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Abstract—We review the experimental results on the P-even and P-odd angular correlations of fission frag-
ments in the fission of the Z°U and 2*Pu nuclei induced by unpolarized and polarized resonance neutrons,
and on the TRI and ROT effects in the ternary and binary fission of actinides induced by polarized thermal
neutrons. Also reported are the measured yields of prompt and delayed neutrons per fission event. The exper-
imental data are analyzed within a novel theoretical framework developed by the JINR—RNC KI Collabo-
ration, whereby the reduction of the multidimensional phase space of fission fragments to the JrK-channel
space is consistently validated and the role of resonance interference in the observed correlation effects is

revealed.
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1. INTRODUCTION

The fission of atomic nuclei discovered in 1938 by
O. Hahn and F. Strassmann, who published their
results on January 6, 1939, had enormous and primar-
ily tragic implications for mankind: hundreds of thou-
sands of civilians were killed by the US nuclear bom-
bardment of Hiroshima and Nagasaki on August 6 and
9, 1945. Nuclear weapons of various types were mas-
sively produced since then, and the accumulated arse-
nal is capable of reducing the planet to ashes. Just how
precarious the very existence of our civilization is
escapes the laymen’s comprehension. The negative
connotations of the discovery of nuclear fission are
partially mitigated by successful applications in such
peaceful areas as energy generation, transport, tech-
nology, and medicine.

Naturally, the characteristics of nuclear fission and
the properties of various nuclei revealed in neutron-
induced fission were extensively investigated for sev-
eral decades after the discovery of the fission phenom-
enon. A huge database has been accumulated on the
fission cross sections and their interrelations with
those of neutron capture, the energy balance in an
individual fission event, the multiplicity of neutrons
emitted in nuclear fission, and other characteristics
relevant to designing and reliably operating the nuclear
facilities. However, nuclear fission in itself proved to
be so complex and intriguing that both the experimen-
tal and theoretical investigations of this phenomenon
are still carrying on.

Ever since the operation of the IBR-1 pulsed reac-
tor was commissioned in 1960 in the Laboratory of
Neutron Physics, the physics of nuclear fission has
been intensively investigated toward obtaining the data
of either the fundamental and applied interest. During
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the last operation decade of the neutron source
IBR-30 + LUEA40 (shut down in 2001 upon exhausting
the resource of the booster breeding zone) the P-even
and P-odd angular correlations of fragments in the fis-
sion of U and %°Pu induced by polarized resonance
neutrons with energies up to 30 eV were investigated in
a unique series of experiments [1—10] in collaboration
with PINP (Gatchina), and the asymmetry of frag-
ment emission in the fission of aligned U nuclei
induced by unpolarized neutrons in the same energy
range was measured [11, 12] in collaboration with
IPPE (Institute of Physics and Power Engineering,
Obninsk). We owe these results to the LNP JINR
source of resonance neutrons with record intensity and
energy resolution that allowed us to investigate a num-
ber of compound states of the target nucleus, as well as
to an efficient system for polarizing the resonance neu-
trons by passing them through a polarized hydrogen tar-
get as earlier conceived by F.L. Shapiro [13].

Developed during the same years was a consistent
theory of binary fission [14—16] based on the helicity
representation for describing the binary channels of
fission, as proposed by V.M. Strutinskii [17]. This
multichannel and multilevel S-matrix theory allows
reduction of the multidimensional (~10° degrees of
freedom) phase space of fission fragments to the J"K
effective-channel space heuristically introduced by
A. Bohr [18], where J is the spin of the fissile nucleus,
K is its projection to the deformation axis, and st is the
spatial parity. Strutinskii’s approach was developed in
parallel with Bohr’s hypothesis, but was not properly
recognized because the original treatment was
restricted to total cross sections and did not include
the interference between the reaction amplitudes,
which is essential for describing the angular distribu-
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Fig. 1. The layout of the experiment for measuring the
fragment_anisotropy in neutron-induced fission of the
aligned 25U nuclei.

tions of fission fragments. In [15, 16], the helicity rep-
resentation with definite parity for the fission-frag-
ment channels was developed and then employed for
deriving the differential cross section of the (n, f) reac-
tion in the standard Blatt—Biedenharn form [19].
Using the description [20] of the transitional-state wave
function in the fission channel, the obtained differential
cross section could then be summed over all fragment
states relevant to a given fission mode so as to reproduce
the experimentally measured cross section.

As aresult, the dynamics of the fission reaction was
described in terms of a reduced S-matrix in the JnK
effective-channel space with a limited number of
degrees of freedom. Thereby, the validity of Bohr’s
hypothesis [18] was substantiated, and the fission
cross sections were formulated for a quantitative anal-
ysis of the data. The analysis was based on a multilevel
multichannel resonant parametrization of the reduced
S-matrix with the partial amplitudes for the fission
and neutron widths parametrized using standard real
phase shifts, which allow to consistently account for
the interlevel interference in the differential and total
cross sections of the (#n, f) reaction.

Note that the helicity operator does not commute
with that of the fragments’ orbital momentum. There-
fore, the helicity quantum number is not strictly con-
served at the rupture point of the fissile nucleus where
the formation of fragments in nonadiabatic. However,
the proposed formalism proved to be sufficiently accu-
rate [14, 15] because the centrifugal energy is small
compared to the total kinetic energy of the fragments.
The estimates [14, 15] of the uncertainty arising from
using the helicity representation directly at the rupture
point have been confirmed by the results of recent
investigations of the so-called TRI and ROT effects in
ternary and binary fission induced by polarized ther-
mal neutrons (see Section 3 below).
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On the whole, the theoretical formalism [14—16]
provided a consistent description of all correlation
effects in nuclear fission that have been observed
during the last 15 years.

2. THE ANISOTROPY OF FRAGMENT
EMISSION AND THE P-EVEN
AND P-ODD EFFECTS

Angular Anisotropy of Fission Fragments

Shown in Fig. 1 is the schematic layout of the sam-
ples and detectors in the experiments [11, 12] with the
25U nuclei aligned by the hyperfine interaction of the
electric quadrupole moment of the uranium nucleus
with the electric-field gradient of the uranyl ion (UO,)
in the form of a monocrystal of uranyl—rubidium
nitrate cooled to ~0.15K. The silicon detectors were
operated at 1K. A 3He-*He dilution refrigerator in
continuous operation has been used.

The number of events detected by the counter
placed at polar angle 6 for the target temperature 7
may be put down as

N(E,,T) = I(E,, Q1 + A,(E,) /,(T)Py(cos )], (1)
where [I(E,,Q) is the normalization coefficient

depending on the neutron-beam intensity and on the

solid angle subtended by the detector, f,(T") is the
alignment of uranium nuclei in the target, and
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include the interference between the resonances in
contrast with earlier treatments [21]. The experimen-
tal data were analyzed using the total neutron cross
sections and the total and spin-separated cross sec-
tions for the fission of 23U compiled in the database

NNDC [22]. The quantity A4, (E,) was fitted using the
cross-section data, and a satisfactory description of all
available data was reached. The fit yielded a new set of
resonance parameters including the partial fission

widths F;”K. It was initially assumed that three chan-
nels are open for the resonances with spin J =3
(K =0, K =1, K =2), and two channels are open for
those with J =4 (K =1, K = 2). In agreement with
the simplest version of Bohr’s hypothesis, the states
Vol. 47
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with J"K =470 were assumed to be forbidden. The
channels with K > 2 were not taken into account since
they should have higher fission barriers and, more-
over, for them the geometric factors determining the
anisotropy coefficient are positive whereas the

observed A4,(E,) values are negative throughout the
investigated energy range. The integral distributions of

partial fission widths for the resonances with J* = 4~
obtained in this analysis failed to agree with the Por-
ter—Thomas form. The latter suggested that the chan-

nel J*K = 470 should also be considered for the reso-

nances with J™ = 4. The existence of such channels
was theoretically predicted in [23] where, in addition
to the J”K characteristics of fission barriers, the signa-
ture quantum numbers s and r related to the symmetry
of the first and second fission barriers were intro-

duced. Upon including the J"K =470 channel, the
analysis yielded the sets of partial and total fission
widths for the two spin states that agree with the Por-
ter—Thomas distributions.

The final fits of the anisotropy factor 4,(E,) are
shown in Fig. 2 together with the total fission cross
section. Relative contributions of different K compo-
nents to the total and spin-separated fission cross sec-
tions are shown in Fig. 3. Relative weights of different
J"K components show strong variation from reso-
nance to resonance. This is because the components
with different spin projections K are strongly mixed in
the wave functions of compound states of heavy
deformed nuclei by the Coriolis force [24, 25]. Phe-
nomenologically, this proves that the statistical nature
of the compound-state wave function determines the
wave-function amplitude of the transitional state in
the fission channel J"K. In themselves, these states
describe the motion of the fissioning nucleus in the
“deformation” space until the breakup into fragments
(the details may be found in [16, 20]).

It should be noted that the obtained sets of reso-
nance parameters are not unique: the results of the fit
of combined experimental data are affected by a par-
ticular selection of negative resonances and by includ-
ing or not the resonances with very small or very large
fission widths that play but a small role in the cross-
section description. However, the relative contribu-

tions of different J"K channels averaged over the
investigated set of compound states prove to be insen-
sitive to varying the fit conditions, and therefore may
be employed for a quantitative analysis of the interfer-
ence between the s and p resonances.

P-Even and P-Odd Effects in the Angular Distributions
of Fission FRagments

The energy dependences of the parity conservation
(PC) and parity non-conservation (PNC) effects in
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Fig. 2. The fits of the measured values of 4,(E,) and
or0(Ey).

the angular asymmetry of fragment emission in
nuclear fission induced by resonance neutrons with
energies from the near-thermal up to ~ 30 eV were
investigated in [1—10]. A beam of polarized neutrons
from the pulsed source IBR30+LUE-40 was imping-
ing on multilayer (up to 40 layers) fission chambers
with fissile-material content of 2 g of 22U and 0.25 g
of 2°Pu. In measuring the P-even forward—backward
(FB) asymmetry, the fission chamber was oriented
along the neutron beam so that the layers of fissile
material were normal to the incident neutron momen-
tum. When measuring the P-odd and P-even left—
right (LR) effects, the momenta of detected fragments
were perpendicular to the axis of the polarized-neu-
tron beam (see Fig. 4). The direction of neutron polar-
ization was periodically varied, and the anisotropy effects
were detected using the counts of the fission chamber as
in measuring the FB asymmetry. For these measure-
ments, the chamber was oriented so that the target layers
were parallel to the neutron beam, and only the sign of
neutron polarization was changed. In the measurements
of the P-even LR effect, the fissile layers were parallel to
spin direction of beam neutrons, whereas in those of the
P-odd effect the chamber position was such that neutron
spins were perpendicular to the fissile layers. The mea-
surements [ 1 —8] allowed to estimate the asymmetry fac-
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Fig. 3. The decomposition of the total and spin-separated fission cross sections to different K components: K= 0 (dotted curves),
K =1 (solid curves), and K = 2 (dashed curves). The total fission cross section is shown in the bottom panel (d).

tors GCFXIL(E ), GCLXIE(E ), and 6°VC(E) for 25U and »°Pu

exp

in the energy range up to ~30 eV.

The parity-conserving differential cross section of
the fission process has a form
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Fig. 4. The schematic view of the directions of momenta
for neutrons and fragments and the orientation of neutron
polarization in the measurements of the P-even and P-odd
angular correlations of fission fragments.

P-odd correlations
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where p, is the neutron polarization and 7, 7y, i, are
the unit vectors along the directions of the (light) frag-
ment, the neutron momentum, and the neutron spin,
respectively. The total fission cross section that enters (5)
is as follows:

oy = WZ&ZZZI&(/J = KIAP,  (6)

i K>0 T1
where / is the neutron orbital momentum, j is the ini-
tial-state spin, K is the projection of the compound-
nucleus spin J to the axis of the fissioning nucleus, and
I1 is the parity of the exit fission channel f. The cross
section that determines the forward—backward cor-
relations has a form [16]

6, =T D q(JJjK)

JJj K20 7)
x Im[S}’f(lj S K=T1, /)S, (0% R KHOf)]

The cross section that describes the left—right
anisotropy is expressed as

6, =mh* Y (B, e JjK)
J'Jj K=0 (8)

X Re[s;(lj S KT, /)S, (o% — KTI, fﬂ

Here, S is the reduced scattering matrix [16], and
the geometric factor has a form

g JK) = Ty g, 7162j + 17

. ©
<UL r)cht B =1 Bys=—0.5.
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The cross section that determines the parity-violat-
ing effects is written as follows:

o7% = 1323 ##[ 2 [+
AN | = T3
1
>, Hlm{s;"+1/2(0§—>0—nf)

T=I1,,-T1,

1

xS, 1/2(0 —>0Hf)}+2HOZgJU(12J1 T ) (10)

x Y Cido Im{S, (OE — K- Hof)

IKI>0
xS, (0% N IKIHOf)H.
Only the channel with K = 0 is open in the reaction
2%Pu(n, f), and therefore for this case, denoting
S, (O,% — lolT1f ) = .§, for convenience, we obtain
_4m3 1
k*2 "4
% Im[z S*PCSOPNC ZS*PNCSSJC}

where only the S-matrix elements with / = 0 are taken
into account. Note that the parity-conserving elements

PNC

1

SJPC involve the nonvariable parameters of the s-reso-
nances obtained by analyzing the P-even correlations,

whereas the parity-violating elements SJPNC involve the

fitted amplitudes of the fission widths I'’; which deter-
mine small contributions to the s-resonances from the
nearby p-resonances through parity violation. Equation
(11) takes into account the existence of two fission
channels for the s-resonances with spin J = 0.

We write down the S-matrix in terms of the
K-matrix in a standard from. To this end, we denote

— _i¢n
S./nf = 26 W./nf’
where

Wiy =1 = K)) 1,
Then, we obtain

(12)

ilm(sfso) = sinA(Re W, Re W, + Im W, Im W,)

+ cosA(ReW, ImW, —ImW,Re W),

where A =@, — @, =0, sinA =0, and cosA=1. As a
result, we obtain [9]

GPNC _ 2_7'21:\/31)”
k

X [Z(Re W Imw N —1mw, " Rew ) (13)

v
=3 Rew " Im W — Imw," Re Wofc)},
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Fig. 5. The fits (solid curves) of the measured cross sec-
tions (data points with error bars) cs,ff(E) (top panel b)

and ¢ ,1,‘fR (E) (medium panel b). Experimental s-wave and
calculated p-wave total fission cross sections and the
breakdown of the latter to spin components.

and the elements of the K-matrix for the compound
states A with spin J have a form

_ lzryml mrjx

,— (14)
Z(Ek E) t?xrﬂ» d _(Ex E) +1—~Yx/4

d, ’

A

We assume that the admixtures of the s-p fission
amplitudes to the s-resonances are related to the fis-
sion amplitudes of p-resonances through

sp Z(pulHW|S7L>,Y

’Yfk S (15)
E,-E, "

where (p, |Hl|s,) are the matrix elements of the weak

neutron—nucleus interaction and y7, = T"/,.

The results of the analysis [9, 10] of P-even for-
ward—backward and left—right correlations for 2°Pu
are shown in Fig. 5. When analyzing the P-odd effects,
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the parameters of the s- and p-resonances were fixed
in the fitting procedure. The parameters have been
obtained by fitting the cross sections and the P-even
effects, and only the amplitudes of the mixed-parity

widths l"jf’x were varied. One of the fits of the parity-vio-
lating P-odd effect for 2°Pu [9, 10] is shown in Fig. 6.

According to Eq. (15), the amplitude v;, is
expressed through the matrix element of the weak
neutron—nucleus interaction (p, |Hls,) and the fis-
sion amplitudes of p-wave resonances. Generally
speaking, either these matrix elements or the ampli-
tudes Y7, can have arbitrary signs. However, as soon as
we wish to set a lower limit on the absolute value of
<pll |HI s,\), positive signs should be assigned to all
terms in the sum in Eq. (15). The parameter values
returned by the best fit resulted in the lower limit

Koy |Hlsy)| = 2.4meV.

This is consistent with the estimates obtained in other
experiments [26] and, in particular, in those that
involve transmitting polarized neutrons through the
targets of heavy nuclei.
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3. INVESTIGATIONS OF 7-ODD EFFECTS
IN FISSION

An experimental search for the 7-odd three-vector
correlation in the ternary fission of 23U induced by
cold polarized neutrons was carried out in 1998 by a
Russian—German collaboration using the high-flux
reactor at the Laue—Langevin Institute [27]. The
investigated correlation has the form

W =14 Dy (0, - [py X pal)- (16)

Here, D, is the correlation factor, g, is the spin of the
neutron captured by the 23U nucleus, and p, and p;
are the momenta of the a-particle emitted in ternary
fission and of the light fragment, respectively. All vec-
tors are normalized.

A similar experiment for testing the time-reversal
invariance of nuclear forces was earlier proposed in
[28]. The asymmetry in the counting rates of a coinci-
dences with a light and a heavy fragment upon revers-
ing the direction of neutron-beam polarization was
measured. The estimated value of the D, factor proved

to be unexpectedly high: on the order of 1073. How-
ever, the existence of this correlation does not
unequivocally prove that the time-reversal invariance
is violated: in inelastic nuclear reactions, a 7-odd cor-
relation may arise from the final-state interaction or
from the interference of the reaction amplitudes for
neighboring compound states.

Therefore, alternative mechanisms for the three-
vector correlation had to be revealed. Several models
have been proposed for explaining the effect [29—31].
Although in all these models the discussed effect is
described without invoking the time-reversal viola-
tion, formally it is 7-odd and is still referred to as the
TRI effect.

A detailed investigation of the three-vector correla-
tion using eight spatially separated detectors of a-par-
ticles [32] revealed an additional dependence of mea-
sured asymmetries on detector positions. The
observed anomaly could not be explained by any sys-
tematic effects, and the authors concluded that there
exists yet another 7-odd effect arising from the rota-
tion of the fissioning polarized nucleus prior to the
breakup. This was called the ROT effect.

The underlying mechanism suggests that due to the
rotation of a nucleus polarized perpendicular to the
plane defined by the centers of the target and of the
detectors of fragments and a-particles, the fragment
trajectory being straight for the non-rotating nucleus
becomes parabolic. Therefore, for the fragment from a
fission event involving the emission of an a-particle to
impinge on the detector, the deformation axis of the
fissioning nucleus must form a small angle A© with the
direction towards the detector. The value of this angle
depends both on the rotation speed of the nucleus and
on the fission mode, because the parameters of the
fragment trajectory depend on the ratio between the
orbital and linear components of its velocity. The
2016
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Fig. 7. The layout of the experiments [34—37].

angular distribution of a-particles is formed with
respect to the nucleus deformation axis, and therefore
will rotate by the same small angle. Upon reversion of
the polarization of the neutron beam which induces
the fission, the polarization of the compound nucleus
changes sign together with the direction of the rota-
tion. Thus, the angle by which the angular distribution
of a-particles is shifted also changes its sign. There-
fore, the measured effect reflects a relative shift of the
a-particle angular distribution by the angle 2A0 upon
reversion of the direction of the neutron-beam polar-
ization.

The above quasi-classical description of the ROT
effect suggests that the angular distribution of any par-
ticle emitted in the fission together with the two frag-
ments may show an analogous phenomenon, provided
that this distribution is anisotropic with respect to the
deformation axis of the fissioning nucleus at the
moment of rupture, and that the anisotropy is fully or
partially retained with respect to the original direction
of the deformation axis after the fragments separate to
infinity. The ROT effect in the emission of prompt
y-quanta and neutrons in binary fission of the 2°U
and 23U nuclei induced by polarized cold neutrons
has been investigated in a series of experiments by the
LNP-JINR—ITEP collaboration [33—37].

Most of these experiments employed the
MEPHISTO facility of the reactor FRM 1II at the
Technical University of Munich [34—37]. The setup
for measuring the 7-odd effects in nuclear fission is
shown in Fig. 7. A longitudinally polarized beam of
cold neutrons impinged on a target placed at the center

PHYSICS OF PARTICLES AND NUCLEI
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of the fission chamber. The fragments were detected
by fast multiwire chambers and classified as light or
heavy by time-of-flight technique. Gamma-quanta
and neutrons were detected by the plastic and Nal(Tl)
scintillation counters placed at different angles with
respect to the direction of fragment emission.
The measurements referred to the so-called TRI effect
(the up—down asymmetry of particle emission) and
the ROT effect that consists in an angular shift of the
fissioning system in either direction with respect to the
angular momentum brought by the polarized neutron.

A series of experiments revealed no TRI-correla-
tion for neutrons beyond the measurement error of
2.3 x 107, An upper limit was set on the asymmetry
factor: [D,| < 6 X 1073 at 99% C. L. Likewise, no TRI
effect was detected for the prompt y-quanta, for which
it is not predicted by any model. The ROT effect was
also investigated for both the y-quanta and neutrons.
For the first time, the ROT effects in the y and neu-
tron emission were found to have opposite sign for the
235U and 23U nuclei. The results of the latter investiga-
tion in which the ROT effect was simultaneously mea-
sured for these two nuclei are presented in Table 1.

The reported results disagree with the data for the
ROT effect in the angular distribution of light charged
particles in ternary fission [38, 39] where the signs of
the ROT effect were found to be the same for the 2°U
and 233U nuclei. This disagreement merits further
investigation and may indicate that the state-of-the-
art model poorly describes the ROT effect in ternary
fission.
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Table 1. ROT asymmetry in 10> units

Fission Angle
to the fission B3y 85y
products .
axis, deg

Y-quanta 22.5 +2.8+17 | —129+24
Y-quanta 45 +6.3+16 | —16.6 = 1.6
Y-quanta 67.5 +6.8+24 | —20.0£ 1.8
Neutrons 22.5 +48+16 | —21.2%+2.5

In the analysis [40] based on the model approach
developed in [14—16], the ROT effect for the y-quanta
emitted in binary fission was formulated as

<0 = D TooNBQ, A, H)Dyio(nynp,ny), (17)

T oAH

where n,,n, ,n; are unit vectors along the y and light-
fragment directions and that of spin polarization, and
To(Y) is the spin-tensor that describes the spin orien-
tation of the fissioning nucleus. We have 7y, (/) = 1
and 7,o(J) = p(J/)VJ/(J + 1), where p(J) is the com-
pound-nucleus polarization upon the polarized-neu-
tron capture by the target nucleus. The reaction
dynamics is determined by the factor B(Q,A, H),
which comprises bilinear combinations of fission
amplitudes involving the emission of two fragments.
The term in (17) correspondingto Q=1and A=H =2
describes the five-vector 7-odd angular correlation

D3\ (nynppny) ~ (nny, Xngp)(nngp),  (18)

which determines the ROT effect.

Quite nontrivially, the factor B(Q, A, H) includes
the product of three Klebsch—Gordan coefficients

C H,,AOCJJ,fQ,,C run, Where Fand F' are the total spins in
the exit fission channel, and K and K"are their projec-
tions to the fragments emission axis n;. One might
presume that the interference terms with K+ K should
vanish upon summing over all binary channels. How-
ever, the equality K = K implies # = 0, and then we

have C%,, = 0 for Q = 1, A= H = 2. Therefore, the
experimental observation of a small (~107%) 5-vector
angular correlation proves that some mixing in K
occurs in exit channels of nuclear fission. This quanti-

fies the violation of the helicity quantum number K at
the rupture point of the fissioning nucleus caused by a
small (but nonvanishing) centrifugal barrier for the
fission fragments. This also allows estimating the

accuracy of the approximate relation K = K between
the projection K of the fissioning-nucleus spin J and
the helicity quantum number that characterizes the

effective fission channel J*K. We can conclude that
Bohr’s scheme of effective fission channels is validated
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by the formalism [14—16] based on the helicity repre-
sentation pioneered by Strutinskii [17].

Note that by measuring the ROT effect for isolated
neutron resonances, one can estimate the distribution
of weights for different K values in these compound
states. However, such measurements pose challenging
experimental problems.

The following conclusions concerning fundamen-
tal properties of nuclear fission induced by the reso-
nance and thermal neutrons may be drawn from the
aforementioned experimental and theoretical results
(see [40, 41] for further details).

(1) The measured total and differential cross sec-
tions of the fission reaction reveal the interference
between different resonances, which reflects the
quantum-mechanical nature of nuclear fission. As
consistently demonstrated by the theoretical analyses
[14, 19], the phase space of binary channels of the fis-
sion fragments c¢,with dimension ~10° may be reduced
to the space of a limited number of “effective” channels
J”K upon summation over different fragment states,
which is realized in any experiment. The exit channel of
binary fission c,is described by the spin of the fissioning
system J with projection M to the z-axis, the total spin
of the channel F = J, + J, with projection K tothe frag-
ment-emission axis, the channel parity Il, and the
quantum numbers of fragments including their parities
a; and t,. In the helicity representation for the wave

function ¥IXMM(Q, {07 ()01 (1)) ) of the
exit channel s, the differential Cross sectlon of the
(n, f) reaction is written as follows [16, 41]:

d(S 2 1/2
=TA
aQ, =T Z(gjgj)

X qu)l'j'ljfj(nfnknlns)BQ I J),
N/
where / and j are the orbital momentum and total spin
of the entrance neutron channel. The kinematic factor
@2 depends only on the relative orientation of the unit
vectors ny, ng ny, ans ng, which is determined by the
experimental conditions, where n, is directed along
the collision axis in the entrance channel and ng and n;
follow the orientations of the neutron spin s and of the

(19)

target-nucleus spin /, respectively. The factor Bg fully
describes the reaction dynamics which is determined
by the bilinear combinations of the S-matrix elements

S(I,j — FK I1c)). However, the differential cross sec-
tion (19) is virtually unobservable: the channels ¢, of
the primary fragments prior to emission of prompt fis-
sion neutrons, which are strongly deformed and rela-
tively cold, are summed over in a realistic experiment.
Retained in the sum are the interference terms in the
differential cross section that determine the observable
angular correlations of fission fragments. This is due to
Vol. 47
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the structure and symmetry properties of the transi-

tional-state wave function of a general form ‘P;”KM (Q/,

{x},{B}) as suggested by the collective model of the
nucleus, where J*"KM are the aforementioned quan-
tum numbers and {3} are the parameters that deter-
mine the position of the fissioning system in the con-
figuration space of deformations. This wave function
describes the possible “motion trajectories” of the fis-
sioning nucleus in the configuration space until the
breakup into fragments. It carries the shell structure of
the fissioning nucleus, which determines the discrete
set of possible prefission configurations (or fission
modes), as well as the major characteristics of corre-
sponding fission barriers. The amplitude of the func-

tion W7 (Q . i}, {B}) for {B} = {B}grouna» Which cor-
responds to the compound-nucleus deformation upon

the neutron capture, is determined by the weight a;{“K

of the component with the given value of Kin the wave
function

XM =Y a™ oM ()

K

of the neutron resonance A. The highly excited com-
pound state is described by an extremely complex wave
function (20), in which the components with different
spin projections K are strongly mixed by the Coriolis
interaction, as discussed in Section 2 above. There-

(20)

fore, the distribution of the weights a;{ ™ of its compo-
nents @‘{“KM({)(}) for a given resonance A is statistical
and should strongly vary from resonance to resonance,
as indeed demonstrated by the data of Fig. 3. This
causes a strong variation of fission widths, first consid-
ered by Porter and Thomas [42] using a simplified ver-
sion of the statistical model.

Within the standard R-matrix parametrization, the
S-matrix elements S(/,j — FK I1cy) depend on the fis-

sion-width amplitudes yifkmf . These are determined
by sewing together the wave function of the transi-
tional state ‘P;“KM(Q 7> {},{B}) and that of the fission
channel ¢, ¥ (Q, L {07™ ()97 (X2)} ) This
leads to the conditions K = K, IT = m, and allows us to

derive the expressions for the amplitudes y{;mcf

which, in their turn, allow to carry out the summation
in (19) over all exit channels ¢, required by the partic-
ular experimental conditions. The resultant “observ-
able” differential cross section retains the previous

structure, but the factor Bgf is now expressed through
the elements of the reduced multilevel S-matrix

S;(,j > Knf)defined for the effective channel /7K.
The reduced S-matrix includes the fission amplitudes
of neutron resonances summed over the fragment states

¥3,%, which are proportional to the quantities a, ™" . As
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discussed above, the latter explains the strong varia-
tion of partial fission widths.

(2) Phenomenologically, the experimental investi-
gation of P-even and P-odd angular correlations of the
fragments suggests that the fission process is nearly
adiabatic, i.e., the internal wave function of the fis-
sioning nucleus that carries the quantum number K is
defined at each point of the motion trajectory in
the deformation space. The orientations of the spin
and deformation axis of the fissioning nucleus are
described by the collective part of the transitional-

state wave function ‘P?“KM (Q, {x},{B}). The fact that
the aforementioned correlations are retained upon the
experimental “summation” over the multiple binary
channels places definite restrictions on the symmetry

properties of the function ‘P;”KM(QP {x},{B}) and,
correspondingly, on the characteristics of the two-
humped fission barrier. In particular, the modes of
asymmetric fission imply the breakup of a pear-
shaped nucleus. Consequently, the fission barriers are
described by the quantum numbers J"K and, for K= 0,
by the signatures s and r. Obviously, the fissioning
nucleus preserves axial symmetry throughout its path
in the deformation space until the breakup.

(3) According to the well-known arguments of the
classical liquid-drop model for nuclear fission [43],
the nucleus may break up to fragments only upon a
strong deformation of the fissioning system. However,
this model fails to account for the asymmetric fission.
The multimode fission, including the asymmetric
one, is a manifestation of the shell structure of the fis-
sioning nucleus [44, 45]. As shown in [46] within the
shell-model framework, the breakup of a heavy
deformed nucleus to two fragments is strongly sup-
pressed for small deformations by the vanishingly
small probabilities for preformation of the latent frag-
ments. The fission process becomes observable only as
soon as these probabilities reach some 10~°—10—3 with
increasing deformation of the system. The deforma-
tion of the nucleus brings about changes in its shell
structure which, in their turn, give rise to bifurcations
of the trajectory in the deformation space that lead to
various fission modes. In this scheme, the characteris-
tics of the second deformation barrier depend on the
mode m. Therefore, rather than invoke the so-called
“transitional states in the saddle point” [43], we con-
sider a set of two-humped fission barriers with quan-
tum numbers J, 7, K, s, and 7 for all accessible fission
modes.

The ratio between the total widths of the ternary
and binary fission is known to be virtually the same for
all neutron resonances [47]. This implies that the
breakup of a nucleus into two and three fragments
occurs from the same prefission states whose proba-
bilities are determined by the values of barrier param-
eters for each fission mode.

2016



690

(4) The discussion in item 1 above implies that the
angular distribution of the products of the reaction
(n, /), both for the primary channels ¢, of binary fis-
sion and for the experimentally observable final states,
are formed at the breakup point of the fissioning
nucleus and are not affected by the subsequent (prob-
ably nonadiabatic) transformation of primary frag-
ments that results in their excitation. The internal wave
functions of the detected fission fragments differ from
those of primary fragments at the breakup point, since
the deformation of the fragments is reduced with time
and they emit neutrons and y-quanta. However, the
experiment and the theoretical analysis suggest that
the coherence of partial amplitudes of the binary fis-
sion channels ¢, and the observable angular correla-
tions are not strongly affected by these changes of the
fragments wave functions.

(5) The mechanism of the transformation of frag-
ment states upon the emission is still an unsolved
problem that needs further investigation. In particular,
little is known about the process of fast acceleration of
the fragments by strong Coulomb repulsion, which,
according to the studies of TRI and ROT effects,
strongly restricts the allowed range of fragments
orbital momenta. Still, the investigations of nuclear
fission induced by resonance and thermal neutrons
continue to provide important data on the basic prop-
erties of the fission process.

4. INVESTIGATIONS OF THE TERNARY
AND QUATERNARY SPONTANEOUS
FISSION OF %2Cf

The ternary and quaternary spontaneous fission of
232Cf has been investigated at the Laboratory of Neu-
tron Physics for several years in collaboration with the
Prague Technical University using the TimePix detec-
tors [48]. The particles emitted in ternary fission were
identified using the AE—F technique that allows for
discrimination of light charged particles by charge. A
12-pm-thick Silicon counter and a pixel TimePix
detector [49] with a 300-pm-thick sensitive layer and
pixels of 50 x 50 pm were used as AE and E detectors,
respectively. The 2>2Cf source of spontaneous fission
and two assemblies of the AE—F detectors were placed
in a vacuum chamber. The fission fragments and
6.2 MeV a-particles from the spontaneous a-decay of
californium were fully absorbed by a 31-pm-thick alu-
minum foil placed between the source and detectors.
Therefore, only the long-range light charged particles
emitted in ternary fission could be registered in the
detectors.

The particles detected in the experiment ranged
from hydrogen to beryllium. For the particles of each
type, the energy spectra were plotted and corrected for
energy losses in the aluminum foil and in the AE
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detector using the computer code SRIM. The energy
spectra of a-particles and lithium and beryllium nuclei
(without isotope separation) were obtained for the
spontaneous ternary fission of 22Cf. Each energy
spectrum was fitted to a Gaussian distribution. The
estimated total yields of light charged particles agree
with the published data.

The search for a very rare process—a quaternary
fission in which two light charged particles are emit-
ted along with the two main fragments—was also car-
ried out in the experiment. This process occurs with
an extremely small probability that amounts to some
10-°—10~7 of that for the ordinary binary fission. As a
rule, the quaternary fission involves the formation of
two a-particles which can be emitted independently
(the authentic quaternary fission) or can result from
the decay of an unstable ®Be nucleus emitted as a third
particle (the pseudo-quaternary fission).

As many as 72 events were observed in which
two particles were simultaneously detected in one or
two telescopes. The energy distribution between the
two particles was symmetric for 63 events and asym-
metric for 9 events. The former (latter) group was
assumed to refer to the a—a (a—t) quaternary fission
(see Fig. 8a).

The high position resolution of pixel detectors
allowed detection of the events in which the two a-
particles are emitted at an extremely small angle to
each other. Such events were assumed to arise from
pseudo-quaternary fission mediated by the decay of
an unstable short-lived 8Be nucleus. The energy spec-
trum of the emitted 3Be nuclei, reconstructed using
the measured a-particle energies, is shown in Fig. 8b.
The measured probabilities of the authentic and
pseudo- quaternary fission are consistent with previ-
ous experimental and theoretical estimates.

5. THE INVESTIGATIONS
OF PROMPT FISSION NEUTRONS
AND MASS—ENERGY DISTRIBUTIONS
OF FRAGMENTS IN NUCLEAR FISSION
INDUCED BY RESONANCE NEUTRONS

The spontaneous fission and that induced by ther-
mal and resonance neutrons are classical examples of
low-energy fission that occurs at zero excitation
energy or that comparable to the height of the fission
barrier. In the quasi-classical approximation, nuclear
fission is caused by a collective motion of constituent
nucleons, which may be viewed as a surface deforma-
tion of a liquid nuclear drop formed by nucleons inter-
acting through the Coulomb and nuclear forces. Stru-
tinskii’s shell correction [44] to the classical liquid-
drop fission model [43] allowed formulating an effi-
cient computational model of the multimodal (MM)
fission; see the review paper [45] and references
therein. In one of the most popular versions of the lat-
Vol. 47
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Fig. 8. The examples of clusters for the a—a and a—# coincidences (a) and the reconstructed energy spectrum for 8Be (b).

ter model, the shape of the fissioning nucleus affected
by growing deformation prior to breakup is repre-
sented by quasi-spheroids linked by a sufficiently thick
neck. The motion trajectories in the multidimensional
deformation space are selected by minimizing the
deformation energy of the fissioning system, as esti-
mated according to [44]. As a result, the motion tra-
jectory passes through the valley bottoms of a complex
deformation pattern. In the process, the symmetry of
the fissile-system shape spontaneously changes at the
bifurcation points of the trajectory because the nuclear
shell structure changes with increasing deformation.
Thus, the fissioning nucleus approaches the region of
neck rupture passing through the first (symmetric)
barrier and second barriers with symmetric and asym-
metric system shape along the trajectories of different
length. These trajectories form a discrete set of possi-
ble prefission configurations that determine the prop-
erties of fission modes (FM). The hypothesis of ran-
dom neck rupture (RNR) allows one to form the mass
distribution (MD) of fission fragments (FF) as a
superposition of those for different FMs. The rupture
of the neck is followed by the emission of FFs that are
accelerated by powerful Coulomb repulsion. As a
result, the FFs acquire significant kinetic energy,
which may reach ~ 200 MeV on total. The primary FFs
formed upon the neck rupture are relatively “cold”
and strongly deformed. Upon the emission, the frag-
ments’ deformation energy is assumed to transform to
that of excitation. Thereupon, prompt fission neu-
trons (PFN) may be emitted by the excited and fully
accelerated FFs.

The number V(A,TKFE) of PFNs emitted by an FF
with mass number A4 and total kinetic energy (TKE)
equal to TKE is directly related to the FF excitation
spectrum. Measuring the function V(A,TKE) allows
us to obtain the PFN characteristics averaged over A or
TKE by integration over the corresponding variable if
the mass—energy distribution (MED) of the FF,
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Y(A, TKE), is known. The examples of such averaging
and the MED normalization are shown below:

j V(A, TKE)Y (A, TKE)dTKE
V(A4) = 2

oo B

j Y(A, TKE)dTKE
0

V= IV(A, TKE)Y (A, TKE)dTKEdA, 21
0

oo

200 = I Y(A,TKE)dTKEdA.
0

In the models of multimode fission referred to as
MM-—-RNR [45], the FF mass distribution results
from the random neck rupture for different prefission
configurations. Each of the latter configurations i is
realized with a definite probability p; , so that

N

zp[ = 1)

i=l1
where N is the number of possible FMs. Each FM

iinvolves a mass distribution Y(A) normalized
according to

(22)

Acn

2 Y =2
A=0

and a PFN multiplicity v,(4) which depends on A.
The primary (prior to PFN emission) mass distribu-
tion Y(A) is formed as a sum over all accessible FMs,

(23)

Acn

Y(A) =" pYi(A),

A=0

(24)
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Fig. 9. Decomposition of the mass distribution of the frag-
ments of <> U fission induced by thermal neutrons into
different fission modes, as computed using the MM-RNR
model.

as illustrated in Fig. 9. Thus, the experimentally mea-

sured PFN multiplicity is a superposition of the V,(A4)
distributions for different FMs:

N
D YAV (A)

v(4) = - (25)

ACN

D pY(A)
A=0

The analysis of experimental data on PFNs allows
one to obtain the relation [49]

V(A,TKE) = {8 gl\_}(E (AITKE,,,« —TKE(A)],
(26)
if TKE < TKEmax}.
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The experimental data also suggest that for the
given mass number A the function V(A4, TKFE) is linear
in TKE, so that v(4, TKE) can be obtained by measur-
ing the functions V(A4) and TKE(A). Combining equa-
tions (21) and (26), we obtain

oo

V(A) = I V(A, TKE)Y (A, TKE)dTKE

0
TKEmax(A)

N _ 4 j TKE -Y(A,TKE)dTKE (27)
0

~ OTKE

TKEmax(4)

— TKE,, . (A) Y(A, TKE)dTKE |.

0

The dependences of the mean number of PFNs on
the FF mass and total kinetic energy are shown in
Fig. 10. The saw-like shape of the function v(A4) directly
proves that the neck rupture of the fissioning system is a
random process. The large tangent of the saw inclina-
tion angle to the mass axis finds an explanation in the
framework of the MM—RNR model [45].

The quantum properties of the fission process can
best be revealed in investigations of the (n, f) reaction
induced by resonance neutrons, as discussed in detail
in Sections 2 and 3 above. However, the variables dis-
cussed there were averaged over the masses and ener-
gies of the fragments. The variation of total kinetic
energy in the resonances of the >>U(n, f) reaction was
investigated in [53—56]. The results of these measure-
ments are shown in Fig. 11. The spread of the fluctua-
tions is seen to be within 0.1% of the mean value of
total kinetic energy. In the right panel of Fig. 11, the
observed mass distribution of fission fragments is
reproduced by the MM-RNR prediction taking into
account the asymmetric fission modes “standardl”
(S1) and “standard2” (S2) and the symmetric mode
“superlong” (SL).

The aforementioned experimental results can be
interpreted by combining the theoretical approaches
Z :Z:gzﬂ?z—‘j}q:r?nsen etal.
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Fig. 10. The mean number of prompt fission neutrons (PFNs) as a function of the mass (left panel) and total kinetic energy (right

panel) of fission fragments, as measured in [51] and [52].
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Fig. 11. The fluctuation of the total kinetic energy of fission fragments as a function of resonant-neutron energy measured with
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nance with E, =12.5 eV (right panel).

developed in [16] and [45]. Following [16], TKE of
fission fragments in the resonance A with spin—parity
of J™ is expressed as

ET =" plES =Y o™ EF, (28)
K i K

where w{”K are the weights of the components with
the given value of K in the compound state A normal-

ized according to p 0);{7”( =1, and pf are the prob-

abilities for realizing the fission modes / first intro-
duced in [20]. (Note that in contrast with the probabil-
ities p; in Eq. (22), these depend on the projection K.)
The TKE of the fragments for the mode i are deter-
mined as follows:

. _ jEY/‘(A, E)dEdA
’ j YX(A, E)dEdA

(29)

and EX denotes the TKE for the given K summed over
all accessible fission modes. Then, the TKE fluctua-
tion with respect to the mean value

N
(™) = Ef"IN = E¥ (™) (30)
A K
acquires a form
AE™ = E*Aw™, (31)
K
where Aw{nk = ((D{M( - <(DMK>) is the weight variation

for the component with the given Kin the resonance A.
The fluctuations AE ;{ "™ are small as soon as the energy

EX weakly depends on K (EX < E ), because for this
case we have

AE/" =~ E (Z /™ 2(03’“)) <1 (32)
K K
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taking into account the normalization of the weights

JnK
;"

Therefore, small (~10~%) fluctuations AE ;{ " mea-
sured in [53—56] definitely indicate that the FF kinetic
energy £X summed over all FMs weakly depends on K.
This explains the predictive accuracy of the quasi-
classical MM-RNR model [45] in which the weights p;
are independent of the projection K, see equation (22).

In some sense, the smallness of the fluctuations AE; "
reflects the quasi-classical character of the integral
characteristics like the TKE and the mass—energy dis-
tribution, whereas the quantum-mechanical charac-

teristics of the fission process like the weights u){“K

and partial fission widths are subject to strong fluctu-
ations due to a complex structure of compound states.

6. DEVELOPMENT OF THE METHODS
FOR INVESTIGATING
THE CHARACTERISTICS
OF NUCLEAR FISSION

The evolution of technology has dictated a transi-
tion from the analogue to digital signal processing
(DSP) in nuclear electronics [57—61]. In DSP, the
analogue detector signal is transformed to a sequence
of voltage values measured at regular time intervals. As
soon as the signal is discretized in agreement with cer-
tain rules [62], the complete information of the origi-
nal analogue signal is transferred to its digital image.
The digitized detector signals that refer to selected
events may be logged and stored throughout the exper-
iment. The logged events may be fully and multiply
reproduced in the detected form. This implies a qual-
itatively new level of experimental investigations. In
such experimental arrangement, a key role belongs to
the program software (PS) whereby DSP is realized. A
number of DSP algorithms that refer to FF spectros-
copy and PFN emission in low-energy nuclear fission
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Fig. 12. The simulated and measured mutual correlation functions between the yield of delayed neutrons and the meander-mod-
ulated flux of thermal neutrons (a) and the measured mutual correlation function after ~200-fold averaging (b).

have been developed at LNP JINR over the last two
decades.

In one of the initial applications, DSP was
employed for analyzing the correlations in the investi-
gation of the yield of delayed neutrons in the fission of
2’Np nuclei induced by thermal neutrons [63]. The
data of Fig. 12 demonstrate that after relatively small
number of averaging the measured correlation func-
tion approaches the simulated one. This method has
allowed to measure the yield of delayed neutrons from
the reaction »’Np(n, f) despite a very low signal-to-
background ratio.

The current investigations of nuclear fission at low
excitation energies are based on the experimental
techniques, the equipment for detecting the fission
fragments in correlation with PFNs and other fission
products, and the methods for data processing and
data analysis that have been developed at LNP over
the last years. Our future investigations of nuclear fis-
sion will rely on the resonance-neutron source IREN
expected to start operation at full intensity in the
beginning of 2016. At present, the new equipment is
being tested in the 11B beam of thermal neutrons from
the IBR-2M reactor. Our major task is to construct the
apparatus for investigating the emission of prompt
neutrons by the fragments of nuclear fission induced
by resonance neutrons. To this end, one has to detect
PFNs in coincidence with FFs and simultaneously
measure the FF masses, the FF and PFN kinetic ener-
gies, and the angle between the PFN direction of
motion and the fission axis. The previous similar
experiments such as [52] employed a classical twin
ionization chamber (TIC) with Frisch grids [52, 64].
Unfortunately, in such experimental arrangement no
more than two neutron detectors can be deployed
because of geometric restrictions imposed by measur-
ing the angle between the PFN direction and the fis-
sion axis. This implies a PFN detection efficiency of
no more than 0.005 and virtually rules out any investi-
gation of nuclear fission induced by fast and resonant
neutrons.

PHYSICS OF PARTICLES AND NUCLEI

In order to circumvent the aforementioned restric-
tion, we have proposed the experimental scheme with
a position-sensitive twin ionization chamber (PS TIC)
[65]. Apart from measuring the fragment masses and
the PFN and FF kinetic energies, this chamber allows
to determine the relative orientation of the fission axis
of correlated FFs and PFN direction of motion in the
spherical coordinates (0, @), as illustrated in Fig. 13.
In this arrangement, the PFN detection efficiency can
be enhanced to an acceptable level by deploying more
neutron detectors, which will provide the projected
accuracy in future experiments. Shown in Fig. 13 are
the results of the measurements with PS TIC for fixed
ranges of cos(0). The angle ¢ is seen to be uniformly
distributed over the circle R*cos(6)d0.

To conclude, new fundamental data on the dynam-
ics of the fission process will be obtained from the
analysis of experimental data, which can be collected
by simultaneously measuring the kinetic energies and
the total number of PFNs and the masses and kinetic
energies of correlated FFs at low excitation energy of
the fissioning nucleus.

7. INVESTIGATION OF DELAYED NEUTRON
EMISSION IN THE ACTINIDE FISSION
INDUCED BY THERMAL NEUTRONS

The emission of delayed neutrons (DNs) in the
neutron-induced fission of actinides is of fundamental
importance for realizing a controlled chain fission
reaction [66—68]. The yields and time characteristics
of DNs in the neutron-induced fission of major and
minor reactor isotopes are important nuclear con-
stants used in simulating the kinetics of nuclear reac-
tors. As soon as these constants for many transura-
nium elements are known, we are able to reach a better
understanding of the fission process, as well as to
develop the fission models and predict the DN prop-
erties for the unexplored nuclei. However, the data on
DN emission for the major and most minor actinides
are not sufficiently accurate for reliably simulating the
nuclear-reactor kinetics for high degrees of fuel burn-
out in particular, which is essential for nuclear secu-
Vol. 47
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sensitive TIC for different values of the angle © between the fission axis and the applicate axis Z.
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Fig. 14. The schematic layout of the “Isomer” facility operating in the 11B channel of the IBR-2 neutron source.

rity. Therefore, the DN characteristics should be mea-
sured to better precision and the existing data should
be verified by independent measurements. Apart from
that, such measurements allow to test and improve
computational methods and phenomenological proce-
dures for extrapolating the DN characteristics to the
yet-unexplored isotopes and for estimating the reliabil-
ity of the available data. In fact, the experimental data
often disagree with the calculus for the same isotope.

In order to measure the DN yield in the fission of
actinide nuclei induced by thermal neutrons, the
“Isomer” facility irradiated by neutrons from the
IBR-2 reactor was constructed by LNP JINR in
1993—1995. The experimental method consisted in
periodically irradiating a sample with a pulsed neutron
beam and measuring the DN yield in time intervals
between the pulses [69]. The scheme of the “Isomer”
setup is shown in Fig. 14. In the initial experiments
with this facility, the DN yields in the fission of the
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23, 2’Np, and ?*’Pu isotopes induced by thermal
neutrons were measured [70]. The parameters of the
facility were significantly improved by an upgrade in
2004 aimed at perfecting the method and extending a
set of investigated nuclei. The upgrade allowed includ-
ing the neptunium and curium isotopes >’Np and
25Cm in the measurements. The published experi-
mental data had been substantial for the former but
insufficient for the latter.

The DN characteristics in the 2Cm fission
induced by thermal neutrons with a reactor spectrum
were for the first time measured in [71]. The measured
value of the absolute total DN yield, v, = (0.59 £
0.04)%, proved to be inconsistent with the estimate
vy = 0.75% obtained in the same paper by the method
of summation over the precursor isomers. The sub-

stantially lower v, estimates later derived in [72, 73]
using the same computational method were consistent
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Table 2. The characteristics of the curium sample employed

GUNDORIN et al.

Content
Isotope T, () Spontaneous Number of prompt neutrons Prompt neutron
172 fission rate pers | per event of spontaneous fission rate pers
% mg
244Cm 18.1yr | 3.78 0.076 319 2.72 868
25Cm 8500 yr | 95.46 1.91 7.8 x 1072 =3 ~0.3
246Cm 4700yr | 0.71 0.014 43 2.95 127

with the experimental v, value obtained in [71] within

the combined errors. Therefore, an independent v
measurement was needed.

The characteristics of the curium sample employed
in the experiments with the “Isomer-M” facility are
listed in Table 2. Despite a rather high enrichment of
the sample with the 2*Cm isotope and the large cross
section of its fission induced by thermal neutrons
(=2145b), the admixtures of the 2**Cm and ?**Cm iso-
topes are seen to generate a constant background of
prompt neutrons from spontaneous fission that sig-
nificantly exceeds the DN counting rate for the inves-
tigated isotope 2*Cm. By placing the sample inside
the ionization fission chamber, we were able to sup-
press this background by detecting the neutrons in
anticoincidence with the fission-fragment signals
from the chamber.

Shown in Fig. 15 is the schematic layout of the
“Isomer-M” detector module with a target inside the
ionization chamber. The method for analyzing the
apparatus time spectra obtained in the experiment,

Fig. 15. The schematic view of the detector module of the
“Isomer-M” facility showing the 25Cm target ([/), the
ionization chamber filled with the CHy gas (2), the Cd
screen (3), the 3He counters (4), the moderator of neutrons
(5), and a combined shielding with CH and CH—B (6).

PHYSICS OF PARTICLES AND NUCLEI

shown in Fig. 16, had been developed during the mea-
surements with the Z’Np isotope and is detailed in
[74]. The total yield of delayed neutrons in the >*Cm
fission induced by thermal neutrons was measured as

vy = 0.0064 = 0.0002 [75]. It is consistent with the

previous measurement v, = 0.0059 £ 0.0004 [71] and
it has a better accuracy.

In Fig. 17, the obtained result [75] is added to the
combined data on the total yield of delayed neutrons
for a broad range of actinides, as compiled in [76]. The
data shown for the 2Cm nuclide are complemented
with experimental results from Ref. [71] and with DN
yields computed within the microscopic approach in
[72, 73]. The latter relies on the available data on DN
emission probability for some precursor nuclei and on
their cumulative yields. The total DN yield for 24°Cm,

vy = (0.64 £ 0.02)%, obtained in Ref. [75], is consis-
tent with the fitted value of (0.621 £ 0.005)% obtained
from the compilation in question.

On the other hand, the v, estimates based on sum-
ming the precursor contributions [71—73] do not fully
agree with the measurements [71] and [75] and among
themselves. Understanding the source of this dis-
agreement is important since the summation method
is used for estimating the DN characteristics for the
nuclides that still await direct measurements. The dis-
agreement between the results obtained by the sum-
mation method is probably rooted in different
assumptions on the parameters of the charge distribu-
tion of fission fragments and on the magnitude of the
even—odd effect. Therefore, the measured total DN
yield [75] in the fission of 2**Cm allows one to estimate
the parameters by varying both the computed param-
eters and the magnitude of the measured even—odd
effect in the charge distribution of fission fragments.
In its turn, estimating these parameters will allow to
clarify the properties of the charge distribution of fis-
sion fragments and to evaluate the magnitude of the
even—odd effect for the nuclides in the yet-unex-
plored region of mass and charge.
Vol. 47
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Fig. 17. The compilation [76] supplemented with the DN yield for curium as measured in [75].

9. INVESTIGATIONS OF NUCLEAR FISSION
AND RADIATIVE NEUTRON CAPTURE
WITH THE n_TOF SOURCE AT CERN

An extensive program of measurements of cross sec-
tions for the fission of actinides induced by neutrons
over the energy range from the resonance region to
200 MeV was realized in 2001—2007 at CERN [77—84]
using the time-of-flight spectrometer n_ TOF and a
fast multisection ionization chamber constructed and
equipped in collaboration with IPPE (Obninsk). Apart
from that, the (n, v) reaction induced by neutrons with
energy up to 400 keV was investigated [85—100] using a
unique multi-detector spectrometer with total absorp-
tion of y-quanta constructed by the n_ TOF Collabo-
ration. All these experiments employed highly

PHYSICS OF PARTICLES AND NUCLEI
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enriched targets manufactured at JINR in collabora-
tion with IPPE including the unique sealed targets
containing minor actinides for measuring the radiative
neutron capture. The data obtained in these experi-
ments have been published in over 20 papers, one of
which was submitted in 2015.
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