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Summary. — A new statistical approach is adopted which, through a
suitable analysis of light clusters emitted in heavy-ion collisions, allows
us to evaluate temperature and free-nucleon densities of the emission
source. All known data concerning the emission of 2H, 3H, 3He, ¢He
measured in a common experiment are used. These data refer to 19
heavy-ion reactions studied at projectile energies between 26 and 2100 MeV
per nucleon. Analysed events are only those attributable to the equilib-
rium component through carefully adopted selections. Among the results,
a correlation is observed between temperature T and total free-nucleon
density g, of the emission source. A nuclear-matter model is formulated
in order to compare its quantitative predictions with the observed (T, g,,)
correlation. A good agreement is found by this comparison.

PACS. 25.70. — Heavy-particle~induced reactions and scattering.

1. — Introduction.

The composite-particle emission, observed in intermediate- and high-energy
heavy-ion interactions, is usually assumed to be the result of nuclear-matter
explosion owing to near central collisions of the two interacting nuclei.

(*) To speed up publication, the authors of this paper have agreed. to not receive the
proofs for correction.
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Several theoretical approaches to near central collisions of heavy ions have
been made and a review of these models can be found in ref. (*4). Most of
these theories have been concentrated on inclusive proton data.

The majority of adopted models assumes that a local equilibrium is reached
either in the whole considered spaces, such as the phase space (*) and the infer-
action volume (*12), or within particular subsystems. In these last cases, where
few nucleons are involved, the local equilibrium is assumed within some pe-
ripheral nuclear regions in the «hot spot » model (*1¢), or within the several
tubes into which nuelei are divided in the «firestreak » model (1%1%), In the
« coalescence » model (1*2%4) equilibrium between formation and break-up of
composite fragments is assumed for nucleons located within the same coalescence
Po radius centred at p in the momentum space.

Aim of this paper is to evaluate the temperature and the free-nucleon
densities of equilibrated nuclear regions from which light fragments are emitted;
more precisely, we evaluate the temperature and the free-nucleon densities of
a piece of nuclear matter at the moment of its disassembly with a light-fragment
emission, at large angles, not negligible with respect to free-nucleon emission.
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To such a purpose, a statistical approach is adopted which makes use of
all known data about the ?H, sH, 3He, *‘He cluster emission in heavy-ion
collisiong (%16,21,25-20),

Among the several statistical models, only the coalescence ("-2¢) and the
thermodynamiec (¢-!2) models congider composite-particle emission. We adopt
the thermodynamic picture since the information about the physical quantities
we want here to evaluate may be gained by this model, which involves directly
just the freeze-out temperature and nucleon density of the emitting source.

Thermal models, based on the assumption that the available energy is shared
among interacting nueleons, may be justified when nuecleon-nucleon N-N
collisions are dominant. More generally, the study of collective phenomena—
such as compression, thermalization, hydrodynamical flow, equation of state,
etc.—makes sense only if local equilibrium is reached through multiple N-N
collisions. Now, the emission of light clusters in a wide angular range just
indicates multiple N-N collisions. On this ground we adopt a statistical ap-
proach whose starting assumptions are the basic ones of the thermal model (8-12).

Since this model considers only a partial aspect of the complex reaction
mechanism, it is important to restrict the analysis to those specific observables
for which thermodynamies is likely to yield adequate results. Consequently, ex-
perimental data have been carefully analysed to select, among the components
of the reaction mechanism, events attributable to the equilibrium component.

Among the results, a correlation is found between temperature and free-
nucleon density. In order to give an interpretation of such an empirical
result, a dilute-nuclear-matter model is proposed. Quantitative predictions of
the model explain the observed correlation.

2. — Remarks.

2'1. Uniqueness of evaporaled composite particles to give information about
the freeze-out stage. — As first stage of reactions induced by heavy-ion collisions,

(*) R.L. AvLBE, J.B. BaLL, F. E. Bertranp, C. B. FuLMERr, D. C. HenstEy, 1. Y.
LeE, R. L. RoBixsoxn, P. A. 8teLson, C. Y. Wong, D. L. HExDRIE, H. D, HOLMGREN
and J.D. Sik: Phys. Rev. C, 28, 1552 (1983).
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NEBENIUS, S. ZaGRoMSKI, R. Suvam and H. MACHNER: Nucl. Phys. A, 382, 296 (1982).
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108, 15 (1982).
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and H. WIiEMaN: GSI-85-4 Preprint (January 1985).
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a hot interaction region may be created. This created hot region can reach,
depending on the available energy in the c¢.m. frame:

a) Temperatures T not exceeding some tens of MeV, so that composite
particles can be formed as a result of competitive processes.

b) Temperatures I much higher than the mean binding energy per nu-
cleon. In this case the composite-particle production is strongly suppressed
within the very hot region which may explode either b)) through a complete
disintegration in which free nucleons and pions are essentially emitted, or b,)
through two or several steps in which in the firgt stage only the hotter fraction
of the nuclear region explodes with a dominating emission of free nucleons.
Subsequently, within the remaining of the nuclear interaction system, cooled
to lower temperatures, composite particles can be produced.

In both cases a) and b,) the still hot nuclear system cools and expands.
During this stage interactions are going on between the constituent particles
until density and temperature become small enough so that the constituents
are no longer interacting. From this time the particle composition remains
unchanged (chemical freeze-out). As the system expands beyond that point,
the frozen particles escape freely, by excluding only mutual Coulomb repulsion,
until they are ultimately detected.

On these grounds, the evaporated composite particles, if suitably analysed,
are unique in order to give information about the freeze-out stage which is the
last stage in several heavy-ion interactions.

Instead, in order to deduce information about the initial stage of the reac-
tion, well-defined assumptions must be made for the whole unknown and likely
complex expansion phase.

2'2. Nuclear-temperature evaluations. — Before describing the procedure
adopted in the present paper to evaluate temperature and free-nucleon densities
of the considered piece of nuclear matter at the moment of its disassembly,
let us shortly review and comment what is usually made to deduce the nuclear
temperature.

The concept of temperature requires the existence of a local statistical
equilibrium. Most of the authors consider, may be rightly, of dubious validity
the assumption of such an equilibrium at densities close to or above the nor-
mal nuclear-matter density g,~ 0.15fm=3.

However, in spite of such a disputable assumption,temperatures are usually
evaluated by fitting exponential slopes of measured particle spectra with
statistical treatments, which are, in principle, standard thermodynamic pro-
cedures. On the other hand, the experimental features of emitted-particle
spectra resemble ordinary evaporation at large emission angles, This seems
to give support to the assumption that the emission source may be approx-
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imated as a piece of nuclear matter rather close to a thermal-equilibrium dis-
tribution.

To estimate the temperature T, the energy spectra A°(E__ ) in the c.m.
rest frame of the emitting source are usually parametrized as

1) A(B,,)x B, exp[— E_,[T],
when a surface emission is assumed (3031);

1 N(E, ) B -exp[— E,_|T]
within the assumption of a volume emission (20:31);

(L") N(E, )xcexp[— K, [T]

when only the high-energy tails of the spectra are taken into account.

The values of T obtained by eqgs. (1), (1'), (1") can reach relative mutual
deviations up to (10-20)9,. Uncertainties of the order of 109, would be
rather acceptable, but experimental data have to be transformed from the
laboratory to the rest frame of the particular hypothesized emitting source.
This transformation, which requires the use of several adjustable parameters,
can give rise to large uncertainties in the 7' evaluations at intermediate energies.
Actually, at intermediate energies, one can obtain very different 7' values by
employing different combinations of the adopted parameters. For values of T
comparable to the Coulomb barrier, relative deviations can reach values of
about 100%. At higher energies, effects of the adjustable parameters become
less and less critical at the increase of 7. As, for instance, for values of
T>=50 MeV, the relative deviations may reach maximum values of the order
of 109%,. On these grounds, extensive studies of temperature have been pro-
vided (»21,%2), at high energy, by fitting only the exponential tails of protons
and n~ spectra for different target-projectile combinations. These high evaluated
temperatures seem to saturate, up to beam energies of about 4 GeV/N’, at ap-
proximately 7T, ~ m,_c? whose value is quite near to the limiting temperature
predicted by HAGEDORN (°?) and so far not definitively established (34-3¢).

(3°) A.S. GOoLDHABER: Phys. Rev. C, 17, 2243 (1978).

(31) T.C. Awes, G. Poccr, C. K. GeELBRE, B. B. Back, B. G. Gracors, H. BREUER
and V. E. ViorLa jr.: Phys. Rev. O, 24, 89 (1981).

(32) 8. NaGgamiya, M.-C. LeMAIRE, E. MOELLER, 8. SCANETZER, G. Saariro, H. STEINER
and I. TANIHATA: Phys. Rev. C, 24, 971 (1981).

(3®) R. HacepornN: Suppl. Nuovo Cimento, 3, 147 (1965).

(34} A.T. Laasanewn, C. Ezerr, L. J. Guray, W. N. SCHREINER, P. ScHUBELIN, L. VON
LinpErRN and F. Turxkort: Phys. Rev. Lett., 38, 1 (1977).

(3%) N.K. GLENDENNING and Y. KAranT: Phys. Rev. Lett., 40, 374 (1978).
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3. — Analysis.

3'1. Starting assumptions. — We start with the assumption that a thermal
equilibrium may be established between free nucleons and composite frag-
ments contained within a certain interaction volume V at a temperature 7.
In the thermodynamic picture, the density (4, Z) of a particle (4, Z) com-
posed of Z bound protons and A — Z bound neutrons may be expressed as
follows:

@) o4, Z) = = =

H(A, Z) _ A ol4, Z) (w4, 2)
e e

where

A(4, Z) is the number of particles (4, Z) within the volume V;

ZT.N’ = h/(27em,T)t is the thermal nucleon wave-length, where m, is the
mass of a nucleon N';

T is the temperature expressed in MeV;
u(4, Z) is the chemical potential of the particle (4, Z);

3) w(4, Z) = 3 {[28,(4, Z) + 1]-exp [— E,(4, Z)[TT}
B

is the internal partition function of the particle (4, Z), where s,(4, Z) are
ground- and excited-state spins and E;(4, Z) are energies of these states;

Flu(A, 2)[T] = exp [u(4, Z)[T] since we use the Maxwell-Boltzmann
statisties. This because, for 7' larger than some MeV, provided that g < /2,
quantum statistics and boson condensation effects can be neglected for the light-
cluster emission in heavy-ion collisions (7).

Now we impose to the considered thermodynamic system also the con-
dition of chemical equilibrium, expressed by

4) w4, Z) = Zp,, ~+ (A — Z)p,, + B4, Z),

where B(A, Z) is the binding energy of the cluster (4, Z). p , and g are the
chemical potentials of free protons p, and of free nentrons n,, respectively.

MaXN, H. KrusE, J. A. MArRUEN, B. MULLER, W.T. PingsToN, P. R. SUBRAMANIAN,
J. TrEIS, D. VasAK, H. G. BAUMGARDT and E. ScCHOPPER: Proceedings of the Infernational
Conference on « Extreme States in Nuclear Systems », Dresden, February 4-9, 1980, Vol. 2
(1980), p. 23.

(3" P.R. SuBraMaANTAN, L.P. Csernar, H. S16ckER, J. A. MARUHN, W. GREINER
and H. Kruse: J. Phys. @, 7, L241 (1981},
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From eqgs. (2) and (4) it follows that

N(A, Z) A 20,4, 7) _ [B(A, Z)]
5 A7) =" = N Z 0% ex
R ARG e e e i A &

o(4, Z), o, and g being the densities of the composite (4, %), of free protons
and of free neutrons, respectively, contained in the same interaction volume V
at the temperature 7.

On the basis of such a thermodynamic picture the ratio Y (4, Z)/Y(4’, Z')
between the experimental yields of two different emitted fragments is ex-
pected to be

(6)

Y(4,2) _ o(4,7) _ (AN _A%_N’ oAy D) sy g,
Y(A/’ ZI) Q(A’, Z/) AI w(AI, Z’) QD]' QnF
p [B(A: Z) —TB(A" Z')] )

3°2. Procedure to evaluate temperature and free-nucleon densities. — Inspec-
tion of eq. (6) shows that the free-proton density of the emitting source at the
moment of freeze-out can be easily obtained from the ratio between the ex-
perimental yields of two fragments differing only for a proton, such as (4, Z)
and (4 +1,Z+1):

4 38
@ o= {( A )10 2s(4, Z) +1 .

A+1) 201284 F+1,Z+1)+1

x [B(A,Z)——B(A +1,z+1)] Y4 +1,Z +1)
exp T YA, Z)

Analogously, the yield ratio of two fragments differing only for one neutron
such as (4, Z) and (4 + 1, Z) returns the free-neutron density:

) A A\ l(laf 2s{4, Z) + 1
Cop = +1) 21 2s8(4 +1,2) + 1

__[B(4,2)—B(A +1, 2)]| ¥4 +1, 2)
oxp [ T ]} Y(4, Z)

In eqs. (7) and (8), /‘L;N has been replaced by its value 4.2-10-387-3 ¢m?
with T expressed in MeV. The sum of w(4, Z) (see eq. (3)) is limited to the
ground state. This because the excitation energies E,(4, Z) of the here con-
sidered exploded isotopes of H and He are not significantly lower than tem-
peratures expected to allow the composite-particle production (subseet. 2'1),
Then w{4, Z) has been replaced by 2s(4, Z) 4 1, where s(4, Z) is the ground-
state spin.
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So far, the majority of measured yields for composite-particle emission in
heavy-ion collisions refers to light clusters. Then the present analysis is limited
to the available experimental data on H and He isotope emission. The yield
ratios between light clusters differing only for either a proton or a neutron
we can use to deduce g, and p , are, in practice,

Y(H) Y(*H) Y (*He) Y (“He) Y (“He)

Y(H)' Y(H)’ - Y(H)' Y(CH)'  Y(He)'

In our analysis we exclude the ratio Y(*H)/Y(*H) for the following reasons.
Both in intermediate- and high-energy heavy-ion collisions, the energy spectra
measured at large angles show exponentially decaying slopes as a function of
the emitted-particle energy. These slopes are similar for the *H, *H, *He, ‘He
energy spectra observed at the same angle and by using the same projectile-
target combination at the same beam energy, This might indicate that these
light composites have a common origin inside a source having a rather well-
defined temperature. Tnstead the proton energy spectra may show quite dif-
ferent decreasing slopes. As, for instance, at lower energies, up to ~20 MeV/N
beams (%), the proton spectra slopes are less flat than the ones observed for
light clusters. On the contrary, at higher energies, between 250 and 2100 MeV/N
of the projectiles (?), the slopes of the proton spectra are flatter than those
of the light-composite spectra. This seems to indicate that most of the pro-
tons are originated also within sources different from the common source of
the emitted light clusters. Besides, the yields of light clusters are of the same
order of magnitude at the same angle. Instead, the light cluster to proton
ratios can vary, also by some orders of magnitude, as a function of the angle
and of the energy per nucleon of the emitted particles (*) Consequently, very
different evaluations of the ratio between light clusters and protons may be
deduced by using data obtained within different angular ranges.

For these fundamental reasons we do not use the ratio Y(d)/¥Y(p) for our
evaluations. We use only the yield ratios between the light clusters ?*H, *H,
3He, ‘He which, as a homogeneous group, seem to be good messengers of pieces
of exploding nuclear matter at about the same temperature.

To use eqs. (7) and (8) we need to know the temperature 7' of the exploding
Jiece of nuclear matter. To deduce this temperature we hypotesize a common
origin for the exploded light nuclei which in our case range from deuterons
to ‘He.

(3®) T.C. Awgs, S. Saini, G. Poger, C. K. GeELskE, D. Cua, R. LegraiN and G. D.
WesTrFALL: Phys. Rev. C, 25, 2361 (1982).

‘(®*) A. Sanpovar, H. H. Gurerop, W.J. MEYER, R. ST0oCK, CH. LUKNER, A. M. Pos-
KANZER, J. Gosser, C. Jourpain, C.H. Kixg, N. Vax Sex, G.D. WEsSTFALL and
K.L. WoLF: Phys. Rev. C, 21, 1321 (1980).
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This assumption implies that, for a given temperature T of the emitting
sourez, the same free-proton density must be evaluated by eq. (7), independently
of the different used yield ratio. By using the quoted ratios, we obtain from
eq. (7)

9) Opy = [0.39'10“ Vii exp [— 5.5/11]] _I;T(:_f];_e)) _
Y(iFe)

= [0.62-10 T exp [ 10.8/T]] 5 -

Analogously, from eq. (8) concerning the free-neutron density, we obtain

(10) Oor = [0.39-10% T% exp [— 6.3/T]] %:_E; -

— [0.62+10% T* exp [— 20.6/T]] 24 0x)

Y(*He) "

Equation (9), as well as eq. (10), yields

14.3

(11) T = P i ,
1H[Y( H)- Y(‘He) 1.6]

which requires only the knowledge of the complex yield ratio Y(®*H)- Y(*He)/
[{Y(*H)- Y(*He) to evaluate the temperature 7.

At this point we can deduce the wanted quantities T, o, and g, by the
following sequential procedure: first, we deduce the temperature T by means
of eq.(11); then, this evaluated 7 value is used into eqs. (9) and (10) to obtain
the densities of free protons ¢, and of free neutrons g_.

If now we introduce the quantity

_ Y(*H) Y(*He)
%> = F(sH)- ¥(°He) ’

the maximum a priori relative uncertainty for the temperature T, easily de-
ducible from eq. (11), can be expressed as

dr

4T o |
T '

(12) ‘ 7 o

l ~ 7107

Since |[d7/7| increases linearly as a funetion of T, the more accurate estimates
are obtained at lower temperatures, just where the usual I estimates, deduced by
fitting the energy spectra, are affected by the largest uncertainties (subsect. 2'2}.
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On these grounds, the present method can be particularly appropriate to
evaluate temperatures not exceeding some tens of MeV, as is just the case of
nuclear regions which explode with emission of composite fragments too.

3'3. Awvailable energies per nucleon in the c.m. frame — The energy per nucleon
of projectiles used in the experiments here considered ranges, in order of mag-
nitude, from 10 to 10* MeV/N in the laboratory system. The portion of energy
which can induee inelastic reactions is only that available in the c¢.m. frame.

In order to estimate, for each considered reaction, the mean energy per
« participating » nuecleon in the c.m. frame, we consider as « participating »
the nucleons among which the largest amount of the available energy is actually
distributed.

Let

A and A, be the total number of projectile and target nucleons, respec-
tively;
A¥ and A% be the «participating» nucleons of the projectile and of

the target;

(BlA)
system.

., De the energy per nucleon of the projectile in the laboratory

We can express the mean energy per « participating » nucleon in the c¢.m.
frame (B[(AY + A})), .. = (B[A¥),,., as follows:

B e 2 2(A;/A§)'(E/Ap)lab u
13) (24“)“ o [(1 T T AHAT m, cZ) - 1] ’

where mgyc? is the nucleon rest energy.

A very large number of different energies per nucleon can be achieved,
depending on the projectile and target nucleons actually interacting in the
collision. To such a purpose we estimate the values of (E/A*) . under the

following assumptions which encompass almost all the reasonable energy
distributions among the colliding nucleons:

a) The available energy is shared among all target and projectile nucleons.
In this case A%/AY = A, /4 and within our assumptions the minimum value
for (B[A¥) . is obtained.

b) The projectile nucleons 4 interact essentially with about an equal
number of target nucleons A¥~ A . In this case A%/A¥~1 and, within the
assumptions made, the maximum value of (E[4¥), . is estimated.

For collisions between nuelei having nearly the same mass number 4 ~ 4.,
we have A%/A%~1, independently of the impaect parameter.
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3'4. « Bquilibrium » and « nonequilibrium » components. — Since eqs. (9),
(10) and (11) are based on the described equilibrium assumptions, we must
consider only yields attributable to the equilibrinm component of the whole
reaction mechanism.

The spectral slopes are characterized by an exponential decrease vs. E,
strongly suggesting evaporation proeesses, only at large transverse momenta
(6> (30--40)°). But, at small emission angles, when the measured energy per
nucleon H/A of the emitted particle A extends over a range which includes
the projectile energy per nucleon E/A , the energy spectra of A can exhibit
broad peaks at energies slightly less than E/A . This fact suggested a pro-
jectile fragmentation resulting from peripheral nucleus-nucleus collisions. The
first interpretations of the fragmentation have been given by FESHBACH and
HuUANG (#42) and by GOLDHABER (*2), by relating the widths of the momentum
distributions observed in the fragmentation peaks to the intrinsic nucleon
Fermi motion inside the projectile. Their models, developed for the projectile
fragmentation at relativistic energies (*4¢%), are to day applied to explain
also the very similar projectile fragmentation observed at lower energies down
to some tens of MeV /N> (2531,46,47),

At intermediate energies E/A <200 MeV/N and at forward angles, the
energy spectra of emitted particles A, usually measured up to Z/A4A ~ 200 MeV/N,
include both the evaporation and the fragmentation contributions. At small
angles and in the rest frame of the projectile fragment, the Gaussian momentum
distribution is given by (45-%¢)

(14) A(p,) < exp [~ p[20i] = exp [— (p,,— {pp)*[26]],

where
4 and 4, are the mass number of fragment and projectile, respectively;

{p,> is the displacement from the projectile momentum;

(4% H. FesaBacH and K. Hvane: Phys. Lett. B, 47, 300 (1973).

() K. Huang: Phys. Rev., 146, 1075 (1966).

(#?) K. HuanG: Phys. Rev., 156, 1555 (1967).

(#%) A.S. GoLpHABER: Phys. Lett. B, 53, 306 (1974).

(%) H.H. HECEMANN: Proceedings of the V International Conference on High Energy
Physics and Nuclear Structure, Upssala, June 1973, LBL-2052 (1973).
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(48) G.D. WrstraLL, R. G. SEXTRO, A. M. POSKANZER, A. M. ZEBELMAX, G. W. BUILER
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the width o, independent of the observed fragment, is connected to
the standard deviation o¢,, to the temperature 7 and to the nucleon Fermi
momentum p, inside the projectile by (43:45-17)

A4,—1 A,—1 pi
2 o —~ D
WA, =™ g

5 )

(15) oo =

where m, is the nucleon mass.
The corresponding kinetic-energy spectrum becomes just a Maxwellian
distribution of the form

(16) N(B,)c VE, exp[— E,/T].

Then, the energy spectra of the projectile fragments simulate an evaporation
emission from a compoand nucleus.

Consequently, the measured energy spectra of particles emitted at forward
angles in intermediate-energy heavy-ion collisions are to be assumed as the
sum of, at least, two different Maxwell-Boltzmann distributions.

In order to separate the equilibrium component from the nonequilibrium
components, we roughly divide the several reaction contributions into two
categories:

a) Equilibrium component, essentially concerning central collisions, and
more generally fusionlike reactions, characterized by a source having a ve-
locity not higher than about half that of the projectile. The particle emis-
sion due to this component covers the whole angular range and the energy
spectra exhibit exponential slopes decreasing vs. E.

b) Nonequilibrium component, predominantly arising from peripheral
projectile fragmentation associated to break-up, and more generally to trans-
ferlike reactions, with emitted particles having about the projectile velocity.
The light-fragment A emission due to this component is essentially localized
at small forward angles and at energies per nucleon E/A close to the energy
per nucleon EfA  of the projectile.

3'5. Treatment of experimental data. — In order to use the evaluation method
deseribed in subsect. 3’2, we need

the experimental complex yield ratio Y(*H)- Y (‘He)/Y(*H)- Y(*He) to
evaluate T by means of eq. (11);

the measured single yield ratios, either Y(*He)/Y(*H) or Y(*He)/Y(*H),
to evaluate g, according to eq. (9);

the measured single yield ratios, either Y(*He)/Y(*He) or Y(*H)/Y(*H),
to evaluate g according to eq. (10).
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The emission of the four fragments H, 3H, sHe, ‘He, measured in a common
experiment, has been studied for the heavy-ion reactions (%%2L25-20) reported
in table I. The first 5 columns of the table summarize some experimental
data for these reactions.

To evaluate 7, g,, and g, , corrections to some of the measured yields
are necessary, because

@) the experimental yields of ref. (2%2¢) include the contribution due to
projectile fragmentation,

b) the minimum detected energies in ref, (»1%.21) are so large that remark-
able fractions of the evaporated particles are lost.

For these cases we describe in detail the applied corrections.

Reference (*%). Data used in our analysis are deduced by subtracting
from experimental spectra at 0,,, = 15° and 20° the elastic plus inelastic transfer
contributions according to evaluations made in the same ref. (%¢).

Reference (25). The measured spectra include, at small angles, a remark-
able contribution from the transferlike peripheral reactions. A two-component
model is adopted (*3) and the cross-sections in terms of the momentum distri-
butions are expressed as a sum of two independent eontributions classified
as o, for « central collisions » and ¢, for « peripheral fragmentations ».

The values of ¢, and o, are deduced (%) by fitting the inclusive experimental
speetra in the following cases:

?H and *He for all the studied reactions,
*He for the **O-+Ni reactions only,

for *H ¢, and o, are not deduced.

The procedure adopted in the present paper in order to evaluate T, g,
and o needs the knowledge of the emission yields of all the four evaporated
fragments *H, ®*H, *He, ‘He. Then, we cannot directly use the obtained (*)
o, values into our eqs. (9)-(11) because of the lack of these values for the °H
emission and because of the partial availability of o, for the *He emission.
However, in spite of this partial lack of data about o,, we think it possible
to estimate indirectly this quantity. Such a possibility is based on the follow-
ing two grounds:

a) the total yields of the four fragments *H, *H, *He, ‘He are measured
for all the seven studied reactions and their values are summarized in table I1I
of ref. (2%);

b) the ratio ¢ (o, 4 ¢,), which represents the fraction of the total cross-
section attributed to the « eentral collisions », is limited (%) to within 0.73+0.05
for *H and within 0.464-0.05 for 3H, independently of the projectile energy
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(51.8, 100 and 147 MeV/N’). Instead, for ‘He, the ratio o (o, -+ o,) decreases
vs. the projectile energy and the found (2%) values are limited to within 0.201
+0.02 at 147 MeV/N, 0.3140.06 at 100 MeV/N and ~ 0.5 at 51.8 MeV/N’,

In order to deduce the emission yields attributable to the equilibrium com-
ponent, we multiply the total measured yields (2°) by the corresponding ratio
o,/(v,+ o,) for each of the four considered fragments. For the *He emission we
assume a ratio o (s, 4 o,) equal to that found for the *H emission.

References (»16:21). The maximum measured (»1%%1) energy per nucleon of
emitted light clusters does not exceed ~100 MeV/N’. Thus the observed energy
spectra do not include the fragmentation peak and they exhibit, also at small
angles, only the decreasing exponential shape, characteristic of evaporation
processes. But, since the minimum detected energies (»1621) are ~ 25 4 for
?H and 3H and ~ 30 4 for *He and *He, a large fraction of evaporation yields
is lost. Besides, such a lost fraction is different for the different clusters. For
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Fig. 1. — Example of the energy spectra extrapolation (dashed part of the lines) here
adopted in the low-energy region for data of ref. ("#'). Shown data are those meas-
ured at f,,= 90° in the reaction °Ne+U at (H/4,),,= 250 MeV/N> and refer to the
2H (o), *H (a), *He (c), *He (m) emission. In the abscissa axis, the energy per
nucleon reported by the authors (»?1) has been transformed into the total measured
energy of emitted light elusters.
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these reasons we extrapolate the spectra measured at 6, = 60° and 90° in
the low-energy region. An example of such an extrapolation is shown in fig. 1.

We evaluate the yield ratios by extrapolating the spectra down to minimum
values B, = 20, 30 and 40 MeV. Mutualrelative deviations of the temperatures

calculated by using into eq. (11) the yields deduced by spectra extrapolated
in these three different ways are lower than ~ 6 9.

Reference (*). Experimental data of ref. (#*) exclude the contributions
from the target and projectile spectators. Ratios of the emitted particles to
protons are given (**) as functions of the charge multiplicity N with N ranging
up to ~ 40 for “Ca-Ca and up to ~ 80 for *Nb-{2*Nb. Yields used by us
are those measured (*) at N = 20, 25, 30, 35 for “Ca-+-Ca and N = 30, 40,
50, 60, 70 for **Nb--**Nb. The several values of T deduced for each reaction
at the several values of ¥ agree with each other within about 15 %.

4. — Results.

By using the procedure deseribed in sect. 3 we evaluate the temperature 7,
the free-nucleon densities g, and g, , the minimum and the maximum values
of the available energy per nucleon (E/A*) _ in the c.m. frame.

Results of these evaluated quantities are summarized in the lagt 4 columns
of table I. Some features of these results are discussed in the following sub-

sections.

4’1, Free-nucleon densities. — To date evaluations made about the nucleon
densities essentially concern the following two aspects:

a) According to the approximate relationship

] 0w Y(H)
(1‘) ED_F - Y("He) !

estimates have been made of the ratio between these two densities by the
knowledge of the experimental ratio Y(*H)/Y(*He) (see, for instance, ref. (22)).
By such an analysis no estimates can be deduced about the absolute values of
the nucleon densities. From our results, which give the absolute values of o
and g, we can deduce as secondary product the ratios g, [0, . Values of these
ratios here obtained exhibit, in agreement with known data (*?), a general
trend increasing vs. the ratio N/Z, where N and Z are neutron and proton
numbers of the target plus projectile system.

b) Due to its connection with the entropy per nucleon according to the
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usually adopted relationghip (20,31,32,48-51)

(18) 8, = 3.95 —In [;’—E‘;—;] ,

the ratio ¥(d)/¥Y(p) has been extensively studied. The knowledge of the ratio
Y(d)/¥(p) could allow, in principle, the estimation of g, through, for instance,
eq. (8) if the temperature 7 is known. But on this subject we have to recall,
as pointed out in subsect. 3’2, that, among the ¥Y(4 + 1)/Y(A) ratios, the
Y(d)/Y(p) one should be the less suitable ratio to be used for such a purpose.

Usually the measured yield ratios ¥(d)/Y(p) are used directly into eq. (18)
to evaluate the entropy. In order to explain discrepancies between theory
and experiments concerning §;, it is sometimes suggested that the nucleon
density should be very small (see, for instance, ref. (31:32)).

As a matter of fact, a lack of data is found about the evaluated values of
free-nucleon densities, especially for dilute nuclear matter. In this situation
we cannot compare our evaluated absolute values of the free-nucleon densities
with other evaluations.

4'2. Temperature. — The here evaluated temperatures are always lower
than the maximum energy per nucleon available in the ¢.m. frame. This remark
seems to be rather obvious, but the condition T' < [(E/4*), _]... is sometimes
not satisfied for temperatures evaluated by fitting the energy spectra of emitted
particles at intermediate projectile energies. This might be due to the fact
that the unavoidable use of several adjustable parameters can strongly in-
fluence such 7' evaluations at intermediate energies, as pointed out in sub-
sect. 2°2.

Now we consider the 7 reactions studied in the common experiment de-
scribed in ref. (3*). Temperatures evaluated by selecting yields attributable to
the «equilibrium component », given in table I, are reported in fig. 2a) as a
function of the projectile laboratory energy per nucleon. Besides we evaluate,
for these 7 cases, the yields attributable to the ¢ nonequilibrium component ».
Following the treatment of data described in subsect. 3’6 we multiply, this
time, the total measured yields by the ratio o,/(c, + o,). Yields so selected
are used in eq. (11) to evaluate the temperatures T, associated to the hypo-
thetical projectile decays. In fig. 2b) these T evaluations, reported vs. (E/AD)M,
are compared with the dashed straight line which corresponds to a constant
temperature 7 — 7.3 MeV.

(%) P.J. S1EMENS and J.I. Kapusta: Phys. Rev. Lett., 43, 1486 (1979).

(*) H. StOcKER, G. BUuCHEWALD, G. GRAEBNER, P. SUBRAMANIAN, J. A. MARUHN,
W. GREINER, B. V. Jacak and G.D. WEesTFALL: Nucl. Phys. A, 400, 63c (1983).
(%1) J. Karusta: Phys. Rev. C, 29, 1735 (1984).-

2 - Il Nuovo Cimenio A.
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Fig. 2. — Temperatures vs. the projectile laboratory energy per nucleon here evaluated
for the seven reactions studied in ref. (25) by selecting events attributable a) to the
equilibrium component, b) to the projectile fragmentation.

By analysing the momentum Gaussian distributions of the fragmentation
component, the authors of ref. (**) deduce for A = 24 a value o, = (80+
+5) MeV/c for all the 7 studied reactions. This result, according to eq. (15),
corresponds to 7' = (7.34:1) MeV. Then, T, values deduced by means of the
present approach, which makes a suitable use of selected yield ratios, are in
excellent agreement with the temperatures evaluated (**) by the momentum
distributions of the fragmentation component.

We underline that the value 7' = 7.3 MeV, which corresponds in the frag-
mentation picture to an equivalent excitation temperature, is remarkably
close to the mean nucleon binding energy, as expected. In fact, the T, are
related to the projectile intrinsic nucleon Fermi momentum p, through eq. (15)
and their values are also expected to be independent of the projectile energies
E[A,.

On the contrary, the temperatures T concerning the «equilibrium com-
ponent » exhibit an increasing trend vs. E/A4 , as shown by the dashed straight
line of fig. 2a).

4'3. Correlation between total free-nucleon density and temperature. — In
fig. 3 we report the total free-nucleon density g, = o, + g,, 28 a function
of the temperature T'. The behaviour of the points which represent the (T, ¢,)
pairs seems to suggest that g, can be approximated as proportional to T2,
at least within the whole range covered by the found 7' values (7' ~ (4--20) MeV).
Under this empirical assumption, points of fig. 3 are fitted by the full straight
line drawn in the figure, which represents the equation

(19) 0., = 5.3-10% 7% (cm-9).
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Fig. 3. — Open circles represent evaluated total free-nucleon density o.,= @,p + Cug
as a function of the temperature 7. The full straight line shows the 7-dependence
of g, according to eq. (19).

We shall formulate a model of dilute nuclear matter in order to deduce an
approximate but quantitative interpretation of this correlation.

5. — Interpretation of the (7,9, ) correlation.

5'1. Dilute-nuclear-matter model. ~ The constituents of the dilute-nuclear-
matter system are free nucleons and eomposite particles. Experimental data
indicate that the number of free nucleons with respect to the number of com-
posite particles is in every case large enough to allow the assumption that the
density of free nucleons p,_ is comparable to the density of all constituents g,.

At values of 7520 MeV, the composite particles are much more immune
from mutual inelastic interactions, with respect to free nucleons which can
still suffer inelastic collisions. This means that, at moderate values of T, the
majority of interactions which can modify the constituent composition are
those induced by free nucleons. This picture is consistent with the tact that
the ratio between bound and free nucleons increases at the decrease of T'.

On this basis we consider only inelastic interactions induced by free nu-
cleons within the dilute-nuclear-matter system; besides, we assume that inter-
actions between a free nucleon and another nucleon, either free or bound in
light clusters, may be described by adopting the same interaction potential
for free as well as for bound nucleons.
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Recently, some authors (*2-%%) have pointed out that the potential binding
energy U(r), a8 a funection of the interparticle separation distance r, obeys a
«universal » relation for several considered particles such as atoms, molecules
and nucleons. Different physical phenomena, concerning different systems—
atomie (%), molecular (52), metallic (52-54) and nuclear (5%) systems—have been
described in terms of the same binding-energy—distance relation:

(20) U(r) = AU - U*(r*),
where
= (r— n)fl;

U*(r*) is a «universal function » (%) which for nuclear systems is
expressed in the approximate form (%) U*(s*) = — (1 + r*) exp [— r*];

AU is a scaling parameter which represents the equilibrium binding energy ;
7o is the equilibrium spacing;

r 1g the separation distance of nucleons;

! is a length scale, defined by 1= [AT/[(d*T/dr*), ]}

Among several investigations about U(r), a very recent study of the radial
and energy dependence of U(r, E) has been extensively made (5¢) to describe
interactions between nucleons and even-even nuclei with 4 = 2Z = 2N,

The potential energy U(r) for nuclear matter is currently expressed also
in the form of 3 power series of the density g/go = (ro/7)®. 0o~ 0.15 nucleons/fm?
is the saturation density. A representative example of this form is that re-
cently proposed by KAPUSTA (51):

[
(21) U(o) = Z a,(g/go)”"’ .

j=2

The comparison between trends of U(r) according to egs. (20) and (21),
made in ref. (5¢), shows very similar trends of these two adopted forms.

In the following we will use for U(r) eq. (20) which, in terms of only two
parameters, describes the zero-temperature binding energy as a function of
the separation between nucleons.

(52) J. FERRANTE, J. R. SMiTH and J. H. RosE: Phys. Rev. Lett., 30, 1385 (1983).
(%3) J. H. Rosg, J. R. SMitH and J. FERRANTE: Phys. Rev. B, 28, 1835 (1983).

(5%) J.H. Rosg, J. R. SmitH, F. GUuinEa and J. FERRANTE: Phys. Rev. B, 29, 2963
(1984).

(%) J. H. RosE, J.P. Vary and J. R. SMitu: Phys. Rev. Lett., 53, 344 (1984).

(%) A. Pascorini and C. ViLLi: Nuove Cimento A, 83, 89 (1985).
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The total energy-distance relation for monoenergetic nucleons with kinetic

energy F would be

(22) E@r)y=U{r)+ E.

53'2. Nucleon capture interactions. — We consider now capture interactions
between nueleons. A colliding nuecleon remains unbound for

(23) Ury+E>0,
while it is captured in a bound state for

(23") Ur)+E<0.
The condition

(23") Ur)+B=0

establishes, for each value of F < AU, the corresponding radial distance
[7xo(#)]ay below which the colliding nucleon is captured.

The nucleon capture cross-section for monoenergetic nucleons can be
estimated, as a function of the capture radius [y (#)]xg, Y

(24) [GNQ(E)]AU ~ n[/rNo(E)]ZU .

Now we have to take into account that, according to the model assump-
tions, thermalyzed nucleons have a Maxwell-Boltzmann energy distribution.
Thus we define a capture radius [ry,(T)]ay, depending this time on T, as the
weighted average of the capture radius [r(E)]lx, over the Maxwell-Boltzmann
distribution P(¥), that is,

AT
(25) ol DV lao = [ ol ENlay P AE,
where
(26) P(B) =2x"tT B exp [— E/T].

In this way, the nucleon capture cross-section as a funetion of 7' can be eval-
uated as

(27) [GNC(T)]AU = n['rNo(T)]zAU .

We consider (subsect. 5°1) only inelastic interactions induced by free nu-
cleons by assuming (subsect. 5'1) that interactions of a free nucleon with either
free or bound nucleons can be described by the same potential. Then values
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used for the potential parameters r, and AU to caleulate [r.,(T)]s, are inde-
pendent of the fact that the free nucleon interacts with either a free or a bound
nucleon.

For the equilibrium spacing 7, we use the fixed reasonable value, often
adopted, 7o~ 1.1 fm (°%) since only small deviations from this value are allowed.

Currently adopted values for the equilibrium binding energy AU range
from 16 MeV (%5), concerning infinite nuclear matter, to 8 MeV (%1), when
surface effects in finite nuclei are taken into account. This range is large enough
to encompass also interactions between free nucleons and bound nucleons.
Then, also in account of the fact that the density of composite particles is
negligible with respect to the density of free nucleons (subsect. 5°1), we think
that the use of a common value for AU cannot significantly alter the evaluation
of the quantities we will deduce in the next subsection.

5'3. Comparison of the (T, p,) correlation with predictions of the model —
Now we define within the expanding system, which represents also the emis-
sion source, the following quantities:

A%, total number of free nucleons;

@ and V, linear dimensions and volume, respectively, of the source
whose expansion is assumed to be nearly isotropic so that 2~ 2V;

k = p,/0,,, ratio between the density of all constituents and the density
of free nucleons;

Ly, =1/g[04.(T)]ayy nucleon mean free path against nucleon captures
as a function of temperature;

6 = Lg,/®, parameter related to the probability P,,. that a nucleon
does not suffer capture collisions by P, = exp[— 1/a]. The freeze-out con-
ditions depend on this probability.

A correlation between these quantities yields

(28) L, =ad=al2V)},
and hence

1 A;‘:)*
29 —_—— = 2 — .
(29) [omalT)Tho 00 ( oor

By taking into account that [o,,(T)],, can be expressed by eq. (27), eq. (29)
becomes

1 1 1

(30) O™ 2t AR @ [rgo(T) oy
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Now we assume that A7 may range between 25 and 100 and that k=g /o, =
= 1.240.1. These assumptions, ample enough to encompass whatever reliable
values for A} and k, imply that

(31) At ~10544.5.

The uncertainty given in eq. (31) is certainly overestimated since A} increases
a8 a function of 7, while k decreases vs. 7.

The dependence of [r,,(T)]ay on T according to eq. (25) is shown by the
dashed lines drawn in fig. 4a) for AU = 8 MeV and in fig. 4b) for AU = 16 MeV.
These curves are compared with the straight full lines which represent the 7T
dependences:

(32) [7o(T)]2 = 6.4-10% T
in fig. 4a) and
(33) [ryo(T)]® = 8+10% T
in fig. 4b).
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Fig. 4. — Dashed lines show the correlation between [r4s(7)]ay and T which, according
to eq. (25), is deduced for AU = 8 MeV (a)) and for AU = 16 MeV (b)). Full straight
lines represent the equations [ryo(T)]™% = 6.4-10% T° (a)), [ryo(T)]~® = 8-10% 1% (b)).
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Figure 4b) shows that [r (T)]as-.eney M2y be approximated by a 7® de-
pendence only in the temperature range I = (10--30) MeV. Since several
points (7, p,.) are located at T < 10 MeV (see fig. 3), the use of [ryo(T)]a5merer
could not explain the whole observed dependence of g, on T

Instead, the comparison made in fig. 4a) shows that [r,(T)]as e €20 be
well approximated by a T° dependence in the whole temperature range
T ~ (4-20) MeV, within which all evaluated points are located.

Also ., according to eq. (19), exhibits an empirical dependence on 7°.
This allows us to assume that the parameter a of eq. (30) can be considered
constant for AU = 8 MeV.
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Fig. 5. — @) Comparison between the (T, g,,) points evaluated by the present statistical
approach (open circles) and expectations of the formulated model according to eq. (34)
which adopts the value AU = 8 MeV (full line). ) Two examples of comparisons,
analogous to the one made in a), by using this time the value AU = 16 MeV (dashed
lines). These comparisons show that the assumption AU = 16 MeV in eq. (30) can-
‘not well explain the whole observed correlation between g, and T.
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Finally, we have to ascertain whether eq. (30) yields also right quantitative
values. To such a purpose we determine the parameter a in order to verify if
it implies a P, value that satisfies the freeze-out conditions. To do it, we ob-
serve that the proportionality between g, and [r,,(7)];; expressed by eq. (30)
allows us to translate along the abscissa axis the curves of fig. 4 which represent
[rxo{T)]ay until these curves fit in the best possible way the (7, g, ) points.
Such a translation is equivalent to determining the factor 1/2¥n?4*%3a? of
of eq. (30) and hence, in account of the value (31), the parameter a.

The points (7, ¢,.) evaluated by using the statistical approach described
in subsect. 3°2 and 3°5, shown in fig. 3, are also reported as circles in fig. 5a)
and b). Two examples of [ry (T)]55-emov translations parallel to the abscissa
axis are considered in fig. 5b). As expected, according to our comments about
fig. 4b), the inadequacy is evident of [ (T)]av—iemey 1O yield the whole ob-
served behaviour of g, as a function of T.

Instead, and coherently with what is observed in fig. 4a), fig. 5a) shows the
remarkable agreement between eq. (30) and the (7, g, ) point obtained through
a suitable translation along the abscissa axis of [ry(T)]xs v The trans-
lation factor is deducible from eq. (30), by taking into account that
[wol T)Aomsney a0d g, are both well approximated as a 7° dependence by

means of eqs. (32) and (19), respectively. Then

[rieolT) Ebmssier __ 6-410% T

. = S ggm s = 12°10°.

(34) at(2tnd Azt Yy —

From eq. (34) we can finally deduce the parameter a. By using the value (31)
into eq. (34), we obtain that a' may range between 9.6 and 24. Consequently,
as shown in fig. 6, P, ranges between ~ 0.80 and ~ 0.89.
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Fig. 6. — Probability Pyr= exp[— 1/a] that nucleons do not suffer capture colli-
sions, vs. al. Vertical arrows delimit the range of at deduced by eq. (34) taking into
account the value (31). Horizontal arrows and dashed area show the consequently
deduced range of Pyyg.
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Remarkably, the range covered by P, satisfies, in practice, the real con-
ditions required in order that the freeze-out stage take place. This result seems
to give a good support to the reliability of the adopted model.

6. — Conclusions.

A new statistical approach is here adopted to evaluate temperature and
free-nucleon densities of dilute nuclear matter (subsect. 31 and 3'2). Its ap-
plication requires only the knowledge of suitably chosen yield ratios (sub-
sect. 3'2 and 3'5) between different light composites emitted by a nuclear
source hypothesized in the freeze-out stage.

Light clusters emitted in heavy-ion collisions can be considered unique
in order to give information on the freeze-out stage (subsect. 2°1) and good
messengers of a common piece of exploding nuclear matter (subsect. 3°2).
These properties are not attributable to the nucleon emission.

The freeze-out stage, when it is reached, either directly or through dif-
ferent sequential steps, constitutes the last stage of the whole reaction mech-
anism involved in heavy-ion collisions (subsect. 2'1). The physical conditions
which characterize this last stage are independent of the evolution of the
excited nuclear matter (subsect. 5°3).

We evaluate temperature and free-nucleon densities of nuclear matter in
the freeze-out stage under the assumption that both thermal and chemical
equilibrium are reached (subsect. 3'1). Coherently with this assumption a careful
selection of experimental data is made, when necessary (subsect. 3'5), in order
to separate events attributable to the « equilibrium component » (subsect. 3'4).

Experimental data needed to apply the here proposed evaluation method
are yield ratios between emitted composites differing either for a proton or
for a neutron (subsect. 3'2). We use all known data about the *H, *H, *He,
1He cluster emission since most of the available data concerning composite-par-
ticle emission in heavy-ion collisions are limited to the hydrogen and helium
isotopes (subsect. 3'2). We exclude from our analysis the proton emission
data for the reasons given in subsect. 3°2.

The more accurate estimates of 7' deduced by our analysis are obtained at
lower temperatures (subsect. 3'2) just where the usual T estimates, deduced
by fitting the energy spectra, may be affected by the largest uncertainties
(subsect. 2°2). Then, the here adopted evaluation procedure can be considered
particularly appropriate to evaluating temperatures T of equilibrated nuclear
sources which decay with nonnegligible emission of light composites. In fact,
the temperatures involved in such decays should not exceed some tens of MeV,
sinee at higher temperatures the composite-particle production is strongly
suppressed.

The here found values of temperature are limited between about 4 and
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20 MeV, although the projectile energy per nucleon of the 19 investigated
reactions covers about two orders of magnitude (table I). This result seems
to confirm that the evaluation procedure and the treatment of data here
adopted are actually appropriate to investigate the hypothesized nuclear
systems. The high values of temperatures ranging up to the limiting tem-
perature T ~m_c? (subsect. 2'2) concern to the free-nucleon and pion
emigsion (%2132},

Another aspect we like to underline is the faet that the absolute values of
the free-nucleon densities ¢, ., ¢, and hence ¢, =g, + ¢, are deduced by the
present analysis. The found values of ¢, , ranging within two orders of magni-
tude (table I, fig. 3), show a dependence on 7' which can be well approximated
by ¢,,~5.3:10*T% cm—* (subsect. 4°3).

We formulate a dilute-nuclear-matter model in order to deduce an approx-
imate but quantitative interpretation of this empirical correlation. The
bagic points of the model (sect. 5) may be summarized as follows:

a) Assumptions made about the constituents of the considered nuclear
system are ample enough to encompass as much as possible its composition
(subsect. 5°1).

b) Nuclear-capture interactions are described by using a potential-energy—
distance relation recently adopted to describe successfully different atomic,
molecular, metallic and nuclear systems (subsect. 5'1). This relation is based
only on the two parameters », and AU, which represent the equilibrium spacing
and the equilibrium binding energy, respectively (subsect. 5'1).

¢) A capture radius [ry(T)]s, Weighted over the thermal-energy dis-
tribution of constituents is defined (eq. (25)). For radial distance below
thig radius, which is a function of both 7' and AU, the colliding nucleons are
assumed to be captured in a bound state (subsect. 5°2).

d) The freeze-out stage is determined by the probability P,, that nu-
cleons do not suffer capture collisions (subseet. 3°3).

A remarkable quantitative agreement between expectations of the model
(eq. (30)) and the empirical (T, g,) correlation is obtained for AU = 8 MeV.
This agreement implies P, = 0.8--0.9, which in our opinion satisfies in
the best possible way the actual freeze-out conditions. The deduced value
AU = 8 MeV can be considered as a very reliable result since it is the most
appropriate value to be expected when surface effects in finite nueclei are taken
into account.

According to the model predictions (eq. (30)), the dependence of g, on 7,
for AU = 8 MeV, can be approximated by g, ~ 5.3-10%T? only for the tem-
perature range, between 7' ~ 4 MeV and T ~ 20 MeV, which encompasses all
the found (7, g,,) pairs. For other values of 7' the expected behaviour of o,
vs. T tends to deviate from the T® dependence (fig. 4). Temperatures higher
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than ~ 20 MeV are expected to be concerned with nuclear regions exploding
essentially into free nucleons and also pions at the higher temperatures. Lower
tomperatures might be concerned with nueclear systems decaying with nonneg-
ligible emission of composites heavier than the light clusters here considered.

The good quantitative agreement between the found (7, o, ) correlation and
predictions of the adopted nuclear model seems to indicate that the adopted
simplified assumptions may have real physical significance. We think that
both new experiments and more sophisticated theoretical approaches are needed
before definitively establishing the here found and interpreted correlation
between T and g, .

® RIASSUNTO

Si adotta un nuovo approceio statistico che, mediante un’opportuna analisi delle parti-
celle loggere emesse nelle reazioni tra ioni pesanti, permette di calcolare le densitd dei
nucleoni liberi e la temperatura della sorgente di emissione. Si usano tutti i dati noti
riguardanti I’emissione di 2H, *H, 3He, *He misurati in un unico esperimento. Questi
dati si riferiscono a 19 reazioni tra ioni pesanti studiate a energie comprese tra 26 e
2100 MeV per nucleone. Gli eventi analizzati sono soltanto quelli che, mediante accu-
rate selezioni, possono essere attribuiti alla componente di equilibrio. Tra i risultati,
si ogserva una correlazione tra la densitd totale dei nucleoni liberi g,  la temperatura 7'
della sorgente. Si formula un modello della materia nucleare per confrontare le previ-
sioni quantitative di tale modello con la correlazione osservata tra 7 e g,,. Questo
confronto da un accordo soddisfacente.

Pesirome HEe mosiyueHo.



