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CURRI:NT KNOWLEDGE OF THE INTERACTHNS OF RELATIVISTIC HEAVY ICNS ':' 

Harry H. Heckman 

Lawrence Berkeley Laboratory 
Berkeley, California 

I hope to do justice to the rather presumptuous title of my talk by 

reviewing some experimental results that have given us some key information on 

the interactions of relativistic heavy ions. My topics are: I) The nucleus

nucleus interaction in nuclear track emulsions, II) Target fragmentation 

studies, IiI) Particle production in heavy-ion collisions and IV) Fragmenta-

'tion of relativistic 12C and 160 nuclei. 

I. Nuclear Emulsion Experiments 

(Ref: Cosmic Rays - Univ. of Lund and Univ. of Minnesota. 

Accelerators - LBL: Bevatron and NRL: PPA 

Measurements of the mean-free-paths for interactions in emulsion have 

lead, to the following conclusions: 

1) The M.F.Pls are independent ( ~ ± 10%) 

of kinetic energy in the interval 

().2 < E < 30 GeV /nucleon. 

1) The interaction cross sections are consistent with the 

Bradt-Peters (geometrical) relation 

(J = 
2 1/3 1/3 

TIro (~. + Ap - b) , where 

r = 1.20 to 1.26 f 
o 

b '" 0.5 

~~_ Target mass number 

Ap= Projectile mass number 

':'Work performed under the auspices of the U. S. Atomic Energy Commission 
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Emulsion experiments have been caI'ried out at the Bevatron to measure the 

projected angular distributions for Z=l and 2 secondaries produced by the 
P 14 .. 16 . 0 

fragmentation of -C, N, and 0 nuclei at 2.1 GeV/nucleon. At angle <5 ,the 

distributions show 3 strong forward peaking that correspond to transverse momenta 

widths ll(P~) 'u80 MeV/c for Z=l secondaries and "'140 MeV/cfor Z=2 secondaries. 

The (projected) angular distribution for 2=1 particles exhibits a broad tail, 

indicative of the presence of pions and protons with large transverse momenta. 

Cosmic-ray studies of the low-energy alpha fragments produced in heavy 

ion collisions (incident ions: Z ~ 3, E ~ 100 MeV/n) have shown that the alpha 

spectra cannot be accounted for by conventional evaporation theory. Increased 

nuclear temperatures, suppressed Coulomb harriers and recoil-velocity effects 

of evaporating residual nuclei cannot account for high-energy tail, E ~ 50 MeV. 

Some 28% of helium nuclei appear to be produced in other than evaporation 

process. 

By examining the net momentum of the alpha-particle evaporation products 

from target nuclei (where the incident cosmic-ray heavy ions are 3 ~Z ~, 26 at 

E > 1.7 GeV/n), emulsion measurements have shown that the mean forward velocity 

the of the residual target nucleus is < 8> = 0.022 « P II > = 21 MeV/c per nucleon, 

distrihution of P II being Gaussian in form,with a '" 90 MeV/c per nucleon.) 

Similar measurements have been made using beams of 4.5-GeV/c n- and 

protons 9<: E< 25 GeV, and it is found that <8> = 0.01 to 0.02 in all cases. 

The recoil velocities (momenta?) of the evaporating nucleus thus appears to be 

insensitive, to within a factor of two, of the energy and mass of the incident 

projectile. 

II. Fragmentation of Heavy Target Nuclei 

(Ref. LBL - Zebelman, Poskanzer, Bowman, Sextro, Viola 

UCB - Crawford, Price, Stevenson, Wilson) 

The production of light nuclei (He through 0) by bombardment of U and Au 

targets by beams of protons (4.9 and 5.5 GeV), 4He and 12C nuclei (2.1 GeV/n) 

have been studied by solid-state particle-identifier and plastic-detector 

techniques. A comparison of the energy spectra from a-particle and proton-induced 

reactions show the a-induced spectra for the secondary nuclei He, Li, Be, and B 

arc emitted from systems that exhibit higher nuclear temperatures and lower 

effective Coulomb barriers. As an example, the parameters required to fit the 

f 
7 . . spectra 0 Ll to evaporatIon-type spectra are: 
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Beam: 

.lJ \, 

Temperature * 
Coulomb barrier 

Velocity of 

Proton 

emitting nucleus, 

< B > 

* 

3 

(4.9 GeV) 4 He (2.1 GeV/n) 

10-15 MeV 12-19 MeV 

18.6 MeV 15.4 MeV 

0.005 < 0.01 

Higher temperature necessary to fit high-energy tail. 

,Preliminary experiments using Lexan plastic detectors to measure the 

differential cross sections for the production of fragments with 5 ~ Z ~ 9 

in ,reactions of 2.l-GeV/n l2C ions with Au target nuclei show strikingly 

enhanced production of Band C fragments at ener~ies above ISO MeV. Above this 

energy the spectra changes from roughly exponential in energy and isotropic in 

a forward-moving frame to an approximate power-law in energy of the form 
-n N(E) «E. The negative exponent increases with Z of the fragment, e.g. ~-2.7 

for B to ~ -5.0 for o. 
In general, the conclusions from experiments on target fragmentation 

are that it is not possible to fit the angular and energy distributions of 

fragments with E > ISO MeV using "thermal" models. Too, the kinematics of 

quasi-elastic processes cannot fit the data. The emission of energetic 

fragments from heavy target nuclei is a non-thermal process, strongly dependent 

upon the mass of the projectile. 

III. Production of Nuclei A~3 and Negative Pions. in Heavy Ion Collisions 

(Ref. LBL - Jaros, Papp, Schroeder 

Staples, Steiner, Wagner. 

PPA - Schimmerling, Vosburg, Koepke, Ifales.) 

Preliminary results from experiments on particle production at 2.5-deg. 

pab) from collisions of l>rotons, deuterons, alphas and 12C nuclei with targets 

of Be, C, Cu and Pb have led to the following conclusions: 

a) The rapidity distributions of the secondary nuclear fragments are 

eeaked at the rapi~ity of the incident beam. (The rapidity variable 

·is y=1/2 tn [(E + PI I )/ fE-PI I J] . 

b) The momentum spectra of secondary nuclear fragments and their 

production cross sections are independent of energy, 1.05 to 2.1 GeV/n, 

indicative of limiting .fragmentation. 
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c) The relative cross sections of the secondary fragments 

are independent of the target nucleus, consistent with 

the hypothesis of factorization. 

d) The cross sections for high-momentum proton production 

in d-and a-nucleus collisions and n - production in 
1/3 alpha-nucleus collisions have a (J 0:. Ar dependence, 

which suggests the production process is a peripheral 

one. 

e) The invariant cross sections for IT - production by 

protons 0.05 < E < 4.2 GeV) and alphas (E = 1.05 and 

2.10 GeV/nucleon) on Be targets form "universal" 

functions when plotted 
* *, 

variable KII/KII (max). 

tudina1 momentum of the 

center-of-mass system. 

as a function of the scaling 
* The quantity KII is the 10ngi-

out-going pion in the overall 

The cross sections for IT production above T % 415 MeV at 15-deg (lab) 

b 0 52 G V/ 14.. b h IT-b d f b F . y. e n N 10ns appear to e greater t an can e accounteor y 'erm1 

motion, using reasonable forms of projectile momentum distributions. 

IV. 12 16 Fragmentation ofC and 0 at Relativisitic Energies 

(Ref. LBL - Bieser, Cork, Greiner, Heckman, Lindstrom) 

On-going experiments on the O-deg fragmentation of 12C 

(E = 1. 05 and 2.1 GeV In) and 160 (E = 2.1 GeV In) nuclei in targets 

H, Be, C, AI, Cu, Ag and Pb are yielding information that pertain to the 

mechanisms of projectile fragmentation; the transverse and longitudinal momenta 

distributions of fraglnentation. products in the projectile frame, the production 

cross sections for all isotopes, and their dependences on beam energy and mass 

of the target nucleus. Based on a partial analysis of the experimental data, 

the characteristic features of projectile fragmentation at beam energies 

1.05 and 2.1 GeV/n are: 

a) The velocity of the beam fragments are approximately equal to the 

velocity of the incident ion. The momentum/hucleon of the fragments 

are ~ 0.1 to 0.5% less than that of the incident projectile, depending 

on the mass of the fragment. 
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b) The momentum distributions of the secondary fragments are 

Gaussian in the projectile frame. 

The widths of ° ° c) the Gaussian distributions, P II and P 1-' vary 

from about 90 to 180 MeV/c in the projectile frame. 
_ L 

d) Qualitatively, 0p ex: U;'(P-F)/pJ~2 , where P and F are the 

masses of the proj~ctiie and fragment, respectively. 

Systematic deviations from this relatiori indicate an (unknown) 

dependence of (JA on the mass of the fragment F. 
II 

I<PII >1'" 1/3 ° P II 
e) 

f) op II and < P II > are independent of target nuc 1 eus and energy in 

the range 1.05 to2.l GeV/n. 

5 

h) The modes of fragmentation and cross sections are independent 

of target mass ~ and beam energy for fragments AF' Ap -2, i. e. , 

when two or more nucleons are removed from the projectile. 

i) Assuming the cross sections factor according to op~ = Y~ YT, 

where the target factor is assumed to be of the form ATTI the 

cross sections for the production! of fragments 2 ~ AF ~Ap-2 

can be expressed as 0pi "" 'i ~ ~'" where 'i ~ is the cross 

section for the production of fragment F by projectileP on 

hydrogen nuclei. A satisfactory fit to the data can also be 

obtained by assuming a geometTical modelof the form 

j) 

F 
oPT 
r = 

a 

F 
= YpT 
1.26 f 

pp (A_l/3 A_l/3 
YT ' where YT = ro -1 +.y and 

and b
l 

= 1.88. 

Coulomb .dissociation via the giant dipole resonance is observed 

for AF = Ap -1 fragments, i. e., for single nucleon loss. The 

magnitude of this cross-section can be accounted for by the 

Weizs~cker-Williams theory for the virtual photon field of the 

target nuc1 eus . 
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