





Wee X. E2 - 11965

BEPOHTHOCTI:: NMPOHHKHOBEHHS BbICOKO3HEpPreTHYECKHX
HOHOB B SAPO MHIIEHH

IlpoBeneHs OueHkH TpeMs CRocofaMH BEPOSITHOCTH NPOHHKHOBEHHS
TAXenbiX HOHOB B SiIPO MRIUEHH NPH BLICOKHX 3Hepruax. Pesyabrarn
B KaXAOM Clyuae COracyorca mexay coboil. [loka3ano, aTo a-uacTHUbI
MOT'YyT BXOAHTHL B fapo cepefpa ¢ BepoATHOCTHIO 1,5%.
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Penetration Probabilities of High Energy Heavy lon
Projectiles into a Target Nucleus

Penetration probabilities of high energy heavy ion projec-
tiles into a target nucleus are estimated in the framework of
three approaches. The results in each case are in accord with
each other. It is shown that a-particles can enter a silver
nucleus with the probability of 1.5%.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR.
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1. INTRODUCTION

The opening of the facilities in Dubna and Berkeley
to accelerate heavy ions up to relativistic energies has
raised interest for studying what happens when two
heavy nuclei collide at high energies. These reactions
provide a unique opportunity to investigate properties of
nuclear systems far outside the traditional realm of
nuclear physics, and one may hope that new phenomena
can be found. However, the calculation of observable
quantities resulting from these exotic phenomena are
not yet possible. The collisions are usually quite comp-
lex and non of the presently existing theoretical appro-
ximations is entirely appropriate which means that it is
important to pursue simultaneously several different
approaches.

The collision process can be divided mainly into
three different phases of evolution (StOcker et al.”V/ )-
During the diving phase the projectile enters the target.
Throughout the penetrating stage the two nuclei inter-
penetrate each other and interact wildly. Finally, during
the last phase the system explodes. It is safe to say
that the behaviour of the nuclear system in the diving
phase fixes the conditions for a further course of the
reaction. Therefore, among other things the question
arises how deep can a projectile dive into a target
without loosing its individuality and how large is the
percentage for that. The answer is important for the
reaction mode which can be expected, in the course of
which, e.g., collective phenomena may be formed leading
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to phase transitions in the nuclear system called pion
condensation.

The present work is aimed at giving an estimation
with justification of the probability that projectile par-
ticles can penetrate the target without interaction. The
estimations will be carried out in the framework of three
approaches. First, the target is treated as an absorbing
medium, and the penetration probability of the projectile
as a function of the run through distance is calculated.
Second, the same is done on the basis of a microscopic
consideration in the framework of a one-dimensional
scattering model. Finally, these results are compared
to those got by intranuclear-cascade model calculations.

2. PENETRATION PROBABILITY OF PROJECTILES
INTO A TARGET NUCLEUS

Let us first consider a projectile 1nteract1ng with
a nucleus. The coordinates of its c.m. are r = (38, z )
and it moves along the z-direction. Ii we treat the
target as an absorbing medium, the intensity of a pro-
jectile penetrating the nucleus is damped. The probabi-
lity that it can go to position zy in the target with an
impact parameter § without suffering any collision
elastically or inelastically is given by

-0 T(3,2z5 )

P(§.z0)=e . (1)

Here o is the total nucleon-nucleon cross section and
T(s ,z, ) is the integrated nucleon density along the
projectile's trajectory obtained by integration over the
folding product of the densities:

Zo

(8, Zg ) = fdzfdlp(r—r)p ). )

The densities p, and p, are single-particle densities
normalized to the corresponding nucleon numbers A .
At high energies an expression similar to eqs. (1) and
(2) can be derived in the Glauber theory (Fldt and
Gislén’?/ ),
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In the following we shall evaluate the integral (2)
using spherical nuclear distributions p(r) =p 5 (r)
where p, is the equilibrium density. We shall restrict
ourselves only to head-on collisions (S=0). As an example,
we regard the reaction a+ Ag at a laboratory bombarding
energy per nucleon of 2.1 GeV. For the incident a-par-
ticle we take a short-range Gaussian density with an
rm.s. of 1.71 fm which is equivalent to b - 1.4 fm
(Inopin et al. 73/ ).

o —(t/h) .
pp(r)pre with po = ————— e, (3)

For the heavy target nucleus a rectangular density is
used.

pi(t) =pP® (R, -r). 4)

The step function O(x) is unity for positive arguments
(fig. 1). The target density is taken to be the equilibrium

43(r)

o

Fig. 1. Schematic illustration of the density distributions
of two nuclei penetrating each other.

nuclear density p? =0.17 nucleons/fm® The radius R,
is written as R, = R,(Ag)+d/2 which takes account of the
fact that the «-particle has to penetrate the diffuse
region ( d will be chosen of the order 1.08 fm), here
R (Ag) is the usual half-density radius, resulting in
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R;(Ag)= 5.14 fm so that the increased silver radius
simulates the diffuse surface which is taken to be unity.

To characterize, in this model, the ion penetration,
we introduce the variable x which gives the diving
depth of the projectile into the rectangular distribution,
ie.,, at x -0 the g-particle centre coincides with the
sharp target surface (fig. 1). According to egs. (2) to
(4) one finds, after extensive manipulations

x .2
TE-)=mb%p0p7 /217 El1veri(Elre VLR ~x)/7-11(5)

Inserting this result in eq. (1) and taking into account
the fact that the total nucleon-nucleon cross section
o- at 2.1 GeV is about 40 mb (Hess’'?’) we get the
penetration probability P(x) of an «-particle into silver
which is represented in fig. 2.
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Fig. 2. Penetration probability of the reaction a + Ag at
2.1 GeV/nucleon for head-on collisions as a function of
the diving depth X. The dashed lines indicate the posi-
tion of the centre of an ca-particle which has entered the
target up to the distance corresponding to the diffuseness
(d) and the a—-particle radius (r.m.s.), respectively.
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From these studies we infer that an a-particle can
reach the target surface with the large probability of
40%, behind the region of diffuseness it can be found
with 6%. The complete a-particle (if we take the r.m.s.)
can still enter the target with the probabilityof 1.59,.

Here we have taken the liberty of reducing the target
nuclear distribution to such a simple shape as in eq.
(4). The usefulness of this class of distributions for the
description of nuclear densities lies in the fact that we
can use them in calculating features easily in a closed
transparent form. For other distributions like one that
is constant over an entire half-space and drops to zero
within the surface thickness linearly, or one of a two
parameter Fermi function type, only numerical solutions
can be found.

The basis of the following second approach to esti-
mate the penetration probability of a projectile is the
geometry appropriate to high energies: Individual nuc-
leons move on straight lines. Then target and projec-
tile nucleons can be divided into two groups: the parti-
cipants in the overlap volume and the spectators. In
a head-on collision the overlap volume between projec-
tile and target is completely defined by the Lorentz-
contracted projectile. Only nucleons in the overlap par-
ticipate in the initial phase of the reaction, while the
remaining nucleons situated outside the interaction re-
gion are considered as spectators. However, in the
overlap not all projectile nucleons interact with all
target nucleons, but only with those which lie near pro-
jectile straight lines. Our considerations are similar
in spirit to the approach made by Hiifner and Knoll/5/in
the framework of the ”rows on rows” model, which
turns out to be a one-dimensional cascade calculation.
Because of the straight line geometry the participants
are divided into rows of nucleons oriented along and
around the beam axis as indicated in fig. 3. The distance
between the nucleons in a row is the mean free path
A=2 fm.

Accordingly, nucleons of a projectile row scatter
only by those nucleons of a target row the straight line
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Fig. 3. An illustration of the used scattering model.
Projectile and target are decomposed into rows of nuc-
leons parallel to and around the beam direction. In an
extreme case all first nucleons of corresponding rows
on the same straight line scatter by each other.

paths of which are very close to each other, as is sup-
posed in the nuclear cascade theory, and a projectile
particle can only interact with a target nucleon which
it sees on the path of its trajectory in a cylinder with
a radius rj,, +A (Baraschenkov et al./6/) Here X s
the de-Broglie wave length of the regarded fast particle.
The quantity r;,; is close to the strong interaction ra-
dius and in cascase calculations is usually chosen to be
T;ne = 1.3 fm (Baraschenkov et al./6/ ).

Let the section area of each nucleon row be ¢- Then
the partial interaction probabilty q expressed by ¢ can
be written as

q = S — (6

m (rint +X)2 )
Now let us calculate the independent probability for the
extreme case when all nucleons sitting in each case
on the first places of corresponding N target rows and
N projectile rows do not interact (fig. 3). Then we get

N
Wy =11=11 (1—qi ). @)

Using the above given values for an «-particle at a la-
boratory bombarding energy per nucleon of 2.1 GeV we
obtain w, =0.01. This result coincides with the one above
for penetration of an « -particle into a target.

In this section we have underestimated the penetra-
tion probability for two reasons. First, in getting an
estimation we have chosen such correlations which
guarantee a lower limit. If one makes these more re-
alistic it leads, of course, to a larger probability.

Second, we have not included “eclipse” corrections”
(Fildt et al.””’); they come from the fact that two
projectile nucleons which happen to have the same impact
parameter have a slightly larger chance to get both
through because the nucleons will not scatter indepen-
dently but will cast shadows on each other. If the first
nucleon survives, we know there are no target nucleons
along the trajectory and the probability that the second
nucleon survives will be enhanced. As a result, the
probability that both survive is larger than the product
of the independent probabilities because this process is
not Markovian.

The amount of enhancement will, of course, depend
on the cross section, and the distance between the pro-
jectile nucleons must not be larger than the range of
the forces. Therefore, the assumption that each particle
will scatter at most once is impossible for ion-ion in-
teractions. The authors (Fildt et al.’?/) have shown
that it breaks down already for A =4.

The above estimations are in accord with intranuc-
lear-cascade model calculations. In fig. 4 ’instantaneous
pictures” of the relative particle number density p(r,z,t)/p
are represented for different combinations of colliding
nuclei at two bombarding ion energies. The time is
measured in units of 79=1023sec and p,~ 0.17 nucleons/fm3
is the equilibrium nuclear density at the centre of the
silver target nucleus. A detailed description of which
procedure these densities were obtained by is given in
the paper by Gudima, Iwe and Toneev’8/,

The pictures show for each reaction only the first
collision phase: the diving phase. The representation is
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Fig. 4. Space -time evolution of the density for head-on
collisions of different projectiles on a silver target
nucleus during the very early reaction phases. Both the
above reactions are induced by a-particles of the bom-
barding energies of 0.5 GeV/nucleon and 2.1 GeV/nucleon,
respectively. The lower sequence of pictures represents
collisions induced by 160 -projectiles at 2.1 GeV/nuc-
leon. The inserts in the figures demonstrate the relative
positions of the colliding nuclei at every regarded mo-
ment of time.
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related to the laboratory system in which the target
nucleus is at rest. Therefore the bombarding nucleus
is compressed because of the relativistic shrinkage.
The projectile retains its shape during entrance into the
target, even in the case O +Ag if we forget about the
statistical fluctuations and compare the smooth parts.
The calculations show that during the early collision
phase the fraction of nucleons in the overlap volume
involved into the interaction, i.e., the number of cascade
particles, amounts in the average only to a few particles.
This fact can be stated in like manner for the regarded
reactions as a+Ag, O+ Ag and Ca +Ca.Therefore the re-
sulting density in the lab system is only the sum of the
partial densities of projectile and target, i.e., each
collision partner keeps its individuality up to that mo-
ment. After this, of course, the cascade is developing
very quickly.

3. SUMMARY

This paper has presented calculations for the pene-
tration of relativistic nuclei in head-on collisions. In
getting an estimation for the penetration probability that
a projectile can interpenetrate a target without loosing
its individuality, we have followed three approaches. The
results of all of these model calculations are in accord
with each other in the framework of the made approxima-
tions. So, we have seen, for example, a complete «a-
particle can enter a silver target without interaction with
a rather large probability of about 1.59%. Of course, here
such constellations have been chosen which guarantee
a lower limit for the penetration probability. If one
makes the density distributions more realistic it leads
to larger probabilities. Further discussion of these
points and the details of these calculations along with the
extension to other conditions for the collision will be
given in a subsequent paper.
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