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There are two extreme concepts of the mechanism of interac-
tion between high-energy heavy ions and nuclei, In both cases
the interacrion proceeds, as a rule, via two distinct stages.

In the intranuclear-cascade model (INC) L# each nucleon
from the projectile and target interacts as a single particle.
The collision is governed by the properties of nucleon-nucleon
collision., A detailed review of different approaches and many
generalizations of the INC model can be found in Ref.” ¥ After
the first fast stage of the reactions the target remnant beco-
mes excited. This residual nucleus is de-excited at the second
(evaporation) stage hy the emission of low-energy secondaries.

In the case of nucleus-nucleus collisions INC calculations
are very complicated and contain some obscurities’#.1V Besides,
there are experimental arguments that a relativistic heavy ion
may interact with the target nucleus as a single entity’5/,

An alternative concept of the fast stage mechanism and the
calculation of the excitation energy of the residual nucleus is
proposed by abrasion-ablation model/®’, In this model both pro-
jectile and target nuclei are assumed to be hard spheres. At
the first fast abrasion stage the interaction is localized in
the overlapping region of the targer and projectile forming
a firehall/7’ from participating nucleons. The fireball moves
forward in the direction of the collision of primary nuclei and
decays by emitting fast secondaries’®’. The excess of the surface
area of the "spectator" (target or projectile) nucleus immedia-
tely after the abrasion step and its equilibrium (spherical)
shape defines its excitation energy. The primary residues are
de-excited through the statistical evaporation cascade - abla-
tion process. This idealized picture of nuclear interaction is
often used to describe the target residues distributions in hea-
vy-ion—-induced reactions/5.8/,

In further generalizations of the abrasion-ablation model it
is assumed that the spectator nuclei can obtain an additional
excitation energy other than the extra surface one. Hiifner et
al.”" have introduced the final state interaction mechanism as
an additional one for the energy deposition to the spectator
nucleus, At the abrasion stage the recoil target nucleons are
directed towards the target spectator, and so they deposit a part
of their energy to the spectator piece. The average energy depo-
gited by recoil nucleons is a function of the lab.energy/nucleon
and the type of projectile/10/
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Fig.l. Colliasion of twe nuclei
in the firestreak geometry.
R, _12A;;3 . The thin solid
lings denote region with plr)=0.0050).
The dashed Line definee the area
of eontact at asome impact para-
meter b, progjected onto the y-a-

<L plane.

There is a significant difference in the value of excitation

energy calculated in both above-mentioned models. The ratio is
=10/1 for the average excitation energy in the reaction 40Ar +
+ Ph’46/ calculated in the INC and abrasion-ablation models.
The calculation of nueleus-nucleus interaction in the INC model
presents significant difficulties %1V,

This paper is to a certain degree the generalization of the
abrasion—ablation model. We use a geometrical picture of the
firestreak model/ 12’ to calculate the abrasion stage of the
reaction. The model incorporates a real nuclear density distri-
bution for both colliding nuclei. Unlike the fireball model the
firestreak wmodel assumes that the interaction proceeds via col-
linear streaks of nuclear matter from the target and the projec-
tile. A relative success of this model’!® in the description
of rhe yield of fast secondaries and their distribution func-
tions has initiated the question: what can we say about the ab-
raded nucleus?

A schematic representation of the collision of two nuclei in
the firestreak geometry is shown in fig.l. The square denotes
a streak of 0.150.15 fm® taken in our numerical calculations.
Each of the streaks is characterized by the value p=n, (m, +n,),
where n (n,) are the numbers of the Contrlbutlng nucleons from
the projectile (rarget). The nuclear matter in the firestreak
model is treated as a thermodynamical system in equilibrium.
The velocity of a streak is defined by the geometry and relati-
vistic kinematics of collision. The temperature T of a streak
is comgpletely defined by thermodynamical and chemical equilib-
rium. As interactions are assumed Lo occur independently bet-
ween the collinear streaks, there are v(r) and T() gradients
in a fireball composed of the streaks., = (Tiin ‘nuet eon PToJ: -

The streaks with T{:) > |0 MeV were included in calculations as
participants. We found that the variation of T, ;,(v) within
reasonable limits, say 10+3 MeV, did not change the results.
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The temperature of the streaks T() was defined by the method
proposed in’ 14/,

Figure 2a presents the results of a numerical calculation of
the number of participant nucleons in the reaction *‘Hes M7Ag
for various energy/nucleon as a function of impact parameter h.
We have used in our calculation a Fermi type nuclear density
distribution pir) for both colliding nuclei (soft spheres).
Parameters for p(n are taken as compiled in’1%', (We have found
that a Yukawa type distribution used by other authors !¥re-
presents not adequately the experimental behaviour of p(r),
particilarly for A, or A, 712). The solid line is an analyti-

cal calculation for the casv of collision of hard spheres,
plr) const (r) = 0.17 for?. Here we have used the formulas
proposed in’®’ and published in”®’. A striking difierence bet-
ween the cases of collisions of hard and soft spheres is seen.

Further we concentrate our attention on target excitation.
The target residue is assumed to have an excitation energy gi-—
ven by multiplying the extra surface by =~ 0.95 MeV fm~ £ The
surface of the nucleus has a meaning only for a hard sphere.
So in the calculation of extra surface energy of the target
nucleus the condition was added: only streaks inside r, <1.2A
were included. The result is displayed in fig.2b. The solid
line is an analytical calculation for hard colliding spheres.
The excitation energy U+ for impact parameter with maximum
weight 2:WI*(h) 1s shown in fig.3a. We present the value
U* /(197 - AA) "10] = T¥(MeV2) obtained from the relation between
the excitation energy of the nucleus (as a Fermi gas) and its

1/3


http:im[xJ.ct
http:VCOM(]~ri.ca
http:strea.ks
http:int~r.3c
http:firestre.ak

I | [ 1 f I BN | ]
B by T . A a) 7
G k= 12C -+ ll‘-J(‘i:HJg?}'—\y g _
b
AHe
¥ 20
a|
T2
g
2
iﬁ\io.._
=
. j 3 197
G lﬂf'ge[ ‘J Al
B N =21Mev-trri‘c’
l‘ |

| 1 | 1 | | [ |

2 4 6 8 2 4 6 8
Tinc, GeVirucleon
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hard spheres, The INC calculation is pre
H+ Au interaction. b) Friction energy
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ig given in unite of 0% [(197 - AA),10], where U* ©s taken
at the tmpact parameter with the maximum weight.

N

equilibrium temperature T. lHere AA 1is the number of nucleons
swept away from the target in the interaction. The main diffe-
rence in the behaviour of U*=I(Ty,, proj.) for the collision
of soft and hard spheres comes from the difference In AA =

= [(Ty,, proj.) and AA =const(Ty,, proj..
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Later on we postulate, as in the hydrodynamical approach’zﬁﬂ
that nuclear fluid is viscous. Then friction arises over the
region of contact of two colliding nuclei. Work done against
this friction force is the thermal energy localized in the se-—
paration surface. The depth of this surface is approximately
equal to the internucleon distance. We take it equal to 1.2 im,

Let % -axis be oriented along the collision direction. Then
there is a velocity gradient in the plane y—=z

grad v _(y, z) = ( Av (v, 2) SAw) (A M), (1)

v, (v, 2) is the velocity of the streak i1n the vicinity of the

separation area in the rest frame of the spectator. For fric-
tion energy we have

(y, 2 P(y,
BoalE (e SuAs  SOA

- d5(y, 2). (2)
f by x 5 y

Here n is the coefficient of shear viscosity and dS is the ele-
ment of the area S(b) of contact. The length component P(y, z)

of dS(y, z) along the direction of collision is limited by the
surface of both colliding nuclei. A value 0.5 comes from the
shearing of friction energy equally between the participant and
spectator parts. The gradient Av (y, 2z) /A 1s taken in the direc-
tion of the centre of the projectile®. We take 7 = 2.1 MeV- fm 2 ¢
from theoretical paper’!8/ This value is well coincident with

the one extracted from the fission data”!7/The next conclusions
can be drawn from fig.3b irrespective of the value of 7:

i. The excitation energy of the target nucleus tends to a li-
miting value at a projectile kinetic energy of =z 5 GeV,

2. The excitation enerpgy (or nuclear temperature) increases
only slightly with increasing projectile mass.

3. The results of fig.3b are in large discrepancy with the
INC calculation {see 'H + Au , INC, fig.3a).

4. If the target spectator velocity is v, -Uj , then the
conclusion follows: anisotropy of slow particles emitted by
the excited nucleus is approximately equal in the case of 'H-
and ‘He-projectiles and lower for 12C -projectile. This is due
to the flat tail of the p(r) function for heavy nucleus (pro-
jectile),

¥ The slight variation of A in the limits of +0.3 fm causes
the variation of Av (y,2z), so the value of grad v (y, z)=~ const())

and Uy, (b) = const(a).
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What can we say about the temperature of the excited residue?
There is a common method to extract T from the shape of the
energy spectra of the emitted medium mass fragments. All spect-
ra resemble an evaporation Maxwellian form. In the rest frame
of the source

7(E) - (E-V). expl-(E = V), T]. (3)
where E, v and T are the kinetic energy, Coulomb barrier

of the emitted charged particle and temperature of the excited
nucleus. A Maxwellian fit to the spectra indicates an apparent

Ve which is much lower than the nominal Coulomb barrier. and
apparent too high T of -10+15 MeV. So it was proposed ' '® o
regard V% and T only as parameters (without any physical sense).
Previously we have noted 7" that the ratio of the yields of frag-
ments emitted from two isotopes as a target nuclei cin give

a real value of T independently of the choice of model for frap-
ment emission. Starting from phase-space considerations ™, for
the ratio of the yields ol fragments emitted from two different
isotopes vne can obtain

R - const . exp[(\Q ~ \V"), T, )

where —AQ and AV" are the differences of binding energies and
Coulomb barriers of fragments emitted by two target isotopes.
In fig.4 we present R for various light fragments produced in
reactions of 'H (1.0 GeV) on ''2sy , 1¥4gy, Data are taken from
Ref. 2V, The fit by Eq.(4) to the experimental data gives T =
= 4.4+0.2 MeV. It seems that the high apparent T extracted from
the fragment energy spectra, Eq.(3), may be due to the combina-
tion of a low-energy component of the spectra, evaporation from
the excited nucleus with low T, and a high-energy component -
from the decay of a fireball-like system “13.22. The latter com-
ponent makes a rather low contribution to the cross section,
but it decisively defines apparent T extracted by Eq.(3).
Nevertheless, this component can increase only slightly T ex-—
tracted by Eq.(4). It seens that the ratio (4) may serve as
some "nuclear thermometer' for measuring the temperature of re-
sidual nucleus.

Close arguments concerning the apparent nuclear temperature
have been advanced by Aichelin et al. 3" The authors critici-
zed the identification of T extracted by Eq.(3) as a true nuc-—
lear temperature that can be used in experimental data analysis
in an attempt to discover a signature of a liquid=gas phase
transition in excited nuclei <%

Using the method of calculation of e presented in this
paper for the reaction 'H (1.0 GeV) on 1128n, we have obtained
T = 4.35 MeV with 5 = 2.1 MeV. fui “- ¢ L
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Fig.4. "Wuclear thermometepr” 1 oo
is the ratio of f'h:? yields of " o ’ o
_;'.' L f"JL’l fs emitted (at lab I' - {‘)F‘ '
angle 80°) in the reaction [ - - f}P*' §
'H (1.0 GeV) on ''%Sa , "*5n. T e, 2 P
The solid lines are the fit to o K6 i -
J'r,_,,-;,n-,n;;t,*w data -!1'. T = [’- +‘ :
= 4.4:0.2 MeV. - T i
- — i 1 1

Recently it has been suggestedfzstthat the spectator tempera-
ture may serve as a signal for quark-matter formation in high-
energy interactions. The excitation energy imparted to the spec-
tator by [riction is equal to zero in this case because of con-
finement for quarks. Then f(or some high energy our thermometer
will show a substantial "cooling" of the system from ~5.5 down
to ~2.5 MeV. In the reaction !H (400 GeV) on !3'Xe Hirsh et
al. have obtained T = 3,28 MeV from fitting the fragment
isotopic yield. Is this a signature of the quark~gluon phase?
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