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Abstract 

A zero-parameter, c I assi ca I, many body mode I of reI at iv i s tic 

heavy-ion collisions is proposed. Inclusive proton cross sections 

from 250 and 400 MeV/n 20Ne + U, 400 MeV/n ~He + U, and 800 MeV/n 

20Ne + NaF collisions are in good agreement withthemodel. 
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ProtoM emission in relativistic 20Ne +.U collisions has been 

attributed by Westfall etal.i·to evaporation from a nuclear "fire

ball l' with temperatureTZ 50 MeV and recoil velocity S = Vic Z 0.25. 

Light. composite nucleus formation· has been explained .in terms of a 
2 . 

final ~t~te interactlon among nucleons or alternatively as thermal 

. . 3,4 f f' f· II emission rom a rre a . The idea that thermal equilibrium can 

be achieved ~ithin c~llisiontimes of z10~22 sec is difficult to 

believe. It is,. therefore,important to see if this is indeed a 

necessary assumption to obtain agreement with observations. For this 

reason m i croscop i c descr i ptl ons 6f re la t i vi St i c heavy i on co 11 is ions, 

which follow the timeevoli.Jtion of the collision, have been tried. 5- 10 

Mic~o~copic descriptions have generally only been able to reproduce 

the gross featlires.of the proton spectra, often differing at points 

by a factor of 10. A deta il ecf mi croscopi c mode I of heavy i on co 111-

sionswould be valuable .in providing a baseline of what is to be 

expec ted in the absence of any exot ie phenomena. In th is Letter I· 

will describe a classical many bod~ c~lculation of heavy ion colli-

sions I have developed that may fill this role. 

The central assumption of ~hiscalc~lation is that relativistlc 

nucleus-nucleus collisions may be treated· as a succession of free 

two-body nucleon";nucleon collisions.· The calculation proceeds as 

follows. At the beginning of each collision all nucleons are assigned 

randomly ch~sen posiiions 1n the projectile and target nuclei, which 

are assumed to be spherical with·diffusesurfaces. Similar·ly the 
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mOmentum, in the target or projectile frame, of each nucleon is chosen 

out of a Fermi distribution with Pf .= 265 MeV/c. Nucleons are . erml 

assumed to follow straight I ine trajectories and to interact at the 

point of closest approach if their separation d satisfies TId2 ~ a(E ) cm 

where a is the appropriate experimental nucleon-nucleon total cross 

section, which depends on the center-of-mass energyE . of the pair. cm 

If this condition is satisfied the scattering angle is randomly chosen 

from experimental elastic scattering angular distributions, tabulated 

by Chen. 11 Finally, both nucleons must have momenta satisfying the 

exclusion principle, P> Pf · . in the lab frame, or the collision is erml . 

forbidden. Scattering is assumed to take place in a potential well 
; 

of depth V = 45 MeV. The effects of refraction and reflection are o 

ignored. This simplification might be expected to distort the low 

energy proton spectrum, however there is no apparent systematic 

departure of the calculation from the data at energies down to 30 

MeV. Roughly 2000 nucleus-nucleu~ collisions must be simulated to 

provide meaningful statistics. This requires about 1.5 hours of 

CDC 7600 time for 20Ne + U collisions. 

One difficulty ~ith this calculation is .that there is no way 

to account simply for formation of light composite particles,which 

2 account for much of the emitted matter.. If these partlcles are 

formed by final state interactions then the observed proton spectrum 

will be moMfied from its pre-final state interaction or "primordial" 
. .. 6 
form. The primordial proton spectrum is given by 

(~;~E) ·1· d' I - L prmorla all 
(1) 

isotopes 
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where E is the energy per nuc 1 eon and the sum is over all isotopes. 

In practice only hydrogen and hel ium isotopes contribute significantly. 

Figures 1 and 2 compare the model proton spectrum with the experimental 

primordial spectrum from eq. (1) for 250 and 400 MeV/n 20Ne + U and 

400 MeV/n 4He + U. 1,2 In all cases the calculations reproduce the 

shape of the primordial proton spectrum with RMS fractional errors of 

about 25%. Roughly half of this error is due to counting statistics 

of the calculation at small cross sections. Note that the data have 

all been lowered a factor of three in Figs. 1 and 2 from the origin-

ally publ ished values. Recently the authors of ref. 1 have made new 

measurements12which show that thei r spectra for 20Ne + U -+ P + x at 

250 and 400 MeV/n should be lowered by a factor of 2 to 2.5. Although 

they have not y~t checked all their hydrogen and helium isotope data, 

or data for 4He + U collisions, thesewiJl probably be lowered by 

simi lar factors. This essentially el iminates any discrepancy between 

this calculation and the data. 

It is of some interest to know if the onset of pion production 

radically alters the nucleus-nucleus collision process. Figure 3 

compares the calcul~tion withdata 13 for 800 MeV/n 20Ne + NaF -+ p + x. 

The calculation yields relatively good agreement over a wide dynamic 

range despite the fact that it does not include pion production. The 

calculation does, however, systematically overestimate the data at 

high momenta. 

Figure 4 shows the relative frequency of multiple collisions for 

nucleons emitted in 250 MeV/n 20Ne + U colI isions. Koonin
14 

suggested 

that a major portion of the inclusive proton cross section for this 
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reaction might be explained by single scattering of nucleons. He 

suggested that tWo-proton azimuthal angle correlations would be a 

.sensitive probe of thts piocess. My calculation indicates that only 

13% of the emitted nucleons scatter only once, and that azimuthal) 

corr~l~tions due to nucleon-nucleon scatt~ring should be qoite small 

and woul d requi re an enormous amount of data to dete.ct. The average 

number of scatterings, N, is about five. This number is interesting 

for several reasons. A common approximation in previous cascade cal-

culations was to neglect interactions of cascade nucleons with each 

other. The approximation limits the value N can assume to N < 2. 

Clearly that approximation is not valid for nucleus-nucleus collisions. 

15 . Studies . of the appro~ch of a hard sphere gas to thermal equilibrium 

indicate th~t their energy spectrum can show some equilibrium features 

once N reaches four. Thus the ~ssumption of thermal equilibrium of 

the fireball model may have some Justification but should not be taken 

too I i terall y. 

There has been considerable interest in doing experiments that 

look selectively at central collisions of high energy nuclei. In 

order to do this a criterion must be establiShed for distinguishing 

central from non-central events. Calculations of the type presented 

in this paper will provide a useful basis for choosing a best central 

collision "trigger." For example, one centralcollisiol1 trigger that 

has often been proposed is that there be no remaining projectile frag

~ents, i.e. fast particles at small lab angles. Consider the trigger 

requirement that nocharged particles are within 5° of the beam axis 

from 400 MeV/n 20Ne + U. For this case the calculation shows that 
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77% of thetrigger~ com~ from ~he most central 30% of all the events, 

but the efficiency for triggering on the most central 30% of events is 

only 56%. Raising the trigger zone from 5° to 10° ~e~ults in 97% of 

the triggers coming from the i rlner 30% of all the events, but only a 

23% trigge~ efficiency. Clearly calculations of thi~ type are valuable 

in designing and interpreting results of triggered experiments .. 
. , 

It is of some interest to understand which assumptions are respon-

sible for the improved agreement of this calculation compared to 

previous mkroscopic approaches. There are four important features of 

this calculation, and no previous calculation contained allofthem. 

These ~eatures ar~, an exact treat~ent cit multiple scattering, rela-

tivistic kinematics,use of experimental scatteri~g ~ross sections, 
". " . 

and treatment of Fermi motion in the ta-rgetand projecti Ie. 

This calculation is in excEdlentagreement with'a single particle 

inclusive proton data ftom relativistic he~vy ion collisions at beam 

energies of 250 MeV!n and 400 Me~/n. Although this c~rculation does 

not inclu'de pion production, it accounts reasonably well for the pro-

duction of ptotonsin nucleus":'nucleus collisions at beam energies cif 

800 MeV/n. This calculation shows that the radical assumption tha~ a 

hot nuclear fireball 1,16 is formed in nucleus-nucleus collisions is 

not necessary to explain existing experimental results. 

I am grateful to P.B. Price for his careful reading of this 

manuscript. I thank A.M. Poskanzer for allowing me to refer to unpub-

lished results. This workwas supported by the U.S. Department of· 

.. Energy. 

-6-

" 



References 

1. G.D~ Westfall, J. Gosset, P.J. Jdhans~nj A.M. Poskanzer, W.G. 

2. 

Meyer, H.H. Gutbrod, A. Sandoval, and R. Stock, Phys. Rev. Lett. 

E, 1202 (1976). 

H.H. Gutbrod, A. Sandoval, P.J. Johansen, A.M. Poskanzer, J. 

Gosset,W.G. Meyer, G.D. Westfall, and R. Stock, Phys. Rev. Lett. 

37, 667 (1976). 

3. A. Mekjian, Phys. Rev; Lett. 38, 640 (1977). 

4. J. Stevenson, P.B. Price, and K. Frankel, Phys. Rev. Lett. 38, 

1125 (1977). 

5. A.A. Amsden, J.N. Ginocchio, F.H. Harlow, J;R. Nix, M. Danos, 

E.C. Halbert, R.K. Smith, Phys. Rev .. Lett. ~, 1055 (1977). 

6. J.R. Nix, Los Alamos preprint 77-2952 (1977). 

7. R.K. Smith and M. Danos, Proc.Topical Conf. on Heavy-Ion 

Collisions, Fall Creek Falls State Park, Pikeville, Tennessee, 

1977, Oak Ridge National Laboratory Report Conf. 77-602, 363 (1977). 

8 .. H.W. Bertini, T.A. Gabriel and R.T. Santoro, Phys. Rev. C i, 522 

(1974). 

9. A.R. Bodmer and C.N. Panos, Phys. Rev. C 12, 1342 (1977). 

10. L. Wilets, E.M. Henley, M. Kraft and A.D. Mackellar, Nucl. Phys. 

A242, 341 (1977). 

II. K. Chen, Z. Fraenkel, G. Friedlander, J.R. Grover, and J.M. Millerj 

Phys. Rev. 166, 949 (1968). 

12. A.M. Poskanzer, p~ivate communication. 

-7-



. . 

13. S. Nagamiya, I. Tanihata; S. Schnetzer, L. Anderson, W. Bruckner, 

O.Chamberlain, G. Shapiro; and H.' Steiner, Lawrence Berkeley 

Laboratory. Report· #6770. 

14. S.E. Koonin, Phys.Rev. Lett. 39, 680 (1977). 

15 .. G.A~ Bird~ Phys. Fluids~, 1518 (1963). 

16~ J. Gosset, J.I. Kapusta, and G.D. Westfall, Lawrence Berkeley 

Laboratory Repo'.rt #7139. 

-8-

. ;1 



Figure Captions 

Figure 1. Single p~rtic1e tnclusive cross section for production of 

protons in 20Ne + U collisions. The solid line is based on 

the calculations presented in this Letter. See text regard

ing the normalization of the data. 

Figure 2. Single particle inclusive cross section for production of 

protons in 400 MeV/n 4He + U collisions. The sol id line is 

based on calculations presented in the Letter. See test 

regarding the normalization of the data. 

Figure 3. Single particle inclusive cross section for production of 

protOns in 800 MeV/n 20N + NaF collisions. 

Figure 4. Relative frequency of multiple scattering of nucleons emitted 

in 250 MeV/n 20Ne + U colI isions. 
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