaction (CC) with the τ decaying in leptonic and hadronic
modes. In order to directly measure the τ production and decay kinematics, the
principle of the OPERA experiment is to observe the τ trajectories and the decay
products in emulsion films composed of two thin emulsion layers (44 μm thick) put
on either side of a plastic base (205 μm thick). The detector concept which is de-
scribed in the next section combines micrometer and milliradian tracking resolution,
large target mass together with good lepton identification. This concept allows to re-
ject efficiently the main topological background coming from charm production in
νμ charged current interactions.

2 Detector overview

The OPERA detector is installed in the Hall C of the Gran Sasso underground lab-
oratory. Figure 1 shows a recent picture of the detector which is 20 m long with a
cross section of about 8× 9 m2 and composed of two identical parts called super
modules (SM). Each SM has a target section and a muon spectrometer.

Fig. 1 View of the OPERA detector in Hall C of the Gran Sasso Underground Laboratory
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The spectrometer allows a determination of the charge and momentum of muons
going through by measuring their curvature in a dipolar magnet made of 990 t of
iron, and providing 1.53 T transverse to the neutrino beam axis. Each spectrometer
is equipped with six vertical planes of drift tubes as precision tracker together with
22 planes (8× 8 m2) of RPC bakelite chambers reaching a spatial resolution of
∼1 cm and an efficiency of 96%. The precision tracker planes are composed of four
staggered layers of 168 aluminium tubes, 8 m long with 38 mm outer diameter. The
spatial resolution of this detector is better than 500 μm. The physics performance of
the complete spectrometer should reduce the charge confusion to less than 0.3% and
gives a momentum resolution better than 20% for momentum less than 50 GeV. The
muon identification efficiency reaches 95% adding the target tracker information for
the cases where the muons stop inside the target.

The target section is composed of 31 vertical light supporting steel structures,
called walls, interleaved with double layered planes of 6.6 m long scintillator strips
in the two transverse directions. The main goals of this electronic detector are to
provide a trigger for the neutrino interactions, an efficient event pattern recognition
together with the magnetic spectrometer allowing a clear classification of the ν in-
teractions and a precise localisation of the event. The electronic target tracker spatial
resolution reaches ∼0.8 cm and has an efficiency of 99%.

The walls contain the basic target detector units, called Emulsion Cloud Chamber
or ECC brick, sketched in Fig. 2 which are obtained by stacking 56 lead plates with
57 emulsion films. This structure provides many advantages like a massive target
coupled to a very precise tracker, as well as a standalone detector to measure elec-
tromagnetic showers and charged particle momentum using the multiple coulomb
scattering in the lead. The ECC concept has been already succesfully used for the di-
rect ντ observation, perfomed in 2000 by the DONUT experiment [4], also electron
identification and low energy muon/pion separation.

Behind each brick, an emulsion film doublet, called Changeable Sheet (CS) is
attached in a separate enveloppe. The CS can be detached from the brick for analysis
to confirm and locate the tracks produced in neutrino interactions and reconstructed
by the electronic detectors.

Fig. 2 Schematic structure of an ECC cell (left). Picture of an assembled brick (right). Each brick
weighs about 8.6 kg and has a thickness of 10 radiation length X0
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The number of bricks in the OPERA detector is around 150,000 (1.35 kt of
target). Bricks were inserted with the help of two automated manipulator systems
(BMS) running on each side of the experiment.

When a candidate brick has been located by the electronic detectors, the brick is
removed using the BMS and the changeable sheet is detached and developped. The
film is then scanned to search for the tracks originating from the neutrino interaction.
If none are found then the brick is left untouched and another one is removed. When
a neutrino event is confirmed the brick is exposed to cosmics to collect enough align-
ment tracks before going to the development. After development the emulsions are
sent to the scanning laboratories hosting automated optical microscopes in Europe
and Japan [5, 6]. This step is the start of the detailed analysis consisting of finding
the neutrino vertex and looking for a decay kink topology in the vertex region.

3 The CNGS beam

The CNGS neutrino beam [2] is a high energy νμ beam optimised to maximise the
ντ charged current interactions at Gran Sasso produced by oscillation mechanism at
the atmospheric Δm2 . The mean neutrino energy is about 17 GeV with a contamina-
tion of 4% ν̄μ , 0.9% νe and less than 0.06% of ν̄e. Using the CERN SPS accelerator
in a shared mode with fixed target experiments together with LHC, 4.5×1019 pro-
tons on target (pot) per year should nominally be delivered, assuming 200 days of
operation. The number of charged current and neutral current interactions expected
in the Gran Sasso laboratory from νμ are then about 19,500 and 5,900 for 5 years
respectively. If the νμ → ντ oscillation hypothesis is confirmed, the expected num-
ber of τ’s produced via charged current interaction at the Gran Sasso is 150 for
Δm2 = 2.5× 10−3eV2 at full mixing. The number of ντ approximately scales like
(Δm2)2.

For the conference time (21 September, 2008), 4,512 events correlated in time
with the beam and coming from neutrino interactions in the surrounding rock and
inside the detector have been recorded. The number of candidates interaction in the
bricks are equal to 728 which is consistent with the expected value 768±28. The
delivered intensity correponded to 8.16× 1018 pot. The reconstructed zenith angle
distribution from penetrating muon tracks was showing a clear peak centered around
3.4o as expected for neutrinos originating from CERN. Details and results can be
found in [7].

For each registered neutrino event the electronic detector hits were used to find
the most probable brick where the neutrino interaction may have occured. The Fig. 3
shows an event display of the neutrino interaction located in the OPERA detector.
The event is a charged current event with a clear muon track traversing both target
and spectrometer sections. The Fig. 4 shows the result of the detailed analysis of the
emulsions after scanning the identified brick where a clear reconstructed interaction
vertex is visible.
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Fig. 3 Charged current neutrino interaction recorded in OPERA. The event display shows the hits
left in the electronic detectors

Fig. 4 Emulsion reconstruction of the neutrino interaction vertex in the target brick

The extensive study of the recorded events have confirmed the OPERA perfor-
mances and the validity of the methods and algorithms used which, for example,
give impact parameter resolution of the order of a few microns, particle momentum
estimation, shower detection for e/π separation. Figure 5 shows the longitudinal
and transverse views of another reconstructed event vertex where a clear neutral
particle decay topology is visible. From the angular and distance analysis the most
favorable hypotesys is the neutral charm production and decay.



94 A. Chukanov

Fig. 5 Longitudinal and transverse view of reconstracted neutrino interaction vertex with a charm
candidate decay topology

4 Conclusion

The OPERA detector is completed and is now massive with 1.35 kt of lead-emulsion
target offering a huge and precise tracking device. With the cosmic data taking and
the CNGS neutrino runs in 2006–2008, the design goals and detector perfomances
were reached, the reconstruction software and the first level of analysis tools were
validated.

During 89 days of 2008 run with CNGS beam intensity 8.16×1018 pot with the
average intensity of 1.8×1013 pot/extraction it was collected 728 on time candidates
of the neutrino interactions in the bricks.1

In 5 years of CNGS running at 4.5× 1019 pot per year, OPERA should be able
to observe 10–15 ντ events after oscillation at full mixing in the range 2.5×10−3 <
Δm2 < 3×10−3eV2, with a total background less than 0.76 events.
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Abstract The PEN Collaboration is conducting a new measurement of the π+ →
e+ν branching ratio at the Paul Scherrer Institute, with the goal uncertainty of
δB/Bπe2 = 5× 10−4 or lower. At present, the combined accuracy of all published
πe2 decay measurements lags behind the theoretical calculation by a factor of 40. In
this contribution we report on the PEN detector configuration and its performance
during two development runs done in 2007 and 2008.
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1 Introduction

The PEN Collaboration is performing a new measurement of the π+ → e+ν(γ)
branching ratio (Bπe2) with a relative uncertainty of ∼ 5×10−4 or lower, at the Paul
Scherrer Institute (PSI) [1].

The amplitude for this rare pion decay is a textbook example of the V −A nature
of the electroweak interaction with the branching ratio understood at the level of
less than one part in 104.

Recent independent theoretical calculations of the ratio of the decay rates Γ (π→
eν̄(γ))/Γ (π → μν̄(γ)) are in a very good agreement and give,

BSM
e/μ =

Γ (π → eν̄(γ))
Γ (π → μν̄(γ))

|the =

⎧
⎨

⎩

(1.2352±0.0005)×10−4, Ref. [2],
(1.2354±0.0002)×10−4, Ref. [3],
(1.2352±0.0001)×10−4, Ref. [4].

(1)

Work of Marciano and Sirlin’s [2] and Finkemeier [3] took into account radiative
corrections, higher order electroweak leading logarithms, short-distance QCD cor-
rections and structure-dependent effects, while Cirigliano and Rosell [4] arrived at
the value using the two-loop Chiral Perturbation Theory.

The two most recent competitive experiments completed 15 years ago at the TRI-
UMF cyclotron [5] and the PSI ring accelerator [6] are also mutually consistent,
but are exceeded in accuracy by a factor of 40 by the latest theoretical calcula-
tions (Eq. 1):

Bexp
e/μ =

{
(1.2265±0.0034(stat)±0.0044(sys))×10−4, Ref. [5],
(1.2350±0.0035(stat)±0.0036(sys))×10−4, Ref. [6]. (2)

These two πe2 measurements, though inadequate in precision when compared with
the theoretical accuracy, represent the best experimental test of μ-e universality at
present. The improved measurement would, in addition, be a very sensitive probe of
all Standard Model extensions that induce pseudoscalar currents [7] and serve as a
test of possible supersymmetric corrections to the lepton couplings [8].

2 Experimental apparatus

The PIBETA detector, used from 1999 to 2004 in a series of rare pion and muon
decay measurements [9–12], was upgraded to meet the needs of the new experi-
ment. The PEN apparatus is a large solid angle non-magnetic detector optimized
for detection of photons and electrons emanating from the pion and muon decays in
the centrally located stopping target. The main detector elements of the apparatus,
shown in two panels of Fig. 1, are:

1. A thin upstream beam counter, and an active degrader all made of plastic scintil-
lator material, used for the beam definition
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Fig. 1 Cross sections through the PEN set up in the 2008 configuration. Top panel shows the
central tracking region, including the 4-wedge tracking degrader, active target, segmented plastic
scintillator, a pair of cylindrical MWPC’s, and modular CsI calorimeter. Bottom panel depicts the
detector in the experimental area with the upstream beam-tagging counter inside the vacuum pipe
and the triplet of focusing quadrupole magnets

2. An active plastic scintillator target, used to stop and detect the beam particles,
and record their charged decay products

3. Two concentric low-mass cylindrical multi-wire proportional chambers for
charged particle tracking, surrounding the active target
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4. A 20-piece fast plastic scintillator hodoscope, surrounding the MWPC’s, used
for particle identification and fast timing

5. A high-resolution segmented fast shower CsI calorimeter, surrounding the target
region and tracking detectors in a near-spherical geometry

The electromagnetic calorimeter is made of 240 pure CsI scintillator modules
covering a ∼3π sr solid angle, with openings allowing for beam entry and detector
readout. The inner radius of the hollowed CsI sphere is 26 cm and its thickness of
22 cm corresponds to 12 radiation lengths.

The key element of the fast electronic logic is the one-arm calorimeter trigger
defined by discriminated analog signal sum of any one or more of 60 groups of 9
CsI calorimeter modules. The high discrimination threshold (HT) is adjustable and
was set at around 44 MeV in the PEN experiment. In parallel, we have also used
the pre-scaled (1:16 or 1:64) low level threshold (LT) trigger set by a discriminated
sum of the plastic scintillator hodoscope signals. The calorimeter energy spectrum
for LT trigger extends well below 0.5 MeV, being limited only by the ADC pedestal
widths of the individual CsI detectors.

The PEN experiment completed two development runs in 2007 and 2008. The to-
tal number of recorded π+ stops was 8.1×1010, while the total number of collected
triggers was 4.7×106 for HT and 180,000 for LT events.

3 Experimental method

The πe2 events are collected primarily by means of the one-arm high-threshold
calorimeter trigger. The threshold value was chosen so as to minimize the fraction
of events in the π+ energy spectrum “tail” caused by the electromagnetic shower
leakage in the CsI calorimeter, while keeping the data acquisition live time fraction
at ∼ 0.8−0.9.

The π → eν branching ratio can be evaluated as

Bπe2 =
NHT(1+ ε)

Aπe2Nπ+ fπe2(T )
, (3)

where NHT is the number of recorded πe2 events above the EHT energy, ε = Nt/NHT
is the ratio of the “tail” to “HT” πe2 events, Aπe2 is the detector acceptance, Nπ+ is
the number of stopped beam pions recorded during the experiment, while fπe2(T )
is the pion decay probability between the pion stop time, t = 0, and the end of the
trigger gate, t = T  220ns. The most precise stopped pion count is obtained by
recording the sequential (Michel) π → μ → e chain decay:

Bπμe =
Nπμe

AπμeNπ+ fπμe(T )
, (4)
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where Bπμe  1 is the branching ratio for the μ→ eνν̄(γ) decay, Aπμe and Nπμe are
the detector acceptance and the number of muon decays, and fπμe is the trigger gate
decay probability.

Combining the two expressions to eliminate Nπ+ gives:

Bπe2 =
NHT(1+ ε)

Nπμe
· Aπμe

Aπe2
· fπμe(T )

fπe2(T )
Bπμe, (5)

which conveniently factorizes into quantities that share many of the same systematic
uncertainties.

A detailed analysis of the optimum choice of trigger parameters (T , EHT, LT/HT
prescaling, DAQ rates, etc.), presented in Ref.[1], has demonstrated that the PEN
detector system is capable of reaching statistical uncertainty levels in πe2 decay that
are an order of magnitude better than those obtained in previous experiments in
about six months of beam time.

The systematic uncertainties relevant to the PEN measurements are:

1. Discrimination of pion and muon events: Due to low μ decay pile-up and the
digitized target waveforms misidentified events will be kept at the level below
10−4.

2. The pion and muon decay normalization: The well determined Michel pa-
rameter ρ controlling the shape of the μ+ decay positron energy spectrum,
in conjunction with the low energy threshold below 1 MeV, and the absolute
calorimeter energy calibration attained in previous measurements, are projected
to yield ΔNπμe/Nπμe = 1×10−4.

3. The ratio of acceptances for πe2 and Michel decay events: Shared systematics of
the signal and normalization decay limits the uncertainties to ∼ 1×10−4.

4. A correction for radiative muon decays: In-situ measurement of the radiative
decays leads to sub-10−4 accuracy.

5. Nuclear interactions correction: Suppressed in the HT data sample via analysis
cuts, will be simulated for the LT “tail” in the full detector Monte Carlo calcula-
tion to 10 % accuracy. It will also be measured with our LT trigger.

6. The zero time definition: 5 ps accuracy in the mean value for t = 0 is achievable
with digitized waveforms.

Thus, an overall systematic uncertainty in the range of 2−4×10−4 is an attainable
goal in the PEN experiment.

4 Preliminary results

Tightly focused π+ beam tunes were developed for a dozen beam momenta between
67 and 85 MeV/c, with the pion stopping rates ranging from 1,000 to 20,000 π+/s.
The beam particles are first detected in a thin upstream beam counter made of plastic
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scintillator, 3.61 m upstream of the detector center. The beam pions are subsequently
slowed down in the active degrader and stopped in the active target.

We have used several cylindrical-shaped degraders of different thicknesses, the
final one being a 4-wedge scintillator capable of lateral beam particle tracking. It
consisted of two pairs of plastic scintillators with the thicknesses tapering from 5 to
1.5 mm along the horizontal and vertical directions. The lateral beam particle coor-
dinates were determined by the ratios of energy depositions in the pairs of wedges.
The points of closest approach (PCA) of the reconstructed beam particle paths and
the back-tracked decay positron hits recorded by the MWPC’s define the π+ or
μ+ decay vertex inside the target. Comparison of a Monte Carlo simulation of the
PCA distributions with the experimental histograms reveals that the vertex resolu-
tion root-mean-square is better than 2 mm.

The reconstructed π+/μ+ vertex allows, in turn, the calculation of the e+ path
length in the target and the prediction of the positron contribution to the measured
target signal.

The PMT signals for the upstream beam detector, active degrader and active
target were digitized in conventional FASTBUS and CAMAC ADC and TDC
units as well as by a waveform digitizer, the Acqiris DC282 four-channel unit
operated at 2 GS/s sampling rate (2 channels/ns), and yielding an effective 7-bit
resolution.

Examples of the recorded beam counter waveforms are given in the six panels
of Fig. 2. The data quality is illustrated in the π+ time-of-flight (TOF) spectrum
(Fig. 3), representing the time differences between the target and the degrader hits.

By applying a cut on the monoenergetic 4.1 MeV μ+ peak in the active target
waveform, one can discriminate between the πe2 signal events and π→ μ→ e back-
ground events after the e+-in-target energy contribution has been subtracted. The
total energy spectrum of the πe2 decay positron identified by such a cut is shown in
Fig. 4 for a subset of 2008 HT data.

Finally, the time spectra of the πe2 signal and Michel background events with
respect to the stopping π+ time are shown in the Fig. 5. The rms time resolution
between the target and degrader is 78 ps for beam pions. Similarly, the rms time
resolution between the upstream beam detector and the active degrader is approxi-
mately 120 ps. These time resolutions correspond to O(10%) of the bin width of the
waveforms from which the timing was deduced.

5 Conclusion and future plans

We have upgraded the PIBETA detector to optimize it for the task of a precise mea-
surement of the π+ → e+ν decay ratio at PSI. Two development runs were suc-
cessfully completed in 2007 and 2008, with the beam stop and DAQ rates ramped
up to the design specifications. To date we have recorded 4.7× 106 raw π → eν
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Fig. 2 Digitized PMT waveforms of the single-piece active degrader counter (top panels) and
the corresponding active target waveforms for two π → eν decay events (middle panels) and two
Michel π → μ → e chain decay events (bottom panels) from the 2007 development run. The time
scale is 2 channels/ns

events, before analysis cuts are applied, corresponding to the statistical uncertainty
of δB/B = 5× 10−4. The replay of the data set collected so far is under way as of
this writing, in preparation for a production run in 2009 that is planned to complete
the required statistics [13].
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Performances of the CMS Tracker

Ch. Genta on behalf of the CMS Tracker Collaboration

Abstract With a total area of almost 200 m2, about 15,000 silicon modules, and
nearly ten million readout channels, the CMS Silicon Strip Tracker is by far the
largest silicon strip detector ever built. Inside the Strip Tracker, a Pixel Detector
made of three barrel layers closed by two forward/backward disks on each side of the
interaction region, provides a crucial contribution to pattern recognition, as well as
primary and secondary vertices reconstruction. Altogether the Tracker reconstructs
the trajectories of charged particles, measures their momentum, and plays a major
role in lepton identification and heavy quark tagging. The strip detector has been in-
tegrated and commissioned in a dedicated assembly hall on the surface, then inserted
in CMS, and re-commissioned using cosmic triggers from the CMS muon system.
Excellent results have been achieved in terms of detector performance and prelim-
inary alignment results. The pixel barrel and forward detectors have been built and
commissioned separately, and then integrated in CMS. Re-commissioning with the
rest of the detector has been done with cosmic triggers.

Keywords: LHC, CMS, tracker, silicon, micro-strip, pixel

1 Introduction

The Compact Muon Solenoid (CMS)[4] is one of the two general-purpose exper-
iments installed at the Large Hadron Collider (LHC) situated at CERN (Geneva).
CMS was designed for a wide range of physics goals, including: the discovery of
Higgs boson, elucidation of the electroweak symmetry breaking mechanism, and
the search for physics beyond the Standard Model. The accelerator will provide pp

Ch. Genta
INFN and University of Florence, via Sansone 1 - I50019 Sesto Fiorentino (FI) - Italy,
e-mail: genta@fi.infn.it

V. Begun et al. (eds.), Progress in High-Energy Physics and Nuclear Safety, 107
© Springer Science+Business Media B.V. 2009



108 Ch. Genta

collisions at
√

s = 14 TeV with a design luminosity of 1034 cm−2s−1 and a bunch
crossing frequency of 40 MHz.

Due to the expected high multiplicity of tracks per event, the tracker will play a
very important role in the experiment.

2 The CMS tracker

The CMS collaboration opted for a tracker made entirely of silicon modules. In the
innermost region a pixel detector is installed, while the outer part is instrumented
with ∼15,000 silicon micro-strip modules corresponding to a total active area of
almost 200 m2. The tracker occupies a volume of 5.4 m length and 2.4 m diameter
and is immersed in a magnetic field of ∼4 T in order to obtain the design charged-
particle transverse momentum resolution of 1−2% at PT ∼100 GeV/c. The whole
tracker covers the pseudorapidity, η region between −2.5 and 2.5.

2.1 The silicon pixel detector

The pixel tracker is the detector closer to the beam pipe. Its purpose is to reconstruct
with high precision primary and secondary vertices, determine with high accuracy
the track impact parameter and to provide a robust seeding for the track pattern-
recognition. The pixel detector therefore will have a key role in identifying jets
from b quarks.

The detector consists of three barrel layers (BPix) with two end-cap disks (FPix)
on each side of the barrel as shown in Fig. 1.

Fig. 1 Three-dimensional view of the silicon pixel detector
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Fig. 2 Pixel r − φ (labelled as “X”) and z (labelled as “Y”) resolutions as a function of eta on
simulated data. Q is the cluster charge and Qavg the average cluster charge

The 53 cm long BPix layers are located at mean radii of 4.4, 7.3, and 10.2 cm.
The FPix disks extending from 6.1 to 15.0 cm in radius are placed on each side
at z = ±34.5 cm and z = ±46.5 cm. The sensors are n-on-n with n+ implants
on 300 μm thick n bulk silicon and contain arrays of pixels with a cell size of
100× 150 μm2. The total number of channels is 48 million in the barrel and 18
million in the forward. Sensors are connected to the read out chips (ROC) [9] with
indium (barrel) and lead-tin (forward) bump bonding. Each ROC provides an ana-
log readout with zero suppression of a 52×80 pixel-matrix, organized in 26 double
columns. The forward detectors are tilted at 20◦ in a turbine-like geometry in order
to exploit the Lorentz drift in the magnetic field. The effect of the Lorentz angle
(∼25◦ on unirradiated sensors) is to spread the charge on more pixel and therefore
improve the spatial resolution by charge interpolation. A position resolution of about
10 (15) μm in r− φ (z) coordinates can be achieved thanks to charge sharing and
template reconstruction [11]. In Fig. 2 the pixel resolution in rφ and z coordinates
on simulated data is shown.

2.2 The silicon strip detector

The Silicon Strip Tracker (SST) consists of four major subsystems, shown in Fig. 3:
four layers form the Inner Barrel (TIB) complemented by the Inner Disks (TID) –
formed of three disks on each side – cover the 24 cm < r < 55 cm and |z| <
120 cm region; the six layers of the Outer Barrel (TOB) covering approximately
55 cm < r < 120 cm and the same z range as the Inner part and 2×9 disks the two
End Caps (TEC), which complete the pseudorapidity coverage up to |η | < 2.5.

The subdetectors are instrumented with microstrip modules in 27 different sizes
and shapes. In the barrel modules are rectangular while in the TID and TEC discs are
wedge shaped. The strips are p+ implants on a n-type bulk sensors. In the innermost
layers (in the barrel) and rings (in the forward) modules are 320 μm thick, while in
the outer layers are 500 μm thick.

In addition, some layers and innermost rings are equipped with special stereo
modules, made of sandwiches of sensors with strips tilted by 100 mrad with re-
spect to each other, such providing also z information for barrel detectors and r
information for disks.
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Fig. 3 Layout of one quarter of the CMS silicon strip tracker in the R − Z plane showing the
position of the active sensors. Dimensions are in mm. The pseudorapidity coverage is also shown

Groups of 128 strips are connected though a pitch adapter to the front-end readout
chips (APV25) [7] mounted on the multilayer kapton hybrid circuit. The APV25 is
a 128-channel chip built in radiation hard 0.25 μm CMOS technology [10]. Each
channel consists of a preamplifier coupled to a shaping amplifier which produces a
50 ns CR-RC pulse shape. The output of each channel is sampled at 40 MHz and
sent to a 192 cell deep pipeline. The pipeline depth allows a programmable level
1 trigger latency of up to 4.8 μs, with 32 locations reserved for buffering events
awaiting readout [2].

2.3 Tracker material budget

Once the assembly of the SST was complete, it was possible to include in the simu-
lation a realistic description of the material used in the integration.

One of the drawbacks of having such a high number of channels in the tracker is
a high material budget due to the subdetector services (power cables, cooling pipes).
As shown in Fig. 4 the active sensors contribute only for a small amount to the total
material. The most critical region is around 1.2 < |η | < 1.8 where the thickness of
the tracker reaches 1.8 radiation lengths (X0). As can be seen in Fig. 3 this region
corresponds to the gap between the barrel and the forward parts of the strip tracker
were the service connections are routed. However in the central part of the tracker
(|η | < 1) the material keeps below 0.6 X0.
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Fig. 4 Material budget in units of radiation lengths (left) and interaction lengths (right) as a func-
tion of η . The contribution of the different materials is also shown

3 Tracker integration facility

The modular structure of the tracker made possible to assemble the subdetectors
in different institutes all over the world. The construction of the silicon strip tracker
was performed during 2006. The final assembly of the Silicon Strip Tracker (STT) in
the Support Tube was carried out in March 2007 at CERN in a large, purpose-built,
clean area: the Tracker Integration Facility (TIF). After the installation a sector of
the SST on the +z side corresponding to the 15% of the entire detector was cabled
and read out, and finally commissioned with cosmic rays in the so called “Sector
Test”.

For this purpose scintillators put on top and bottom of the tracker were put in co-
incidence to deliver a cosmic muon as trigger. Between the tracker and the bottom
scintillator 5 cm lead bricks were placed in order to filter very low energy particles.
The thickness of the bricks was limited by the clearance below the tracker. Dur-
ing the tests, the scintillators area was gradually increased, allowing to cover larger
portions of the tracker, while keeping the 15% of it readout. In the final configura-
tion the trigger rate was 6.5 Hz, but since the Data Acquisition software (DAQ) was
limited to about 3 Hz by the Front End Driver board (FED) readout [2], a trigger
veto was implemented to keep the rate under that level. Five million of events were
recorded between March and June 2007 at different temperatures (from +15◦C to
−15 ◦C). The test progressed in an incremental way, beginning with testing sepa-
rately the sub-systems, then proceeding to a test of the barrel systems, and finally
incorporating one endcap.

During the Sector Test, practical experience of the operation of the systems (Data
Acquisition, Data Quality Monitoring, Control, Safety, Cooling, etc.) was achieved.
In the following paragraphs some of the results achieved by the analysis of the data
will be shown.
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3.1 Noise performances

In the silicon strip modules a linear dependence of the noise from the strip length
is expected. In the Sector Test the modules were mounted on the final structure and
also other effects like grounding loops, cross talk with other modules, digital noise,
could contribute.

Pedestals and noise were measured on daily basis before any cosmic data taking
run (physics run). In order to compare noise from different APVs, a gain correction
factor was applied, such that the different responses of the electro-optical readout
chain were taken into account. The gain factor was obtained by measuring the height
of the APV of the synchronization pulse called tick mark. Since the height of the
tick mark depends on the module operating voltages, a systematic spread of 5%
between different layers is expected.

Noise studies permitted to identify noisy strips and bad behaving modules or
broken fibers. Modules with known problems were removed either from DAQ or
from the data analyses. The resulting fraction of missing modules was at the 0.5%
level. Dead fibers were identified during a synchronization run on the basis of low
tick mark height. The number of missing fibers in the Tracker was at the 0.1%
level. The number of dead channels was very constant among several runs for all
subdetectors, showing that the identification of these channels is clear and stable: the
majority of the dead strips (70%) were flagged in all runs [5]. The noisy components
were instead subject to fluctuations and only a small fraction of the noisy strips were
noisy throughout the Sector Test.

3.2 Signal-to-noise performances

The signal-to-noise ratio should be largely independent on the different gain cor-
rections, therefore this quantity can be used to compare the performances of the
modules in the different layers. Since the signal depends on the path length of the
track in silicon, it was normalized to the detector thickness [5]. The noise N was de-
fined as: N =

√
∑i N2

i /nstrips where Ni is the noise of the i-th strip of the cluster and
nstrips is the number of strips of the cluster. The signal-to-noise was measured for
different cooling temperatures and, as expected, improves with lower temperatures.
As can be seen in Fig. 5 the signal-to-noise is stable within runs taken at the same
temperature.

3.3 Hit efficiency

The efficiency of a Tracker module to observe a hit when traversed by a particle,
was measured for all modules of a given layer at a time. The pattern recognition
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Fig. 5 Signal over noise in the TIB (left) and TOB (right) corrected for the track angle as a function
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Fig. 6 Summary of the layer efficiency at room temperature (left) and −10◦C (right)

was performed with the Combinatorial Kalman Filter (CKF) [1] excluding the hit
on the modules of the layer where the efficiency is calculated. A sample of high
quality events was selected by requiring only one track reconstructed by the CTF
algorithm, one hit in the first TIB layer, one hit in each of the two outermost TOB
layers, and at least four reconstructed hits of which at least three in double sided
layers. The efficiency for a module was measured by asking for an intersection with
the interpolated track and by checking for the presence of a hit. For increased ro-
bustness in the presence of residual misalignment the distance between the hit and
the predicted track position was not used in the selection. An upper cut of 30◦ on
the angle of incidence of the track with respect to the normal to the module plane,
applied in TIB layer 2, selected topologies similar to the ones expected from colli-
sions. In order to avoid artificial inefficiencies at the edge of the sensitive region a
fiducial area was used to restrict the region in which efficiency is measured. The hit
reconstruction efficiency exceeds 99.8% for all measured layers, as it is shown in
Fig. 6.
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3.4 Track efficiency

Due to the absence of an external reference other than the scintillators used for trig-
gering it was not possible to measure the absolute efficiency of the tracker. Therefore
tracks in TIB and TOB were reconstructed independently and two efficiencies were
computed: ε(TOB|T IB), the probability to find a matching TOB track for a given
TIB track, and, vice versa, ε(T IB|TOB). The track used as reference was required
to have at least two hits in double sided modules and its extrapolation to be fully
contained in the other subdetector. The match between tracks was based on a com-
parison of the azimuthal angles. The difference was required to be smaller than five
times the resolution determined from simulation. Obtained results are in the range
90–99% (Table 1) for the three track reconstruction algorithms used in the Sector
Test [1]; the small discrepancies observed with respect to Monte Carlo are due to a
different acceptance between reconstructed and simulated data.

3.5 Alignment

Alignment analysis with tracks is based on the minimization of the track-hit residu-
als. More precisely, one can minimize the χ2 function which includes the covariance
matrix V of the measurement uncertainties:

χ2 =
tracks

∑
i

rT
i (p,q)V−1

1 ri(p,q) (1)

where p represents the position and orientation of the modules and q the track
parameters.

At the sector test three different track based alignment methods were
employed [6]:

• Hits and Impact Points (HIP): An iterative procedure to find a local analytical
solution for p only [8]

• Kalman filter fit method: A sequential procedure updating alignment parameters
after adding every track [12]

Table 1 Average conditional track efficiencies and corresponding statistical uncertainties for all
three track reconstruction algorithms in data and Monte Carlo simulation

ε(TIB|TOB) [%] ε(TOB|TIB) [%]

Data MC Data MC

Combinatorial Kalman filter 94.0±0.2 98.66±0.04 97.7±0.1 98.76±0.04
Cosmic track finder 93.1±0.2 94.46±0.09 96.9±0.1 97.36±0.06
Road search 89.9±0.2 89.08±0.12 99.0±0.1 99.39±0.03
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• MillePede minimization: A method to find a global solution for p and q, taking
into account all possible correlations [3]

Due to the absence of the magnetic field during the sector test it was not possible
to estimate the track momentum. For this reason and the low momentum spectrum
of the cosmic muons, the alignment accuracy was limited by the uncertainty on the
multiple scattering. Moreover due to the angular distribution of the cosmic rays the
alignment of the endcaps was very difficult and it was only possible to align the TEC
at the disk level. The typical achieved precision on module position measurement
in the local x coordinate is estimated to be about 50 μm and 80 μm in the Tracker
Outer and Inner Barrels, respectively.

4 The global run

In December 2007 the SST was installed underground in CMS and the full cabling
and piping was completed in March 2008. Almost all the Silicon Strip Tracker (TIB,
TID, TOB and TEC+) participated to the CMS global run starting from July 2008.
By the end of July also the installation of the pixel detector was completed and start-
ing from 22 August all the tracker was included in the global data acquisition. The
re-commissioning of all the tracker is now completed, and the tracker performances
are excellent. A huge amount of cosmic data has been taken both with and without
magnetic field. In Fig. 7 a cosmic event recorded during a run with magnetic field
on is shown.

Fig. 7 Cosmic track crossing the CMS detector including all the tracker layers, shown in the
innermost parts of the picture
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The analysis of the data is ongoing. The data with magnetic field will permit
to calibrate the Lorentz angle and will improve the track reconstruction and the
alignment.

5 Conclusions

The complete commissioning of the tracker and the analysis of the sector test data
has demonstrated the good quality of the pixel and strip modules. The data taken
since August 2008 until November 2008 during the global run will improve the
understanding of the detector and will provide the first calibration constants that
will be used with collision data.
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Nuclear Track Detectors. Searches for Exotic
Particles

G. Giacomelli and V. Togo

Abstract We used Nuclear Track Detectors (NTD) CR39 and Makrofol for many
purposes: (i) Exposures at the SPS and at lower energy accelerator heavy ion beams
for calibration purposes and for fragmentation studies. (ii) Searches for GUT and In-
termediate Mass Magnetic Monopoles (IMM), nuclearites, Q-balls and strangelets
in the cosmic radiation. The MACRO experiment in the Gran Sasso underground
lab, with ∼1,000 m2 of CR39 detectors (plus scintillators and streamer tubes), es-
tablished an upper limit for superheavy GUT poles at the level of 1.4×10−16 cm−2

s−1 sr−1 for 4×10−5<β<1. The SLIM experiment at the high altitude Chacaltaya
lab (5,230 m a.s.l.), using 427 m2 of CR39 detectors exposed for 4.22 years, gave
an upper limit for IMMs of ∼1.3×10−15 cm−2 s−1 sr−1. The experiments yielded
interesting upper limits also on the fluxes of the other mentioned exotic particles.
(iii) Environmental studies, radiation monitoring, neutron dosimetry.

Keywords: Nuclear track detectors, Magnetic Monopoles, nuclearites, Q-balls

1 Introduction

Nuclear Track Detectors are used in many branches of science and technology [1].
The isotropic poly-allyl-diglycol carbonate polymer, commercially known as CR39,
is the most sensitive NTD; also Makrofol and Lexan polycarbonates are largely
employed.
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Fig. 1 Sketch of: (a) The latent track formation by a charged particle passing in a NTD. (b) Situa-
tion after etching. (c) Parameters of an etched track for a normally incident fast ion in a NTD

A nuclear track detector records the passage of highly ionizing particles via their
Restricted Energy Loss (REL). The latent damage trail formed in NTDs may be en-
larged by a suitable chemical etching and made visible under an optical microscope.
The latent track develops into a conical-shaped etch-pit (Fig. 1) when the etching ve-
locity along the particle trajectory (vT ) is larger than the bulk etching velocity of the
material (vB) [2]. The sensitivity of NTDs crossed by particles with constant energy
loss is characterized by the ratio p = vT /vB (reduced etch rate) which is determined
by measuring the bulk etch rate vB and either the etch-pit diameter or height. Two
methods were used to determine vB. The first is the common one based on the mean
thickness difference before and after etching. The second method is based on both
cone height and base diameter measurements of the etched tracks.

The measured track diameter D and track length Le are expressed in terms of the
velocities vT and vB

D = 2vBt

√
(vT − vB)
(vT + vB)

(1)

Le = (vT − vB)t (2)

from which one obtains

p =
vT

vB
= 1+

Le

vBt
=

1+( D
2vBt )

2

1− ( D
2vBt )

2
(3)

Experiments in different fields require an accurate detector calibration [3, 4].
More than 4,000 m2 of CR39 detectors were used in the MACRO and SLIM
experiments which searched for new massive particles in the cosmic radiation
(Magnetic Monopoles, nuclearites, Q-balls) [5–13].

In this note will be summarized the technical work on NTDs and results on frag-
mentation studies, on the search for MMs, nuclearites and Q-balls in the cosmic
radiation, underground or at high altitudes, and environmental monitoring.
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2 Experimental. Calibrations

Stacks composed of CR39 and Makrofol foils of size 11.5 × 11.5 cm2 with several
targets were exposed to 158 A GeV In49+ ions in 2003 at the CERN-SPS, at normal
incidence and a total ion density of ∼2,000 /cm2. The detector foils downstream
of the target recorded the beam ions as well as their nuclear fragments [14–16]
see Fig. 2. The CR39 polymer sheets were manufactured by Intercast Europe Co.,
Parma, Italy, where a scientific production line was set up in order to achieve a lower
detection threshold, a higher sensitivity in a larger range of energy losses, a high
quality of the post-etched surfaces after prolonged etching [17, 18]. The Makrofol
detectors were manufactured by Bayer A.G., Germany.

After exposures, CR39 and Makrofol foils located after the target were etched in
6N NaOH + 1% ethyl alcohol at 70◦C for 40 h and 6N KOH + 20% ethyl alcohol
at 50◦C for 8 h that are the optimum etching condition for CR39 and Makrofol,
respectively. The addition of ethyl alcohol in the etchant improves the etched surface
quality, reduces the number of surface defects and background tracks, increases
the bulk etching velocity, speeds up the reaction, but raises the detection threshold
[11, 19]. The etching was performed in a stainless steel tank equipped with internal
thermo-resistances and a motorized stirring head. A continuous stirring was applied;
the temperature was stable to within ±0.1◦C.

Figure 3a shows the etch-pit base area distribution for indium ions and their
fragments in CR39 measured with the Elbek image analyzer system [20]; averages
were computed from measurements made on the “front sides” of two detector sheets.
The fragment peaks are well separated, from Z/β ∼7 to 45; the charge resolution for
the average of two measurements is σZ ∼0.13e at Z/β ∼15. The resolution close to
the indium peak (Z = 49) can be improved by measuring the heights of the etch-pit
cones [21].

They were measured with a Leica microscope coupled to a CCD camera and a
video monitor; the Le distribution is shown in the insert in Fig. 3a [19]. For each
nuclear fragment we computed the REL and the reduced etch rate p using Eq. 3;
p vs REL is plotted in Fig. 3b; the CR39 detection threshold is at REL∼50 MeV
cm2 g−1 (corresponding to a relativistic fragment with Z/β∼7).

Fig. 2 Exposure set-up for the calibration of CR39 and Makrofol NTDs
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Fig. 4 Search for nuclear fragments with fractional charges in CR39 detectors (12 measurements
were made on the same track)

Measurements of Makrofol detectors exposed to Pb ions and their fragments
yield fragmentation peaks well separated from Z/β ∼51 to ∼77. The threshold is at
Z/β∼50; the charge resolution for 2 face measurement is σZ ∼0.18e at Z/β ∼55.

Figure 4 shows the results of repeated precision measurements on the same track
(12 times) in CR39 detectors exposed to 200 GeV/nucleon S ions and their frag-
ments. The charge resolution is adequate to allow a search for fragments with frac-
tional charges. The limits on fractional charge fragments are at the level of 10−4

[22].
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3 Fragmentation cross sections

The availability of ion beams at CERN, BNL and Chiba (HIMAC) made possible to
investigate the projectile fragmentation on different targets and for rather different
projectile energies. The total charge changing cross sections were determined from
the survival fraction of ions using the following relation

σtot =
AT ln(Nin/Nout)

ρ t NAv
(4)

where AT is the nuclear mass of the target; Nin and Nout are the numbers of incident
ions before and after the target, respectively; ρ (g/cm3) is the target density; t (cm)
is the target thickness and NAv is Avogadro number.

At low energies the total fragmentation cross sections are essentially energy in-
dependent and are in agreement with semi-empirical formula [23]. At high energies
the fragmentation cross section depends on the target mass as ∼A1/3

T . The partial
fragmentation cross sections increase with decreasing ΔZ and the cross sections
leading to even Z fragments are slightly larger than those leading to odd Z [14, 15].

4 Searches for magnetic monopoles

GUT theories of the electroweak and strong interations predict the existence of su-
perheavy MMs produced in the Early Universe when the GUT gauge group breaks
into separate groups, one of which is U(1):

1015 GeV 102 GeV
SU(5) −→ SU(3)C × [SU(2)L ×U(1)Y ] −→ SU(3)C ×U(1)EM

10−35 s 10−9 s
(5)

MMs should be generated as topological point defects in the GUT phase transition
SU(5) −→ U(1)Y , about one pole for each causal domain. In standard cosmology
this leads to too many poles (the monopole problem). A rapid expansion of the early
Universe (inflation) would defer the GUT phase transition; in the simplest inflation
version the number of generated MMs is small. However if there was a reheating
phase one may have MMs produced in high energy collisions, like e+e− → MM̄.

Figure 5 shows a sketch of the energy loss of a MM in liquid H.
The structure of a GUT MM: a very small core, an electroweak region, a con-

finement region, a fermion–antifermion condensate (which may contain 4-fermion
baryon–number–violating terms); for r ≥ few f m a GUT pole behaves as a point
particle generating a field B = g/r2, Fig. 6 [9].

A flux of cosmic GUT MMs may reach the Earth with a velocity spectrum in
the range 4× 10−5 < β < 0.1, with possible peaks corresponding to the escape
velocities from the Earth, the Sun and the Galaxy. Searches in the Cosmic Rays
(CR) performed with superconducting induction devices yielded a 90% CL limit of
2 × 10−14 cm−2 s−1 sr−1 independent of β [24].
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Fig. 5 The energy losses of g = gD MMs in liquid hydrogen due to (a) elastic collisions; (b)
excitation and Drell effect; (c) ionization

B=g/rz Magnetic field of a point Dirac monopole

Confinement region: virtual gamma’s, gluons,

condensate of fermion-antifermion, 4 fermion
virtual states

Electroweak unification:W,Z

Grand unification: virtual X,Y

Radius (cm)
10 10

−29 −16 −13
10

Fig. 6 Extended picture of a GUT Magnetic Monopole

Direct searches were performed above ground and underground [9, 25, 26].
MACRO made a search with liquid scintillators, limited streamer tubes and NTDs;
the 90% CL flux limits obtained with the NTDs are shown in Fig. 7a. Figure 7b
shows the limits for g = gD obtained with all the subdetectors; they are at the level
of 1.4× 10−16 cm−2 s−1 sr−1 for β > 4× 10−5 [5, 27]. The figure shows also the
limits from the Ohya, Baksan, Baikal, and AMANDA experiments [28].

Indirect GUT MM searches used ancient mica which is a NTD with a very high
threshold. It is assumed that a pole passing through the Earth captures an Al nucleus
and drags it through subterranean mica causing lattice defects, which survive as
long as the mica is not reheated. Only small sheets were analyzed (13.5 and 18
cm2), but they recorded tracks for 4÷ 9× 108 year. The flux limits are at the level
of ∼10−17 cm−2 s−1sr−1 for 10−4 < β < 10−3 [29]. But these indirect experiments
might not be really so sensitive.
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Fig. 7 (a) Upper limits (90%) for an isotropic flux of MMs obtained with the CR39 subdetector
of MACRO for poles with magnetic charge g = gD, 2gD, 3gD and for M+p composites. (b) Global
limit obtained by MACRO for GUT poles with g = gD, using all its subdetectors

Intermediate Mass Magnetic Monopoles may appear as topological point defects
at a later time in the Early Universe, i.e. if the GUT group yields the U(1) group of
the Standard Model in the following two steps:

1015 GeV 109 GeV
SO(10) −→ SU(4)×SU(2)×SU(2) −→ SU(3)×SU(2)×U(1)

10−35 s 10−23 s
(6)

This would lead to MMs with masses of ∼1010 GeV; they would survive inflation,
be stable, “doubly charged” (g = 2gD) and do not catalyze nucleon decay [30]. The
structure of an IMM is similar to that of a GUT MM, but the core is larger.

Relativistic IMMs with masses, 107 < mM < 1013 GeV, may be present in the
cosmic radiation, and may be accelerated to high γ factors in one domain of the
galactic magnetic field. Detectors at the Earth surface may detect downgoing IMMs
if mM > 105 GeV [9]; lower mass MMs may be detected at high mountain altitudes,
in balloons and in satellites.

SLIM at 5230 m a.s.l. [6] was based on 427 m2 of CR39 and Makrofol detec-
tors exposed for 4.27 years to the CR. The detectors were organized in modules of
24 × 24 cm2, each consisting of three layers of CR39 interleaved with three lay-
ers of Makrofol and 1 mm Al absorber. Each module was packed in an aluminized
polyethylene envelope at 1 atm of dry air to prevent the CR39 loss in sensitivity at
a reduced oxygen content in the air (0.5 atm). The 90% CL flux upper limits for
downgoing IMMs with g = gD, 2gD, 3gD and M+p are plotted in Fig. 8 vs β (2gD
is the theoretically preferred value).

5 Searches for nuclearites, strangelets, Q-balls

Strange Quark Matter (SQM) consists of aggregates of u, d and s quarks in al-
most equal proportions (the number of s quarks is lower than the number of u
or d quarks and SQM should have a relatively small positive integer charge).
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Fig. 8 90% CL upper limits from the SLIM experiment on IMMs in the cosmic radiation

RN = 102 fm RN = 103 fm RN = 104 fm RN = 105 fm RN = 106 fm

Fig. 9 Sketch of nuclearite structure: the quark bag radius RN and the core plus electron system
(indicated by dashed lines); the electrons are indicated by black points

The overall neutrality of SQM is ensured by an electron cloud which surrounds
it, forming a sort of atom, see Fig. 9 [9, 31–33]. SQM has a constant density
ρN = MN/VN  3.5×1014 g cm−3, slightly larger than that of atomic nuclei, and it
should be stable for all baryon numbers between ordinary heavy nuclei and neutron
stars. SQM with baryon number A < 106 − 107 are called “strangelets”; the word
“nuclearite” was introduced to indicate larger lumps of SQM, which may be present
in the Cosmic Radiation [12,31,32]. SQM may have been produced shortly after the
Big Bang and may have survived as remnants. SQM may contribute to the cold Dark
Matter (DM) in the Universe.

The main energy loss for low velocity nuclearites is due to elastic or quasi-elastic
collisions with ambient atoms. The loss is large; therefore nuclearites may be easily
detected in scintillators and CR39 NTDs. Nuclearites should have typical galactic
velocities, β ∼ 10−3, and for masses >0.1 g could traverse the Earth.

Most nuclearite searches were made as byproducts of CR MM searches; the flux
limits are similar to those for MMs. Direct flux limits for nuclearites come from
large area experiments with CR39 NTDs; Mt. Norikura at 2,770 m a.s.l. [28]; at the
depth of ∼104 g cm−2 in the Ohya mine [28]; MACRO, at a depth of 3,700 hg cm−2,
used also liquid scintillators [33]. Experimental limits for heavy nuclearites are at
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Fig. 10 Flux limits at 90% CL for downgoing nuclearites vs mass

the level of those presented in Fig. 7b for GUT MMs: ∼1.4×10−16 cm−2 s−1 sr−1.
For Intermediate Mass Nuclearites the limits are at the level indicated in Fig. 7a. For
small nuclearites, A < 8,000, the predicted flux in the cosmic radiation is expected
to increase with decreasing mass. The present status of the search for galactic nu-
clearites is summarized in Fig. 10 [13,32]. Indirect searches may yield lower limits,
but they are affected by systematic uncertainties. Some exotic cosmic ray events
were interpreted as due to incident nuclearites, f. e. the “Centauro” events and the
anomalous massive particles, but the interpretation is not unique [34].

Q-balls should be aggregates of squarks q̃, sleptons l̃ and Higgs fields [35]. The
scalar condensate inside a Q-ball core has a global baryon number Q (and may
be also a lepton number). Protons, neutrons and electrons may be absorbed in the
condensate. There may be neutral and charged Q-balls: Supersymmetric Electrically
Neutral Solitons (SENS) (more massive and may catalyse proton decay); SENS
may obtain a positive electric charge when absorbing a proton in their interaction
with matter yielding SECS (Supersymmetric Electrically Charged Solitons), which
have a core electric charge and lower masses; the Coulomb barrier may prevent the
capture of nuclei. SECS have only integer charges because they are color singlets.
Figure 11 [32] shows sketches of SECS and SENS. A SENS which enters the Earth
atmosphere could absorb a nitrogen nucleus and become a SECS with charge ZQ =
7. Q-balls could be cold DM candidates. SECS with β ∼ 10−3 and MQ < 1013

GeV may reach an underground detector from above. SENS may be detected by
their large emission of pions; SECS may be detected by scintillators, NTDs and
ionization detectors. Figure 12 shows the present status of the searches for galactic
charged Q-balls with a net charge ZQ = 1.
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RQ = 102 fm RQ = 103 fm RQ = 104 fm RQ = 105 fmRQ = 10 fm

a

b

Fig. 11 Sketch of supersymmetric Q-ball structure: (a) for SECS and (b) for SENS. The black
points are electrons, the empty dots are s-electrons

Fig. 12 REL vs β for downgoing charged Q-balls (SECS)

6 Conclusions. Outlook

The NTDs CR39 and Makrofol were calibrated with different ions of different ener-
gies. For each type of detector a unique curve of p vs REL describes their response.

The total fragmentation cross sections for low energy ions on different targets do
not show any observable energy dependence and are in agreement with similar data
in the literature.

Direct and indirect accelerator searches for classical Dirac MMs placed limits
for mM ≤ 800 GeV. Future improvements may come from LHC experiments [36].
Searches performed for GUT poles in the penetrating cosmic radiation yielded 90%
CL flux limits at the level of ∼1.4×10−16 cm−2 s−1 sr−1 for β ≥ 4×10−5. Present
limits on IMMs with high β , in the downgoing cosmic radiation are at the level of
1.3×10−15 cm−2 s−1 sr−1. As a byproduct of GUT MM searches some experiments
obtained stringent limits on nuclearites, strangelets and Q-balls.

In the past, a number of monopole and of other exotic candidates were thought
to have been observed and some results were published [34, 37]. But they were
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not confirmed and most of them are now neglected. In 2006 the SLIM experiment
faced a problem of this type when analysing the top faces of the top CR39 layers.
A sequence of etch-pits was found along a ∼20 cm line; each one of them looked
complex and very different from usual ion tracks. Since the “candidate event” was
rather peculiar, a thorough study was made in all the sheets of the module, and in
all NTD sheets in the modules within a ∼1 m distance. Short soft etching periods
were used so as to follow the evolution of the etch-pits. It was concluded that they
originated in a rare manufacturing defect involving 1 m2 of CR39 [38].

We measured the radon concentration in the houses of the city of Bologna, in the
Gran Sasso Underground Laboratory and in some thermal sites. In the first two cases
the radon level was globally low, and changed with the floor and ventilation [39]. At
the 2008 24th Int. Conf. on Nuclear Tracks in Solids, in Bologna, new results were
presented in Radiation Environment Monitoring (mainly radon), Neutron Dosimetry
and Medical Applications (see proceedings in Radiation Measurements).
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References

1. S.A. Durrani et al., Solid State Nuclear Track Detection, Pergamon, Oxford (1987).
2. D. Nikezic et al., Material Science Eng. R 46 (2004) 51.
3. Y. Uchihori et al., J. Radiat. Res. 43 (Suppl. S81-5) (2002).
4. S. Kodaira et al., Jpn. J. Appl. Phys. 43 (2004) 6358.
5. M. Ambrosio et al., Eur. Phys. J. C 25 (2002) 511; Nucl. Instrum. Meth. A 486 (2002) 663.
6. S. Balestra et al., Eur. Phys. J. C 55 (2008) 57; hep-ex/0506075; hep-ex/0602036. V. Togo and
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The ANTARES Neutrino Telescope

G. Giacomelli, for the Antares Collaboration

Abstract The ANTARES underwater neutrino telescope, at a depth of 2,475 m in
the Mediterranean Sea, near Toulon, is taking data in its final configuration of 12 de-
tection lines. Each line is equipped with 75 photomultipliers (PMT) housed in glass
pressure spheres arranged in 25 triplets at depths between 100 and 450 m above the
sea floor. The PMTs look down at 45◦ to have better sensitivity to the Cherenkov
light from upgoing muons produced in the interactions of high energy neutrinos
traversing the Earth. Such neutrinos may arrive from a variety of astrophysical
sources, though the majority are atmospheric neutrinos. The data from five lines
in operation in 2007 yielded a sufficient number of downgoing muons with which
to study the detector performances, the vertical muon intensity and reconstruct the
first upgoing neutrino induced muons.

Keywords: Neutrino Astronomy, neutrino, ANTARES

1 Introduction

The effort to build large sea water Cherenkov detectors was pioneered by the Du-
mand Collaboration with a prototype at great depths close to the Hawaii islands [1];
the project was eventually cancelled. Then followed the fresh water lake Baikal de-
tector at shallow depths, which was later enlarged [2]. Considerable progress was
made by the Amanda and Icecube ice telescopes in Antarctica [4,5]. In the Mediter-
ranean sea the NESTOR collaboration tested a deep line close to the Greek coast [5]
and the NEMO Collaboration close to Sicily [6]; the ANTARES neutrino telescope
at 2,475 m below sea level was deployed in the Mediterranean sea, close to Toulon,
France, see Figs. 1, 2, 3 [7, 8].
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Fig. 1 Optical detection of
νμ neutrinos interacting in the
rock below the sea and giving
an upgoing muon which
yields Cherenkov radiation in
the detector

Fig. 2 Left: Regions of sky observable by neutrino telescopes at the South Pole (Amanda, Ice-
Cube); Right: In the Mediterranean sea (Antares at 43◦ North)

Fig. 3 Scheme of the Antares
completed detector

The completed ANTARES neutrino telescope, at 2,475 m below sea level, is
presently taking data with 12 detection lines, held vertical by buoys and anchored
at the sea floor. The lines are connected to the Junction Box (JB) that distributes
power and data from/to shore. The instrumented part of each line starts at 100 m
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above the sea floor, so that Cherenkov light can be seen also from upgoing muons
coming from neutrino interactions in the rock below the sea, Fig. 1. The lines are
separated by ∼70 m, and are on an approximate octagonal structure. Each line has
25 floors (storeys), each with 3 Hamamatsu 10” Photomultipliers (PMT) looking
downward at 45◦ from the vertical, housed inside pressure resistant glass spheres
(Optical Module (OM)), Fig. 3. The storeys include frontend electronics for signal
processing and digitization [9–12].

One of the main reasons to build neutrino telescopes is to study high energy
muon neutrino astronomy. Neutrinos may be produced in far away sources, where
charged pions are produced and decay, like very high energy photons from π0 de-
cay, and reach the earth undisturbed. Instead the photons interact with the Cosmic
Microwave Background (CMB) radiation and with matter, protons are deflected by
magnetic fields and neutrons are unstable. The main drawback of neutrinos is that
one needs very large detectors. Neutrino telescopes may also allow dark matter
searches [13], searches for exotic particles (fast magnetic monopoles, nuclearites,
etc. [14–17], may contribute to the study of atmospheric neutrino oscillations [18])
and test conservation laws [19].

It is worthwhile to recall that neutrino telescopes in the Northern hemisphere
have access, can see, the center of our galaxy, while neutrino telescopes in
Antarctica cannot see it, Fig. 2. Thus a large telescope in the Mediterranean sea
(KM3) [20], and one in Antarctica (Icecube) are complementary and scientifically
justified.

2 The ANTARES experiment

Figure 3 shows an artistic illustration of the 12 lines Antares detector; Fig. 4 shows
the detector as seen by downgoing muons. The main features of ANTARES were
recalled in the Introduction; here we shall recall some other features.

The water properties at the site were extensively studied and are given in Ref. [7]:
the absorption length in blue light is ∼60 m, the effective scattering length is ∼250
m. Several prototype lines and an instrumentation line were deployed in 2003–2005
[9, 10]. The final first two lines were deployed in 2006; in early 2008 the telescope
was completed. The electro-optical cable to shore was repaired in mid 2008.

Large photomultipliers, optical modules and the data acquisition system (DAQ)
were extensively studied [8, 9, 13]. Each OM has a mu-metal schield for the Earth
magnetic field, and contains a system of LED and laser optical beacons for cali-
brations and relative calibrations of different OMs. Precision timing is distributed
via a 200 MHz clock sygnal with a precision of ∼100 ns. The final timing preci-
sion is ∼0.5 ns, which yields an angular resolution of 0.3◦ for muons with energies
>10 TeV. The readout system assigns time-stamps to PMT signals, digitizes their
charges and merges the data from the 75 PMTs on each detection line in a sin-
gle fiberoptic [13]. The data which satisfy a minimal requirement, L0 hits, above
a threshold of 1/3 photoelectron, are sent to shore. The reconstruction of muon
tracks is based on ns measurements of the arrival times of Cherenkov photons at the
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Fig. 4 The 12 line Antares detector as seen by downgoing atmospheric muons

PMTs. This requires precise knowledge of the relative positioning of OMs. An ar-
ray of acoustic trasponders is deployed on the sea floor; they transmit sound signals
to hydrophones mounted at five different altitudes on each detection line. Several
special triggers are available (∼7.5 Gb/s). A filter removes excessive noise from bi-
oluminescence and β decays from K40 decays. Usually this noise is at the level of
∼60 kHz, but there was a higher rate in the first data taking periods, in 2006 and
part of 2007, characterized by large sea currents.

For the 12 line detector, Figs. 5 and 6 show the on line event display examples
of one muon bundle and of one neutrino candidate event, respectively. The present
rate of neutrino induced upgoing muons is ∼5 events/day.

3 Preliminary results

The first Antares detector line was deployed in February 2006 and took data alone
till October 2006. During this period the background rates were often high and one
had to select data over a more limited time [21] and several problems were solved,
like the reconstruction software. The downgoing muon data were used to calculate
the vertical muon intensity versus depth, Fig. 7: Note the good agreement with pre-
viously measured data which were taken with different types of detectors.

Thanks to its modular project Antares was able to take data in a non complete
configuration: it took data with a five line configuration in the period February-
November 2007. This period of data taking was adequate to obtain a good sample
of downgoing atmospheric muons, to improve the track recontruction software with
several lines, to improve and test several Monte Carlo codes [31–34].
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Fig. 5 Example of a muon bundle seen by the 12 line Antares telescope

Figures 8 and 9 show the zenith and azimuth distributions of reconstructed down-
going and upgoing muon tracks. A loose quality cut was applied, that is not able to
remove all the badly reconstructed tracks, which are still dominant in the upgoing
track region (0◦ < ϑ < 90◦). The black points are the data; the solid line refers to
MC expectations obtained using the full CORSIKA simulation with QGSJET01 for
the hadronic interaction description [32], and the Horandel model [33] of primary
cosmic rays: a good agreement is evident both in shape and in absolute normal-
ization. The shadowed band is an estimate of the systematic effects due to the un-
certainties on environmental and geometrical input parameters in the Monte Carlo
simulation. In Fig. 8, the dotted line is obtained with CORSIKA QGSJET01 and the
NSU model of primary cosmic rays [32]. The difference between the two MC ex-
pectations can be ascribed to the different composition models. The dashed-dotted
line refers to the fast parametric simulation using MUPAGE [34]. This simulation
is based on an all-particle CR flux obtained in underground experiments. The dif-
ference with respect to the predictions obtained with the NSU model are likely due
to the different hadronic interaction description (DPMJET). Globally, data and MC
show a good agreement in shape and are in agreement within 30 – 40% in absolute
normalization.
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Fig. 6 Example of a neutrino candidate seen by the 12 line Antares telescope

In Fig. 9 some peaks are visible in the azimuth data distribution, which are well
reproduced by the MC simulation (CORSIKA-QGSJET-Horandel model). They
correspond to the enhancement of the muon reconstruction efficiency for tracks ly-
ing on a plane defined by two or more ANTARES strings. The good superposition
between data and MC expectations indicates that the positioning systems are work-
ing well and that MCs can reproduce the main geometrical features of the detector.

4 Conclusions

The Antares neutrino telescope is running in its final configuration of 12 detection
lines. The preliminary results obtained with a single line and with five lines allowed
checking and improving the reconstruction programs, and testing of MC codes.
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Fig. 7 Vertical muon intensity
versus depth. Crosses are
from the first Antares line
[21]; other data are from:
the compilations of Crouch
[22], Baksan [23], LVD [24],
MACRO [25], Frejus [26],
and SNO [27]. The shaded
area at large depths represents
neutrino induced muons of
energy above 2 GeV. In the
insert the Antares data are
compared to other water or
ice data [28–30]

Fig. 8 Zenith distribution of reconstructed tracks with five Antares lines. Black points are data,
lines refer to MC predictions: the solid line histogram is the full simulation with CORSIKA,
QGSJET01 and the Horandel model for CR composition; the dotted line is the same MC reweighed
for the NSU CR model. The dashed-dotted line is the parametric simulation with MUPAGE. The
shadowed band is the systematic uncertaintys due to environmental and geometrical parameters

The data taken with line 1 measured the vertical atmospheric muon intensity as
a function of depth: the distribution agrees well with previous measurements.

The zenith and azimuth distributions of atmospheric downgoing muons mea-
sured with five lines agree with MC expectations, which have a ∼30% systematic
uncertainty; the main source of uncertainty lies in the primary cosmic ray model.
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Fig. 9 Azimuth distribution of reconstructed tracks with five Antares lines. Black points are data.
The solid line histogram is the MC expectation with the CORSIKA code + QGSJET01 for air
shower simulation plus Horandel model for CR composition. The shadowed band is an estimate of
the systematics uncertanty due to environmental and geometrical parameters
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HSD Transport Model as a Tool for Studying
Fluctuations in Nucleus-Nucleus Collisions

V.P. Konchakovski

Abstract The multiplicity fluctuations in nucleus-nucleus collisions at SPS and
RHIC energies within the HSD transport approach and statistical model have been
studied. Both energy and system size dependences of the scaled variances have been
analyzed for proton–proton and central nucleus–nucleus collisions. The importance
of rigid centrality trigger has been discussed additionally.

Keywords: Nucleus–nucleus collisions, fluctuations, transport models, statistical
models

1 Introduction

The study of event-by-event fluctuations in high energy nucleus-nucleus (A+A) col-
lisions opens new possibilities to investigate the phase transition between hadronic
and partonic matter as well as the QCD critical point (cf. the reviews [31, 33]). By
measuring the fluctuations one might observe anomalies from the onset of decon-
finement [25, 27, 29] and dynamical instabilities when the expanding system goes
through the 1-st order transition line between the quark-gluon plasma and the hadron
gas [32,40]. Furthermore, the QCD critical point may be signaled by a characteristic
pattern in the fluctuations as pointed out in Refs. [42, 43]. However only recently,
due to a rapid development of experimental techniques, first measurements of the
event-by-event fluctuations of particle multiplicities [2,4,6–8,23,41] and transverse
momenta [1, 3, 5, 9, 10] in nucleus–nucleus collisions have been performed.

From the theoretical side such event-by-event fluctuations for charged hadron
multiplicities (in nucleus-nucleus collisions) have been studied in statistical models
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[11–17, 30] and in dynamical transport approaches [35–38], which have been
used as important tools to investigate high-energy nuclear collisions (see, e.g.,
Refs. [18–22, 24, 44]).

2 Fluctuations in the number of participants

The centrality selection is an important aspect of fluctuation studies in A+A col-
lisions. At the SPS fixed target experiments the samples of collisions with a fixed
number of projectile participants N pro j

P can be selected to minimize the participant
number fluctuations in the sample of collision events. This selection is possible due
to a measurement of the number of nucleon spectators from the projectile, N pro j

S ,
in each individual collision by a calorimeter which covers the projectile fragmenta-
tion domain. However, even in the sample with N pro j

P = const the number of target
participants fluctuates considerably. In the following the variance,

Var(n) ≡ 〈n2〉−〈n〉2 , (1)

and scaled variance,

ω ≡ Var(n)
〈n〉 , (2)

where n stands for a given random variable and 〈· · · 〉 for event-by-event averaging,
will be used to quantify fluctuations. In each sample with N pro j

P = const the num-
ber of target participants fluctuates around its mean value, 〈Ntarg

P 〉 = N pro j
P , with the

scaled variance ω targ
P (Fig. 1). Within the HSD transport models it was found in

Refs. [36–38] that the fluctuations of Ntarg
P strongly influence the charged hadron

fluctuations. To minimize this influence only very central collisions have to be con-
sidered where fluctuations of participants are small (this statement is also valid for

Fig. 1 The HSD simulations for the scaled variances ω targ
P as functions of Nproj

P for different nuclei
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the collider type experiment as discussed in [34]). The constant values of N pro j
P and

fluctuations of Ntarg
P lead also to an asymmetry between the multiplicity fluctua-

tions in the projectile and target hemispheres. The consequences of this asymmetry
depend on the A+A dynamics as discussed in [26].

3 Energy dependence of multiplicity fluctuations
in N+N and central A+A

To compare central collisions of heavy nuclei and N+N collisions within the HSD
model we construct the multiplicity and scaled variance of negatively charged par-
ticles in N+N using the HSD results for p+p, p+n and n+n collisions:

〈NNN
− 〉 = αpp 〈N pp

− 〉 + αpn 〈N pn
− 〉 + αnn 〈Nnn

− 〉 , (3)

ωNN
− =

1
〈NNN

− 〉
[
αpp ω pp

− 〈N pp
− 〉+αpn ω pn

− 〈N pn
− 〉+αnn ωnn

− 〈Nnn
− 〉

]
, (4)

where αpp, αpn, αnn are the probabilities of proton-proton, proton-neutron, and
neutron-neutron collisions in Pb+Pb (A = 208, Z = 82) or Au+Au (A = 197, Z = 79)
reactions.

In the left panel of Fig. 2 the HSD model results in full acceptance are shown
for the the scaled variances, ω−, in central collisions (zero impact parameter,
b = 0) of Pb+Pb at Elab = 10, 20, 30, 40, 80, 158 AGeV and Au+Au at

√
sNN =

62, 130, 200 GeV. One can conclude that the HSD results for the scaled variances
in central A+A collisions are close to those in N+N collisions. For the SPS energy
region all scaled variances in central A+A collisions are slightly below the N+N
results. The reversed situation is observed for RHIC energies (for more details see
Ref [35]).

Fig. 2 Left: The scaled variance for negative charged particles, ω− in full acceptance. The solid
lines are the HSD results for N+N collisions according to Eq. (3). The full circles are the HSD
results for central A+A collisions for zero impact parameter, b = 0. The dotted lines are the MCE
HG model results for ω− [14]. Right: Results for ω− in experimental acceptance in comparison to
NA49 data [39] (full squares). See [35] for the details
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On the other hand in the statistical model the scaled variances ω− = 1 for the
ideal Boltzmann gas in the grand canonical ensemble (GCE). The deviations of ω−
from unity in the hadron-resonance gas (HG) model stem from Bose and Fermi
statistics, resonance decays, and exactly enforced conservations laws within the
canonical ensemble (CE) or micro-canonical ensemble (MCE) [12, 14]. In Fig. 2
the scaled variances ω− calculated within the MCE HG model along the chemical
freeze-out line (see Ref. [14] for details) are presented by the dotted lines: ω− reach
their asymptotic values at RHIC energies. The HSD results for ω− in central A+A
collisions are very different. They remain close to the corresponding values in p+p
collisions and, thus, increase with collision energy as ω− ∝ n−. One observes no
indication for ‘thermalization’ of fluctuations in the HSD results.

A rigid centrality selection has been recently done for the NA49 data [39] by
fixing the number of projectile participants, N pro j

P
∼= A. Only very central, ≤1%,

collisions have been selected. The HG model was compared in Ref. [14] with the
NA49 data [39]. It was found that the MCE results for ω− are very close to the
data, they are shown by the dashed lines in Fig. 2. In the statistical model the scaled
variances ωacc

− for the accepted particles are calculated from ω− in the full space
according to the acceptance scaling formulae (ASF) (see Ref. [14] for details):

ωacc
− = 1 − q + q ω−. (5)

Thus HSD predicts that the scaled variances ω− in central A+A collisions
increase with collision energy as the multiplicity per participating nucleon, i.e.
ω− ∝ n−. The scaled variances ω− calculated within the statistical HG model along
the chemical freeze-out line show a rather different behavior: ω− approach finite
values at high collision energy. At the top RHIC energy

√
sNN = 200 GeV the HSD

values of ωi(HSD) is already about 10 times larger than the corresponding MCE
HG values of ω−(MCE). So, the HSD and HG scaled variances ω− show a different
energy dependence and are very different numerically at high energies. However, a
comparison with preliminary NA49 data of very central, ≤1%, Pb+Pb collisions at
the SPS energy range does not distinguish between the HSD and MCE HG results.
This happens because of two reasons. First, the MCE HG and HSD results for ωi at
SPS energies are not too much different from each other and from ωi in p+p colli-
sions. Second, small experimental values of the acceptance, q = 0.04÷0.16, make
the difference between the HSD and MCE HG results almost invisible. New mea-
surements of ω− for the samples of very central A+A collisions with large accep-
tance at both SPS and RHIC energies are needed to allow for a proper determination
of the underlying dynamics.

4 Multiplicity fluctuations: energy and system size dependence

An ambitious experimental program for the search of the QCD critical point has
been started by the NA61 Collaboration at the SPS [28]. The program includes a
variation in the atomic mass number A of the colliding nuclei as well as an energy
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scan. This allows to scan the phase diagram in the plane of temperature T and
baryon chemical potential μB near the critical point as argued in Ref. [28]. One
expects to ‘locate’ the position of the critical point by studying its ‘fluctuation sig-
nals’. High statistics multiplicity fluctuation data will be taken for p+p, C+C, S+S,
In+In, and Pb+Pb collisions at bombarding energies of Elab = 10, 20, 30, 40, 80,
and 158 AGeV.

We will consider C+C, S+S, In+In, and Pb+Pb collisions at the bombarding en-
ergies of 10, 20, 30, 40, 80, 158 AGeV within HSD transport approach. For a com-
parison and reference we also present the results of multiplicity fluctuations in p+p
collisions at the same energies. The study thus is in full correspondence to the exper-
imental program of the NA61 Collaboration [28]. The same calculations in UrQMD
transport model were performed in [37].

The importance of a selection of the most central collisions for studies of hadron
multiplicity fluctuations has been stressed in papers [34–36, 38]. Due to its conve-
nience in theoretical studies (e.g., in hydrodynamical models) one commonly uses
the condition on impact parameter b, for the selection of the ‘most central’ colli-
sions in model calculations. However, the number of participant even at b = 0 is not
strictly fixed, and fluctuates according to some distributions. It should be stressed
that the conditions b < bmax can not be fixed experimentally since the impact param-
eter itself can not be measured in a straightforward way. Actually, in experiments
one accounts for the 1%, 2% etc. most central events selected by the measurement
of spectators in the Veto calorimeter, which corresponds to the event class with the
largest N pro j

P . As it will be shown below the multiplicity fluctuations are very sensi-
tive to the centrality selection criteria.

The charged multiplicity fluctuations are closely related to the fluctuations of
the number of participants [34, 38]. Therefore, it is useful to estimate the average
number of participants, 〈NP〉, and the scaled variances of its fluctuations, ωP, in
A + A collision events which satisfy the b = 0 condition and for 1% most central
collisions selected by the largest values of N pro j

P . The left panel in Fig. 3 shows the
ratio, 〈NP〉/2A, for different nuclei at collision energies Elab = 10 and 158 AGeV.
The fluctuations of the number of participants ωP are shown on the right panel of
Fig. 3. For heavy nuclei, like In and Pb, one finds no essential differences between
these two criteria of centrality selection. However, the 1% centrality trigger defined
by the largest values of N pro j

P looks much more rigid for light ions (S and C). In this
case, the ratio 〈NP〉/2A is larger, and ωP is essentially smaller than for the criterion
b = 0. As a result, the 1% centrality trigger by the largest values of N pro j

P leads to a
rather weak A-dependence of ωP.

Results of HSD transport model calculations for the scaled variance of negative
hadrons, ω−, are shown in Fig. 4 at different collision energies, Elab = 10, 20, 30,
40, 80, 158 AGeV, and for different colliding nuclei, C+C, S+S, In+In, Pb+Pb. The
transport model results correspond to collision events for zero impact parameter,
b = 0. To make the picture more complete, the transport model results for inelastic
p+p collisions are shown too, for reference.

Figure 4 (left) corresponds to the full 4π acceptance, i.e. all particles are accepted
without any cuts in phase space. In actual experiments the detectors accept charged
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Fig. 3 The HSD results for the ratio 〈NP〉/2A (left) and the scaled variance of the participant
number fluctuations, ωP (right), for the 1% most central collisions selected by the largest values of
N pro j

P (full symbols), for different nuclei at collision energies Elab = 10 and 158 AGeV. The open
symbols present the results for b = 0

Fig. 4 The results of HSD simulations for ω− in p+p and central C+C, S+S, In+In, Pb+Pb colli-
sions at Elab = 10, 20, 30, 40, 80, 158 AGeV. The condition b = 0 is used here as a criterium for
centrality selection. Left panel corresponds for full 4π acceptance and right one for hadrons with
positive c.m. rapidities, y > 0

hadrons in limited regions of momentum space. Figure 4 (right) shows the HSD re-
sults for multiplicity fluctuations in the projectile hemisphere (i.e. positive rapidities,
y > 0 in the c.m. frame). This corresponds to the maximal possible acceptance, up to
50% of all charged particles, by the optimized detectors of the NA61 Collaboration
[28]. One observes from Fig. 4 (right) that the energy and system size dependencies
of the multiplicity fluctuations in the projectile hemisphere (y > 0) become less pro-
nounced than in full 4π acceptance. Note also that the centrality selection criterium
b = 0 keeps the symmetry between the projectile and target hemispheres. Thus, the
results for a y < 0 acceptance are identical to those for y > 0 presented in Fig. 4
(right).
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Fig. 5 The HSD results for ω− in A + A and p+p collisions for the full 4π acceptance (left) and
for final hadrons accepted in the projectile hemisphere, y > 0 (right). The 1% most central C+C,
S+S, In+In, and Pb+Pb collisions are selected by choosing the largest values of N pro j

P at different
collision energies Elab =10, 20, 30, 40, 80, 158 AGeV

For the 1% most central A+A collision events – selected by the largest values of
N pro j

P – the HSD multiplicity fluctuations are shown in Fig. 5 for full 4π and y > 0
acceptance. For light nuclei (S and C) the multiplicity fluctuations in the samples
of 1% most central collisions are smaller than in the b = 0 selection and the atomic
mass number dependencies become less pronounced (compare Fig. 5 with Fig. 4).
This is because the participant number fluctuations ωP have now essentially smaller
A-dependence, as seen in Fig. 3.

Figure 5 (right) shows that HSD predicts a monotonic dependence of the charge
particle multiplicity with energy. So, the hadronic ‘background’ for the NA61 ex-
periments is expected to be a smooth monotonic function of beam energy.

5 Summary

Our analysis shows that the fluctuations in the number participants strongly influ-
ence observed multiplicity fluctuations. To avoid them one should consider the most
central collisions with rigid events selection.

We have found a qualitative difference in the behavior of the scaled variances of
multiplicity distributions in statistical and transport models. The transport models
predict that the scaled variances in central nucleus–nucleus collisions remain close
to the corresponding values in proton–proton collisions and increase with collision
energy in the same way as the corresponding multiplicities, whereas in the statistical
models the scaled variances approach finite values at high collision energy, i.e. be-
come independent of energy. New measurements at higher energies and with larger
acceptance can clarify the situation.
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We conclude that the condition b = 0 corresponds to ‘most central’ A + A colli-
sions only for nuclei with large atomic mass number (In and Pb). In this case the
average number of participants is close to its maximum value and its fluctuations
are rather small. However, in the studies of event-by-event multiplicity fluctuations
in the collisions of light nuclei (C and S) the criterium b = 0 is far from selecting
the ‘most central’ A+A collisions.

We have considered C+C, S+S, In+In, and Pb+Pb nuclear collisions from Elab =
10, 20, 30, 40, 80, 158 AGeV. The influence of participant number fluctuations
on hadron multiplicity fluctuations has been emphasized and studied in detail. To
make these ‘trivial’ fluctuations smaller, one has to consider the most central col-
lisions. Indeed, one needs to make a very rigid selection – 1% or smaller – of the
‘most central’ collision events. In addition, one wants to compare the event-by-event
fluctuations in these ‘most central’ collisions for heavy and for light nuclei. Differ-
ent centrality selections are not equivalent to each other. We have defined the 1%
most central collisions by selecting the largest values of the projectile participants
N pro j

P . The multiplicity fluctuations calculated in these samples show a much weaker
dependence on the atomic mass number A than for criterium b=0. A monotonic en-
ergy dependence for the multiplicity fluctuations are obtained in the HSD transport
model. Thus, the expected enhanced fluctuations – attributed to the critical point
and phase transition – can be observed experimentally on top of a monotonic and
smooth ‘hadronic background’. The most promising signature of the QCD critical
point would be an observation of a non-monotonic dependence of the scaled vari-
ances on bombarding energy Elab for central A+A collisions with fixed atomic mass
number. Our findings should be helpful for the optimal choice of collision systems
and collision energies for the experimental search of the QCD critical point.

Acknowledgements I would like to thank E.L. Bratkovskaya, M.I. Gorenstein and B. Lungwitz
for fruitful collaboration.

References

1. Adamova, D., et al.: Event-by-event fluctuations of the mean transverse momentum in 40-
a-gev/c, 80-a-gev/c, and 158-a-gev/c pb - au collisions. Nucl. Phys. A727, 97–119 (2003).
DOI 10.1016/j.nuclphysa.2003.07.018

2. Adams, J., et al.: Multiplicity fluctuations in au + au collisions at s(nn)**(1/2) = 130-gev.
Phys. Rev. C68, 044,905 (2003). DOI 10.1103/PhysRevC.68.044905

3. Adams, J., et al.: Event-by-event fluctuations in au au collisions at s(nn)**(1/2) = 130-gev.
Phys. Rev. C71, 064,906 (2005). DOI 10.1103/PhysRevC.71.064906

4. Adare, A., et al.: Charged hadron multiplicity fluctuations in au+au and cu+cu collisions from
s(nn)**(1/2) = 22.5 to 200 gev. Phys. Rev. C78, 044,902 (2008). DOI 10.1103/PhysRevC.
78.044902

5. Adler, S.S., et al.: Measurement of non-random event-by-event fluctuations of average trans-
verse momentum in s**(1/2) = 200-gev au + au and p + p collisions. Phys. Rev. Lett. 93,
092,301 (2004). DOI 10.1103/PhysRevLett.93.092301



HSD Transport Model 147

6. Afanasev, S.V., et al.: Event-by-event fluctuations of the kaon to pion ratio in central pb +
pb collisions at 158-gev per nucleon. Phys. Rev. Lett. 86, 1965–1969 (2001). DOI 10.1103/
PhysRevLett.86.1965

7. Aggarwal, M.M., et al.: Event-by-event fluctuations in particle multiplicities and transverse
energy produced in 158-a-gev pb + pb collisions. Phys. Rev. C65, 054,912 (2002).
DOI 10.1103/PhysRevC.65.054912

8. Alt, C., et al.: Centrality and system size dependence of multiplicity fluctuations in nuclear
collisions at 158-a-gev. Phys. Rev. C75, 064,904 (2007). DOI 10.1103/PhysRevC.75.064904

9. Anticic, T., et al.: Transverse momentum fluctuations in nuclear collisions at 158-a-gev. Phys.
Rev. C70, 034,902 (2004). DOI 10.1103/PhysRevC.70.034902

10. Appelshauser, H., et al.: Event-by-event fluctuations of average transverse momentum in
central pb + pb collisions at 158-gev per nucleon. Phys. Lett. B459, 679–686 (1999).
DOI 10.1016/S0370-2693(99)00673-5

11. Begun, V.V., Gazdzicki, M., Gorenstein, M.I.: Power law in micro-canonical ensem-
ble with scaling volume fluctuations. Phys. Rev. C78, 024,904 (2008). DOI 10.1103/
PhysRevC.78.024904

12. Begun, V.V., Gazdzicki, M., Gorenstein, M.I., Zozulya, O.S.: Particle number fluctuations in
canonical ensemble. Phys. Rev. C70, 034,901 (2004). DOI 10.1103/PhysRevC.70.034901

13. Begun, V.V., Gorenstein, M.I.: Bose-einstein condensation of pions in high multiplicity events.
Phys. Lett. B653, 190–195 (2007). DOI 10.1016/j.physletb.2007.07.059

14. Begun, V.V., Gorenstein, M.I., Hauer, M., Konchakovski, V.P., Zozulya, O.S.: Multiplic-
ity fluctuations in hadron-resonance gas. Phys. Rev. C74, 044,903 (2006). DOI 10.1103/
PhysRevC.74.044903

15. Begun, V.V., Gorenstein, M.I., Kostyuk, A.P., Zozulya, O.S.: Particle number fluctua-
tions in the microcanonical ensemble. Phys. Rev. C71, 054,904 (2005). DOI 10.1103/
PhysRevC.71.054904

16. Begun, V.V., Gorenstein, M.I., Zozulya, O.S.: Fluctuations in the canonical ensemble. Phys.
Rev. C72, 014,902 (2005). DOI 10.1103/PhysRevC.72.014902

17. Begun, V.V., et al.: Multiplicity fluctuations in relativistic nuclear collisions: statisti-
cal model versus experimental data. Phys. Rev. C76, 024,902 (2007). DOI 10.1103/
PhysRevC.76.024902

18. Bratkovskaya, E.L., Cassing, W., Stoecker, H.: Open charm and charmonium production at
rhic. Phys. Rev. C67, 054,905 (2003). DOI 10.1103/PhysRevC.67.054905

19. Bratkovskaya, E.L., Soff, S., Stoecker, H., van Leeuwen, M., Cassing, W.: Evidence for non-
hadronic degrees of freedom in the transverse mass spectra of kaons from relativistic nucleus
nucleus collisions. Phys. Rev. Lett. 92, 032,302 (2004). DOI 10.1103/PhysRevLett.92.032302

20. Bratkovskaya, E.L., et al.: Strangeness dynamics and transverse pressure in relativistic nucleus
nucleus collisions. Phys. Rev. C69, 054,907 (2004). DOI 10.1103/PhysRevC.69.054907

21. Bratkovskaya, E.L., et al.: Strangeness dynamics in relativistic nucleus nucleus collision. Prog.
Part. Nucl. Phys. 53, 225–237 (2004). DOI 10.1016/j.ppnp.2004.02.015

22. Cassing, W., Bratkovskaya, E.L.: Hadronic and electromagnetic probes of hot and dense nu-
clear matter. Phys. Rept. 308, 65–233 (1999). DOI 10.1016/S0370-1573(98)00028-3

23. Das, S.: Event-by-event fluctuation in k / pi ratio at rhic. J. Phys. G32, S541–S545 (2006).
DOI 10.1088/0954-3899/32/12/S73

24. Ehehalt, W., Cassing, W.: Relativistic transport approach for nucleus nucleus collisions from
sis to sps energies. Nucl. Phys. A602, 449–486 (1996). DOI 10.1016/0375-9474(96)00097-8

25. Gazdzicki, M., Gorenstein, M.I.: On the early stage of nucleus nucleus collisions. Acta Phys.
Polon. B30, 2705 (1999)

26. Gazdzicki, M., Gorenstein, M.I.: Transparency, mixing and reflection of initial flows in
relativistic nuclear collisions. Phys. Lett. B640, 155–161 (2006). DOI 10.1016/j.physletb.
2006.07.044

27. Gazdzicki, M., Gorenstein, M.I., Mrowczynski, S.: Fluctuations and deconfinement phase
transition in nucleus nucleus collisions. Phys. Lett. B585, 115–121 (2004). DOI 10.1016/
j.physletb.2004.01.077



148 V.P. Konchakovski

28. Gazdzicki, M., et al.: A new sps programme. p. 016 (2006)
29. Gorenstein, M.I., Gazdzicki, M., Zozulya, O.S.: Fluctuations of strangeness and decon-

finement phase transition in nucleus nucleus collisions. Phys. Lett. B585, 237–242 (2004).
DOI 10. 1016/j.physletb.2004.01.080

30. Hauer, M.: Multiplicity fluctuations in limited segments of momentum space in statistical
models. Phys. Rev. C77, 034,909 (2008). DOI 10.1103/PhysRevC.77.034909

31. Heiselberg, H.: Event-by-event physics in relativistic heavy-ion collisions. Phys. Rept. 351,
161–194 (2001). DOI 10.1016/S0370-1573(00)00140-X

32. Heiselberg, H., Jackson, A.D.: Anomalous multiplicity fluctuations from phase transitions in
heavy ion collisions. Phys. Rev. C63, 064,904 (2001). DOI 10.1103/PhysRevC.63.064904

33. Jeon, S., Koch, V.: Event-by-event fluctuations (2003)
34. Konchakovski, V.P., Gorenstein, M.I., Bratkovskaya, E.L.: Multiplicity fluctuations in au +

au collisions at rhic. Phys. Rev. C76, 031,901 (2007). DOI 10.1103/PhysRevC.76.031901
35. Konchakovski, V.P., Gorenstein, M.I., Bratkovskaya, E.L.: Multiplicity fluctuations in pro-

ton proton and nucleus nucleus collisions. Phys. Lett. B651, 114–118 (2007). DOI 10.1016/
j.physletb.2007.06.032

36. Konchakovski, V.P., Gorenstein, M.I., Bratkovskaya, E.L., Stoecker, H.: Baryon number and
electric charge fluctuations in pb+pb collisions at sps energies. Phys. Rev. C74, 064,911
(2006). DOI 10.1103/PhysRevC.74.064911

37. Konchakovski, V.P., Lungwitz, B., Gorenstein, M.I., Bratkovskaya, E.L.: Multiplicity fluctu-
ations in nucleus-nucleus collisions: Dependence on energy and atomic number. Phys. Rev.
C78, 024,906 (2008). DOI 10.1103/PhysRevC.78.024906

38. Konchakovski, V.P., et al.: Particle number fluctuations in high energy nucleus nucleus col-
lisions from microscopic transport approaches. Phys. Rev. C73, 034,902 (2006). DOI 10.
1103/PhysRevC.73.034902

39. Lungwitz, B., et al.: Energy dependence of multiplicity fluctuations in heavy ion collisions.
p. 024 (2006)

40. Mishustin, I.N.: Non-equilibrium phase transition in rapidly expanding QCD matter. Phys.
Rev. Lett. 82, 4779–4782 (1999). DOI 10.1103/PhysRevLett.82.4779

41. Mitchell, J.T.: Fluctuation results from phenix. J. Phys. Conf. Ser. 27, 88–97 (2005)
42. Stephanov, M.: The phase diagram of qcd and the critical point. Acta Phys. Polon. B35,

2939–2962 (2004)
43. Stephanov, M.A., Rajagopal, K., Shuryak, E.V.: Signatures of the tricritical point in QCD.

Phys. Rev. Lett. 81, 4816–4819 (1998). DOI 10.1103/PhysRevLett.81.4816
44. Weber, H., Bratkovskaya, E.L., Cassing, W., Stoecker, H.: Hadronic observables from sis to

sps energies: Anything strange with strangeness? Phys. Rev. C67, 014,904 (2003). DOI 10.
1103/PhysRevC.67.014904



First Results on the Interactions of Relativistic
9C Nuclei in Nuclear Track Emulsion
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V.N. Kondratieva, A.I. Malakhov, A.A. Moiseenko, G.I. Orlova, N.G. Peresadko,
N.G. Polukhina, P.A. Rukoyatkin, V.V. Rusakova, V.R. Sarkisyan, R. Stanoeva,
T.V. Shchedrina, S. Vokál, P.I. Zarubin, and I.G. Zarubina

Abstract First results of the exposure of nuclear track emulsions in a secondary
beam enriched by 9C nuclei at energy of 1.2 A GeV are described. The presented
statistics corresponds to the most peripheral 9C interactions. For the first time a dis-
sociation 9C → 33He not accompanied by target fragments and mesons is identified.

Keywords: relativistic nuclei, nuclear track emulsion, carbon nuclei, peripheral
interaction, meson, BECQUEREL Collaboration

1 Introduction

The most peripheral processes of the fragmentation of relativistic nuclei on heavy
nuclei of the emulsion composition (i.e., Ag and Br) proceed without production
of target fragments and mesons. They are called “white” stars aptly reflecting the
images of events [1, 2]. The fraction of such events that are induced by electromag-
netic diffraction and nuclear interactions is a few percent of inelastic interactions.
The statistics of various configurations of relativistic fragments reflects the cluster
features of light nuclei due to minimal transferred excitation [3–10]. The use of
emulsion provides a complete monitoring of relativistic fragments with an excellent
angular resolution. This approach to the study of the nucleon clustering is used by
the BECQUEREL collaboration [11] for the study of light nuclei at the proton drip
line. Exploration of the dissociation of lighter nuclei 7Be [8] and 8B [9] formed the
basis for the progress in the study of the next nucleus - 9C. One can expect that in
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the peripheral 9C dissociation the picture hitherto obtained for 8B and 7Be with the
addition of one or two protons, respectively, should be reproduced.

The 3He based clustering plays an equally important role in these nuclei as the
α-particle one does. For the 9C nucleus a cluster excitation 33He with a relatively
low threshold (around 16 MeV) becomes available. In this case, a rearrangement of
a neutron from the α-particle cluster into the emerging 3He nucleus should occur.
The search for the dissociation 9C → 33He without accompanying fragments of
the target and mesons, i.e. “white” stars, becomes the main task of this study. In
principle, this bright channel could be identified by a trident of doubly charged
fragments. But the real situation with emulsion exposure in the secondary beams
of relativistic radioactive nuclei is more complicated. There should be a detailed
analysis of events of the “white” star type as the most clearly interpreted interactions
for a reliable determination of the used beam composition. In what follows, first
results on 9C identified interactions are described.

2 Experiment

The fragmentation of 1.2 A GeV 12C nuclei, accelerated at the JINR Nuclotron, was
used to form a secondary beam with low magnetic rigidity for the best selection
of 9C nuclei [12]. The momentum acceptance of the separating channel was about
3%. The amplitude spectrum of a scintillation monitor of the secondary beam is
presented Fig. 1. It shows that the major contribution comes from C nuclei. The main
background was an admixture of nuclei 3He, which have the same ratio of the charge
Zpr to the atomic mass Apr, as 9C ones have. 4He nuclei could not penetrate into
the channel because of a much greater magnitude of this ratio. A small admixture of

Fig. 1 Charge spectrum of nuclei produced in the fragmentation of 12C → 9C at secondary beam
tuning Zpr/Apr = 2/3
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fragments 7Be and 8B with slightly higher magnetic rigidity than that of 9C entered
the beam. These spectrum features indicate the correctness of the channel tuning.

The exposed stack consisted of 19 layers of BR-2 nuclear track emulsion with
a relativistic sensitivity. The layer thickness and dimensions were 0.5 μm and
10×20 cm2. Stack exposure was performed in a beam directed in parallel to the
plane of the stack along the long side. The presented analysis is based on a com-
plete scanning of 13 layers along the primary tracks with charges visually assessed
as Zpr > 2. 3He nuclei were rejected at the primary stage of selection. The ra-
tio of intensities Zpr > 2 and Zpr = 2 was about 1:10. The presence of particles
Zpr = 1 in the ratio Zpr > 2 1:1 was also detected. The Z f r = 1 fragments were
separated visually from the Z f r = 2 fragments, because their ionization was four
times smaller. Over the viewed length of 167.1 m traces one found 1217 interac-
tions mostly produced by C nuclei. Thus, it was obtained that the mean free path
was equal to λC = 13.7± 0.4 cm. This value corresponds to the estimate based on
the data for the neighboring cluster nuclei.

The relativistic fragments H and He can be identified in the cases of small varia-
tions in their values pβc, derived from measurements of multiple scattering, where
p is the full momentum, and β the speed. It is assumed that the projectile fragments
conserve their momentum per nucleon, i.e., pβc≈A f rp0β0c, where A f r the frag-
ment atomic number. To achieve the required precision one needs to measure the
deflection of the track coordinates in more than 100 points. Despite the workload,
this method provides a unique completeness of the information on the composition
of the systems of few lightest nuclei.

The presence of 3He nuclei in the beam composition was found to be helpful
to calibrate the identification conditions for secondary fragments. The distribution
of the pβc measurements for 30 nuclei 3He from the beam is presented in Fig. 2
(solid histogram). The average value of the distribution is <pβc> = 5.1±0.2 GeV
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Fig. 2 Distribution of the measurements pβc for beam 3He nuclei (30 tracks, solid histogram),
singly charged fragments of the “white” stars ΣZ f r = 5+1 and 4+1+1 (15 tracks, dot histogram),
doubly charged fragments of the “white” stars 3He (14 traces, dotted histogram) and from the 33He
event (shaded histogram)
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Fig. 3 Distributions by the mean number of δ -electrons per 1 mm length for beam particles (solid
histogram) and relativistic fragments with charges Z f r > 2 (shaded histogram) from “white” stars
ΣZ f r = 5+1 and 4+1+1

in the mean scattering σ = 0.8 GeV. The absolute value is somewhat different from
the expected value of 5.4 GeV for 3He nuclei (for 4He - 7.2 GeV) and is defined
by the traditionally used constants. The σ value can be assumed to be satisfactory
for the separation of isotopes 3He and 4He, and especially their systems.

The contribution of the C, Be and B isotopes was separated via the charge con-
figurations of secondary fragments ΣZ f r in “white” stars and subsequent measure-
ments of the primary charges Zpr. The charges of the projectile nuclei and fragments
Z f r > 2 were determined by counting of δ -electrons on tracks. The measurement
of the charges of the primary nuclei and fragments of the events ΣZ f r = 5 + 1 and
4+1+1, presented in Fig. 3, allows one to conclude that all the events are originated
from nuclei Zpr = 6. There is an expected shift in the distribution for interaction
fragments.

3 Fragment charged configurations

The distribution of 123 “white” stars Nws in the charge configurations ΣZ f r is pre-
sented in Table 1. Events with fragments Z f r = 5 and 4 and identified charges
Zpr = 6, accompanied by protons, are interpreted as channels 9C → 8B+p and
7Be+2p, due to the absence of stable isotopes 9B and 8Be. These two channels
are relative to the most low-threshold dissociation of the nucleus 9C and constitute
about 30% of the events of ΣZ f r = 6. The ratio of 8B “white” stars with heavy
fragments (8B → 7Be+p) and stars containing only H and He are shown to be ap-
proximately equal [9]. Therefore, one can expect that the statistics of the Table 1
contains a large fraction of events produced exactly by the 9C nuclei.
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Table 1 Distribution of “white” stars Nws in charge configurations ΣZ f r

ΣZ f r Z f r Nws

6 5 4 3 2 1

7 – – – – 1 5 2
7 – – – – 2 3 4
6(Zpr = 6) – 1 – – – 1 11
6(Zpr = 6) – – 1 – – 2 13
6 – – – – 3 – 13
6 – – 1 – 1 – 1
6 – – – 1 1 1 2
6 – – – 1 – 3 2
6 – – – – 1 4 22
6 – – – – 2 2 21
6 – – – – – 6 5
5 – – 1 – – 1 2
5 – – – 1 – 2 2
5 – – – – 1 3 13
5 – – – – 2 1 7
4 – – – – 1 2 4

 rad-3 10×, 
He

q
20 40 60 80 100

C
o

u
n

ts

0

2

4

Fig. 4 Distribution by polar angles θ for doubly charged fragments in the “white” stars C→3He

The result of identification of fragments Z f r = 1 in this group of events is pre-
sented in Fig. 4 (dotted histogram). The distribution has <pβc> = 1.5± 0.1 GeV
and σ = 0.4 GeV. In fact, the identification in these cases is not necessary because
of limited options, and protons can serve as a calibration mechanism in more com-
plicated cases.

Table 1 allows one to derive useful indirect conclusions about the composition of
the beam. For example, there is only one event ΣZ f r = 4+2, which might arise from
the dissociation 11C→ 7Be+4He having the lowest threshold for the isotope 11C.
Thus, a possible presence of 11C in the secondary beam is negligible. Six “white”
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Table 2 Distribution of the numbers and fractions of “white” stars of 7Be, 8B and C nuclei, over
H and He configurations

Channel 7Be Fraction, % 8B(+H) Fraction, % 9C(+2H) Fraction, %

2He 41 43 12 40 21 42
He+2H 42 45 14 47 22 44
4H 2 2 4 13 5 10
Li+H 9 10 0 0 2 4

stars with the total charge ΣZ f r = 7 are associated with 12N nuclei, captured in
the beam. 12N nuclei were produced in charge exchange processes 12C→12N in the
producing target.

The distribution of “white” stars produced by 7Be, 8B and C nuclei of the charge
configurations ΣZ f r, which consist only of the nuclei H and He, is presented in the
Table 2. One excluded from the sum ΣZ f r one H nucleus for the 8B cases and 2H
for the C cases. There are similar fractions of the channels 2He and He+2H, which
correspond to the appearance of 7Be as a core of 9C.

Besides, it is possible to note the production of five “white” stars C→6H
(Table 2). Events of this type in the cases of the 12C and 11C isotopes, requiring
a simultaneous collapse of three He clusters, could not practically proceed with-
out target fragments due to a very high threshold. Being related to an extremely
high threshold, they could not proceed without the production of target fragments.
In contrast, similar processes related to the breakups of cluster He pairs, were ob-
served for the “white” stars 7Be→4H [8] and 8B→5H [9]. These events require a
full identification of the He and H isotopes and a kinematical analysis to be per-
formed in future. It is quite possible that one will find some cases which would
correspond to the cross-border stability in the direction of nuclear resonance states
9C→ 8C.

The question about the contribution of 10C nuclei to the statistics of the Table 1
which would be characterized by configurations consisting only of the He and H
isotopes, remains open. A detailed identification and an angular analysis will be
crucial in this regard.

4 Search for 33He events

Table 1 shows the production of 13 “white” stars with the 3He configuration. The
distribution by the polar angles θ for these fragments, which illustrates the degree
of collimation, is presented in Fig. 4. Angular measurements allow one to derive the
opening angle distribution Θ2He for fragment pairs (Fig. 5). Four narrow He pairs
with Θ2He < 10−2 rad are clearly seen due to an excellent spatial resolution. The
obtained statistics permits to begin the search for the channel 9C→33He as the most
interesting challenge. The 10C admixture could also lead to the events of a deep
nucleonic regrouping 10C→23He+4He.



First Results on the Interactions of Relativistic 9C Nuclei 155

The method of the multiple Coulomb scattering was used to determine pβc val-
ues of He fragments. Such measurements were implemented only for 14 tracks be-
cause of the characteristics of the stack used and because of the fragment angular
dispersions (dashed histogram in Fig. 2). The average value <pβc> was found to
be equal to 4.6± 0.2 GeV, with σ = 0.6 GeV. The fraction of the fragments that
could be defined as 4He nuclei is insignificant as compared with 3He. A system-
atic decrease in the value <pβc> with the respect to the beam calibration is due to
energy losses in interactions.

The procedure for determining the pβc values of all three fragments became
possible only in a single event C→3He (shaded histogram in Fig. 2). The values
allow one to interpret the event as a triple production of 3He nuclei with a total
value pβc = 12±1 GeV. The interpretation of events as 10C→33He+n is unlikely,
because in this case one would need to modify not one but a pair of clusters 4He by
overcoming a threshold of at least 37 MeV in a peripheral interaction without target
fragment production.

This event is a first identified candidate for 9C→33He. Its mosaic microphotogra-
phy is presented in Fig. 5. The values of the 3He transverse momenta Pt , obtained by
pβc and angular measurements are equal to 318±53 MeV/c, 128±20 MeV/c and
110± 14 MeV/c. Then the total momentum ΣPt transferred to the system 33He is
equal to 551±60 MeV/c. By introducing the ΣPt correction, one can get noticeably
lower values of P∗

t in the 33He center of mass - 138± 23 MeV/c, 66± 10 MeV/c,
and 74±10 MeV/c.

The excitation energy estimated from the difference of the invariant mass Meff
of the 33He system and the fragment mass is equal E3He = 11.9± 1.4 MeV. The
peculiarity of this event is the presence of a 23He narrow pair of an energy of E2HE =
46±8 keV. Such a low E2He value of the relativistic 23He pair is close to the decay
energy from the ground state of 8Be→ 24He. In the study of 7Be→3 He + 4He [8]
so narrow relativistic pairs 2He were not found. The discussed “white” star is one
of the four 3He events with such narrow pairs (Fig. 5). This observation can motive
the study of an intriguing opportunity of the existence of a 23He narrow resonant
state near the threshold.
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Fig. 5 Distribution by opening anglesΘ2He between fragments in the “white” stars C→3He.
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Fig. 6 Microphotography of “white” star 9C→33He at 1.2 A GeV. The upper photo shows the
dissociation vertex (indicated as IV) and fragments in a narrow cone. Three tracks of relativistic
He fragments can clearly be seen in the bottom photo.

5 Conclusions

For the first time nuclear track emulsion is exposed to relativistic 9C nuclei. The pic-
ture of the charge configurations of relativistic fragments is obtained for the most
peripheral interactions. A dissociation event 9C→ 33He accompanied by neither tar-
get fragments of the nucleus target nor charged mesons is identified. This paper pro-
vides a framework for further accumulation of statistics and for a detailed analysis
of 9C interactions.
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A Precision Measurement of the Neutral Pion
Life Time: Updated Results from the PrimEx
Experiment

I. Larin
on behalf of PrimEx Collaboration

Abstract The PrimEx detector has been built for high precision measurement of
the neutral pion lifetime via the Primakoff effect. PrimEx physics data have been
collected during October 2004 run at Jefferson Lab. Detailed study of systematics
performed during this year allowed to estimate systematic error more precise. The
extracted preliminary result for the π0 radiative decay has 2.1% statistical and 1.6%
systematic error.

Keywords: Neutral pion life time

1 π0 life time measurements

Width of the π0 → γγ decay is one of the most precise low energy QCD calcu-
lations. In the massless u- and d-quarks limit (so-called Leading Order approx-
imation) it is equal to 7.725eV. More detailed calculations give 7.92 ± 0.12eV
(QCD sum rule, [1]) and 8.10 ± 0.10eV (chiral theory with u- and d-quark non
zero masses taken into account – Next to Leading Order calculations, [2]). Sim-
ple ratio gives connection between π0 lifetime (τ) and π0 → γγ decay width:
Γ (π0 → γγ) = h̄

τ ×Br(π0 → γγ), where Br(π0 → γγ) is well known decay branch-
ing ratio, close to 1. Therefore π0 lifetime and π0 → γγ decay width measurements
are almost equivalent.

The most straightforward way to measure π0 lifetime is decay length measure-
ment. Since it’s very small (tens of microns at hundred GeV for decaying π0 energy),
this measurement is technically complicated. Nevertheless such a measurement has
been performed [3] and has the smallest error reported so far (∼3%). Other methods
are utilizing π0 production in γγ reaction. Measurement of differential cross section
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made before the PrimEx experiment. Dotted line and dashed bands represent theory calculations

of such a reaction allows to calculate π0 → γγ decay width. The most “popular”
method is the Primakoff production [4] in Coulomb field of nucleus and γ beam.
Many experiments conducted in 1960s – 1970s ([5–9]) have used the Primakoff ef-
fect. They have utilized untagged photon beam and mostly lead glass calorimetry for
γ from π0 decay detection. Figure 1 represents theory calculations and experimen-
tal measurements of Γ (π0 → γγ) which have been done before PrimEx. Averaged
Γ (π0 → γγ) measured value has ∼7% error and quite large scale factor S = 3 [10].

2 The PrimEx experiment

The PrimEx experiment [11] has been planned as a high precision Γ (π0 → γγ) mea-
surement via the Primakoff effect. PrimEx has collected first π0 photoproduction
data in 2004. This advanced precision experiment is utilizing tagged photon beam
with well known (at 1% level) flux and high resolution hybrid (PbWO4 with lead
glass outer part) electromagnetic calorimeter [12]. Schematic view of PrimEx setup
is given on Fig. 2. PrimEx is using 12C and 208Pb high purity monoisotopic targets
for π0 production with 5% rad. length thickness [13]. Pair spectrometer magnet de-
flects charged component produced in the target so it can not hit calorimeter. A frac-
tion of charged component (mostly e+e− pairs) hits PS counters which are serving
as an additional beam flux monitor. Calorimeter with VETO system is placed 7.3m
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Fig. 3 Measured Compton cross section vs photon energy. QED calculation given as a solid line

downstream the target. Helium bag serves to reduce a number of beam interactions
after vacuum pipe. Charged background from beam interactions after the magnet, is
monitored by VETO hodoscopes.

To test PrimEx ability to high precision cross section measurements well calcu-
lable QED reactions of compton scattering and pair productions have been used as
a calibration reactions. Good agreement between theory and measurement within
the experimental error of 1.5–2% have been achieved. Figure 3 shows as an exam-
ple measured Compton cross section on carbon per electron as a function of photon
energy and the theory calculations.

Measured elastic π0 yield (Fig. 4) has been used to extract Γ (π0 → γγ) value.
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Fig. 5 Γ (π0 → γγ) sensitivity from pion-nucleon interaction cross section (left plot) and strong
photoproduction amplitude dependence on energy power parameter

Extensive work has been performed during past year in model dependence of ex-
tracted value study. It allowed to estimate contribution to the final result systematic
error from model parameters uncertainty – 0.25% (see Table 1). The following fig-
ures show examples of such estimations. Figure 5 (left plot) shows deviation (in
percent) of Γ (π0 → γγ) value from uncertainty of pi0-nucleon interaction cross
section σ(πN) (in number of standard deviations from averaged value). The right
plot (Fig. 5) shows deviation of Γ (π0 → γγ) from parameter n in strong amplitude
of π0 photoproduction (describing its dependence from photon energy Astrong ∼ kn).
Values n = 1 and n = 1.2 have been used in different independent approaches.
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Fig. 6 Incoherent π0 photoproduction differential cross section for two models [14] and [15] (left
plot). Γ (π0 → γγ) sensitivity from incoherent model selection (right plot)

Table 1 Systematic error budget for Γ (π0 → γγ) (Preliminary)

Contributions Errors

Photon beam flux 0.97%
Target number of atoms and absorption 0.07%
π0 yield extraction 1.0%
Calorimeter response function 0.5%
Beam geometry parameters 0.4%
Setup acceptance 0.3%
Model errors (theory) 0.25%
Physics background (ω , ρ) 0.24%
π0 Branching ratio (PDG) 0.03%

Total 1.6%

Two different models have been used to calculate incoherent π0 photoproduction
[14,15]. Figure 6 shows differential cross section for them (left plot) and difference
for extracted Γ (π0 → γγ) (in percent, right plot).

PrimEx result for Γ (π0 → γγ) is expected to be within 7.7eV–7.9eV range and
will be finalized with next few months. Preliminary result has 2.1% statistical and
1.6% systematic error. Systematic error budget is given in detail in the Table 1.

3 Conclusion

A new precision experiment has been performed in 2004 at Jefferson Lab to test fun-
damental QCD prediction. It has utilized the high resolution tagging facility and the
new state of the art hybrid calorimeter. Systematic errors are controlled by Compton
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and pair production cross section measurements at 1.5% level. Preliminary result for
Γ (π0 → γγ) has 2.1% statistical and 1.6% systematic errors. Γ (π0 → γγ) value will
be finalized in the next few months and is expected to be within 7.7–7.9eV range.
An extension of PrimEx experiment was recently approved by Jefferson Lab Pro-
gram Advisory Committee (PAC) to facilitate achieving 1.4% precision.
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New Heavy Gauge Boson Searches with CMS

M. Malberti, on the behalf of the CMS Collaboration

Abstract New heavy gauge bosons, like W ′ and Z′, are foreseen by several exten-
sions of the Standard Model. The large luminosity and center of mass energy avail-
able at the LHC will allow to probe such bosons with masses above 1 TeV already
in the very first period of data taking. Here the sensitivity to searches for new gauge
bosons with the CMS experiment is discussed. These studies are based on detailed
detector simulation with realistic start up conditions and are focused on possible
early discoveries. The expected CMS discovery/exclusion potential as a function of
luminosity is presented as well.

Keywords: Gauge bosons, BSM

1 Introduction

The Standard Model (SM) successfully describes the fundamental fermions and
their interactions through gauge bosons. However, far to be considered a complete
theory, it leaves many open questions (e.g. the naturalness and hierarchy problem,
the dark matter problem...), for which a number of models, introducing new symme-
tries, new interactions or new dimensions, have been proposed. New heavy neutral
(Z′) or charged (W ′) gauge bosons appear in several extensions of the Standard
Model, such as Left-Right Symmetric Models (LRSM) [1], E6 based GUTs (giving
rise to Z′

ψ , Z′
ξ , Z′

η ) [2], Little Higgs Models [3], Extra Dimensions [4]. Moreover, the
Altarelli Reference Model [5], also known as Sequential Standard Model (SSM), is
often considered as a benchmark by experimentalists: in this model, the new heavy
gauge bosons Z′(W ′) are considered as heavy carbon copy of the corresponding SM
ones, Z(W ), with the same coupling constants.
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Current limits by the Tevatron experiments CDF and D0 exclude new heavy
gauge bosons up to about 1 TeV, depending on the model assumed. At the Large
Hadron Collider (LHC), the large luminosity (1034 cm−2 s−1 designed luminosity,
and ∼1032 cm−2s−1 in the initial phase) and the large center of mass energy of
14 TeV will allow a good potential for new gauge bosons searches already with
the very first data, i.e. with luminosity of the order of 100 pb−1. In this paper
the discovery potential of the Compact Muon Solenoid (CMS) experiment is dis-
cussed. The central feature of CMS is a superconducting solenoid, providing a 4
T magnetic field. Both the inner tracker and the calorimeters are contained within
the solenoid. The tracker consists of silicon pixel and strip detectors. The electro-
magnetic calorimeter (ECAL) is made of PbWO4 scintillating crystals and it is sur-
rounded by a brass/scintillator sampling hadron calorimeter. Muons are measured in
gas chambers embedded in the iron return yoke. Besides the barrel and endcap de-
tectors, CMS has extensive forward calorimetry. A detailed description of the CMS
experiment can be found in [6].

The discussion is focused on analyses based on detailed simulations of the CMS
detector, assuming realistic start-up calibration and alignment conditions. Emphasis
is given to analysis strategies relevant for an early data-taking.

2 Events selections and backgrounds in leptonic searches

Leptonic channels Z′ → l+l− and W ′ → lν , with electrons or muons in the fi-
nal state, provide the cleanest signatures for new gauge bosons searches at hadron
colliders.

2.1 Z′ → l+l− signature and backgrounds

Z′ → l+l− events are characterized by two high (O(TeV)) transverse momentum lep-
tons with opposite charge. Z′ → e+e−(Z′ → μ+μ−) are selected by requiring events
passing an electron (muon) trigger and two well reconstructed and isolated elec-
trons (muons) within the detector acceptance, |η | <2.5 for electrons and |η | <2.4
for muons [7,8]. The main background is represented by SM Drell-Yan events, while
minor contributions come from tt̄, W+jets, γ+jets, as shown in Fig. 1.

Table 1 summarizes the production cross section times the branching ratio of
Z′ → e+e− for two different values of the SSM Z′ mass and the corresponding num-
ber of events expected within the detector acceptance for an integrated luminosity
of 100 pb−1.
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Fig. 1 Invariant mass distribution for a Z′ → ee (left) and Z′ → μμ (right) with M = 1 TeV. The
main backgrounds from Standard Model processes are also shown

Table 1 Production cross section times branching ratio for pp → Z′ → e+e− and number of events
expected in 100 pb−1 with both leptons within the detector acceptance

SSM Z′ M = 1000 GeV M = 2000 GeV

σ× BR (fb) 458 20
n. of events in 100 pb−1 with 2 electrons in |η | <2.5 38 1.8

Drell-Yan background M > 600 GeV M > 1600 GeV

σ×BR (fb) 50 0.76
n. of events in 100 pb−1 with 2 electrons in |η | <2.5 4 0.07

2.2 W ′ → lν signature and backgrounds

W ′ → lν events present a straightforward signature, with one high pT lepton and
missing transverse energy (MET) due to the neutrino; moreover, as the boson trans-
verse momentum is expected to be small, the lepton and the MET are almost bal-
anced in the transverse plane. This signature is identical to the SM W → lν one, that
represents an irreducible background. Other sources of backgrounds, giving much
smaller contributions, are tt̄, Drell-Yan, di-bosons and di-jet events in which one
jet is misidentified as a lepton and the other is mismeasured giving rise to miss-
ing transverse energy. Beyond the trigger and lepton identification requirements,
two dedicated selections can be applied in order to enhance the signal in the high
pT region. They exploit the W ′ kinematics: the angle between the lepton and the
MET has to be close to 180◦ and their transverse energy must be balanced (this is
accomplished by requiring 0.5 < ET

l /MET < 1.5). The transverse mass spectrum

(MT =
√

2ET
l ET

ν (1− cosφl−MET ), where φl−MET is the angle between the lepton
direction and the MET direction in the transverse plane) of the lepton–neutrino pair
is shown in Fig. 2 for the electron channel, normalized to an integrated luminosity
of 100 pb−1 [9].
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Fig. 2 Transverse mass distribution of W ′ → eν events for three different W ′ mass values and main
backgrounds

3 Electron and muon reconstruction at high energies

The reconstruction of electrons and muons at high energies presents several experi-
mental issues. Electrons are reconstructed as energy deposits in the electromagnetic
calorimeter linked to a track in the tracker. The identification criteria, based on the
shape of the electromagnetic shower, track matching and isolation, are robust against
start-up conditions and are optimized for high energy electrons, in order to keep a
high efficiency (∼80%) and to guarantee a low rate of jets faking electrons.

An important issue related to the energy measurement at very high energy is re-
lated to the saturation of the ECAL electronics, that occurs for energy deposits of
1.7 TeV (3 TeV) in one single crystal in the barrel (endcaps). The energy can be,
however, efficiently recovered by using the energy deposits in the crystals surround-
ing the saturated one, with a resolution of about 10% for 1 TeV electrons [10].

Concerning the muon reconstruction, the Muon System and Tracker alignment
plays an important role, because it has a large impact on the mass resolution: for a 1
TeV (2 TeV) Z′, the mass resolution is 7–8% (10%) for a misalignment scenario cor-
responding to 100 pb−1 [8], nearly doubled with respect to ideal conditions (Fig. 3).
Misalignment doesn’t affect efficiency, which is around 94% for di-muons.

There are two important issues that are specific of the TeV muon reconstruction:
the first is the low bending in the magnetic field at such high energies that requires a
very precise measurement of the position, and the second one is the high probability
of bremsstrahlung. Dedicated algorithms have been developed in order to get the
best performances in terms of efficiency and resolution.

Lepton reconstruction and identification efficiencies will be measured using the
so called “Tag and probe” method [11], which exploits Drell-Yan events: in events
containing two electron (muon) candidates, one lepton is reconstructed with tight
criteria and used as “tag”, the second one is identified as “probe”; in this way, a
sample of high purity probes can be selected and used to measure efficiencies. In
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Fig. 3 Di-muon Invariant mass spectra for 1 TeV and 2 TeV SSM in different alignment conditions

the case of high energy leptons, the method will be applied in two different mass
regions: at the Z pole (in a region 70 GeV < M(ll) < 110 GeV) and in the high
invariant mass range (e.g. M(ll) > 200 GeV). The first one, thanks to the tight mass
cut, is characterized by high purity, but allows to probe lepton transverse momentum
ranges only up to about 150 GeV and requires a MC based extrapolation to high
energies; the second one, on the contrary, covers higher momentum ranges, but is
affected by larger backgrounds. Both will be used for cross checks and to reduce
systematic errors.

4 Background determination and uncertainties

New heavy gauge boson searches are characterized by small SM backgrounds, that
anyway must be understood carefully in order to establish the significance of events
found in the signal region. It is desirable, especially in a start-up scenario, to deter-
mine backgrounds from the data themselves whenever possible. In particular, data
driven techniques have been studied for tt̄ and QCD background.

The tt̄ background can be determined with two approaches: one is the b-tag
method, exploiting events containing exactly one b-tagged and two b-tagged jets,
in order to measure simultaneously the b-tagging efficiency and the total number of
tt̄ events; the second one is the e-μ method, exploiting events with one electron and
one muon, with appropriate corrections for acceptances and electron/muon efficien-
cies [7]. These methods have been tested on simulated datasets containing signal
and background events, showing a good agreement between the extracted number
of tt̄ events and the one expected from the simulation (Fig. 4).
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Fig. 4 tt̄ background to Z′ → ee events estimated using the b-tag method (left) and the e− μ
method (right)

The QCD background, is almost negligible, but can be controlled using different
techniques. For Z′ → ee events, it can be obtained by measuring the lepton fake
rate, i.e the probability that a jet fakes a lepton, on jet triggered events. In the case of
Z′ → μμ searches, the use of same-sign di-leptons has been considered, exploiting
the fact that no charge correlation between two lepton candidates is expected in
events containing jets faking electrons. In W ′ → eν searches, a technique already
applied at Tevatron, has been investigated: it uses a sample of non-isolated electrons
and normalizes the transverse mass spectrum in the low, background dominated,
transverse mass region.

SM Drell-Yan and W events , which constitute the most important and irreducible
backgrounds to Z′ and W ′ respectively, will be controlled by normalizing the simula-
tion to the Z peak or W transverse mass peak. Several theoretical uncertainties have
been considered, like PDFs (see Fig. 5), renormalization and factorization scales,
higher order QCD and QED corrections [7, 8].

5 Expected significance and exclusion limits

The CMS experiment is expected to have a very good potential for searches of new
neutral gauge bosons even with low integrated luminosities. A discovery, in the di-
electron or di-muon channel, is possible up to masses of about 1.5 TeV for a SSM
Z′ and 1.2 TeV for a Z′

ψ with an integrated luminosity of 100 pb−1 (Fig. 6).
The W ′ → eν discovery sensitivity is shown in Fig. 7 and indicates that a discov-

ery is possible up to W ′ masses of about 2.2 TeV with an integrated luminosity of
100 pb−1. Systematic effects such as uncertainties on the detector calibration (2%
on the electron energy scale, 10% on the MET), backgrounds (10%), luminosity
(10%) and PDFs (10%) are taken into account. In case no discovery is possible, an
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Fig. 5 PDF uncertainties on
the absolute Drell–Yan cross
section as a function of the
di-muon mass [8]

Fig. 6 Left: Integrated luminosity needed to reach a 5σ significance in the electron channel as a
function of resonance mass for two different models, Sequential Standard Model (full line) and
Z′
ψ (dashed line). Right: Expected 95% CL limit on the number of events as a function of the

resonance mass

exclusion limit can be set up to W ′ masses of about 2.5 TeV with 100 pb−1. For
comparison the current best limit from the D0 experiment in the electron channel is
1 TeV with about 1 fb−1 [12]. Increasing the integrated luminosity up to 100 fb−1,
the CMS exclusion potential rises up to about 4.5 TeV (Fig. 8).
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Fig. 7 Discovery potential of W ′ → eν as a function of the mass and of the integrated luminosity

Fig. 8 Exclusion sensitivity as a function of the mass and of the integrated luminosity

6 Searches in the di-jets channel

Beyond leptonic searches, searches involving jets measurements are feasible. Di-jet
events are sensitive to new physics and, for example, the di-jet ratio has been found
to be a useful observable to search for the evidence of a new resonance [13]. The di-
jet ratio is defined as the ratio between the number of di-jet events with |η |<0.7 and
the number of events with 0.7< |η |<1.3. Spin 1 gauge bosons, as well as other spin
1/2 or spin 2 resonances, have more isotropic angular decays than QCD (Fig. 9–left)
and the di-jet ratio is larger than for QCD events. Figure 9 shows the di-jet ratio as
a function of the di-jet mass: a signal can be observed with 100 pb−1 for masses
around 2 TeV, while with higher integrated luminosities the di-jet ratio is expected
to be useful in order to determine the resonance spin.
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7 Conclusions

The potential of the CMS experiment for new heavy neutral or charged gauge bosons
searches has been presented. Analysis strategies have been defined to be ready for
real data, including realistic start-up detector conditions. A good sensitivity, probing
the region above 1 TeV, is reachable already with integrated luminosities of about
100 pb−1.
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CMS Tracker Upgrade Issues and Plans:
A Short Review

S. Mersi, on behalf of the CMS Tracker Collaboration

Abstract The consolidation and upgrade of the LHC accelerators complex is ex-
pected to yield a progressive increase in peak luminosity L , exceeding the value
of L = 1034 cm−2 s−1 (original design figure) after about 5 years of operation, to
eventually reach values close to L = 1035 cm−2 s−1 (the so-called Super-LHC). All
the experiments will have to make some upgrades to be able to operate at Super-
LHC. This article makes a short review of the CMS tracker sub-detector research
activities in this direction: we will show the time framework of the evolution plan
of LHC, what are the limiting factors of the present-day detector and which require-
ments come from the luminosity upgrade. We will also describe the main results of
the research activities already in place in the field of: sensors, power supply, cooling,
layout design and simulations.

Keywords: CMS, LHC, upgrade luminosity, Super-LHC, tracker, sensors, cooling,
simulations

1 The LHC upgrade

The Large Hadron Collider (LHC) project just started its operations, with the first
beam circulating on September 10, 2008. No collision was achieved yet at the tine
of writing of this article, so it is difficult to foresee the outcomes of its first years of
life. Nevertheless, it is already possible to sketch the main steps of its future evolu-
tion: the nominal luminosity of 1034 cm−2 s−1 will be reached after some upgrades
of the machine. These will require about 5 years, during which the accelerator com-
plex will be tuned and the experiments will optimize their performance and collect
physics data corresponding to a integrated luminosity of a few hundreds of fb−1.
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If the LHC will then undergo no major upgrade the integrated luminosity deliv-
ered to the experiments would be around 1,000 fb−1 by 2019 but then it will be
difficult to increase significantly the collected statistics in the time framework of
this project. For this reason it was proposed a luminosity upgrade in order to further
exploit this accelerator [11], with a target figure of L = 1035 cm−2 s−1 to be
achieved around 2016–2017 (the so-called Super-LHC, or S-LHC).

The luminosity enhancement is foreseen to be achieved by increasing the number
of interactions per bunch crossing, rather than the collision frequency: the com-
monly accepted upgrade scenario foresees a decrease of the bunch crossing fre-
quency (from 40 to 20 MHz), with an increase of a factor 20 in colliding protons
per event.

In this scenario, the experiments will have to modify (part of ) their detectors
to cope with the higher irradiation and particle density, to avoid sensor irradiation
damage and signal pile-up.

2 Current CMS tracker

The silicon tracker [1, 2] is the innermost detector of CMS. It extends in the region
of pseudo-rapidity1 |η | < 2.5, radius r < 120 cm, length2 |z| < 270 cm and it is
completely based on silicon detectors, covering a surface of ∼200 m2, the largest
Si detector ever built. Its aim is to reconstruct the tracks and vertices of charged
particles in the highly congested LHC environment.

The present tracker was designed to operate at luminosities up to about L =
1034 cm−2 s−1. Significant robustness and redundancy in the tracking capability was
implemented in the detector layout, to ensure optimal performance for several years
of operation (up to an integrated luminosity of about 500 fb−1), with basically no
maintenance/repairs, except for the innermost pixel vertex detector.

The key aspects to solve the tracking pattern recognition problem are a low cell
occupancy and a large number of hits per track. To achieve these goals the tracker
is structured in two distinct parts: a silicon pixel vertex detector and an outer silicon
micro-strip tracker (see Table 1).

The pixel detector is composed of three barrel layers and two end-cap disks per
side, and is quickly removable for beam pipe bake-out or replacement.

The Strip Tracker is composed of ten layers of detectors in the barrel region,
four of which are double-sided and provide also the z-coordinate measurement. It
comprises end-caps made of wedge-shaped detectors matching the types of the cor-
responding modules in the barrel region (see Fig. 1).

The low occupancy is obtained by using high granularity detectors, and fast pri-
mary charge collection, obtained using thin detectors operated with over-depleted

1 Pseudo-rapidity η is defined as η = − ln
[
tan

( θ
2

)]
, with θ polar coordinate in the cylindric

reference.
2 Along the beam direction axis z.
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Table 1 Some parameters of LHC and Super-LHC

LHC S-LHC

Peak luminosity L = 1034 cm−2 s−1 L = 1035 cm−2 s−1

Integrated luminosity 100 fb−1/year 1000 fb−1/year
C.M. energy 14 TeV 14 TeV
Bunch crossing interval 25 ns 50 ns
# pp events / crossing ∼20 ∼400
# particles in tracker ∼1000 ∼20000

Fig. 1 Schematic view of a quarter of the CMS silicon tracker. The sensor position in the r,z plane
is shown here. The inner grayed area is instrumented with pixel sensors. The outer strip tracker is
build with single sided (gray) and double sided (black) detectors. Thin lines represent 300 μm-thick
sensors, whereas the thick lines represent 500 μm-thick ones

silicon bulks and fast readout electronics. The redundancy is guaranteed by the over-
all design of the tracker, which allows to measure 10–14 points per track, depending
on the pseudo-rapidity.

To reduce the effects of radiation damage and limit the leakage current, the sili-
con detectors, once irradiated, will be operated at −10◦C and kept below 0◦C also
during maintenance.

Results from data collected with the real detector to date [3], during the assem-
bly and commissioning phase, confirm that the detector is operational, with minor
(nominal) inefficiencies.

The tracker is characterized by an excellent performance, according to the latest
simulations [9], which make use of all the information coming from the construction
tests and early data taking:

• Track reconstruction: An excellent track finding efficiency for single muons (de-
tails below), with a good fake rejection (high purity)

• Transverse momentum resolution: 0.5% in the barrel region and 3% in the end-
cap region for tracks with pT = 10–100 GeV/c

• Tagging and reconstruction of b jets, fundamental requirement for new physics
studies (H → bb̄), for top quark physics and CP violation measurements, is also
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based on the good secondary vertex reconstruction: 50–60 μm error in the trans-
verse plane for pT = 1 GeV/c, increased to 10 μm for pT = 100 GeV/c

This performance is possible mainly because of a highly segmented detector, which
both gives the high position resolution and a low occupancy, which is lowest in the
pixel vertex detector (∼10−4) and maximum in the inner layers of the strip tracker
(where it reaches 3×10−2).

The large amount of material affects the ultimate performance of the tracker itself
(in particular in the momentum resolution at low pT and the track reconstruction
efficiency) as well as electron and photon detectability, and need to be improved
in the new tracker design. That can be seen by comparing the track reconstruction
efficiency for muons, which is found to be larger than 98% in the whole pseudo-
rapidity range (|η | < 2.5), with that of pions, which is as low as 80% around |η | 
1.5. Such behavior is due to the interaction of pions with the material present in the
tracker, that peaks in the regions where the reconstruction efficiency is lowest, as
shown in Fig. 2.

Although the material breakdown is somewhat arbitrary (as in the case of the
ledges supporting the modules, which serve both as cooling contact and as sup-
porting structures), we can see that the material is largely driven by the amount of
conductors needed to bring in and out the large current (∼15 kA) required to op-
erate the front-end electronics, and by the need of removing the power dissipated
(∼40 kW inside the tracker volume) in a capillary way, to keep all silicon sensors
below the temperature limits imposed by the high radiation environment.

3 Tracker upgrade goals and plans

The first upgrade of the LHC to deliver a higher luminosity is foreseen to happen
in ∼2013. The following period of running is known as Upgrade Phase I and is
foreseen to feature a luminosity ramp up to ∼ 2×1034 cm−2 s−1.
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The strip tracker is designed in such a way that it will be capable of sustain
the increased particle flow, but the Pixel detector will need to be replaced, mainly
because of the integrated radiation damage.

Thanks to a specific design requirement, the replacement of the pixel detector
is feasible during a winter shutdown. The design and realization of a new detector
allows to test new technologies and open the road for the next upgrade.

The “Phase I” Pixel will probably feature: a different pixel size, a fourth barrel
layer and a third end-cap disk. It may also feature: a different sensor material (p-type
bulk) and pixel size, larger read-out buffers, micro-twisted pair cables instead of
Kapton® cables to reduce the amount of material, CO2 cooling and a fourth barrel
layer.

At peak luminosities much higher than L = 1034 cm−2 s−1 also the outer tracker
will have to be upgraded, to enhance radiation hardness and granularity. Currently
plans are being developed to build a new complete upgraded Tracker around 2018
for the so-called Upgrade Phase II.

3.1 Required features for the strip tracker upgrade phase II

For the phase II of the LHC upgrade there is almost no margin of improvement
on the φ coordinate and momentum measurement precision of the strip tracker, but
there are many requirements and constraints in the design. The main ones are men-
tioned below.

The new detector will have to cope with higher particle density (∼×20), main-
taining the present tracking and vertexing performance. This will certainly lead to
a change of the sensor design, with a higher granularity (finer strip pitch, shorter
strips), but it will also be possible to allow for a higher channel occupancy (from
present ∼1% to ∼5%), as the present simulations show that an efficient tracking is
still achievable with a slightly higher occupancy.

The sensors will have to withstand higher radiation doses, thus it is necessary to
optimize the choice of sensor material (in details below in section 3.3). The ASICs
will profit from new process technologies which were not accessible at the time
when the present tracker was designed, with lower power consumption.

An important constraint is that the new tracker will have to reuse most of the
present services (power cables, cooling pipes, readout and control optical fibers).
This means, for example, that the total power supply current is limited and that
the bandwidth of each data link must be increased. Such limits can be overcome
implementing novel data links and powering schemes (section 3.4).

An additional requirement is the reduction of the material inserted in the
tracker, in terms of radiation and interaction length, especially in the region around
η  1.5 (as shown in section 2).

Finally, tracking information must be made available to the Level-1 trigger, in
order to keep constant the trigger rate without loosing efficiency for physics chan-
nels (section 3.2)
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While various groups are working to define feasibility and design principles of
the components, and different options are proposed, some benchmark simulations
are required to compare alternative solutions, keeping in mind that the final layout
design will have to be optimized for track finding, reduced material amount and
trigger contribution from tracker.

3.2 Design ideas for including tracking information in the trigger

The CMS detector will probably change only its tracking device, with all the other
components undergoing only minor improvements/changes. If all the front-end elec-
tronics must be kept for the S-LHC upgrade, then the maximum Level-1 trigger rate
must be kept to the designed 100 kHz, otherwise one overflows the on-board mem-
ory buffers. The problem with this is that the data actually available to the Level-1
trigger do not allow it to reduce the rate down to 100 kHz with the S-LHC parame-
ters, not even by increasing the triggering thresholds on muons and e-γ jets. In Fig. 3
it is reported the foreseen frequency of triggered e-γ jets and muons as a function
of the threshold energy and momentum, respectively. The left scale shows the fre-
quencies foreseen for the start-up scenario (LHC nominal ÷ 5), while the right scale
shows the S-LHC scenario (LHC nominal × 10). It is clear that jet and μ triggers
easily saturate the available 100 kHz rate at S-LHC.

If the tracker was able to provide some information to the trigger, this would
greatly help in reducing the fake rate, and would allow to keep the rate of accepted
events below 100 kHz with a reasonable efficiency.

Fig. 3 Level-1 trigger rates as a function of the threshold. Left scale: Low luminosity start-up
scenario. Right scale: S-LHC scenario. The marked rates represent the allocated bandwidth for
each trigger for the start-up scenario



CMS Tracker Upgrade Issues and Plans: A Short Review 179

The tracker trigger information could be used to confirm isolated muons with
high transverse momentum and to reduce the fake e/γ candidates by matching the
calorimeter signal with inner track/vertex. Moreover the signature of high-pT parti-
cles close to/in jets could help identifying τ- and b-jets.

The approach to this solution is to have some information at the Level-1 trigger
in order to reduce data volume by applying pT cuts, as the time constraints (of a
few μs) do not allow to perform a complete tracking.

Providing information for the L1 trigger involves sending out data at 20 MHz,
and therefore reducing the data volume at the front-end by a large factor (e.g. ∼100),
to keep the number of links reasonable. Reduction of the data volume must be
achieved by rejecting signals from low-momentum particles. Three methods have
been proposed so far, none of which is fully proven, but in all cases the idea is to
measure the local track angle with respect to the sensor plane to deduce the particle’s
transverse momentum.

1. Reconstruction of “track stubs” from the correlation of signals in pairs of mod-
ules segmented in long pixels. Simulation studies [8] indicate that sufficient re-
jection of low momentum particles can be achieved with pairs of detectors spaced
by ∼2 mm placed at a radius of 20–25 cm. High granularity is required, as the
method currently relies on the assumption of one hit per readout chip per event,
therefore a granularity well below 1%. The approach is in principle applicable
also to detectors oriented in the “forward” configuration, by expanding the spac-
ing between the two sensors of the pair by a factor 1/ tan(θ)(5).

2. Reconstruction of “track stubs” from the correlation of signals in pairs of strip
detectors wire-bonded to the same readout hybrid, which implements correlation
functionalities

3. Discrimination on the basis of the cluster size in single sensors [5, 10]. This
method has the advantage of not requiring two sensing layers (nor a data link
between the two), and therefore it is a priori less demanding in terms of cost,
material and power dissipation, but it imposes a constraint in the ratio between
pitch and sensor thickness.

For all these methods advantages, disadvantages and feasibility are being evaluated.
Also it is of paramount importance to clearly identify the physics requirement for
the triggering information, so to avoid a so-called design overkill, which would be
not optimal in terms of cost, material amount and thus performance.

3.3 Sensors research & development

The goal of the research on sensors for the strip tracker is to identify one single
Silicon sensor type in planar technology for the outer region and one more pixelated
(i.e. short strips) for the inner layers.

Studies are being carried out to determine which process is favored for the pro-
duction for sensors which will have to withstand the intense radiation at the S-LHC:
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after half the life of S-LHC (equivalent to 2,500 fb−1 delivered integrated luminos-
ity) the expected fluence (Φ) at the inner layer of the strip tracker is ∼1015 cm−2

for charged hadrons ∼1014 cm−2 for neutrons [7].
The defects created by hadron irradiation cause an increase of the bias volt-

age needed to completely deplete the sensor and a decrease of the bulk resistance.
With the silicon sensors used today and the hadron fluence foreseen at S-LHC, one
would expect an increase of the dissipated energy in the sensor bulk, eventually
causing a thermal runaway. Studies [6] show that the magnetic Czochralski method
allows a much lower bias voltage than the traditional Floating-Zone method for
Φ>1014 n cm−2.

Another negative effect of sensor irradiation is the loss of Charge Collection
Efficiency (CCE) due to the trapping of charge carriers by radiation-induced bulk
defects. It was recently shown [4] that n-on-p structures behaves better than p-on-n
for Φ>5× 1014 cm−2, independently of the crystal production method. A choice
of n-on-p has a few drawbacks, namely a higher minimum strip pitch achievable
of 50 μm, with respect to 25 μm for the p-on-n, and a larger Lorentz angle. The
latter could be compensated by using thinner sensors, which also helps reducing the
material amount and the energy dissipation in the bulk.

Innovative readout schemes are under study to cope with the use of shorter strips,
which is required to increase the channel granularity. For the inner layers, in order
to have the requested granularity, more than two strip segments along the sensors
will be needed. This requires special readout techniques like double metal layers or
bump bonding.

3.4 Power delivery

A major constraint on upgraded system is the routing of services: all the services
to the tracker lying outside the detector volume follow complex congested routes,
entangled with other services and with other detectors. Thus it will be impossible to
replace external cables and cooling pipes for S-LHC.

The heat load of cables must be removed, and in the present design about 40%
of the power is dissipated in external cabling.

Pf ront−end  33 kW Pcables  20 kW Icables  15 kA

The foreseen design choices for the upgrade tracker imply an increase of the supply
current. Even if the power per readout channel will decrease for the next generation
readout chips (2.7 mWch → 0.5 mW/ch), the number of channels will increase
in order to be compatible with tracking requirements, so the total readout power
is expected to be at least in same range as for the present system. Smaller feature
size of the front-end chips will result in smaller readout chip supply voltage (1.2 V
for the 0.13 μm technology), so larger currents at front-ends will be required. This
is not possible without changing the powering scheme, as the external cabling is
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already at the limit of current it can withstand, and a decrease of a factor x in the
front-end voltage at fixed power delivered corresponds to an increase of a factor x2

in the power dissipated in external cabling.
The proposed solutions up to now involve either DC/DC conversion at the mod-

ules or the serial powering of the modules themselves, both techniques would allow
to deliver a higher voltage to the front-ends, but neither are proven. The option of
powering serially the front-end devices is likely to bring significant complications
for very large systems. The technological challenge of DC/DC conversion, instead,
consists in developing low-mass, high-efficiency, radiation-hard and magnetic-field
tolerant devices, that can be integrated in the front-end without inducing noise in
the readout system; different options are being considered, like air-core inductors or
switched capacitors.

Also the increased radiation damage plays a role in the power supply scenario:
the sensor power will become more important; in order to control it thinner sensors
and lower temperatures will be useful.

Reaching lower working temperature, instead, requires a higher cooling power to
be delivered with the same external services as the present ones. The most promising
solution to this seems to be the two-phase CO2 cooling, which offers a number
of attractive features, like low mass, low viscosity, high latent heat, high heat
transfer coefficient, giving in principle the opportunity to realize a system with
a smaller number of independent cooling lines and cooling pipes of smaller size
compared to the present mono-phase fluorocarbon, possibly coping with higher
power dissipation.

3.5 First layout studies and simulation

Some studies on the possible layouts already started: estimates on important pa-
rameters like power consumption per channel and expected particle density allow
to describe different possible tracker geometries and compare them in terms of
foreseen channel occupancy per layer, total power consumption, amount of sensor
surface, etc...

It is assumed that a pixel detector with four barrel layers and corresponding
end-caps will be placed in the same region as the present-day tracker, so the stud-
ies started addressing the outer tracker. The present-day 10-layer configuration is
largely redundant; given the material reduction requirement, it will be probably
possible to lower the number of barrel layers down to 6. In this case it could
be possible also to keep the power consumption in the same range as the present
tracker.

Full simulation of possible layouts also already started, these are aimed mainly
at validating the tracking with different conditions with respect to the present-day
tracker and estimate the potential of trigger information from the tracker. The simu-
lation group is working to develop a set of software tools to assist studies on different
layouts, in order to be able to have common benchmarks for comparisons. This is
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done trying to maximize the overlap of these common software tools with standard
CMS Software, which was already extensively validated and can provide a solid
framework to study the new features.

4 Conclusions

The LHC upgrade (S-LHC) is foreseen to increase the luminosity of a factor 10 with
respect to the nominal LHC. The vertex pixel detector of CMS will have to be re-
placed 5 years after the start-up (or ∼250 fb−1), while whole tracking detector will
need a replacement when the major instantaneous luminosity upgrade will be im-
plemented (foreseen about 10 years after the start-up), in order to cope with higher
irradiation and higher density of tracks, which will require new radiation-hard sen-
sors and enhanced readout channels density.

If no other sub-detector of CMS will be changed, information from the tracker
will be needed at the Level-1 trigger, to keep the rate compatible with the electronics
of all the CMS sub-detectors. Thus strategies are being explored to provide some
information to the trigger from the tracker.

The requirement to increase the granularity and to create trigger primitives, com-
bined with the need of moderating (and possibly reducing) the material in the track-
ing volume, constitute a formidable challenge. The task is further complicated by
the fact that the new tracker will have to be integrated in the existing CMS detector,
with no margin to modify volumes available for detectors and services; in particular,
the section of the services going from the tracker external surface to the back-end
shall be reused. In order to help achieving such goals while coping with all the con-
straints, in addition to considering a variety of options in terms of detector layout
and readout architecture, innovative powering schemes and cooling technologies are
under study.
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Abstract The aim of the MEG experiment is to measure the branching ratio of the
rare muon decay B = μ+→e+γ

μ+→TOT at a sensitivity of ≈ 10−13.To reach this goal, the
experiment must use the most intense continuous muon beam available (≈ 108μ/s)
and obtain the highest energy, time and space resolutions, today reachable. A de-
scription of the main properties of each subdetector is given and the detector perfor-
mances during the first engineering run are presented.
PACS 11.30.Hv; PACS 29.40.Mc; PACS 29.40.Gx; PACS 06.20.fb; PACS 29.20.Ba;
PACS 25.20.Lj; PACS 29.40.Mc

Keywords: Flavor symmetries, scintillation detectors, tracking and position-
sensitive detectors, calibration and monitoring methods, Cockroft–Walton acceler-
ator, liquid xenon.

1 Brief historical overview

The motivations for a search of the μ+ → e+γ decay changed in the course of time,
but the process always maintained a fundamental role.

The search for the μ+ → e+γ decay started in 1947 [1, 2]. Pontecorvo was the
first to raise the question:“is the electron emitted by the meson with a mean life
of about 2.2 microseconds accompanied by a photon of about 50 MeV?” [3]. A
first upper limit was reached: B(μ+→e+γ) < 10% [4]. The result also excluded the
emission of a new type of meson in muon decay and it supported the evidence for a
muon decay to an electron and two neutrinos (requiring 1/2 spin for the μ-meson).

The assumption was at the same time made of a universal interaction acting
among spin- 1

2 particles and, as a consequence, what was known for the β decay
applied also to the muon process [5, 6].
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The hypothesis that two like neutrinos were ejected in μ decay had now a the-
oretical support. The observable secondary electron spectrum was predicted by
Michel [7].

Although the theory could adequately explain the experimental observations, it
could not equally well explain what was not observed. In particular the decay of a
muon into an electron and a photon was not observed despite being a perfectly valid
electromagnetic transition. The μ+ → e+γ search went on and a new upper limit,
four order of magnitude better was achieved B(μ+ → e+γ) < 2× 10−5% at 90%
C.L. [8].

This result and the prediction of B(μ+ → e+γ)≈ 10−4 [9], based on the hypothe-
sis of a universal Fermi interaction mediated by a charged vector boson, proposed by
Feynman and Gell-Mann [10], seemed inconsistent. However the fashionable inter-
mediate vector boson of the weak interaction is not ruled out if some selection rules
apply forbidding μ+ → e+γ . Such selection rules were first proposed by Konopinski
and Mahmoud supposing that μ and e have opposite quantum numbers [5]. Later
on, additive or multiplicative conservation laws were proposed involving two sorts
of neutrinos: one associated with electrons, the other with muons [11]. The electron-
type neutrinos νe can never trasform into muons, nor muon-type neutrinos νμ into
electrons. All this means that the lepton conservation law is associated with that
of the lepton type (flavour) conservation; both the electron number and the muon
number must be separately conserved in each reaction.

Meanwhile a new upper limit was reached: B(μ+ → e+γ) < 6×10−8 at 90% C.L.
[12], supporting the selection rule hypotesis. After that a new upper limit: B(μ+ →
e+γ) < 3.6×10−9 at 90% C.L. [13] was obtained at TRIUMF. A new generation of
μ+ → e+γ decay experiments started in the eighties, by using muon beams instead
of pion beams. A new upper limit was obtained: B(μ+ → e+γ) < 1× 10−9 [14].
Another order of magnitude was gained at LAMPF [15] (B(μ+ → e+γ) < 1.7×
10−10 at 90%C.L. ).

Always in the 1980s the Standard Model predictions were thoroughly studied
at CERN. The vector bosons were discovered (1982) and all SM predictions were
confirmed at a high level of precision. The model had nevertheless no explanation
for the replication of fermion families and had no prediction for fermion masses and
weak mixings, etc. In this framework, the conservation of lepton flavour appeared
as an accidental conservation law, not associated with either a space–time symmetry
or with the existence of a massless gauge boson[16].

On the experimental side, the usage of muon beams of increasing intensity and
the development of detectors with increasingly improved performances allowed
higher and higher sensitivities. An upper limit: B(μ+ → e+γ) < 4.9× 10−11 was
established [17] before the last one, reched by the MEGA experiment (B(μ+ →
e+γ) < 1.2×10−11 at 90% C.L.[18]).

The μ+ → e+γ chronicle stops here, having reached the birth of the MEG exper-
iment. Figure 1 summarizes the evolution of μ+ → e+γ decay search.
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Fig. 1 Branching ratios for the μ+ → e+γ decay measured during the time until now.

2 The theoretical framework

The discovery of the μ+ → e+γ decay is today thought to be a significant signa-
ture of supersymmetric unification ([20–24] and references therein). These models
have attracted much attention because the three gauge coupling constants deter-
mined at LEP and SLC are consistent with SU(5) GUT predictions and with other
larger groups, as SO(10) GUT . The three coupling constants are then unified at
2×1016 GeV. The contributions from the SUSY particles play a fundamental rule
in the renormalization-group evolution of the coupling constants. For this reason
the SU(5) or SO(10) SUSY −GUT groups appear a well-motivated extensions of
the Standard Model.

In the SU(5) or SO(10) SUSY −GUT framework the LVF is induced by a mis-
match of the lepton and slepton diagonalization. The diagonal terms of the slepton
mass matrix can be examined in the basis where the Yukawa coupling constant for
lepton is diagonalized. The off-diagonal elements of the right-handed slepton mass
matrix in this basis become a source of LVF.

Large LVF are expected in SO(10) SUSY GUT model. In the minimal SO(10)
SUSY GUT both the left-handed and the right-handed sleptons show LVF effects. A
large contribution is coming from the diagrams of Fig. 2 where the mτ is involved.
The prediction of the branching ratio of μ+ → e+γ decay is enhanced for this
scheme by (mτ/mμ)2, compared to the minimal SU(5) SUSY GUT. The branch-
ing ratio of the muon LFV processes as a function of the right-handed slepton mass
is shown in the Fig. 3, where the SUSY input parameters are the SU(2) gaugino
mass, indicated as M1/2 and the ratio of the two Higgs vacuum expectation val-
ues, tan β . Here the branching ratio become comparable to the present experimental
upper bounds.
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Fig. 3 Scaled BR(μ → eγ) vs. M1/2. Scaled branching ratio predictions for the μ+ → e+γ decay
in the SO(10) SUSY GUT model. The plots are obtained by scanning the LHC accessible SUSY–
GUT parameter space at fixed values of tanβ . The horizontal lines are the present (MEGA) and
the future (MEG) experimental sensitivities. (pictures by [24]).

3 The event signature

The event signature of the μ+ → e+γ decay at rest is a positron and a photon in coin-
cidence, moving collinearly back-to-back with their energies equal to half the muon
mass (mμ/2 = 52.8 MeV). If we assume CPT invariance, this decay is equivalent to
μ− → e−γ but the former is more convenient from the experimental point-of-view
because the μ+ can be stopped in a target without being captured by a nucleus.

Two kinds of background are present.
The prompt background from the radiative muon decay, μ+ → e+νeνμγ , when

the positron and the photon are emitted in opposite directions and the two neutrinos
take away a small amount of energy. We evaluate this prompt background corre-
sponding to a branching ratio of 10−14 by using the expected detector resolutions.

The accidental background due to an accidental coincidence between a positron
from the normal muon decay, μ+ → e+νeνμ , and a high energy photon from
the radiative muon decay μ+ → e+νeνμγ ( or annihilation in flight and external
bremsstrahlung of positrons from normal muon decay). We evaluate an effective
branching ratio of the accidental background of 2.5× 10−13: the accidental back-
ground is more important than the prompt background.
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4 The MEG experimental set-up

The ability of an experiment to identify the signal and to reject background depends
on the detector resolutions in measuring the relevant four-momenta, in our case: the
ones of the positron and of the photon.

The precise measurement of the positron relies on a magnetic spectrometer (drift
chambers + superconducting magnet). This is similar to what MEGA did, but
MEG has a magnet with an additional field gradient getting rid of low momentum
positrons and to reducing the number of unwanted hits in the drift chambers. Good
timing is obtained by fast scintillation counters.

Standard photon calorimetry, based on NaI(Tl) crystal arrays, provides a good
energy measurement, but poor timing. MEG decided to develop an innovative
calorimetry based on the use of liquid xenon. The new detector couples a good γ
momentum determination with an optimum timing resolution.

Figure 4 shows the MEG experiment layout. The MEG detector is described
in more detail in the following sections. Table 1 summarizes the upper limits on
the μ+ → e+γ branching ratio, obtained by the last experiments. The associated
experimental resolutions and the expected MEG resolutions are also reported.

5 The muon beam and the target

We used the most intense continuous muon beam in the world to reach the best
possible sensitivity on μ+ → e+γ decay search. Muons are extracted from a thick
graphite production target (thickness = 40 or 60 mm), where the primary proton
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Table 1 Progresses in the μ→ eγ search. The resolutions are given as Full Width Half Maximum
(FWHM)

Laboratory Year ΔEe ΔEγ Δ teγ Δθeγ Upper limit Ref
(ns) (mrad)

TRIUMF 1977 10% 8.7% 6.7 3.6×10−9 [13]
SIN 1980 8.7% 9.3% 1.4 1.0×10−9 [14]
LANL 1982 8.8% 8% 1.9 37 1.7×10−10 [15]
LANL 1988 8% 8% 1.8 87 4.9×10−11 [17]
LANL 2002 1.2% 4.5% 1.6 15 1.2×10−11 [18]

PSI 2008 0.7−0.9% 4% 0.15 17−20.5 ≈10−13 [19]

Fig. 5 Muon beam line elements inside the πE5 area (in the left). Muons and positrons separation
by means of the Wien filter (in the right).

beam impinges (proton energy = 590 MeV, proton current = 2 mA). The muons
of the MEG experiment are the so-called surface-muons [25–27]. The kinetic en-
ergy and the momentum of these surface-muons are ≈3.6 MeV and 29 MeV/c re-
spectively, and their range in graphite is ≈1mm: only muons produced by π+-pion
decaying at the target skin are selected. The advantage of using a low momentum
muon beam when muon decays at rest are required is directly associated with a
better identification of the muon stopping region.

The last part of the beam line, inside the πE5 area where the experiment is
mounted, is optimized to satisfy the following points: (a) reducing the contaminants
(positrons coming from μ+-decays in flight); (b) coupling the μ+-beam with the
high magnetic field region of the COBRA magnet; (c) reducing the momentum to
stop muons in a thin target. A quadrupole triplet, an electrostatic separator, a second
triplet and a transport solenoid are the last muon-beam elements. In the middle of
the transport solenoid, at a beam focus, a degrader (Mylar sheet of 300 μm thick-
ness) is mounted to reduce the μ+ momentum. In these conditions a muon beam of
3×108μ+/s was obtained at the COBRA center, with an ellipsoidal spot with σx =
10 mm and σy = 11 mm (see Fig. 5).

The muons are stopped in a thin ellipsical CH2-target (210× 70 mm2 and 175
μm of thickness), mounted in an He atmosphere, at an angle of 22o relative to the
muon beam direction. This angle maximizes the CH2 thickness along the beam
direction and minimizes the positron energy loss through it. This target + degrader
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system was considered the best material from both a background suppression and
beam quality point of view, mainly because of its larger radiation length. Finally the
target depolarizes the muon beam, which is highly polarizated as consequence of
the π+ → μ+νμ decay at rest.

6 The positron spectrometer

The positron momentum and flight direction are measured by the COBRA spec-
trometer (COBRA superconducting magnet and 16 Drift Chambers); the time of
flight is measured by a scintillation counter system, called the Timing Counter.

6.1 The cobra magnet

The magnetic field map, the Drift Chamber and Timing Counter positionis were
chosen to fulfil to conditions:

a. Low momentum positrons are swept away from the MEG detector center, with-
out hitting chambers and counters. A large number of Michel positrons comes from
the muon standard decay; a non-homogeneous magnetic field can be shaped as to
make the projected radius dependent on the absolute value of momentum, and not
on the transverse part only. Low momentum tracks are confined inside a cylindrical
shell and the occupancy of the drift chamber is reduced.

b. Monocromatic positrons follow trajectories with the projected radius indipen-
dent of the emission angle. The number of multi-turns in the chamber system is
minimized and the reconstruction of the higher momentum tracks is greatly simpli-
fied.

Figure 6 shows the positron trajectory evolution in the case of a uniform
solenoidal magnetic field and in the case of a gradient magnetic field.

6.2 The drift chambers

Positron trajcectories are measured with 16 drift chamber sectors radially aligned at
10.5o intervals in azimuthal angle (see Fig. 7, in the left). Each sector consists of two
trapezoidal staggered arrays of drift cells. The sensitive area of the chamber extends
from a radius of 19.3−27.0 cm. In the z direction the active region extends up to
z ± 50 cm, at the innermost radius, and z = ±21.9 cm, at the outermost. Positrons
of 29 MeV/c emitted from the target with |cosθ < 0.35| and -60o < φ <60o are ac-
cepted by this geometry. Momentum and angular resolutions are primarly limited by
multiple scattering in the chamber materials and in the gas. Particular attention was
psid to two items. The structure of a chamber sector and its measurement principle
are shown in Fig. 7 (right). The chamber wall is made of an extremely thin foil,



192 A. Papa

Fig. 6 Problems with a uniform solenoidal magnetic field (top) and advantages of a gradient mag-
netic field (bottom): r–z view of the COBRA spectrometer shown with the trajectory of a particle
emitted at 88o (left); Trajectories of monochromatic particles emitted at various angles (right).

Vernier PadsVernier PadsVernier Pads Vernier Pads

Vernier PadsVernier PadsVernier Pads

  wire
sense

t

t

1

2

10mm

Vernier Pads

Particle trajectory

Fig. 7 Schematic view of the drift chambers (top, left). A schematic view of the Vernier pad
method (top,right). A cross-sectional view of a part of chamber sector (bottom). It consists of two
layers of drift cells staggered by half-cell.
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12.5 μm thick polymide, with an aluminum deposition (250 nm), which acts as
a chatode. An array of sense (anode) and potential wires are mounted inside the
chambers and fixed at a carbon fiber frame (open towards the target). This open-
frame makes wire/foil-stretching more challenging. Thanks to such precautions, the
overall material in the fiducial tracking volume amounts to 0.002 X0 on average for
the positron (52.8 MeV/c) trajectory.

The chamber sectors are filled with a 50% He−50 % C2H6 gas mixture and
the outer volume with pure He, both at 1 atm. Such a mixture and the pure helium
are chosen to have a sufficient ionization loss in the gas (≈65 e−/cm for minimum
ionizing particles) as well as to minimize multiple Coulomb scattering.

The staggered-cell configuration allows the simultaneous measurement of the
r-coordinate and of the absolute time of the track. The difference between the drift
times t1 − t2 in the adjacent cells measures the r-coordinate of the track with 100–
200 μm accuracy, while the mean time (t1 + t2)/2 measures the absolute time of
the track with ≈5 ns accuracy. This excellent timing resolution is important for the
pattern recognition.

The z-coordinate (muon beam direction) along the wire can be initially located
with an accuracy of ≈1 cm, by the ratio of the charges observed at both ends of
a sensitive wire. The thin layer of aluminum deposit on the four cathode foils is
patterned to make a 5 cm period Zig-Zag-strip, called Vernier pattern as shown
in Fig. 7 (bottom,left). Consequentely, the ratio of charges induced on each pad
measures the z-coordinate precisely, with an accuracy of 300–500 μm.

The expected resolutions of the spectrometer have been studied with GEANT
simulations. Positrons of 52.8 MeV were generated and their trajectories were re-
constructed by using several methods. Depending on the method, the momentum
resolution ranged from 0. 7% to 0.9% (FWHM) and the angular one from 9 to 12
mrad (FWHM). The positron origin can be reconstructed with a resolution ranging
from 2.1 to 2.5 mm.

6.3 The timing counter

The Timing Counter (TC) was designed to measure the positron timing with a res-
olution of 100 ps (FWHM). Thanks to its rapidity it is used, at the trigger level, for
selecting positron and gamma events coincident in time and collinear in direction
with a photon identified in the electromagnetic calorimeter.

The TC hodoscope arrays of plastic scintillators are placed on both sides of the
positron spectrometer (see Fig. 8), at a radius of 29.5 cm, covering 145o in φ and
with 25 < |z| < 95 cm. The μ+ → e+γ positrons emitted in the angular range 0.08
< |cosθ | < 0.35 are incident on the timing counter after completing ≈1.5 turns in
the r-φ plane.

The longitudinal layer precisely measures the incident particle timing, as well as
a fast estimation of the emission angle φ . Each longitudinal detector is an assembly
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Fig. 8 The timing counter layout and its working principle. The positron hits on the transverse
detector (scintillating fibers and APDs), which determines its position and crosses the scintillator
bars of the longitudinal detector, which determines the time of the impact.

of 15 scintillator bars whose light output is collected by two photomultiplier tubes
(PMTs). The bars are BC404 plastic scintillator of dimensions 40 × 40 × 780 mm3.
The PMTs are Hamamtsu 2” fine mesh R5924, selected for operating in an intense
magnetic field region.

Each PMT at the ends of each bar measures the pulse height as well the arrival
time of the scintillation light (tL and tR). The mean time gives the absolute impact
time, the time difference tR − tL and the pulse-height ratio provides a measurement
of the impact point along the bar (z coordinate), with an accuracy of ±1 cm.

The transverse detector is made of two layer of 128 scintillating fibers (BCF20)
with square cross-section (5× 5 mm2), read at both ends by Avalanche Photo
Diodes (APDs). The usage of fibers coupled with the APDs is compatible with
the high magnetic field. The transverse module provides the impact point z on the
TC. This is used for a first raw determination of the positron trajectory, allowing
the fast rejection of events with unmatched kinematic parameters. The z point also
constraints the track reconstruction and is used in the data analysis.

7 The gamma liquid Xenon calorimeter

The MEG gamma detector is a C-shaped homogeneous Liquid Xenon calorimeter,
which represents the most innovative part of the experiment.

A schematic layout of the γ detector is shown in Fig. 9. The detector is external to
magnet coil. The surface of the liquid Xenon is at 65 cm from the target center and
the detector thickness is 47 cm, sufficient to contain γ’s of 52.8 MeV momentum.
The fiducial volume of the detector covers a solid angle ΔΩ/4π ≈ 12% (|cosθ | <
0.35 and 120o in φ ).
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Fig. 9 Schematic view of the Liquid Xenon photon detector.

The LXe calorimeter measures the energy, the timing and the position of the
gamma coming from the μ+ → e+γ decay. Eight hundred liters of pure liquid xenon
are used and only the scintillation light, without any attempt to collect the ioniza-
tion, is collected by 846 photomultipliers, immersed in liquid xenon. An R&D was
necessary to ensure that these photomultipliers (Hamamatsu R9869) correctly work
at cryogenic temperature (at the Xe liquid temperature of ≈ −108oC), in the vac-
uum ultra-violet region (where Xenon emits at λscin = 178nm), at high signal rate
(photomultipliers anodic current ≈4 μA).

The high number of scintillation photons (40,000 ph/MeV), the small time con-
stant (three components τ1 = 4 ns, τ2 = 22 ns and τ3 = 45 ns), the high atomic
number (Z = 54), the high density (2.95 g/cm3) are desirable characteristics for the
use of Xe as a highly performing detector medium.

The energy is measured by the scintillation light collected by the PMTs. The γ is
supposed to come from the same vertex of a companion positron, and its direction
is determined by looking at the interaction point on the calorimeter, derived from
the distribution on the light calorimeter front face. The light arrival time on the all
PMTs is used to measure the photon timing.

Since the calorimeter has a big homogeneous volume, we expect a high rate of
low energy gammas: it is therefore necessary digitize every PMT waveform to reject
events in which pileup is present.

The large dimentions of the calorimeter make the determination of the optical
properties of the xenon important understanding for the calorimeter performance.
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In particular the Xe trasparency to the scintillation light strongly affects the energy
resolution. Dedicated calibration methods were developed to measure, monitor the
Xe optical properties and to check the general detector performance, as discussed in
the next section.

A detailed Monte Carlo simulation was developed. One obtained for the fi-
nal calorimeter an energy resolution ΔEγ/Eγ (FHWM) = 4.5%, a time resolu-
tion Δtγ (FHWM) ≈ 120 ps and a position resolution Δx(FWHM) = Δy(FWHM)
≈1.5 cm.

8 The calibration methods

The performance of a big scintillation detector depends on the light propagation in
the medium, in other words, on its optical properties [28,29]. We must also take into
account the amount of photocathode coverage and the PMT characteristics (quan-
tum efficiency QE, gain g, transit time spread σtt etc.). The understanding of the de-
tector means: (1) to know and to control the Xe purity, the light emission spectrum,
the refractive index nXe, the Rayleigh diffusion length λR, the absorption length λabs.
They determine all physical processes from scintillation photons to photo-electrons;
(2) to measure the characteristics of all PMTs.

The apparatus must be continuously monitored. Its stability must be checked,
under the high beam intensity and its possible time variations. The only way to
ensure that the required performances are reached and maintained during the MEG
run is by the use of several complementary and redundant methods. This is a must
for a reliable experiment searching for rare decays .

We studied and developed different calibration and monitoring methods (CMM).
In order to measure the LXe optical properties, we used radioactive Am-sources

mounted on tungsten wires (WS), immersed in the detector volume [30]. These are
also used to evaluate the quantum efficiency QE of all PMTs. The gain equalization
among the PMTs is obtained by using LEDs, mounted on the lateral faces of the
detector.

The energy calibration and the linear response of the LXe calorimeter as a func-
tion of energy are checked with γ’s of different energy from several physical pro-
cess [31]. We used 9 MeV γ’s from Am or Cf neutron capture on Ni. 17.6 MeV γ’s
are obtained by the proton capture nuclear reaction 7

3Li(p,γ)8
4Be. A check of the LXe

detector at the 54.9 MeV, close to the γ’s energy from the muon decay, is obtained
by the charge exchange reaction p(π−,π0)n, followed by the decay π0 → γ γ .

Two simultaneous γ’s, at 4.4 MeV and 11.7 MeV, are emitted from the proton nu-
clear reaction 11

5 B(p,γ)12
6 C, useful to study the timing between the LXe calorimeter

and the timing counter (TC).
A single reaction is not sufficient to solve all problems. The implementation of

some of these methods has required the coupling of a 1 MeV Cockcroft–Walton
(C-W) to the MEG experiment (see Fig. 10). The use of such a machine for
an elementary particle experiment is rather exceptional. The excitation of several
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Fig. 10 The Cockcroft–Walton accelerator at the MEG experiment.

exothermic nuclear reactions producing γ-rays opens a full range of calibration pos-
sibilities. These can be used to keep the apparatus tuned, even during periods in
which the MEG μ-beam is not available.

9 The trigger and DAQ systems

9.1 The trigger system

The trigger system uses the signals coming from the fast detectors (Liquid Xenon
calorimeter and timing counter) to select the μ+ → e+γ candidate events with the
highest efficiency on the signal selection and to efficiently reject the background. As
consequence, the useful variables for the trigger are: (a) the γ energy, time and di-
rection from the LXe calorimeter; (b) the positron timing and impact point from the
Timing Counter. The signal selection efficiency of each variable is equal or greater
then the 98%, the background power rejection is (a) fγ = 8×10−3 for the γ’s, nor-
malized to the muon radiative decay probability with the γ’s energy greater than
10 MeV; (b) fθ = 0.2 and fφ = 0.5, for the positron-gamma direction; the positron-
gamma time coincidence is fixed in a time window of |ΔT | <10 ns. Taking into
account the expected gamma and positron rate (Rγ and Re+ respectevely) at Rμ = 3
×108μ+/s the expected trigger rate is:

Rtrigger = RγRTC fθ fφ2ΔT ≈ 10 events/s. (1)

All these were evaluated with a Monte Carlo simulation.
From the hardware point of view, the trigger system is based on two different

electronics boards.
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A first board (Type 1, with 16 FADCs and 1 FPGA) receives the analogic signal
and digitizes it at a frequency of 100 MHz by means of Flash Analog-to-Digital
Converter (FADC). The digitized signals can then be manipolated, by using the Fast
Programmable Gate Array (FPGA), in order to apply the different algorithms in a
simple and flexible way. The combining of the informations coming from the Type
1 boards and other complex operations is made by the second board (Type 2, with 2
FPGAs). Finally a third board (Ancillary) is added to the trigger system provide the
clock and the syncronization signals to all the boards.

9.2 Front-end electronics and DAQ

The signal digitization is made by means of a 2 GHz waveform sampling CMOS
chip. The waveform sampling was adopted to overcome the expected pile-up events
separated in time by less than 30–40 ns (mandatory for the LXe PMT signals). The
standard usage of ADCs and TDCs for signal digitization is not sufficient.

The chip consists of 1,024 capacitors, which sample the PMT signal at a fre-
quency of 2 GHz (500 ps bin width), necessary to obtain a timing resolution of
50 ps via interpolation. A domino wave constantly runs in a circular fashion and it
is only stopped by the trigger. For this reason the chip is called the Domino Ring
Sampler [32].

Eight data channels and two auxiliary channels are integrated in a single chip,
which is housed and read out by a custom made VME board using 12 bit flash
ADCs and FPGAs. Thanks to the FPGAs the algorithms for the data acquisition can
be changed and optimized during the set-up of the experiment.

The DAQ system of the MEG experiment exclusively use the DRS chip on all
1,000 PMT channels (LXe calorimeter and TC) at 2 GHz and on all 3,000 drift
chamber channels (cathodes and anodes) at 500 MHz, delivering an excellent pile-
up rejection. A timing calibration signal is distributed and sampled in all DRS chip,
in order to meet the experiment requirement of a 100 ps timing accuracy.

An on-line cluster of about 10 PC’s is operating for on-line waveform processing,
resulting in a data rate below 2 MB/s for an event rate of 100 Hz.

Figure 11 shows a scheme of the Trigger and DAQ system.

10 The detector performances

The 2007 engineering run was the first occasion for switching on all detectors to-
gether. Preliminary results are reported here.

The Americium α wire sources is a beautiful and effective method to calibrate
and monitor liquid detectors. It is based on a set of thin wires (diameter 100 μm)
mounted inside the sensitive volume of the LXe calorimeter. The point-like 241Am
α-sources are fixed on the wire. A thin gold layer (≈1.5 μm) protects them. The
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Fig. 11 A scheme of the Trigger and DAQ systems. A zoom of the Type 2 Trigger board and the
VME board is given.

activity of each α-sources is ≈200 Bq. The α-events are at known positions, the
α-energy is known (Eα = 5.4 MeV) and the Am-source is stable since its half-life
is very long (t1/2 = 432.7 years). These properties make the WS the most effective
method for determining the relative QE of all PMTs and for monitoring the optical
properties of LXe.

The Fig. 12 shows the well reconstructed 25 241Am-sources during the Xe lique-
faction. The reconstructed bulbs (Xe gaseous phase) and rings (Xe liquid phase) are
related to the different α-range Rα in GXe and LXe (Rα = 7 mm and Rα = 40 μm
respectively): in the liquid phase a large amount of the scintillation light is lost on
the wire than in the gas phase. The reconstructed position is affected by this process
and the rings are the consequence.

The LXe purification monitoring, the detector stability check, the calorimeter
uniformity study, the energy resolution determination, at an energy only a factor
three lower than 54.9 MeV, was obtained by illuminating the whole LXe detec-
tor with 17.6 MeV γ’s from the proton capture nuclear reaction 7

3Li(p,γ)8
4Be, by

means of the C-W accelerator. Figure 13 shows the lithium line at the beginnig and
after about 120 h of Xe purification and the obtained energy resolution. The energy
resolution extrapoled at 52.8 MeV is ΔEγ/Eγ (FHWM) = 5.0 – 5.5%, without im-
plementing the QE corrections. The lithium and alpha peak evolution are shown in
the Fig. 14.

The Xe calorimeter energy resolution was measured at 54.9 MeV with πo-
decay photons from the exchange reaction p(π−,π0)n. An energy resolution
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Fig. 12 The reconstructed position of the 25 sources inside the LXe calorimeter during the Xe
liquefaction: in gas Xe (the bolbs, at the top), in liquid Xe (the rings, at the bottom).
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ΔEγ/Eγ (FHWM) = 6.5% was measured, without yet introducing the quantum
efficiency corrections (see Fig. 15 (left)). Introducing the QE we expect that
ΔEγ/Eγ (FHWM) < 5%.

The LXe calorimeter energy linearity, with the calorimeter illuminated by γ’s at
different energies is summarized in Fig. 15 (right).

The timing resolution of the LXe calorimeter was evaluated at 54.9 MeV with πo-
decay photons, selecting PMTs mounted at the center of the inner face. We measured
Δtγ (FHWM) ≈ 270 ps (see Fig. 16 (left)).

The timing resolution of the timing counter and the drift chamber momentum
resolution were measured with Michel positrons. We achieved a Δte+(FHWM) ≈
120 ps (see Fig. 16 (right)) and Δpe+/pe+(FHWM) ≈ 2 % (Fig. 17).

The relative timing between the LXe calorimeter and the timing counter was ob-
tained by using the two simultaneous γ’s, at 4.4 MeV and 11.7 MeV, emitted from
the proton nuclear reaction 11

5 B(p,γ)12
6 C. The Fig. 18 shows the measured (prelimi-

nary) LXe-TC timing, without any position selection.
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Fig. 17 The Drift Chamber momentum resolution evaluated by using Michel-e+ coming from the
μ+-decay at rest, with an energy end-point of 52.8 MeV. We measured Δpe+/pe+(FHWM) ≈ 2%.

Fig. 18 The LXe-TC timing obtained by using the two simultaneous γ’s, at 4.4 MeV and 11.7
MeV, emitted from the proton nuclear reaction 11

5 B(p,γ)12
6 C. We measured σγe+ ≈ 850 ps, without

any position selection.

11 The conclusion

We successfully ran the whole experiment during the engineering run 2007. All
the detectors were installed and operated smoothly. All triggers were implemented
and worked at the expected rates. A full set of calibration and data were taken.
The detector performances were measured and are closer to the expected ones. We
successfully restarted with the calibrations at May of this year and we started with
the data acquisition at the end of September and we will go on for almost 3 years
to reach the final sensitivity. We expect to improve the present upper bound on the
B(μ+ → e+γ) at the end of this year if no candidate events are observed.
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The Study of Ultra High Energy Cosmic Rays
in the Pierre Auger Observatory

M. Pimenta, for the Pierre Auger Collaboration

Abstract The present status of the Pierre Auger Observatory and its recent results
on Ultra High Energy Cosmic Rays are shortly reported. The following topics are
discussed: (i) the energy spectrum above ∼4× 1018 eV, (ii) the arrival directions,
(iii) the depth of the shower maximum, (iv) the upper limit on the primary photon
flux, (v) the upper limit on the diffuse neutrino flux.

Keywords: Ultra High Energy Cosmic Rays, Pierre Auger Observatory

1 Ultra high energy cosmic rays

The energy spectrum of cosmic rays extends over more than 11 decades of energy,
following an almost perfect power law (see Fig. 1) [18]. The fluxes are quite high
at low energies (up to 1 particle/m2/s for energies of the order of the GeV), but
extremely small at the highest energies (∼1 particle/km2/century at 1020 eV). The
Pierre Auger Observatory aims at measuring the far end of the spectrum, the Ultra
High Energy Cosmic Rays (UHECR) region (Fig. 2)[7]where just a few events have
been observed. The first event with an energy greater than 1019 eV was observed by
John Linsley in 1962 at Volcano Ranch [13]. Until 2005 ∼20 events were collected
mainly by the AGASA [15] and HiRes [8] experiments.

UHECR are of relevance for a wide range of astronomy/astrophysics and particle
physics subjects. At energies above 1019 eV the deflection of UHECR by the galactic
magnetic field is small and so it is possible to use UHECR as an astronomy channel.
UHECR are the most energetic particles ever accessible. The centre-of-mass energy
of a 1019 − 1020 eV UHECR collision in the atmosphere is around 100−400 TeV,
which is well above the energy of present and future man made accelerators. The
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Fig. 1 The cosmic ray spectrum

Fig. 2 The far end of the cosmic ray spectrum
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study of UHECR is thus an unique opportunity to access energy scales beyond the
LHC. However, fluxes are small, the accessible kinematic region is very narrow
(very forward region) and the detection capability is poor. Finally, UHECR travel
at speeds near the speed of light, with huge Lorentz boost factors (∼1011), and are
therefore ideal probes to test fundamental physics postulates as Lorentz invariance.

There is an intense debate on the possible acceleration mechanisms able to pro-
duce particles with such energies. The sources where these acceleration may occur
can be characterized by two variables: its size and the intensity of its magnetic fields.
High energy particles can be confined either in small regions, if there is an intense
magnetic field, or, if the magnetic field is weak, in extensive regions. Such a feature
is usually summarized in the so-called Hillas plot (Fig. 3) [12]. There are still some
possible sources for UHECR up to 1020 eV, but at higher energies it is much more
difficult to find good candidates. Furthermore, energy losses due to Bremsstrahlung
have to be taken into account whenever the accelerations are very large [14].

The observed UHECR have to propagate through very large distances before
reaching the Earth. But there is no empty space. The space is, as it is well known,
filled with the Cosmic Microwave Background (CMB). The interaction of the
UHECR with the CMB photons can be quite dramatic if the centre-of-mass en-
ergy is above the first inelastic channel threshold. The net result is that UHECR
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Fig. 3 The Hillas plot. The intensity of the magnetic field (B) of the possible astrophysical sources
is plotted against its size (R). The straight lines represent the Larmor relation E ∝ β ·B ·R where β
is an efficiency factor
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produced at far-away sources with energies well above 1020 eV, would reach Earth
with energies of about 1020 eV. This is the famous Greisen-Zatsepin-Kuzmin (GZK)
effect [10, 19]. GZK does not create however a real cut-off as it depends on many
parameters (the type of sources and their distribution in space, the existing magnetic
fields, the particle type, ...).

Arriving at the Earth UHECR interact with the atmosphere, originating Exten-
sive Air Showers (EAS) composed by billions of particles (mainly electrons and
photons). If the primary particle is a proton or a nuclei then hadronic interactions
play a determinant role in the first stages of the EAS development. However, there
is no computable theory for soft hadronic interactions and one must deal with phe-
nomenological models and the corresponding systematic uncertainties. There is thus
no direct or unambiguous way to determine the UHECR hadronic mass composi-
tion. Only photons and neutrinos can be discriminated with certainty.

2 Pierre Auger Observatory

The construction of the southern site of the Pierre Auger Observatory [1] in Malarge,
province of Mendoza, Argentina, has just reached completion. It covers 3,000 km2,
combining the technique of sampling the shower particles reaching the Earth sur-
face, using 1,600 water Cherenkov tanks, with the technique of detecting the fluo-
rescence light produced by the shower in the atmosphere, using four groups (eyes)
of six fluorescence telescopes. The atmosphere above the Auger site in Mendoza is
permanently monitored by several complementary instruments, including radioson-
des, laser facilities and Lidars. Many thousands of events per year (several tens
above 1020 eV) will be collected. About 10% of the collected events will have, in
addition to the information from the Surface Detector (SD), information from the
Fluorescence Detector (FD). The data collected so far (in the last 4 years, during
construction) corresponds roughly to 1 year of operation of the complete southern
observatory. The UHECR arrival directions, in events recorded only by the SD (SD
events), are basically obtained from the time measurements registered by the in-
dividual stations, assuming a reasonable description of the shower front geometry.
The obtained angular resolution for energies above 1019 eV is 1◦. In events with
information from the FD (FD events) the shower axis can be reconstructed and a
similar angular resolution is obtained. For Hybrid events, with both FD and SD
information (at least one SD station near the shower core) the angular resolution
is clearly improved to values of the order of 0.2◦. The UHECR energy is directly
measured by the FD. The fluorescence light, emitted by the de-excitation of the N2
molecules, is proportional to the number of the charged particles in the shower. A
systematic uncertainty of 22% is presently assigned, coming mainly from the un-
certainties on the determination of the fluorescence light yield (14%) and from the
shower reconstruction (10%). In SD events a more indirect energy estimator, the
S38, is built using the EAS lateral density distribution at a distance of 1,000 m from
the core, S (1,000), and rescaling it to zenith angles of 38◦. This rescaling, made
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through the so called Constant Intensity Cut method, assumes that the cosmic ray
intensity is, at a given energy, the same for all directions [11]. The S38 is then cali-
brated using a clean set of Hybrid events. The good correlation between the S38 and
the direct FD energy measurement is shown in Fig. 4. The spread around the best fit
is 19% which is compatible with the uncertainties on the S38 and on the FD energy
scale. The UHECR mass composition is, as mentioned before, an important but dif-
ficult measurement. One of the most sensitive observable is the Xmax, the depth in
the atmosphere at which the number of electrons in a shower reaches a maximum.
In Auger, Xmax is measured in selected hybrid events with an accuracy better than
20 gcm−2 [16].

An enhancement program of the Pierre Auger southern site is now under way.
The aims are: to lower the present energy threshold of the experiment, increasing
the SD station density in a small area of the array and to improve the muon detection
capabilities by introducing new muon detectors in the infill region (AMIGA – Auger
Muons and Infill for the Ground Array); to enlarge the vertical field of view of the
fluorescence detectors (HEAT – High Elevation Atmospheric Telescope); and to test
the radio detection technique. Radio detection of showers with an external trigger
from the array has already been achieved.

The complete sky coverage by the Pierre Auger Observatory implies the con-
struction of a second site in the northern hemisphere. At the time of the original
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design report, the two sites were foreseen to be built simultaneously and covering
the same surface area (3,000 km2). Later, it was decided to build the southern site
and take into account its first results in the elaboration of the final Auger North de-
sign. This design is presently being finalized. Lamar, in Colorado, USA, was chosen
as the Auger northern site, after a detailed evaluation based on criteria such as land
access, climate, atmosphere, available surface and local support. In the present pre-
liminary design Auger North is optimized for the highest energies (above 1020 eV)
and a much larger surface area (20,000 km2) is being considered.

3 Pierre Auger results

The Pierre Auger Observatory has recently published its first results on the UHECR
energy spectrum [4] and arrival directions [2,3] as well as on the depth of the shower
maximum [16]. Upper limits on the primary photon flux [5] and on the diffuse neu-
trino flux [6] were also reported.

The energy spectrum based on ∼20,000 SD events with energy above 2.5 ×
1018 eV is displayed in Fig. 5. The reported exposure of ∼7,000km2 sr year is twice
that of HIRes. The measured flux [4], above 4×1019 eV is suppressed, with a signif-
icance of 6 standard deviations, in relation to what would be expected in a non-GZK
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scenario. However, no claim of the discovery of the GZK can be yet firmly stated as
the acceleration mechanisms and the sources are basically unknown. As can be seen
in the same figure the previously reported HIRes spectrum is softer but presents the
same suppression features.

The depth in the atmosphere at which the number of electrons in the EAS reaches
the maximum, Xmax, is shown in Fig. 6. The expected mean Xmax for iron and pro-
tons showers, assuming different hadronic models, are also shown. The compari-
son of the Pierre Auger Observatory data with the predictions of the most popular
hadronic models indicates that at the highest energies the average mass composition
increases, which is in contradiction to what is usually assumed. The other possibil-
ity is a deep change on the hadronic interaction models at this high energy scale, not
accessible at man-made accelerators.

The arrival directions of the events with energy larger than 57 EeV collected by
the Pierre Auger Observatory until August 2007 are displayed in galactic coordi-
nates in Fig. 7. The events are shown as small circles of 3.1◦ and the red crosses in-
dicate the position of nearby AGNs (distance less than 75 Mpc) taken from the 12th
edition of the Vron-Cetty and Veron catalog [17]. The white region of the sky is not
accessible from the Auger southern site and the darker blue regions indicate larger
relative exposures. These results are not compatible with an isotropic distribution of
the arrival directions of the very high energy cosmic rays and show a significant cor-
relation with the positions of nearby AGNs. However other sources that may have
similar spatial distribution within the GZK horizon may also lead to significant cor-
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Fig. 7 Aitoff projection of the celestial sphere in galactic coordinates with circles of radius 3.1◦

centered at the arrival directions of the 27 cosmic rays with highest energy detected by the Pierre
Auger Observatory. The positions of the 472 AGN with redshift z ≤ 0.018 (D < 75 Mpc) from the
12th edition of the catalog of quasars and active nuclei are indicated by red asterisks. The solid
line represents the border of the field of view. Darker color indicates larger relative exposure. The
dashed line is the supergalactic plane. Centaurus A, one of our closest AGN, is marked in white

relations. The correlation angle of 3.1◦ between the cosmic ray arrival directions
and the AGNs positions may also give some insight on the cosmic ray composition
and/or on the strength of the galactic and extra-galactic magnetic fields. While pro-
tons may be deflected just a few degrees by the galactic magnetic field, nuclei should
have much higher deflections. A light composition at high energies may then be fa-
vored, in apparent contradiction with the indication given by the evolution of Xmax
as discussed above.

The 95% confidence level upper limits on the primary flux of primary photons
obtained by the Pierre Auger Observatory are compared in Fig. 8 to previous results
and theoretical predictions. The corresponding limits on the cosmic ray fraction of
photons are 2%, 5.1% and 31% at 1019 eV, 2×1019 eV and 4×1019 eV, respectively.
These results are based on the different longitudinal development of the photon
and of the hadronic showers, namely in the depth of the maximum of the shower,
Xmax, measured by the FD, and on the signal rise time and on the curvature of
the shower front at the Earth surface, measured by the SD. These upper limits can
already exclude several top-down models of UHECR [9]. After some years of data
taking the level of fluxes due to GZK photons can be attained.

The 90% confidence level upper limits on the diffuse neutrino flux reported by
the Pierre Auger Observatory are compared in Fig. 9 to previous results and theoret-
ical predictions. These results are based on the capability of discriminating quasi-
horizontal neutrino induced air showers, which have a significant electromagnetic
component, from the normal hadronic showers at large zenith angles, where the only
surviving particles are high energy muons concentrated in a thin and quasi-planar
front. In particular, the Pierre Auger Observatory is able to detect the so-called
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Fig. 9 Limits at 90% C.L. for a diffuse flux of ντ from the Pierre Auger Observatory. Limits
from other experiments are converted to a single flavour assuming a 1:1:1 ratio of the three neu-
trino flavours and scaled to 90% C.L. where needed. Two different formats are used: differential
(squares) and integrated (constant lines). The shaded curve shows the range of expected fluxes of
GZK neutrinos calculated
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Earth skimming τ neutrinos where a τ neutrino moving upwards interacts inside
the Earth producing a EeV τ lepton which, after traveling tens of kilometers, decays
in the atmosphere giving birth to a nearly horizontal air shower. No candidate was
found up to August 31, 2007.

4 Conclusion

The Pierre Auger Observatory has recently published results on the arrival directions
and on the energy spectrum of UHECR. In fact, the anisotropy of the arrival direc-
tions of the highest-energy cosmic rays and their extragalactic origin was demon-
strated. The observations are consistent with the hypothesis that the rapid decrease
of flux measured by the Pierre Auger Observatory above 6× 1019 eV is due to the
interactions with the cosmic microwave background (the GZK effect) and that most
of the cosmic rays reaching Earth in that energy range are protons from nearby
astrophysical sources, either AGN or other objects with a similar spatial distribu-
tion. Meanwhile, results on the depth along the atmosphere at which the number of
electrons and positrons in the extensive air showers reaches its maximum were also
presented by the Pierre Auger Observatory and are in contradiction with the current
expectations assuming a light composition. Upper limits of the photon fraction in
the UHECR spectrum, as well as on the diffuse flux of high-energy τ neutrinos,
were also reported. These results open a new astronomy channel to the nearby Uni-
verse and also represent a unique window to study Particle Physics at energies well
beyond the LHC.
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The MoEDAL Experiment – Searching
for Highly Ionizing Particles at the LHC

J.L. Pinfold

Abstract The MoEDAL experiment designed to search for magnetic monopoles
and other highly ionizing particles at the LHC. The MoEDAL experiment employs
nuclear track etch detectors deployed in the VELO vertex region of the LHCb ex-
periment. A description of this experiment is given in addition to a brief discussion
of the physics program and data taking plans.

Keywords: Nuclear track detectors, magnetic monopoles, heavy stable particles,
black hole remnants, LHC, LHCb, proton–proton collisions

1 Introduction

In 2009 the LHC will open up a new energy regime where it will be possible to ob-
serve envisaged physics beyond the Standard Model. The search strategy for exotics
planned for the main LHC detectors can be extended with dedicated experiments
designed to enhance, in a complementary way, the physics reach of the LHC. The
MoEDAL (Monopole and Exotics Detector at the LHC) experiment is such an ex-
periment. The prime motivation of MoEDAL is to directly search for highly ionizing
Stable Massive Particles (SMPs) at the LHC that fall into three main categories. The
first is that of massive magnetically charged particles such as the magnetic monopole
[1,2] or the dyon [3]. The second class of hypothetical particle has multiple electric
charge such as the black hole remnant [4], strangelet [5–8], Q ball [9], or long-lived
doubly charged Higgs boson [10]. Last, but not least, are the very heavy conven-
tionally charged particles that are heavily ionizing by virtue of their small speed (β
= v/c) such as charge R-hadrons [11] or long lived charge sleptons predicted in the
framework of GMSB models [12].
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A particle with a very large effective charge such as the magnetic monopole may
be absorbed before reaching of fully traversing the calorimetry of the general pur-
pose LHC experiments, particularly if the magnetic charge is greater than one. For
those monopoles that are registered by ATLAS and CMS, little work has been done
to estimate the sensitivity of ATLAS and CMS to direct detection of these particles.
However, as described below a Dirac monopole will typically lose several thousand
times as much ionisation energy as a MIP. A detailed dE/dx calibration is therefore
not necessary to observe them. However, detector and readout electronic satura-
tion effects due to the enormous ionisation energy must be carefully studied in any
search. Furthermore, customized track-finding algorithms would have to be written
to account for the parabolic track trajectory followed by a magnetic monopole in
a magnetic field. It is also important to employ GEANT simulations to calculate
the stopping of magnetic monopoles in detector material and the energy deposition
of profiles of magnetic monopoles which progress to the calorimeters. A compre-
hensive search must consider the full mass and magnetic charge range which is
experimentally available.

The main LHC experiments are designed to detect conventionally charge parti-
cles produced with a β large enough to fall into LHC trigger window of 25ns. one
of the principal constraints on the design of a collider experiment and its ability to
measure slow-moving SMPs is the bunch crossing time.1 For a SMP at the LHC to
be detected or triggered in a certain detector system and be associated to the cor-
rect bunch crossing, it should arrive at most 25 ns after the default arrival time of a
particle traveling at the speed of light [13, 14]. Later arrival would imply triggering
or detection within the next crossing time window. The large size of the ATLAS
and CMS detectors2 ensures that this will be an important source of inefficiency
in detecting SMPs. For example, it is only possible to reconstruct the track of a
slowly moving SMP in the ATLAS central muon chambers within the correct bunch
crossing window if β ≥ ∼0.5 [13].

Even if the SMP travels within the appropriate timing window, additional prob-
lems may arise from its slowness. The sampling time and reconstruction software
of each sub-detector is optimised assuming particles travelling at luminal speed.
Hence, the quality of the read-out signal or reconstructed track or cluster may be de-
graded for an SMP, especially for sub-systems far away from the interaction point.
Detector simulations so far suggest that it will still be possible to trigger and mea-
sure slowly moving particles at ATLAS and CMS [13, 15]. However, this is an area
which must continue to be studied as the simulation programs are further developed
and the detectors better understood.

The MoEDAL experiment bypasses the problems described above of detecting
magnetic monopoles with active detectors, by using the passive plastic track tech-
nique that does not require a trigger. Also, as we shall see below, track-etch de-
tectors provide a tried and tested method to detect and accurately measuring the
track of a highly ionizing particle, but also its Z/β . Importantly, heavy-ion beams

1 The LHC crossing time of 25 ns, is considerably shorter than that at LEP (25μs), the Tevatron
(396 ns) or HERA (96 ns).
2 The central ATLAS and CMS muon chambers extend to 10 and 7 m, respectively.
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provide a demonstrated calibration technique using energy depositions very similar
to that of the hypothetical particles sought. Current acceptance calculations indicate
that MOEDAL will be sensitive to monopoles with: masses up to near 7 TeV; and,
a magnetic charge as high as 3g. MOEDAL offers the most promising method of
hunting for magnetic monopoles at the LHC. However, this depends on the magnetic
monopole production cross section since MOEDAL would be exposed to integrated
luminosity around 100 times lower than that collected by ATLAS and CMS. Having
said this the detection of even one magnetic monopole that penetrated a MoEDAL
NTD stack would be distinctive, as the background from conventionally charged
tracks is negligible.

In this paper we shall concentrate on main physics aim of the MoEDAL experi-
ment, that is the search for the magnetic monopole in the new energy regime opened
up by the LHC.

2 The search for the monopole

In 1931 Dirac introduced the magnetic monopole in order to explain the quantization
of the electric charge, which follows from the existence of at least one free magnetic
charge [16]. He established the basic relationship between the elementary electric
charge e and the basic magnetic charge:

eg = nh̄c/2 = ngD (1)

where n is an integer, n = 1, 2, ... The magnetic charge is g = ngD; gD = h̄c/2e =
68.5e is called the unit Dirac charge. The existence of magnetic charges and of mag-
netic currents would symmetrize in form the Maxwells equations, but the symmetry
would not be perfect since e 
= g. But if the couplings are be energy dependent they
could converge to a single common value at very high energies [17].

There is no real prediction of the mass of classical Dirac magnetic monopole.
One may have a rough estimate assuming that the classical monopole radius is equal
to the classical electron radius: from which rM = g2/(mMc2) = re = e2/mec2 from
which mM = g2me/e2 ≈ n.4700.me = n.2.4 GeV/c2. Thus the mass should be rela-
tively large and even larger if the basic charge is e/3 and if n > 1.

Grand Unification magnetic monopoles, with masses of the order of 1015 GeV
are well beyond the reach of any presently conceivable man-made accelerator.
Never-the-less there are models where monopoles could appear in a mass range
accessible to the LHC. Examples include: the electroweak Cho–Maison monopole
[19]; the Troost–Vinciarelli monopole [18] with mass that depends on the matter
field (104 GeV/c2 with IVB matter fields, 102 GeV with ρ matter fields and 50
GeV with spin-1/2 matter fields; and a Superstring model [20] where in principle,
monopoles/dyons with a mass low enough (∼1 TeV/c2) to be detected at the LHC
are hypothesized.
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Since 1931 searches for classical Dirac monopoles were carried out at every new
accelerator using mainly relatively simple experiments, and recently also large col-
lider detectors [2]. Searches at the Fermilab collider [21] seem to exclude MMs with
masses up to 850 GeV. Experiments at the LEP2 collider exclude masses below 102
GeV [22]. The limits produced on magnetic monopole production depend on the
physical process by which the monopole is presumed to be produced. Monopole
searches have been carried out in e+e−, pp̄, and pp interactions at various high
energy colliders.

For example, for Dirac monopoles the most obvious mechanism is annihilation
and pair production via the electromagnetic interaction. If one assumes a single-
photon production process, then the amplitude for pair production is proportional to
the magnetic charge. Ignoring higher order effects, one can then formulate a naive
pair production cross section for monopoles of mass m, σD(m), by multiplying the
cross section for production μ+μ− pair with invariant mass greater than 2m by the
square of the charge ratio and making a phase space correction:

σD(m) =
(gD

e

)2
×σμμ(> 2m)× (1−4

m2

s
) (2)

2.1 Magnetic monopole pair production cross-section at the LHC

Due to the high coupling constant of the magnetic monopole perturbative calcula-
tions of the magnetic monopole cross section cannot be made. Instead a Drell–Yan
mechanism [23] is used for the cross section calculation. Figure 1 shows a Feynman
diagram of the Drell-Yan mechanism for dimuons and monopole-antimonopole
production. These two diagrams shows annihilation of the quark-antiquark via
the intermediate virtual photon and later photon decay into the two leptons (left)
and monopole-antimonopole pair (right). This simple production mechanism al-
lows qualitative cross section estimates in the absence a reasonable field formu-
lation of monopole production. The Drell–Yan cross section depends on strong

qI+

I– qq

m

m

mmα
γγ

αα α

q

Fig. 1 Drell–Yan process for dimuon production (left) and monopole-pair production (right)
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interaction between the initial pair of quarks. In the high energy limit, the quarks
are treated like free charged particles and their interaction is purely electromag-
netic. This is a very good approximation for reasonably high energies (E � mq),
where E is the total energy of the incident particles in the centre-of-mass system.
The cross-section σ(qq → l+l−) is related to σ(e+e− → μ+μ−), which is given
by: σ(e+e− → μ+μ−) = 4πα2/3E2

cm, (for E � mμ . The electron charge e is re-
placed by the quark charge Q|e| and all possible colour orintations of the quark are
averaged,

σ(qq → l+l− =
Q2

3
× 4πα2

3E2
cm

(3)

The complete cross-section takes into account the quark structure of the hadrons.
We can use this formulation to attempt to calculate the production cross-section

for magnetic monopoles once the proper coupling of the magnetic charge to the elec-
tromagnetic field is incorporated. This is derived by combining the Dirac quantiza-
tion condition with the definition of the coupling constant (α ∼ e2) αmm = α(ng/e),
which gives for the cross-section:

σ(qq → mm̄ =
ng
e
×σ(qq → l+l−) (4)

Thus, to get the monopole-pair cross-section the Drell–Yan cross-sections are scaled
by a factor (ng/e)2.

For pp collisions there exists data on the differential cross-section for produc-
tion of massive virtual photons, which exhibits scaling and falls of exponentially
with x ≡ 2Mm/

√
s, [24] where

√
s is the available centre-of-mass energy andMm is

the magnetic monopole mass3 to this end we have predicted monopole-pair cross-
sections at LHC energies by the formula:

dσ
dmdy

|y=0 =
44×10−30

s
3
2

× e
−25.3m√

s cm2/GeV/c2 (5)

To obtain the cross-section for monopole pair production with mass M = (s/2)1/2

we integrate the cross-section above m = 2Mm. Assuming no phase space
suppression:

σM = (68.5)2 × 1.74
s

× e
−25.3m√

s ×10−30 (6)

Running for 1 year (107 s) at a luminosity of 5 × 1032 cm−2s−1, the search sen-
sitivity is ∼ 2 × 10−39 cm2, when convoluted with the MoEDAL acceptance and
detection efficiency, which corresponds to single event production with a mass of
∼3.5 TeV.

The cross-section given above is intended to be a rough point of reference cross-
section for the production of magnetic monopoles via the electromagnetic interac-
tion. This estimate is conservative since higher order diagrams with more than one

3 For pp collisions this cross-section is about an order of magnitude smaller than for pp̄ collisions
at the same centre-of-mass energy [25].
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Fig. 2 The Drell–Yan cross-section versus magnetic monopole mass for the Tevatron and LHC
Energies

virtual photon in the intermediate state will also contribute. Production via gluon-
gluon fusion may be more likely still [26]. The variation of the predicted Drell–Yan
cross-section with magnetic monopole mass is shown in Fig. 2. We find excellent
agreement with the Drell–Yan curve for the mass interval 200-600 HeV published
by the authors of the CDF experiment [27], as is shown by the orange curve which
fits the black predicted curve well.

3 The MoEDAL detector

The MoEDAL detector is comprised of an array of plastic Nuclear Track Detectors
(NTDs) deployed around the ( Point-8 ) intersection region of the LHCb detector,
in the VELO4 cavern. The array consists of NTD stacks, nine layers deep, in Alu-
minium housings attached to the walls and ceiling of the VELO cavern. The max-
imum possible surface area available for detectors is around 25 m2, although the
final deployed area could be somewhat less due to the developing requirements of
the LHCb detector. A depiction of the (maximal) MoEDAL array is given in Fig. 3.

The plastic NTDs employed by MoEDAL, consisting on nine layers of CR39
(3), MAKFROFOL (3) and Lecxan (3), record the passage of heavily ionizing par-
ticles which leaves an invisible damage zone along its trajectory in the plastic. The
latent track of a highly ionizing particle such as a that of a magnetic monopole, is

4 VErtex LOcator
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Fig. 3 A GEANT4 generated depiction of the MoEDAL array and is deployment in the VELO
cavern of LHCb

Z/b
original surface

post-etched surface

VTt1

VBt1 VBt2

Fig. 4 The formation of a damage zone in a plastic NTD by the passage of a highly ionizing
particle (left) and the subsequent etching (middle and right) to reveal the damage zone

manifested by etching vB is the bulk rate vT is the faster rate along the track. The
damage zone is revealed as a cone shaped etch-pit, when the surface of the plastic
detector is etched in a controlled manner using an etchant such as hot sodium hy-
droxide (NAOH) solution. The depth of the etch-pit is an increasing function of the
Z/β of the particle, where Z is a particle charge and β its velocity. A schematic pic-
ture of the etching process is shown in Fig. 4. The reduced etch rate, p, is given by
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vT /vB. The reduced etch rate is simply related to the restricted energy loss (REL),
which is the fraction of the total energy loss which remains localized in a cylindrical
region with about 10 nm diameter around the particle trajectory. Both the electronic
and the nuclear energy losses contribute to REL. It was shown [28] that both are
effective in producing etchable tracks in a CR39 nuclear track detector. NTD de-
tectors comprised of CR39 can have a threshold as low as Z/β ≈ 5 making it the
most sensitive NTD and it allows to search for magnetic monopoles with one unit
Dirac charge (g = gD) for β around 10−4, for β >10−3 and the whole β -range of
4 × 10−5 < β <1 for magnetic monopoles with g ≤ 2gD [29, 30]. The Lexan and
Makrofol polycarbonates have a threshold at Z/β ∼ 50; thus they are sensitive only
to relativistic and/or multiply charged magnetic monopoles.

After etching, the MoEDAL NTDs will be scanned using manually controlled
and/or computer controlled optical scanners which, with special dowel-pin marker
holes, allow the determination of hole position with accuracy better than ∼20 μm
in the multilayered NTDs stack used in the experiments. The response of track etch
detectors versus REL can only be established by a calibration performed using ions
of different charges and energies, where the calibration is dependent on the etch-
ing conditions. A typical calibration set-up at an ion beam accelerator includes a
fragmentation target and nuclear track detector foils in front of and behind a tar-
get. After exposure the detector sheets are etched in standard conditions. The mea-
sured base areas of the etch-pit cones (tracks) increase with increasing ion charges.
The trajectory of each highly ionizing particle is reconstructed by tracking the etch
cones successively through the stack. This multiple measurement can be exploited
to achieve a charge resolution that is to separate individual fragments from the cali-
bration beam.

The etching process will, for one sheet of the CR39 stack, be continued for a
sufficient length of time for holes resulting from a highly ionizing track to be formed
in the sheet. Any holes so formed can be detected using the ammonia technique [31]
where the plastic sheet is placed on top of sensitive blueprint paper and the two are
sealed around the edge with tape. This package is then exposed to ammonia vapour.
Each hole in the plastic is then revealed by a blue spot. The spotted blueprint paper
can then be used as a map to define corresponding regions in accompanying sheets
in the detector stack, that can be etched with greater care.

4 Conclusion

The MoEDAL experiment will use Nuclear Track Detector Arrays, deployed in the
LHCb intersection region, to search for magnetic monopoles and other highly ion-
izing particles at the LHC. This detection technique is favoured for the following
reasons:

• Sensitivity to magnetic monopoles: Monopoles with n = 1 will be detectable in
CR-39 provided that β � 0.1 and in Lexan for β � 0.85. Highly ionizing particles
with Z/β as low as 10- can be detected by CR39, depending on the etching
conditions.
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• Insensitivity to MIPs: CR-39, Lexan and UG-5 are totally insensitive to normally
ionizing particles. For example with a luminosity of

∫
Ldt = 1040 cm−2 and a

rapidity interval of Δy = 2, there will be 1016 MIPs passing through the detector.
Nonetheless, with NTDs, we will still be able to pick out the signal from one
monopole.

• Solid angle coverage: It is relatively easy to cover the full solid angle with stacks
of NTDs.

• Trigger: As NTDs are always sensitive to monopoles and yet insensitive to nor-
mal hadronic events, no trigger is necessary (nor possible) with these devices.
This is very useful in the search for very heavy stable particles whose time of
flight to, say, the muon counters of an LHC experiment could exceed the trigger
time allocated for each beam crossing.

• Monopole Properties: The measurement of the detailed shape of the conical etch
pit produced on each side of the plastic or glass sheet gives information on the
particle trajectory as well as the equivalent Z/beta. In a multi-sheet stack detec-
tor, the position and direction information from individual pits can be combined
to give a very precise trajectory and the Z/β values can be used to determine the
change in ionization energy loss as the particle looses energy passing through the
detector ( dE/dx should increase for electrically charged particles but decrease for
a monopole). Showing that the candidate track comes from the interaction region
and has consistent dE/dx values will be important checks.

• Radiation Resistance: The radiation resistance of track-etch detectors is exam-
ined in reference [32]. CR-39 is the most sensitive being able to stand a dose of
around 2 MRads, Lexan/Makrofol can withstand around 200 MRads and UG-5
around a GigaRad. Thus NTDs are relatively radiation hard. Moreover, as the
material is inexpensive, compared to usual electronic detector technology, it can
be replaced when necessary.

• Cost: Both the cost of the mechanical structure required to hold the plastic NTD
stacks and the plastic NTD themselves cost very little when compared to the
electronic detectors designed to do the same job with the same coverage.
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Radiative Kaon Decays and ChPT Test
with the NA48/2 Experiment at CERN

G. Ruggiero

Abstract The NA48/2 experiment at CERN SPS carried out data taking in 2003 and
2004. The analysis of selected data samples of K± → π±γγ , K± → π±e+e−γ , K± →
π±e+e−, and K± → π±μ+μ− allowed precise tests of the ChPT theory predictions.

Keywords: Radiative kaon decay, NA48/2 Experiment, CERN SPS, non leptonic
decays, chiral perturbation theory, Standard Model

1 Introduction

The non leptonic radiative kaon decays offer the possibility to study the structure
of the weak interactions at low energies and to test the predictions of the Chiral
Perturbation Theory (ChPT). The current paper summarizes the analysis on K± →
π±γγ , K± → π±e+e−γ , K± → π±e+e− and K± → π±μ+μ− performed by the
NA48/2 experiment at CERN SPS.

All the above mentioned decays are flavour changing neutral current processes
which arise at one loop level in the Standard Model. In the framework of the
ChPT theory, their decay rates have been computed at the leading O(p4) and next-
to-leading order O(p6). The K± → π±γγ [1, 2] and K± → π±e+e−γ [3] decay
rates turn out to depend on theoretically unknown weak couplings, which mainly
affect the γγ invariant mass spectrum. Before the NA48/2 experiment only few
K± → π±γγ candidates were observed [4], while the K± → π±e+e−γ decay was not
observed at all. The decay rate of the K± → π±l+l− (l = e,μ) [5,6] depends on form
factors which affect the l+l− invariant mass spectrum. Before NA48/2 the K± →
π±e+e− has been studied experimentally at CERN [7] and at BNL by the E777 [8]
and E865 [9] experiments; the K± → π±μ+μ− decay has been observed at BNL by
the E787 [10] and E865 [11] experiments and by the HyperCP experiment [12].
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This paper is organized as follows: in section 2 a description of the NA48/2 de-
tector is given. Section 3 describes the analysis of the K± → π±γγ decay. Section 4
presents the final published results about the K± → π±e+e−γ decay [13]. Section 5
summarizes the status of the analysis of the K± → π±e+e− and K± → π±μ+μ−

decays.

2 The NA48/2 experiment

The NA48/2 was a fixed target experiment located at CERN. A primary proton beam
of 400 GeV/c momentum, extracted from the SPS accelerator, impinged with zero
angle on a beryllium target and produced a secondary charged beam. About 5–6%
of all the charged particles in the secondary beam were K±. The secondary beam
was transported along a 100 m long beam line, depicted in Fig. 1.

The front-end achromat made by four dipoles and two collimators (tax 17 and
18) split the positive and negative particles in the vertical plane, selected the parti-
cles with momentum of (60± 3) GeV/c and recombined them on a common axis.
Then the secondary beam passed through a set of defining collimators, focusing
quadrupoles and through three stations forming a spectrometer (KABES1-3). Fi-
nally the beam entered in a decay volume, housed in a 100 m long vacuum tank
with a diameter increasing from 1.9 m to 2.4 m.

With a primary beam intensity of about 7× 1011 protons per SPS spill of 4.8 s
duration, the positive (negative) beam flux at the entrance of the decay volume was
3.8×107 (2.6×107) particles per pulse. The K+/K− flux ratio was about 1.8. The
fraction of kaons decaying in the decay volume was about 22%.

The detector was designed to see the charged and neutral products of the kaons
decaying in the vacuum region. A magnetic spectrometer tracked the charged parti-
cles. It was housed in a tank containing He and separated from the vacuum region
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Fig. 1 Schematic lateral view of the NA48/2 beam line, decay volume and detector. The vertical
scales are different in the two parts of the figure
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by a Kevlar window, 0.31% X0 thick. An aluminium beam pipe of 16 cm diameter
with vacuum inside, traversed the spectrometer and allowed the not decayed beam
particles to pass through, without touching the sensitive detector volume. The spec-
trometer consisted of four drift chambers (DCH1-4) separated by a dipole magnet,
which gave to the charged particles an horizontal transverse momentum kick of 120
MeV/c. The spatial resolution of the spectrometer was about 90 μm in the x and y
coordinates and the momentum resolution was σp/p = (1.02⊕ 0.044× p)% (p in
GeV/c).

An hodoscope (HOD), made by two planes of 64 plastic scintillator slabs each,
followed the magnetic spectrometer. It provided the time reference for the other
detectors and the main trigger for the events with charged particles.

An electromagnetic calorimeter (LKr), placed after the hodoscope, was used for
photon detection and particle identification. It was a quasi-homogeneous calorime-
ter with liquid kripton as active material. A system of Cu-Be ribbons electrodes
allowed the collection of the ionization signal. In total 13,248 projective cells
segmented the active volume transversally to the beam axis. The total length of
the detector corresponded to about 27 X0. The measured energy resolution was
σ(E)/E = 0.032/

√
(E)⊕0.09/E ⊕0.0042 (E in GeV).

An hadronic calorimeter (HAC) and a muon detector (MUV) followed the elec-
tromagnetic calorimeter.

A detailed description of the NA48/2 detectors can be found elsewhere [14].
The NA48/2 experiment took data in 2003 and 2004. About 18× 109 triggers

were recorded in total. Its main goal was the study of the direct CP violation in the
K± → 3π [15]. The high statistics collected, however, made this experiment well
suited to study also rare decays.

A detailed GEANT-based Monte Carlo simulation [16] was employed to simulate
the detector response. Radiative corrections to kaon decays were applied using the
PHOTOS package [17].

3 K± → π±γγ analysis

The decay rate of the K± → π±γγ can be written as [2]:

∂ 2Γ
∂y∂ z

=
mK±

(8π)3

[

z2(|A+B|2 + |C|2)+
(

y2 − 1
4
λ (1,r2

π ,z)
)2

(|B|2 + |D|2)
]

(1)

Here y = p ·(q1−q2)/m2
K and z = (q1−q2)2/m2

K where p,q1,2 are the four-momenta
of the kaon and the two photons, respectively. The parameter rπ = mπ/mK and the
explicit form of the functions A, B, C, D and λ (1,r2

π ,z) can be found in [2]. At
the order O(p4) in ChPT A = A(z, ĉ), where ĉ depends on several strong and weak
coupling constants. It is expected of O(1), but is largely unknown. ChPT predicts a
cusp-like behaviour of the mγγ spectrum at the ππ threshold, independently on the
value of ĉ. This parameter, however, has an impact on the shape of the γγ spectrum.
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It also affects the branching ratio, which, at O(p4), is (5.26 + 1.64 · ĉ + 0.32 · ĉ2 +
0.49)× 10−7. The function C depends on z and is about 10% of A, while B and D
are zero. At O(p6) unitarity corrections [2] are at work and increase the branching
ratio of 30-40%, depending on ĉ. At this order D can be still neglected, but not B
which depends on both y and z like A.

The experimental analysis of K± → π±γγ implies the measurement of the
branching ratio and the extraction of ĉ from the shape of the γγ invariant mass
spectrum.

The NA48/2 experiment measured the rate of K± → π±γγ relatively to the
K± → π±π0 normalization channel using data taken in 2003 and 2004. The fol-
lowing preliminary results refer to the analysis of 40% of the total sample. The
signal and the normalization channels had identical particle composition of the final
states. The signature in both cases was one track and two photons. The trigger of the
data used for this analysis involved a minimal requirement of energy deposition in
the LKr and kinematic cuts on spectrometer variables reconstructed on-line using a
dedicated PC-farm.

The basic requirements at the analysis level were: one track reconstructed in
the spectrometer and two photons not associated to the track in the LKr. The track
had to pass through the geometrical acceptance of the detector and to cross the line
connecting the beginning of the decay region and the position of the center of gravity
computed at the LKr, with a distance of closest approach less than 2 cm. In order to
be a pion, the track had to release the in the LKr less than 80% of its energy, which
was known from the track momentum measured in the spectrometer. The photons
had to be in time with the track. Cuts on kinematic variables, like the γγ invariant
mass distinguished among the signal and normalization channel. These cuts rejected
also the backgrounds of the signal due to decays with lost or overlapping photons
in the LKr or with accidental photons. The cut mγγ > 0.2 GeV/c2 defined the signal
region.

In total 1,164 K± → π±γγ had been selected with a background of about 3.3%,
mainly due to K± → π±π0γ events, as estimated from Monte Carlo simulations.
For comparison, 31 candidates were used in the previous measurement [4]. The
normalization channel contained about 6×106 events corresponding to about 2.06×
1010 kaon flux.

The reconstructed γγ invariant mass in the accessible kinematic region is pre-
sented in Fig. 2, along with a Monte Carlo expectation, assuming ChPT O(p6) dis-
tribution with ĉ = 2. The observed spectrum provides the first clean experimental
evidence for the cusp-like shape of mγγ .

The partial width of the decay was measured using the Monte Carlo simulation to
compute the signal acceptance. Suitable control samples collected during the data
taking allowed a precise measurement of the trigger efficiency. The background
subtraction procedure made use of the Monte Carlo simulation. The preliminary
result for the branching ratio was:

BR = (1.07±0.04stat ±0.08syst)×10−6. (2)
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Fig. 2 Invariant γγ mass of K± → π±γγ events; data (dots) and Monte Carlo expectation assuming
ChPT O(p6) and ĉ = 2 (filled area)

The main contribution to the systematic uncertainty came from the overlap of pion
and photon clusters in the LKr and from the measurement of the trigger efficiency.
The above result depended on the value of ĉ used in the simulation through the
acceptance correction. A combined fit of the mγγ spectrum shape and decay rate is
foreseen to measure ĉ.

4 K± → π±e+e−γ analysis

The theoretical description of the K± → π±e+e−γ [3] is close to the K± → π±γγ
one, shortly summarized in section 3. The first non trivial order in ChPT is the
O(p4), which predicts a cusp-like behaviour of the mγγ spectrum at the ππ thresh-
old. The overall shape of the spectrum, instead, depends on the largely unknown
parameter ĉ. The O(p6) corrections account for about 40% of the total branching
ratio. The ChPT prediction for the branching ratio is 0.92÷1.7×10−8, depending
on the value of ĉ.

The NA48/2 experiment measured the branching ratio of K± → π±e+e−γ rel-
atively to K± → π±π0

D (here π0
D means π0 → γe+e−) and the ĉ parameter. The

signal and the normalization channels had identical particle composition of the final
states. The signature in both cases was three tracks and one photon. This analysis
made used of the data collected with the main trigger of the 2003 and 2004 runs,
optimized for events with three charged particles in the final state [15].

At the analysis level each event had to have at least one combination of three
tracks with a total charge of ±1 and one cluster in the LKr not associated with
any track. The three tracks had to pass through the geometrical acceptance of the
detectors and come from the same decay vertex. One of them had to be recognized as
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a pion using the same technique described in section 3. The other two tracks had to
be compatible with an electron hypothesis. As a consequence a track was required to
release more than 94% of its energy in the LKr. Backgrounds from decays with more
than one photon were rejected by cutting events with other unassociated clusters in
time with the tracks. In order to select signal events cuts on kinematic variables, like
meeγ and mπeeγ were used to suppress backgrounds due to K± decays with a π0

D in
the final state. A cut on the maximum angle between the photon and the electrons
allowed the rejection of K± → π±e+e− with a γ internally or externally radiated.
The cut me+e−γ > 260 MeV/c2 defined the signal region.

In total 120 events had been observed with a background of about 6%, as esti-
mated from Monte Carlo. This is the first observation of such a decay mode. The
normalization channel contained about 13×106 events corresponding to about 1.5×
1011 kaon flux. Here the branching fraction of the normalization was BR(K± →
π±π0

D) = (2.51±0.07)×1011 [12].
The reconstructed γγ invariant mass in the accessible kinematic region is pre-

sented in Fig. 3 along with a fit assuming ChPT O(p4) distribution. A model inde-
pendent branching ratio was measured in bins of me+e−γ . The computation of the
acceptance and the subtraction of the background made use of the Monte Carlo
simulation. The result was:

BR(meeγ > 260 MeV/c2) = (1.19±0.12stat ±0.04syst)×10−8. (3)

The main uncertainty on systematics came from the background subtraction pro-
cedure and the branching ratio of the normalization channel. A least squared fit
to meeγ gave ĉ = 0.90 ± 0.45. This number is compatible with the only existing
measurement of ĉ, which is 1.8± 0.6, obtained from the analysis of K± → π±γγ
decays [4].
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Fig. 3 Distribution of me+e−γ in the kinematic accessible region for the selected K± → π±e+e−γ;
best fit of the distribution using ĉ as a free parameter and the O(p4) theoretical description (solid
line); theoretical predication with ĉ = 1.8 (dotted line)
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5 The K± → π±l+l− analysis

The decay rate of the K± → π±l+l−, with l = e,μ , is [6]:

dΓ
dz

=
α2mK

12π(4π)4 λ
3/2(1,z,r2

π)

√

1−4
r2

l
z

(
1+2

r2
l
z

)
|W (z)|2, (4)

where z = (ml/mK)2, rl = ml/mK , rπ = mπ/mK and λ (a,b,c) = a2 + b2 + c2 −
2ab− 2ac− 2bc. The distribution of the angle θπe between π and e+ in the e+e−

rest frame is proportional to sin2 θπe and is not sensitive to W (z).
The following parametrization W (z) are considered:

1. Linear: W (z) = GF m2
K f0(1+δ z), with the free parameters δ and f0

2. ChPT: W (z) = GF m2
K(a+ + b+z)+Wππ(z), with free parameters a+, b+ and an

explicit calculated pion loop term W ππ(z) [6]
3. A Dubna version of ChPT: W (z) ≡W (Ma,Mρ ,z), with the resonance masses Ma

and Mρ treated as free parameters [19]

These form factors are predicted equal for electron and muons.
The experimental analysis of K± → π±l+l− aimed to measure the branching

ratio and the form factors both for the electron and muon channel.

5.1 K± → π±e+e−

The NA48/2 experiment measured preliminarily the rate of K± → π±e+e− rela-
tively to the K± → π±π0

D normalization channel using data from 2003 and 2004.
The final states of the two decay modes contained the same charged particles. This
allowed a first order cancellation of the systematics coming from the particle iden-
tification inefficiencies. The data used in this analysis had been recorded with the
main trigger of the 2003 and 2004 run.

In both the signal and normalization events selection, three tracks reconstructed
in the spectrometer and coming from a common vertex were required. These tracks
had to pass through the geometrical detector acceptance. One track had to be com-
patible with the pion hypothesis and the others with the electron hypothesis, as de-
scribed in Section 4. Cuts on the total momentum, on the transverse momentum
with respect to the beam trajectory and on the π±e+e− invariant mass, were ap-
plied to select the K± → π±e+e− events. Finally the kinematic cut z < 0.08 allowed
the suppression of the K± → π±π0

D and K± → π±π0
DD backgrounds (π0

DD means
π0 → e+e−e+e−). This cut corresponded to mee > 140 MeV/c2. The presence of a
cluster in the LKr not associated to the track and such that meeγ was compatible with
mπ0 , tagged the K± → π±π0

D events.
In total 7,146 K± → π±e+e− candidates (Fig. 4 left) had been selected with a

background of 0.6% mainly due to kaon decays with particles mis-identified (i.e.
e± identified as π± and vice versa). The background was estimated selecting the
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Fig. 4 Left: Reconstructed spectrum of K± → π±e+e− invariant mass; data (dots) and Monte
Carlo simulation (filled area). Right: Measured dΓ /dz and the results of fits according to the con-
sidered models (see text)

strongly suppressed lepton number violating decay K± → π∓e±e∓. This method
was cross checked with the Monte Carlo simulation. About 12.2×106 K± → π±π0

D
events were selected, corresponding to about 1.7× 1011 kaon flux. The branching
fraction of the normalization was BR(K± → π±π0

D) = BR(K± → π±π0) ·BR(π0)
with BR(K± → π±π0

D) = (20.64±0.08)% [20] and BR(π0
D) from [12].

The partial decay rate dΓ /dz was measured using the Monte Carlo simulation
to account for signal acceptance, the data to subtract the background and the data
recorded with control triggers to correct for trigger efficiency. The preliminary re-
sult is shown in Fig. 4 right. The model independent branching ratio, related to the
accessible kinematic region, was:

BR(z > 0.08) = (2.26±0.03stat ±0.03syst ±0.06ext)×10−7. (5)

The form factors were extracted by performing a fit to the dΓ /dz spectrum. Table 1
summarizes the preliminary results. The systematic uncertainties came from par-
ticle identification, beam simulation, background subtraction, radiative corrections
and trigger efficiency measurement. The external uncertainty came from the errors
on the PDG values used. The statistics collected was not sufficient to distinguish
between the models considered. The obtained form factor slope δ is in agreement
with the previous measurements based on K± → π±e+e− [8,9] and K± → π±μ+μ−

[11,12] samples. It also confirms the contradiction of the data with the meson dom-
inance models [21]. The f0, a+ and b+ parameters are in agreement with the only
previous measurements [9]. The parameters Ma and Mρ are a few persentage away
from the nominal masses of the resonances [12].

The branching ratio in the full kinematic range was computed for each of the
considered form factor parameterizations. The preliminary average branching ratio
in the full kinematic region was:
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Table 1 Results of fits to the three considered models for the extraction of the form factors of the
K± → π±e+e− decay

δ = 2.35 ± 0.15stat. ± 0.09syst. ± 0.00ext. = 2.35 ± 0.18
f0 = 0.532 ± 0.012stat. ± 0.008syst. ± 0.007ext. = 0.532 ± 0.016
BR1 ×107 = 3.02 ± 0.04stat. ± 0.04syst. ± 0.08ext. = 3.02 ± 0.10

a+ = −0.579 ± 0.012stat. ± 0.008syst. ± 0.007ext. = −0.579 ± 0.016
b+ = −0.798 ± 0.053stat. ± 0.037syst. ± 0.017ext. = −0.798 ± 0.067
BR2 ×107 = 3.11 ± 0.04stat. ± 0.04syst. ± 0.08ext. = 3.11 ± 0.10

Ma/GeV = 0.965 ± 0.028stat. ± 0.018syst. ± 0.002ext. = 0.965 ± 0.033
Mρ/GeV = 0.711 ± 0.010stat. ± 0.007syst. ± 0.002ext. = 0.711 ± 0.013
BR3 ×107 = 3.15 ± 0.04stat. ± 0.04syst. ± 0.08ext. = 3.15 ± 0.10

BRmi ×107 = 2.26 ± 0.03stat. ± 0.03syst. ± 0.06ext. = 2.26 ± 0.08

BR = (3.08±0.04stat ±0.04syst ±0.08ext ±0.07model)×10−7, (6)

where the model error came from the difference between the various parameteriza-
tions. A comparison to the precise BNL E865 measurement dismissing correlated
uncertainties due to external branching ratios and model dependence, and using the
same external input, showed a 1.4σ difference [9].

Finally a preliminary measurement of the direct CP violating asymmetry of K+

and K− gave:

(BR+ −BR−)/(BR+ +BR−) = (−2.1±1.5stat ±0.3syst)%. (7)

Its precision, however, is far from the 10−5 theoretical expectation [6].

5.2 Status of the K± → π±μ+μ− analysis

Less than 800 events exist in the world up to now[10–12]. The agreement on the
various branching ratio measurements reported by PDG is poor. The form factors
measured using the linear parametrization, however, are in agreement with the ones
extracted from the K± → π±e+e− decay.

The NA48/2 experiment could select K+ → π±μ+μ− events using the 2003 and
2004 data. The selection was similar to the one applied for the electron channel. In
the present case, however, muons were identified using the Muon Veto detector. Up
to now the analysis is still in a preliminary stage. Few thousands of signal events
had been selected (Fig. 5) with a background of the order of 1%, mainly due to
K± → π±π+π− decays with two pions decaying. The extraction of the form factors
and the measurement of the branching ratio are foreseen.
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New results for K+ → π+νν̄ at low π+

Momentum from BNL E949

A. Shaykhiev, for E949 Collaboration

Abstract The BNL E949 experiment was a successor to BNL E787 and was
aimed to measure the branching ratio of the K+ → π+νν̄ decay. After detector
upgrades were made, data equivalent to 1.7 × 1012 K+ decays at rest were col-
lected in a 2002 physics run. The data were analyzed via a blind analysis with
a technique called the “Bifurcation Method”. In this report we present the results
of a search for K+ → π+νν̄ in the pion momentum region below K+ → π+π0

peak. Three new candidate events were observed with an estimated background
of 0.93± 0.17+0.32

−0.24 events. Combining these observation with previously reported
results yields a branching ratio of BR(K+ → π+νν̄) = (1.73+1.15

−1.05)×10−10 consis-
tent with the standard model prediction.

Keywords: BNL, E949 Experiment, branching ratio, K+ decay, blind analysis,
Bifurcation Method, Standard Model

1 Introduction

The Standard Model (SM) in particle physics has accounted for almost all particles
and their processes have observed.

CP violation was discovered in the middle of the 1960s and reasonable explana-
tions for the mechanism of CP violation have been explored for years. Kobayashi
and Maskawa explained CP violation by introducing 3×3 unitary matrix with imag-
inary phase. The unitary matrix has four independent parameters, which in the
Wolfenstein parameterization are A, λ , ρ and η . In terms of these parameters, the
Cabbibo-Kobayashi-Maskawa (CKM) matrix can be written as
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Fig. 1 Unitary triangle in the
ρ–η plane
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CP invariance of the Lagrangian for weak interaction is violated when the CKM
matrix is a complex one. The parameter η describes CP violation in the SM. One of
the most important goals of experimental physics is to determine the CKM matrix
elements.

All of direct and indirect information concerning the CKM matrix elements
can be summarized in terms of “unitary triangles”. Applying the unitary property
V †V = 1 to the CKM matrix in (1) implies

V ∗
ubVud +V ∗

cbVcd +V ∗
tbVtd V ∗

ub −λV ∗
cb +Vtd = 0, (2)

where the approximations Vud V ∗
tb  1 and Vcd −λ have been made. This equa-

tion is represented graphically in Fig. 1.
Powerful tests of our understanding of CP violation and quark mixing will come

from comparisons of the results from B meson and kaon decays:

• A comparison of angle β from the ratio BR(K0
L → π0νν̄)/BR(K+ → π+νν̄) and

from CP violation asymmetry in the decay B0
d → J/ψK0

s
• A better determination of |Vtd | from K+ → π+νν̄ and from the mixing frequen-

cies of Bs and Bd mesons will provide sensitive test of the SM and probe new
physics.

1.1 Physics beyond the SM

Among the many rare kaon and B meson decays, the K → πνν̄ modes are unique
since their SM branching ratios can be computed to an exceptionally high degree
of precision, not matched by any flavour-changing neutral current process involving
quarks. A possible discrepancy between the measured branching ratio and the SM
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Table 1 Previous results of the search for K+ → π+νν̄

π+momentum (MeV/c) (211,229) (140,199)
Years 1995–98(E787) and 2002(E949) 1996–97(E787)
Stopped K+ 7.7×1012 1.7×1012

Candidates 3 1
BR(K+ → π+νν̄) (1.47+1.30

−0.89)×10−10 (68% CL) < 22×10−10 (90% CL)

prediction would indicate the existence of new physics beyond the SM. For the
K+ → π+νν̄ decay SM branching ratio is (0.85±0.07)×10−10 [8].

Several SM extensions to new physics would affect the K+ → π+νν̄ branching
ratio. For example, in the “Minimal Flavor Violation” model, where the origin of
CP violation and quark mixing comes from the CKM matrix, as in the SM, the
K+ → π+νν̄ branching ratio is allowed to be as large as 1.9×10−10 [9].

1.2 Previous results of the search for K+ → π+νν̄

A detailed history of the search for K+ → π+νν̄ can be found in [3]. The first
attempt to measure this decay was a heavy liquid bubble chamber experiment [10]
at the Argonne Zero Gradient Synchrotron. The result of this experiment was a
90% CL upper limit on the branching ratio of 5.7× 10−5. About a decade later
an experiment at KEK Proton Synchrotron improved the limit to 1.4× 10−7 [7].
Previous results for BNL E787/E949 are summarized in Table 1.

2 Experiment BNL E949

The experimental signature of the K+ → π+νν̄ decay is a single pion track and no
other particle from a K+ decay, because two neutrinos in the final state cannot be
detected in the apparatus. K+ → π+νν̄ is a three-body decay and the pion has the
momentum Pπ < 227 MeV/c.

2.1 The E949 detector

The K+ beam is produced by a high-intensity proton beam from the Alternating
Gradient Synchrotron (AGS) at Brookhaven National Laboratory (BNL). Protons
are accelerated to a momentum of 21.5 GeV/c and hit the platinum target.

Incoming ∼710 MeV/c kaons with 3/1 K+/π+ ratio are identified by Čerenkov
counter and two proportional wire chambers then slowed down by an inactive de-
grader and an active degrader (AD), passing through a beam hodoscope and stop-
ping in the scintillating fiber target as shown schematically in Fig. 2.
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Fig. 2 Schematic side (a)
and end (b) views of the
upper half of the E949 de-
tector. An incoming kaon is
shown traversing the beam
instrumentation stopping in
the target and decaying to
π+π0. The outgoing charged
pion and one photon from
π0 → γγ decay are illustrated.
Elements of the detector are
described in the text

The Čerenkov light from kaons and pions is unreflected and reflected at the in-
ner surface of the radiator, respectively. The light from a kaon exits the radiator
and is reflected by a parabolic mirror to the outer ring of 14 photomultiplier (PMT)
tubes, while that from pion is internally reflected within the radiator and detected
in the inner ring of 14 PMTs. Behind the Čerenkov counter, two beam wire cham-
bers (BWPCs) are located. BWPCs allow to monitor beam profile and to identify
multiple incoming particles. Downstream of BWPCs cylindrical degraders are lo-
cated for slowing down the kaons so that come to rest in the center of the target. The
inactive degrader is made of 11.1 cm long BeO and 4.76 mm Lucite. The AD con-
sists of 40 layers of 2 mm thick scintillator disks (139 mm diameter) alternating with
2 mm thick copper disks (136 mm diameter). The AD is split into 12 azimuthal seg-
ments. The scintillation lights in the each segment are sent to a single PMT through
wavelength shifting fibers and read out by ADCs, TDCs and CCDs. Using this in-
formation the AD allows to identify the beam particles and to detect the activities
coincident with kaon decays. After passing through the degraders, just in front of
the target, a beam hodoscope (B4) detects the incoming particle and identifies it as
a kaon by measuring the energy deposit.

The target consists of 413 5 mm square and 3.1 m long plastic scintillating
fiber that are bundled to form 12 cm diameter cylinder. A number of smaller
fibers (“edge” fibers) fill in the gaps near the outer edge of the target. Each 5 mm
fibers is connected to a PMT, whereas the edge fibers are grouped into 12 and each
group of the edge fibers is connected to a single PMT. The PMTs are read out by
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ADCs, TDCs and CCDs. The fiducial region of the target is defined by two layers
of 6 plastic-scintillating counters that surround the target. The inner counters (IC)
tag decay products for a trigger before they enter the drift chamber. The outer
counters (VC) overlap the downstream edge of the IC by 6 mm and serve to detect
particles that decay downstream of the fiducial region.

The drift chamber, called “Ultra Thin Chamber” (UTC), is located just outside
of the IC. The whole E949 spectrometer is in a 1 Tesla magnetic field. Positively
charged particles are bent clockwise in view from downstream. The primary func-
tions of UTC are momentum measurement of charged particles and to provide a
matching between the tracks in the target and in the range stack. The UTC consists
of 3 superlayers. Each superlayer contains four layers of axial anode wires that pro-
vide xy position information between two cathode foil strips that provide z position
information. The UTC has a length of 51 cm and inner and outer radii of 7.85 cm
and 43.31 cm, respectively.

The range stack (RS) is located just outside the UTC at an inner radius of
45.08 cm and an outer radius of 84.67 cm. It consists of 19 layers of plastic scin-
tillators azimuthally segmented into 24 sectors (Fig. 2). The scintillators of layers
2–18 have a thickness of 1.905 cm and a length of 182 cm. The scintillators of
19 layer have a thickness of 1 cm and are mainly used to veto charged particles with
long range by requiring that they do not reach the 19 layer. The innermost counters,
called T-counters, serve to define the fiducial volume for kaon decay products. The
scintillation light is led by light guides to PMTs. Each PMT of RS counters is read
out by an ADC and a TDC. The primary functions of the RS are energy and range
measurements of charged particles and their identification.

The detection of any activities coincident with the charged track is very important
for suppressing the backgrounds for K+ → π+νν̄ decay. Photons from Kπ2 and
other radiative decays are detected by hermetic photons detectors with 4π solid
angle coverage. Photon veto is performed by the Barrel Veto (BV), the Barrel Veto
Linear (BVL), the upstream and downstream End Caps (ECs), the upstream and
downstream Collar detectors (CO), the downstream Microcollar detector (MC), as
well as the target and RS. The BV and BVL with a thickness of 14.3 and 2.29
radiation lengths (r.l.) at normal incidence, respectively, provide photon detection
over 2/3 of 4π solid angle. The photon detection over the remaining 1/3 of 4π solid
angle is provided by the other calorimeters in the region from ≈ 10◦ to 45◦ of the
beam axis with a total thickness from 7 to 15 r.l.

More detail description of the E949 experiment may be found in [3].

3 Data analysis

Identification of K+ → π+νν̄ decays relies on detection of an incoming kaon, its
decay at rest and an outgoing pion with no coincident detector activity. All other
kaon decay modes could be sources of background. There are two kinematic re-
gions to search for K+ → π+νν̄ called πνν̄(1) and πνν̄(2) that lie above and
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Fig. 3 Momentum spectra
of charged particles from
K+ decay in the rest frame.
The values in the parentheses
represent the branching ratios
for their decay modes. The
hatched spectrum shows
pion momentum in K+ →
π+νν̄ decay assuming V −A
interaction
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below K+ → π+π0 (Kπ2) peak, respectively (Figure 3). Searches in the πνν̄(1)
region have been more sensitive to the K+ → π+νν̄ decay due the ability to sup-
press background in the πνν̄(1) region.

3.1 Analysis strategy

Since the predicted branching ratio for K+ → π+νν̄ in the SM is at 10−10, the
backgrounds should be suppressed to the level of 10−11. This large suppression of
the backgrounds makes a reliable estimation of the backgrounds in the signal re-
gion difficult, because any measurement involving low statistics could be subject to
large statistical fluctuations. To find the candidate events we used a “blind” analy-
sis. That is, background sources are identified a priori and a signal region is masked
out until the selection criteria (cuts) development and the background estimation
are finalized. For a background study the real data are divided into two portions: a
uniformly sampled one-third portion of the whole data is used to develop the cuts,
and the remaining two-third portion is used to measure the final background levels.
The bifurcation method is used for the background estimation. The estimation is
performed with two uncorrelated cuts or groups of cuts, which are independently
inverted to enhance of statistics. This method is shown in Fig. 4. The number of
background events in the signal region is A events. If the two cuts are uncorrelated,
that is, if the rejection of a cut does not depend on the rejection of the other cut, the
ratio of the number of background events in region “A” to region “B” must be equal
to the ratio in region “C” to region “D”. Therefore number of background events in
the signal region is A = BC/D.
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Fig. 4 Schematic of bifurca-
tion method. The background
level in signal region can be
estimated from the numbers
of events observed in the other
regions

4 Backgrounds: Suppression and estimation

4.1 Overview

Figure 5 shows the range in a plastic scintillator versus the momentum of charged
particles for the events that pass the Kπ2 trigger [3]. There are various sources of
background in this figure. Events in the Kπ2 peak due to π+ track from K+ → π+π0

decays with a momentum of 205 MeV/c, an energy of 108 MeV and a range of
30 cm. Events in the Kμ2 peak due to μ+ track from K+ → μ+νμ decays with a
momentum of 236 MeV/c, an energy of 153 MeV and a range of 55 cm. Both events
in the Kπ2 range tail and events in the Kμ2 range tail have ranges smaller than that
expected from these decays, due to elastic (inelastic) scattering in the RS. Events in
the muon band are due to multibody decays, such as K+ → μ+νμγ (radiative Kμ2 or
Kμνγ ) and K+ → μ+π0νμ (Kμ3), π+ decay in flight in the target and the Kμ2 decay
with inelastic scattering in the target. Events in the pion band are due to pions in the
beam that scatter into the RS.

4.2 Kπ2(γ) background

The Kπ2(γ) background consists of three components: Kπ2-target scatter, Kπ2-range
stack scatter and K+ → π+π0γ decay (Kπ2γ ). If photons from π0 decay were missed
and π+ lose energy due to scattering, then Kπ2 event appears in the signal region.
The positive pion from Kπ2γ decay is not monochromatic, therefore three final-state
photons should be miss for this type of event to be a background.

The main background for this analysis is Kπ2 decay in which the π+ travels along
the kaon fiber, loses energy and scatters in the target, while π0 travels parallel to
beam direction and photons from its decay are directed at upstream or downstream
ends of the detector where the photon veto is weakest. Two cuts used for suppres-
sion of this background were photon veto and target-scatter cuts. Pion scattering
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Fig. 5 Range in a plastic
scintillator and the momen-
tum of the charged particles
for events that pass the Kπ2
trigger

Fig. 6 Total kinetic energy of
the π− and e+ versus the π+

momentum for simulated Ke4
events passed the trigger

was identified by kinks in the pattern of target fibers attributed to pion, by tracks
that didn’t point back to the fiber containing the kaon decay, by energy deposits in-
consistent with an outgoing pion or by unexpected energy deposits at the time of the
pion in fibers traversed by the kaon. There is also a much smaller background due
to Kπ2-range stack scattering that is similarly identified by the energy deposits and
pattern of RS counters attributed to the track.

Kπ2γ background could not be distinguished from the larger Kπ2-scatter back-
ground based solely on the π+ track. The rejection of this background was calcu-
lated using a combination of simulated Kπ2 and Kπ2γ events and Kπ2 data events.

4.3 K+ → π+π−e+νe (Ke4) background

The branching ratio of the Ke4 decay is (4.09 ± 0.10)× 10−5 [12] and this pro-
cess forms a background when the π− and e+ have little kinetic energy and interact
in the target without leaving a detectable trace. Figure 6 shows the total kinetic



New results for K+ → π+νν̄ at low π+ Momentum from BNL E949 245

energy of the π− and e+ versus the π+ momentum for simulated Ke4 events passed
the trigger. For these low kinetic energy events the distribution of the π+ momen-
tum concentrates around 160 MeV/c which is in the range of the πνν̄(2) signal
region (140 MeV< Pπ < 199 MeV). Due to low statistics and contamination by
the other types of background it was not possible to make a purely data-based back-
ground sample for bifurcation analysis. So both data and simulated Ke4 data were
used to estimate this background. Positron interaction are well-modeled in EGS4-
based simulation and the π− energy deposition spectrum in scintillator measured
previously in E787 [5] was used to model π− absorption. To isolate Ke4 sample the
target pattern recognition was used. The simulated Ke4 data supplemented by the π−
energy deposition spectrum in scintillator were used to estimate the rejection power
of the target pattern recognition.

4.4 Charge exchange background

Interaction of incoming kaon in the target K+n → K0 p can be a source of back-
ground when the K0 decays as K0

S or K0
L . The time condition requirement effectively

removes any contribution from short-lived K0
S (τli f e = 0.1 ns). The semileptonic de-

cays K0
L → π+e−ν̄e and K0

L → π+μ−ν̄μ with branching ratio of 20% and 14%,
respectively, are the most likely sources of background of this type. The charge
exchange event has a gap between kaon and pion fibers in the target. It is therefore
suppressed by requiring no large gap between kaon and pion fibers. To identify these
gaps the target pattern recognition was used. This background is also suppressed by
the time condition requirement since K0

L that travels a short distance can be allowed
by requiring no large gap. Additional suppression is provided by detecting the neg-
ative lepton. It is not possible to isolate a sufficiently pure, statistically significant
sample of charge exchange events so the rejection power of the cuts was measured
with simulated data.

4.5 Muon background

The main kaon decay K+ → μ+νμ (63%) can be a background if the muon interacts
in the detector or is mis-reconstructed and misidentified as pion. K+ → μ+π0νμ and
K+ → μ+νμγ decays require two photons and one photon, respectively, must be
missed in order to be a background, also muon must be misidentified as pion. Muons
and pions have the different kinematic parameters (as shown in Fig. 5), therefore
one of two bifurcation cuts for suppression muon background is the π/μ range-
momentum separation and another one is π → μ → e decay chain identification.
This decay chain identification relies almost entirely on the analysis of the transient
digitizer data (TD cut). In this analysis TD cut was loosened compared to πνν̄(1)
analysis [3] to increase the acceptance since the muon background is very small and
continues to be much smaller than other background after loosening.
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4.6 Beam background

The non-K+ decay background contains three component: charge exchange inter-
action (section 4.4), Single Beam and Double Beam backgrounds.

The Single Beam background appears from single entering beam particle. If a
pion in the beam scatters in the target and the enters the fiducial region of the de-
tector, the event fakes the K+ → π+νν̄ signal. The scattered pion leaves the target
immediately after entering the target. This type beam background is suppressed by
imposing the delayed coincidence. It is also suppressed by kaon identification in the
Čerenkov counter and the beam hodoscope.

The Double Beam background can be categorized into two: kaon-kaon entering
and kaon-pion entering cases. In the kaon-kaon entering case the first kaon enters
and stops the target, and the second kaon entering the target decays-in-flight to π+

and the π+ enters the fiducial region of the detector. The kaon-pion case is the same
as the kaon-kaon case, except that the second pion scatters in the target and enters
the fiducial region to satisfy the kinematics of the signal. For both cases the Double
Beam background can imitate K+ → π+νν̄ signal, if the decay products from the
first kaon are missed and the second kaon or pion is not detected in the beam line
detectors. These backgrounds can be suppressed by looking for any extra activities
that are coincident with the charged track in the beam instrumentation, target and
range stack.

4.7 Background summary

The contribution of the each background component and the total background are
presented in Table 2.

Table 2 Summary of the estimated number of events in the signal region from each background
component for E787 and E949 πνν̄(2) analysis (1.73× 1012 and 1.77× 1012 stopped kaons, re-
spectively). In the third column the first value is the sum of Kπ2-target scatter and Kπ2-range stack
scatter events

Process Background events (E949) Background events (E787)

Kπ2-target scatter 0.619±0.150+0.067
−0.100

1.030±0.230
Kπ2-range stack scatter 0.030±0.005±0.004
Kπ2γ 0.076±0.007±0.006 0.033±0.004
Ke4 0.176±0.072+0.233

−0.124 0.052±0.041
Charge exchange 0.013±0.013+0.010

−0.003 0.024±0.017
Muon 0.011±0.011 0.016±0.011
Beam 0.001±0.001 0.066±0.045

Total 0.927±0.168+0.320
−0.237 1.22±0.24
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Fig. 7 The kinetic energy vs.
range of all candidate events
passing all other cuts. The
points near Eπ = 108 MeV are
Kπ2 that survive the photon
veto cuts and predominantly
from the πνν̄(1) analyses
due to the higher sensitivity
and the less stringent photon
veto cuts. No kinematic cuts
are applied to the simulated
K+ → π+νν̄ events (light
grey)

Compared to E787 πνν̄(2) analysis [2], our total background was decreased by
24% and total acceptance was increased by 63% thanks to improved background
rejection due to the upgrades of the AD and BV for E949. In addition the improved
knowledge of the background contributions allowed the signal region to be divided
into nine sub-regions, with relative signal-to-background levels differing by a factor
of 4, that were used in the likelihood method [11] to determine BR(K+ → π+νν̄).

5 Results

After completion of the background studies, the signal region was examined and
three candidates were found. The energy versus range for these observed candidates
is shown in Fig. 7 along with the results of previous E787 [1, 2] and E949 [3, 4]
analyses. From these three new candidates alone, BR(K+ → π+νν̄) = (7.89+9.26

−5.10)×
10−10 was calculated using the likelihood method [11]. The probability of these
three events to be due to background only is 3.7%. When combined with the results
of previous E787 and E949 analyses, BR(K+ → π+νν̄) = (1.73+1.15

−1.05)×10−10 was
measured [6]. The probability that seven candidate events were due to background
only is 0.1%. These observation imply a K+ → π+νν̄ branching ratio consistent
with SM prediction.

6 Conclusion

For many years physics beyond the Standard Model, or new physics, has been
searched for. There are two approaches: one is the direct search of new particles in
a very high-energy region; the other is the observation of any possible discrepancy
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between measured and predicted quantities in electroweak processes. The search for
the decay K+ → π+νν̄ is an attempt to utilize the latter of two approaches.

In 25 years of research with BNL E787 and E949, the search for K+ → π+νν̄
decays went from a limit on the branching ratio BR(K+ → π+νν̄) < 1.4×10−7 at
90% CL to a measurement of (1.73+1.15

−1.05)×10−10 that is twice as large as, but still
consistent with, the Standard Model expectation of (0.85 ± 0.07)×10−10.

There is a letter of intent for a stopped kaon decay experiment in Japan. And
analysis of E949/E787 for other K+ decay modes still continue.

Experiment NA62 (formerly NA48/3) at CERN was approved in 2007 and is in
preparation. The use of kaon decay-in-flight to measure K+ → π+νν̄ has not been
attempted before. NA62 aims to collect about 100 of such decays in two years of
data taking using 75 GeV/c beam.
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The sLHC and the ATLAS Detector

Chr. Zeitnitz

Abstract The LHC accelerator at CERN will collide protons at a centre-of-mass en-
ergy of 14 TeV. This will allow to discover a possible Standard Model Higgs–Boson,
establish Supersymmetry or new other physics beyond the Standard Model. The
physics up to a scale of approx. 1 TeV will be covered, but the precision measure-
ments of the properties of the discovered particles and/or processes will very likely
not be possible with the currently foreseen design luminosity of 1034 cm−2s−1.
An upgrade of the LHC, called sLHC, will allow to increase the luminosity by an
order of magnitude. The corresponding increase in statistics will allow to measure
some of the expected properties with a higher precision, but will impact the detector
performance substantially. This article describes some of the physics goals for the
sLHC and the environment the detector has to operate in. The impact on the detector
design is discussed as well as some of the currently foreseen solutions.

Keywords: LHC ATLAS upgrade sLHC calorimetry

1 Introduction

The proton–proton collider LHC at CERN will start its operation in 2009. The
design parameters are a centre-of-mass energy of 14 TeV and a luminosity of
1034 cm−2s−1, which are expected to be reached in 2010/11. The experiment AT-
LAS aims for a total amount of collected data of approx. 500 fb−1 for the period
up to 2015/16. These data will be sufficient to discover new particles like a Stan-
dard Model Higgs, new gauge bosons or establish Supersymmetry up to a scale of
1.5 TeV, but high precision measurements will not be possible. Current studies show,
that the couplings for a SM Higgs could be measured with a precision of 10−50%.

Chr. Zeitnitz
Bergische Universität Wuppertal, Gaussstrasse 20 D-42119 Wuppertal,
e-mail: zeitnitz@uni-wuppertal.de

V. Begun et al. (eds.), Progress in High-Energy Physics and Nuclear Safety, 249
© Springer Science+Business Media B.V. 2009



250 Chr. Zeitnitz

Higher precision or the measurement of CP-state and spin of newly discovered par-
ticles would require substantially more data. An upgrade of the LHC-accelerator,
called sLHC, is therefore planned for the year 2016/17 with the goal to increase the
luminosity by st least an order of magnitude to 1035 cm−2s−1. This would allow
to increase the reach for supersymmetric particles up to 2 TeV and would open the
door for other physics topics, like Flavour-Changing-Neutral-Currents in top-quark
decays, as well.

The upgrade of the LHC to higher luminosity will require an upgrade of a sub-
stantial part of CERNs accelerator complex (LINAC, PS, SPS), which will start
already during the next years.

At sLHC luminosities the particle flux, which the detectors have to cope with,
will increase substantially as well. The current detectors have not been designed to
perform well at these rates. In addition will the radiation increase for the electronics.
All this will make an upgrade of the detectors mandatory as well.

2 Current LHC upgrade plans

A luminosity upgrade of the LHC accelerator would require to re-build part of pre-
accelerator complex. The current plans are

2010-13 Construction of LINAC4
2012 Upgrade interaction regions, collimators and injectors of the LHC
2013 New LINAC4 starts operation
2012-16 Construction of new Low-Power superconducting proton linac (LP)SPL
2016 Modify SPS
2017 Ready for sLHC operation

The upgrade of the interaction regions and collimators of the LHC is already
required to reach the design luminosity. Additional studies are performed for an
energy upgrade of the LHC. Since this will require to increase the field in the dipole
magnets, these would need to be replaced.

3 Experimental environment

The high rate of underlying events at the sLHC luminosity (≈300) will lead to a
substantial increase in the radiation background (charged particles, neutrons and
gammas). Mainly effected are the tracking system (inner detector), the very forward
calorimeter, the muon system and a substantial fraction of the on-detector electron-
ics. The current ATLAS detector has not been built to cope with this level of radi-
ation and some detector components will no longer be operational or at least will
show a substantially reduced performance. Since the actual background level is cur-
rently not very well known, due to uncertainties in the background simulation, the
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Fig. 1 The expected neutron
flux at the sLHC luminosity in
the ATLAS detector simulated
with the FLUKA program by
I. Dawson. The interaction
point is located in the lower
left corner of the plot

detector has been built with a safety factor of 5–10 for most components. Figure 1
shows the expected neutron flux for the sLHC luminosity of 1035 cm−2s−1. In or-
der to validate the existing simulations of the background, multiple neutrons and
gamma sensors have been installed inside of the detector volume. This will allow to
estimate more precisely the lifetime of the electronics and the detector components
within the next 1 to 1.5 years.

For some components it is already now clear, that they will not be able to cope
with the high particle flux: the tracking detectors and the electromagnetic forward
calorimeter. For the first a complete replacement is planned for the sLHC operation
and the latter is currently studied in a high intensity proton beam at the Protvino
accelerator. The result of these tests will be valuable to understand the actual limits
of the current calorimeter technology utilized in the ATLAS experiment.

4 Upgrade of the ATLAS detector

The currently forseen upgrades for the sLHC operation consists of

• A complete replacement of the inner detector (tracking detectors)
• A modification of the forward calorimeter region (replacement or shielding)
• Design and construction of new front-end electronics for the inner detector and

the calorimeter
• Upgrade of the trigger system
• A modified beam pipe (beryllium) in order to minimize the background rate in

the forward muon chambers

The time slot foreseen for the upgrade in 2016/17 is planned to be 18 month long.
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4.1 Read-out electronics

The parameters of the sLHC (bunch crossing time and rate of underlying events)
makes it necessary to read-out a larger fraction of the detector. This is due to the
larger occupancy. An additional reason for the new electronics is the high radia-
tion background, which requires more radiation hard electronics to be used for the
on-detector components. For the currently designed new inner detector, which is
planned as a full silicon tracker, this electronics is directly integrated into the mod-
ule design (sensor, read-out and transmission). For the LAr-calorimeter read-out the
signals are supposed to be digitized in the front-end electronics, which requires all
data to be transmitted off the detector in order to allow for the triggering of the event.
This will require radiation hard optical transmission components for very high rates
to be available. The current electronics of the calorimeter is summing specific ana-
log channels to build trigger towers (≈7,200), which are fed into the trigger system.
An early digitization has to build the trigger sums after the data of all cells have been
transfered off the detector. This will require modifications in the triggering system
as well.

4.2 Inner detector

The inner detector of the current ATLAS experiment will need a modification al-
ready in the year 2012, when the inner layer will very likely show a seriously de-
graded performance due to radiation damage. The development of this new layer
(so-called b-layer) has already started.

For the sLHC operation the complete tracker has to be replaced. The currently
foreseen baseline design is shown in Fig. 2. It consists of multiple layers of silicon

Fig. 2 Current strawman
design of the full silicon inner
tracker
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pixel detectors for a high precision tracking and vertexing, followed by silicon strip
detectors for the outer layers.

In detail the current design consists of:

• Four layers of silicon pixel detectors
• Three layers of short silicon strips (≈25 mm long)
• Two layers of long silicon strips (≈100 mm long)

The total occupancy is supposed to be below 1%.
The development for the different components of a new inner detector has started:

• Radiation hard sensors
• Front-end electronics
• Data transmission components
• Powering schemes (parallel and serial)
• Carbon structures
• Cooling system

The goal is to build a radiation hard high resolution tracker, which requires as lit-
tle material as possible to minimize the energy loss and multiple scattering of the
charged particles in the tracking volume.

4.3 Forward calorimeters

The calorimeter of the ATLAS experiment utilizes, for most parts, liquid argon as
the active material. In a high charged particle flux environment the ionization rate
becomes high and a large amount of positive Ar-ions are produced. Due to their
low mobility in the liquid, these stay in the argon and shield the electric field of
the ionization chamber. The calorimeter performance is degraded due to this built-
up effect. The current of the high voltage is increased and the effective volume
decreases. At a certain critical ionization the calorimeter stops to work. For the very
forward calorimeter of the ATLAS calorimeter two effect lead to a degradation of
the performance: the high current on the high voltage lines cause a voltage drop over
a protection resistor and the built-up effect reduces the signal amplitude. The voltage
drop of the high voltage will become severe at sLHC particle rates, even assuming
that the flux is at the lower end of the expectation. Therefore the first section of the
forward calorimeter will require a modification.
Two options are currently discussed:

• Replace the very forward calorimeter, the so-called FCAL or
• Shield the FCAL by placing an additional warm calorimeter in front

In addition to the actual detector performance the hadronic endcap calorimeters
utilize cold GaAs electronics. It is currently not clear, if this is radiation hard enough
to stand the high radiation level during sLHC operation. If this electronics fails, the
two endcap cryostats have to be opened, which will make the FCAL replacement
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Fig. 3 Position of a warm
calorimeter in the bore of the
endcap cryostat

the preferred option. Otherwise a warm calorimeter in the front bore of the cryostat,
as sketched in Fig. 3, becomes an option. The complication of opening the cryostats
in a high radiation environment and handling highly activated components makes
this operation a very time consuming enterprise and will hardly fit into the foreseen
time slot of 18 month.

4.4 Muon system

Most of the muon system is well shielded by the calorimeters of the ATLAS de-
tector. The exception is the forward region, where the shielding is not sufficient to
reduce the enormous particle flux to an acceptable level, especially at small angles
to the beam pipe. A major source of particle is the beam pipe itself. A significant
reduction in background for the muon system could be achieved by a beam pipe
made out of Beryllium. Simulations show a reduction between 30% and 60%.

5 Conclusion

The upgrade of the ATLAS detector for the super-LHC will require a substantial
R&D effort and has to start in the near future. The actually required upgrades will
only be clear, once the radiation level has been measured at LHC during the next 1 to
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1.5 years. The inner detector will be replaced completely and the forward calorime-
ters will require substantial improvements in order to perform well at the foreseen
luminosity. New electronic for the front-end as well as read-out and trigger has to
be developped.
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Problem of Radiation Resistance of Structural
Materials of Nuclear Power

I.M. Neklyudov, O.V. Borodin, V.V. Bryk, and V.N. Voyevodin

Abstract Mechanisms of radiation damage of construction materials in nuclear en-
gineering and progress in developing radiation-resistant materials for the present
and future generation nuclear reactors are reported. The analysis of the present state
and of the perspectives toward a solution of the problem show that, in spite of the
considerable research efforts throughout the world, economically acceptable opera-
tion standards for presently operating reactors still have not been reached. The rea-
son is insufficient radiation resistance of the basic ingredients of the existing nuclear
devices – of various classes of stainless steel and zirconium alloys. A key problem
in the material sciences provision of the modern and future nuclear engineering is
the study of the microstructure evolution and its impact on the degradation of the
input physical and chemical characteristics.

Keywords: Nuclear energy, construction materials, radiation-resistant materials,
radiation defects, heat reactors, reactors on fast neutrons, effects of transmutation,
electronuclear systems

1 Introduction

Today’s nuclear power is the more real in the world that possesses the humanity
for the production and supply of low cost electrical and thermal power for distant
prospective with guarantee of nuclear, physical, ecological and technical safety in
amounts corresponding with society needs. According to the data of IAEA more
than 500 nuclear power units of research and other reactors are in operation.
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The development of nuclear power had proceeded and proceeds in strict com-
petition fight with traditional technologies of electrical power production and also
with alternative (restored) sources.

The key questions of such competition in 21st century are the safety and economy
(the price of produced electrical power).

It is just the behavior of structural materials of operated and developed reactors
that determines the safe and economical operation of nuclear stations.

Irradiation of the materials of nuclear reactors causes the following changes of
materials: hardening; low (LTRE) and high temperature (HTRE) radiation embrit-
tlement; radiation creep; radiation growth and radiation swelling; production of in-
duced activity.

Exactly these characteristics at the same time as corrosion resistance are the pri-
ority on the evaluation and comparison of different structural materials. On the de-
velopment of new materials the main problem is the attainment of minimum or
acceptable variation of these characteristic for the guarantee of safety and longevity
of structural elements.

The last requirement of low activation or of fast decrease of induced activity is
now necessary during the development of the design of fusion reactors (FUR) due
to the higher volume of irradiated components than in the core of fission reactors.

Expediency of the use of the materials in nuclear power plants of definite type
depends on special features of NPP, on used coolant, on energy spectrum of neutrons
and so on.

Stainless steels and alloys on the base of nickel and chromium are used as
claddings of absorption element, of springs elements of fuel elements and fuel as-
semblies and in some cases for distance grid of FA. For fast reactors operating at
higher temperatures and power intensity high-temperature resistant solution-treated
austenitic steels, chromium ferritic-martensitic steels, nickel alloys are used. For the
first wall of fusion reactor with helium coolant the main material is low-activated
chromium steels and on lithium cooling – alloys of vanadium alloyed by titanium
and chromium. These materials are used in domestic and in foreign reactors. Dif-
ferences are in alloying elements and in technologies of production that define their
operational characteristics.

2 Reactors on thermal neutrons

Now thermal-neutron reactors, pressurized water reactors or boiling reactors are the
base of the world nuclear power (WWER-440, WWEE-1000, PWR, BWR). The
main components of thermal reactors that are subjected to the intensive radiation ex-
posure are the pressure vessels, fuel elements claddings, pressure vessels internals.

Materials of pressure vessels must guarantee the safe operation during the whole
service life. Ferritic-perlitic (Russia) and ferritic-martensitic steels (USA, France,
Japan) are used for the fabrication of pressure vessels.
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Table 1 Reactors on thermal neutrons: WWER, PWR, BWR (power 440–1200 Mw)

Mean density of thermal neutron flux in core 2,7-4,4.10−13 n/cm2 s
Mean density of fast neutrons in core 1,9-4,0.1014

The rate of dose setting-up 10−7dpa/s
Temperature of coolant (pressure vessel) On inlet 285–290◦C

On outlet 320–325◦C
Density of fast neutron flux on pressure vessel 1.1017n/cm2s
Fluence of fast neutrons (En > 0,1 MeV) on pressure vessel
during 40 years of operation

Φ t = 5.1019–1.1020n/cm2

Rate of damaging rate (steel) 10−10dpa/s
Dose of radiation damage of pressure during 40 years 0,1 dpa

WWER-440 – 15Cr2MoA (C-0,11-0,21; Si-0,17-0,37; Mn-0,3-0,6; S-0,012-
0,018; P-0,009-0,0038; Cr-2,5-3,0; Cu-0,09-0,17; Ni-0,19-0,27; Mo-0,6-0,8;
V-0,25-0,35);

WWER-1000 – 15Cr2NiMoPA, 15Cr2NiMoPAA (C-0,13-0,18; Si-1; Mn-1;
S<0,035; P<0,01; Cr-1,8-2,3; Ni-1,0-1,5; Mo-0,5-0,7; V-1,1-0,12);

PWR, BWR – A533-B (C<0,25; Si-o,15-0,30; Mn-0,15-1,50; S-),040; P-0,035;
Ni-0,40-0,70; Mo-0,45-0.60.

Given in Table 1 data of the operational conditions of thermal neutron reactor
show that rather low fluences and rather low operational temperatures are the charac-
teristic properties of pressure vessel material operation for the reactor of such type.

All pressure vessel steels harden in the result of operation. As a rule, the increase
of yield strength after irradiation at temperatures 240–290◦C to the fluence 1022

neutrons/cm2 makes 20–40%.
It is obvious now that radiation-induced degradation of mechanical properties

of pressure vessel steels during operation is the result of microstructure changes of
nanostructure scale (nm). Evolution of microstructure under neutron irradiation at
temperature of operation of pressure vessel (270–300◦C) depends not only on the
migration of point defects formed by irradiation, on their interaction and clustering
but also on complex interaction with impurities.

Three main mechanisms responsible for the change of microstructure of pressure
vessel steels under irradiation are now considered:

1. Damage in the matrix due to the formation of radiation-induced clusters and
dislocation loops

2. Radiation-accelerated formation of fine dispersion precipitates – precipitates en-
riched by copper and of carbonitrides

3. RIS on grain boundaries and interphase boundaries of embrittling elements such
as phosphorus, sulphur, arsenic

Sum radiation embritterment (change of the temperature of brittle-ductile transition)
is presented on Fig. 1.

It is obvious that described above radiation-induced variations are the cause of
complex synergetic changes in the steel behavior, that can‘t be explained only by
one mechanism.
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Fig. 1 Dependence of the
temperature of brittle-ductile
transition on neutron fluence
[14]

It is supposed that evolution of radiation damage in pressure vessel steels pro-
ceeds as follows:

Formation of primary defects → nano structure evolution→ hardening → em-
brittlement (shift of temperature of brittle-ductile transition) [15]

Matrix defects in pressure vessel steels. Damaging in matrix of irradiated pres-
sure vessel steels may be subdivided on:

(a) Aggregates of interstitial clusters and interstitial dislocation loops and also as
vacancy clusters, microvoids and vacancy loops

(b) Mixed clusters of solute atoms and point defects
Now there is some uncertainty in the definition of matrix defects nature but ex-

perimental and theoretical results show that interstitial and vacancy defects may
exist; the wide range of interpretations suppose that microstructure and irradiation
conditions may strongly influence on distribution of defects [16].

Under other similar conditions the size and concentration of radiation defects in-
creases with the increase of fast neutron dose. It was detected that matrix damaging
evolves with irradiation dose, the rate of dose set up and with irradiation temper-
ature; this damage gives the resulting hardening proportional to the square root of
accumulated dose [16].

Formation of precipitates enriched by Cu and Mn-Ni, of carbonitrides and car-
bides of different types ((V, Cr)7(C,N)3). Elements of solid solution of pressure
vessel steels have the trend to radiation-accelerated clustering and formation of pre-
cipitates with nanosize (2–3 nm).

In most cases the results show that formation of precipitates enriched by copper is
one of the main causes of radiation hardening and embrittlement of pressure vessel
steels [17]. It must be noted that chemical composition of these precipitates remains
uncertain, different elements are present in these precipitates (Fe, Mn, Ni and pos-
sibly Si and P). Even insignificant variation in steel composition and in neutron
spectrum causes the significant differences in morphology and concentration of pre-
cipitates [18]. In steels of reactor WWER-1000 precipitates are radiation-stimulated
and in steels of reactor WWER-440 they are radiation-induced [18].

The role of phosphorus in the processes of radiation embrittlement of pressure
vessel steels is related with its segregation on grain boundaries in the result of
radiation-stimulated diffusion of atoms of phosphorus by vacancy mechanism and
by the decrease of energy of boundary cohesion. On the other hand it is shown that in
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irradiated steels phosphorus participates in the formation of some hardening forms
in the grain body that causes the decrease of its concentration on grain boundaries
and to the loss of the segregation effects. It is established that phosphorus increases
the embrittling influence in the presence of considerable quantities of copper, nickel
and manganese [19].

Now the question about relationship of contributions into the radiation embrittle-
ment of different mechanisms demands the further investigation under higher irra-
diation doses.

Investigation of Ni role in the processes of embrittlement is of special interest
because due to the technological causes in pressure vessels of nuclear reactor oper-
ating in Ukraine the content of nickel exceeds 1.5% weight. The deleterious effect
of nickel on temper brittleness of steel Cr-Ni-Mo-V was known a long time ago and
the existing experimental data on nickel contribution to the radiation embrittlement
of reactor steels are limited.

3 Alloys of zirconium

The main structural material of cores of water-cooled thermal reactors are zirconium
alloys that have the low cross section of neutron capture and high radiation and
corrosion resistance.

The characteristic feature of zirconium alloys of Russian production that are used
in nuclear reactors of Ukraine is the presence of niobium. Niobium is the main
alloying element for binary and for multi components alloys.

Base zirconium alloys of foreign production (Zircaloy-2 (Ni-0,03-0,8%; Fe-0,07-
0,2%; Sn-1,2-1,7; Cr-0,05-0,1%)) and Zircaloy-4 (Fe-0,18-0,24%; Sn-1,2-1,7%; Cr-
0,07-0,13% )) are alloyed by tin, iron, chromium and nickel.

Alloys of Russian production E-110 (Zr-1% Nb), E-125 (Zr-2,5% Nb), E635
(Nb-1,0%; Fe-0,3-0,5%; Sn-1,0-1,5%) are now the base material of operating
Russian reactors.

These alloys are used only in the state close to the recrystallized one that guar-
antees their high ductility in the initial state.

Alloy E635 has the high creep resistance that can be explained by considerable
hardening of this alloy under irradiation. This alloy has also the high resistance to
the radiation growth. From the point of view of microstructure, the resistance to the
radiation growth may be explained by the special features of dislocation structure
evolution under irradiation (Figs. 2, 3). In alloy E 635 with very high resistance to
the radiation growth the high concentration of radiation-induced dislocation loops
of <c> type responsible for the processes of radiation growth may be formed only
under very high irradiation doses (>50 dpa) that are practically unreachable in com-
mercial reactors. This singularity of alloy E635 evolution may be explained by the
role of α-solid solution enriched by iron [20]. For alloys Zr-1% Nb of the Ukrainian
production obtained by calcination the investigation of the oxygen influence on ir-
radiation behavior of alloys is of special interest.
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Fig. 2 c-component dislocation microstructure of alloys E-110 (a) and E-635 (b)

Fig. 3 Plots of the dependence of radiation growth (a) and density of dislocation loops of c-type
on fluence of neutrons (E < 0,1 MeV)

4 Materials of Pressure Vessel Internal (PVI)

A new important challenge for radiation material science is now the substantiation
of radiation resistance of materials of pressure vessel internal (PVI) for reactors
WWER-440 and WWER-1000; PVI were designed as not replaceable element of
construction with the operation delay equal to the service life of the reactor pressure
vessels [21]. Characteristic property of PVI elements and, first of all of the baffle,
produced for Russian reactors of steel Cr08Ni18Ti10 and for reactors of type PWR
and BWR of steel 321, is that during operation they accumulate quite high fluence
of neutrons and have the temperature level caused by the absorption of γ-quanta and
of neutrons; the considerable volume changes of the material of PVI may occur at
such temperature level due to the vacancy swelling under irradiation (Fig. 4). Early
the possibility of such radiation swelling in this temperature range was rejected.
Recently it became known that this phenomenon may proceed in light-water thermal
reactors. In American, French, Japanese and Russian works voids were detected in
PVI of reactors of PWR type (Fig. 5) [22, 23].

Distinction of swelling manifestation in conditions of thermal reactors PWR is
the abrupt decrease of incubation period of swelling and considerable decrease of
the temperature of void formation.
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(a) (b)

Fig. 4 Baffle and temperature field in section with maximum of neutron flux on height: (a) baffle;
(b) temperature field in baffle body [23]

Fig. 5 Voids observed in
pressure vessel internal of
reactor WWER-1000 (steel
06Cr18Ni10Ti) RNPS –3 [23]

This problem is potentially more dangerous for reactors WWER-100 the baffle of
which has more complicated shape and is thicker than in reactors PWR. This causes
the local increase of temperature up to 460◦C and leads to the void formation even
without temperature shift.

It was shown that at temperature of irradiation near 335oand under doses ex-
ceeding 75 dpa the swelling of austenitic steels is higher 10% and their ductility
decreases abruptly.

Now, examining the problem of service life prolongation for Ukrainian reactors
WWER is necessary to consider the radiation swelling and embrittlement of PVI.

The main task for the solution of the problem of low-temperature swelling is
the study of the operational conditions (rate dose, temperature, doses, environment,
synergetic effect of gaseous impurities, stresses, material composition, its initial
condition and others).
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5 Fast-neutron reactors

Development of large-scale nuclear power is not possible without the use of fast-
neutron reactors guaranteeing the nuclear fuel breeding and using in nuclear power
cycle of all produced nature uranium and consequently – of thorium.

Fast reactors with fuel cycle on the base of self – supply and non spreading of
nuclear materials (BN-600, BN-800, BREST and others) will be the base of large-
scale nuclear power in the second half of our century. Putting into operation of
reactors BN from 2040 will allow to decrease the demands of NPS in uranium to
2100 from 240 to 50,000 t/year (Fig. 6) and also organize the annihilation of long-
lived isotopes.

High temperatures and irradiation doses in reactors BN (Table 2) lead to the
situation that the problem of structural material production for claddings of fuel
elements became the key one; such material must have the complex of mechanical
and technological properties, compatibility with coolant and fuel material and also
stability of properties under irradiation (see Table 3).

6 Austenitic stainless steels

Austenitic stainless steels (ASS) as structural material for the use in core of operat-
ing and developed nuclear reactors present the greatest interest.

Fig. 6 Forecast of the world needs in uranium upto 2100 [24]

Table 2 Parameters of fast-neutron reactors

Density of neutron flux 3.1015–1016n/cm2s
Rate of He generation 20–30 appm/year
Rate of dose setting 100–200 dpa/year
Temperature 400–600◦C
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Fig. 7 Main relations in structure of irradiated stainless steels [2]

Unfortunately, the radiation swelling is up to now the main factor limiting the
use of austenitic stainless steels as structural material for fast reactors and reactors
of next generations [25].

Radiation swelling in multi component ASS is the result of complex structure-
phase transformations under irradiation (Fig. 7) therefore the achievement of nec-
essary level of resistance of austenitic steels to swelling may be obtained only on
the base of understanding of all phenomena involved in the processes of radiation
swelling

In authors opinion the reaching of minimum level of swelling is related with
the increase of stability of all structural components (dislocation structure, solid
solution, systems of secondary phases precipitates) under irradiation.

In austenitic stainless steels the evolution with the irradiation dose proceeds iden-
tically for materials with FCC structure: clusters of point defects → defected Frank
loops a/3〈111〉 → perfect prismatic loops a/2〈110〉 → dislocation network (Fig. 8a,
b, c, d, e) moreover the majority of Frank loops are the loops of interstitial type.

Density of dislocations in network under doses 20–40 dpa reaches the saturation
and makes 8–9.1010cm−2.

Radiation resistance of ASS may be improved at the expense of introduction
of insignificant quantities of alloying elements and subsequent thermal-mechanical
treatment [2].

Component and impurity composition of steels influencing on energy of stacking
fault and energy characteristics of point defects may modify the evolution of dislo-
cation structure during irradiation. Formation of perfect loops that are mobile and
can glide and climb making easy the formation of dislocation network.
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Fig. 8 Stage of dislocation
structure evolution in irradi-
ated steel EI-847 (Cr3+, E = 3
MeV, Tir. = 823 K, K = 10−3

dpa/s), (a) D = 0,5 dpa, (b)
D = 2 dpa, (c) D = 10 dpa,
(d) D = 15 dpa, (e) D = 25
dpa

(a) (b) (c)

Fe2P

70 HM

TiC

10 HM

G-Phase

100 HM

Fig. 9 Precipitates of second phases in irradiated ASS: (a) – phosphydes Fe2P; (b) – carbides TiC;
(c) – G-phase (Ti, V, Nb, Mn)6(ni, Co)16Si7)

Alloying influences on the key points of evolution of dislocations from Frank
loops a/3〈111〉 to prismatic loops a/2〈110〉 and subsequent formation of dislocation
network; this network is the start of swelling.

It must be noted that the local variation of composition induced by RIS, leads to
the decay of solid solution and forms the precipitates of two types:

• Precipitates suppressing the swelling at the expense of accelerated recombina-
tion of point defects on interface particle-matrix. These are carbides of type MC
(principally TiC, NbC, VC), phosphides Fe2P or Ni3Ti (Fig. 9a, b);
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Fig. 10 Stages of transformation of precipitates of type MX (M – metal, X: C, N) under irradiation
[26]

• Precipitates produced in the result of solid solution decay (especially due to the
segregation of Ni and Si) are the sign of radiation resistance loss on last stages
of evolution of structure – M6C and G-phase (Fig. 9b)

Flows of point defects produced under irradiation that are very mobile at these
temperatures will stimulate evolution of second phase precipitates. This evolution
may proceed by several manners: (1) growth of precipitates; (2) dissolution of pre-
cipitates; (3) infiltration (transition of solid solution elements into precipitate) in pre-
cipitates (from precipitates) of other elements (from/or into) solid solution (Fig. 10).

The obtained results show:

• Reaching of acceptable level of swelling is directly related with formation of
more stable microstructure under irradiation.

• Influence of alloying and treatment consists in following:

– Production of more stable dislocation structure (conservation of low mobile
Frank loops) and increase of the recombination level TD. It may be reached
due to the solution treatment or by the processes of segregation of alloying
elements on dislocation components that decreases their mobility.

– Conservation of fine carbides precipitates (TiC) and phosphides (Fe2P) (in-
crease of their life is the m and η-carbides into the range of higher doses.

Delay of formation of G-phase and η-carbides must conserve in the solid solution
the sufficient quantity of such elements as Ni, Si and P that influence on nucleation
and growth of voids. Evolution of defected structure is the result of “competition”
between the evolution of phases preventing the swelling, and phases produced in
the result of decay of solid solution. This “competition” may be extended by the
selection of optimal composition and by the thermal-mechanical treatment.

Unfortunately, the role of precipitates as the main mechanism suppressing the
swelling depends on the matrix surrounding and may vary during irradiation. The
alloying elements included into precipitates change the nature of precipitates and
modified precipitates interact with point defects in different way under irradia-
tion. Interaction of matrix and precipitates throughout the flows of point defects
makes the processes of evolution of microstructure complex and creates some con-
tradictions for understanding of the influence of alloying elements or the role of
precipitates.
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7 Ferritic-matrensitic Steels

Ferritic-martensitic steels with chromium content 9–12% are now the priority can-
didate materials for clad and wrapper of fast reactors, for first wall of fusion reactors
because they are characterized by low induced activity, by low vacancy swelling (in
comparison with austenitic steels, Figs. 11, 12) and creep, by the high degree of
resistance to the high-temperature and helium embrittlement (Table 4).

There are different international program for development of prospective reac-
tors of new four generation and also development of fusion reactors. Each of these
programs foresees the use of ferritic-martensitic steels that must operate under irra-
diation doses not lower ∼100–200 dpa and at temperatures 650–750◦C and in most
cases they will be subjected to very high levels of helium and hydrogen.

Fig. 11 Temperature depen-
dence of swelling in mate-
rials on the base of Fe: 1
– α-Fe (D = 100 dpa); 2
– EP-450 (D = 150 dpa);
3 – Fe-12%Cr (D = 100
dpa); 4 – 01Cr13No4, Cr3+

(=100dpa); 5 – 01Cr13Mo4,
Ar3+ (D = 100 dpa)
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Fig. 12 Temperature depen-
dence of swelling in austenitic
steels (EP-172, EK-64) (Cr3+,
D = 140 dpa)
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8 Dispersion-hardened Steels

Dispersion hardened ferritic steels are now ones of the more prospective materials
for FA clad of fast reactors and first wall of fusion reactors (FR) and also as structural
material of reactors of next generation due to their excellent resistance to swelling.
The required increase of high-temperature strength is attained by the proper dis-
persion hardening of fine particles of titanium (TiO2) and/or yttrium (Y2O3). The
unique combination of fine grains, of high density of dislocations and nanoclusters
containing atoms of solution Y-O and Y-O-Ti supposes the production of materials
with unique properties [28, 29].

The more important factor influencing on the properties of dispersion hardened
steels is the provision of the deformation dissolution in steel matrix of sufficiently
“coarse” oxides of yttrium with dimension 40–100 nm and their subsequent precip-
itation as effectively hardening nano oxides.

The necessity of the investigation of material properties under such severe op-
erational conditions is caused by the last observations that make doubtful the ser-
viceability of ferritic-martensitic steels for their use at high temperatures and high
rates of gases generation [2]. Therefore it is necessary to analyze the evolution of
microstructure and modification of composition for better understanding not only
the nature of low swelling but also the cause of the embrittlement.

9 Electronuclear Systems

In energetic nuclear technologies of the next generation (4 Generation) it is sup-
posed to use the accelerators of charged particles (of electrons or of protons) for
energies from 100 to 1000 MeV for generation of neutrons in electronuclear sys-
tems (Fig. 13). The energy spectrum of emitted neutrons reaches the energies of
100 and more MeV and cross-sections of nuclear reactions of transmutation (n, 2n),
(n,p) and (n,α) increase and due to this the rate of transmutation variation of ele-
ment composition of steels increases also as the level of transmutation generation
of gaseous transmutants.

Fig. 13 Processes of
“spallation”-ADS (2009–
2012) [31]
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Fig. 14 Homological temper-
atures of the manifestation of
physical-mechanical proper-
ties of austenitic steels (solid
line) and of martensitic steels
(dotted line)

Table 5 Parameters of electronuclear systems (ENS)

Energy of protons 350 MeV–3 GeV
Current of protons 1 mA–5mA
Rate of H generation 3500–4400 appm/year
Rate of He geberation 950–3500 appm /year
Rate dose 4,6–40 dpa/year

Damaging of structural materials of electronuclear systems occurs as the result
of irradiation by high energy protons and neutrons and is aggravated by the effect of
liquid metals and possibly of other coolants. This damage is similar to the damage in
(t, d) fusion reactors but the transmutation effects (production of H and He) are man-
ifested strongly. Just the high rate of light elements production will limit the lifetime
of structural materials in the region of the target. It is revealed that austenitic steels
have higher resistance to radiation effects at low temperature and the martensitic
steels – at high temperatures of irradiation. (Fig. 14) [32].

Neutron sources on the base of the reaction of splitting (“spallation”) excellently
simulate the conditions of the first wall of fusion reactor and the source on the base
of reaction Li(d, n) completely simulate the source with energy of neutrons 14 MeV
(RTNS).

In reactions with multiple release of secondary particles: of protons (atoms of
H), α-particles (atoms of He), of neutrons (solid transmutant).

1. Reactions of transmutation in fission nuclear reactors lead to the formation of
more heavy elements:

Fe → Ni → Cu → Zn → . . . (1)

2. Reactions of transmutation in fusion reactors and spallation form lighter ele-
ments

V ← Cr ← Mn ← Fe ← Co
n,2n←− Ni (2)

Materials for near-critical assemblies driven by accelerator (ADS).
Data presented in the Table 5 show that for given type of facility the behavior of

structure materials will be determined by the influence of high doses of irradiation,
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(a) (b)

Fig. 15 Phase transformation under “spallation” irradiation in alloy Al 5052 (Al-3% Mg (a) unir-
radiated; (b) irradiated LASREF (D = 0,35 dpa, Tir . = 55◦C))

by generation of high quantities of helium and hydrogen in the result of transmuta-
tion reactions.

Now the investigation of physical phenomena responsible for the degradation of
materials under “spallation” irradiation is focused on following phenomena:

1. Trigger swelling
2. Evolution of precipitates
3. Loss of ductility, embrittlement, failure
4. Influence of defect clusters on the strength and hardening
5. Influence of gases (H, He, He + H)

Production of gaseous and solid products of transmutation leads to the loss of
ductility.

On Fig. 15 the example of second phase precipitation in the result of transmuta-
tion reactions under irradiation in LASREF to doses 0, 35 dpa is shown.

27Al(n,γ) →28 Al (3)

Al →28 Si+β , 2Mg+Si → Mg2Si (4)

10 Conclusion

In spite of considerable efforts of researchers in all countries developing the nuclear
power the economically necessary levels of operation of existing nuclear reactors
are not reached so far.

It is determined in considerable degree by the insufficient radiation resistance of
the main structural materials of existing nuclear facilities – of different classes of
stainless steels and of zirconium alloys.
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Challenges of the 21st century for radiation material science are the guaranteeing
of the problems of security and economy of NPP.

The main of them are:

1. Substantiation of overhaul period prolongation for operating thermal reactors,
that is, study of the influence of the dose, of rate dose, of processes of segre-
gation, special features of material (composition, thermal treatment, structure)
on microstructure evolution in structural materials during operational period of
reactor.

2. Development of radiation-resistant materials for reactors of new generations.
Study of the influence on the material physical – mechanical properties of the
dose rate, of stresses, of segregation processes (fast reactors); influence of the
dose, of gas concentration (He, H), of gaseous and solid transmutants (fusion
reactors, electronuclear systems (“spallation”).

3. Solution of ecological problems of nuclear power (development of low-activated
materials, solution of the problems of nuclear fuel wastes (NFW).

The presented aims may be realized only on the base of modern understanding of
the role of microstructural processes responsible for the evolution of structural state
under irradiation and for degradation of initial physical-mechanical properties.
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Symbiotic Nuclear–Coal Systems for Production
of Liquid Fuels

S. Taczanowski

Abstract The notion of safety is not confined to the technological or non-
proliferation aspects. It covers also the elements of energy policy: irrational re-
actions of societies, emotions, egoistic interests of more or less powerful pressure
of economical and external political factors. One should be conscious that the coun-
try’s privilege of being equipped by the Nature with rich resources of oil or gas is
not solely economical, but even more a political one. Simultaneously, the gradual
depletion of world hydrocarbons that draws behind irrevocable price increase has
to be expected within the time scale of exploitation of power plants (now amounted
to ∼60 years). Therefore consequences of energy policy last much longer than the
perspectives the political or economical decision makers are planning and acting
within and the public is expecting successes and finally evaluating them. The world
oil and gas resources are geopolitically very non-uniformly distributed, in contrast
to coal and uranium. Since the level of energy self-sufficiency of the EU is highest
for coal, the old idea of synfuels production from coal is recalled. Yet, in view of
limits to the CO2 emissions in the EU another method has to be used here than the
conventional coal liquefaction just applied in China. Simultaneously, an interesting
evolution of energy prices was be observed, namely an increase in that of motor
fuels in contrast to that of electricity remaining well stable. This fact suggests that
the use of electricity (mainly the off-peak load), generated without emissions of
CO2 for production of liquid fuels can prove reasonable. Thus, the essence of the
presented idea of coal-nuclear symbiosis lies in the supply of energy in the form of
H2, necessary for this process, from a nuclear reactor. Particularly, in the present
option H2 is obtained by electrolytic water splitting supplying also O2 as a precious
by-product in well mature and commercially available already since decades, Light
Water Reactors (LWRs). The direct coal hydrogenation (Bergius method) has been
proposed as the optimum process for liquid fuels production, as distinct by the

S. Taczanowski
Faculty of Physics and Applied Computer Science, AGH University of Science and Technology,
30 059 Cracow, Poland,
e-mail: Taczanowski@novell.ftj.agh.edu.pl

V. Begun et al. (eds.), Progress in High-Energy Physics and Nuclear Safety, 279
© Springer Science+Business Media B.V. 2009



280 S. Taczanowski

best hydrogen economy, thus reducing the consumption of need nuclear energy.
The present concept allows for simultaneous achievement of a number of aims: pro-
duction of motor fuels without CO2 emissions (thus without carbon tax) based upon
domestic energy carriers – coals, supply of the electricity produced in the nuclear
power plant to the national grid to cover the peak demand. Such concept broadens
the palette of liquid fuels supply, thus heightens energy safety of the country or e.g.
whole of the EU. In an emergency case (for instance – disturbances of gas deliv-
eries) the supply of produced H2 directly to the gas grid is also not excluded too.
The performed preliminary cost evaluation indicates that the coal–nuclear symbiont
can be well economic. Finally, the most radical option of coal-nuclear alliance is
mentioned – the production of liquid fuels in the Fischer–Tropsch process from
CO2 as a raw material sequestered from a coal power plant. The latter would use
the oxy-combustion technique profiting on the O2 obtained earlier together with H2
what would facilitate the sequestration of CO2 at the plant. Unfortunately, this vari-
ant requires for reduction of CO2 to C much more hydrogen, achievable effectively
in High Temperature Reactors commercially still unavailable. But on the basis of
coal alone great resources – natural, technological and human of the coal sector
can be best utilized too. Summarizing: the coal-nuclear synergy is the optimum
far-sighted concept of safe development of the EU energy and fuels sector.

Keywords: Energy safety, nuclear energy, nuclear-coal systems, motor fuels,
energy prices

1 Introduction

The notion of safety is well ample, thus in the present paper we will not confine to
its narrow understanding confined to the technological or non-proliferation oriented
aspects of nuclear safety. For instance, to those factors that need to be taken into
consideration is among others the energy policy, the making of which, is not at all
that easy task, since usually it has to be a compromise between a number rather
antagonistic factors [1]. A compromise that is a resultant of also rather negative el-
ements: irrational reactions of societies, emotions, egoistic interests of more or less
powerful economical lobbies and external political pressure. The attraction of fast
profits and the immediate social and individual needs shorten the horizons taken into
consideration for economical or political decision-making. The situation is aggra-
vated not only because of the objective complexity and importance of this issue but
also by the fact that the decision makers seem to demonstrate either wishful thinking
or unsatisfactory knowledge of the subject.

In addition to this, one should remember that the country’s privilege of being
equipped by the Nature with rich resources of oil or gas is not solely economical, but
first of all, a political one. Obviously this alternative may designate politically very
different situations. The worse – the blackmail with use of energy as an effective
political weapon, unfortunately, not long ago – was already applied.
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Simultaneously, it is hard to expect that the relying of the world on hydrocarbons
can weaken in the nearer future. But meanwhile, within the time scale of normal
exploitation of power plants (i.e. now amounted to ∼60 years), the gradual depletion
of hydrocarbons at global scale (drawing behind irrevocable price increase) – is
unavoidable. Yet, the question is if decision makers care about something that has
to happen after several 10 years. It is obvious that energy policy has much longer
lasting consequences than the perspectives politicians are planning and acting within
or their electorate is expecting successes and finally evaluating them. Also a global
scale business is not audited only after decades but much earlier. Therefore, it seems
less probable that such a long perspective will be in fact considered by real political
or economical decision-makers. It is true that we have been accustomed for decades
to hear that the world resources of oil would be exhausted within about 30 years and
we stopped to believe in such warnings already long ago, since these decades were
passing by and the perspective of exhaustion has remained that remote, or even
more, as before [1]. Nevertheless, independently of our wish /or rather against it/
the day, when this gloomy forecast proved true, is close. The world has climbed the
peak of the Hubbert curve. Happily one cannot say the same of other earth resources,
namely, coal or uranium.

However, with the nuclear energy there are also linked some considerable risks.
But rather not those ones associated with radioactivity or nuclear weapons. As al-
ready has happened several times, under pressure of negative social attitudes, com-
plete nuclear power plants had been prevented from operation while even already
operating ones had been closed. All that deprived the invested capital of any value.
Thus a danger of serious financial losses is real in result of erroneous social evalua-
tion of anthropogenic hazards.

Therefore, the investment in the enlightenment of society can prove most cost-
effective action by softening the consequences of the energy crisis and thus
heightening the safety of whole economy. In the long run, but not exclusively,
a strategy concentrated on such development lies in the very interest of any far-
conceived energy-related initiative.

The resolute initiative regarding rebirth of nuclear energy may bring its promoter
great advantages on the future market. However, the maturing of a new, advanced
technology is a long process that hardly can be accelerated whatever expenses would
be born. Therefore, the preparations to these events should start early enough i.e.
already now. Just the scientists’ duty is to prepare a strategy to soften the difficulties
that seem to happen.

2 Energy safety

The intention of this paper lies in the consideration of the comprehensive term of en-
ergy safety applied principally to the EU with special emphasis on the new member
countries, but not being confined to them. To the contrary, this is addressed also to
all European countries relying on imported liquid fuels as well as to those outside of
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Europe, particularly if distinct with coal resources. The term safety does not regard
the safe nuclear energy alone, but much more the security of fuel and electricity
supply. Since the latter energy is the most noble, we start the discussion from the
respective selected problems of safety.

2.1 Electric power safety

In the modern world the most universal and flexible form of final energy – electric-
ity seems the most important. Its lack even during few seconds may draw behind in
irreparable damage and losses. In addition to this, it is highly improbable that the
demand for electricity might decrease in the future. And not due to the fast economic
growth of countries of the South. In the North also further expansion of various ap-
pliances in our households is easy to forecast. In many of them – computers, faxes,
printers, modems, (de)humidifiers, air conditioners, heat pumps, etc. are still lack-
ing. Thus one should anticipate even in the industrialized countries, not mentioning
the less developed ones, a further increase in the electricity demand [2].

As regards new member countries of the EU one can base upon example of e.g.
Poland. Seeing the present underutilization of electricity in there (under 50% of
mean EU consumption per cap. in general [3], with the mere 25% in households)
one can observe an increase in its demand already at present. The deficit of elec-
tric energy may appear first during the peak load hours in cold winter time. But the
frequently met suggestion of the utilization of gas for meeting the power peak de-
mands give rise to serious doubts. However, the increase in the gas share for electric-
ity generation is dissuaded for several reasons, at least in all regions characterized
by demand for electric energy culminating in dark and cold winter evenings. The
main problem is the difficulty in fulfilling this task due to perfect seasonal (winter)
and daily (afternoon/evening) synchronization of demand peaks for both electricity
and heating, with the latter mostly based on gas. Thus, one should look for other
solutions. How to apply nuclear energy for meeting the electricity peak loads is
described farther in this paper.

2.2 Fuel safety

In spite of the fact that shortages of hydrocarbon fuels do not draw behind that
prompt damage like black outs due to lacking electricity, the EU security and other
countries in this aspect is not unshakable. This situation can be illustrated best with
independence indexes (the fraction of domestic supply of fuels) that show the scale
of dependence from import of organic fuels (Table 1. [4]).

Such a state of very strong Europe’s dependence on imported hydrocarbons is
highly unsatisfactory. In the Table 1 one can see that the dependence on import is
highest for liquid fuels, what can not be a surprise. At the same time the highest level
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Table 1 Examples of fuel self-sufficiency in Europe

EU UA PL

Energy carrier Domestic
production

Net import Independence
index

[M toe] [%]

Oil & derivatives 127 589 17.8 11 7
Gas 188 257 42.3 26 ∼30
Coal hard & brown 195 145 57.4 100 ∼100

of fuel self-sufficiency is linked to coal in the EU as well as in Ukraine and Poland
in particular. This situation seems to suggest openly utilisation of this European
domestic resource i.e. – coal for liquid fuels production. Yet the question how to do
it remains open. In this paper an answer is just sought.

2.3 Nuclear energy safety

Unfortunately, nuclear energy still is raising very strong emotions in the most of the
world societies thus selected problems of widely understood nuclear safety must not
be neglected. Still frequent negative attitudes regarding nuclear energy are objective
element that must be considered while shaping the energy policy. Mostly, since these
are the main source of investment risk, increase the cost of bank loans and are even
capable to prevent any engagement of capital i.e. the whole undertaking.

During ca. 20 years after Chornobyl disaster in 1986 one could hardly hear any
positive opinion about nuclear energy. Recently, these attitudes evolved in favour of
nuclear energy, particularly among young generation and are manifested still more
often with the level of education.

Against common feelings a very high level of safety nuclear power must em-
phasized. The maturity of present Light Water Reactor (LWR) technology and ex-
ceptional achievement of ca. 10,000 reactor-years of operation without any serious
accident with fatalities, convincingly prove the reliability of LWR.

Nevertheless no debate on the nuclear safety can neglect the problems of spent
fuel – in view of its very high radiotoxicity. On the other hand it should be kept
in mind that whole nuclear power of the world releases ca. mere 10,000 t/year (i.e.
∼30 ton from one 1GWe plant). That value compared with the emission of 11,000
million tons CO2 from organic fuelled power plants proves to be a quantity million
times lesser.

In general there are two ways of treatment of the spent fuel after an interim
storage:
1. A reprocessing – for extraction of uranium and plutonium for its reuse in the
MOX type fuel or –
2. Qualification for final disposal as a high level waste in selected stable geological
formations.
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The latter solution is unquestionably safe though not quite optimum one since
enormous amount of energy is uselessly buried. Thus in spite of the advantage of
safety, already now in some countries (e.g. France) up to 1/3 of spent nuclear fuel is
recycled. Moreover, in not a very distant future realization of the fully closed cycle
can be expected in transmutation processes carried out in subcritical systems thus
safer than critical ones and intensively developed in recent two decades. In that way
not sole additional burnup of the nuclear fuel can be achieved, but also a reduction of
the amount of radiotoxic waste and heat generation that would facilitate its disposal.

2.3.1 Economical and political safety of nuclear energy

First, it is of interest to confront the “longevity” of world main energy resources
(Table 2).

For comparison with hydrocarbons let us remind also the distribution of uranium
world deposits: Australia, Canada, Kazakhstan, RSA, Namibia, Brazil, Niger, Rus-
sian Federation, USA etc. This list demonstrates that uranium resources are geopo-
litically distributed in the world in a much more uniform manner than oil and gas.
Next, the cost of nuclear generated electricity is to be discussed.

Due to relatively cheap nuclear fuel and operation & maintenance costs of nu-
clear power plants the electricity price depends mostly on its front-end costs. These
are caused by high construction and equipment expenses thus also depend on cost
of the bank loan. The preponderance of capital costs, is rarely perceived otherwise
than as a disadvantage, in spite of the fact that just fixed costs when more important
make the respective forecasts and planning much more credible.

Besides the capital costs depend on a number of factors, ranging for example
from US$1,000/kWe in the Czech Republic up to $2,500/kWe in Japan., at French
estimations of Direction Générale de l’Énergie et des Matières Premières (DGEMP)
equal to 1,280 /kWe [6]. Such data demonstrate the importance of the local labour
costs.

The question of fuel costs draws attention to its raw material i.e. uranium. It is
true that the scale and rapidity of its price fluctuations are striking. For instance the
spot prices rose from US$36 per pound of U3O8 in the year 2000 upto US$140 in
July 2007, then dropped to US$90 in January 2008 and further in November 2008
down to US$ 0–40? [7]. Fortunately, this volatility is not a problem, since the share
of uranium cost in electricity price from nuclear power is mere several percent.

Table 2 Lifetime of the world energy reserves

Energy carrier Oil Gas Coal Uranium

Open [5] cycle Closed cycle

World reserves
lifetime [years]

40 60 200 85 >5000
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But another question may appear, namely, how fast nuclear energy can signifi-
cantly contribute into the energy supply of a country i.e. to achieve not negligible
heightening of its energy safety. Certainly the necessary rate of deployment of nu-
clear power would require a great organizational effort and not a lesser engagement
of capital. Though not easy, it is not impossible. It should be reminded here, that in
the UK 21 power reactors were launched in the years 1963–1972 i.e. over 2 per year,
while in France – 50 GWe in 45 units in 1978–1989, i.e. yearly over 4GWe [8]! Af-
ter 30–50 additional years of nuclear experience – in the coming decade, it should
be possible still more, though – provided the decision makers display a sufficient
determination.

3 Selected preconditionings

There are at least several ways to energy safety enhancement. In order to select one
considered as the best, one needs first to have a sufficient pertinent knowledge. Some
arguments in favour of selected solutions can be found on the basis of pertinent data.
Very informative is to see the observation of the prices of basic energy carriers in
the USA during last 15 years (Fig. 1.).

A glance at Fig. 1 allows for some observations. Namely: the hydrocarbon prices
during last 10 years increased enormously, whereas the prices of electricity re-
mained nearly constant or even slightly lowered. Obviously, the price trajectories
(unavailable to the author) in other countries may have other shapes; nevertheless
the differences should not be very significant. Even present drop (November 2008)
of oil prices does not change principally the general observation that can be drawn
from this picture: the relation between the prices of liquid fuels and of electricity
has radically changed towards much higher ones of the former. This, in turn, gives
rise to the question, whether the use of electricity for production of motor fuels
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can prove reasonable i.e. economically justified. In support of this thesis stands an
important difference between the character of profits that can one obtain from the
sale of electricity and of motor fuels. The well known fluctuations of fuel prices
in the scale of years or decades notwithstanding – the electricity price is subject to
regular periodicities. The most distinct is the 24 hour one (see Fig. 2, based upon
the Polish stock market [9]), the second one corresponds to the weekly ordering of
human activity. There can be noticed also seasonal regularities, but usually these are
of lesser importance). In contrast with these statements, within the above time scale,
the motor fuel prices remain constant.

On the basis of Fig. 2 one can state that the daily distribution of electricity price
is highly differentiated. In particular one can conclude that the sales at night hours
are hardly profitable. It is not that easy to store electricity produced during “valley”
hours 0–6 in order to sell it during evening peak hours. Classic approach would sug-
gest using a hydro storage i.e. to pump water up at the valley and recover the stored
energy at the peak load time. Here, instead of that – the production of motor fuels is
recommended. The time sharing of the plant performance between the two products
– fuels and electricity will depend on the relation of respective prices. Though rather
the power plants based upon the fuels containing carbon are in trouble due to the
CO2 emissions, the above suggestion is addressed to nuclear plants. First of all due
to providing for them the possibility of satisfying the peak load demand. This sig-
nificantly broadens the tender of power of nuclear plant traditionally considered as
being reduced to cover solely the base load demand.

4 Nuclear – coal symbiosis

The suggested above production of hydrogen from nuclear energy need not neces-
sarily signify any connection with coal. One can easily imagine a confinement to
the hydrogen. Anyway it may prove to be the ultimate target in the further future.
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However, the lack of adequate hydrogen market in the nearer one drawing behind
its relatively low prices, make the sole production of H2 simply unprofitable. In
the present world market no one offers for hydrogen alone such price as that one
when it is in the form gasoline or diesel oil. Just these prove valuable enough that
to assure the economy of the whole undertaking. Thus the hydrogen should be fur-
ther processed for production of hydrocarbons first of all liquid since these are most
expensive.

4.1 Coal liquefaction

First, it should be reminded that combustion of coal, depending on sulphur content
in coal, produces SO2, the source of acid rain. Coal also contains many highly toxic
trace elements, e.g. As and Hg, as well as radioactive nuclides born in the natural
decay chains of U and Th. But the coal liquefaction processes allow for removal of
practically all toxic components from the fuels produced of coal, thus making such
clean coal technology truly clean. Coal can be converted into liquid fuels like gaso-
line or diesel by several different processes. The idea of synfuels production from
coal is not at all new – it was used on industrial scale first of all in Nazi Germany
during World War II but in the UK as well. We concentrate on the direct synthesis
of liquid hydrocarbons since this process is distinct by the best hydrogen economy.
The method in question (named after its inventor Bergius process) consists in lique-
faction by hydrogenation.

Recently the most striking development of coal conversion into liquid fuels is
observed in China, where the most advanced installation of direct coal liquefaction
Shenhua CTL Plant (Coal-To-Liquid) in China has been launched this year. The
available data are as follows [10]:

• Net investment $1500 million
• Synfuel composition: diesel oil ∼53%, gasoline ∼35%, LPG ∼12%
• CO2 emission: 3.6 million tons/year, in that 3.1 million tons for H2 production
• Profitability threshold for oil price: $35 ÷ 40 billion
• Synfuel yield: $24,000 BPD (barrels per day) = 3,816 m3/day = ca. 3340 t/day

= ca.1.2 million tons/year
• 1998 – award of governmental subvention; 2002 – completion of feasibility

study, 2008 – of construction

The above informations are very encouraging with one exception: the emission
of CO2; particularly while having in mind the obligatory limitations to CO2 emis-
sions in the EU. This restriction practically excludes classic methods of coal liq-
uefaction. In this process, the burning of important coal quantities is needed for
necessary investment of energy in the fuels just produced. As a result the classic
methods are inseparable from release of large quantities of CO2, that proves rather
be insurmountable hindrance for their wider deployment.

Thus the unique energy for H2 production seems nuclear energy.
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Fig. 3 Simplified scheme of the Nuclear sustained Direct Coal Liquefaction (NDCL) system

4.2 Nuclear sustained coal liquefaction

There is a number of ways and processes leading to this aim and all of them have one
common element, namely, the role of nuclear energy laying in the production of H2
by water splitting that supplies also O2 as a precious by-product. In the present op-
tion H2 is obtained by electrolytic water splitting supported by well mature and com-
mercially available already since decades Light Water Reactors (LWRs). A scheme
of such symbiotic system [11] is shown in Fig. 3.

In this system recycling is of importance. Hydrogen is supplied to the proper
DCL plant, recycled with the products of liquefaction and then all further transferred
to the proper liquid fuel factory.

The choice of just the option of electrolytic water splitting as source of indispens-
able H2 has resulted from the availability of LWR right now. Besides, this approach
may be recognised as the first step towards the most advanced nuclear–coal synergy
i.e. the use of captured CO2 as the raw material for liquid fuels production [12, 13].

Such idea of double use of coal enables oxy-combustion technique based on the
O2 obtained earlier together with H2, thus facilitating the sequestration of CO2 at
the power plant. Next, from this raw material and in the reverse water gas shift reac-
tion syngas would be obtained and the liquid fuels produced in the Fischer–Tropsch
process. However, hydrogen demand must be then greater, since the reduction of
CO2 to C requires large additional energy. Thus, a nuclear reactor with proportion-
ally higher power is needed. Sufficient yield of H2 seems to be efficiently assured
only with a High Temperature Reactor that is not yet commercially available.

4.2.1 Economical aspects

Any new technology cannot be exempted from to obligation to be economical with-
out special privileges. Therefore an estimation of economy of Nuclear sustained
Direct Coal Liquefaction (NDCL) may be of justified interest. At the same time it
has to be emphasised that at present volatility of both – oil prices and currencies
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Table 3 Performance of nuclear sustained production of synfuels from coal

Principal Annual repayments [M $] Annual Product Annual
investments Invest- O&M Fuel Sum Sum produc- unit income
[M $] ment tion cost

Nuclear
Power Plant
Fuel
plant

3500

2200

450

290

90

180

U
70

Coal
120

610

590

⎫
⎪⎪⎬

⎪⎪⎭
1200

0
[TWh]

1.1
[Mt]

−
[$/MWh]
∼1.2
[$/kg]

−

∼1300
[M$]

(exchange rates) the reliability of the performed evaluation is obviously very lim-
ited. On the other hand any analysis concerning the time of realisation of present
ideas (i.e. projected now for nearer or farther future) in no circumstances can be
regarded as unquestionable.

Anyhow, providing some notion of economical side of nuclear sustained produc-
tion of motor fuels from coal is necessary. The respective analysis is based on the
following assumptions:

Technological: Economical:
Coal liquefaction Method: NDCL, Interest rate 8%,
H2 production in electrolytic water splitting, Repayment time 20 years,
Nuclear energy: 1 GWe Light water reactor, Loan repayment start: 5 years after investing start,

Uranium price US$150/kg,
Product unit net average price US$1.3/kg.

Thus, based upon the prices from August/September 2008 and above assump-
tions with use of standard loan conditions [14] the performance of the enterprise
has been evaluated (Table 3). At that time the prices of motor fuels were so high
that no sales of electricity would have been justified.

In the above calculations some not negligible potential revenues have been
omitted.

Additional income sources:
Oxygen 1 million tons unit price $150/ton → annual income = $150 million
LPG 0.1 million tons unit price $700/ton → annual income = $70 million
5% w. H2 in coal 30% reduction in H2 use → proportional increase in the yield of fuel
Covering peak load income depending on respective electricity price

All the year 2008 is characterised by exceptional economical instabilities. It is
true that present shocking phenomena are very unpleasant; they delay the world
economic growth and have undermined the credibility of banking systems in most of
the world market. Nevertheless, the author’s is deeply convinced that all these effects
still are not able to demolish the world economy as a whole. From the present shake
the world surely recovers at the time the above concept is coming true. Therefore,
the validity of the estimations inserted here may be considered as preserved.

It is also worth emphasising the scale of the market for the present Clean Coal
Technology that in no case is limited to Poland; to the contrary should be recom-
mended to all EU Member States using coal: i.e. also to Germany, United Kingdom,
Czech Republic, Spain, Greece etc. Obviously, to all coal rich countries out of EU
too: Ukraine, Russia, Turkey, USA, China, India etc.
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5 Conclusions

In view of the entire above one can recapitulate the advantages of the nuclear–coal
symbiosis for production of motor fuels. In the field of energy safety for many coun-
tries it shows the way to energy self-sufficiency. It is achieved thanks to utilisation
of coal for this purpose just increasing the diversity of supply of primary energy
carriers. The additional objective – heightening of the supply of electricity can be
attained due to inherent elasticity of the system. Any time – when needed, the peak
power demand can be met by switching the current from the electrolytic water split-
ter to the grid.

At the same time the use of coal is the answer to societal problems of the coal
sector that since decades remains under strong public pressure raised by heavy envi-
ronmental impact stemming from conventional uses of coal. The proposed modern
technology is a good offer directed to existing great human resources and infrastruc-
ture of the fuel & mining sector while creating demand for manpower in respective
branches and regions.

In connection with the economic side of nuclear–coal symbiosis the discussed
enterprise offers realisation of a competitive production of liquid fuels.

Finally, the environmental questions have to be addressed. In short: nuclear sus-
tained production of motor fuels is a rigorously Clean option of Clean Coal Technol-
ogy with zero emission. And last but not least, an appeal to world coal community:
Nuclear energy proves not to be a competitor of Coal but its ally offering new areas
to be taken by coal sector thus helping to solve its problems. Summarizing:

The coal–nuclear synergy is the optimum far-sighted concept of development of
the energy sector.

References

1. Taczanowski, S. and Pohorecki, W.: Viewpoints on Energy Policy of a Sceptical Observer.
Archiwum Energetyki. 1-2, 3–20 (1998)

2. Taczanowski, S.: Evaluation of accelerator-driven subcritical systems for transmutations of
nuclear waste. Int. J. of Energy Research. 24, 935–951 (2000)

3. http://www.europa.eu.int/comm/energy transport/etif/index.html
4. http://www.maygerconsult.com
5. http://www.iaea.org/cgi-bin/db.page.pl/pris.main.htm

NewsCenter/News/2006/uranium resources.html
6. http://www.icjt.org/npp/index.html
7. http://www.world-nuclear.org
8. http://www.uranium-stocks.net/category/uranium/
9. http://www.polpx.pl

10. Qingyun, Sun: CTL Development in China, Congressional Noontime Briefing. Washington,
D.C. April (2008)

11. Taczanowski, S.: Coal-nuclear Symbiosis for Production of Liquid Fuels (in Polish) Polityka
Energetyczna. 11, 1, 499–516 (2008)



Symbiotic Nuclear–Coal Systems for Production of Liquid Fuels 291

12. Bogart, S.L., et al.: Production of Liquid Synthetic Fuels from Carbon, Water, and Nuclear
Power ... In: Proc. ICAPP (2006), Reno, NV, June 2006

13. Uhrig R.E., Schultz K.R., Bogart S.L.: Implementing the “Hydrogen Economy” with Synfu-
els. In: The Bent of Tau Beta Pi, Summer 2007

14. http://www.kellogg.northwestern.edu/faculty/hertzberg/htm/Teaching/Spring%2008



Prospects of Safe Nuclear Energy in Ukraine

V.A. Babenko, L.L. Jenkovszky, and V.N. Pavlovych

Abstract Lessons from the Chernobyl accident are summarized. The evolution of
traditional nuclear reactor design, including new projects such as subcritical assem-
blies controlled by an external beam of particles (neutrons and protons) is presented.
The Feoktistov reactor and the possibility of its realization are discussed.

Keywords: Nuclear energy, reactor, subcritical assembly, Chernobyl, Sarkofag,
Feoktistov, uranium, neutrons, safety, accident, pollution, fuel

1 The Chernobyl accident and Chernobyl problems

1.1 Chernobyl problems and contaminated territories

Among the Chernobyl problems three main groups can be identified. The first one
is connected with radionuclide environment pollution and its impact on the people’s
health, the flora and fauna of the polluted regions, the peculiarities of agricultural
production in polluted territories, etc. The second group of questions is associated
directly with the disintegrated 4th unit of the Chernobyl NPP (the Object Shelter
(OS) or “Sarkofag”): its technical state, nuclear and radiation safety problems, and
the effect of the OS on the environment in the short and long terms. The third group
deals with the analysis of what caused the accident (strange as it seems).

Although reasonable enough versions of the accident exist [1], they do not con-
sider (or explain) some details, such as witness information, seismic data, and the
results of radio-physicists’ studies of radio-waves transmission in atmosphere [2].
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In this paper we briefly present the first group of questions and more thoroughly
examine the OS problems (for more details see also [3]). The solution of the OS
problem and its convert into an ecologically secure object constitutes separate sci-
entific, technical, and economic tasks.

The accident discharges from Chernobyl polluted 53,454 km2 with 2,293 settle-
ments and a population of 2.6 million with radionuclides [4]. The evaluation of the
discharged fuel quantity (3±1.5)% proposed in 1986 in the report of the Soviet del-
egation in IAEA [5] caused some doubts, which were concerned mainly with large
quantities of radioactive iodine-131 and cesium-137. Generally the discharge could
be evaluated along three ways [6]: measuring the quantity and contents of active
substances ejected to the environment immediately during the accident; measuring
the radionuclides density contamination of the territories both directly adjoining the
OS and of remote areas; and a third way connected to the fuel quantity determi-
nation directly within the different sections of the OS. Knowing the reactor total
core loading, it is possible to evaluate the quantity of the fuel discharged from the
difference. The best evaluation of the quantity of fuel discharged will be achieved
through a combination of all three methods. The direct measurement of the ejected
substance activity and content during the active phase of the accident met substantial
methodological difficulties while selecting samples of aerosols above the damaged
reactor. These troubles led to essential measurement errors (±50%) in the defini-
tion of radioactive aerosols discharged concentration. Thus the first evaluations of
radioactivity emitted were rough.

The second way requires estimating the radionuclides pollution of vast territories
in different countries and is a very laborious one. Nevertheless, as the remote terri-
tories were contaminated mainly by volatile radionuclides, and fine-dispersed fuel
particles containing heavy transuranium elements fell out mostly within the 30-km
zone around the OS, then sufficiently accurate estimates of fuel discharge could be
made through the thorough studies of the alienated zone contamination. Certainly,
in addition, the degree of decrease of pollution from transuranium elements as the
distance from the discharge source increases has to be evaluated. These estimates
were carried out in 1986 and they have constantly been improved [7, 8]. The esti-
mates reconfirm the conclusion of [5] that more than 95% of the disintegrated fuel
from the core is concentrated in the OS. The bulk of the fuel discharged (keeping
in mind the uranium and transuranium isotopes) is localized in the Chernobyl alien-
ated zone and partly in the zone of unconditionally settling out. The fission products
(at this time cesium-137 and strontium-90 are still the most urgent from the point of
view of external and internal irradiation of the population) are dispersed across far
greater territories, mainly in the Ukraine Poles’e zone.

1.2 The object shelter

One of the basic problems of the disintegrated 4th unit of the Chernobyl NPP sig-
nificantly defining nuclear and radiation security is the problem of nuclear fuel in-
side the Object Shelter (OS). To estimate the nuclear and radiation security within
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different sections of OS, it is necessary to know the quantity of nuclear fuel in each
section, the degree of its initial enrichment and burnup at the moment of accident,
physical properties of fuel containing materials (FCM) and the possibility of water
entering each section of the OS. It is well known (see, e.g., [9]) that at the moment
of the accident some 2,14,600 kg of nuclear fuel resided in the 4th unit of the Cher-
nobyl NPP. The bulk of this fuel (190.2 t) was loaded to the reactor core, part of
the spent fuel was placed to the cooling pond (14.8 t), some was on the central hall
stand where fresh fuel assemblies were prepared for core loading (5.5 t), and, lastly,
some was in the section for fresh fuel preparation (4.1 t). At the moment of accident,
there were 1,659 fuel assemblies in the reactor core with 0.1147 t of uranium each.
The fresh fuel of the high-power channel type reactor-1000 (HPCT-1000) before the
accident contained 2% of uranium-235 (after the accident the fuel enrichment was
raised up to 2.5% at all HPCT-1000 reactors to avoid positive values of the steam
reactivity factor).

At the moment of the accident the major part of fuel assemblies were the
first loading assemblies, with a burnup within 11–15 MW·day/kgU. However, the
fresh fuel was also loaded to the reactor. Rough estimates show that a burnup of
∼10 MW·day/kgU approximately corresponds to a uranium-235 concentration de-
crease of 1% and a plutonium-239 concentration increase (at the beginning of the
operating period) by 0.4%. Thus, estimating on the basis of a mean burnup of 10.5
MW·day/kgU, the core content at the moment of the accident was roughly 1,900 kg
of uranium-235 and 760 kg of plutonium-239. Even the first estimates conducted
in 1986 [4] showed that the accident resulted by discharge beyond the 4th block
of 3–5% of nuclear fuel originally concentrated in the reactor core. At present it is
considered [9] that >96% of core fuel, plus fuel in the cooling pond and the central
hall fresh fuel, remain inside the OS. After the accident, 4.1 t of fresh nuclear fuel
were removed from the section for fresh fuel preparation in 1986.

To understand the physical properties of fuel-containing materials of the OS it
is worth going over the basic stages leading up to the accident. The runaway of the
reactor on prompt neutrons resulted in the disintegration of fuel elements shells and
incandescent fuel coming in contact with coolant (water). The explosive water vapor
generation caused a sharp increase of pressure inside the reactor. This first explosion
led to the reactor cover (scheme E, see Fig. 14 [9]) being thrown out to the central
hall up to a height of about 14 m, and the base of the reactor (scheme OP — base
of the reactor BR) went down roughly by 4 m to the apparatus room 305/2, with the
south-east quadrant of the scheme totally ruined. During the flight of the scheme E
the second explosion came about and destroyed the drum separator section, the wall
of which appeared to be inside of the reactor pit, and accordingly the reactor building
itself. After the explosion the reactor cover occupied the position shown in Fig. 1.
The explosions caused part of fuel to be thrown out beyond the reactor building
perimeter, while that remaining in the reactor started to heat-up due to heat release of
fission products and graphite combustion. This process lasted for approximately 10
days. During this period some 14,000 t of various materials: lead, dolomite, marble
crumb, sand, zeolite sorbent, and boron containing neutron absorbers, were thrown
down from helicopters to the central hall and reactor pit. Part of these materials,
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Fig. 1 Schematic picture of the destroyed reactor

Fig. 2 Scheme of FCCM distribution within the OS sections

which fell down to the reactor pit was meltdown together with fuel, fuel elements
shells, walls of process pipes, and fill up material for the scheme BR (serpentine
concrete). This melt penetrated into the sections under the reactor and afterwards
spread around the numerous rooms of the lower floors of the reactor building —
see Fig. 2 [9]. The hardened melt formed the so-called fuel containing clinker-like
masses (FCCM) in these rooms.

The clinker-like FCM of the OS comprised heterogeneous ceramics of brown
or black color with inclusions of different nature. The later studies showed that the
FCCM possess all properties of glass-like materials, thus we will call them ceramics
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Table 1 Chemical composition of FCM in 304/3 and 305/2, and concrete, wt %

Element FCM, 304/3 FCM, 305/2 Concrete

B 0.06 0.07 –
O 43.4 37.1 55.26
Na 4.20 3.34 0.55
Mg 2.40 3.34 0.79
Al 4.80 2.90 2.90
Si 29.8 24.7 26.44
K 1.25 1.05 0.61
Ca 5.50 3.90 8.64
Fe 1.40 0.70 3.64
Zr 3.20 4.00 3.20
C – – 0.40
H – – 0.77

for the sake of tradition. In room 304/3 resides all black ceramics, whereas in the
room 305/2 both black and brown ceramics are present. The black color of the ce-
ramics is basically caused by radiation defects, and after the annealing it assumes a
bottle-green color, which is characteristic for silicate glass. Iron oxides produce the
color of the brown ceramics. The averaged nuclide ceramics content in the 304/3 and
305/2 rooms, excluding actinides, is presented in Table 1. Special attention should
be paid to the boron content in FCCM. It is known that boron is a burnable neu-
tron poison; that is, the quantity of the isotope 10B absorbing neutrons decreases
with time in a medium of non-zero neutron flux. Additionally, the boron is well
dissolved in water and can be washed out of porous FCM. We can’t make the exact
estimates of quantity of “burnup” and moreover “washed-out” boron because before
the time of the analysis of FCCM about 15 years passed.

At present the nuclear fuel resides in the OS in several forms. First of all, there
are the remaining fuel assemblies (southern cooling pond and central hall). In var-
ious locations fragments of fuel assemblies (core fragments) were also found. In
some places of the under-reactor rooms unmelted pellets of uranium dioxide were
found. In FCCM the fuel resides in the form of different inclusions in silicate matrix
with dimensions ranging from several μm up to 300 μm of various chemical com-
positions [10]. Besides, the uranium is also dissolved in the FCCM silicate matrix.
The concentration of the fuel dissolved and included in the FCCM matrix varies
from 4% to 10% in different rooms of the OS, and the mass fraction of uranium-235
generally corresponds to the burnup [11].

Practically in each OS room the fine-dispersed fuel (fuel dust) with particles
with dimensions from parts of a micron up to hundreds of microns is observed.
This dust could represent the basic radioactive danger in the case of a hypothetical
collapse of the OS building construction. Eventually, in 1990, it was found that
in the water accumulated in certain places of the OS lower floors, some uranium,
plutonium, and americium salts are dissolved. The estimates show that up to 4,000
m3 of water per year could penetrate inside the OS through the non-hermetic OS
roof, when combined with the quantity contributed by condensation from humid
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air [12]. Flowing through the fuel containing materials, the water dissolves some
uranium salts and brings them to the OS lower sections. The nuclear danger of each
OS room is determined by the fuel quantity in the room, geometrical placing of this
fuel, and the possibility of water entering the room and its penetration inside fuel
containing materials.

It might seem that the third way of estimation of the thrown out of the OS nu-
clear fuel quantity, that is determination of fuel quantity in different rooms of the
OS, is mostly precise and available. However, the number of hindrances to a de-
tailed examination of the OS is large. The following could be named among such
obstacles: high radiation fields in the OS rooms, blocks of various materials thrown
down from helicopters in the central hall, heaps of hardened “fresh” (1986) concrete
on the clusters of FCM, and the thickness of FCCM layer in room 305/2, where the
bulk of FCCM is located. The estimation of the nuclear fuel quantity inside the OS
and its distribution among sections is very important from the point of view of the
OS nuclear safety and its radiation impact on the Chernobyl NPP and environment
in case of possible accidents.

In [13] the authors used the results of analysis of more than hundred sam-
ples taken from room 305/2 during 1986–1997, measurements of gamma-radiation
power, and the results of all video- and photo- surveys of the room 305/2 and reactor
pit. Further, room 305/2 was divided into squares with 2 × 2 m cross-sections, and
the evaluation of quantity of fuel in a FCM volume located over each square taking
into account all the data was carried out. On the basis of such a detailed analysis of
the whole content a computer model of room 305/2 and the reactor pit was elabo-
rated (Fig. 3). The thorough consideration of all data on room 305/2 and the reactor

Fig. 3 Computer model of the room 305/2 and reactor pit
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Table 2 Distribution of fuel-containing materials inside the OS

Room Type of FCM Quantity of uranium
(mark) and state in FCM, estimation

(on the basis of
uranium metric tons)

Central hall (35.50), Core fragments (the majority ?
other rooms of is located under the materials
upper floors thrown down from helicopters

to the central hall during the
active stage of accident, also
FCCM could be present)
plus fuel dust. 30?
Fresh fuel assemblies 5.5
In the area of the scheme “E” 10–30

Southern cooling pond Fuel assemblies spent 14.8
(18.00–35.50)

Under-reactor rooms FCCM, core fragments 75 (+25,−35)
305/2 (9.00) plus 307/2 plus proved >60 t
scheme “OR” plus reactor pit

304/3, 303/3, 301/5, 301/6, FCCM 11 ± 5
“elephant leg” and others

Steam distributing corridor FCCM 25 ± 11
(6.00), including FCM in valves

Bubbler pond, 2nd floor (BB-2) FCCM 8 ± 3

Bubbler pond, 1st floor (BB-1) FCCM 1.5 ± 0.7

Lower rooms of reactor block Water with uranium ∼3,000 m3 of water
salts dissolved <3 kg U

pit made possible the following conclusion: this section contains not less than 60
tons of fuel. From room 305/2 through the disintegrated by explosion concrete wall
FCCM leaked into room 304/3 and to steam distributing corridors. The second flow
of incandescent lava through steam dumping valves of different floors penetrated
down to the first floor of bubbler pond. For the majority of these rooms the fuel
quantity estimations do not cause debate, and they are given in Table 2 summariz-
ing all the measurements data and estimations of fuel quantity in the OS [9]. As is
shown in Table 2, the room 305/2 and central hall are suspicious from the nuclear
safety point of view. In the steam distributing corridors at the marks 9 and 6 m the
clinker layer is thin (maximum 0.6 m in the room 304/3) and according to eval-
uations the probability of a self-sustaining chain reaction onset in these rooms is
insignificant despite the large quantity of fuel. At present the water in lower rooms
of the OS doesn’t constitute nuclear danger, but in the future, with a gradual increase
of the uranium salt concentration, the risk of self-sustaining chain reaction (SSCR)
onset could also rise.
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There are two ways to evaluate the nuclear safety of the different sections of the
OS. The first one is the calculation of the neutron multiplication factor in these sec-
tions under various conditions including the most unfavorable case of FCM flooded
by water. The criticality computations should be supplemented with computations
of the SSCR course scenario if the criticality calculations show the possibility that
the neutron multiplication factor exceeds one. The second way is direct measure-
ments of the neutron multiplication factor in the OS sections and possible moni-
toring of FCM reactivity on the basis of these measurements. The unification of
the calculation and experimental methods is advisable, as the data for both precise
computations and experimental results interpretation are lacking.

Nuclear safety of the OS, which actually is a problem of FCM criticality, was
considered by several groups [14–18]. Criticality computations usually are con-
ducted by numerical solution of the steady-state equation of neutron transport in
the medium. The eigenvalue of this equation determines the medium multiplica-
tion factor, that is, criticality. Generally this equation is solved with the help of
well-developed computer codes. Among the most known the codes SCALE, MCNP,
SRAC could be noted. To carry out the calculations, the following must be known:
(1) The nuclide composition of the FCM and the concrete they are located on. This
concrete could act as a neutron reflector; (2) Macroscopic properties of the FCM,
such as density and porosity; (3) Geometrical FCM parameters, the dimensions and
configuration of FCM clusters; (4) The quantity and distribution of fuel in the FCM
(this is the main question). The first three issues are investigated fairly enough,
whereas the question of the quantity and spatial distribution of fuel in FCM stays
open in many details: the distribution of non-meltdown core fragments and fuel pel-
lets are still unknown. Thus, the calculation of the effective neutron multiplication
factor in FCCM requires that additional ideas be drawn in.

For calculation of the greatest possible effective neutron multiplication factor in
FCM of room 305/2, which poses a major danger, various models of fuel distribu-
tion were considered [17, 18]; in the paper [18] the results of a recent inspection of
room 305/2 [13] were used, serving as the basis for creation of the computer model
shown in Fig. 3. The fuel enrichment was calculated on the basis of mean burnup of
around 11.5 MW·day/kgU. The total quantity of fuel was determined on the basis
of mean and maximum values presented in Table 2. All the quantities were calcu-
lated depending on water content in the FCM. In Fig. 4 the spatial distribution of
neutron flux along the vertical coordinates accounting for the lower (100 cm) and
upper (ceiling, 280 cm) concrete reflectors (the layer of FCM is 80 cm) is presented.
Figure 5 shows the neutron spectrum inside FCM depending on degree of FCM
flooding by water, and Fig. 6 presents distribution of neutron flux in the room 305/2
implemented using the Monte Carlo method with the help of the MCNP code [18].

The results of the calculations show that taking into account the fuel heterogene-
ity in FCM does not always lead to the effective multiplication factor increase. The
effect depends on water concentration in FCM and on the boron and gadolinium
quantities, i.e., on the moderating and absorbing properties of the medium. From
the computations it is also seen that the value of the effective multiplication factor
slightly depends on a chosen model of non-meltdown inclusions disposition, thus
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Fig. 4 Fast and thermal parts of neutron flux in the room 305/2 at two values of FCM filling with
water (0% and 20%) depending on height (0–100 cm is concrete, 100–180 cm FCM, 180–280 cm
air, and >280 cm concrete)

Fig. 5 Energetical spectra in the room 305/2 at different water content in FCM

giving possibility to use the lattice models in most of calculations. In all models with
an average quantity of fuel the effective multiplication factor increases rapidly from
values 0.25–0.35 for dry FCM up to 0.65–0.70 under 20–25% water flood. With
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Fig. 6 The neutron flux distribution in the plane of the room 305/2 depending on coordinates
(obtained on the basis of the room computer model)

further water flood of FCM the effective multiplication factor falls down to values
0.60–0.65 for the majority of models, whereas for the model with non-meltdown
inclusions in the lower layer the factor gradually increases up to 0.8. In an infinite
medium, FCM with the highest possible fuel quantity, and pellets cubic lattice with
average burnup, the multiplication factor reaches the value of 0.81 at 20% water
flood. The same model with fresh fuel gives k∞ ≈ 0.99 at 20% water flood, which
rises up to 1.07 at 40% of water volume content in FCM. The heterogeneous models
with larger thickness of wet FCM (according to estimations of [13] the thickness of
the FCM layer in the room 305/2 reaches 4 m) give a value of effective multiplica-
tion factor exceeding one even for burned out fuel.

So, some models of FCM give multiplication factor exceeding one. However,
such values of the multiplication factor are reached only at big enough water content
in FCM. This means that with water entering into FCM from any external source
(e.g., precipitation and condensation) the self-sustaining chain reaction (SSCR) of
fuel nuclear fission inside FCM could start. The results of studies of the dynamics
of SSCR inception and development in FCM, under different conditions of FCM
filling with water and at various values of maximally possible reactivity, the effective
multiplication factor taking into account possible temperature effects, including the
Doppler effect [17], are given below. It is shown that depending on the rate of FCM
water flood, different scenarios of SSCR are possible.

Let us assume that the heterogeneous composition with a maximum possible
neutron multiplication factor exceeding one is realized (both the existence of such
composition and its flood with water are fairly problematic) and consider the qualita-
tive pattern of SSCR development. To analyze FCM behavior at the conditions of its
reactivity variation due to water flood, it is necessary to solve the system of kinetic
equations describing the situation. The first equation describes neutron transport in
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FCM medium and it must account for the existence of delayed neutrons and varia-
tions of mean neutron lifetime and reactivity depending on quantity of water in FCM
and temperature. Stationary computations show that the dependence of reactivity on
water quantity is close to a square-law function reflecting moderating and absorb-
ing properties of water. The second equation is actually an energy conservation law
accounting for fission energy release, FCM heating, and FCM cooling from surface
and water evaporation. The third equation is a water mass conservation law taking
into account the water entering from the external source and its evaporation due to
heating as fission energy is released.

These equations were investigated by qualitative methods of the stability the-
ory in the framework of point model and were solved using numerical methods
[17]. Different regimes of SSCR development were found depending on parame-
ters values. These regimes are as follows: single neutron burst both in sub-critical
and super-critical regimes (in a sense of maximum possible reactivity), and also the
regimes of stable and damped neutron oscillations. The realization of one of these
regimes depends on the multiplication factor value, the rate of FCM water flood, the
rate of heat removal, etc. One of the most probable regimes of subcritical neutron
burst is presented in Figure 7, where time profiles of neutron flux density, tempera-
ture, water density, and reactivity of FCM are given. It is necessary to note that in
1990 and 1996 two neutron bursts were registered by neutron detectors placed in
the rooms 304/3 and 305/2. The reasons of these bursts were widely debated but it
is obvious that both incidents happened after intense rain in the Chernobyl oblast.
The pattern of bursts development resembled the picture presented in Fig. 7.

The problem of neutron multiplication factor measurements in a multiplying
medium is pressing for any multiplying media, that is, for any accumulation of dan-
gerous nuclear materials, and not only for the OS. The authorities of many countries
demand from operating organizations that nuclear safety should be grounded by an
exact knowledge of neutron multiplication factors in subcritical systems. In connec-
tion with the ADS ideology the exact knowledge of subcriticality in the “on-line”
regime is urgent to secure the effective work of subcritical reactors. Despite the high
speed and accuracy of modern computers the data on subcriticality can’t be always
provided by calculations, as the computations are often lacking precise initial data.
Taking the OS as an example we’ll discuss the possible ways to solve this prob-
lem below. It is necessary to note that attempts at making such measurements at
the OS were carried out in 1991 [19]. These measurements were made on the ba-
sis of the pulsed neutron method with the standard geophysical instrumentation for
neutron well logging. The authors didn’t have the ability to vary the frequency of
neutron pulses, and also the equipment had a short detection time for the system
response (2 ms). Thus, they could not measure the delayed neutrons and determine
the multiplication factor with proper accuracy.

Experimental methods of reactivity measurements could be conditionally divided
into two classes: active and passive methods. The active methods presuppose some
effect on the multiplicative system with subsequent measurement of the system re-
sponse. These methods could be realized both by introducing of redundant reactivity
(positive or negative) into the system or irradiating the system by external neutron
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Fig. 7 Time profiles of neutron flux, temperature, water density, and reactivity of FCM in the
regime of non-periodic subcritical neutron burst

source. As a rule, the active methods are unfit for practical application. The intro-
duction of additional reactivity requires exact knowledge of this reactivity and, so,
the calculations of multiplicative properties of the system we want to determine ex-
perimentally. The method of external pulse neutron source for the sake of improving
accuracy requires the placement of the source inside the system to the point of the
first harmonic maximum, which also needs the neutron flux density calculations to
be conducted; on the other hand, the placement is not always possible technically.
In turn the passive methods of reactivity definition are based on measurement and
analysis of steady neutron background fluctuations, which in the majority of nu-
clear systems originate from transuranium elements or a stationary external neutron
source. Namely, in the OS, the neutron background depends on spontaneous fission
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of transuranium elements (244Cu, 242Cu, 240Pu, and the negligibly small contribu-
tion of 238U) and (α ,n)-reactions. The fluctuations of the neutron background are
stipulated by the statistical (probabilistic) nature of the neutron emission and their
interaction with the medium nuclei. A review of statistical methods for reactivity
measurements is presented in [20], and a number of measurements with various
improvements [21, 22], including measurements at the OS [23, 24] have been con-
ducted since.

It is noteworthy that modern electronics are capable of getting the initial statis-
tical experimental information with subsequent software processing on a computer
using one or another theoretical method (or all methods known). At the INR of the
Ukraine NAS such equipment was developed, permitting measurement of time in-
tervals between pulses of the neutron detector with an accuracy of 250 ns [23]. The
software was also developed and the measurements of the neutron multiplication
factor in the OS (keff ≈ 0.35 in room 305/2) were performed.

It is clear from above that the OS contains significant radiation and nuclear risks.
So, a pressing need exists to transform OS into ecologically safe system.

2 Nuclear reactors

2.1 General requirements for next-generation reactors

Recent recession in nuclear power engineering development rate in the 1980s–1990s
is connected not only with accidents at power reactors but also with the diminishing
competitiveness of electrical power produced at atomic plants. This is connected
with rise in the cost of some units construction and increase of building terms. The
fuel became more expensive as well. Thus, the second requirement to future atomic
power plants is reduction of electricity price produced. These two demands are con-
tradictory on the face of it, but really closely connected with each other. One should
never forget that even in cases when radioactivity doesn’t go out of the reactor limits,
nevertheless the heavy accidents cause huge financial losses. The third requirement
for next-generation nuclear power engineering is the need for a solution to the prob-
lem of nuclear waste.

We will try to formulate the main demands on developers elaborating new re-
actors. First of all, the reactors in new designs must be provided with the systems
of passive protection. That is, in case a dangerous situation in the reactor arises the
chain reaction must be damped and the core cooling started without personnel in-
terference. The other requirement is simplification of all reactor systems designs
with simultaneous increase of their reliability. The simplification is understood as
diminishing of the quantity of units that could fail. The rest assemblies should be
doubled and have reliable control systems. At last, the safe reactors should be less
powerstressed; i.e., it is advisable that the units of lesser power that are produced
and assembled directly at production sites be put into operation. Apropos, such units
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will have significantly improved quality and reduce the cost of station construction.
The possibility appears that the lesser power reactors cooling exclusively through
natural forces usage are of coolant natural convection. Thus, the diminishing of re-
actor power makes possible the application of passive protection systems along with
quality increase and reduction of production costs.

A contradiction arises again, as it is known that the economical efficiency of
high power units is larger. That is why before the decision is taken all the finan-
cial expenses must be very well calculated, accounting for economical, ecological,
and social risks. Thus the new designs of reactors are being developed now along
two directions. On the one hand, the high power blocks are being developed with
all possible protection systems including passive systems and sophisticated systems
of operational control. On the other hand, reactors of minor power with additional
cooling by the coolant convection are also being elaborated. Such improved con-
structions of reactors are already developed. Note that a brief review of existing
types of nuclear power reactors is given in [3].

2.2 Improved reactors

We tentatively group new reactor projects into three types: improved reactors, per-
spective reactors, and innovative reactors. Let us call the improved reactors those
that do not strongly differ from the ones operating now but have an increased safety
level. This safety level is reached using all the three principles listed above, but
possibly not in full measure. The projects of such reactors fully developed passed
license and are ready for the serial production (see, e.g., [25]). One of the possible
ways of such modernization consists in the deeper submerging of the core into a ves-
sel containing pressurized water, so that in the case of an accident the water above
the core will not boil away as quickly as in an ordinary reactor and destruction of
fuel elements will be delayed. This method doesn’t exclude the necessity of backup
cooling systems and protective shells, but its application gives the operators more
time to take adequate decisions.

There are also other fully developed projects, for instance IP-600, WWER-650,
and PBR-600, having far lesser power with core and confinement cooling by the
coolant convection in case of accident. Among the boiling reactors to this type could
be attributed the reactor ABWR developed jointly by General Electric and Hitachi;
at present 4 units of ABWR with 1,356 MW(e) power each operate in the world. A,
simplified reactor on boiling water SBWR with power 600 MW(e) with the coolant
natural circulation has been developed as well.

Other type of projects are perspective projects with the highest possible use of
passive safety principles. The most strikingly such designs are represented by the
project of ultimately safe reactor (USR) developed by Swedish company ASEA-
ATOM. This project is based on a drastic change of reactors on light water con-
struction. Its core, first cooling circuit, and steam generators are submerged into a
big pool made of prestressed concrete filled with cold water and boron solution.
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The pool and the first circuit are connected hydraulically, but in normal conditions
the water pressure maintained by cooling pumps prevents water from entering the
core. Disruptions in the cooling system lead to pressure diminishing and cold water
entering the core. The boron damps nuclear reaction as a strong neutron absorber
and natural convection of cold water takes away residual heat and makes the reac-
tor shut down cooling without personnel interference or usage of electromechanical
means. The second interesting project which could also be attributed to the “fully
safe reactors” series is design of a compact (100 MW(e)) high temperature reactor
with gaseous coolant developed by the German company KWU/Interatom. The core
of such reactors consists of large quantity of graphite balls with small pieces of fuel
inside covered by a layer of graphite and silicon carbide mixture. In the lower part
of reactor the unit for fuel reloading, which is performed without reactor shutdown,
is located. The fuel can withstand temperature up to 1,600◦ without fission prod-
ucts being released. Due to the small dimensions of the balls and, accordingly, a
big surfaceto-volume ratio, the temperature in the core can’t exceed the preset value
even if all coolant is lost. The chain reaction will automatically stop after tempera-
ture increase due to broadening of resonant absorption levels. The radioactive fission
after-heat is removed through the vessel walls, and with small reactor dimensions
such removal will be sufficient for the temp! erature not to exceed a safe level.

Breeder reactors on fast neutrons were also developed. One of them is a reactor
BREST (in Russia) with melted lead as coolant. This reactor could be considered
sufficiently safe as it works at fairly low pressure due to the low pressure of lead
saturated vapors. One of the essential drawbacks of modern reactors is a problem of
radioactive waste, especially transuranium elements. For this problem to be solved
there are several approaches, one of which is in the stages of an almost developed
project. In this context the project PATES (in Russia) is meant (underground atomic
thermal electric power plant). Recently this project was intensively advertised to be
introduced to Ukraine atomic power engineering; thus, we will examine it some-
what more closely. The project envisages employment of 235U with purity 99.9%
as a fuel. It is true that such fuel will lessen radioactive waste and practically zero
quantities of transuranium elements making bulk contribution to long-term resid-
ual activity of waste. This effect is precisely the main advantage of the approach
proposed. The very station is supposed to be build on the basis of reactors KNZ
(in Russian) developed for submarines. They are compact and could be produced at
manufacturing plants with high quality. The plant consists of separate units placed
underground. Such reactors don’t need the separate protective shells to be built so
construction costs will be lower. Besides after the operation lifetime is over the sta-
tion could be simply buried underground. Thus the basic idea of underground station
construction with use of low power units undoubtedly deserves attention.

2.3 Innovation projects

There are innovation projects of nuclear reactors, some of them only ideas, uniting
the solutions to both the problems of radioactive waste and safety. We’ll mention
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three directions. The first is projects of subcritical reactors controlled by the charge
particles accelerator (the so called ADS, accelerator driven systems); the second is
molten salt reactors-breeders; and the third is the Feoktistov reactor, which is a re-
actor on fission auto-wave. These types of reactors are actively discussed presently,
different constructions calculated, and even the concept of the first and second types
of reactors symbiosis have been proposed. The main idea of the reactors with accel-
erator (firstly suggested more than half-century ago [26–28] reanimated at present
after papers of Rubbia, Bowman, and Furukawa [29–31]) is that the core is main-
tained in a subcritical state with a neutron multiplication factor below one. An exter-
nal source of neutrons is required to keep such reactor in steady state. The reaction
of accelerated protons up to energies of around 1 GeV with target of heavy metals
(bismuth, tungsten, lead, or a mixture of these) is considered to be most suitable
source of neutrons. Upon attainment of high currents of the accelerator beam a suf-
ficiently high density of neutron flux in core can be obtained (>1015 n/cm2s). At
such neutron flux density and with the condition of fast neutrons spectrum in reactor
(i.e., without moderators), all the transuranium isotopes turn to fissionable isotopes
(or merely break down in the fast spectrum) and take part in chain reaction. Thus
all transuranium waste of light water reactors could be burned out (ideal case) and,
besides, in such reactions fluxes transmutate even long-life fission products. Such a
reactor is a safe one, as far as chain reaction is maintained by the external neutrons
source, which can be practically instantaneously switched off by electrical means of
control.

A review of the possibilities and advantages of subcritical systems in comparison
with reactors in operation can be found in [32, 33]. In this paper we discuss several
questions that were insufficiently considered in the literature. Those are questions
of choice of the external neutron source for subcritical systems and optimization of
core aiming at obtaining the maximum amplification factor of neutron flux from the
external source. The question of multiplication factor measurement in subcritical
systems is also very important.

In contrast to traditional ADS based on protons (or deuterons) of high energies
(up to 1 GeV) with beam currents reaching tens of milliamperes one may consider
the possibility of usage of ordinary neutron generators based on the D–T reaction
with a deuteron beam current up to 1 A. As deuteron energy on the order of 200–
300 keV is quite sufficient for reaction to proceed, the creation of such neutrons
generator could appear far cheaper than the construction of 1 GeV accelerators; the
currents of several amperes are quite accessible for low energy accelerators. The
neutrons generators could turn advisable at construction of high fluence research
reactors.

Let us sketch the basic principles of the construction of neutron generators. In
such generators neutrons are produced as a result of fusion reactions D–D and D–T
(D is a deuteron and T is a triton). The leading is the reaction D–T, as its cross-
section reaches maximum (∼5.3 barn) at an energy of about 109 keV, exceeding
the cross-section of the D–D reaction by more than order. The majority of neutron
generators work on metallic tritium saturated targets irradiated by 300–400-keV
deuteron beams. The neutron yield in such systems depends on deuterons energy
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losses in targets (i.e., on material of the target), saturation of target with tritium and
naturally on the deuteron beam current. For multilayered solid targets neutron yield
per one accelerated particle up to 300–400 keV is on the order of 10−4; i.e., at ac-
celerator current ∼1 neutron yield could reach 1014 n/s. For gaseous targets neutron
yield per accelerated particle is bigger by an order, ∼10−3 [34]. Thus for subcritical
research reactor it is advisable to construct neutron generator with particles beam
current around 1 Å and a gaseous target. Such a generator will serve as an external
neutron source with intensity of 1015 n/s for subcritical system. It is worth noting
that a generator with intensity of 1014 n/s and accelerator current of the order 1 Å
has already been constructed [35].

Apparently, the questions of core optimization have been repeatedly discussed.
For instance, Daniel and Petrov [36], on the basis of one-group diffusion model,
showed that it is more effective to use two-zone system with an external neutron
source surrounded by a small booster with k∞ > 1, which, in turn, is surrounded
by a subcritical core; thus, the effective multiplication factor of the whole system
keff < 1. Multizone systems with valve neutron connections were also considered
[37, 38]. As a one-group diffusion model for complicated multizone systems does
not often lead even to qualitatively correct results, than optimal parameters to be
chosen (dimensions and zones enrichment) for the subcritical reactor it is advis-
able to conduct numerical multi-variant calculations of model systems [39, 40] and
then compute the reactor real scheme. As a principal optimization parameter the
amplification factor of neutrons from external source could be chosen (ratio of to-
tal quantity of neutrons passing the external boundary surface per time unit NS to
neutron source intensity I0: q = NS/I0), as the basic purpose of research reactors
construction is obtaining high-flux neutron beams.

The results of model calculations of two-zone subcritical homogeneous systems
with different enrichment and zone dimensions with a neutron source 14 MeV are
given below. The calculations were carried out using the neutron-physical codes
SCALE and MCNP. Our results show that the amplification factor of neutron flux
from external source shows nonmonotonic behavior depending on the thickness of
the zones and on fuel enrichments. In Fig. 8, the results of calculations of a sys-
tem with enriched uranium internal zone and a pure uranium-238 external zone are
presented. The thickness of the external zone is set within 1–20 cm. For each en-
richment of internal zone, its dimensions are selected so that the whole system keff
equals 0.99. The internal zone enrichment as to uranium-235 varies within 8–100%.
It can be seen that at the internal zone enrichment of 20% the maximum of factors
is observed at any thickness of external zone. Such nonmonotonic behavior of am-
plification factors is observed for all the schemes computed; that is, optimal choice
of zones dimensions and enrichments could secure the maximum possible neutron
flux to be obtained [41]. Certainly, calculations of realistic schemes could introduce
some amendments to the estimations presented, but still the research reactors of this
type are promising for further development. Moreover, to get high amplification fac-
tors and so to diminish accelerators currents in power reactors, it is probably worth
conducting optimization calculations with dimensions and enrichments of different
zones of reactor.
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Fig. 8 Dependence of amplification factor of neutron flux q for two-zone system at various thick-
ness of external zone T and different enrichments w for uranium-235

Let us note that an experimental subcritical assembly, namely “YALINA-B” with
a neutron generator, has already been constructed at the Joint Institute for Energy
and Nuclear Research (Sosny, Minsk, Belarus) [42]. The assembly consists of a
deuteron ion accelerator and a titanium target saturated with tritium at which the
beam is directed (keep in mind that the typical ADS scheme proposes to use a heavy
metallic target irradiated by a beam of charged particles, protons or deuterons, as an
external neutron source). The generator neutrons hit a lead target, which forms a
neutron beam going exactly to the subcritical core. The very core, with effective
multiplication factor keff < 0.98 consists of polyethylene moderator in the chan-
nels of which the fuel rods are placed (UO2 with 10% enrichment to 235U). All
the core is placed in a graphite reflector. The subcritical assembly of the traditional
scheme, in which a proton accelerator of 600 MeV with current up to 3.2 μ is di-
rected to a lead or tungsten target to cause a stripping reaction (spallation), is being
developed in Dubna, JINR, Laboratory for Nuclear Problems (SAD is subcritical
assembly of Dubna) [43]. By now the project of the installation and technology of
fuel pellets production have been developed. The core is assembled of fuel elements
developed for the reactor BN-600 with mixed oxide fuel (UO2+PuO2) [44]. SAD
could become the first installation ADS in the world connecting a proton accelerator
with subcritical compact core filled with MOX fuel. SAD is aimed at ADS physics
research in a wide subcriticality interval up to keff ∼ 0.98. At present the SAD in-
stallation has already assembled. The works on safety provision are in final stages
and technology of fuel pellets production is being adopted. In the Ukraine Kharkov
“phystech” the project of a subcritical reactor on the base of an already existing 300
MeV electron accelerator is being developed. At present the work is at the stage of
physical project development.
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2.4 Feoktistov reactor

Innovation projects of nuclear reactors are directed both on reactors safety increase
and fuel cycle improvement, the burn-out of transuranium elements and huge re-
sources of 238U and 232Th usage. From our point of view the Feoktistov reactor,
which is based on the origination of a slow nuclear combustion wave in a pure 238U
(or 232Th) medium, solves both problems: ultimate nuclear safety and 238U usage,
but only in the case of practical realization of such a reactor. Possibly in the Feoktis-
tov reactor not only pure 238U will be used but also depleted uranium (enrichment
process waste) and spent nuclear fuel (without preliminary radiochemical repro-
cessing). Feoktistov [45] showed that in 238U medium (for the sake of definition
further we will talk about a uranium–plutonium reactor) under certain conditions
the neutron-fission wave could propagate. Really, if a halfspace filled with matter
containing uranium is irradiated by neutrons then plutonium will be accumulated
close to surface. With time, the plutonium concentration could reach critical value
and then the system could become capable to self-multiplication. Neutrons emit-
ted from reaction zone are captured by the next uranium layers in which plutonium
accumulates also. Under certain conditions the core moves and plutonium accumu-
lates in subsequent layers. As a result a steady wave forms, in the front of which
uranium is processed into plutonium due to fission neutrons. It was noted in [46,47]
that such a regime realization in reactor will provide its internal safety.

In the paper by Teller [48] the concept of a fast reactor working in a self-
controlled regime on thorium fuel at the depth 100 m underground for 30 years
running without man’s direct interference was presented. Such a reactor operation is
practically absolutely safe. Actually, Teller used and applied the Feoktistov idea to a
thorium reactor. In [49–52], new models of perspective fast reactor development are
proposed. Through mathematical simulation it was shown that the self-controlled
reactor period reaches 11 days, whereas in ordinary reactors it is several minutes
(reactor period is time of power increase by e times). In particular in [49, 50] was
proposed a model of a reactor on metallic fuel and it was shown that without control
reactor power changes by 2.5% during 2 years. Though the authors of [47, 49, 50]
refer to Feoktistov, in their works the auto-wave of plutonium fission doesn’t emerge
and the reactors considered are not steady as their power changes with time without
control. Maybe, this is due to geometrical effects or initial conditions choice.

The Kharkov group [51, 52] showed the possibility of origination and propaga-
tion of nuclear combustion wave in a critical fast reactor on metallic U–Pu fuel.
The calculations demonstrated that such a reactor automatically maintained itself in
a state close to critical during long time (years) due to internal feedback on reac-
tivity which provides stable propagation of the combustion wave. In particular, the
run of a cylindrical reactor with radius 100.5 cm and length 500 cm lasts around
15 years, after which the reactor reaches the stable phase of the nuclear combustion
wave propagation, with the speed of its front movement constituting about 25 cm
per year. The analysis done showed the stability of the combustion regime regarding
the perturbations of neutron flux in the reactor.
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In our opinion, the numerical calculations of such a type do not reflect the phys-
ical peculiarities of the wave reactors and, in any case, can not be the proof of
stable wave existence. This is due to the fact that the main idea of the wave reactor
self-aligning is loosed in such calculations: fluctuation excesses of plutonium con-
centration over the critical value burn during the times compared with neutron life-
time (without taking the delayed neutrons into consideration) or, at least, compared
with reactor period (taking the delayed neutrons into account), but new plutonium
is formed approximately through three days and not simultaneously. This means
that the numerical calculations should be performed with time mesh of the order of
10−6–10−7 s without delayed neutrons and with time steps ∼ 10−1–1 s taking the
delayed neutrons into account. At the same time, the most of the numerical calcula-
tions were performed with the time steps of the order of days (in the works where
the step was indicated), which was connected with necessity to calculate the long-
term processes of wave formation and propagation over the whole reactor. But the
calculation with such time steps leads to seeming increase in multiplication factor
up to 1.1–1.2 in dependence on time step, and reactor runaway is not observed. It
means that such calculations have no physical sense.

It is interesting to note that taking into account the delayed neutrons is not im-
portant for formation of the nuclear burning wave at first glance. But it can be very
important for the numerical calculations since adding of one or several equations to
the mathematical model cannot be compared to necessity of time step decreasing to
several orders. It is clear that the calculation of the reactor life-time with small time
steps of the order of neutron life-time is impossible at present computers (excluding
supercomputers and international grids).

The stationary auto-wave regime is very interesting, and it is necessary to ana-
lyze the conditions of its onset – first on the basis of simplified equations and then
using more realistic mathematical models. One such simplified model is considered
in [53, 54]. In contrast with [45], where a system of four equations for concentra-
tions of neutrons (in one-speed approximation), uranium-238, plutonium-239, and
intermediate nuclide-239 was analysed, in the papers mentioned only one equa-
tion for neutron flux density φ is considered, and nuclide concentration fluctuations
in wave are accounted by the model quadratic dependence of multiplication factor

k∞(x) on the neutron fluxΨ(x, t) =
t∫

0
φ(x, t ′)dt ′:

L2
0

d2φ
dξ 2 +[k∞ (Ψ)−1+ γφ ]φ = 0 ,

where ξ = x− ut is the wave variable, L0 is the neutron diffusion length, γ is the
power reactivity factor describing feedback with other reactor subsystems, and k∞ =

kmax +(k0 − kmax)
[
Ψ
Ψm

−1
]2

.
Such an approximation can be justified if the plutonium concentration depen-

dence on the wave variable is expanded into series in the vicinity of the maximum,
and consideration is restricted to quadratic terms. As a result, the solution of the
equation obtained has a well known form of diffusion soliton φ (ξ ) = φmsech2 (αξ ),
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and in [53] the influence on the solution of power feedback, deviations from parabol-
icity, and wave initiation methods was investigated; [54] considers the effect of
transverse leaks (all the [53, 54] analyses are conducted for the one-dimensional
case).

The system of four equations [45] is far more complicated, but it can be analyzed
in terms of the flux variable instead of neutron flux variable. Then the system of
equations can be presented in the following general form:

∂Ψ
∂ t

= ν ·D ·ΔΨ +G
(−→

N 0,
−→
N ,Ψ

)
,

∂−→N
∂ t

= σ̂ ·−→N · ∂Ψ
∂ t

+ λ̂ ·−→N ,

where G =
Ψ∫

0
g
(−→

N
)

dΨ is the flux generation function by analogy with neutron

generation function g
(−→

N
)

, which is the linear function of nuclide concentrations
−→
N and takes into account all the processes of neutron creation and absorption; σ̂ is
the matrix, elements of which are the microscopic cross sections of absorption and
capture, and λ̂ is the matrix, elements of which are the decay constants of the β -
active nuclides; ν is the mean neutron velocity, D is the neutron diffusion coefficient
(only three nuclides were taken into account in [45], but it is necessary to consider all
nuclides important in the process, including fission products and external absorber).

It can be shown in quasistationary diffusion approximation, which is always ful-
filled, that in order to satisfy the boundary conditions it is necessary and sufficient
to satisfy the following two conditions:

Ψ∫

0

gdΨ = 0 ,

Ψ∫

0

(
Ψf −Ψ

)
·gdΨ = 0 ,

whereΨf is the final value of the flux. One can transform these conditions to those
analogous to criticality condition of usual reactors: keff = 1, where keff is the ef-
fective multiplication factor. Let us disjoint for this purpose the neutron and flux
generation functions into two parts:

g = g+ −g−,

G± =
Ψ∫

0

g±dΨ .
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so that g+ and g− are positive (the bars denote the mean values). Besides, g+ corre-
sponds for neutron generation and g− corresponds for neutron absorption. Then the
effective multiplication factor for usual reactors has the form:

keff =
g+

g−
.

Let us denote the points at the flux axis with coordinates

Ψ ± =

Ψ∫

0
Ψg±dΨ

Ψ∫

0
g±dΨ

as the “centers of neutron generation and neutron absorption application”. And let
us introduce the integral neutron multiplication factor for the nuclear fission wave
reactor

keff = k0 =
g +

g −

and integral coefficient of space equilibrium

k1 =
Ψ +

Ψ − .

Then one can write the conditions of wave stationarity in the form

k0 = k1 = 1 .

Summarizing the obtained results, one can make the following qualitative con-
clusion: in addition to integral equality of created and absorbing neutrons, the dis-
tribution of neutron creation and absorption density along the fluence coordinate is
also important for the wave stationarity. One can write the corresponding condition
of time-space equilibrium in the wave as the condition of generation and absorption
centers of application coincidence along the fluence coordinateΨ+=Ψ−

, or k1 = 1.
So the wave should be balanced by two (not only one) parameters simultaneously,
which is very important. The existence of such two conditions gives the possibility
to develop the perturbation theory in order to determine the wave velocity (and also
energy release and reactor power) in dependence on the different nuclide concentra-
tions, first of all on the concentration of the external absorber, which is the control
parameter of the problem. More detailed information can be found in [55].

The results obtained allow for some conclusions to be made. First, before con-
ducting bulky numerical calculations in many-group approximation accounting for
a large quantity of nuclides in realistic geometry, it is necessary to study auto-wave
solution stability for such system. Second, auto-wave stability essentially depends
on geometry and on the problem parameters (relationship between cross sections).
Third, numerical calculations of realistic systems must be carried out with maximum
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possible accuracy, because such calculations require recomputing cross sections at
each step and the relation between cross sections determines wave stability. The sta-
bility study of system of parabolic equations constitutes a fairly complicated prob-
lem with no general solution found so far. Nevertheless, in some special cases the
methods developed in chemical combustion theory [56] are applicable. For exam-
ple, if diffusion coefficients of components participating in the reaction are equal
(in our case, if the neutron diffusion coefficient is zero) it could be shown that wave
solution is stable in a fast uranium–plutonium reactor in flat geometry. More com-
plicated cases require further study.

3 Conclusions

In conclusion, one tries to answer the principal question: could nuclear power en-
gineering be safe? The authors consider the nuclear power engineering no less safe
than any other energy intensive technologies. Moreover, nuclear power engineer-
ing could be and must be more safe than other energy generating technologies be-
cause the price of potential problems is enormously high. This price consumes huge
resources, especially from Ukraine because of the Chernobyl accident. Innovative
approaches considered above allow for the solution of other problems of nuclear
power engineering, namely, competitiveness and nuclear waste handling.

To summarize, closed fuel cycle creation relies on the availability of two essential
technologies: uranium isotope enrichment and radiochemical production facilities
to process spent nuclear fuel. In the project of manufacturing of fuel assemblies in
Ukraine, it was supposed that the uranium enrichment will be conducted at Rus-
sian plants and the fuel pellets will be delivered from Kazakhstan. Generally speak-
ing, the energy independence achievement supposes availability of all technological
stages of fuel production inside the country and, apparently, while developing the
project of nuclear fuel production in Ukraine the question of isotope uranium en-
richment plant construction was also considered, and the decision not to build such
a plant was reached. The authors agree that uranium enrichment on the basis of
traditional technologies (centrifugation and gas diffusion) is undesirable.

However, for the past 20 years the technologies of uranium laser enrichment were
being developed, which are considered more cheap and effective, as enriched fuel
could be obtained in a one-cascade process (in contrast with traditional technologies
where thousands of cascades are required). As far back as the beginning of the
1990s about 1,000 kg of enriched uranium at experimental industrial installation
was obtained on the basis of method AVLIS (Atom Vapor Laser Isotope Separation)
in the United States. There are also methods of laser enrichment in molecular beams
(MOVLIS) and laser-chemical methods. Thus, in the case of a significant rise of
enriched uranium costs, one of the points of atomic power engineering in Ukraine
could become the development of laser enrichment technology and its introduction
into fuel production.
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As was already noted, a “deferred decision” strategy of spent nuclear fuel han-
dling was adopted in Ukraine, i.e., centralized dry storage of SNF construction and
possible development of own radiochemical production in future. The known tech-
nologies usage like methods of extraction by solvents are also probably undesirable.
As an alternative it is worth considering the fluoride technologies developed by sci-
entists in St. Petersburg.

In conclusion let us list some principal points. Nuclear power engineering is un-
doubtedly one of the energy sources with the most potential. Its effectiveness will
depend on various circumstances and first of all on profitability. Nuclear safety en-
forcement at NPP leads to higher cost of the produced electricity. This increase
could be compensated in future by development of new more safe reactors. To safe
reactors we firstly attribute subcritical reactors controlled by charged particles ac-
celerators (ADS). The other perspective direction in development of next-generation
reactors is the Feoktistov reactor. Still, before its practical operation a number of es-
sential problems are to be solved. The specific weight of NPP in Ukrainian power
engineering is one of the highest in the world and state authorities intend to preserve
and even enlarge the NPP share in future. Moreover, there exist in Ukraine all the
preconditions to build up its own closed nuclear cycle.

This work was supported in part by the National Academy of Sciences of Ukraine
(special program “Fundamental Properties of Physical Systems Under Extremal
Conditions”).
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Development of Methods for Simulation
of Electronuclear Processes

A. Polański

Abstract Cascade Evaporation Model and Quantum Molecular Dynamic (QMD)
model for the description of the spallation reaction is presented in this paper. The
Monte Carlo code CASCADE based on cascade evaporation model [1] was prepared
for the calculation of inelastic hadrons–nucleus and nucleus–nucleus interactions at
energies from several tens of MeV up to several tens of GeV and for modelling of
nuclear–physical processes accompanying the transport of particles and nuclei in
matter. The QMD model coupled with Generalized Evaporation Model was applied
for the description of fission nuclei production in p+U interactions and for a de-
scription of neutrons and isotopes production in p+Pb reactions at energies from a
few MeV to a few hundred MeV. A good reproduction of the data has been reached.
The spectrum of particles and residual nuclide mass and charge distributions in re-
actions of protons and neutrons with heavy targets (Pb, U) were calculated using
these models. On the basis of the Monte Carlo CASCADE and QMD codes the
neutron spectra and isotope production in target were calculated and compared with
experimental data.

Keywords: Nuclear physics, heavy ions, hadrons, spallation source, quantum
molecular dynamic, cascade-evaporation, neutron spectra, isotope production,
accelerator driven system

1 Introduction

Data on nuclear reactions at the energies of hundred MeV and GeV are required
for multiple purposes such as long-lived radioactive waste transmutation, material
analysis and isotopes production. Experiments on measuring the data are costly and

A. Polański
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there are a limited number of facilities to make them. Therefore, reliable computer
models for a simulation of the reactions are created to provide the necessary data.
Most of them are using the ideas of the cascade-evaporation model [1–6]. At low en-
ergies (less than 250 MeV) the particle production is not a dominant mechanism and
potential interaction becomes more important. In this region the Quantum Molecu-
lar Dynamic Model (QMD model) is used.

2 Development of quantum molecular dynamic model

It is assumed by many authors that the Quantum Molecular Dynamic Model (QMD
model) [7] can be used for calculations of hadrons and ions interactions with nuclei.
These are the Quantum Molecular Dynamics model [7] and the Quasi-Particle Dy-
namics (QPD) model [8]. These models simulate the reactions on an event-by-event
basis and in consequence preserve the N-body correlations and fluctuations.

In the QMD model each nucleon (or quasi-particle) is assumed to be a constant
width minimal wave packet (coherent state):

ψi(r, t) =
1

(2πL)3/4 e−
(rr0i(t))

2

4L e−
i
h̄ p0i(t)r,

where r0i and p0i are the mean position and momentum of the nucleon i, and the
width of the wave packet is characterized by the parameter L. The N-body “wave
function”, ψN , describing the entire nucleus is taken to be a direct product of N sin-
gle particle states ψi. This, of course, is a violation of the anti-symmetry rules. Here
it is assumed that the fermionic effects, which are believed to be essential for the
reasonable treatment of the dynamics, can be simulated with the use of an effective
potential term (Pauli potential) and with Pauli blocking of final states of individual
NN collisions. The Pauli potential plays an important role during initialisation of
a cold nucleus. It prevents the nucleons of the same kind from being too close in
phase space.

The quantum mechanical analogue of a classical N-body phase space density
distribution function is a Wigner transform of the density matrix [9, 10].

f (N)(R1R2, . . . ,RN ,p1,p2, . . . ,pN) =

=
1

(π h̄)3N e−
1

2LΣ
N
k=1(Rk−r0k)2− 2L

h̄2 Σ
N
k=1(pk−p0k)2

.

The one-body densities in coordinate and momentum space look like:

ρ(r) =
∫

f (r,p)d3 p =
1

(2πL)3/2

N

∑
i=1

e−
1

2L (r−r0i)2
,

g(p) =
∫

f (r,p)d3r =
(

2L
π h̄2

)3/2 N

∑
i=1

e−
2L
h̄2 (p−p0i)2

.
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The time evolution of the N-body “wave function” describing the entire system
is governed by the Ritz variation principle [7]. In fact it reduces to the classical
Hamilton equations of motion for the centroids of the Gaussian wave packets. Thus
the mean positions and momentum of N nucleons are assumed to evolve due to
mutual two and three body effective NN interactions along classical trajectory in
phase space. The influence of the scattering term on the time evolution of the sys-
tem is simulated by a Monte Carlo procedure. Whenever two nucleons come closer
than the distance determined by the NN cross section they are assumed to scatter
isotropic ally, provided the final states are not blocked. Only the elastic channel of
the NN scattering is assumed (no gamma or particle production is implemented).
This, together with the fact that the non-relativistic kinematics is used, the upper
limit of the incident energies sets to about 150 MeV/nucleon.

The total N-body Hamiltonian has the form:

H =
N

∑
i=1

p2
0i

2m
+UN +UP +UC,

where UN is the nuclear potential energy, UP is the total energy arising from the
“Pauli interaction”, and UC - the Coulomb energy of the system.

UN =
∫

VN d3r  α
2ρ0

N

∑
i=0

N

∑
k = 1
k 
= i

ρ̃ik +
β

(γ+1)ργ0

N

∑
i=1

( N

∑
k = 1
k 
= i

ρ̃ik

)γ
+

+
ω

2ρ0

N

∑
i=0

N

∑
k = 1
k 
= i

ξiξkρ̃ik +
G

8L2

N

∑
i=0

N

∑
k = 1
k 
= i

(6L− r2
ik)ρ̃ik,

ξi =
{

+1 for protons
−1 for neutrons,

where the last term accounts for the surface effects, the third one for symmetry
energy. The two first terms are analogous to that in the Skyrme parameterisation of
the nuclear potential energy density,

U loc(ρ) = α
(
ρ
ρ0

)
+β

(
ρ
ρ0

)γ
,

UP =
1
2

V P
0

h̄2

16mL2

N

∑
i=0

N

∑
j = 1
j 
= i

Q2
i j

e
1

4L Q2
i j −1

δtit jδsis j ,

Q2
i j = (r0i − r0 j)2 +

4L2

h̄2 (p0i −p0 j)2,

where the Kronecker deltas ensure that the potential acts between like quasi-
particles only. The scale factor VP

0 >1 was introduced in order to reproduce the
energies of three- and higher-body systems. Its value was found to be between 1.7
and 1.9 [8].
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The Coulomb potential for Gaussian charge distribution can be expressed in
terms of the error functions:

V i j
C =

e2

ri j
erf

(
ri j

2
√

L

)
,

ri j = |r0i − r0 j|,

UC =
1
2

e2
N

∑
i=0

N

∑
j = 1
j 
= i

V i j
C

(
1
2

+ t3i

)(
1
2

+ t3 j

)
,

where the last two factors exclude neutrons from the summation.
The relationship between the binding energy per particle of nuclear matter, E/A,

and the single particle potential Uloc(ρ) is not as straightforward as one might at
first guess. For the Skyrme parameterisation and density dependence of the Fermi
gas momentum one obtains:

E
A

=
3p2

F(ρ)
10m

+
α
2

(
ρ
ρ0

)
+

β
1+ γ

(
ρ
ρ0

)γ
.

The above relation i.e. the density dependence of the energy per particle in nuclear
matter at temperature T = 0 is often referred to just as the EOS.

The compressibility constant, K (often also referred to as incompressibility) may
be defined as a second derivative of the energy per particle with respect to the density
taken at the saturation point (see e.g. [11, 12]):

K ≡ 9ρ2 ∂ 2E/A
∂ρ2

∣
∣
∣
∣
ρ=ρ◦

.

Using now the value of nuclear matter binding energy per nucleon, E/A = −15.48
MeV, and applying the stationary condition at the saturation point, one can express
t α , β and γ parameters as a function of K only.

The exact value of the nuclear matter compressibility constant is still unknown.
For the hard EOS with the nuclear matter compressibility K = 380 MeV the param-
eters α , β and γ are [13]: α = −124 MeV, β = 70.5 MeV and γ = 2. And for the
soft EOS with K = 200 MeV: α = −356 MeV, β = 303 MeV and γ = 7/6.

The time evolution of the centroids of the Gaussian wave packets is described by
two processes: the propagation due to classical equation of motion and the stochastic
short range two body scattering. The equations of motion:

{ .
r0i=

p0i
m +∇∇∇p0iU,

.
p0i= −∇∇∇r0iU,

i = 1, ... ,AP +AT ,

The equations of motion are solved numerically with the use of the two steps Euler
method of the second accuracy order:
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(I)

{
r0i

(
n+ 1

2

)
= r0i(n)+ Δ t

2

(p0i(n)
m +∇∇∇p0iU(n)

)

p0i
(
n+ 1

2

)
= p0i(n)− Δ t

2 ∇∇∇r0iU(n)

(II)

{
r0i (n+1) = r0i(n)+Δ t

(p0i(n+ 1
2 )

m +∇∇∇p0iU(n+ 1
2 )
)

p0i (n+1) = p0i(n)−Δ t∇∇∇r0iU(n+ 1
2 ).

During the evolution any two nucleons become candidates for scattering if their
spatial distance is less than the distance determined by the NN cross. Now, the pos-
sible new moment are determined assuming isotropic scattering. The collision is
allowed if the new states are not already occupied by the any nucleons. Otherwise
the collision is blocked and the two nucleons continue their movement in the ef-
fective potential. Thus the scattering probability is proportional to the effective (i.e.
Pauli corrected) NN cross section.

After a specified time (100–200 fm/c) the dynamical evolution is stopped. Now
a cluster search routine is called. It is assumed that all nucleons, which are sepa-
rated in the configuration space by less, then d = 3 fm form a single cluster. Each
cluster has then assigned a mass number, atomic number, CM position, linear mo-
mentum, binding energy, temperature and spin. The binding energy allows for later
determination of the excitation energy.

We incorporated evaporation model for calculations of the second stage of nu-
clear interaction. The results for fast stage of nuclear interactions (QMD model
without evaporation) and with second stage of reaction (QMD with evaporation) are
presented on Fig. 1.

Fig. 1 Comparison of the experimental data on cross sections for neutron production with calcu-
lations using QMD model with and without evaporation
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As one can see from Fig. 1 reaction cross sections calculated in QMD + evapo-
ration model agree quite with experimental data.

There is a lot of programs implementation of the QMD model. They are different
in the parameters values, in the preparation of the nuclei in the ground states (an
important ingredient of the QMD calculation is how to determine the initial phase
space distribution of the projectile and target nucleons), in the NN-collision scatter-
ing amplitude, and so on. We mark only some of them.

For the first time neutron emission in p-induced reactions at incident energies of
80–160 MeV within the framework of the QMD model was analysed in the paper
[14]. The calculations showed a characteristic transition from weak neutron energy
dependence at forward angles to an almost exponential shape at backward angles.
The author conclusion was that the failure of the pre-equilibrium models to describe
the angular dependence of the data is due to the neglect ion of second- and higher-
order collisions.

In Ref. [15] the model was incorporated with the statistical decay model to ac-
count for hot fragment relaxation, and a good description of (N, xN’) reactions has
been reached at energies from 100 MeV to 3 GeV. A unified description of the
three major reaction mechanisms, i.e., compound, pre-equilibrium, and spallation
processes, has been given. The main assumption of the authors was that the whole
reaction process could be divided into two parts, i.e., the dynamical process and
the statistical process, which is quite ordinary at high-energy simulations. In order
to treat reactions with high bombarding energies, the authors included the nucleon,
deltas (Δ (1,232), N∗(1,440))’s and pions with their isospin degree of freedom.

More detailed study of the pre-equilibrium decay was presented in Ref. [16]:
the stepwise contributions to the angular distribution, comparisons with the FKK
theory, and the effects of momentum distribution and surface refraction/reflection
to the quasi-free scattering. A good reproduction of the measured (p, xp’) and p,
xn) angular distributions has been reached in the energy region from 90 MeV to
200 MeV due to account of the Fermi motion of target nucleons, the refraction of
projectile and ejective, and contribution from the multi-step processes.

Analysis of proton-induced fragment production in the QMD model coupled with
the statistical decay model was given in Ref. [17]. The calculated results were com-
pared with experimental data in the energy region from 50 MeV to 5 GeV. It was
shown that the model could reproduce the production cross sections of the light and
intermediate-mass to heavy fragments in a good accuracy. The analogous was done
in Ref. [18].

At last, an improved QMD model has been proposed for a description fusion
reaction near barrier [19].

There is a Lorentz-covariant extension of the QMD, dubbed relativistic quantum
molecular dynamics (RQMD), proposed by H. Sorge et al. [20], and based on the
Poincare-invariant constrained Hamiltonian dynamics. It is very popular in high-
energy physics. The new modern version of the QMD model is the Ultra Relativis-
tic Quantum Molecular Dynamic (UrQMD) model [21] proposed for simulation of
heavy ion collisions in the energy range from SPS to RHIC.
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Fig. 2 Dependence of number of collisions on impact parameter

Usually the authors of the papers have omitted details of their calculations what
are quite important for practical applications. We consider some of them.

The first point is a choice of allowed region of impact parameter. According
to Fig. 2 at large impact parameters nearly all binary collisions are blocked. So,
no ejected nucleons are presented in peripheral reactions, as it must be. If one is
interesting in inelastic reactions, the natural choice of b is when Ntot > Nblocked. At
this value a correct reaction cross section can be obtained.

Evolution time depends on many conditions. First of all, it is determined by the
putting of the incident proton in the initial state. Usually at chosen impact parameter
the proton is placed in distance of 3 fm from nuclear surface. After that the system
evolution starts. One can obtain various final states depending on the evolution time.
If the time is short, the nuclear system will not be in the equilibrium state. If the time
will be longer, this will waste the computational time. Thus an optimal choice of the
time is needed. In many papers the time is chosen in the range 100–200 fm/c.

According to Fig. 3, 150 fm/c is a time when the neutron spectra become stable.
It is obvious that the time depends on nuclear properties, and because the nuclear
density is nearly equal for all nuclei, the time does not depend on nuclear mass
number.

The time step of integration is another important quantity. At first glance, it seems
that the step is determined by the requested accuracy. But at integration step a check
is made on possible binary collisions. If the step will be small, there will be many
possible and real collisions between the same pair of nucleons. Due to this multiple
collisions the effective scattering becomes isotropic one, though in free NN interac-
tions it has been chosen as anisotropic one. This can reflect on the neutron spectra
at large energies at forward angles. In typical calculations the step was equal to
0.5 fm/c. In Fig. 4 we show calculations with standard step (histograms), and with
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Fig. 3 Dependence of the neutron spectra on evolution time. Points – experimental data, his-
tograms – calculations at t = 100 fm/c, lines – calculations at t equal 50 and 150 fm/c

Fig. 4 Dependence of the neutron spectra on time step

the step reduced twice (line). As one can see, there is not a big difference between
the calculations. Though the question about elimination of the artificial collisions
need a more careful consideration.

At the end of the evolution needs to determine the mass number and charge of
the residual nucleus or nuclear fragments. Usually it is assumed that two nucleons
belong to the same nuclear fragment, if they are on the distance rc shorter then
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Fig. 5 Dependence of the neutron spectra on the rc. Histograms are the calculations with rc =3
fm, red lines – with rc =4 fm

2–3 fm. The distance can not be smaller than the average distance between the
nucleons in the cold nuclei. At the same time, it can not be large than the effective
nucleon forces radius. The neutron spectra in hadron–nucleus reaction have a week
dependence on the parameter. In Fig. 5 we show the calculations with different
values of rc. In the case of nucleus–nucleus interactions it is quite heavily to choose
an appropriate value of rc.

Summing up, we conclude that QMD model calculations for proton–nucleus re-
actions are rather insensitive to the model parameter.

3 Calculations of neutron and isotope production cross sections

Figure 6 shows results of calculations neutron cross sections using QMD and
Cascade model. As we can see at Fig. 6, we have good agreement between QMD,
Cascade and experimental data.

Figure 7 shows mass distributions of products from p(100 MeV) + 238U, calcu-
lated with the combined version of QMD + evaporation compared to the available
experimental data [22]. All the experimental data shown in Fig. 7 were obtained
by the -spectrometry method. Only some of the produced isotopes were measured.
As presented at Fig. 7 it is good agreement between results of calculation and ex-
perimental data [22]. Isotope production cross section was calculated at the time of
evolution 200 fm/c and it is a time when the production of isotopes becomes stable.

The proton-induced Bi isotopes production in the natural lead target was calcu-
lated. The calculated results were compared with experimental data [23, 24].
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Fig. 6 Comparison of the experimental data on cross sections for neutron production [15] with
calculations using QMD model and Cascade model with evaporation

Fig. 7 Fragment mass distribution in p+238U at 100 MeV

As shown at Fig. 8 we did not find peak of production cross sections in experi-
ment data.

In Fig. 9 example of excitation functions for the production of 205Bi is pre-
sented [25].

As presented at Fig. 9 the gross features of 205Bi production cross-section at
energies below 100 MeV is reproduced quite satisfactory. At higher energies more
dynamical effect must be taken into account (cascading, π-meson production and
so on). Analogous results were obtained for production of other isotopes of Bi.
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Fig. 8 203Bi and 204Bi production cross section in p+Pb(nat) reaction

Fig. 9 205Bi production cross
section in p+Pb(nat) reaction

4 Experiments on lead target

The series of experiments on lead target were performed in JINR Dubna using a
660 MeV proton beam [26–28]. The experimental target was assembled from the
cylinders of natural lead. The geometry of target is presented on Fig. 10.

Target was built of several pieces of 5 cm and 1 cm thick cylindrical parts of 8
cm in diameter. The target was enclosed in a 1.5 mm thick stainless steel cylinder.
Samples were placed along the lead target as presented in Fig. 10. That way we
reproduced the spatial distribution of proton induced activity. In that experiment 31
pieces of 1 mm thick lead and bismuth samples were used. All parts of the target
were irradiated and then the samples were counted with the use of HPGe coaxial de-
tector. For quantitative evaluation some nuclides were selected from the ones with
the identified lines in the measured y-spectra. These way axial distributions inside
the lead target were obtained. In paper [28] is shown experimental and calculated
data of spatial distribution of polonium produced in massive lead target irradiated



330 A. Polański

Fig. 10 Geometry of experi-
ment and schematic view and
Pb sample location

Fig. 11 Spatial distribution of 205Bi production in lead target. Results of the calculations and ex-
periment

by 660 MeV protons. In this paper we present results of calculation of spatial distri-
bution of bismuth produced in lead samples placed in lead target.

We calculated the production of the following isotopes: 203Bi , 204Bi and 205Bi.
Two steps were applied in calculations of the induced activity: First by calculations
Bi isotopes production cross sections using QMD model. Second by calculations
spatial distribution of isotopes in target by using Cascade transport code [29]. The
results of experiments and calculations of 205Bi is presented at Fig. 11.

One can observe the results of simulation (QMD+ Cascade codes) in good agree-
ment with the results obtained in experiment.

Activity of Bi isotopes inside the target, reached its peak at about 40 MeV near
the end of the proton range in the lead. It results from the changing proton energy
to 40 MeV in the end of the lead target. As we can see from Fig. 9 the maximum
cross sections is for energy 40 MeV. On the basis of the presented models we calcu-
lated Accelerator Driven System (ADS) with 660 MeV proton accelerator and MOX
subcritical assembly [30].
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5 Conclusion

In the field of application of accelerators, such as spallation neutron sources,
accelerator-based transmutation system, and shielding, the productions of neu-
trons and isotopes play an important role. The QMD code (QMD+ evaporation
model) and Cascade code (Cascade model with evaporation and hadrons transport)
can be successfully applied for these tasks. The QMD model includes, in a self-
consistent way, many important aspects in understanding of the nucleon-induced
reaction mechanisms at intermediate energy range, i.e., entrance/exit channel refrac-
tion, Coulomb deflection, variation of the mean-field potential, transition between
unbound and bound states, energy-dependent, anisotropic NN elastic and inelastic
scattering including the Pauli-blocking effect, and so on.
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29. A. Polański, A.N. Sosnin, V.D. Toneev, JINR Preprint E1-91-562, 1 (1991).
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Simulation of Energy Deposition and Neutron
Spectrum of Subcritical Assembly Irradiated
with Proton Beam with MCNPX Transport Code

A. Polański, P. Zhivkov, and Ch. Stoynov

Abstract The neutron and proton spectra and the energy deposition at the Sub-
critical Assembly in Dubna (SAD) have been studied with the Monte Carlo code
MCNPX. The subcritical reactor will be used for study of transmutation of nuclear
waste and energy production. The energy deposition in the reactor and in the tung-
sten and lead target, i.e. in the direction of the incident proton beam was calculated.
Neutron spectra by separating the radiation fields into a spallation-induced and a
fission-induced part was calculated. It was shown that the neutrons with energy
higher than 10 MeV, originating exclusively from the proton-induced spallation re-
actions in the target.

Keywords: accelerator driven systems for nuclear transmutation, spallation neu-
tron source, neutron spectra, subcritical reactor

1 Introduction

In the SAD experimental set up [1, 2] at the Joint Institute for Nuclear Research in
Dubna (JINR) the various concepts and the basic physical principles of accelerator-
driven systems (ADS) [3, 4] were studied extensively. In these experiments, a
660 MeV proton accelerator is coupled to a subcritical core, loaded with fast re-
actor MOX (Mixed Oxide) fuel assemblies. The proton beam impinges of a target,
which generates a large number of neutrons via spallation reactions. The produced
spallation neutrons leak out from the target, thus providing the subcritical core with
a strong external neutron source.

A. Polański
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This work presents numerical simulations done by MCNPX transport code [5]
for target optimization of a subcritical reactor. The aim of the simulations is to solve
three problems. The first is the calculation and comparison of the total and fission
energy deposition in the subcritical MOX set-up with the lead and tungsten target
irradiated by a proton beam with an energy interval from 660 MeV to 1500 MeV.
The second is the calculation of the neutron and proton fluxes and spectra in the Pb
and W targets irradiated by a proton beam with an energy interval from 660 MeV
to 1200 MeV. The third is the comparison of neutron spectra calculated by different
models: the Bertini, [6, 7] the INCL [8] and the CEM [8].

2 Construction of SAD

The principle of construction of such subcritical assembly SAD is illustrated in
Figure 1.

The proposed ADS facility consists of the 660 MeV protons accelerator, beam
bending magnets, a spallation target with different materials, a subcritical core based
on MOX fuel elements, reflectors, concrete shielding, control and auxiliary systems.
The proton beam is transported vertically to the target through a vacuum track pro-
vided with a concrete shielding. The proton beam interacts with the lead or tungsten
target. A blanket containing MOX fuel surrounds the target. The fuel is placed in a
stainless steel vessel. A lead reflector and concrete shielding surround the core. The
target and the fuel elements are cooled by air.

The fuel designed for the fast breeder BN-350 reactor will be adopted for the
core of the assembly. The 18 fuel elements with external diameter equal to 6.9 mm
are located in a hexagonal fuel assembles. The full length of a fuel element with its
end details is about 70 cm, when the core length is 57 cm. The fuel element consists
of fuel pellets diameter 5.95 mm with the plutonium and uranium oxides mixture
(0.297 239PuO2+0.703 natUO2). In the core would be maximum 141 fuel element
assembles. The distance between the center of the fuel assembles is equal to 36 mm.

Fig. 1 Horizontal cross-section of the SAD Core: 138 fuel assemblies
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3 Geometry of calculations

Geometry of calculations of a sub-critical reactor is presented at Fig. 2. It is a cylin-
der with a diameter of 185 cm and a length of 175 cm. The lead-tungsten target,
MOX fuel, lead reflector, steel assembly with graphite layer are inside cylinder.

We calculated three kinds of targets. The first; target was a made of natural Pb,
the second target was made of tungsten and the last target was multilayer made with
tungsten and lead. Around the targets was lead (see Fig. 2). The length of target was
from 30 cm to 80 cm and was depending on the proton beam energy. The diameter
of target was 5 cm.

Geometry of targets is presented at Fig. 3.
For calculations of energy deposition and flux we used surface and volume de-

tectors presented at Fig. 4. Surface detector is divided into small parallel cylinders
(cells) with a length ranging from 1 mm to 10 mm and a diameter of 5 cm. For cal-
culations of radial distribution all cylinders (cells) have the same length of 5 cm and
a thickness of the wall of 1 mm, but the diameter changes from 2 mm to 50 mm.

Fig. 2 Cross sections of calculated set up. 1 – Pb-W target; 2 – MOX fuel; 3 – lead reflector; 4 –
graphite layer; 5 and 6 – steel. The arrow indicates the direction of the movement of a proton beam

Fig. 3 Cross sections of targets: Left – Made of natural lead or tungsten. Right – Multilayer target
made of layers of lead and tungsten
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Fig. 4 Cross section of the surface and volume detectors. Target is divided into small parallel
cylinders (cells) with a length and radius ranging from 1 mm to 10 mm

4 Results of simulations of energy deposition

The first step of the simulations is the optimization of the target, i.e. calculation of
the total charged particles energy deposition Etot and the fission energy deposition
E f iss in subcritical reactor. We used in the simulations proton beams with energies
660, 800, 1,000, 1,200, 1,500 MeV, interacting with heavy targets such as lead, tung-
sten, and the composition of Pb and W (see Fig. 3).

The experiments performed in different laboratories demonstrate that, lead and
tungsten are very appropriate for a target because it has a high ratio of irradiated
neutrons per proton. Some targets such us natural uranium or plutonium can gener-
ate more neutrons per proton than lead, but the activation of the U or Pu targets after
irradiation can be higher than that of a lead target. If the proton beam has a high
current [mA], the lead is going to melt (melting point 327◦ C), and this property of
lead can be used for heat transportation in the sub-critical reactor system. However,
tungsten has a high melting point ∼3,422◦ C and it is easier to remove some of the
radio nuclides from the target or to remove part of the target itself (in case of slice
Pb and W target).

At the beginning of the sub-critical reactor simulations the keff was calculated for
all types of targets and proton beam energies and it has to be 0.98 for all cases. This
value was achieved by changing the size of the Pb reflector. After that we calculated
the Etot and E f iss by MCNPX 26c. We used a composite Pb-W multilayer target (see
Fig. 3) and a proton beam with different energies. The results of these simulations
are presented in Fig. 5.

We made simulations with targets of different lengths, materials and construc-
tion. This article presents some of our results. One of the most interesting cases is
the calculation of Etot for all slices in a composite Pb-W slice targets when they have
been irradiated by different proton beams. The results are presented in Fig. 6. This
graphs show the total energy deposition in all target cells per proton energy. The
target was irradiated by protons with energies Ep = 660, 800, 1,000, 1,200 MeV. It
is a slice target, a composition of Pb and W, which is 60 cm long and has a diameter
of 5 cm. Each slice is 1 mm long and has a diameter of 5 cm.

The total energy deposition in target has two peaks – the spot where the total
flux is maximum and the spot where the total proton absorption takes place (at the
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Fig. 5 Comparison of Etot
and E f iss per proton in all cells
at the sub-critical reactor.
The target was irradiated
by protons with energies
Ep = 660, 800, 1,000, 1,200
and 1,500 MeV. The targets
are 40 cm and 60 cm long and
are composed of Pb and W
slices of 1 mm each
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Fig. 6 The total energy deposition of charged particles in all target cells per proton energy. The
target was irradiated by protons with energies Ep = 660, 800, 1,000, 1,200 MeV. Line 1 – energy
deposition in tungsten slice, Line 2 – energy deposition in lead slice

end of the led target). It is results from the changing proton energy spectrum. At the
end of the lead target the proton energy decreased where proton absorption cross
section rose.
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As we can see from Fig. 6 energy deposition (and activity) of tungsten is bigger
than energy deposition for lead. It is connected with different density of materials.
The macroscopic cross sections for absorption protons and neutrons are bigger for
tungsten then for lead.

5 Neutron and proton fluxes and energy spectra

Secondly, we simulated irradiation of Pb or W targets by proton beams with ener-
gies 660, 800, 1,000, 1,200 and 1,500 MeV. The aim of these calculations was to
optimize the positions of nuclear fuel in the sub-critical reactor or of nuclear waste
transmutation samples by analyzing values such as the total neutron and the total
proton flux in the targets, as well as the neutron and proton spectra in all parts of
the targets. The simulations were organized in the following way: The targets were
divided virtually into cylinders of equal size by parallel surfaces perpendicular to
the target axis (Fig. 4). After that every cylinder was divided into concentric cylin-
ders with the same length of 5 cm and wall thickness of 1 mm, but with different
diameters ranging from 2 mm to 50 mm. Fig. 7a shows the total neutron flux and
Fig. 7b shows the total proton flux over surfaces which were perpendicular to the
proton beam. The tungsten target is long with L = 20 cm, D = 5 cm and irradiated
by a proton beam with energy 660 MeV. The calculation is done by MCNPX 26.c
(INCL-ABLA).

We analyzed the results obtained for the total neutron and proton fluxes for two
targets – Pb and W – for all the proton beam energies mentioned above. The graphs
of the total neutron flux as a function of the target depth and various energies of the
proton beam demonstrate a shift of the spectra maximum. For the proton beams with
energies 660, 800, 1,000, 1,200, 1,500 MeV the spectrum maximum is 34, 35, 39, 41
and 43 mm respectively for a Pb target, and 28, 29, 31, 33 and 35 mm respectively
for a W target. The results for a proton flux maximum for the same energies of the

Fig. 7 (a) The total neutron flux over surfaces which are perpendicular to the proton beam. (b) The
total proton flux over surfaces which are perpendicular to the proton beam
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Fig. 8 The proton spectra in
five cells from the 10th to the
15th over surfaces which are
perpendicular to the proton
beam

proton beam are present below: 7, 8, 10, 11 and 13 respectively for a Pb target, and
4, 6, 7, 8 and 10 mm respectively for a W target.

Figure 8 shows the proton spectra in five cells from the 10th to the 15th over
surfaces which are perpendicular to the proton beam. The tungsten target is long
with L = 20 cm, D = 5 cm and irradiated by a proton beam with energy 660 MeV.
The calculation is done by MCNPX 26.c (INCL-ABLA).

The results for the proton and neutron spectra for each millimeter along the length
of the target are obtained in the same way. These and some other results are still to be
analyzed and the conclusions will provide us with a better picture of the neutron field
inside and outside of the target. It is necessary in order to have a more exact spatial
distribution of the nuclear fuel or the transmutation samples. What is important for
the results and conclusions is to optimize the simulations. This includes duration of
each simulation, results precision, physics parameters and calculation models (The
Bertini, the INCL with ABLA, and the CEM).

Figure 9 presented the neutron spectra in two different points out of the Pb target
in experimental channel (see Fig. 1) irradiated by E = 660 MeV a proton beam.

The energy spectrum of the detected neutrons out the lead target is typical for a
high-energy proton beam. The shape of these spectra is generally characterized by
an evaporation and fission shoulder around a few MeV and a high-energy spallation
peak, which is indeed the case. The high-energy peak with a maximum at 30 MeV
and about 150 MeV arises mainly from the neutrons that were emitted in the intranu-
clear cascade reactions in the spallation target. The major part of these high-energy
neutrons, formed in direct head-on collisions between the incident source protons
and the individual target nucleons, were emitted in the forward direction and have
been transported through the target. The low energy neutrons comes from the spalla-
tion neutron induced fission reactions on the fissionable elements in the MOX fuel.
The peak of evaporation-fission neutrons is located at about 2 MeV. The results of
calculations of neutron spectra for low energy are different for different models. It
is connected with different models of evaporation used for calculations.
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Fig. 9 The neutron spectra calculated in two different points out of the Pb target in experimental
channel

6 Conclusions

The main objective of the present paper was to determine the energy deposition and
neutron and proton flux in target and in subcritical core. The total energy deposition
in target has two peaks – the spot where the total flux is maximum and the spot
where the total proton absorption takes place (at the end of the led target). It results
from the changing proton energy spectrum. At the end of the lead target the proton
energy decreased where cross section for proton absorption rose. The high-energy
neutrons created in the spallation process are deeply penetrating in subcritical core.
The neutrons leaking out the target reached a peak at energy 2 MeV and energy
30 MeV. Neutrons with energy less then 2 MeV can be useful for reactions with
fissile elements as the Uranium and Plutonium and high energy neutrons needs for
fission of fissionable isotopes with threshold energy (e.g. 237Np, 241Am, 243Am
and 244 Cm).
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Spallation Neutron Energy Spectrum
Determination with Yttrium as a Threshold
Detector on U/Pb-assembly “Energy plus
Transmutation”

S. Kilim, M. Bielewicz, E. Strugalska-Gola, M. Szuta, A. Wojciechowski,
M.I. Krivopustov, A.D. Kovalenko, I. Adam, A. Krasa, M. Majerle, and V. Wagner

Abstract Results of two experiments with Yttrium-89 samples on U/Pb-assembly
“Energy plus Transmutation” [1] are presented. The assembly is a lead cylindri-
cal target (8.4 cm diameter, 45.6 cm length) with natural uranium blanket (206.4
kg). The lead target was irradiated with JINR Dubna NUCLOTRON with 1.60 and
2.52 GeV deuteron beam. The final purpose of the experiments was to measure neu-
tron field inside the assembly. Yttrium-89 activation detectors were located through-
out the entire U/Pb-assembly. Irradiated sample gamma activity was measured with
HPGe spectrometer. The gamma spectra were analyzed and the net peak areas were
calculated using the DEIMOS program [2]. After short presentation of the activation
results neutron spectrum determination method is proposed and its results presented.
Assuming reaction model through compound nucleus and using some mathematical
tricks Yttrium isotope “k” production rate discrete formula

Ik = N
∞∫

Ethr,k

ϕ (E)σk (E,Ethr)dE

was transformed into Volterra’s integral equation of the first kind and then solved.
The method and its applicability still to be discussed. The results as the preliminary
ones are for illustrative purpose only.

Keywords: Spallation, neutron energy spectrum, Energy plus Transmutation
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Fig. 1 “Energy plus Transmutation” setup schematic view and Y89 sample location

1 Introduction

Experiment description “Energy plus Transmutation” (EpT) is an international re-
search project realized in JINR Dubna. Its purpose is to investigate spallation neu-
tron source consisting of U/Pb-assembly “Energy plus Transmutation” driven by
accelerator NUCLOTRON. The assembly is a lead cylindrical target (8.4 cm diam-
eter, 45.6 cm length) with natural uranium blanket (206.4 kg) [1]. High energy par-
ticles impinged on lead nuclei spalling them and producing neutrons among many
other spallation products. The neutrons were multiplied in the uranium blanket. The
project is leaded by Dr. M.I. Krivopustov. The research team constitute researchers
from 12 countries. Each research group applied its preferred methods of measure-
ment. Various neutron detectors are used, mainly activation ones but also SSNTDs
and 3He neutron counter. Polish group used Yttrium-89 samples – see Fig. 1. for
sample location. This work is based on two experiments with deuteron beam –
1.6 GeV and 2.52 GeV ones. The 1.6 GeV experiment was carried out on Decem-
ber 18, 2006. The time of irradiation in deuteron beam was 24,480 s to collect about
2.08 × 1013 deuterons. The 2.52 GeV was carried out on November 30, 2005 with
irradiation time 21,600 s and collected deuterons 6.45 × 1012.

2 Yttrium-89 as an activation detector

Yttrium-89 is the only stable isotope of Yttrium. It makes it very attractive for neu-
tron measurements because of simplicity to trace the reaction. There are no overlap-
ping reactions, reaction products. We used reactions Y89(n,2n)Y88, Y89(n,3n)Y87
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Table 1 Yttrium-89 basic activation data
Reaction Produced

isotope
T1/2 Reaction

threshold [MeV]
Basic γ-lines
energy [keV]

γ-line
intensity [%]

Y89(n,2n) Y88 106.65d 11.5 898.042 93.7
1836.063 99.2

Y89(n,3n) Y87 79.8h 20.8 388.53 82.0
484.805 89.7

Y89(n,4n) Y86 14.74h 32.7 1076.64 82.0

and Y89(n,4n)Y86 for our measurements – see Table 1 for details. Unfortunately the
reaction cross section data in ENDFs cover only 0-20 MeV neutron energy range.
Some assumptions had to be done to extend the cross sections to higher energies.

After some corrections for time, irradiation time, sample weight and more we got
isotope k production rate in [nuclei/g/deuteron].

3 Results of measurements

The drawings below show the spatial distributions of Yttrium isotope production for
the two experiments.

Yttrium isotope production distribution summary:

• Both experiment results are very similar. For the 1.6 GeV experiment there is
axial distribution maximum on the second measurement plane – Plane 2, while
for 2.52 GeV the maximum is between Plane 2 and Plane 3 (see Figs. 2, 3).

• Both experiment radial distribution has maximum in beam axis.

4 Spallation neutron spectrum unfolding

As the (n,xn) reactions are the threshold ones the yttrium isotope k production (Ik)
depends on neutron spectrum in the way:

Ik = N
∞∫

Ethr,k

ϕ (E)σk
(
E,Ethr,k

)
dE, k = 1,2, ...,K (1)

where: N = 6.77×1021 [nuclei/g]; Ethr,k – reaction k threshold energy [MeV]; ϕ(E)
– neutron energy spectrum [n/cm2/d/MeV]; σk(E,Ethr,k) – reaction k cross section
[cm2]; K – number of the threshold reactions.
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Fig. 2 Spatial distribution of 88Y, 87Y and 86Y production comparison between the 1.6 GeV and
2.52 GeV experiment

To disclose the information about neutron energy spectrum in the EpT setup two
spectral indexes SI87/88 and SI86/88 were defined:

SI87/88 =
I87

I88
=

∞∫

E87

ϕ (E)σ87 (E,E87)dE

∞∫

E88

ϕ (E)σ88 (E,E88)dE
(2)

SI86/88 index was defined in an analogical manner.
The drawings below show the spectral index spatial distributions.
Spatial distribution of the spectral indexes summary:

• Beam area out of consideration because of overlapping interactions with
deuterons

• No dependence of the distribution on radius
• The distribution almost flat with slight growth while axial position growing
• Index values for Plane 1 (front of the target) are lesser than for the next planes
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Fig. 3 Spatial distribution of spectral indexes SI87/88 and SI86/88 representing fast neutron spec-
trum above threshold energies 11.5, 20.8, and 32.7 MeV in “Energy plus Transmutation” setup

• SI86/88 for 2.52 GeV experiment axial distribution differs from the 1.6 GeV one
on Plane 2 (11.8 cm axial position) Plane 2 index for 2.52 GeV experiment has
values lesser than for 1.6 GeV one, comparable with Plane 1 results. This sug-
gests 2.52 GeV deuterons to penetrate dipper than 1.6 GeV ones.

• Plane 5 (rear of the target) index values are larger than on previous Planes. This
seems to be the result of spallation neutron scattering while it flies along the axis.

Index spatial distributions suggest spallation neutron energy spectrum not to change
much throughout the entire setup, slightly getting harder along the beam axis.

Nevertheless the two indexes are not enough to say what the neutron spectrum is
like.

Purpose of this work is to present another method of neutron spectrum unfolding
from yttrium sample irradiation results.

Equation (1) is in fact a set of equations. In our case it is the set of three equations:

I88 = N
∞∫

E88

ϕ (E)σ88 (E,E88)dE

I87 = N
∞∫

E87

ϕ (E)σ87 (E,E87)dE

I86 = N
∞∫

E86

ϕ (E)σ86 (E,E86)dE

(3)

All the three values I88, I87, I86 are known from experiment. All three represent vari-
ous yttrium isotope production rate in one point of the “Energy plus Transmutation”
setup. Each of them differs from each other with reaction threshold energy. The idea
is that all three points/values (I88, I87, I86) define a continuous function I(Ethr) – see
Fig. 4.
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Fig. 4 Yttrium isotope production versus reaction threshold energy (left) and class of functions
I(Ethr,ε) defined by the isotope production points (right)

In fact they define a class of functions I(Ethr, ε) with ε as the parameter of the
class, expressed in units of energy. The function has no physical meaning but is very
useful. Its analytical form is:

I
(
E ′

thr
)

= κE ′
thre

−ηE ′
thr = κ (Ethr + ε)e−η(Ethr+ε) (4)

Next assumption based on [6] is that reaction Y89(n,2n)Y88 cross section can be
approximated by equation

σ88 = α (E −E88)e−β (E−E88) (5)

throughout energy range E88 to infinity. It means that it is assumed reaction model
through compound nucleus.1

The last assumption is based on fact that in compound nucleus nucleon excitation
energy is so high, that energy levels are very dense, practically no nucleus structure
is seen. The nuclei interact only when they collide, like particles of the ideal gas. It is
assumed that the only difference between Y89(n,2n), (n,3n) and (n,4n) is threshold
energy. What more the shape of the reaction cross section is the same, but shifted
along the threshold energy axis – see Fig. 5.

For any threshold energy Ethr it can be expressed as:

σ (E,Ethr) = α (E −Ethr)e−β (E−Ethr) (6)

Again, this is a class of functions with Ethr as the parameter of the class.
All the three assumptions transform the equation set (1) or (3) into one integral

equation,

αN

Ethr∫

∞

(E −Ethr)e−βEϕ (E)dE + I (Ethr,ε)e−βEthr = 0 (7)

1 Reaction model through compound nucleus – According to this model the reaction has two stages.
In the first one the compound nucleus is created by absorption of the neutron. It has too much
energy to be fully bound together. In the second stage, on a time scale of about 10−19 s, particles,
usually neutrons, are “boiled” off. That is, it remains together until enough energy happens to be
concentrated in one neutron to escape the mutual attraction.
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Fig. 5 Assumed Y89(n,xn) reaction cross section for various number of emitted neutrons. ENDF7
means data from ENDF/B-VII data file

example of Volterra’s integral equation of the first kind with the nucleus K(E,Ethr)
= (E −Ethr)E−βE . Its solution (spallation neutron spectrum) has a form:

ϕ (Ethr) =
κ (η+β )2

αN

[
Ethr + ε− 2

(η+β )

]
e−η(Ethr+ε) (8)

Requesting ϕ(E ≤ 0) = 0 and ϕ(E → ∞) → 0 one gets:

ε =
2

η+β
(9)

and solution

ϕ (E) =
κ (η+β )2

αN
Ee−η

(
E+ 2

η+β

)

(10)

where the coefficients are determined experimentally as:

κ =

(
I88

E ′
88

) E′87
E87−E88

(
E ′

87

I87

) E′88
E87−E88

η =
1

E87 −E88
ln
(

I88E ′
87

E88I87

)

α = 5.2×10−25

β = 0.155

(11)

The coefficients are dimensioned: [κ], [η] and [β ] in [MeV−1] and [α] in [cm2/
MeV].
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Table 2 Neutron spectrum function ϕ(E) parameters

Param. PLANE
Ed

P1 P2 P3 P4 P5

η[MeV−1]
1.6 0,15 0,11 0,10 0,10 0,08
2.52 0,15 0,13 0,11 0,12 0,08

Eϕmax[MeV]
1.6 6,61 9,03 9,78 9,99 12,95
2.52 6,61 7,97 8,80 8,41 12,87
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Fig. 6 Comparison of the spallation neutron spectra in several axial positions on R = 3 axis for
1.6 GeV and 2.52 GeV deuteron experiment

The formula (10) spectrum has maximum in:

ϕmax = ϕ
(

E =
1
η

)
(12)

The parameters η and Eϕmax for various axial positions along axis R = 3 cm are
shown in Table 2.

Below (see Figs. 6–9) there are various graphical comparisons of the results of
the two experiments – 1.6 GeV and 2.52 GeV deuterons.

5 Conclusions

• “Energy plus Transmutation” project brings interesting results.
• The presented here method of pallation neutron spectrum unfolding makes pos-

sible to get a lot of information from a very limited number of the experimental
data.

• The method needs more work. First of all it is to be explained why is the maxi-
mum of the spectrum shifted to high neutron energies.
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Fig. 7 Comparison “one by one” of the spallation neutron spectra in several axial positions on
R = 3 axis for 1.6 GeV and 2.52 GeV deuteron experiment

Fig. 8 Comparison of neutron
spectrum maximum position
(energy) versus axial position
for 1.6 GeV and 2.52 GeV
deuteron experiment
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• It worth to check if the other activation detectors (Au) give the similar results.
• It worth to compare deuteron beam experiment results with the proton ones.
• Error analysis to be done yet.
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Fig. 9 Comparison of neutron
spectrum maximum value ver-
sus axial position for 1.6 GeV
and 2.52 GeV deuteron exper-
iment
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Remarks on Muon Radiography

M. Szeptycka and P. Szymański

Abstract Non-proliferation is one of the key aspects of the safe use of nuclear en-
ergy. The legal framework on transport of nuclear material and other dual use tech-
nologies requires ways of control of its proper application. Verification of the cargo
contents is one of such ways. Different methods can be applied. In this paper we dis-
cuss feasibility of the use cosmic muons for identification of materials transported
in the sealed containers. The state-of-the-art in muon radiography is discussed. We
present Monte Carlo based results on cargo material dependence of some observ-
ables. Influence of the detector system performance and layout on the detection
capabilities is discussed.

Keywords: Non-proliferation, cosmic rays, illicit trafficking, nuclear material,
homeland security, nuclear security, nuclear safety, cargo, inspection, boarder
control

1 Introduction

The non-proliferation is one of the key aspects of the safe use of nuclear energy.
Verification of the contents of cargo containers is one of the ways to prevent il-
licit trafficking of nuclear materials. It must be fast, reliable and safe for people
working in the proximity of the test facility. Cargo examination method must not
harm people hidden inside the container. Due to the large quantity of cargo trans-
ported in the world non-invasive control methods are necessary. Most of them use
ionizing radiation to penetrate sealed containers and identify chemical composition
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and shapes of transported material. Balancing of the effectiveness and safety haz-
ard represents one of the challenges in the design of the cargo inspection system.
System exploiting the cosmic muons is free from the radiation safety restrictions. It
could be deployed practically everywhere, especially at truck parking lots. Lack of
the radiation source should make them relatively cheap. This justify the interest in
use of the cosmic ray muons for the cargo inspection in a search for nuclear material.

2 Muons and their properties

Muons are produced by particles of cosmic radiation interacting with the Earth
atmosphere. Charge of muons equals ±1, mass 105.65 MeV/c2. They decay pre-
dominantly into electron, neutrino and anti-neutrino. The lifetime of approximately
2.2 μs allows relativistic muons to travel up to 660 m in vacuum. The flux of
muons at the sea level equals on average 100 muons/m2/sr/s. Muons do not interact
strongly. Relatively large lifetime and small interaction cross-section allow muons
to travel large distances.

For relativistic muons energy loss is approximately independent from muon mo-
mentum and amounts to ≈ 2 MeV/g/cm2 which corresponds to 1.4 GeV per meter
of steel.

Eloss
tot ∼ L [cm] ·ρ [g/cm3] (1)

Eloss
tot is the muon total energy loss in the layer of thickness L of the material of

density ρ .
Muons passing through matter undergo multiple Coulomb scattering. For muon

with momentum p [MeV/c] traversing material of thickness L average scattering
angleΘ0[rad] is approximated by the equation 2 where L0 denotes material radiation
length and β is muon reduced velocity.

Θ0 =
13.6
βcp

√
L
L0

[
1+0.038 · ln

(
L
L0

)]
(2)

Values ofΘ0 for 4GeV/c muons passing through 5 cm of various materials are shown
in Table 1. The scattering angle Θ0 can be MEASURed only if it is larger than the
detector resolution.

Table 1 Mean scattering angleΘ0 for 4 GeV/c muons passing through 5 cm of various materials

Material Θ0 [mrad]

Air 0.04
Plastic 1.5
Aluminum 3.5
Steel 8.4
Lead 15.6
Uranium 21.0
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3 Comparison of cargo screening technologies

Comparison of various cargo screening technologies has been presented in [1], the
source of Table 2. The methods using neutrons, X and γ rays are compared to cosmic
ray muons.

The flux attenuation for muons as a function of lead layer thickness is presented
in Fig. 1 taken from [2]. The 4 cm thick layer of lead stops approximately 90% of
500 keV X-rays.

One may conclude that cosmic muons are the most versatile radiation for the
cargo inspection. It is naturally occurring radiation, with no danger of exposing
persons hidden in cargo to dangerous doses of radiation. There are no radiation
safety regulations to implement. Muons show detectable interactions with heavy
elements, allowing for nuclear material detection. They can also penetrate heavy
shielding. However intensity of the cosmic rays is relatively low, which may lead
to long inspection times. Small scattering angles may require elaborate complicated
systems, leading to operational problems and high cost. The detector system must
be sensitive enough to measure quite small changes of muon characteristics caused
by passing through matter.

Table 2 Comparison of the cargo screening technologies [1]

Feature μ detector Fast neutrons X rays γ rays
Identify nuclear
weapons, materials and
dirty bomb

Yes Yes 0.1–5MeV; no No

Passive detection only
Locate hidden voids Yes No No No
See through all materials Yes No No No

not hydrocarbons,
plastics

not heavy metals

Immunity to false alarms Potentially high High Depends on operator skill
Artificial radiation free
operation

Yes No No No

special licensing required

Fig. 1 Muon attenuation in
lead [2]
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4 The idea of the muon cargo screening technology

The idea of the cargo screening with muons relies on the measurement of the muon
parameters before and after passing through the cargo container. The analysis of
the muon trajectory and distribution of coordinates of scattering points allows to
identify the change of the density of cargo material.

The Fig. 2 [2] shows the vehicle transporting nuclear explosive device and the
muon detection system. Muon detectors installed above the inspected vehicle record
the directions of muons before entering the inspected vehicle. Detectors under the
road surface register directions of muons after passing through the cargo. The vehi-
cle must remind stationary for the time necessary for the effective inspection. The
detectors used for muon detection must be able to operate in variable conditions
of temperature/humidity. For the detector design it is necessary to determine the
precision necessary for material identification.

Some properties of muon detectors will be presented in the next section.

5 Muon detectors

Two types of muon detectors: scintillator counters and gas multiwire detectors. Both
types require readout electronics, trigger system, data acquisition and analysis soft-
ware. Typical sizes of the cargo containers will require large detector surfaces. This
may rule out scintillator detectors due to their cost.

Multiwire chamber consists of thin, parallel and equally spaced anode wires sym-
metrically sandwiched between two cathode planes. Cathode can consist either of
a plane of thin equally spaced wires or a conductor plane. Cathodes are connected
to negative voltage. Anode wires are grounded. This creates homogeneous electric

Fig. 2 Muon screening principle [2]
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field in most regions of the chamber. Electric field increases rapidly around anode
wires. A charged particle passing through the detector ionizes gas, liberated elec-
trons follow electric field lines towards anode wires. Strong field very close to wire
acts as a multiplication region: energy of electrons increases, they ionize gas and
such created avalanche of electrons reaches the anode wire. Electrical pulses are
read out from the anode wires. Pulse height depends on the composition of the gas,
its temperature and pressure, applied voltage, geometry of the chamber.

Multiple plane wire chambers with different wire inclination angles allow recon-
struction of particle trajectories in space.

Space resolution of detector is mostly defined by the distance between wires
(”pitch”), lever arm of track measurement, alignment of the chambers.

Muon chambers of the HERMES experiment [3] may be used as an example of
the muon detection system. Active area of the modules are between 263×996 mm2

and 347× 1424 mm2. Sense and cathode wires are spaced by 2 mm and 0.5 mm
respectively. Anode wires are made of 25 μm gold plated tungsten while cathode
wires are of 90 μm gold plated bronze. Nonflammable gas mixture of Ar(65%),
CO2(30%) and CF4(5%) at atmospheric pressure is used.

6 State of the art of muon radiography in cargo monitoring

We are not aware of any commercial cargo inspection equipment based on the muon
radiography (see Fig. 3). Here we will present some pioneering work in this filed.

6.1 Images of tungsten cylinder

The work of K.N. Borozdin et al. [4] presents the results (4 on the reconstruction of
the shape of tungsten cylinder (radius 5.5 cm, length 5.7 cm). It was supported by
a plastic plate laying on two steel support rails. The wire chambers (60× 60 cm2)
with two coordinates readout were placed at the distance of 27 cm, two chambers
above and two chambers below the cylinder. It is clearly visible. It is not clear to us
how long the measurement lasted to obtain this image.

6.2 Proposal to use LHC CMS muon chambers

M. Benettoni et al. [5] proposed to use for muon radiography muon chambers de-
signed for the CMS experiment at CERN LHC accelerator. Detectors with active
area of 7 m2 have angular resolution of the order of 1mrad in one direction and
10 mrad in the other. Sandwich of chambers and iron layers is used for muon mo-
mentum estimation. Experiment in Padova is under way.
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Fig. 3 Muon radiography experiment and Monte Carlo simulation of [4]
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Fig. 4 (a) Muon detector of [2] (b) image of 15 cm thick lead brick seen with it

6.3 Two dimensional muon based density mapping

S.J.Stanley et al. [2] constructed detector (Fig. 4a) with plastic scintillator readout
with four photomultipliers. Muon position is reconstructed through the center of
gravity of photomultipliers’ signals. Photomultipliers are calibrated with light emit-
ting diodes. After 6 h of data taking and some image processing piece of lead 15 cm
thick is clearly seen in Fig. 4b.

7 Present work – feasibility of the full scale muon cargo
screening detector

We aim at the estimation of the measurement time and the detector parameters
necessary for obtaining an information about the presence of a suspicious load in
the cargo. For this purpose a GEANT4 [6] based Monte Carlo simulation is used.
The geometry(shown in Fig. 5a) consists of two sets of chambers placed above and
below the cargo. Each chamber measures two coordinates in the horizontal plane.
Only events with one hit in each of the chambers are analyzed.
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(a) Geometry (b) Observables related to the muon trajectory

Fig. 5 Simulation used in the current work
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Fig. 6 Muon energy distribution used in the realistic version of the muon generator

We use observables related to the change of the muon direction due to the mul-
tiple scattering (Fig. 5b). From the measurements of the two points on the muon
trajectory above and below the cargo we determine:

• The scattering angleΘ
• The distance of closest approach of the upper and lower track segments δ
• The coordinates of the region of the closest approach of the upper and lower track

segments

Two effects are studied: dependence of the observables on cargo material and
on the detector parameters. Two versions of muon generators are used. In the sim-
plified version vertical muons with fixed momentum are generated. In the realistic
version zenithal angle (θ ) distribution proportional to cos2 θ and energy distribution
according to [7] (shown in Fig. 6) are used.
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Table 3 Mean scattering angleΘ for various materials - Monte Carlo results

Material Mean scattering angleΘ

400 cm air 0.04
395 cm air + 5 cm Al 0.4
395 cm air + 5 cm Pb 2

80,000
Number of tracks

•400 cm Air
•395 cm Air +5 cm Pb

70,000

60,000

50,000

40,000

30,000

20,000

10,000

0
0 50 100 150 200

Distance between track segments [mm]
250 300 350 400 450 500

Fig. 7 Distributions of distance between track segments for muons traversing 400 cm of air, as
well as 5 cm of lead and 395 cm of air

7.1 Dependence of observables on the cargo material

For various materials we present in Table 3 the mean scattering angleΘ for 30 GeV
muons and the ideal detectors. The distributions of δ for 400 cm of air (395 cm of
air and 5 cm of lead) are presented in Fig. 7.

Change of the muon generator from simplified to realistic results in change of
the mean scattering angle from 0.04 mrad to 3.4 mrad for 400 cm air.

7.2 Dependence of the observables on the detector parameters

The spacial resolution σdet is assumed to be the same for all the chambers in both
horizontal directions. The vertical coordinate is measured perfectly well. Depen-
dence of the scattering angleΘ on σdet is presented in Table 4. The effect of the finite
position resolution may be compensated by increasing the distance L between the
chambers within upper (lower) detector. Summary of results is presented in Fig. 8.
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Table 4 Dependence of the mean muon scattering angle Θ as a function of the detector spacial
resolution σdet . Simplified muon generator and 400 cm air

σdet [mm] Θ [mrad]

0. 0.04
0.3 3.4
3.0 34.

Fig. 8 Mean reconstructed muon scattering angle Θ as a function of the distance between the
chambers L and chambers’ spacial resolution σdet

8 Conclusions

When designing the muon radiography system for cargo inspection one should keep
in mind that detector performance may “shadow” the difference between various
materials. The necessary irradiation time should be estimated and is one of the key
performance figures of the system. The MC simulation with realistic momentum
and angular distributions of muons is essential. The work is in progress.
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