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Abstract. The nuclea fragmentation mechanisms can be discussed by taking into account
different scales related to the fragment sizes. Considering two fragmentation mechanisms of the
nuclei at the same incident energy an anaysis of the experimental results obtained was done.
Goldhaber formula was improved by analyzing the discrepancies between data and theories
concerning the projectil e fragmentation. We implied that the projectile fragmentation process would
be governed by the distribution of nucleon momenta in the projectile &ter the collision occurred. We
used in our analysis protons from the “He+"Li at 4.5 GeV/c per nucleon incident momentum, as well
as from *°Ar+'%C at 213 AMeV bombarding energy. We proved that in order to proceed in analyzing
the projectile fragmentation process at intermediate and high energies one has to consider the
dependence of 64 On the apparent temperature of projedil e nucleus after the collision took place. The
generalized Bertsch correction for light projedile nuclei and fragments was used and the number of
spatial correlations between identical nucleons having anticorrelated momenta was fourd. Thus we
found apparent temperature values close to the separation energies of the considered fragments per
number of fragments. The temperatures associated to kinetic energy spectra of the projedile
fragments were alculated following two methods. The results from Bauer’s method were compared
with thase obtained by fitting the kinetic energy distributions of the projectile fragments in the rest
frame of the projectile with a Maxwellian curve. We dso accomplished the comparison of the
experimental results with similar events smulated with RQMD 2.4. All the results obtained suggested
two nuclea fragmentation mechanisms: a sudden fragmentation by explosive mechanisms, like shock
waves and a slow fragmentation by the “fisson” of the spectator regions, mainly because of the
interactions with the particles or fragments emitted from the participant region at transverse angles (in
CMS).

Key words: nuclea fragmentation mechanism, breskup fragments, apparent temperatures,
momentum distributions, kinetic energy spectra
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Fragmentation processes in nuclea interactions

1. INTRODUCTION AND BACKGROUND

Abou 30 years ago was garted the iswuue of explaining the mechanism of projectile
fragmentation at high energies and since then more refined experimental data axd rew theoretical
treatments of thiskind d process have been brought into attention.

First experimental results [1] inferred that the projedil e bregkup is a fast process governed by
Gaussian type momentum distribution of the nucleons in the projedil e before the collision took place

[2:
_pZ
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It was further shown [3-5] that the dispersion d the longtudina momentum values in the
frame where projectileisin rest is afunction of the mass number of the fragment K in a manner well

fitted by a parabolic expression:
[_E A-K
0% =0t 1 ) : @
A-1
Here, K is the massnumber of fragment and A is the mass number of projedile. The variance

Og appea as a onstant, the experimental value found being 0, = 90MeV/c.
If the projectile could pass a rough thermal equilibrium state instead of sudden liberation of
virtual fragments, it would be obtained a similar equationto (2) [3]:

o®=mT (AA_ K), ®

where My, is the nucleon mass and the temperature T is correspondng to an excitation
energy close to mean nicleon bindingenergy = 9 MeV . Still, there was a discrepancy between the
experimental values and theoreticd ones for O g (for *Ar and K =20:
aorheor. = 1'32|])-Oexp. (6l.

The diminution of the dispersion was achieved by including Pauli correlation[6] (e.g. for “°Ca
dispersion is reduced by 37% compared to 31.5% measured reduction and in addition, by presuming
that the fragment is a Fermi gas [7]. The results are qualitatively improved, showing the dependence
of g g on the massnumber of the fragment, including a particular behavior at A/ 2. However, the
predi cted fragment momentum distributions were narrower than those observed, sometimes by alarge
degree By applying a kinematical semi-classical model [8], the width dof the momentum distribution
of a fragment was found to be sensitive to the singe-particle distribution but the quantitative
difference with the experiment remains. For heavy projectiles broader experimental widths could be
observed than for light and medium ones[9,10].

Taking into account that the modes of projectile fragmentation are independent of the target
nucleus [11-13], the above discrepancy could be understood in the view that the projectile nucleus is
not a simple spectator [14] and that the projectile breakup is nat a cold process[15] asit was assumed
from the very beginning [3].
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The mechanism of the transfer of energy and momentum to the projectile prefragment was
described in [9] (En. = 1200 MeV/nucleon) and in [16] (Ej,. = 600 MeV/nucleon). Using
temperature measurements performed by the ALADIN group, one can find that the density of the
nuclear system and the excitation energy received by the spectators during collision coud be
dominated by dynamicd processes as shown by the IN2P3 Collaboration [16]. Their behavior could
as well be explained using thermodyramicd models, based onthe assumption that the system passes
astate of thermal equilibrium [17].

By applying the Fermi gas formula, an apparent temperature aound 55 MeV was obtained
[16], although the main conclusion was that the system included in that analysis Au+Au (E;,. = 600
MeV/nucleon) might nat be in equilibrium. Apart from the aforementioned assumption made by
Goldhaber on the passibility of athermal equilibrium state to be established [3], several methods have
been developed in order to estimate the ecitation energy transferred to the projectile during collision
[18-22]. By using the double ratios of hydrogen, helium, and lithium isotopic yields in *7Au+%"Au
central collisions, breskup temperatures from 5 MeV to 12 MeV were found, correspondng to an
incident energy from 50 to 200 MeV/nucleon [23]. Similar values were derived, independently of the
bombarding energy, from the correlated yields of light-particle aincidences[24-26].

On the other hand, under the assumption that the thermal equilibrium of the system could be
adhieved, the linear dependencies between the variance of the fragment velocity spectra and the
fragment mass offer apparent temperature values around 30 MeV [13].

These two kinds of temperature values could be related by applying the single particle model
as sown recently by Bauer in[15].

The present study shows that in arder to proceed in analyzing the projectile fragmentation
process at high energies, we have to take into accourt the dependence of O, g on the apparent
temperature of projectile nucleus after the collision took place as predicted ealier [15]. The projedile
fragmentation would still be a fast process, yet nat as fast as it was supposed to be from the very
beginning[3].

The process would be governed by the Fermi distribution of nucleon momenta in the excited
projectile. Although we used a statisticd method combined with Pauli exclusion principle we
formulate our assumptions in the terms of an "apparent temperature” because the intrinsic mechanism
of the energy transfer to the projectile is yet still unknown.

In Sec 2 of the present paper, we present the experimental setup. Several experimental results
are also discussed. Section 3 describes the formalism used. Because the fragment is a Fermi gas, the
Murphy hypothesis [7] is taken into account in Subsec 3.1. We consider the Bertsch technique [6]
based onPauli correlations for al light up to medium projectile nuclei and fragments in Subsec. 3.2.
An evauation method of the total number of possble spatial combinations between identica
nucleons (in the same state of spin and isospin) having anticorrelated momenta is proposed in the
same subsection. In Subsection 3.3, the projectile excitation hypothesis as suggested by Bauer [15] is
applied. The conrection between the obtained apparent temperatures and the nucleonic phase-spaceis
displayed and some comments are presented in Section 4 We compare the apparent temperature of
the protons as fragments of the helium nuclei, by employing two dfferent ways in Sec. 5. Section 6
summarizes and concludes the paper.
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2. EXPERIMENTAL SETUP

We used in the present analysis “He nuclel accelerated at the JINR Dubna Synchrophesotron,

stereophoto
system

streamer
chamber (77

LI

vacuum Sh

at 4.5 GeV/c per nucleon momentum. The detection device is the SKM 200 spectrometer, shown
schematically in Fig. 1 [27-29].
Fig. 1. — The SKM 200 spectrometer from JINR Dubra (Russa).

This gectrometer has a streamer chamber with the following dmensions
2mx1mx0.6m, filled with pure neon undr atmospheric pressure for these experiments and
placed in amagnetic field of 0.8 T. Solid targets in the form of thin disks (in the case of Li target the
thickness was 1.6 g/cm? were mourted inside the chamber. The high vdtage (500 kV/pulse, 10.5 ns
length of pulse) is supplied by a Marx generator. A stereo-photographic system with three cameras
alows us to record the experimental information an Hgh sensibility films (in the cae of “HetLi
exposures two oljectives were used).

The streamer chamber can be triggered with two systems of scintillation. The minimum bias
triggering system for "inelastic" events, consisting o two sets of courters mounted upstream and
downstream the streamer chamber, selected inelastic interactions of incident nuclei within the
chamber |_T(Qch =06, =0° )J

Here, 64 s 6, are the minimum values of the emission angles accepted for the charged
particles, fragments of the projedile nucleus with momenta higher than 3.5 GeV/c per nucleon (for
these experiments), known as stripping particles, and for the neutrons respectively. The trigger
efficiency was= 99 % for one charged particle and = 80 % for one neutron. For inelastic collisions of
“He all charged secondaries having P/Z > 3.5 GEeV/C were measured regardiess of the amisson
angle. In the present analysis, only the most statistically significant sample T(0,0) was used. The
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triggering system selected required projectile nuclel from a primary beam with efficiency higher than
99 %. The multiplicity distributions for inelastic interactions were corrected as described in [30].

The "central" triggering system has in the downstream part scintillation veto counters,
registering a projectile and its charged fragments H_ (Qch > O°,9n = OO)E. A trigger bias for
central collisions is activated whenever a secondary particle from a central collision hits the veto
counters and simulates a projectile-nucleus fragment. The dfect was gudied by simulating
trajedories of secondary particles generated within the framework of the cacade model [31].

The geometry of the experimental setup and magnetic field distribution were taken into
account. The corrections due to secondary interadions within a solid target turned out to be
sigrificant only for the Li target. The data on the multiplicity for “He+Li interactions were arrected
for thisbias[30].

Scanning, measuring and performing geometrical reconstruction dotain the experimental data.
Corrections for scanning losses originate from two sources: scanning inefficiency (= 2 %) and losses
of the tracks with a small projection length (which may be screened by the target container or aflash
aroundthe vertex) and/or a small curvature (= 1 - 4 %). For these experiments the absolute aror in
the emission angle of the stripping particles is around 10 mr for all angles, and the relative error in
momentum is about 8 % for all momenta.

The SKM 200 spedrometer is detecting for charged objects only the momenta and the
emission angles. The charges of the secondary particles were determined in the first phase by visual
examination d the track ionization on the film. However, one canna apply only this criterion for
identifying the nuclear fragments because the estimation of the degree of ionization by ranging the
streamer density is nat as rigorous as for the bubble chamber. This is due to the instability of the
streamer shape that leads to a large dispersion in evaluating the trace density. In exchange, a
kinematical method was chasen. By observing the general distribution o the total energy, one could
find for different cuts in the polar angle of the fragments [Figs. 2 (a) - 2 (d)] four Gaussian shaped
peaks, centered approximately on 4.5, 6.7, 9.0, and 13.5 GeV per nucleon, corresponding to the
kinematical zones associated to protons (forward and badkward in the cm.s.) [32], deuterons, and
tritons (or *He), respectively. The yields of these fragments are given in Table 1.
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Fig. 2. — Thetota energy distributionin the laboratory system for positi ve particles with
momenta higher than 3.5 GeV/c per nucleon, for “He+’Li collisions at 4.5 GeV/c per nucleon incident
momentum.

Tablel

The percentages of protons, deuterons and tritons (*He) “He+"Li interactions at 4.5 GeV/c per nucleon
incident momentum.

0 (O) Nlp / NTOTAL (%) de / NTOTAL (%) Nzt / NTOTAL (%)
3 59.99 2421 15.80
5 6555 21.34 1311

10 70.46 18.61 10.93
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H >10 72.00 17.66 10.34

Moreover, we have used the Relativistic Quantum Molecular Dynamics model (RQMD 2.4)
for several physical hypotheses that fit best the Monte-Carlo simulated dstributions with the
experimental ones. Other positive particles, like z° and K*, were observed. However, the
contamination percentage with these particles having momenta higher than 3.5 GeV/c to the proton
momenta distributions was found to be insignificant for our study (i.e. 0.03- 0.06 %).

We start our analysis by following a Monte-Carlo simulation technique [33,34] to determine
the Fermi radius of helium projedile under the Goldhaber breakup hypothesis [3]. Despite of using
the Woods-Saxon form factor for very light projectile nuclei, the obtained value I’FHe =16 Fm
looks unredlistic. One could dbserve (Fig. 3) an experimental Gaussian distribution d longtudinal
proton momenta in the projectile rest frame for “Het+’Li interadions at pi.=4.5 AGeV/c. This is
broader than the analogous Monte — Carlo simulated distribution having I = 2,6 Fm predicted
by the interpolation spline function on the Moniz set of experimental data [35].

A preliminary remark might indicate, even if we do not use a transverse momentum method,
that after collision an unnegligeable amount of energy from nucleon-nucleon scetering was
transferred to the projectile nucleus. Thisis reflected by a broader dispersion than for the non-excited
projectile case [3]. The dorementioned remark could be strengthened by the first microscopic
caculation of the spectator fragmentation [16]. By studying Au+Au collisions at 600 MeV/nucleon,
Gosdaux et al. foundthat dynamical processes dominate the excitation energy and the density of the
nuclear system. By applying SACA (Simulated Annealing Cluster Algorithm) instead of MST
(Minimum Spanning Treé they found that the interadion between projectile and target increases the
width of the momentum distributions considerably in comparison with that obtained from a simple
Goldhaber model (for K=5):

(P, )sncdt = 200 fm/c] _0,080GeV/c _
(P, )eounanalt =0 fM/c]  0,047GeV/c

171 @

For comparison, we have obtained for protons in “He+’Li interactions at pin.=4.5 GeV/c per
nucleon (Fig. 3):

(P.)skuzool” #0] _ 01064GeV/c _
a(pz )Monte—CarIo [T = 0] 010673GeV/C

158. (5
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Fig. 3. — The experimental Gaussian distribution of the longitudinal proton momentain the

projectil e rest frame (p.r.) for “He+’Li interadtions at pjnc =4.5 GeV/c per nucleon compared with

Monte - Carlo simulated simil ar distribution having r(He) ~ 2.6 fm predicted by the interpolation
spline function onthe Moniz set of experimental data. For comparisonis given also the Monte-Carlo

distribution that fits best the experimental one. The Fermi radius obtained is too small although

Woods-Saxon form factor for very light projectile nucle is applied.

A fit of Eq.(2) to the ALADIN data [13] yielding a Fermi momentum as compared with that

extracted from electron scattering gives:

Pr aLaoin [EXp] ~ Pe [T = 0]

~50%,
pe[T =0] ’

Using instead for our experimental data the Fermi radius of the helium projedil e nucleus as an
inpu parameter in the simulations, and taking into acount that the momentum is in inverse

proportion to the nucleus radius:
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Mem—c [T = 0] —Ie SKMZOO[T 7 O]
[T 0]

=625%. (7

rF SKM200

One can also ndice larger widths of the distributions of the transverse components p, and py in
the fragmenting nucleus rest frame compared to the similar normal distributions of the longitudinal
component p, (seeFig. 4).

[ Monte—Carlo simulation break—up. pf ", re(*He)=1.6 fm

Co Experimental distribution, p,> "

Fon s 1o o AT BT B EPUTEE P RN R .
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p.."" (Gev/c)

Fig. 4. — The experimental distribution d the transverse comporents p, of proton momentain
the fragmenting nucleus rest frame (p.r.) and the Monte-Carlo normal distributions of the associated
longitudinal components p, for “He+Li collisions at Ei,, =4.6 AGeV/c.

This asped seams to indicde that the transverse momentum analysis could be used in
evaluating both the degreeof thermalization for participant zone of the interaction (the so-called "fire-
ball") and the degree of excitation for the projedil e spectators. The topology was found to play an
important role in the projectile fragmentation as shown in [12]. In order to verify this assumption one
can determine the longitudinal momentum distribution widths o, for different cuts in the total energy
of the residual products of the projectil e found within the fragmentation cone (see eg. Figs. 5(a) - 5
(d)).
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Fig. 5. — The experimental distributions of the longitudinal proton momentain the projectile
rest frame (p.r.) for “He+’Li interactions at pic=4.5 AGeV/c. The solid lineis a Gaussian fit for a
total energy per event 3.5<X; tragm E(0<6.)<5.9 GeV and for four choices of the maximum polar
angle 0, of the emitted projectil e fragments.

These cuts could offer an estimator of the projectile-target overlap. For different forward polar
angles from 0.5° to 10 we foundthat o, is sensitive to the excitation degreeof the projectile before
breakup (Fig. 6).

Fig. 6. — The dependence of the distribution width of the protons momenta 6, measured in the
helium rest frame (p.r.) with the total energy of the residual fragments of the projectile within
different solid angles from 0.5° to 10°. The lines are drawn orly to guide the eye.
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3. FORMALISM

3.1. Murphy hypothesis

The Murphy corredion factor for any fragment with K nucleons can be derived by evaluating
the number of projedil e states available to produce fragments N(Px) under norestriction and the same
number N (P) considering that the fragment is also a Fermi gas (Ref. [7]):

nno&iti@B‘,\lH _ N'(PK)_OJ(PK)<1
DW |]/Iurphy N (PK ) J(PK )

We computed the dispersions of the above distributions (Figs. 7 and 8) by calculating the
nucleon momentum in the projectile rest frame p; (9), its projection on the incident axis (10) and the
angeﬂij (1.

Therefore, we took as parameters the nucleon momentum in the fragment K's rest frame p;, the
total momentum Py of the fragment K in the projectile rest frame, and the angle «; between the
vectors corresponding to Pk and p;:

®

E%§+p§+2[§%§:pj Gosar, . @

b=
F)K
p, = p; [tosp; =?+ p; [tosa;, (10
o_. H p; [$ina, E
B, =P, p = arctar] C (1)

7op o

We obtained for each studied fragment the probability distributions for 50,000 events by
subtracting the contribution of the Gaussian distribution.

The longitudina momentum distribution in the projectile rest frame has an atered shape due to
the restriction d the momentum conservation and a mean value far remote from zero
(<p>~90MeV/c; Fig. 7), whil e the values from the distribution unaffected by Murphy hypothesis are
randam distributed, as expected (<p,>~1.5MeV/c; Fig. 8).
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Fig. 7.— The Monte-Carlo dstribution o the nucleon momenta projected onthe incident axis
obtained under Murphy hypothesis that the residual nucleusis also a Fermi gas.
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3.2. The generalized Bertsch correction factor

As the Bertsch corredion formula (13) concerns only the projectile nuclei and kreakup
fragments having completed orbits a, and respedively ax (A=4a,; K=4a), in particular only for the
40Ca incident nucleus and for K=20 fragment were given the results [6].

In order to obtain the generalized Bertsch correction for light up to medium nuclei where the
harmonic oscillator wave function can describe the nucleons motionin the projedil e nucleus, we have
to evaluate the total number of spatial correlations between identica nucleons within the same state of
spin and isospin and having anticorrelated momenta. Considering as Bertsch dd [6] that the
experiment measures the momentum on z incident direction in the disintegrating nicleus rest frame,
let the operator O to have as eigenval ues the longtudinal comporents of nucleon momenta:

0=p,F(xy). (12

In a quantica description the dispersion of the longitudinal momenta for a residual fragment
with a number of a orbits filled upwith nucleons has the known form [6]:

The O? operator applies on the wave function of the projectile that could be separated in the
Cartesian coordinates:

W)= 4aEQw\of\Lu>diag +4a[ﬂa—1)[4w\oi [0, \“% +12a [0, [©,) (13

V=FN], 009, ()9, (@) as

where n=(n,,ny,n,) represents the set of quantum numbers of the occupied orbits.

One can evaluate the matrix elements up to a normalization factor by introducing the
projection goerator. In order to dbtain the well-known factor Ng, one has to follow Goldhaber theory
[3] and consequently to avoid the Pauli correlations between nucleons in the first phase:

_K{A-K)
A-1
For complete orbits the number of diagonal elements is 4a, because in a quantum states we

have 4 nucleons with dfferent spin and isospin projedions. The number of diagonal terms for any

projectile nucleus is N;=K. One can oltain the first term of the generalized Bertsch correction by
using the normalizationfactor for the harmonic oscillator wave function:

5 _ K _(aK'aA+5A,4aA'5K,4aK) 5
k|Mz| Tk N z
(00, =

Ng (15)

0), (16

diag -

where O Aday, and 5K 4a, A€ Kronecker symbols corresponding to projectile respectively to
the fragment having K nucleons.
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The number of combinations between identical nucleons occupying the same cell from
configuration space and having different projections of longitudina momenta for “°Ca nucleus type
was in Bertsch theory a multiple of identicd nucleon pairs in the projectile: 4A: . For a fragment
with any number of nucleons K and a projectile with the mass number A, the total number of
combination d thistypeis:

N, =20, 0K -2, -2). an

Let us consider the threedimensional momentum space splitted up into a number of (2q)3
Cartesian cells. The total number of combinations between identical nucleons having randomized
momenta is then C22 3 - We have to evaluate the number of nucleon pairs with randam values for
transverse comporents (p,py) in the projectile nucleus rest frame but also with longitudinal momenta
cougedt: p, « (-p,), 2p, « (=2p,) ....ap, = (-qp,).

For each q value, we have (2 i transverse @&ls, so the number of possble pairsfor agiven
interval [kpz; (k +1)pz], Ok =0,(q—1) hasto be 160" . In order to obtain the physical real
number of combinations between identical nucleons we have:

N, =20, K - 203, -2)P(q), 18)
with:
Pl =0 = 20 e
(2a)’

Taking into account the anticorrelation between nucleon momenta, the evaluation of the
secondterm of the dispersion gves[6]:

<W‘O. EO].“P>id = <‘P‘f 2 p, [{- pZX‘P>id . (20)

For the generalized case one can obtain:

~ a2 (K -2M&a, - 2)2 _(aK -2+ 5400 =0 4 )
<ka‘pi Epj‘wk>id - aE(A—Z&;—Z)Z [(Tl') 4 qu(pf

0) .(21)

The factor N3 represents the diff erence between the total number of possble nucleor-nucleon
correlations Afa and the number of identica nucleons connedions 4A§, i.e, 122 In general, for
any light up to medium projectil e and fragments:

N, =3, fa, +1)+(K-a)dK-a, -1). @2

Using the Goldhaber technique [3] in evaluating the last term of the quantum dispersion and
neglecting the spatial correlations between identica nucleons, Bertsch reached the result below:
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(23

non

) 3K 2 __(9pZo)
12° {0, O,),,, O 2 P D) on = 3 T2

Following the same method as described in Refs. [3,6] and considering the mentioned
correlations, it can be obtained:

-A+2m@, {A-20, -2)P
3, a, +1)+(A- a)[(A a, - EQO(IOZ

<ka‘pi Epj‘l'pk>non = (29

3.3. The second ader approximation for dispersion

In order to introduce the dependence of Fermi momenta on the temperature, it is useful to
evaluate in the second order approximation the Fermi integral:

1= [Ole) g2 de = [ole)fro ek @

where f, = ]/l_eﬁ(g_”) +lJ is Fermi-Dirac distribution function of fermions,
=1/k,T ; the G(e) function oteys the condition G(O) =0 and:

G(s):}g(s)js. 26

The Fermi integral depends on the ¢ Riemann function o even arguments [36]:

1-(2)=6(u) 205 S )T -5 e @), e

o l 22k—l
— — k
Z(Zk)—ZT—mDTZ EBk, (28
v P
where B, represents the tabled Bernouli numbers: (B1 =1/6;B, = ]/30).
Using afinite number of terms of the sum, an approximate form of Fermi integral results as:

1+ 06(x)+ 69 (u) T I+ 6 )T 2 9

The last term adds an insignificant correction to the final result with respect to the
experimental errors; </0° eV. Thus, we shall take the first two terms in order to evaluate the degree
of the projedile ecitation after the collision. The statistical media for the energy of fermions E; and
for the number of fermions N; occupying a V volume and having each my mass, a spin s=1/2 and
degeneracy fador gs=2s+1, are, respedively:
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3 3

_9VPm e £?
E. = de, 30
"oam? gn? D!eﬁ(s_“)+1 9

3 1 3
_ gV [Rmy 7°° g2 ~V mud C
N; = SZBZZ |G EQZ gﬂ— C.3y
4O h° O4€ 1 7] 0OF 8 u =

Because the chemicd potential of the fermions x4 deaeases very slowly with temperature, for
small T values one can adot the ratio form KT /€ [ kgT /L . It can be also extracted the Fermi
energy from Eq.(31), taking into account that for very small temperature values the superior limit of
theintegral is er and the Fermi-Dirac function turns into step function fy (8) - 0 ([1 - 6):

2 3
& = L BBHZEHZ/. 32

In order to evaluate the fermionic energy per nucleon and respectively the dispersion o
nucleon momenta in the rest frame of the fragmenting nucleus one needs to introduce Eq.(29) in (30).
In addition, to neglect the terms [J T and to use the Taylor first order approximationfor X — O:
@+ x) =1+ax:

5#@@%
1+
O 00
Ef:BHQIfD 8 Dt BESN M- #%émﬂ 7722%;—5[(33)
s BTQ 5 38 - OF

8 &k

2 2 [ 2 C
Géeor(T)=<p >= Pe D]El+ o1t BT% . (39

We use from now on the natural system of units (h =c=kg = l) and take into aceount
the Bertsch generalized corredion for any light and medium projectile nuclei where the
approximation o harmonic oscillator wave function is considered. We also apply the Murphy
correction, where the nucleons in the fragment nucleus are supposed to have Fermi distribution. Thus,
thewidth of Fermi nucleon momenta distribution soonafter the wllisiontook place hasto be [37]:

m T
aOexp % EA EIpF é ! aBertsch , (35
urphy \/_ pF aGoIdhaber
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where: my = 938 MeV, and:

H:Teoldhabe — NG<qu ‘ PL % > diag (39)

HaBertsch N1<ka ‘ pﬁ LIJk>diag + N2<L|Jk ‘ pl lj:)j ‘ LIJk>id + N3<L|Jk ‘ pI IJDi ‘ LIJk>r10n

One can determine the apparent temperature a function o the percentage of the nucleons
having the same spin and isospin and anticorrelated projected momenta on the incident axis in the
projectil e rest frame:

T= sz 0 BD%ﬂg Oexp I:Epeoldhaber _EB 37
T, Hw SE

|]/Iurphy F aBertsch

4. DISCUSSION ON THE APPARENT TEMPERATURES

The apparent excitation temperatures T of the ®Ar projedile corresponding to different
breakup modes were cdculated. Therefore, we used Eq.(37) based an Goldhaber formalism, with
Bertsch and Murphy correction and the experimental widths obtained by Viyog et a. [38]. Finally,
we compared them with Goldhaber temperatures Ty [EQ.(3)] on the same data and with the
separation energies of the considered fragments per number of fragments (Tables 2-6):

Tables2,3
The apparent temperatures associated with bregkup o “°Ar into *°0, ?°F and other fragments.
Oov
[38] Exp/No. frag.
(Mev/ q| T(Mev) Tev [3,38] (MeV) (MeV) Topology
c)
40 16, 4 1
747 s Ar -0 +5,a +4,n
40 16, 4 3. 1
1| 11.69+3.94 9.56 1 Ar - O +4a +27t +2n
78+8 6.65£1.36 10.70 AN S0 +25a+ B+t +20n
1071 AT L0+ a+ C+IHe+3n
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17.23+3.71 9.61 HOAr L %0+2Ne+2!n
40 16, 20, 1
1333 PAr SO+ F 40
40 20, 4 1
9.68 AT L F +A5a+t+on
40 20 4 !
10.88 18Ar - gF +3;a+;Li+n
11.71+2.61 11.32 SOAr L XF +25a+B+n
1312 AN o AF +2]a+ Be+d
40 20— , 4, ,1 1
895 8.66+0.97 1141 AT SR+ a+ N +on
13.40 PAr LR+ a+dC+d
17.38 HAr o TF+ECH L
40 20 20
18.05+2.46 17.50 s Ar - GF+5F
40 20 10 10
19.90 8 Ar - JF+¢B+,Be
Table4
The apparent temperatures associated with breakup of “°Ar into ®Mg and other fragments.
Oov [38] Esp/No. frag.
(Mev/d) T (MeV) Tev [3,38] (MeV) (MeV) Topology
0 2
7.62 BAr 5 2Mg +3;a +3:n
0 2
10.78 ngl’ —’1§Mg +2§C¥ +213t+§ﬂ
40 25 4,1
11.24 18AT —’12Mg+2a+fBe"oln
40 25 4 7 1
9045 12.8542.47 8.85:0.98 12.44 1A Mg+ +iLitit
1098 PAr - 2Mg+4C+on
1304

1A - ZMg +43t +2,p+gn
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13.39

40 25 1 1
18Ar - 12Mg+ 5]B+ft+on

Tableb

The apparent temperatures associated with breakup of “°Ar into *°S and other fragments.

Oov
[39 Esp/No. frag.
(Mev/ T (MeV) Tev [3,38] (MeV) (MeV) Topology
©)
40 30c; 4 1
9.00£2.71 6.32 AT 5 ISi+2 0 a +2;n
ozs | A= Esitiasitein 2
9245 9.25¢1.01 10.73 AN o IS+ a +2°%
40 30 10
13.10+2.33 1161 s Ar - 'S+, Be
40 30c; 1
1255 BAr S 2Si+30t+p
Table 6

The apparent temperatures associated with bregkup of *°Ar into **Sand other fragments.

Oov
[38] Exp/No. frag.
(MeV/ T(MeV) | Tev[338 (Mev) (Mev) Topology
0
5.90+£3.07 34 POAr - Es+ia
40 36 1 1
9445 9.66+1.03 7.02 18 Al = 16S+2,p+2,n
8.87 AT - XS+3%t+1p
8.41+2.37 9.13 AT - 2SS+ He+In
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It can be observed that the degree of projectile fragmentation increases with the gparent
excitation temperature and with the number of possible states in the momentum space. The analyzed
fragmentation topdogy clealy shows a dependence of the received energy on the number of alpha
released as confirmed in nwclea emulsion experiments [39].

Another interesting remark regards the obtained minimum q value for the fragmentation modes
29Ar - 35+ ... For other topological modes corresponding to an equal number of one-dimensional
momentum cell s 2q, the goparent temperature would be substantially greater. One deduces from the
Heisenberg uncertainties relations (AZ > h/ Apz) that the dimension of the coordinate cell for the
above breaup would also be higher. That indicates a smaller degree of excitation after the collision,
as expected, proving that the theory is self-consistent.

By considering the interaction between projectile and target, we found that the Fermi
distribution has changed. Consequently, one can notice that the width of the momentum distribution
for “Het+’Li interactions as measured in the fragmenting nucleus rest frame has increased and also
that the average momentum has decreased. Therefore, we beli eve that the Goldhaber formula[Eq.(2)]
could be applied only for the fragmenting channels which implies a very small transfer of energy and
momentum (T — OJ, or in the fragmentation d neutron-rich projectiles, where a surviving
prefragment can be observed [40,41]. As for those fragmenting channels that are strondy affected by
the interadion at the interface between projectile and target, the Goldhaber formula underestimates
the mean square momenta of the fragments and Eq.(37) should be gplied.

Still, a contribution of the evaporation phase to the observed mass-lossis a mrredion that one
needs to consider further in studying heavy projectile fragmentation process where the so-called
"memory effect” is no longer visible [42,43]. In this case, a higher excitation of the projectile during
theformation d neutron-deficient fragments is implied by the dependence of the production yields on
the neutron excess of the projectil e with respect to the line of g-stability [44].

5. KINETIC TEMPERATURES OF “HE FRAGMENTS

We also show the results on the fragment kinetic temperatures by comparing the apparent
temperature of the protons as fragments of the helium nuclei, tempergjure obtained in two dfferent
ways. In thefirst place, the temperature T = 6.81+ 1.56MeV (x?/d.o.f. = 1.165 was
obtained by fitting the kinetic energy spectra of the protons as measured in the projectil e rest frame up
to anormalization factor C with aMaxwellian-type distribution (Fig. 9):

P E,», Eéxp9~ Ban [ (39)
. T E

MaxweII(Ekin ) = £
o Nmr? d
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Fig. 9. — The experimental kinetic energy distribution of the protons in the projedile rest frame for

-
] *  Experimental distribution
—— Mol fit (X dof. =1.16)
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“He+Li interactions at 4.5 A GeV/c incident momentum fitted with a Maxwellian-type curve.

The rrespondent values resulted from the application of the singe particle model as
suggested by Bauer [15] is:

=, (39

In order to dbtain the variance of the longtudinal momentum distribution in the disintegrating
nucleus rest frame one has to fit the experimental data with a Gaussian-shaped curve. Thus, we 3ave

found an apparent temperature vlue T = 6.83+ 0.54MeV (x?/d.0.f. = 0.996) in

good agreement with the previous one.
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200
35<E(any8)<59GeV
180 1 d.of. =099
160 o, /m =T, =683+ 0.54MeV
y0 27 0
140 Xc -50.96 +3.27 (MeV/c)
i 120 a, 80.02 *3.14 (MeV/c)
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Fig. 10. — The experimental longitudinal momentum distribution of the protons in the fragmenting
nucleus rest frame for “He+'Li interactions at 4.5 A GeV/c incident momentum fitted with a Gaussian

distribution.

We applied the same procedure on the projectile protons as obtained in ruclear “Het+’Li
interactions simulated with Relativistic Quantum Molecular Dynamics (RQMD 2.4). The first step
was to determine which set of physicd hypotheses fits best the experimental distribution (see eg. Fig.

11).
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Fig. 11. — The experimental multiplicity distribution of the negative particles for *He+’Li collisions at
4.6 A GeV incident energy compared with the analogous RQMD 2.4 distribution for five imposed
hypatheses.

By using the physicd hypotheses st found acceptable to the experimental output and by
fitting the RQMD 2.4 kinetic energy distribution of the protons in the projectile rest frame with a

Maxwell distribution one can find an apparent temperature vglue reasonably close to the experimental
oneT =6.75+ 0.18|v|eva(n)(2 /do.f.=251).

6. CONCLUSIONS
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The results seen to point out a dependence of the projectile degree of excitation soon after
nuclear collision accurred on the breskup topology. The width of the longtudinal momenta
distribution as measured in the projectile rest frame was found to be closely linked to the projectile-
target overlapping degree (Fig. 6). The estimator chosen for the presented analysis was the gparent
temperature associated to a possble state of thermal eguilibrium even thoughwas used ona nuclea
fragmenting system having small (*He) or relative small number of nucleons (“°Ar).

The Goldhaber formula was thus improved by corroborating the projedile excitation
hypathesis [15] with two corrections brought by Bertsch and Murphy [6,7], and by using the
probability that identicd nucleons having anticorrelated momenta to be close together in the
coordinate space. We found apparent temperature values corresponding to a large variety of breakup
channels by combining Eq.(2) with equation (35). Nevertheless the agplicability of the model
described is limited. For heavy ion interadions, the model should provide radial flow caculations.
The treatment of the projectile fragmentation sequential processrequires also further investigation.

The apparent kinetic temperatures for the protons as projedile fragments were cdculated by
using two dstinct methods. With the best set of physicd hypotheses that fits best the experimental
distributions for the RQMD 2.4 simulation program one can dbtain temperature values in gaod
agreament with the experimental ones. The results obtained suggested two possble nuclea
fragmentation mechanisms: a sudden fragmentation by explosive mechanisms, shock wave-like type
and a slow fragmentation bythe “fisson” of the spectator regions, mainly because of the interactions
with the particles or fragments emitted from the participant region at transverse anglesin CMS.

We continued the ebove studies by simulating the dynamics of an ensemble of A nucleonsin a
vibrating Woods-Saxon potential with couplings between collective and single-particle degrees of
freedom. Initially, was imposed a wall frequency smaller than the single-particle one, corresponding
to an oscillation period specific for low oscillating colledive modes (adiabatic conditions). In the
second place, the wall frequency was gradually increased close to the resonance frequency. One can
expect for the last case that the divergence of the nucleon trajectories will reach a maximum. Thus,
the fractal dimension of Poincare maps of the single-nucleon paths in phase-space (monopde case)
varies from 0.8 to 1.23. Consequently, we may explain at low excitation energies the evaporation of
nucleons and for higher energiesit can be dso implied a possble path towards nuclea fragmentation
and multifragmentation as me of our future aticles on this subject will show with much more
rigors.
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