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We propose a new method for determination of temperature in spallation events. It is shown
that temperature can be determined by applying the friction model of energy dissipation in
participant-spectator model of a spallation process. First order estimate of temperature de-
pendence of the participant zone on reaction Q-value is obtained from the Fermi gas model

considerations. The heat diffusion process is also discussed.
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INTRODUCTION

Determination of temperature and its distribu-
tion in the participant zone of an ion-ion interaction are
of importance for the studies of the equation of state of
nuclear matter. Temperature is the key parameter
needed for characterization of the system.

In practice, the temperature of equilibrated nu-
clear systems can be determined from gamma decay
on the basis of the intensities of y-ray lines. The popu-
lation distribution of excited states in statistical equi-
librium depends on the temperature of the system and
the spacing between the levels [1]. The fraction fin a
given excited state is a simple function of temperature,
related to the population ratio, R, as

R
fer M
and +R
R 2j, +1 exp(_AEJ 2)
2j.+1 kT

where j, and j, are the spin quantum numbers of the
lower and higher states, respectively, AE is the energy
difference between the states, & — the Boltzmann con-
stant and 7 — the temperature.

Statistical model calculations are based on the
assumption of particle emission from equilibrated
subsets of nucleons. There is a relation between the
relative population of states and temperature at the
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point at which the particles leave the equilibrated sub-
system.

In the non-equilibrated systems the temperature
is determined from the slope of particle spectra. The
method for determination, of nuclear temperature
from the slope of emitted particle spectra is based on
calculations of relative yield of the specific detached
type of emitted particle at different values of kinetic
energy. The measured spectra are consistent with the
mean nuclear temperature [2]. Alternatively, the ki-
netic energy of the recoil can be measured. The influ-
ence of temperature on kinetic energy spectra is ex-
pected to manifest via a factor of the type exp (—,/7).

The expression for the emission rate has the form

- (ex — Ve ) Ek 3
duds &~ "¢ exp( Tj (3)
where V¢ is the Coulomb potential [3], &, — the kinetic
energy, and 7 — the temperature.

In the spallation reaction, fraction of particle
emission occurs before thermodynamic equilibrium is
established. Before relaxation of the nuclear system
and eventually reaching the equilibrium, a process of
heat diffusion takes place and this influences the en-
ergy and angular distribution of emitted nucleons. It is
observed that energy distribution of emitted particles
deviates from the equilibrium spectrum corresponding
to the excitation energy [4] i. e. that a considerable en-
hancement occurs in the high-energy region. Consid-
eration of this distribution provides direct information
about heat conductivity of nuclear matter.
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In this work we study the spallation reaction
10Ne+ 73 Alat the energy of 84 MeV per nucleon (in-
termediate energy), which is described in detail in ref-
erence [5]. The temperature of the system and the char-
acteristics of the temperature field are obtained by
applying appropriate microscopic models.

DETERMINATION OF TEMPERATURE IN
SPALLATION PROCESSES

It has been shown that spallation, which results
in production of a massive target-like (TL) fragment,
is a pre-equilibrium process which occurs before the
establishment of thermal equilibrium, with the process
of thermal diffusion in nuclear matter. The spallation
process cannot last longer than the relaxation time of
thermal diffusion 7,. The developing temperature field
is anisotropic, producing the nucleon flux in the direc-
tion from the target towards the outside.

According to the microscopic model of
Abul-Magd [6], the nucleon that is to be abraded from
the target is hit by a projectile and is “kicked out” from
its bound orbit in the potential well, —U. When the nu-
cleon gets the four-momentum transfer ¢(q, AQ),
where AQ = ¢*2m,, ~ 25 MeV, the abraded nucleon
leaves the potential well with momentum ¢' and en-
ergy ¢'*/2my = AQ — U. Linear momentum gain of the
recoiled fragment per momentum transferred in an ele-
mentary nucleon-nucleon collision p =g —¢'is defined
by the friction coefficient

r== (4)
q
from which one may evaluate the potential
U=/f2-/AQ0 (5)

The potential becomes “shallower” at more cen-
tral collisions, due to rising of the temperature 7 in the
participant zone. The first order estimate of tempera-
ture as well as that of the flux of nucleons leaving the
potential well may be obtained from the Fermi gas
model [7]. Reference [7] gives the relationship be-
tween the incident energy per nucleon, the excitation
energy of the source and its temperature for particles in
heavy-ion reactions.

The excitation energy £ and temperature 7 of the
absolutely relaxed (equilibrated) nuclear system with
mass number, 4, are coupled via the “equation of
state”

E=aT? (6)

where 1
~— A [MeV]™ (7)

17

The temperature field is isotropic for the equilib-
rium process, which means that the temperature is
equally distributed over the entire sphere of nucleus,
while for a pre-equilibrium process it starts to occupy
the part of the sphere in some preferential direction.

The distribution of the temperature field and the corre-
lated distributions of energies and emission angles of
the nucleons leaving the nucleus in an abrasion pro-
cess are not isotropic in the system of the recoiling nu-
cleus (g = 0). They are very sensitive functions of the
ratio y = 7,,/7, [4], i. e. ratio between the minimum time
required for the system to reach a local equilibrium
(7o) and the relaxation time of the system (z,). The
high-energy region of the spectrum and the forward
peaked angular distribution are considerably en-
hanced at the values y < 0.5 [4] (in our case y = 0.18).
Thus, one may expect that pre-equilibrium emission
flux of the abraded nucleons, takes place through the
base of the cone defined by a characteristic circle. As
observed experimentally, emission takes place mostly
through the base of the cone.

The existence of the well defined cone, in the
system of the recoiling nucleus (g = 0), of the preferen-
tial nucleon emission at abrasion, is consistent with the
characteristics of mass transfer arising from reaction
kinematics, and may be explained by characteristics of
the heat diffusion process in the pre-equilibrium phase
of nuclear matter.

RESULTS AND DISCUSSION

In our calculations we use the Fermi gas model
[7]. In the experiment we measure the atomic num-
bers, angular distribution, and distribution of energy
pernucleon of TL fragments in a 47 geometry by using
the CR-39 plastic track detectors [5]. These data were
the input data to our FORTRAN code INES (INterme-
diate Energy Spallation). This code was developed to
calculate the important parameters for the reaction
19Ne + TSAI[8].

The following egs. (8)-(15) (based on [1] and
[6]) have been used in the code INES to calculate the
temperature

2 2
Lv=1 (8)
2m 2m

cos@ =1-2As/S (10)
m _
@zanTzh—Se AT (11)

where U'is the depth of the potential well, @ —the flux of
nucleons from the target towards the projectile,8 — the
separation energy of the particle, AS — the area of the
base of the emission cone, 7 — the time of the rotation of
the system . e. the life-time of the transient system and 6
—the angle of the emission cone i. e. the abrasion angle.
Table 1 summarizes the obtained results.

Following the arguments of Weiner and
Westrom [4], after deposition of energy AQ in the nu-
cleon-nucleon collision in the participant zone, the
projectile nucleon creates a local excitation (“hot
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Table 1. Mass number of target-like fragments produced
in the reaction (A4;), the corresponding Q-values,
temperature of equilibrium (7.,), temperature of the
participant zone (7), the ratio 7/T., and the cosine of the
emission angle of target-like fragments (cos 6), as
calculated by the computer code INES

A3 0 Tey T T/Tq cos @
6.00 |869.613| 12.17 | 36.934 | 3.036 | 0.804
6.00 |867.818 | 12.15 | 36.934 | 3.039 0.804
6.00 |873.650| 12.19 | 36.934 | 3.029 0.804
6.00 |869.565| 12.17 | 36.934 | 3.036 | 0.804
6.00 |876.916| 12.22 | 36.934 | 3.023 0.804
6.00 | 868.458 | 12.16 | 36.934 | 3.038 0.804
8.00 |799.461 | 11.67 | 34.698 | 2.974 | 0.744
8.00 | 804.696 11.7 34.698 | 2.965 0.744
8.00 |802.189| 11.69 | 34.698 | 2.969 | 0.744
8.00 |832.419 11.9 34.698 | 2.915 0.744
8.00 | 840.859 | 11.96 | 34.698 | 2.900 0.744
8.00 |830.790| 11.89 | 34.698 | 2918 | 0.744
8.00 |835495| 11.93 | 34.698 | 2.910 0.744
8.00 | 831.309 11.9 34.698 | 2917 0.744
10.00 | 786.607 | 11.57 | 31.851 | 2.753 0.671
10.00 | 752.423 | 11.32 | 31.851 2.814 0.671
10.00 | 787.217 | 11.58 | 31.851 2.752 0.671
10.00 |798.352| 11.66 | 31.851 | 2.732 | 0.671
10.00 | 780.264 | 11.52 | 31.851 | 2.764 0.671
10.00 | 790914 | 11.6 | 31.851 | 2.745 0.671
12.00 | 728.813 | 11.14 | 28.165 | 2.529 0.582
12.00 | 741.533 | 11.23 | 28.165 | 2.507 0.582
12.00 | 730.533 | 11.15 | 28.165 | 2.526 | 0.582
12.00 | 732.244 | 11.16 | 28.165 | 2.523 0.582
14.00 | 674.106 | 10.71 | 23.335 | 2.178 0.471

spot”) in the target nucleus. In the heat diffusion pro-
cess the developed temperature field results in
anisotropic distribution and the abraded nucleons
leave the target under the effect of gradient of this field
in the cone defined by the solid angle Q2 = AS/#>. The
nucleons leave the “abraded” nucleus through the sur-
face element AS, which equals the drift velocity (num-
ber of nucleons which leave this surface from the tar-
get to the projectile) divided by flux of the nucleons
AS = V4@, the drift velocity itself being equal V=
= AA/t,,,, with ¢, being the lifetime of the transient
system. The temperature of the “hot spot” is experi-
mentally determined from the depth of the abraded nu-
cleon potential, and temperature of the equilibrated
system 7 is determined via the aforementioned equa-
tion of state.

According to Weiner and Westrom [4] the ratio
of the temperature of the participant zone to the tem-
perature of the system when equilibrium is attained is
the function of the relaxation time 7/T,, = F(z,). On the
other side, the relaxation time depends on the thermo-
dynamic parameters of nuclear matter and can be de-
termined from the angular distribution of the tempera-
ture field. The ratio 7/T, is presented in fig. 1 as a
function of the cosines of the angle of emission cone.
The two representative values of the experimentally
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Figure 1. Angular dependence of the temperature field of
the participant zone, 7, in the units of temperature of
equilibrium, T, for ratio y = 7¢/7,=0.18 at various times
during relaxation (for times 7=0.157, r=0.2 7., and 1 =
=0.51,); at equilibrium (¢ = «) the distribution is isotro-
pic.

obtained dependence 7/7,, on the cosine abrasion an-
gle 6 (tab. 1) are shown in the figure (triangles) (y =
= 0.18) and are compared with theoretical values cal-
culated for different times in units of the relaxation
time [4]. It is seen that our results agree with strongly
anisotropic distribution, resulting from the process far
from equilibrium.

The systematic interdependence of the reaction
(O-value in the excitation of the transient system and
the lifetime of the transient system, suggests that the
projectile nucleus describes a well-defined trajectory
while crossing the collision partner. Energy deposition
is developed through individual nucleon-nucleon col-
lisions, with a constant fraction of energy loss, in par-
ticipant zone.

To calculate the O-values using the expression

or(1Ma ) g 1)
M, M,

2yMEME
NPT 00 (12)

M,

we put it in a form suitable for programming and re-
place the corresponding masses with mass numbers

0 MAE
(4 +4,)4,
{1+5§ ~255c080; A,4, (13)
53 A, 45
where
5, = A4, E, (14)

(4, +4,)> Es

A, is the mass number of the projectile (%g Ne), A, —the
mass number of the target 1 Al, 45— the mass number
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of the target-like fragment, A4 = A4, + A, — A; — the
mass number of the projectile-like fragment, £, =
= 1680 MeV — the kinetic energy of the projectile, £5 —
the kinetic energy of target-like fragment in units of
MeV, and 8; — the scattering angle of target-like frag-
ments in the laboratory frame of reference.

QO-value is calculated in the INES code for each
ejectile accordingly set out by the experimental energy
and angle of ejectile with mass A45.

The temperature of the participant zone is de-

fined by
T=E; /1—U"B (15)
Ef

where E;— the Fermi energy, B — the bounding energy,
and U is nucleon potential in the potential well.

Figure 2 presents the temperature of the partici-
pant zone as a function of the QO-value of the interac-
tion divided by the total number of the nucleons emit-
ted in the interaction i. e. per the difference between
the mass numbers of the target and the heavy
spallation residue.
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Figure 2. Temperature in the participant zone vs. the
Q-value per emitted nucleon

From our results presented in fig. 1 and fig. 2 we
obtain the values of the temperature at the time when
the system would reach equilibrium, 7. The plot of
T,y vs. Q-value of the interaction is presented in fig. 3.

The remarkable result is that, according to fig. 3,
T, turns out to be a linear function of the O-value.

CONCLUSION

The new method for determination of relevant
temperatures in spallation process was developed. It
was assumed that the reaction obeys the partici-
pant-spectator scenario. The friction model of energy
dissipation and the Fermi gas model were used to cal-
culate the temperatures. We applied our consider-
ations to the 84 MeV per nucleon, ) Ne + 13 Alinter-
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Figure 3. Temperature of equilibrium vs. Q-value of in-
teraction

action. The obtained results for dependences of the
temperature of the hot zone and of the temperature of
the system in equilibrium (7) on the O-value of the
interaction are presented. The equilibrium tempera-
ture turns out to be a linear function of the QO-value.
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HOBA METOJA OJPEBUBAILA TEMIIEPATYPE Y
PEAKIIMJAMA CHA/IAIINJE

ITpuka3zana je HOBa MeTOfa oipehuBama Temneparype y cnananuonum forabajuma. [Tokazano
je ma Temmepatypa MoxKe 6uTH ogpehena npuMeHoM (PPUKIIMOHOT MOJIeJIa €HEPTHje AUCHIIaIje Ha map-
THIUMAHT-CIEKTaTOP MOJIENY CIalallioOHuX mporeca. [IpBa mporeHa 3aBUCHOCTH TeMIlepaType NapTHIIU-

HAaHT 30HE Off peakiuoHe Q-BpeHOCTH Jo0ujeHa je mpuMeHoM Pepmu rac Mmofiesia. PasMarpat je u nmporec
TOIJIOTHE Audy3uje.

Kwyune peuu: ciianayuja, HykaeapHa iiemiiepaillypa, ieuKojoHcKe peakyuje



