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Abstract

A zero-parameter, cla$sical; many body model of relativistic
heavy-ion collisions is proposed. Inclusive proton cross sections
~ from 250 and 400 MeV/n 2°Ne + U, 400 MeV/n “He + U, and 800 MeV/n

20Ne + NaF collisiohs are in good agreement withkthe_model.
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l“ProtOndemission fn‘telativistic_ZQNe +.U-collisions has been

attributed by Westfall ét al. "to evaporatlon from a nuclear “flre-
.Vball“ with temperature'T.z_SO MeV and recoil velocjty B=V/c z 0.25.
Light composite ﬁud]eusvfofmation~ha5'beed explained in terms of a
‘final state lnteractlon among nucleons2 ot alternetively'as thermal
vemnssnon3’h from a firefall. The idea that thermal equilibrium can
~ be achleved w}thin'ebilisionftfmes of =10722 sec'is'difficuit to
Believe.l It fs,_therefere,ﬁimpoftant to see if this is indeed-a
nece§sar9 aSsumptibn:to'Obtafn agreement wfth'oeservatiods. For this.‘
teason mlcroscoplc descrlptlons of relat;vustlc heaQy lon colllSIOns,.
- which follow the time- evolution of the collision, have been tried. th ]O
‘Mlcroscoplc descruptnons have'generally only been able to reproduce
the. gross features of ‘the proton Spectra, often differing at ponnts
by a factor of lO A detailed microscopic model of heavy ion. colli-
_SIons would be valuable in provndlng a basellne of what is to be
.expectedA;n the absence of any exqtlc phenqmena. “In this Letter I
will describe a classical many bddy.ca]culatiod of‘heaVy-ion'COllif
sions | have developed that may‘fillithis role.. |

The'centtal assdmption Qf-thfé”calcdlation is that relativistje
_nueleusenucjeus.collisions mayibe treated'eé e’succeSSiqnaef free
two-body'nuc1eon€hu¢1eon co]lisiods.*'The ealculetion proceeds ‘as
: fngon. At.the beginning-of each‘collisTOn all'ndcleone are assfgned
fandomly.ehesen_peeitiohs in the.prejectilevand target nuclei, which

. are aséumed:te be_épherical with'diffuse_sqrfeees. Similariy_the



out of a Fermi distribution with P

"point of closest approach if their separation d satisfies ﬂdz < o(E )

momehtUm, in the target or projectile frame, of each nucleon is chosen

fermi = 26§_MeV/c. Nucleons are

: assumed'to follow straight_line trajectories and to interact at the

cm o

_ where o is. the approprlate expernmental nucleon-nucleon total cross

sectlon, whnch depends on the center- of mass energy E cr of the pair.

If this condltuon is sathfled the scattering angle is randomly chosen
from experimental elastic scattering,anguiar distributions, tabulated

o by’Chen.]1 Finally, both nucleons must'have momenta satisfying the

exclusion.prihciple, P> Pearmi I .the lab frame, or the collision is

forbidden. Scattering is assumed to take place in a potentlal well

of depth Vo = 45 MeV. The effects of refraction and reflect1on are

ignored. This sfmplification might be expected to distort the low

energy proton spectrum,_however there‘is no~apparent systematic

: departure of the calculatlon from the data at energles down to 30

" MeV. Roughly 2000 nucleus~- nucleus COIIISIons must be simulated to

provide meanlngful statistics. Th|s requires about I.S_hours of

CDC 7600 time for 2°Ne + U collisions.

One difficulty with this calculation is .that there is no way

.todaccount simply for formation of Iight oomposite particles, which

account for much of the emitted matter.g If these particles are
formed by final state interactions then the observed proton spectrum
will be modified from its pre-final state interaction or "primordial

for"ni.6 ‘The primordial proton spectrum,is‘gfven'by

AT _ d%o(z,A)
(deE T W 2 7 | (1
‘primordial all . «
' isotopes



where E is the ehergy per_nucleoh-and the sum is over all isotopes.

In préCtice'bnly hydrogen and helium isotopes contribute significantly.
vFigures_l and 2 combare the‘ﬁodél proton spectrum with the experimental
ﬁrimdrdiai spectrum from eq. (1) for 250 and 400 MeV/n 2%Ne + U and

400 MeV/n “He + U.1*2

In ali cases the calculations reproduce the
shape of_the’primdfdial proton Spectruﬁ wi th RMS fractional errors of
.about 25%. Roughly half of‘this error is. due to codnting statistics
of the calculationbat_Smail cross seCtiohs. Note tﬁatuthe data'havé
all been lowered a factor of three in Figs. 1 and 2 from the origin-
'ally publishéd'vaIUes. Recantly'the authors 6f-ref. 1 have made new
measurementg%which show that their spectra for 2°Ne + U > p + X at
250 and 400 MeV/n should be lowered by a factor of é‘to 2.5. _Althbugh-
they hanxnot yet checked all their hydrogen'and helium isotope data,
or data for “He + U:collisioﬁs, these.wi]i probabjy be Iowered by
simiiar factors. This essentially gliminates any discrepancy,bgtWeen
fhfs calculation and the data. |

It is éf some interest to know if the onSet‘of_pion production
radically aiters the nucleus-nucleus collision process. Figure 3
compares the calculétioh with data'> for 800 MeV/n 2ONe + NaF + p + x.
The calculation yields rélatively good agreement over a wide dynamic
range'desbité the fact that it does not include pion production.  The
.calculation does, however, systematically ovérestimate the data at
higﬁ momenta.

Figufe L shows the relative frequency of multfple.collisions for
hucleons emitted Tn 250 MeV/n 20Ne + U collisions. Koonin]h suggesfed

that a major portidn of the inclusive proton cross section for this




‘reécfion might be explained by single scatteringiof nucleons. He
shggéstéd that tWo¥pro£6h azimuthal anglelcorrelations wbu]d bé a
-fsenSitivé ﬁrobe‘of_ﬁhis pkbCesg, My calculation indicates that only
13% of the emitted nucleons-scatteriohf?lonce, and that azimuthal ,
correiatioﬁs due to hdcléon;huc1eon scattéfing shqufd be qufté small
and would redﬁiré»anvgnormbﬁs améunt of data to‘detecf. The average
‘humber of -scatterings, N, is about ffve. This ﬁumber is ‘interesting
for several reaédns. A common apprqximétioh.fn prévious céscade cal;
-éulatioﬁs was to neglect interactions of éascade‘nucleons with éééh
other. The aﬁproximation limits the valdé»ﬁ can assume to N < 2.
Clearly that approximation is not yalid fér nucigus*huéleus collisidhs.
,Studies']'5 of fhe.approach'of a hard sphére gas to thermal equilfbrium
,indicaté.that their energy Spéctrum can_sﬁqw‘§ome eqﬁilibrfum features
| oncéfﬁ.feacheé_der. vThu$ fhe assumption:ofvthermal equilibrfqm_of
the firebal1'model may have some jusfificafion but shoqld nét be taken
téb‘literé11y. | | |
There has been cpnsiderable_intérest in doing experiments  that
look sefective]y at ééhtral coilisions of high energy nuclei. In
order to do this a criterion must be established for distinghisﬁing
central from'non4central events. Calcgiatiohs _of the type presented
in this paper will provide a useful basis for choosing a best central
eo}lision “trigggr.”, For exéhple, one central;collisidn triggér fhat
" has often been proposed is fhat there be no remaining projectile frag-
ments, i.e. fast pértic]es at small lab angles. Coﬁs?der the'triggef
réquiremeht'that no;charged'partic}eé"are'within 5° of the beam axis

" from 400 MeV/n 20Ne +U. For this case the céfcu}ation shows: that



f_77% of the'trigéerS'come'from the most central 30%Iof'éll the évents,v_
;but fhe efficiency fo} triggering on the most centrél 30% of eQents is
only 56%.  Raising‘the trigger zone from 5° to 10° results in 97% of
btﬁe trfggerélcoﬁing froﬁ'the_ihﬁer 30%'§f'ajl the events, th only é
.23%_trfggef:efficiency._ Clearlyicalculétions of this type are valuable
in designing éﬁd iﬁtefpretjng.results of trigééred_experiments,_'

It is of $ome‘?nteres; to understand which assumptions are'resbon-
sible for tﬁe‘imprbvéd:agréemeht of this caiﬁulation combaked.to
prévfdué mfcroscépfé apﬁroaches.' There are four important features 6F”
:thié'éalcuié;iqn, and np‘previOUS calculatidn chfained alfldf-them.
These'féé;ures afé, an exaétvtréatment of mu]tibje scattering, rela-
fivistic kinematiés,Tusé'of:experiméntal scéftérihg éros§~section$;.
éﬁd“ﬁféatment of Fermi hotioh in thé taréet;aﬁdvbrojéctile.

! This_;alculatidn is in e*céllenf.agreémeht with\a'single baftiéle
ihtju;iyé‘préfon data:Fer.re1ativi§fic heayy ion cdll}sions at beam
energies of 250fM§V/n ahd 5b0 MeV/H. Aithbugh.this calculation AOes 
hdt include pion_productibn, it'accoynt§ reé§;nably Q¢ll for.the pro-
duction éf pfbtdns 1n‘nﬁcleus4nucléds col]isions‘at beaﬁ energie§ Of

- 800 MeV/n. THTS éaICUIation shdws that_the radical assuﬁptipn thatla
hof ﬁuclear fireballj’16 is formed.fn-nQCIéus-nuCleus'collfsions is
not.necessary_to expléin exigtiﬁg.experfmental results.

| amlgratefulffo P.B. Price for his careful reading of this

‘ﬁaﬁusckipt; _I thank.A;M. Poskanzer for aliowing me to refer to Unpub-
1i$hedvrésulﬁs. This work was guppérted'by_the u.s. Departmenf of -

“Energy.
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Figure Captions

Figure 1. angle partfcle inclusive cross section for‘production of
|  profons fn 20Ne + U_éollisionﬁ. The solid line is based on
thevcaICulations’preseﬁted in this Letter. See text regard-
- ing the normalization of the data.

~Figure 2._ S?ngleApartjcle inclusive cross section for production of
protons in 400 MeV/n “He + U collisions. The solid fine is
basedVOn;calculétions-presented'in the Letter. See test
regarding the normalization of the data.

Figure 3. Single particle ihclﬁsive cross seétion for.production of
protons in 800 MeV/n 2°N + NaF collisions.

'Figu}e.h.vnglatiVe frequency:gfvmultiplevscattering of nucleops emittea

in 250 MeV/n 2°Ne + U collisions.
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