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The fluid dynamics mode] of heavy ion collisions in the 10-100 MeV /nucleon energy
range is used to calculate double differential inclusive cross sections for nucleon
production. The calculated nucleon spectra are shown to describe experimental
data in the energy range considered for all observable angles. The model assumes
the existence of the source of high energy particles with the velocity equal to one
half of the beam particle velocity.

1. Introduction

We consider here the fluid dynamics model of heavy ions collisions in the energy
‘range 10-100 MeV/nucleon. This process is under active investigation [1-5}, being
connected with a hope to produce a nuclear system at high temperature and to observe
reaction dynamics which is significantly different from that at much lower or much
higher energies. In this transition energy regime, one should expect the evolution of
the reaction mechanism from dynamics dominated by mean—field phenomena to that
determined by nucleon-nucleon collisions.

At present the methods of computation of various processes of nucleus—nucleus inter-
action have reached a considerably high level [6,7]. However, for better understanding
of the physical picture of nucleus-nucleus interactions in this energy region, some ad-
ditional research is necessary. One of the specific features of the process is the fast
particles source with the velocity equal to one half of projectile velocity.

The conventional evaluations of the applicability of the fluid dynamics approach are
based on the comparison of the mean free path length X of a nucleon in composite system
with the characteristic dimensions of the formed systems L. The validity condition can
be expressed as [8,9]

A 1 Po 1
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M“mem sz.n.mvn.rm nucleon-nucleon interaction cross section, p, pg are the equilibriym,
nonequilibrium nucleon densitj i 1 i i
ranse il Sities respectively, R is the nuclear radius, and 4 is the
0 M,Hm,vr@oo:@;mo: (1) is obtained neglecting the Paulj principle. At low energies (Ey ~
\ -ﬁr m<\:.:n_m05u ;m.m.m::,m liquid effects are important [10]. They are describeq

y the oa.:mro:m of ﬁ.rm Sﬂm dependent Hartree-Fock method [11], or by the Vlasoy
Mncmrou In the quasiclassical limit (see, e.g. [12]) or by simplified equations in the

Tamework of the long mean free path fluid dynamics [13].

r.q“_m eéquations of long mean-free-path fluid dynamics obtained in [14] lead to results
Which are close to those of the time dependernt Hartree-Fock method (11].

" W:Zrmw _:.mwcnm_s%a@ovaai of this approach was the combination of two models;
:mw: _MMW.MM Mmzw:mﬁ_* fluid dynamics [15] and the conventional local equilibrium fluid &r.
s : i N ; ; .
don [18], in [17]in the r approximation according to Bertsch’s parametriza-
m nmm @mm_ao: to the .amm::.m obtained earlier [14,17] the side motion of nuclear media
<m aken Eﬁo.monocz.n E.Z:m Paper. We consider here a wider energy range for hoth
mmw va:dmn:n ooEvEm:o.: of colliding nuclei and for a collision of two identical nucle;.

W Istactory agreements Wz:.“r experimental double differential cross sections d?g/d)dE
o mmnwsﬂmg nucleon emission at small as well as at large angles has been obtained.

L 1s known [2,19-24] that ..Ur.m light particles emission provides an important infor-
ma, ~M.s ~o.z the complex N.E&Q Interaction mechanism. The experimental data show
essentlal increase of the high energy particles yield in comparison with the evaporation
model calculations. ’ .

. >.=:.Ew2 of different models was suggested to describe heavy ion reactions at these
o M%mmr t mﬁommommmu ﬂm:w nrmggomwsmamomr and the direct reactions models as well as
€ others (see, e.g. 20-25]). Our approach is close to that of the h
ﬁl

Proposed by H.A. Bethe as early as in 1938 [25]. e rorepet H.dommr
- %wgamnmnm of the model are not uniquely determined. Other similar thermodynamic
Bon.m s rm reball and firestreak models do not take into consideration the collective

otion of nuclear matter. They require fitting parameters and lead to overestimation
of temperature and yields of secondaries.

The time evolution of the hot spot is described here without any free mwSBonmum,.

2. Fluid dynamic stage

of heavy ions with energies £ < 300 MeV /nucleon [14 17]. i

In the .~os\ CNergy region it is impossible to satisfy the condition (1) of local ther-
an.%:m:n_n equilibrium because of the Pauli principle. Nevertheless in this case it is
possible ﬂo.ozm.m: the equations of the long mean—free-path fluid dynamics.
. The unification of the two models for the equation of state is carried out for the
times ooEvmn.mZm with the relaxation time 7., obtained in [18]. :
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Considering nuclear system as Fermi liquid {10], Bertsch found [18] that

3.3F;
Trel = ONNUFP B (2)

where Ep = 3TMeV, vp = .\wmnv p=0.15fm™3 onn = 40 mb. The relaxation time
is expressed through the exitation energy E; (MeV /nucleon) and does not depend on
the form of this energy (this energy is composed of the deformation energy of the Fermi
sphere and the thermal energy). The 7o can be approximately expressed through the
initial collision energy per nucleon %, [18]

Trel = w”wséo 3)

Comparing 7e; and 7, ~ L/e¢,, where 7, is characteristic time of the collision process
(L is the mean characteristic longitudinal size of the formed system, ¢, is the sound
velocity in nuclear matter), one can conclude that for energies 10-20 MeV /nucleon
Trel > Tc. 'The most suitable equation of state is the equation of state with anisotropic
pressure tensor in this case. With an increase of the collision energy the estimate
becomes 7,; < 7., what Justifies the validity of the local equilibrium fluid dynamics
with the isotropic equation of state. -

Equations obtained in ref.[17] take into actount the transition from the initial
nonequilibrium state to the local equilibrium with increasing of the collision energy. The
equation of state determining the dependence of the pressure p and the energy density
e on the density p is a sum of kinetic terms and interaction terms, p = pyin + pine and
€ = €in + €ine. The contributions of the interaction terms (we chose the Skyrme-type
interaction) to the pressure and the energy density are

Pint = Maobu + Wa%w ) €int = Mo%m + %w@%w“ (4)
where p is the nuclear density, by and b3 are effective interaction parameters (by =
~1089 MeV fm3 b3 = 17270 MeV fm®). The form of the kinetic terms depends on of
the relaxation rate of the excited nuclear system. The longitudinal component of the
anisotropic pressure tensor can be written as follows:

2

R2 3 5 mbw
Piin = £ Ama tov M + 21, (5)
i = o G (LY 4+ Dt 1 (6)
kin = 10m 2 Po 0 14 3

where I = [6f %MAINM% is the effective thermal energy density .

For the isotropic pressure
h* 3 2 s 2
Pxin = 7Y Mawvwbw + wﬁ (7)
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, 362 .3 .5
Ckin = 1o 37 )ips +1 (8)

. The improvement of the calculation was achieved by including collisions with large
Impact Parameters, Srwz the nuclei do not overlap completly, which is essential for collj-
sion of nuclei of close dimensions. The time evolution of overlapping parts is considered

mro conditions of the continuity the mass flow, the momentum flow and the energy
aoé at .gm shock wave .m.oi [14]. Strictly speaking, this stage requires microscopical

m.mn:vﬁ_ou.: but as mentioned above, the results of this model are close to those obtained
with the time dependent Hartree-Fock method.

Ucw._:m time ¢ = L(s)/D (where L(s) is longitudinal projectile space size depending
on .nrm mpact parameter s), the initially compressed matter undergoes mmmmhcw% motion
which can v.m m,mnm:sm:mm from the mass and €nergy conservation in spherical coordinate
m%mﬁ.mn.:. This gives density p and radius R of a ball, formed in the overlapped area of the
colliding nuclej (R = ¢,t, where ¢s(p) is the sound velocity, depending on the density
p). Qm:mn.m:%. speaking, the size R of the heated area, depends on the impact parameter
s and Eﬁmnr_m energy and can be compared with the size of the projectile in average.

.mwroznm_ region formed undergoes the isoenthropic expansion (we neglect the vis-
cosity and the thermal no:m:nﬁig as the Reinold’s number Re > 1), where pressure
on free boundaries is equal to zero. ,

) The influence of the angular momentum of the projectile is negligible here, since the
time of the nuclear rotation js ~ 10=21s, which is an order of magnitude E,mrmn than
the characteristic time for the fluid dynamics stage.

The solution of the fluid dynamics equations in spherical coordinates is more compli-
cated :z.S 10 rectangular coordinates (see, e.g., [26]). It is possible to find an automodel
?o:ﬁ%.mEm m:&. diverging dilution waves) which are the nontrivial solutions of the fluid
a%:mﬂ_ow equations. The approximate general solution is the superposition of the sim-
ple dilution Wwaves, which are radiated from the symmetry center » — 0 and from the

vo::mmlmm of the sphere r = R. The dependence of the velocity v(r, t) and of the sound
velocity ¢, on r and ¢ is n

1 r r— R
v(rt) = —
() w?+$+ 4

), (9)
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Fig.1: Spectra of neutrons calculated by averaging integral (11) (solid line), and the full
calculation (11) (dash-dotted line), and the experimental (hard component - open circles)
spectra of neutrons, emitted in the reaction 2C +1°% Gd at E/A = 12 MeV at angles § =0,
25, 90° [27).

1, r r—R
(o) = 3¢ FE (10)

where ¢; is the time counted from the moment of the beginning of the dilution stage,
t2 = R/c, is the time for which the head dilution wave passes from the system boundary
to the symmetry center.

Solutions (8)-(9) satisfy fluid dynamics equations with the accuracy not worse than
10 per cent, which is possible to check straightforwardly by substituting them into the
initial equations.

The nontrivial solution is sewed with the trivial one v — Oatr=0,ie. in the region
of the constant flow.

The fluid dynamics has been completed, when the expanding nuclear system reaches
the critical density p*(p* = —2bo/b3) , which is determined from the ”instability”
condition dpiy;/dp = 0 [14], at the moment of time t*, which is different for each
element of nuclear matter. At the moment ¢* the breakup of the nuclear system into
nucleons and fragments occurrs.
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Fig.2: m.vmnﬁm of protons calculated by the simplified method (solid line) and by the detailed
nw_niwrnw: Aw%mrlao:mm line), the experimental spectra of protons (open circles), emitted in
the reaction 160 4. 1974, at E/A = 20 MeV at angles 8 = 20, 40, 60, 80° [28].

3. Particle emission spectrum

,Hrm double differential Cross section of the secondary particles (nucleons) is equal
to (s is the impact parameter)

a2 /dQdE = 2V 2mE \

(27h)3
where the distribution function f(E, 7,t*) of the nucleons has the form
HE,78) = (14 ezp ((5 - Mo /2 — mi(F,t"))? /2mT + (x — m/TH™ (12)

Here, #(7,¢*) and T(v,t*) are the fields of the velocities and temperatures correspon-
dently. These fields are the solutions of the fluid dynamics equations in the system of
equal velocities of colliding nuclej, ¢ is the azimuthal angle in the laboratory system,
#(T) is the chemical potential, determined from the condition

- .
2= G“Em \C 4 m&ﬁQwﬁ’S ~ 1)/T) " 4xp2dp. (13)

sds \ ddif(E,7,t*), (11)

\mw:w p= ,\mﬁ.@ mm momentum, 1(0) = Ep is the Fermi energy, x is the energy shift,
difference of binding energy between the nuclear matter and that of a real nucleus)

The fast particles spectrum in fluid dynamics model of heavy ion collisions 471

mem MeV) C + Ag
i 1032 MeV) C + Ag
{ -
172} AOM
> i
(]
S 13
~ ]
Q10 '
S
107
e 3
© ]
Lo
T 10 5
/ m
o]
2d 10 lm
10 =4 .
¢} 50 100 150 200 250
Ep. » Mev

Fig.3: Spectra of protons calculated by the simplified method (solid line) and by the detailed
calculation (dash-dotted line), the experimental spectra, (open circles) at E/A = 58 MeV and
(crosses line) at E/A = 86 MeV [29] for protons emitted in the reaction 12C 4 198 pq at angles
0 = 32, 90°.

The value y denotes that the nucleon binding energy in a nucleus (~ 8 MeV) differs
from that in nuclear matter ~ 15 MeV.

The expressions (11)-(12) describe neutrons. After the change £ — F — E., where
E. is the Coulomb barrier for protons, these expressions become valid for protons.

We have performed calculations of double differential cross sections for various an-
gles, according to expressions (11, 12) for reactions A + B —, p(n)+ X.

4. Comparison with experiment

Comparison of the calculated double—differential cross sections d*0/dQdE for nu-
cleon emission with the experimental data for the reactions with 12C and 160 projectiles
at energies 12, 20, 58 and 86 MeV /nucleon and with more massive nuclei La + La at
138 MeV /nucleon is presented in Fig.1-6.

In Fig. 1 the calculated neutron spectra (solid line) for the reaction 1204%58Gd at
152 MeV incident energy are compared with the treated hard component of experimen-
tal spectra [27] at angles 25 and 90° (open circles). The result of caleulations according
to expressions (11)-(12) are given by dash—dotted, the multiple integral being calcu-
lated by the Monte-Carlo method. Multiple integral is reduced to a usual one [ dgdF
by averaging over internal angular variables (solid line).
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. These two ways of calculation of the inclusive cross section (10) are in agreement
with each other and also with the experimental data at § — 25°. The agreement with
the experiment is worse at 6 = 90°.

The decrease of the Cross seciton at the angle 90° may be caused by some simplifi-
cation of the heavy-ion interaction mechanism at the relatively low collision energy (12
MeV /nucleon).

. For the reaction 160 4. 1974, .4 135 MeV incident energy, the calulated spectra are
In satisfactory agreement with the experimental ones (28] at 6 = 20, 40, 60, 80° ( Fig.
2). Here the solid curve corresponds to the particle spectrum, calculated by averaging

to the spectrum, calculated with the the full multiple integral (11). It should be noted,
that 7. obtained at this energy is close to . and the system is close to the state of
local thermodynamic equilibrium.
The comparison of the calculation with the experimental data is shown also for the
reactions, induced by ions 12¢ at energies 58 and 86 MeV /nucleon [29].
' Uowv.wm differential cross sections for the emitted protons are shown for the reaction
C + 97Au at the energies 58 and 86 MeV /nucleon for § = 32,90° in Fig. 3. Spectra
calculated by averaging over the angular variables are presented by solid curves. One can
see that the calculated spectra coincide with the experimental ones but the calculations
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Fig.5: Proton spectra calculated by the simplified method (solid line) and by the detailed
calculation (dash—dotted line), and experimental spectra (open circles) [29] of protons emitted
in the reaction 2C + 12C at E[/A = 86 MeV at angles 8 = 32, 90°.

give somewhat over-estimated value for low proton energies at the angle § = 39°. The
detailed calculation made on the basis of the integral (11) (dash-dotted line), gives the
correct absolute value of the cross section at low proton energy.

The comparison of the calculated and the experimental spectra in the reaction 12C
+ 197Ay at energy 86 MeV/nucleon at the angles of emitted protons § = 32, 54, 90,
120° (the notations for different variants of calculation are the same as in previous
figure) is shown in Fig. 4. The correlation between the simplified calculation, the
detailed calculation and the experimental data are the same as in previous figure. The
detailed calculation gives the absolute value of cross section lower, than that of the
simplified calculation, but it is still in satisfactory agreement with the absolute value
of experimental cross section.

The comparison between the calculated and the experimental spectra is shown for
the collision of identical nuclei !2C + 12C at 86 MeV /nucleon (Fig. 5, experimental
data from ref.[29]) and La + La at 138 MeV /nucleon (Fig. 6, experimental data from
ref.{30]).

Fig. 5 repeats the main features of the interrelation between the calculated and the
experimental cross sections at 32° and 90° (the notations are the same, as in previous
figure). The simplified calculation gives the absolute value of the cross section more
than the detailed calculation (dash—dotted line), which is in satisfactory agreement with
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Fig.6: Proton m@mmﬁw calculated by the &Evmmﬂm method (solid line), experimental spectra
[30] of protons emitted in the reaction La + Laat E/4 = 138 MeV at angles § = 40, 90°,

the absolute valye of the experimental cross section.

In Fig. 6 the calculated and experimental spectra [30] are compared for the reaction
La + La at the energy 138 MeV/nucleon and angles 40,90°. For this case only relative
values of the double~differentia] cross sections are studied, because the selection of
.25 central events has been made in experiment. The experiment [30] is particulary
important for nrmn_c:m the fluid dynamics model, because the collisions of the two

L _ 2mVImE 4 E — JEE, cosf + aF. — :
d°c/dQdE = Ami&u s.minamwamw:maﬁﬁl%uiv. (14)

energy. .H,rw temperature of the source is related to the density of the thermal energy 1
at the dilution stage (I= %vau\ubi\wﬂmy as is usually done [14].
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It is well-known [24] that experimental data concerning the spectra of light particles
can be parametrized with the help of the set of sources with proper parameters. As
follows from the previous considerations, the main contribution to the inclusive cross
section comes from the ”hot” source moving with the velocity nearly equal to one half
of the beam particle velocity in agreement with the existing experimental data [28-29].

5. Conclusion

Thus, it is shown that the the fluid dynamics model is rather good for the de-
scription of the inclusive double differential cross sections for the emission of particles
(nucleons) in the transition energy region 10-100 MeV /nucleon (to be more precise
> 20 MeV/nucleon). The results happen to be almost insensitive to the choice of the
effective forces parametrization. -

We note that the simplification of calculations resulting from averaging allows one
to reveal the "hot” source of secondaries, moving with the velocity equal to one half of
the projectile velocity in agreement with the existing experimental data,

It is clear that the model is not free from defects. It seems that the low neutron
yield at the angle 90° at low energies ~ 12 MeV /nucleon may be caused by the influence
of the Coulomb field of the target on projectile, as well as by the contribution of some
other peripheral mechanisms. The correlation of the relaxation time and the collision

time

at these energies leads to more complicated dynamics of Fermi liquid, than for

higher energies.
It is important that all characteristics of the secondary particles spectra are calcu-
lated unambiguously in this model.
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