PHYSICAL REVIEW C 70, 014901(2004)

Nuclear fragmentation in interactions of 3.7A GeV 2*Mg projectiles with emulsion targets
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The process of nuclear fragmentation in interactions oAZRV 2*Mg nuclei with the different target
nuclei in a nuclear emulsion have been investigated. The total charge distributions of nuclear fragments are
well described by the predictions of the extended Glauber model. The multiplicity and charge distributions of
fragments withZ=5 in quasinucleon target events are found to agree satisfactorily with the calculations of the
bond percolation model. The fragmentation of the projectile nucleus depends strongly on the target mass. The
probability of interactions without any projectile fragments with chaige< is zero for a hydrogen target, but
increases by increasing the mass of the target. The disruption of a projectile nucleus is more severe in
interactions with the heavy target nuclei than with the light ones. The topology for the nuclear fragmentation
channels in interactions of the different projectiles with the different components of emulsion nuclei in the
energy range 3.7—2@B0GeV was analyzed. The average multiplicities and the relative rates of nuclear frag-
mentation channels from the incident nuclei are almost the same for all projectiles at different energies,
revealing that the modes of nuclear fragmentation are energy independent. The stripped processes with rela-
tivistic hydrogen and/or helium fragments are the dominant in all projectiles. Helium fragments are the most
frequent among the multiple charged fragments and the fractional yield of nuclear fragmentation channels
without projectile fragments heavier than helium fragments is about 27% of the total sample. The interactions
in which the projectile nuclei break up into single charged particles only represbtfto of the total sample
and are mostly due to central collisions in which the majority of projectile nucleons have participated in the
first stage of the collisions.
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I. INTRODUCTION mechanisms: from emission of a single heavy fragment or

Nuclear fragmentation and its possible connection with ghrough binary fission to a complete breakup into nucleons
critical phenomenon or a phase transition has been the sub3—11.
ject of intensive theoretical and experimental investigations The spectator fragments of the projectile nucleus have
in the interactions of relativistic heavy nuclei. These studiesnomentum per nucleon almost equal to that of the parent
can provide information about the fragmentation mechanisnmucleus, so they are essentially emitted inside a narrow
and liquid-gas phase transition process in hot nuclei and helfprward-angular cone centered around the direction of the
to trace the reaction mechanism of nucleus-nucleus interaéacident beam, and remain relativistic. Hence, unlike the
tions [1-4]. According to the participant-spectator model fragments of the target nucleus, the heavy fragments of the
[5-7], the overlapping region of nuclear volumes of two col- projectile nucleus are very easily and reliably distinguished
liding nuclei is called the participant part where multiple from all other particles emitted from the collision vertex
production of new particles occur and the nuclear mattefl12].
breaks up into nucleons. This process is the first stage of the The emulsion technique allows studies of produced
collision, which is very rapid having a short time almost charged particles and their distributions in space are with
equivalent to the time taken by light to cross the targethigher accuracy and a larger acceptance than most of the
nucleus. The remaining parts of nuclei that do not participateurrent counter experiments, although with rather limited
in the disintegration process are called the spectator regiorgtatistics. A great advantage of emulsions is that the same
of projectile and target nuclei. During this production pro- projectile-target system can be studied at different available
cess, a fraction of available energy is transferred to the spe@nergies with identical detectors and with identical analysis
tator parts of colliding nuclei, leaving those nuclear remnantriteria[13—16. However, one of the main problems encoun-
in an excited state. After this stage, the deexcitation of theered in interpreting the results from nuclear emulsion ex-
nuclear remnants takes place. The latter process, callgeeriments is the nonhomogeneous composition of the emul-
nuclear fragmentation, particularly the fragmentation of thesion, which basically consists of three groups of nuclei:
relativistic projectile nucleus, is interesting in this researchhydrogen, light(carbon, nitrogen, oxygenand heavy(bro-
The fragmentation of a heavy projectile leads to the emissiomine, silve). The separation of a minimum bias sample of
of fragments with a broad mass spectrum which extend$Mg interactions with the three main groups of target nuclei
from the lightest fragments, i.e., nucleons, to the fragmentsllowed us to make simultaneous analyses of fragmentation
as heavy as the disintegrating projectile. This broad masgrocesses of the projectile and the target nuclei as well as
range is correlated with the large range of fragment multi-studying the production processes as a function of the target
plicities. Thus one observes a large diversity of fragmentamass, taking full advantage of the nuclear emulsion tech-
tion modes, which may correspond to different breakupnique[14,15.
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TABLE |. The statistics of events in interactions &Mg, 2Si, and32S projectiles with the various
components of target emulsion nuclei at different energies.

Projectile 2Mg 28g; 382g
Energy(A GeV) 3.7 3.7 14.6 200
Total number of collisions 1025 1986 955 775
n,=0,1 211 443 265 283
n,=2-7 364 734 328 234
n,=8 450 809 362 258
N(2<n,<7)/N(n,=8) 0.81+0.08 0.91+0.07 0.91+0.09 0.91+0.12

Events with the total destruction of the projectile
nucleus with(Z<2)

n,=0,1 38 75 58 50
n,=2-7 153 265 135 80
n,=8 330 557 273 166
N(2<n,<7)/N(n,=8) 0.46+0.06  0.48+0.05 0.49+0.07 0.48+0.09
Reference present work  [26] [26] [26]

Competing models suggest different decay mechanismslastic cross section of 133542 mb. The present measured
and experiments have yet to discriminate between severahlues of**Mg in emulsion are in systematic agreement with
theoretical scenarios that ranged from the sequential decay tiose measured previously for different systg2i5,2§, re-
the compound nucleugl7,1g to statistical nuclear models flecting the high efficiency of scanning. The scanning details,
[19,20 and percolation model$21-23. The percolation the classifications of charged secondary tracks, and the pro-
models predicted a power law distribution in fragment sizegectile fragments were presented previougig).
near the critical poinf21,22. These models still enjoy great In each eventZ,,,, is the maximum possible charge of a
popularity and have been employed in the analysis of Augiven projectile fragment. The total stripped charge of the
multifragmentation data obtained by the EOS Collaboratiorprojectile fragmentXQ is defined asQ==inZ; wheren; is
[24,257. the number of projectile fragments with chaige= 1 and the

The aim of the present paper is to investigate the breakupummation is carried out over all such fragments in an event.
of relativistic 2Mg nuclei during interactions with the differ- The numbers of fast singly charged fragme(@s 1), helium
ent target nuclei in nuclear emulsigBm) at 3.7A GeV. The  projectile fragment$Z=2), and heavier projectile fragments
experimental data for different charges of relativistic nuclei(PF) with chargeZ= 3 are denoted bwy, n,, andny, respec-
that emerge in the inciderfMg projectile on emulsion tar- tively.
gets are compared with the predictions of the two theoretical Nuclear emulsion is a composite medium composed of
models. The topological structure #Mg nuclear fragments hydrogen (H,A,=1), light (CNO,A=14), and heavy
is studied and compared with those obtained by AdamovicliAgBr,A,=94) nuclei. Certainly, there are also other nuclei
et al. [26] in interactions of 3.& GeV ?Si, 14.6A GeV *®S,  in emulsions, but their concentrations are too small to be
and 20@\ GeV 3?S projectiles with the target emulsion nu- taken into accounitl4]. The separation technique, which has
clei. been used here, is based on the numfyeof target frag-
ments. Events witm,=0,1 aremainly due to**Mg-H inter-
actions (free and quasifree nucleprand interactions with
other targetginteractions with only one bound nucleon in

The experimental data have been obtained from nuclegeNO or AgBr target nuclegi The events having2 n, < 7are
track emulsion, which was used as a target. The stack wagostly interactions with CNO targets with some admixture
composed of BR-2 nuclear emulsion pellicles with dimen-of peripheral®Mg-AgBr interactions. All events witm,
sions of 1020 cn? and 600um thick was exposed hori- =8 are only due t**Mg-AgBr interactions. By following
zontally to?*Mg ions with energy 3.4& GeV at the DUBNA  Refs.[7,29,3Q, this classification of the group of events with
Synchrophasotron. The sensitivity of emulsion was about 30,=0-1, 2—7, and=8 can be used to elucidate the nature of
grains per unit length of 10@m for singly charged particles the interactions with the three components H, CNO, and
with minimal ionization. Primary interactions were found AgBr of target emulsion nuclei, respectively.
along-the-track double scannin@ast in the forward and
slow in the backwarpof the processed emulsion plates un-
der high magnification. A total of 1025 inelastic interactions
of Mg projectile with emulsion nuclei were picked up by  Table | shows the event statistics for the present sample
along 98.50 m of primary track length, leading to a meanwith the total projectile destructioiTD) compared with
free path of 9.61+0.30 cm, which correspond to a total in-three samples given by the EMUOL Collaborat{@®]. TD

Il. EXPERIMENTAL DETAILS

Ill. RESULTS AND DISCUSSIONS
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TABLE II. Percentage of the total projectile destructi@®) events in interactions dfMg, 28Si and®’S
projectiles with the various components of target emulsion nuclei at different energies.

Projectile Mg 28g; 3%
Energy(A GeV) 3.7 3.7 14.6 200

Expt.% Calc.% Expt.% Calc.% Expt.% Expt.% Calc.%
n,=0,1 18+2 16 17+2 21 18+2 18+3 18
n,=2-7 42+3 47 37+3 47 40+3 35+5 43
n,=8 7314 70 66+4 68 71+4 65+6 65
Reference present work [26] [26]

events are defined as those events where only projectile frage., H, CNO,Em, and AgBr nuclei of emulsion nuclei are in
ments with charg& <2 remain[26]. The present measured a similar trend with those obtained previously féNe [32]
values are seen to be in systematic agreement with thosnd ?8Si [7] beam interactions with groups of emulsion nu-
obtained from other interactions. The ratio between the numelei at Dubna energy. The dependence of average projectile
ber of collisions having &n,<7 (CNO and peripheral fragment numbers on the target mass is clear in the case of
AgBr target nuclei and the number of collisions with,  chargeZ=3. As the target mass increases, the average mul-
=8 (only AgBr target nuclei is independent of the beam tiplicities of fragmentsn;) with chargesZ=3 decrease sub-
energy. stantially. The mean number of helium fragmeris,)
Based on a geometrical formula of Bradt and Pe[8i§  stripped in the interactions with heavy target nu¢hejBr) is
for inelastic nucleus-nucleus interactions, Adamovéthel.  smaller than that stripped in the collisions with hydrogen
[26] have parametrized the cross section of TD events suctarget nuclei. No target mass dependence is, however, seen in
that the emission of fast singly charged projectile fragments.
_ 0.02 13, A1/3 0.3 Table IV presents the mean multiplicities of projectile
orp = (LEBAY YA+ A"~ 0,859 fm?, (1) fragments(n;) X 100 with chargeZ of the total samplén;,
whereA; andA, denote the mass numbers of colliding nu- =0, i.e.,Em) and the quasinucleon everits,=0,1,i.e., H)
clei. Table Il illustrates the comparison between the experiin interactions of 3.& GeV Mg, 3.7A GeV %5Si [26],
mental and calculated percentages of TD events in interad4.6A GeV %Si [26], 200A GeV 32S [26] with emulsion nu-
tions of **Mg (3.7A GeV), ?8Si (3.7A GeV and 14.8 GeV), clei. It is clear that the average multiplicity of all fragments
and 32S (200A GeV) projectiles with the targets of nuclear (n;) is the same within statistical errors in the case of the
emulsion. The fraction of TD events for each group of targetotal sample at Dubna, BNL, and SPS energies. In the quasi-
nuclei is the same within the errors at all energies and agredy.cleon events, if one combines all chargés=3), the av-
well with the predictions of Eq.1). This agreement was also erage multiplicity for these fragments is the same within er-
observed in Refs.[26,29 for 28Si (3.7A GeV and rors at different projectile energies. The helium nuclei are the
14.6A GeV), and 32S (200A GeV). Therefore one can con- most frequent among the multiple charged fragments. The
clude that the yield of total destruction of events is energyaverage multiplicity of He fragmentén,) is almost more
independent within the range 4—280GeV. than ten times greater than the yield of any other fragments
Table 1l shows that the average multiplicities of the dif- (n;), which suggests that the emission of these fragments
ferent charged projectile fragments in interactions®®flg  does not depend on the energy of the incident nucleus. Ref-
projectile with different component&lifferent ranges ofy,, erence[33] has been shown that the ratio between He and H

TABLE Ill. The average multiplicities of the different chargén) projectile fragments stripped i#Ne
[32], #Mg, and?8Sj [7] beams interactions with the various emulsion groups of nuclei #& GaV.

Fragment charg& Projectile nucleus H CNO Em AgBr Ref.

1 22N 1.17+0.02 1.47+0.04 1.36x0.02 1.37+0.03 [32]
2Mg 1.38+0.09 1.99+0.08 1.61+0.04 1.41+0.06 present work
28g;j 1.36+0.10 1.59+0.10 1.53+0.05 1.54+0.07 [7]

2 22N 1.02+0.04 0.92+0.03 0.82+0.02 0.63x0.02 [32]
2Mg 1.11+0.09 0.96+0.06 0.86+0.03 0.67+0.04 present work
28g;j 1.34+0.10 1.24+0.08 1.06+0.03 0.85+0.04 [7]

=3 - 0.79+£0.03 0.57+0.02 0.48+0.01 0.21+0.01 [32]
Mg 0.80+0.08 0.62+0.03 0.49+0.03 0.26+0.02 present work
28g;j 0.81+0.06 0.67+0.04 0.49+0.02 0.23+0.01 [7]
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TABLE IV. The average multiplicities of projectile fragmenrits) X 100 stripped in quasinucleon evelit) and in minimum-bias events
(Em).

(ng) X 100

3.7A GeV 14.6A GeV 20A GeV
ChargeZ 24Mg-H 22Mg-Em 285j-H 285i-Em 285j-H 28Si-Em 32Sj-H 32Si-Em
2 110.9+8.8 85.9+3.4 121.0+8.0 96.0+3.0 100.0+9.0 98.0+3.0 78.0£3.0 85.0+5.0
3 24+1.1 3.6£0.6 3.7£0.9 4.1+0.5 2.6x1.0 3.3x0.5 28+1.1 3.5%x0.7
4 47£15 4.4+0.7 46+1.1 3.8+£0.2 40£1.4 3.7+0.4 28+1.1 4.0£0.7
5 5.2+1.6 6.2+0.8 4.4+1.0 47+0.5 5.3%1.5 4.2+0.5 25+1.0 3.7x0.7
6 7.6£2.0 6.2+0.8 8.8%£1.5 6.1+0.6 6.0£1.5 5.4+0.5 3.5+1.1 4.8+0.8
7 9.5+2.2 6.5+£0.8 8.1+1.4 6.0£0.6 45+1.3 5.1+0.5 46+1.3 49+0.8
8 10.4+2.3 6.3+0.8 9.0+1.5 6.1+0.6 6.0£1.5 5.5+0.5 5.3+1.4 5.5+£0.9
9 8.1+2.0 4.4+0.7 7.4+1.4 5.5+0.5 7.2+£1.7 5.4+0.5 7.8+1.7 5.4+0.9
10 11.4+2.5 45+0.7 9.5+1.6 5.4+0.5 6.0£1.5 5.7+£0.5 53+1.4 49+0.8
11 11.4+2.5 4.3+0.1 6.7+1.9 4.0£0.5 7.2+£1.7 4.4+0.5 6.4+1.6 45+0.8
12 9.5+2.2 2.7+0.5 10.4+1.6 4.5+0.5 14.7+2.5 4.1+0.5 5.9+1.4 4.3+0.7
13 6.2+1.3 3.2+0.4 9.8+£2.0 3.0£0.4 7.1+1.6 3.4+0.7
14 6.5+1.3 2.3x0.3 7.5%1.7 2.5%+0.3 14.5+2.4 6.3+0.9
15 12.4+2.2 5.9+0.9
16 6.0£1.5 2.6+0.6
=3 80.2+8.3 49.1+£2.7 85.0£6.0 56.0£2.0 82.0£7.0 53.0£3.0 86.0+7.0 64.0£4.0
Ref. present work present work [26] [26] [26] [26] [26] [26]

fragments decreases as the overlap between the colliding nu- For more comparison with the present experiment, a site
clei increasegsee Table IlJ. The cascade evaporation model percolation mode[35-37 in which the nucleus is consid-
[33] does not account for the existence of sucktructures ered as a cubic lattic§7,26] in which every lattice site rep-
inside the nuclei and significantly underestimates the yield ofesents a single nucleon and each nucldatiice sitg has
the doubly charged fragments. bonds to its adjacent nucleons, has been chosen. Each bond
Figures 1a)—1(d) exhibit the comparison of calculated to- is randomly unbroken or broken. Only one parame®er
tal charge distributions of nuclear fragment®ninteracting called probability concentration, the probability of breaking
projectile fragments P(Q) with those experimentally mea- a bond(1-P) is introduced after the dimension of the lattice
sured in interactions of thé'Mg projectile with different s set. For the present experimental results, a simple cubic
components of emulsion nuclei at & %eV. The curves are |attice is a good approximation and the calculated mass dis-
calculated according to the Glauber extended m@84l It yipution is converted into a charge distribution by consider-
can be clearly seen that Figsai-1(d) prove good agree- g || A=3, 4isotopes to b&=2 andA=5,6isotopes to be
ment between the experimental and calculated distributionszza etc. Figure 2 illustrates the average chaim@)) dis-
The shapes of the distributions are very different. The dEper}'ribution of Z=2 projectile fragments i#*Mg interactions

dence of the total charg@ of the spectator fragments on the . . _
impact paramete(indicated by p) can also be noticed in with the. quasmuclepp targen,=0,1) at 3.7 G_eV com-
Figs. ¥a)-1(d), i.e., these distributions depend strongly on pared with the predictions of the bond-percolation model for

the mass of the target nuclei. For the collisions with quasiP=0.55 andP=0.60. These calculations are in good agree-
nucleon target(i.e., 2Mg-H events the Q distribution is ~Ment with the measured charge distribution Zor 5; also a
peaked close to the charg@s of the primary, and essentially TSe inZ=2 is predicted. But foZ <5, the model prediction
does not extend belovZ,/2while in the collisions with ~does not fit well the experimental data.

heavier targetgi.e., 2Mg-AgBr event3 the distribution is The critical value ofP is about 0.7326] and hence the fit
almost flat over the entir® range. This behavior results in for P=0.55 indicates that the breakup appears from subcriti-
the decrease dfQ) with the increase of the target masee cal systems on the average. Naturally, no kind of pre-formed
Table ). The differences in the fragmentation of the pro- @ substructures is introduced in the percolation simulation,
jectile nucleus on various targets are apparent. The probabiwhich may be the reason for the underestimation of the He
ity of interactions without any projectile fragments with yield [26].

chargesZ>2 are zero for a hydrogen target, but it increases Figure 3 shows the multiplicity distributions @f= 2 frag-
with the increasing of the target mass. An opposite tendencgnents in the preserftMg and 28Si [26] incident beams on

is observed for events with only one fragment. All the abovethe quasinucleor{H-targe) type compared to the calcula-
observations show that the disruption of the magnesiuntions of the bond percolation approach wkh0.55 andP
nucleus is more severe in interactions with heavy nuclei thar0.60. It is seen that the model predictions are in satisfactory
with lighter ones. agreement with the experimental data.
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FIG. 1. (a)«d) The experimentalpoints with error bansand calculatedcurves total charge distributions of nuclear fragments stripped
in the interactions of 3& GeV 2*Mg projectile with: (a) H, free and quasifree nucleon typa,=0,1), (b) CNO type(2<n,<7), (c) Em
nuclei (n,=0), and(d) AgBr type (n,=8). The curves are the predictions of the extended Glauber model.

To know about the degree of “peripherality” and/or “cen-
trality” of an event, the information about the impact param-
eter(b) between the centers of two colliding nuclei is neces-
sary from the geometrical point of view. This parameterwhereA, (Z,) is the masgchargg number of the projectile
determines the number of interacting nucleons from bottnucleus. The dependence of the average number of interact-
projectile and target nuclei. It is an unobserved physicaing projectile nucleon$N;,) on the degrees of disintegration
quantity and if a certain degree of precision in the experi-of the target nucleicollision geometry, i.e., different impact
mental analysis is sought, then an observable measurabparameterin 2“Mg-Em interactions is represented in Fig. 4.
guantity should be chosen as a measure for this paramet@rhis figure indicates that even in collisions where no or very
The experimental qualitative measure is usually chosen to bitle excitation of target occuréi.e., n,=0, 1), some of the

either the total charge of the projectile spectatQrer the
heavy-ionizing-particle multiplicityn, (which is a target size

Nint:Ap_ (

Ap
zp)Q’

2)

projectile nucleons take part in the interaction. As expected,
the average number of interacting projectile nucleons in-

parametey or both. The number of interacting projectile creases substantially ag increases from peripheral to cen-

nucleonsN;,; can be estimated event-by-event from the fol-tral collisions but attains a more or less constant value for
extreme central collisions. The average highest value of

lowing formula:
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FIG. 2. Charge distributions of nuclear projectile fragmentsProjectile nucleongNi,) and the number of heavily target frag-

emerged i?*Mg interactions with quasinucleon target,=0,1) at ~ mentsn, in *“MgEm interactions at 3& GeV.

3.7A GeV. The curves are calculated by the bond percolation model . .
with parameter$=0.55 and 0.60, The_topology summarlze.d.m Table V for t.he' nu_clear frag-
mentation modes of the visible channels in incidéfig
projectile on the different components of emulsion nuclei at
(Ninp in this experiment is 22.85+0.83, implying the partici- 3.7A GeV compared with those yield i#¥Si (3.7A GeV and
pation of nearly 95% of projectile nucleons in the collision 14.6A GeV) and 3°S (200A GeV) beams interactions with
process. These events, representing almost 5% of the totdle same targets of emulsion nucl|@6]. Some or all H
sample, are examples of extreme central collisions where it ifagments represent the participant nucleons, so that the sum
expected that almost all nucleons of the projectile and thef charges of all projectile fragments in each channel must be
majority nucleons of the heavy AgBr target nuclei take partZ,,. The fractions of the present sample, within the statistical
in the collision[7,38,39. These events are potentially useful errors, are very close to those obtained previously for differ-
for seeking evidence for the formation of quark-gluonent projectiles at different energig26]. After a keen exami-
nation of Table V, the following points can be drawn:
(i) The relative rates of nuclear fragmentation channels
0.6 from the incident nuclei are almost the same fraction for all
projectiles at different energies, revealing that the modes of
* Mg 37 AGev nuclear fragmentation are energy independent.
(i) The stripped processes with relativistic hydrogen
and/or helium fragments are the dominant in all projectiles.
(i) The majority of the multiple charged fragments are
helium nuclei and yields are up tg,=(Z,-2)/2. The chan-
nels in which several heavy fragmeits,,,= 3) are stripped
from the projectile nuclei are also accompanied by several
alpha particles. The fractional yield of nuclear fragmentation
channels without any projectile fragments heavier than he-
lium fragments(channels that having only fragments with
Znax=2 andn;=0) is about 27% of the total sample and the
most frequent in these channels are those with one alpha
fragment which represents almost 10% for all projectiles.
(iv) There are considerable numbers of interactions in
which the projectile nuclei break up into single charged par-
¢ ticles only(the channels having only the fast moving hydro-
gen fragments wittZ,,,,.=1 andn,=n;=0). These interac-
FIG. 3. The multiplicity distributions of projectile fragments tions represent=14% of all the analyzed events and are
with chargeZ= 2 in interactions of 3.4& GeV 2“Mg, 3.7A Gev28si ~ mostly due to central collisions in which the majority of
[26], and 14.8\ GeV 285 [26] incident beams on the quasinucleon projectile nucleons have participated in the first stage of the

target. The curves are calculated according to the percolatiogollisions, i.e., in the process of particle productidnh.
(v) The disruptive heavy projectile fragments that have

plasma.
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TABLE V. Topology of the present 3% GeV Mg nuclear fragmentation is compared with those obtaine@®i and 3%S incident
projectiles on emulsion nuclei at 3.7, 1A.&eV and 208 GeV [26].

Projectile Channels n, Fraction(%) of total sample Reference
0-1 2-7 =8 =0
24Mg at 3.7A GeV Mg 20 8 28 2.73+0.52 present work
Na+H 24 19 1 44 4.29+0.66
Ne+He 5 1 6 4.49+0.68
Ne+2H 19 15 6 40
F+He+H 8 2 10 4.39+0.67
F+3H 9 20 6 35
O+Be 1 1 6.34+0.81
O+2He 6 2 8
O+He+2H 11 14 6 31
O+4H 5 12 8 25
N+B 1 1 6.54+0.82
N+Be+H 1 1
N+2He+H 5 2 1 8
N+He+3H 12 19 1 32
N+5H 3 16 6 25
C+Li+He+H 1 1 6.15+0.80
C+Li+3H 1
C+3He 1
C+2He+2H 2 2 4 8
C+He+4H 8 14 8 30
C+6H 4 7 11 22
B+Be+He+H 1 1 6.24+0.80
2B+2H 1 1
B+3He+H 2 2 4
B+2He+3H 3 6 2 11
B+He+5H 4 13 12 29
B+7H 1 12 5 18
2Be+He+2H 1 1 4.29+0.66
2Be+4H 1 1
Be+Li+He+3H 1 1
Be+3He+2H 1 1
Be+2He+4H 4 3 1 8
Be+He+6H 3 4 11 18
Be+8H 5 9 14
Li+3He+3H 1 1 2 3.61+0.60
Li+2He+5H 2 4 4 10
Li+He+7H 1 6 9 16
Li+9H 1 5 3 9
5He+2H 4 4 2 10 27.41+1.85
4He+4H 9 14 5 28
3He+6H 13 12 13 38
2He+8H 9 37 51 97
He+10H 4 38 66 108
12H 3 34 112 149 14.54+1.27
o? 9 83 92 8.98+0.98
all 211 364 450 1025
28sj at 3.A GeV Si 28 13 6 47 2.38+£0.35 [26]
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TABLE V. (Continued)
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Projectile Channels n, Fraction(%) of total sample Reference
Al+H 27 37 6 70 3.54+0.43
Mg+He 16 4 20 4.46+0.49
Mg+2H 29 34 5 68
Na+He+H 15 10 25 4.05+0.46
Na+3H 14 24 17 55
Ne+2He 8 2 1 11 5.52+0.54
Ne+He+H 16 18 6 40
Ne+4H 17 27 14 58
F+2He+H 7 10 1 18 5.67+0.55
F+He+3H 13 16 10 39
F+5H 12 29 14 55
o+C 1 1 6.08+0.57
O+Be+2H 1 1
O+3He 2 3 1 6
O+2He+2H 12 7 2 21
O+He+4H 18 24 10 52
O+6H 5 22 12 39
N+C 1 1 5.87+0.56
N+B+H 3 3
N+3He+H 1 3 2 6
N+2He+3H 11 15 4 30
N+He+5H 19 17 9 45
N+7H 4 11 16 31
2C+2H 1 1 2 5.87+0.56
C+B+2He 1 1
C+B+He+H 1 2 3
C+B+3H 1 1
C+Be+4H 1 1
C+Li+He+3H 1 1 1 3
C+Li+5H 1 1
C+3He+2H 3 3 1 7
C+2He+4H 18 16 6 40
C+He+6H 8 14 13 35
C+8H 2 12 8 22
B+Be+He+3H 1 4.30+£0.48
B+Be+5H 1 2
B+Li+He+4H 2 2
B+Li+6H 2 2
B+3He+3H 3 5 8
B+2He+5H 4 11 5 20
B+He+7H 4 18 10 32
B+9H 2 7 9 18
2Be+He+4H 1 3.34+0.42
2Be+6H 1
Be+Li+He+5H 1 1
Be+4He+2H 1 1
Be+3He+4H 2 1 2 5
Be+2He+6H 6 3 14
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TABLE V. (Continued)

PHYSICAL REVIEW C 70, 014901(2004)

Projectile Channels n, Fraction(%) of total sample Reference
Be+He+8H 6 8 9 23
Be+10H 3 7 10 20
2Li+He+6H 2 2 4 3.49+£0.43
2Li+8H 1 1 2
Li+5He+H 1 1
Li+4He+3H 2 2
Li+3He+5H 2 1 2 5
Li+2He+7H 5 5 6 16
Li+He+9H 3 6 11 20
Li+11H 1 6 12 19
6He+2H 5 1 6 27.75+1.34
5He+4H 4 6 3 13
4He+6H 11 27 8 46
3He+8H 26 45 51 122
2He+10H 16 59 78 153
He+12H 10 66 132 208
14H 3 60 227 290 14.68+0.92
o? 1 58 59 2.99+0.39
all 433 733 809 1975
285j at 14.8\ GeV Si 20 7 27 2.83+0.55 [26]
Al+H 26 15 1 42 4.40+0.69
Mg+He 8 8 6.07£0.82
Mg+2H 31 15 4 50
Na+He+H 7 2 9 4.29+0.65
Na+3H 12 18 2 32
Ne+2He 1 1 2 4.19+0.68
Ne+He+H 9 8 2 19
Ne+4H 6 11 2 19
F+2He+H 3 2 1 6 3.98+0.66
F+He+3H 9 7 3 19
F+5H 6 4 3 13
O+3He 1 1 2 5.55+0.78
O+2He+2H 4 3 1 8
O+He+4H 6 11 6 23
O+6H 5 8 7 20
N+Be+2H 1 1 5.65+0.79
N+Li+4H 1 1 2
N+3He+H 1 1 2
N+2He+3H 3 5 3 11
N+He+5H 7 10 8 25
N+7H 7 6 13
2C+2H 1 1 6.18+0.83
C+Be+He+2H 1 1
C+Li+5H 1 1
C+3He+2H 1 1 2
C+2He+4H 5 7 6 18
C+He+6H 5 6 7 18
C+8H 3 6 9 18
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TABLE V. (Continued)
Projectile Channels n, Fraction(%) of total sample Reference
B+Be+He+3H 1 1 4.29+0.65
B+2Li+3H 1 1
B+3He+3H 1 1 2
B+2He+5H 2 8 1 11
B+He+7H 9 8 5 22
B+9H 1 2 1 4
2Be+He+4H 1 1 2 3.77+£0.64
2Be+6H 1 1
Be+Li+He+5H 1 1
Be+5He 1 1
Be+3He+4H 3 2 5
Be+2He+6H 3 1 4
Be+He+8H 1 6 6 13
Be+10H 1 7 1 9
Li+4He+3H 2 2 3.14+0.58
Li+3He+5H 1 2 3
Li+2He+7H 3 5 1 9
Li+He+9H 1 5 3 9
Li+11H 3 4 7
6He+2H 1 1 26.49+1.87
5He+4H 6 6 2 14
4He+6H 4 7 9 20
3He+8H 13 23 14 50
2He+10H 16 19 34 69
He+12H 8 31 60 99
14H 5 32 103 140 14.66+1.33
o? 1 1 41 43 4.50+0.70
all 265 328 362 955
323 at 20@\ GeV S 17 3 20 2.58+0.58 [26]
P+H 35 10 1 46 5.94+0.90
Si+He 14 14 6.32+0.93
Si+2H 27 6 2 35
Al+He+H 1 1 3.35+£0.67
Al+3H 17 6 2 25
Mg+Li+H 1 1 4.39+0.77
Mg+2He 2 1 3
Mg+He+2H 1 1 2 4
Mg+4H 11 11 4 26
Na+He+3H 2 3 5 4.52+0.78
Na+5H 16 9 5 30
Ne+2He+2H 1 1 2 4.90+0.81
Ne+He+4H 4 4 2 10
Ne+6H 11 11 4 26
F+3He+H 1 1 5.42+0.86
F+2He+3H 1 1
F+He+5H 9 3 1 13
F+7H 11 9 6 26
O+3He+2H 2 1 3 5.55+0.87
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TABLE V. (Continued)

PHYSICAL REVIEW C 70, 014901(2004)

Projectile Channels Ny

Fraction(%) of total sample Reference

O+2He+4H 1
O+He+6H

O+8H 5
N+Be+He+3H 1
N+Li+He+4H 1 1
N+4He+H 3 3
3
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= N o N
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©

N+3He+3H
N+2He+5H 3
N+He+7H
N+9H 9
2C+He+2H 1
C+Be+He+4H 1 1
1

1

1

ul
P Wa RN
U o R -
'_\
o

C+Be+6H
C+Li+He+5H
C+3He+4H
C+2He+6H
C+He+8H
C+10H
2B+He+4H
2B+6H
B+Be+2He+3H 1

B+Be+He+5H
B+Li+He+6H
B+3He+5H
B+2He+7H 2
B+He+9H 1
B+11H 1
2Be+He+6H
2Be+8H
Be+Li+2He+5H
Be+Li+He+7H 1
Be+3He+6H 1
Be+2He+8H 2 1
Be+He+10H
Be+12H 2
2Li+He+8H
Li+2He+9H
Li+He+11H
Li+13H
7He+2H
6He+4H
5He+6H
4He+8H
3He+10H
2He+12H 27 22
He+14H 17 35
o? 15 13 96 124
all 283 234 258 775
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4.90+0.81

4.65+0.79

3.35+£0.67

3.35+0.67

2.58+0.58

22.19+1.87

16.00£1.55

¥No fragmentation inside the forward cone.
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Znax=9 (channels of P, Si, Al, Mg, Na, Ne, and F stripped The experimental cross sections of total projectile de-
nuclei having average binding energy per nucléBg) are  struction events are reproduced by the geometrical formula
greater than 8 Me)yassociated with the hydrogen fragments Of Bradt and Peters. The charge, size, and multiplicity distri-
are mostly abundant while their disruption accompanied byputions of projectile fragments are nearly the same in energy
the helium fragments are the next one at all energies. ranged from 3.7 to 200 GeV. Thus the limiting fragmenta-
(vi) For all systems, the yields of relativistic He frag- tion hypothesis is achieved in the nuclear processes of the
ments accompanied by one of the projectile fragments hawrojectile fragmentations.
ing maximum charges in the range o&Z,,,<8 (channels The total charge distributions of nuclear fragments are
of O, N, C, B, Be, and Li fragmented nuclei that have Well described by the predictions of the extended Glauber
(Eg) <8 MeV) are more of a contribution than the fragmen- model. For quasinucleon target events, the size of the frag-
tation of these nuclei associated with H fragments only. ~ menting system is well defined; the multiplicity and charge
(vii) The least percentage for the nuclear fragmentatioifistributions of fragments witd =5 are found to agree well
processes is 2.5% in the case of the emerged single heavigfth the calculations of the bond percolation model. Also the
fragment and has the same charge of the incident projectil%;'”gle parameteP of this model is sensitive to the distribu-
(Zmax=Z,) for all beams. These channels are mostly due td!ons of fragments.

the elastic scattering events, high enefsays and low en- The fragmentation of the projectile ma}gn_esium _nucleug
ergy e* e pairs[28]. depends strongly on the target mass. This is manifested in

(viii) The nuclear fragmentation processes of the incidenflifferent average multiplicities of the charggaf fragments

projectile into two stripped nuclei or double fragmented nu-2"d the distributions of the total char@econfined in mul-

clei are rare at all energies. For example, the channels of tHiPle charged projectile fragments. In the lighter target
24\g projectile fragmented into once: for O+Be, N+B, N nucleus, the more frequent are heavier projectile fragments
+Be, C+Li, 2B, and 2Be stripped nuclei represents 0.6% ofind the larger mean values of the total charge confined in
the total sample. It can be noted that there is no significarf'ultiple charged projectile fragments.

evidence for binary fission produced enhancement in the 3 1N€ magnesium projectile nucleus is bigger than the light
<Z,..,.<8 region in these channels, such as that seen darget nucleiH,CNO); all interactions with hydrogen target

lower energies with thé®’Au projectile[9]. The authors of ~and the majority of interactions with light nucléCNO) are
Refs.[9,14] have reported a similar result in interactions of Peripheral. Only for*Mg interactions with heavy target nu-
gold nuclei with emulsion targets at 18.65eV energies. clei (AgBr) the number of intranuclear collisions is large,
(xi) As expected, the stripped heavier projectile frag-leading to events with small chargeof the heaviest frag-
ments are the most abundant in the interactions with the lighinent of the projectile and also a small total chaQe
target nucleiH, CNO; the gentle low excitation energy pro- €merged forward, showing a greater degree of breakup of the
cessep while the lighter projectile fragments emerged en-Pprojectile nucleus by the heavy targets.
hancement in the interactions with the heavy target nuclei The relative rates of nuclear fragmentation channels from
AgBr; the violent high excitation energy procesgésdicat- incident nuclei are almost the same fraction for all projectiles
ing the role of the impact parameter collision in the fragmen-at different energies, revealing that the modes of nuclear
tation mechanism. fragmentation are energy independent. The stripped pro-
(x) For a hydrogen target there are no events with0,  cesses with relativistic hydrogen and/or helium fragments are
while 80% of events have only one fragment Wik, > 2. dominant in all projectiles. The majority of the multiple
For heavier target$AgBr), the fraction of events withn charged fr.agme_nts are helium nuclei and the fragmentation
=0 increases with increasing target mass. Also the number @hannels in which several heavy fragmef.,=3) are
released protons and helium fragments fréfivig, 28Si, and ~ stripped from the projectile nuclei are also accompanied by
325 projectiles in interactions with heavy nuclei is threeseveral alpha particles. The fractional yield of nuclear frag-
times and twice as large as in interactions with light nucleimentation channels without projectile fragments that are
respectively. Again, these facts lead to the conclusion that theeavier than helium fragments is about 27% of the total
disruption of the residual projectile nuclei is more pro-sample and the most frequent in these channels are those
nounced in interactions with heavy nuclei than with light With one alpha fragment and represents almost 10% for all
ones. The same result has been reported previously in inteprojectiles. The interactions in which the projectile nuclei

actions of 10.8 GeV gold nuclei with light and heavy target break up into single charged particles represeit% of the
nuclei in nuclear emulsiofil0]. total sample and are mostly due to central collisions in which

the majority of projectile nucleons have participated in the
first stage of the collisions, i.e., in the process of particle
production.

The nuclear fragmentation properties in interactions of a The disruptive nuclei that hawgg) >8 MeV are mostly
3.7A GeV **Mg projectile with the different nuclei of stripped associated with the hydrogen fragments while the
nuclear emulsion are investigated. These results have beéragmented nuclei having(Eg)<8 MeV are tendency
compared with the present calculations that are based on tlemerged accompanied with helium fragments. It is interest-
extended Glauber model and percolation approach as well &sg to note that this data set f6fMg, 28Si, and®?S does not
the other experimental data. After this study we reach thejive any evidence of the occurrence of binary fission in the
following important conclusions: charge range of 8 Z,,,,=<8.

IV. CONCLUSIONS
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The stripped heavier projectile fragments are the mosbnly one fragment witlZ,,,,>2. For heavier targetsAgBr),
abundant from the interactions with the light target nucleithe fraction of events witm=0 increases with increasing
(the gentle low-temperature processesile the lighter pro-  target mass. The disruption of the residual projectile nuclei is
jectile fragments emerged enhancement in the interactionsore pronounced in interactions with heavy nuclei than with
with the heavy target nuclgithe violent high-temperature light ones. The fragmentation of the nuclei undergoing these
processes indicating the role of the impact parameter colli- energetic interactions may proceed through the creation of a
sion in the fragmentation mechanism. For a hydrogen targetsidual excited nucleus and then a slow deexcitation, which
there are no events with;=0, while 80% of events have proceeds by consecutive emission of nuclear fragments.
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