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Consequences of a noncovariant description of slow and fast protons fromp-C, C-C, and C-Ta
interactions at 3.3A GeV
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A comparison is made between a typical intranuclear casdaife®) model and the experimental inclusive
slow (T<0.4 GeV) and fast T>0.4 GeV) proton spectra in the-C, C-C, and C-Ta in interactions at
3.3A GeV over a broad angular interval from 0° to 180°. It is found that the INC model reproduces rather well
the inclusive slow and fast proton spectra, provided that the mean number of interacting (articgpant$
in the corresponding angular interval does not exceed 2. The systematic discrepancies are identified and shown
to correspond mainly to the noncovariant nature of the INC calculations.
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I. INTRODUCTION RQMD models. The results are presented in Sec. Il and
finally we summarize our findings in Sec. IV.
Light/heavy-ion collisions at intermediate energide-

tween a few MeV/nucleon to a few GeV/nuclgoare ex- Il. DESCRIPTION OF THE BASIC MODELS
pected to reveal various aspects of the hadronic many-body
problem. A. The intranuclear cascade model

An early, simple, and successful attempt for describing In this section, we outline the basic ideas of the INC
nucleus-nucleugAA) collisions at intermediate energies has model and summarize the most important features.
been the intranuclear cascaddC) model[1-4], where the (i) Initially, the nucleons of the two colliding nuclei that
reaction is simulated by a sequence of individual nucleonhave mass numberfsandB are ascribed the coordinates (
nucleon(NN) scatterings between nucleons. A lot of experi-Y;, andz;, where ki<A) and (;, y;, andz;, where 1
mental data at 1-4 GeV were well explained by such a <j=<B) in the rest frames of the corresponding nuclei. The
model, however, a systematic disagreement is found wheWood-Saxon density is used for nuclei with B=10, with
the degree, to which nuclei are destroyed is signififaag].  ParametersRa=1.07A"® fm and ¢=0.545 fm. In choosing
Possible causes are the absence of mean field and/or tHe nucleon coordinates, the nucleon core is includedwo
manifest Poincare covariance of the dynamics. Such effect§ucleons can be closer tharR2, R.=0.4 fm). In each
although pointed out in Ref$5,6,10—13 have not practi- nucleus, the nucleon _m(_)m_enta_ are sampleo_l according to
cally been tested. Therefore, in order to investigate thesg€'0-temperature Fermi distributions. The maximum allowed
effects, we perform here a systematic comparison of the ING €™M momenta of nucleons are given by
resu!ts with those of the relativistic quantum m_oleculgy dy- Pe=h[372p(r)]*3, 1)
namics(RQMD) model[14]. The latter includes, in addition
e e e e 2 ere(r) i the nucear censiy |
(ii) Taking into account the Lorentz contraction of the

particles.(Note that, although the kinematics are relativistic __ .~ . . .
! . ) o projectile nucleusA, the coordinateg; in the rest frame of
in the INC, the interactions are treated nonrelat|V|st|caIIy,,[he target nucleus are written asz,—z /y— R, /y—R
which breaks the Lorentz covariance of the theory. where vy is the Lorentz factor of theI rol'ejétile /?1u)clzleusB ,and
To ensure that the effects discussed here are not sensiti dyR h dii of th I _ProJ ved '
to model parameters, such as the different equation of stat(fgA andRg are the radii of the nuclei involved.
and the modified\ N cross sections, we shall concentrate, as t ('.")h'tb‘:! nucle.(t)r:lsthar.e aIIoweS to move frtee(ye.gl.,tﬁlong;l
in Ref. [15], on the inclusive proton spectra. More specifi—s. ra|g. ines wi elr rerzlspec_l\{e .mc;]men a ur? Id € refa-
cally, we are going to compare the INC and RQMD resultst've istance for one of the pairs,(j) has reached a mini-
with the experimentdl16,17, inclusive cross sections of the mum,
proton yield as a function of the kinetic ener@¥) at fixed
angles from 0° to 180° fop-C, C-C, and C-Ta interactions Amin< oot/ m, 2
at 3.3A GeV.
The paper is organized as follows: Section Il deals with avhere dpin=\/(by+ X —X;)*+ (b, +y;—y;)* is defined in
brief introduction to the formalism used in the INC and the three-dimensional configuration spalbg, and o, are
the components of the impact parameter vector and the total
NN cross section, respectively. In the rest frame of the target
*Permanent address: Physics Department, Faculty of Sciencaucleus, the time of possible interactions fg;=(z
Benha University, Egypt. —z)/v, wherev is the speed of the projectile nucleus.
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(iv) A nucleon involved in the interaction is treated as a The argument of the potential is taken as the Lorentz in-
cascade particle as soon as it undergoes its first interactiomariant squared transverse distance
After the firstNN collision has been completed, the time is

increased by, ; so thatz,—z+vt; ;. The possible interac- 2 _ 2 (gijpij)? ®)
tions of cascade particles with the nucleons of the target and i A piZJ. '
projectile nuclei are considered next. The time of possible
interactions is given by with g;;=q;—q; being the four-dimensional distance and
pij=pi+p; the sum of the momenta of the two interacting
(Ticiyk Vi) particlesi andj. qrj; is defined in a way that the squared
k=" 5 (3 covariant transverse distancgt; reduces to the usual

2
i squared distancazj in the c.m. system of the two particles

. . andj.
wherer;(j) =Ti()~r, I andv are the radius and velocity  ager having fixed the particle energies by the mass shell
vectors of thekth cascade particle, respectively. Of all pos- consiraints, the relative time of the particles are also fixed by
sible interactions, the one that is closest in time to the preg;_ 4 independent Poincare invariant time fixations

ceding interaction is chosen. The sequence of two-body col-

lisions is followed until the number of all possible eqi"}/Lc
interactions is exhausted, which is possible once the nuclei XiZZ ——q;jp;=0, i=12,...N=1, (6)
diverge or once all cascade particles escape from the nuclei. #1dij/Le

(v) At each collision, the final momenta are randomly ith L — t? der th ime fixati h |
selected taking into account the experimental differeMisll Wit LC_8.'66 - Under these time xations, the two col-
cross section with total energy and momentum conserved liding particles have equal values of their time coordinates in

(vi) Following the completion of the cascade process, thdn€ir ¢.m. frame in the dilute gas limit. _
masses of the residual nuclei are determined by product An Nth constraint relates the time of the particles to the
nucleons that have not escaped from the nuclei and nucleoff§ne evolution parameter,
that belong to the nucleA and B, but which have not been 50— =0 7
involved in interaction. Xn=pQ—7=0, @)

In addition to this picture, several features are added. . -~ _ _ I
First, pion production is introduced by considering the in-With p=p/p? p=3;p;, Q=1NZg;. The Hamiltonian is

elasticNN cross section. Second, the Pauli principle and theéd linear combination of the Poincare invariant constraints,

energy-momentum conservation are obeyed in each intra- N N-1
nucleon interaction. Third, the interdependence of projectile H=> MHi+ > AntiXis (8)
and target cascades is achieved through local correlations of i=1 i=1
density of nucleons from colliding nuclei, which result from

intranuclear collisions where the Lagrange multiplieds are determined by the fact

The parameters of the INC model were determined as that the complete set off2 constraints must be fulfilled dur-
ing the whole time evolutions. The Hamiltoni#8) gener-

result of an analysis of hadron-nucledsA) interactions . ;
[18,19. We do not change these values in our calculations2{€S the equation of motion,

The remaining details of the model can be found in R&}. N ~
It should be noted here that the above model is recognized ﬂ: ﬁ=2)\-p-—2 . ‘?_Vi i=1,...N
as the best model applied for smaller projectile interactions dr  dp; M Mopy I
with heavy nuclei in the intermediate energy range
(1A-10A GeV) [20,21]. dpp oH & v
—H=——=> N\—, j=1,...N. )
dr dq; =1 dq;

B. The relativistic quantum molecular dynamics model

In contrast to the INC model, the phase space in the!n Eq. (9), it is assumed that the time fixatiof§) do not

RQMD model is enlarged to dimensions(the positions affect the particle motion. The equations of moti@®) are
gi=(r;.t) and momentap, = (E; .p;) of the N particles as assumed to propagate the baryon during the reaction. The

. : : baryonic interaction by quasipotentials reflects the soft part
four—veptori [14]. The equations of motion are defined by of the baryon interaction in nuclear matter. If the quasipoten-

Mfals are set to zero, one recovers the free motion with the
correct relativistic kinematics as solutions of the equations of
motion. The propagation is combined with the quantum ef-
fects such as stochastic scattering and the Pauli blocking in a

5 similar manner as in the INC. In the RQMD, however, the

wherem; andV; are the mass and the Lorentz scalar quasi<collision part is treated in a covariant fashion. Therefore, all

potential for theith nucleon, respectively. Equatiqd) de-  quantities which determine the collision must be Lorentz in-
fines the effective baryon masses in a medium and simulategriant. In the RQMD, two baryons are allowed to collide if
the effect of the mean fields. their distance

fixations. The on-mass shell constraints are given by

Hi=p?—m?-V;=0, i=12,...N, (4)
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. Tror(SH2) p-C, C-C, and C-Tdat 3.3A GeV) interactions as a function
NVoamis Vo (10)  of the kinetic energy of protofiT) in various angular inter-

vals from #=0° to 180°. The data presented here are the
combination of the slow proton spectra with 005
<0.4 GeV at fixed angles fromd=0° to 180°[16] and the

In order to compare the RQMD and INC models pre-fasot proton spectra witfi>0.4 G_eV at angles fr(_)rﬂ=0° to
cisely, it is necessary to perform a comparison between thg0 [17]- The RQMDM sample is calculated with the repul-
experimental total cross sections and that used in the tw8Ve Part of the quasipotentigh Skyrme-type interaction is
programg Egs.(2) and(10)]. In Fig. 1, we show the-p (a) used with parz_imeter$z= —0.4356 GeV, ,8_=0.38§ GeV,
andp-n (b) total cross sections parametrized by the RQMDand y=7/6) acting between baryons only, i.e., with the5
(solid) and INC (small dashedmodels. In the same, figure and nucleon-baryon attractions turned off. This gives, as ex-
we show the corresponding experimental total cross sectiorfgained in Ref[21], a strong repulsion at high densities.
with error barg22]. For thep-p case, both parametrizations ~ Let us first focus on the proton spectra of slow protons
are identical and well fits the data for the whole energywith kinetic energies from 0.05 to 0.4 GeV at fixed angles
range. On the other hand, for tipen case, the RQMD pa- over the rang&=0° to 180°. This range of proton energies
rametrization slightly overestimates the INC one, in the reds selected to bring out the comparison between both the
gion 2.3</s<3.1, but both are essentially the same as theRQMD/C and RQMDM calculations and the data in the
data. target fragmentation region. As one can see, both the

In the numerical calculations, the RQMWersion 2.4is ~ RQMD/C (small dashed histogramsand RQMDM (solid
running in two modes, the cascade m¢BQMDI/C) and the  histogram$ can nicely predict the experimental behavior: a
one that includes the mean field effe@RQMD/M). In both  monotonic decrease of the proton spectrage® and C-C
modes, only options common to the features of the INGinteractions from 0.05 to 0.4 GeV in angular intervals up to
model are switched on. For example, the initial nuclei aresp°. Starting at 50°, the spectra fall rapidly as the kinetic
chosen to be of a Wood-Saxon type. The maximum allowe@&nergy increases. For C-Ta interactions, both the calculated
Fermi momentum is computed according to B9. The de-  and experimental spectra of protons fall off sharply to 0.2
cay processes of resonances with masses higher than 2 G&év and then flattens out in all angular intervals.
are neglected. Finally, pion absorption is taken into account. | et us now proceed to the spectra of fast protons with
ThUS, the differences observed in the final results of thEkinetiC energy above 0.4 GeV in the angu|ar interval from
RQMD/C and INC calculations are regarded as evidence 0h=0° to 90°. The group of protons witi>0.4 GeV in-

wherea,(1/s) is the total NN cross section at a given c.m.
energy of the colliding nucleon system.

the Lorentz covariance effects. cludes protons produced by the fragmentation of the projec-
tile nucleus and protons from the central rapidity region, that
IIl. RESULTS AND DISCUSSION can include protons from the fragmentation of the target

nucleus that have acquired a large momentum transfer as

In this section, we compare the proton spectra predicteqvell as protons produced by the fragmentation of the projec-
by the RQMDC, RQMD/M, and INC simulations fop-C, tile nucleus and retarded in the target. As one can see that the
C-C, and C-Ta collisions at 383GeV. The impact param- results of the two different RQMD calculations for the fast
eter for the calculateg-C and C-C interactions have been proton spectra agree with the corresponding experimental
selected from &b=<2 fm. For the calculated C-Ta interac- data for the studied reactions in the corresponding energy
tions, it is 0<b=<3 fm. The data used in the present com-and angular ranges. Nevertheless, systematic discrepancies
parison are from the survey papers of R¢i$,17. As was  appear for C-Ta interactions, the different RQMD spectra fall
done for the experimental data, the analysis of the RQBID/ off more steeply withT than do the experimental data in the
RQMD/M, and INC generated events exclude single-angular range fron®=10° to 70°.
charged fragments with>3 GeV/c. The systematic difference between the RQMD predictions

In order to study the effect of the mean field on the protonand the data for C-Ta interactions are better shown in Table I,
spectra, we compare, in Fig. 2, both the RQMDANd where we compare the values of the experimental fitted in-
RQMD/M with the whole experimental proton spectra for verse slope parametefg as a function of the specified an-
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i FIG. 2. The experimentalerror barg proton
10~ ke - inclusive cross section as a function of proton
: T} ; ) kinetic energy(T) for p-C, C-C, and C-Ta inter-
sl . s0-500 Tty 40-sc° N actions at 3.8 GeV in the angular range from 0°
10 S T T e e 3000 0 T e 1000 0 T T T T to 180°, as compared to the RQMB(solid fis-
R - (éev) togramg and .RQMDC (small dashed hIStO-'
. i gramg calculations. In order to avoid superposi-
L g0t (@ (e) cc £l cTa 3 tion of curves, only the histograms and the data
% ; PC 1 for the smallest angle in both the upgdéa), (b,)
e r 2 . 50-70° y and (c¢)] and lower[(d), (e), and (f)] panels, are
S 107k by sor0 ¥ REE given in absolute value. The other ones have been
% 3 . . ou . t multiplied by 10°2,1074, . .. for other angles in
:S o : ey, +7o_go° X ) o, ‘,,’ : increasing order.
© F 13- _ 3
! ] : i T ; s “70-90°
90-120° = 1
10 ; * 0~120° 1
1
1 120-180° 120-180° 1
10706640 700 04 0T AT ee T ey
T (GeV)

gular intervals with the corresponding RQMD valydg is  baryons used in the calculations. The calculation that pro-
extracted from the fitting of the invariant cross sectionduced the RQMIM sample for slow proton spectra yields
Ed®o/d®p with an exponential functionA exp(—T/Tg), smaller inverse slope parameters which gives results in much
whereA is a normalization factdr At each angular interval better agreement with the data for C-Ta interactions in all the
for slow and fast protons, the calculated spectra were fittedngular intervals. This may imply that without the Lorentz
over the range covered by the experimental data. As one cajovariance of the mean field, we can not correctly describe
see from the table, the slopes™f of slow and fast RQMD the intrinsic motion of nucleons, which is relatively low en-
protons spectra depend on the quasipotentials acting betweerngy phenomena in the fast moving nuclei. As for the fast

TABLE I. Values of the parametefg found by approximation of both the calculated and experimental
spectra of slow(top) and fast(bottom) protons in the C-Ta interactions at 3.%eV.

Ag° AT (GeV) Tg(Expt.) (GeV) Tg(RQMD/M) (GeV) Tg(RQMD/C) (GeV)

Slow proton spectra

10-20 0.075-0.275 0.1190.006 0.127 0.151
20-30 0.075-0.275 0.1180.004 0.118 0.136
30-40 0.075-0.275  0.105:0.003 0.107 0.127
40-50 0.075-0.222  0.086:0.003 0.088 0.107
50-70 0.075-0.222 0.064 0.004 0.075 0.089
70—90 0.075-0.222 0.0550.004 0.062 0.069
90-120 0.075-0.222 0.056:0.002 0.052 0.059
120-180 0.075-0.222 0.0440.001 0.043 0.051
Fast proton spectra

10-20 0.4-2.6 0.725-0.015 0.523 0.562
20— 30 0.4-2.6 0.446-0.011 0.322 0.344
30—-40 0.4-1.5 0.313:0.011 0.231 0.233
40—-50 0411 0.262:0.011 0.175 0.177
50-70 0.4-1.0 0.200:0.011 0.128 0.135
70—90 0.4-0.9 0.193-0.028 0.086 0.098
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proton spectra, both the RQMEI/ and RQMDCLC results al-  tion effect, which is inherited in the INC and disregarded by
ways underpredict the observég values, while the RQMD/ the RQMD calculations. This may indicate that the cluster-
C results yield a slightly largefg values. ization effect plays an insignificant role for the calculated

It should be noted that, in Ref$23,24], the RQMD energy spectra of the reactions considered abdve
model is shown to underestimate the proton spectra in the=50 MeV.
midrapidity region for SirAu at 15A GeV/c and AutAu at It should be noted that, a two step model based on the
11.5A GeV/c. The final proton spectra for the latter reac- QMD model (DQMD) [10] is used to analyze these data.
tions is found to be insensitive to dense matter effects, foCalculations with the DQMD model yield almost the same
instance, pion absorption, repulsive mean field, and modifiedesults as the INC. This may imply that the invaraint inclu-
cross sections. This may suggest that the central region isive proton spectra are insensitive to model parameters.
AA collisions at A—15A GeV/c cannot be explained by Finally, let us look for the effect of a covariant treatment
simple superpositions dfiN collisions. on the number of participant protons for the specified inter-

In Fig. 3, we investigate the noninvariance effects byactions. This is done in Fig. 4. Here, the angular interval
comparing both the RQMI and INC simulations with the dependence on the mean number of participant pratiigs
experimental proton invariant cross sections for the studieds shown by using the RQMEK/, RQMD/M, and INC simu-
interactions. As one can see, the INC calculations are itations. The number of participant protons is defined as pro-
agreement with both the RQMD/and the data fop-C and  tons with momentum 08p<3 GeV/c and >4° [25,26|.
C-C interactions. Only at 0°—10°, the INC predicts a slightThis number is used in Reff25,26 to measure the degree
(large excess of slow proton spectrd€0.4 GeV) forp-C  of centrality for the reactions under study. It is shown from
(C-C) interactions. At higher energie3 £0.9 GeV), the ob- Fig. 4 that, for asymmetricg-C and C-Ta collisions, the
served pattern is reversed, where the RQED&Nd the (Np) increases with increasing reaching a maximum at
datg spectra of fast protons are harder than those of the INC50°-70° and then decreases. As for symmg(i@ieC) colli-

As for the C-Ta interactions, the INC spectra fall off more sions, the(N,) has a maximum at 10°-20°, decreases with
steeply withT than do the RQMDZ (and the datmin the increasing & and then approaches a constant value at
angular range fromg=0° to #=90°, though at larger >70°-90°. The(N,) is larger in the most forward than in
angles, the INC results are in a good agreement with théhe most backward angles fqrC and C-C interactions,
RQMD/C (and the data whereas it is nearly the same for C-Ta interactions.

A systematic difference between the RQMDANd INC It is interesting to see that the RQMI/ shows more
calculations is observed for C-C and C-Ta interactions atN,) than the RQMDC. This is due to the fact that, with
very slow proton energiesT<50 MeV), especially at large potentials on, the particles feel some kind of repulsion, espe-
angles(see Fig. 3. This difference is due to the clusteriza- cially, in the compressed central zona {=50°-70° for
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“3 I - INC in Ref.[11], an unusual excess of the mean number of col-
Z, P ROMD/M lisions
<65 F --===-- RQMD/C :

It is interesting to notice that the noninvariance effect be-
comes significant only whe(N,)=2, which causes a large

i v R O et excess of slow proton spectrum for C-C interactions at
__________ 0°-10° and a steeper fast proton spectra for C-Ta interac-
2.5 E- CTa tions atA #<90°—120°. It is also shown in Reff5] that the

INC model overestimates the fraction of events with large
multiplicities of protons in AA interactions at 3A-
3.5A GeV. Therefore, we can conclude that the noninvari-
ance effect is primarily concerned with processes accompa-
nied by a significant destruction of nuclei at the first fast
stage of the interaction. This may illustrate that we have to
be very careful in applying the INC-type calculations, espe-
cially in heavy-ion collisions.

IV. SUMMARY AND CONCLUSION

We have calculated the inclusive proton spectrg-z,
C-C, and C-Ta interactions at 35eV as a function of
proton kinetic energy(T) in various angular intervals from
PC 0° to 180° using the RQMD and INC approaches.

First, we have discussed the effect of the mean field on
the slow (T<0.4) and fast 7>0.4) proton spectra. For this
purpose, the RQMD code is running in a cascade mode
(RQMD/C) and including the effect of the mean field
as a function of angular intervab (deg] for p-C, C-C, and C-Ta (RQMD/M). In the case op-C and C-C interactions, there
; ) ; . is almost no difference between the RQND/Aand RQMD/
interactions. The long-dashed, solid, and small-dashed hlstogramé .
denote the INC, RQMIM, and RQMDC calculations, respec- © results for_both slow and fast proton spectra at the speci-
fied angular intervals; they both agree with the correspond-
ing experimental data. For slow proton spectra in C-Ta inter-
actions, the RQMDZ results are in a good agreement with

the observed inverse slope parameterg)( The introduc-
other hand, the INC shows mo(&l,) than both RQMDC . . .

t f th fieldRQMD/M) has little effect on thd
and the RQMDM for all studied interactions at all angular lon of the mean fieldRQ ) has little effect on B

.. values, but gives results in much better agreement with the
ata. As for the fast proton spectra in C-Ta interactions, both
She RQMDM and the RQMDC always underpredict the
observedTy values, while the RQMDOZ results yield a

40 60 80 100 120 140 160 180
O(deg)

0.8 0 20

FIG. 4. The calculated mean number of participant protdi

tively.

C-Ta interactiong and thus it results in mor@N,). On the

the INC model are stronger than those predicted by th
RQMD model. It is also seen by comparing the RQMWD/
RQMDI/C, and INC results plotted in Fig. 4 with those in slightly largerT= values
Figs. 2 and 3 that the larger the valueg ), the softer the gntly farger 1g o L
proton spectrum is. This implies that the measurements do Second, we have |nves_t|gated the noninvariance effect,
not favor such a large number of participant protons for C-T&aused by the INC calculations, on the slow and fast proton
interactions, especially, in the midangular interval. spe_ctra for the mteraguons unde.r study. This |_s done by com-
The difference between the INC and RQMD¥esults has ~ Paring the noncovariant INC with the covariant RQMD/
its reason for the different treatment of tNeN collision and  calculations. For the slow proton spectra, the noninvariance
their time ordering in the two approaches. TH#l collision ~ €ffect is observed at 0°-10° ip-C and C-C interactions,
times are calculated in the INKEq. (3)] in terms of the time where an unusual excess of slow proton spectra is seen at
coordinate of an observational system common to all nucleT <0.4 GeV. As for the fast proton spectra, the effect mani-
ons, whereas in the RQMD/ each nucleon has its own fests itself in a decrease of the spectra in C-Ta interactions,
eigentime. Consequently, the time ordering of collisioncompared to the RQMY calculations.
events of the former is defined for a given observational Finally, it is shown that the mean field and noninvariance
frame. Also, the collision criterion in the INC is expressed ineffects are clearly seen when studying the angular interval
terms of the minimum distance in observational frafig.  dependence on the mean number of participant protons
(2)] rather than in the terms of/—quij defined (in the  ((Np)). Our analysis shows that the noninvariance effect in-
RQMD) in the NN reference system. This unphysical frame fluences both slow and fast proton spectra, whenever the
dependence in the INC calculations causes, as is also showWN ) in the corresponding angular interval exceeds 2.
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As the main conclusion of this paper, we would like to other hand, the disagreement between the RQMD calcula-
emphasize that for the inclusive proton spectra analysis, ongons and the experimental fast proton spectra indicates that
cannot use two-body interactions that have no covarianthe key mechanisms of the reaction dynamics are not well
form, especially, in nucleus-nucleus interactions. On theletermined.
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