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Using the former results and analyzing the quantitative discrepancies between the experimental data and
present theories concerning the projectile fragmentation process we propose an improvement on Goldhaber
formula. We want therefore to sustain the idea that the projectile fragmentation process is not as fast as it was
supposed to be from the very beginning. The process would be governed by the distribution of nucleon
momenta in the projectile shortly after the collision occurred. We used in our analysis protons fréhtethe
fragmentation when collidingLi target at 4.5 GeW per nucleon incident momentum, protons detected by the
2 m streamer chamber from SKM 200 spectrometer as wefi%as (E;,.=213 MeV/nucleon}?C data
used in previous papers. Our purpose was to demonstrate that in order to proceed in analyzing the projectile
fragmentation process at intermediate and high energies one has to take into account the dependemte of
the apparent temperature of projectile nucleus soon after the collision took place. The generalized Bertsch
correction for all light up to medium projectile nuclei and fragments is used and the total number of spatial
correlations between identical nucleqiis the same state of spin and isospiraving anticorrelated momenta
is evaluated. Considering all those criteria as well as the projectile excitation hypothesis, apparent temperature
values reasonably close to the separation energies of the considered fragments per number of fragments were
found.[S0556-281®9)01408-9

PACS numbdps): 25.70.Mn, 25.60.Gc, 24.10.Pa, 25.46.

I. INTRODUCTION AND BACKGROUND If the projectile could pass a rough thermal equilibrium
state instead of sudden liberation of virtual fragments, a
The problem of explaining the mechanism of projectile similar equation tq2) would be obtained3]:
fragmentation at high energies was initiated about 30 years

ago and since then more refined experimental data and new 2= TK(A— K) 3
theoretical treatments of this kind of process have been N A '
made.

First experimental resulfd] suggested that the projectile Wheremy is the nucleon mass and the temperafliie cor-
breakup is a fast process governed by Gaussian type momei¢sponding to an excitation energy close to mean nucleon
tum distribution of the nucleons in the projectile before thebinding energy 9 MeV). Still, there was a discrepancy

collision took placd 2]: between the experimental values and theoretical onesfor
(for *°Ar and K = 20: ogeor 1.325pexp [6]).
f(P)ocexn:—(P/\/Emﬂ_c)z], (1) The diminution of the dispersion was achieved by includ-

ing Pauli correlation(Ref. [6]) (e.g., for *°Ca dispersion is
whereg~m,c=139 MeVic, and o+ o(Agagmen- reduced by 37% compared to 31.5% measurgd redyction
It was further shown3-5] that the dispersion of the lon- Also, by presuming that Fhe fragment is a Fermi géls The
gitudinal momentum values in the frame where projectile jgresults are qualitatively improved, showing .the de;pendence
in rest is a function of the mass number of the fragmeim  ©Of 9o On the mass number of the fragment, including a par-
a manner well-fitted by a parabolic expression: ticular behgvu_)r al_A/Z. However, the predicted fragment mo-
mentum distributions were narrower than those observed,
sometimes by a large degree. By applying a kinematical
) 2 semiclassical moddl8] the width of the momentum distri-
A-1 bution of a fragment was found to be sensitive to the single-
particle distribution but the quantitative difference with the
Here,K is the mass number of fragment afds the mass  experiment still remains. For heavy projectiles broader ex-
number of projectile. The varianaej appear as a constant, perimental widths could be observed than for light and me-
the experimental value found beimge,;~90 MeV/c. dium ones(Refs.[9,10]).
Taking into account that the modes of projectile fragmen-
tation are independent of the target nucl¢t&—13, the

K(A—K)
0220'%—(
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The mechanism of the transfer of energy and momentum stesf;gg:m
to the projectile prefragment was described [B] (Ej.c
= 1200 MeV/nucleohand in[16] (E;,;= 600 MeV/nucleon
Using temperature measurements performed by the
ALADIN group, one can find that the density of the nuclear  be==--
system and the excitation energy received by the spectators

during collision could be dominated by dynamical processes - 4\
as shown by the IN2P3 Collaborati¢@6]. Their behavior -
. . . = -
could as well be explained using thermodynamical models, s il
tube Ss S

based on the assumption that the system passes a state ol
thermal equilibrium{17].

By applying the Fermi gas formula, an apparent tempera- FIG. 1. The SKM 200 spectrometer from JINR Dub(fRussia.
ture around 5.5 MeV was obtain¢d6], although the main
conclusion was that the system included in that analysisonnection between the obtained apparent temperatures and
Au+Au (Ej,.=600 MeV/nucleoh might not be in equilib- the nucleonic phase space will be displayed and some com-
rium. Apart from the aforementioned assumption made byments will be presented in Sec. IV. Section V summarizes
Goldhaber on the possibility of a thermal equilibrium state toand concludes the paper.
be established3], several methods have been developed in

order to estimate the excitation energy transferred to the pro- Il. EXPERIMENTAL SETUP AND RESULTS
jectile during collision[18—22. By using the double ratios . _ _
of hydrogen, helium, and lithium isotopic yields i#¥’Au We used in the present analydide nuclei accelerated at

+197Au central collisions, breakup temperatures from 5the JINR Dubna Synchrophasotron, at 4.5 GeWper
MeV to 12 MeV were found, corresponding to an incidentnucleon momentum. The detection device is the SKM 200
energy from 50 to 200 MeV/nucleof?23]. Similar values —spectrometer, shown schematically in Fig[2/—29. This
were derived, independently of the bombarding energy, fronspectrometer has a streamer chamber with the following di-
the correlated yields of light-particle coincidend@4—286. mensions 2 X1 mx0.6 m, filled with pure neon under
On the other hand, under the assumption that the therma&tmospheric pressure for these experiments and placed in a
equilibrium of the system could be achieved, the linear deimagnetic field of 0.8 T. Solid targets in the form of thin disks
pendencies between the variance of the fragment velocityin the case of Li target the thickness was 1.6 gcmere
spectra and the fragment mass offer apparent temperatuf@ounted inside the chamber. The high voltag®0 kV/
values around 30 MeV13]. pulse, 10.5 ns length of pulsis supplied by a Marx genera-
These two kinds of temperature values could be related btor. A stereo-photographic system with three cameras allows
applying the single particle model as shown recently byus to record the experimental information on high sensibility
Bauer in[15]. films (in the case ofHe+ ’Li exposures two objectives were
The present study shows that in order to proceed in anaised.
lyzing the projectile fragmentation process at high energies, The streamer chamber can be triggered with two systems
we have to take into account the dependencerpbn the  of scintillation. The minimum bias triggering system for “in-
apparent temperature of projectile nucleus after the collisiolastic” events, consisting of two sets of counters mounted
took place as predicted earligt5]. The projectile fragmen- upstream and downstream the streamer chamber, selected in-
tation would still be a fast process, yet not as fast as it waglastic interactions of incident nuclei within the chamber
supposed to be from the very beginnif@. The process [T(6,4=0°,6,=0°)]. Here, 6., and 6, are the minimum
would be governed by the Fermi distribution of nucleon mo-values of the emission angles accepted for the charged par-
menta in the excited projectile. Although we used a statistiticles, fragments of the projectile nucleus with momenta
cal method combined with Pauli exclusion principle we for- higher than 3.5 Ge\W per nucleon(for these experimenks
mulate our assumptions in the terms of an “apparenknown as stripping particles, and for the neutrons, respec-
temperature” because the intrinsic mechanism of the energgvely. The trigger efficiency was=99% for one charged
transfer to the projectile is still unknown. particle and~80% for one neutron. For inelastic collisions
In Sec. Il of the present paper we present the experimentaif “He all charged secondaries havimgz>3.5 GeVk
setup. Several experimental results are also discussed. Sewere measured regardless of the emission angle. In the
tion 11l describes the formalism used. Because the fragmentresent analysis only the most statistically significant sample
is a Fermi gas the Murphy hypothe$ig will be taken into  T(0,0) was used. The triggering system selected required
account in Sec. lll A. We will consider the Bertsch techniqueprojectile nuclei from a primary beam with an efficiency
[6] based on Pauli correlations for all light up to medium higher than 99%. The multiplicity distributions for inelastic
projectile nuclei and fragments in Sec. Ill B. An evaluation interactions were corrected as described3@.
method of the total number of possible spatial combinations The “central” triggering system has in the downstream
between identical nucleongn the same state of spin and part scintillation veto counters, registering a projectile and its
isospin having anticorrelated momenta will be proposed incharged fragmentgT (6.,>0°,0,=0°)]. A trigger bias for
the same section. In Sec. Il C the projectile excitation hy-central collisions is activated whenever a secondary particle
pothesis as suggested by Baligéb] will be applied. The from a central collision hits the veto counters and simulates a
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£200 ¢ 180 ¢ TABLE |. The percentages of protons, deuterons, and tritons
F175 F @ JF (6) (®He) for *He+ "Li interactions at 4.5 Ge\d per nucleon incident
S0 £ $<5° ;Zg 3 B momentum.
v E_ N 100 E—
e E 80 £ 0(°) Nip/Naie (%) N2g/Np (%) Na/Nay (%)
75 B E
50 £ 3 3 59.99 24.21 15.80
25 £ 20 £ 5 65.55 21.34 13.11
o~ o _285.‘.‘”_‘.,1...‘ 10 70.46 18.61 10.93
5 10 15 20 5 10 15 20 >10 72.00 17.66 10.34
Eovsrom (GV) Euvicm (GeV)
£180 ¢ 5120 [
5160 | () 2100 L () . . . .
S0 £ sz |8 : s nucleon, corresponding to the klr_lemat|cal zones associated
Zi20 L z sor to protons(forward and backward in the c.m.$32], deuter-
100 £ 60 [ ons, and tritongor 3He), respectively. The yields of these
o E w kb fragments are given in Table I.
w0 E 20 E Moreover, we have used the relativistic quantum molecu-
20 F . b lar dynamics mode[RQMD 2.4 for several physical hy-
3 s potheses that fit best the Monte Carlo simulated distributions
m20 s T T 5% with the experimental ones. Other positive particles, fike
() Eorogn (GEV) and K*, were observed. However, the contamination per-

centage with these particles having momenta higher than
FIG. 2. The total energy distribution in the laboratory system for3.5 GeVk to the proton momenta distributions was found to
positive particles with momenta higher than 3.5 Geér nucleon,  pe insignificant for our studyi.e., 0.03—0.06 %
for “He+“Li collisions at 4.5 GeVé per nucleon incident momen- We start our analysis by following a Monte Carlo simu-
tum. lation technique[33,34] to determine the Fermi radius of

projectile-nucleus fragment. The effect was studied by simugshum projectile under the Goldhaber breakup hypothesis

lating trajectories of secondary particles generated within th ]r.]tDespltet_lusmg lthe t\I:VOO%?_.SaXC? n f?rm faftf r6f<f)r very
framework of the cascade modél1]. ght projectile nuclei, the obtained valug g ~1.6 fm)

The geometry of the experimental setup and magnetié;OOkS unrealistic. One could obserfgig. 3) an experimental

field distribution were taken into account. The correctionsGaussian distribution of longitudinal proton momenta in the

due to secondary interactions within a solid target turned ouprojectile rest frame for*He+"Li interactions  at pinc
to be significant only for the Li target. The data on the mul-=4-5 GeVE per nucleon. This is broader than the analo-
tiplicity for “He+’Li interactions were corrected for this 90us Monte Carlo simulated distribution having, ~ 2.6
bias[30]. fm predicted by the interpolation spline function on the
The experimental data are obtained by scanning, measutoniz set of experimental datd&ef. [35]).
ing, and performing geometrical reconstruction. Corrections A preliminary remark might indicate, even if we do not
for scanning losses originate from two sources: scanning indse a transverse momentum method, that after collision an
efficiency (=2%) and losses of the tracks with a small pro- unnegligible amount of energy from nucleon-nucleon scat-
jection length(which may be screened by the target con-tering was transferred to the projectile nucleus. This is re-
tainer or a flash around the verjeand/or a small curvature flected by a broader dispersion than for the nonexcited pro-
(~1-4%). Forthese experiments the absolute error in thejectile case(Ref. [3]). The aforementioned remark could be
emission angle of the stripping particles is around 10 mr fostrengthened by the first microscopic calculation of the spec-
all angles, and the relative error in momentum is about 8v4ator fragmentatio16]. By studying Au+-Au collisions at
for all momenta. 600 MeV/nucleon, Gossiauat al. found that the excitation
The SKM 200 spectrometer is detecting for charged obenergy and the density of the nuclear system are dominated
jects only the momenta and the emission angles. The chargé¥ dynamical processes. By applying SACgimulated an-
of the secondary particles were determined in the first phaseealing cluster algorithininstead of MST(minimum span-
by visual examination of the track ionization on the film. ning treg they found that the interaction between projectile
However, one cannot apply only this criterion for identifying and target increases the width of the momentum distributions
the nuclear fragments because the estimation of the degree @®nsiderably in comparison with that obtained from a simple
ionization by ranging the streamer density is not as rigorou$3oldhaber model (for K=5): o(py)saca t=200 fm/
as for the bubble chamber. This is due to the instability of thec]/ o(Pyx) Goldhankt=0 fm/c]~0.08 GeVE/0.0469 GeVe
streamer shape that leads to a large dispersion in evaluatirigl.71. For comparison, we have obtained for protons in
the trace density. In exchange, a kinematical method wasHe+ ’Li interactions at p;,;=4.5 GeVk per nucleon
chosen. By observing the general distribution of the totalFig. 3: o(p)[T#0]/a(p,)[T=0]~0.1064 GeV/
energy, one could find for different cuts in the polar angle ofc/0.0673 GeV¢é=1.58.
the fragment§Figs. 4a)—2(d)] four Gaussian shaped peaks, A fit of Eq. (2) to the ALADIN data[13] yielding a Fermi
centered approximately on 4.5, 6.7, 9.0, and 13.5 GeV pemomentum as compared with that extracted from electron
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i WMoniz extrapofotion () = 2.6 m [ Monte—Carlo simulation break—up, p,”", r(*He)=1.6 fm
: ______ Monke{-Carlo si'm,lbre?k—up r(*He) = 1.6 fm 4 Co Experimental distribution, p"

F Experimental distribution [
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FIG. 4. The experimental distribution of the transverse compo-
FIG. 3. The experimental Gaussian distribution of the longitu-nentsp, of proton momenta in the fragmenting nucleus rest frame
dinal proton momenta in the projectile rest frarfer) for “He  (pr) and the Monte Carlo normal distributions of the associated
+Li interactions atpj,c=4.5 GeVk per nucleon compared with |ongitudinal componentsp, for “He+7Li collisions at Ejp
Monte Carlo simulated similar distribution having ~2.6 fm =4.6 GeV per nucleon.
predicted by the interpolation spline function on the Moniz set of
experimental data. For comparison is given also the Monte Carlo . FORMALISM
distribution that fits best the experimental one. The Fermi radius
obtained is too small even though Woods-Saxon form factor for
very light projectile nuclei is applied. The Murphy correction factor for any fragment with
nucleons can be derived by evaluating the number of projec-

A. Murphy hypothesis

scattering givespg[ exp]l—pe[T=0])/pe[ T=0]~50%. Using
instead for our experimental data the Fermi radius of the
helium projectile nucleus as an input parameter in the Monte« 0,=82.64£2.51 MeV/c
Carlo simulations as shown earliéffig. 3), and taking into & [ x/ndt=1.81
account that the momentum is in inverse proportion to the%40 3
nucleus radius in the Fermi model, one can obtaig[ T i
=0]—re[T#0])/re[ T#0]~62.5%. 2k
One can also notice larger widths of the distributions of ' :
the transverse componengs and p, in the fragmenting R 05 025 0 4 075 05 025 0
nucleus rest frame compared to the similar normal distribu- pI (Gev/e) e (GeV/€)
tions of the longitudinal componem, (see Fig. 4. This
aspect seems to indicate that the transverse momentun
analysis could be used in evaluating both the degree of ther-
malization for participant zone of the interactigthe so- 3% E x¢/ndt=1.06 +
called “fire-ball”) and the degree of excitation for the pro- § E
jectile spectators. o
The topology was found to play an important role in the
projectile fragmentation as shown [ih2]. In order to verify E :
this assumption one can determine the longitudinal momen-  "-1 075 05 025 o0 A 075 05 025 0
tum distribution widthso for different cuts in the total en- P (Gev/e) P (GeV/©)
ergy of the residual products of the projectile found within FIG. 5. The experimental distributions of the longitudinal proton

the fragmentation Conﬁﬁee, €.9., Flgs: (5).—5(d)]. These momenta in the projectile rest frane.r.) for “He+ ’Li interactions
cuts could offer an estimator of the projectile-target overlap p..=4.5 GeVk. The solid line is a Gaussian fit for a total

For different forward polar angles from 0.5° to 10° we found gnergy per event 35 o ragnE (A< 6,)<5.9 GeV and for four

that o is sensitive to the excitation degree of the projectilechoices of the maximum polar angg of the emitted projectile
before breakupFig. 6). fragments.
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FIG. 6. The dependence of the distribution width of the protons momegtmeasured in the helium rest frane.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 only to guide the eye.

tile states available to produce fragmehéPy) under no
restriction and the same numkéf(Py) considering that the
fragment is also a Fermi gdRef.[7]):

%,

!

w
w

:N/(PK) :U,(PK)
N(Pk) o(Py)

(4)

We computed the dispersions of the above distributions

(Figs. 7 and 8by calculating the nucleon momentum in the

£, 2000

3
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FIG. 7. The Monte Carlo distribution of the nucleon momenta

projectile rest frame; (5), its projection on the incident axis

(6) and the angle;BiJ:(ISK,ﬁi) (7). Therefore, we took as
parameters the nucleon momentum in the fragnkeatrest
framep;, the total momentun®y of the fragmenK in the

projectile rest frame, and the angk?:(}SK ,f)j):

2
pi:\/(?, +pi+2 FILK) p; COSe;, 5
% 7005_ + +++++ o+ ¢++o+ ’++ .++.++ + '++¢ J ++ ++
I ML SN T
ol d
4 ¢
rs CAr = X 4 L +
et

p" (Gev/c)

FIG. 8. The Monte Carlo random distribution of the longitudinal

projected on the incident axis obtained under Murphy hypothesisiucleon momenta obtained when no hypothesis are ap{fieti-

that the residual nucleus is also a Fermi gdpz~90 MeV/c.

haber theory—(p,)~1.5 MeV/c.
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Py K(A—K)
Pz, = Pi COSBjj =~ +pj COSayj, (6) Ne=—f2—7— (13)
8 —arcta pj sina; ) For complete orbits the number of diagonal elements is
. Pk ' 4a, because ira quantum states we have 4 nucleons with
—+ pJ COS(XJ'

different spin and isospin projections. The number of diago-
nal terms for any kind of projectile nucleus i, =K. One

We obtained for each studied fragment the probabilitycan obtain the first term of the generalized Bertsch correction
distributions for 50 000 events by subtracting the contribu-by using the normalization factor for the harmonic oscillator
tion of the Gaussian distribution. The longitudinal momen-wave function:
tum distribution in the projectile rest frame has an altered
shape due to the restriction of the momentum conservation K
and a mean value far remote from ze(@f)~90 MeVi/c; <\Pk|p§|qfk>diag:KW(aA_aK+5K'4aK_5Ar4aA)/4<O|p§|0>,
Fig. 7), while the values from the distribution unaffected by (12)
Murphy hypothesis are random distributed, as expected
({py)=~1.5 MeVlc; Fig. 8.

B. The generalized Bertsch correction factor

K

where On da, and Ok ay Ar€ Kronecker symbols correspond-
_ ing to projectile respectively to the fragment havikgucle-
As the Bertsch correction formul@®) concerns only the gns.
projectile nuclei and breakup fragments having completed The number of combinations between identical nucleons
orbits a, and respei:(;uvely_aK. (A=4a,;K=4ag), in par-  occupying the same cell from configuration space and having
ticular only for the *"Ca incident nucleus and faK=20 different projections of longitudinal momenta fof°Ca
fragment were given the result§]. nucleus type was in Bertsch theory a multiple of identical
In order to obtain the generalized Bertsch correction forycleon pairs in the project”e-ﬁ(g_ For a fragment with any

light up to medium nuclei where the harmonic oscillator nymber of nucleonk and a projectile with the mass number
wave function can describe the nucleons motion in the proa the total number of combination of this type I}

jectile nucleus, we have to evaluate the total number of spa- 2a,(K—2a—2).
tial correlations between identical nucleons within the same | ot ;s consider the three-dimensional momentum space
state _of s_pin and isospin and having anticorrelated r_nomentgpm up into a number of (@)% Cartesian cells. The total
Considering as Bertsch ditRef. [6]) that the experiment ., pner of combinations between identical nucleons having
tmegra;?r:gsntsgeTJng;tlﬁgmmgqﬁget?edgggzgIl:;\t/gea(l'sé?_' randomized momenta is th@fzq)s. We have to evaluate the
' a{]_umber of nucleon pairs with aleator values for transverse
components g, ,py) in the projectile nucleus rest frame but
O=p,f(x,y). (8) also with longitudinal momenta coupledp,«(—p,),
2p,—(—2p,), ... ap,—~(—qp,). For eachq value we
In a quantical description the dispersion of the longitudi-have (2y)? transverse cells, so the number of possible pairs
nal momenta for a residual fragment with a numberaof for a given interval [kp,;(k+1)p,],Vk=0,(q—1)
orbits filled up with nucleons has the known fof® has to be 1. In order to obtain the physical real number of
A ) combinations between identical nucleons we have
o)
=

xp> =4a(V |0 W)+ 4A% V|00 W)

N,=N;P(q)=2ax(K—2ax—2)P(q), (13
+ 12a2<oiok> non- (9)
with
The O? operator applies on the wave function of the pro-
jectile that could be separated in the Cartesian coordinates. 5 5
One can evaluate the matrix elements up to a normalization _ 16q _ 49
f ; .  ele _ P(a)=— —. (14
actor by introducing the projection operator: C(zq)g 8g°—1
a
U=[1 ¢, X e, (Y)en(2), (10) Taking into account the anticorrelation between nucleon
n=1 X Y z momenta, the evaluation of the second term of the dispersion

gives (Ref. [6])
wheren=(n,,ny,n,) represents the set of quantum numbers
of the occupied orbits.

In order to obtain the well-known factdMs, one has to
follow Goldhaber theonyf3] and consequently to avoid the
Pauli correlations between nucleons in the first phase: For the generalized case one can obtain

<\P|Oioj|q’>id:<q’|f2pz(_ P )ig .
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a2(K — 2a, — 2)2 wherefgp=1/(e#*~#) + 1) is Fermi-Dirac distribution func-

K K . ; :

(Pl pipj | P i)ia=— — 5 tion of fermions, 8=1/kgT; the G(&) function obeys the
an(A—2ax—2) conditionG(0)=0 andG(e)=[39(e)de.

The Fermi integral depends on thdRiemann function of

_ — 2
X (OBt dta Ona) (0] 7| 0). even argumentE36]:

(15
- 1
The factorN; represents the difference between the total |F(M)=G(M)+2k21 G*M(u)(kgT)?| 1 22k1) s(2Kk),
number of possible nucleon-nucleon correlatiggs and the (20)
number of identical nucleons connectionsAZ, i.e., 12 a2,
In general, for any light up to medium projectile and frag- =1 2k—1
ments = — = 2k
s(2k) &4 o7 (2K 7By, (22)

Nz;=3ak(ak+1)+(K—ak)(K—ax—1). (16
whereB, represents the tabled Bernoulli numberB; € 3;
Using the Goldhaber techniqy8] in evaluating the last Bo=13).
term of the quantum dispersion and neglecting the spatial Using a finite number of terms of the sum, an approxi-
correlations between identical nucleons, Bertsch reached thgate form of Fermi integral results as
result below:

2 4
= G(40) + G (j0) (KeT)? -+ GO ) (kT o
2 3K? (0lp|0) 3K? i 6 °" 360
12a <Oiok>non%T<pipk>non: “ 7 3a 4 (22)
17) The last term adds an insignificant correction to the final

result with respect to the experimental erross10° eV).
Thus, we shall take the first two terms in order to evaluate
%he degree of the projectile excitation after the collision. The
statistical media for the energy of fermiois and for the
number of fermiondN; occupying aV volume and having

Following the same method as described in RE3s6]
and considering the mentioned correlations, the followin
can be obtained:

—A+2a,(A—2a,—2)P(q)

T, |p p: | = eachmy mass, a spirs=3, and degeneracy factgs=2s
(Y PP ¥ igron 3ap(apt1)+(A-an)(A-an—1) +1, are, respectively,
X (0|p2|0). 18
< |pZ| > ( ) gSV 2mN 3/2 - 83/2
Tan2\ 52 pe—m 41 0% 23
C. The second order approximation for dispersion 4m oe +1
In order to introduce the dependence of Fermi momenta gV [ 2m 32 . e 12
on the temperature, it is useful to evaluate in the second Nfziz 2N J — de
order approximation the Fermi integral A7\ h 0 efemm 41
3/ 2 2
= dfep Jm V [ 2myu Zl 7 (kBT> }
lr=| G de= f de, 19 ~— 1+ ——] |. 24
F JO (8) dS > 0 g(S) FD(S) & ( ) 37T2 ﬁz 8 n ( )

TABLE II. The apparent excitation temperaturé§see Eq.(30)] of the J9Ar projectile associated with
breakup intoéso and other residual fragments as compared with Goldhaber temperagdsee Eq(3)]
on the experimental data of Viyogi and with the separation energies of the considered fragments per number
of fragments.

ooy @ q T Toy® _ B Topology
No. of frag.
(MeV/c) (MeV) (MeV) (MeV)
7.47 19Ar— 200+ 55+ 43n
1 11.69+ 3.94 9.56 PAr— 20+ 450+ 23t +23n
78+8 6.65+1.36 10.70 1oAr— 200+ 25+ 2B+ 3t+2In
10.71 PAr— 20+ 50+ F*C+3He+35n
2 17.23:3.71 9.61 19Ar— 280+ 22Ne+ 23n
13.33 oAr— 20+ 3%+ 3t+3n
aReferencd38].

bReference$3,39].
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TABLE lll. The apparent excitation temperaturé€gsee Eq.(30)] of the ‘1‘§Ar projectile associated with
breakup intoéOF and other residual fragments as compared with Goldhaber temperatuydsee Eq.(3)]
on the experimental data of Viyogi and with the separation energies of the considered fragments per number
of fragments.

ooy q T Tow® _ B Topology
No. of frag.
(MeV/c) (MeV) (MeV) (MeV)
9.68 PAr—23F+45a+3t+In
10.88 1oAr—2F+33a+ ILi+3n
1 11.712.61 11.32 PAr—2%F+ 25+ "B+ 3n
13.12 1Ar—2F+ 230+ 1°Be+2d
89+5 8.66+0.97 11.41 Ar—3%F+ 30+ N+ 3n
13.40 Ar—2F+5a+3'C+2d
17.38 1A 3R+ giC+ L
2 18.05+2.46 17.50 19Ar— 207+ 2%F
18.35 oAr—2%F+ 1B+ 2Be
19.90 1oAr— 3%+ 18+ 2%Be
8Referencd 38].
bReference$3,3d.
Because the chemical potential of the fermigmsde- 572 (kgT)\?
i 1+ —| —
creases very slovx_/ly with temperature for smaNalues one 3uN; 8 | &r 3N, 72 [ keT\ 2
can adopt the ratio formkgT/eg)~ (kgT/1), and can also E;= = -~ ——|—
be extracted the Fermi energy from E@4), taking into > 1+7T_(kBT> > 12} e
account that for very small temperature values the superior 8 | ef
limit of the integral iseg and the Fermi-Dirac function turns 5 5
into step functionfep(e)— O y(n—2¢): |1 _<_) (26)
2 EF ’
ﬁZ 37T2N 2/3
[ 2
oF 2mN( v ) @9 o (T ) BE[ L 57 kT
Otheo 3 5 12 eF

In order to evaluate the fermionic energy per nucleon and
respectively the dispersion of nucleon momenta in the rest We use from now on the natural system of unitis=c
frame of the fragmenting nucleus one needs to introduce Eg=kg=1) and take into account the Bertsch generalized cor-
(22 in Eq. (23), to neglect the terms: T, and to use the rection for any light and medium projectile nuclei where the
Taylor first order approximation fox—0: (1+x)*~1 approximation of harmonic oscillator wave function is con-
+ ax sidered. We also apply the Murphy correction, where the

TABLE IV. The apparent excitation temperature$see Eq.(30)] of the ‘{gAr projectile associated with
breakup into?3Mg and other residual fragments as compared with Goldhaber temperagydsee Eq(3)]
on the experimental data of Viyogi and with the separation energies of the considered fragments per number

of fragments.

b Esep

a

Oov q T Tew SR Topology
No. of frag.
(MeV/c) (MeV) (MeV) (MeV)
7.62 Ar—23Mg+35a+33n
10.78 1Ar—2EMg+25a+ 23t +3n
11.24 PAr—2Mg+5a+3%Be+in
90+5 1 12.85-2.47  8.85:0.98 12.44 ToAr—2Mg+3a+ SLi+3t+3n
10.98 ToAr—EMg+3'C+gn
13.04 1Ar— Mg+ 43t +21p+gn
13.39 WAr— Mg+ B+t +gn
3Referencd 38].
bReference$3,39.
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TABLE V. The apparent excitation temperature$see Eq.(30)] of the ‘1‘3Ar projectile associated with
breakup intofE{Si and other residual fragments as compared with Goldhaber temperagydsee Eq(3)]
on the experimental data of Viyogi and with the separation energies of the considered fragments per number
of fragments.

oov? q T Tov® _ Bsen Topology
No. of frag.
(MeV/c) (MeV) (MeV) (MeV)
2 9.09-2.71 6.32 1oAr—39Si+ 25+ 23n
10.28 1oAr—¥si+5a+3t+1p+23n
92+5 9.25+1.01 10.73 1oAr—39Si+ 5o+ 23t
3 13.10:2.33 11.61 19Ar—3%si+ 1%Be
12.55 1oAr—3%si+ 33t +1p
%Referencd38].
bReference$3,39].
nucleons in the fragment nucleus are supposed to have Fermi V. RESULTS AND DISCUSSION
distribution. Thus, the width of Fermi nucleon momenta dis- h _ Bof the 20
tribution soon after the collision took place is given [[37] & apparent excitation temperaturef the ;5Ar pro-

jectile corresponding to different breakup modes were calcu-
5 5 lated according to Eq(30) from the experimental widths
E\/1+ Sm” [ 2myT (28) obtained by Viyogiet al. (Ref.[38]). Finally, we compared
J5 12 2 ' them with Goldhaber temperaturs;.y [Eq. (3)] on the
same data and with the separation energies of the considered
, fragments per number of fragmer(see Tables [I-VL
wheremy =938 MeV, Cy = (W'/w)w, It can be observed that the degree of projectile fragmen-
tation increases with the apparent excitation temperature and
with the number of possible states in the momentum space.
The analyzed fragmentation topology clearly shows a depen-
dence of the received energy on the numbet oéleased as
confirmed in nuclear emulsion experimef8g)].
Another interesting remark regards the obtained minimum
value for the fragmentation mod€gAr—33S+ - - -. For
her topological modes corresponding to an equal number
one-dimensional momentum cells@, the apparent tem-
rE)erature would be substantially greater. One deduces from
the Heisenberg uncertainty relationdAz=#%/Ap,) that the
dimension of the coordinate cell for the above breakup
would also be higher. That indicates a smaller degree of
(30 excitation after the collision as expected, proving that the
theory is self-consistent.

090=CnCpg

2
o NgByi
CBZZ( G) GPdiag

= 29
o5 NiByagtNoBigt NoBrgy 20

where Beiag= (Vi P2 V) diag: Bia=(YilPiP;| ¥i)id, Bron
= <\pk| Pi pj |\Pk>non-

One can determine the apparent temperature as a functi%
of the percentage of the nucleons having the same spin a
isospin and anticorrelated projected momenta on the incide
axis in the projectile rest frame:

p;2: W : 0o 2 oG 2 1
T= 3| —| |— | |—] — 2|
My w' " Pr/ V0B S

TABLE VI. The apparent excitation temperaturé$see Eq.(30)] of the J9Ar projectile associated with
breakup intofgs and other residual fragments as compared with Goldhaber temperagudsee Eq.(3)]
on the experimental data of Viyogi and with the separation energies of the considered fragments per number
of fragments.

b
oo q T Tov Esep Topology
No. of frag.

(MeV/c) (MeV) (MeV) (MeV)

3 5.90+3.07 341 PAr—3s+ 40
94+5 9.66+1.03 7.02 ToAr—3s+21p+2in

4 8.41+2.37 8.87 TAr—3s+3t+1p

9.13 1oAr—3s+ 3He+gn

3Referencd 38].
bReference$3,39].
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By considering the interaction between projectile and tarwas found to be closely linked to the projectile-target over-
get, we found that the Fermi distribution has changed. Conlapping degredFig. 6). The estimator chosen for the pre-
sequently, one can notice that the width of the momentunsented analysis was the apparent temperature associated to a
distribution for *He+’Li interactions as measured in the possible state of thermal equilibrium even though it was used
fragmenting nucleus rest frame has increased and also thah a nuclear fragmenting system having smaH¢) or rela-
the average momentum has decreased. Therefore, we belietige small number of nucleong9ar).
that the Goldhaber formulgEq. (2)] could be applied only The Goldhaber formula was thus improved by corroborat-
for the fragmenting channels which implies a very smalling the projectile excitation hypothedi$5] with two correc-
transfer of energy and momenturii-¢0), or in the frag- tions proposed by Bertsch and Murpf&,7], and by using
mentation of neutron-rich projectiles, where a surviving pre-the probability that identical nucleons having anticorrelated
fragment can be observddee Refs[40,41)). As for those momenta to be close together in the coordinate space. We
fragmenting channels that are strongly affected by the interfound apparent temperature values corresponding to a large
action at the interface between projectile and target, theariety of breakup channels by combining Eg) with Eq.
Goldhaber formula underestimates the mean square mg@28).
menta of the fragments and E@O) should be applied. Nevertheless, the applicability of the model described in

Still, a contribution of the evaporation phase to the ob-this paper is limited for light up to medium nuclei where one
served mass loss is a correction that one needs to considexpects to use harmonic oscillator wave function. As for
further in studying heavy projectile fragmentation processheavy ion interactions, the model should provide radial flow
where the so-called “memory effect” is no longer visible calculations. The treatment of the projectile fragmentation
[42,43. In this case, a higher excitation of the projectile sequential process requires also further investigation.
during the formation of neutron-deficient fragments is im-
plied by the dependence of the production yields on the neu-
tron excess of the projectile with respect to the line of ACKNOWLEDGMENTS
[B-stability [44]. ] ) .
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