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_The.Landscape

. Recent studies Of.relatiyistic‘nucleus—nucleus'collisions have‘d'

:_-entered a wide domain of possible interesting'new'phenomena. In

order to examine the oosSibilities W._Sniatecki has_framed thev

discussion in terms ofvthe'Space shown in Fig. 1 of all heavy ion‘»

: energies and-masseS' The absc1ssa is the progectile energy 1n"¥

MeV/nucleon and the ordinate is the prOJectile mass plotted as Al/3

'The~shaded-bands define certain regions of fundamental parameters;

such that, when one ‘crosses a band, one iS‘confident that'the'under-

~ 1ying phy31cs w1ll qualitatively change As an example let us considerv

the vertical band at 40 MeV/nucleon which is 20 MeV/nucleon in the
center of mass for equal mass target and prOJectile. The quantity

20 MeV/nucleon is significant because it 1is roughly the average kinetic
energy of the nucleons in,the_nucleus (about’3/5 the Fermi energy),

it is approximately the energy’of'cold nuclear'matter_at twice_pornal'
density, and it corresponds to.the estimated speed of sound in nuclear'

matter. From this it follows that below 20 MeV/nucleon, one has



.

conventional nuclear physics: sub sonic¢, low temperature .where
compressibillty may be neglected, and the Pauli exclusion principle
dominates. Above 20.MeV/nucleon the Maxwell Boltzmann classical
limit ie approached and compre351ve effects must become 1mportant.vh
.It'is.conceivable'that the pile-up‘of nuclear density inxthe:overlap'
regionvcould lead tolaidewiee squirts of nuclear.matter,vor poesibly:
even to a process.analogous to‘shock waves in'ordinary matter{ No
effects of higher than normal nuclear density have yet been identified
'quite likely because suff1c1ently heavy prOJectiles at sufficiently
high energy have not yet been available.

In’ fact most of - the space in the figure 1s unexplored so far,
, except for the left hand side which has been reached with low—energy
heavy ion machines and along the horizontal axis.w1th high energy
proton accelerators. In addition; the Bevalac accelerator at the
Lawrence Berkeley Laboratory has made another'small region accessible_'
for the'lastvfew years, eince is has been accelerating heavy ions up
to argon at energies between 0.2 and 2.1 GeV/nucleon.‘ BeamICurrents_v
of Ne ions up to lO9 particles per second have been reached‘that’are .
sufficient for counter experiments with good statistics.i A proposal.i
has been made for an improvement program that will make beama'of
nuclei upfto uranium available with energies_which will then range‘frOm
50 MeV to above 1 GeV per incident nucleon. The full area of_Figf;l.‘
ranging from just ahove.the realm of traditional nuclear physiCS up into
the essentially relativisticvdomain would then be accessible. CIts
importancevis highlighted by a comment'by T. D. Leel which says that

physicists have concentrated on experimentswhichput a larger and larger
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amount of energy into a region with smaller and smaller dimensions;

Now we should investigate phenomena of high energy, high density, over

- large volumes.

The Experiménts

" So far,'with'the present Bevalac, one of the large expéfimental

programs has been concerned with peripheral interactions, in particular

with single particle inclusive SPetha ofbthe projectile ffagments.

In such reactions both target and projectile receive relatively little

' vexcitation'energy,.essentiallyretaiﬁingtheir identities, with their

products concentrated at the tatgét and projéctile velocities. Such

- reactions can be fairly well understobd3 in- terms of a fast abrasion
"step and a subseduent slow decay or ablation of target and projéctile,
.exhibiting the familiar statistical features. For the projectile

fragments it is probable that their relative cross sections are determined

in the second deexcitation stage of the reaction, while their momentum
distributions are dominated by the'removal of nucleons in the first stage.

Central collisions, on the other hand, lead to much more catastrophic

v ' , - . - 4
-events.  This is illustrated in Fig. 2 by a steamer chamber picture

" of the products emerging when an argon-projectile of 1.8 GeV/nucleon.

interacts with a lead nucleus. Such star explosions represent a significant

fraction (about 10%) of the total Ar + Pb reaction cross section. Note,

in particﬁlar, that no leading particle or even a projectile'remnant is,

observed close to zero degree scattering angle. Fast products are
distributed over the Whole'forward hemisphere; slower, high Z fragments

(bright tracks) are émitted into all of 4m. Nuclei are, thérefore,
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no# transparent - to gach dther‘even ét'theég energies; a'large‘fréction.
‘_ ofvthe incident longitudiﬁal_momentum is.transfbrmed.ihto'ﬁransverée.
momentqm.

Preliminary scanning of a»sampie of-streamef chamber exposures
of thé Ar + Pb system révéals,that the total muitiplicity of‘chéfged
partiéleS'ranges:up‘to about 130, suggesting tﬁat almoét a11 of the
prbtons of‘the»incideng-syétem (Z(PE) + Z(Ar)..= 100) are separated and
in addition, a large number of mesons are prloduced.~ SimilarvfeSUits
have been obtained from experiments employing nuclear emulsiohs.5 There
is a continuous tranéition ffom low multipliéity to‘extremeiy cataétrophic.
events}.suggestihg that the oBsefved multiplicities reflect.the transitioﬁ
:from peripherai to central impact.pérametérs, Other daté have been
obtained with AgCl érysfais.é

Recently, spectra and angular»diStributions ofvhigh.eﬁergy p?qtons,_
deuterons, tritons, 3He, aﬁd‘4He frégments; eﬁifted in high'multiplicity'
events, have been measu?:ed.7 The compqsité'particlesléan be undgrstéod
as being formed by éoaleécence of nucléons‘in‘élose proximity in

mpmentum space due to final state interactions. - It appears, therefore,

b

that the emission of nucleons and pipns most directly refléct the ‘
priméry interaétion mechaniSm. _Among tﬁe'pbssibleiébservable quahtitiés,
only the ﬁultiplicity and the single'particle inclusive spectra are
.easily obtained from experiﬁent; As indicated by the streamer chamber:
picture, a high scanning effort énd/or eiéborate detector arrangemenﬁs
afe_necessary in order to analyze moré exclusive observables such:as

the total amoﬁnt of transverse momentum or spatial corgeiations‘of

the  fragments.
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iThe Non-Trivial Physics

Because of the eomplexity of the problem the ekperiméntal search

for qualitatively new phenomena may be helped by first performing a

_calculation'under'the assumption that "nothing unusual" is happening.

~ This may be studied in an intrauucleat cascade-caleulation -where the -

only ingredients are the free nucleon-nucleon cross seetions, properly

folded with.the single particle distributions of position and momentum

.in -the projeetile‘and target. Such cascade calculations in‘their.

simple forﬁ) may accentuate the'non—triviei featUresAof the reaction
thruugh comparisou_with experimentalrdeta; |

'ihé non-trivial consequences willvptobably be identifiedeith
collective effeets due‘to nucieet matter at extreme dehsitiesvand/or‘
temperatures. Such conditions are probably realikéd in the fat'intériot

of neutron stars. . The theoretical approach most actively inVestigéted

- thus far to incorporate collective effects is relativistic nuclear

hydfedynamics8 utilizing an equation of state. This;equatioh is

represented by a function relating the mean free energy per baryon -

. to the baryon density -and temperature.  Its qualitative features at

equilibrium for zero temperetute are sketched in Fig. 3..'The.equation

of state at densities above twice normal can be affected by first

order collective phaéeAtransitions to Lee—Wiek abnormal mattetl or
density_isomers? or second order transitions to a pion éondensetetg
In the ebsehCe:of such effects 6nerwou1dAexpeet‘the'energy to tise
monetonicelly_with density. The preesure in hydrddynamital mouels is

proportional to the.first derivative of the energybper particle with_

respect to density; a possible‘change to negative slope above twice .
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E ﬁprmél dEngitvaoﬁld;imply nggative pressuré;'e.g.,:cdndensaﬁién to
abnotmaiimattef 6r denéifyvisémérs; and ﬁ§y theréfdfe drastiéally ‘ H _- L
' changé the dévelopmeht_iﬁ fihe ahd.fhe.deéay.pattern 6fvthe nuéledns
in the interactioh'fegion.lov_In.hYdrodynamicél aescriptions éf
centfél'coliisions local compression should reach}up to considerably |
more thanktwice’normél density.ll‘ Hoﬁéver, ithis stillvunclear'whether
vthere will be énough-fast Eherﬁalizégion:Affenergy and mbmentum, at |
1ea§t loéaily; to makgﬂan equilibfium model aﬁélidable;v Fur:hérmofe;
‘the ﬁucleaf temperature may be locélly of the ordérgof_IOd'MeV,ll which
might:hinder the phaég_trénsitions or'tendér'their effect léss obvious |
tﬁén indicated by the zero temperature'qurVe'éhown iﬁ fig{ 3. At
ﬁheée femperatures a large.ffaction'of the nuCleops are excitedltq
iéobaric staﬁés;ll aﬁd even ééncepts of limiting‘hadronié'témperature'
-7ﬁay become‘impdrfént; " These probiéms are ﬁeiﬁg intensely diséUséedf‘
at thé present time. -The hopé.is;that the particles emitfed from central
relativistic heavy ion coiiiéions migptvcarfy.ihformatiéﬁ peffinént to
Vnuclear.matter at high densit&vénd temperatufe. Most<probébly the
inﬁéreéting data will be in the regiqh of high fransverse momentum and
with longitudinal momenta intermediate betWeeh.tﬁoée of thé préjectile
and the target.

Referfing.back to Fig. 1, it can be'éeenﬂthat one is just bégiﬁhihg
vto push into’whoie new regionvaheré qﬁalitatively nevahysics héé“
to become important. Tﬁe main ;hruét béﬁind ﬁhe studyléf central -~
collision is to léarn something abbuf nuclear matter at'highvdeﬁsicy
and-teﬁperature; possibly expreésed in terhs of its-equation‘of statef

The initial gropings, both experimentally'and theoretically, highlight



' fthe novelty and the excitement of the field. The present state of the
_work can be descrlbed by saying that one is cutting away the grass in

order to‘search for the:flowers.
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Figu?e Qgﬁtions
; Fig.'ll 1Aﬁ atte@pt‘by W. Swiateéki’té plaséify différent_phenoméﬁé-
| accofd;ng to thé‘energy/nucleoﬁ.;nd mass.numbei offﬁhevpréjetfiié.f
(Fop.defiﬁipeness th§ target maés is.thought of'as'being
:comparabie to thevpfojectile masé})‘,The three‘characteriStié
center—qf-massvenergies of 2d MeVQ 140 MeV and 930 ﬁéV ﬁer
nucleon are estimatés of.where.the sUb—sonic,_superfsénic,
mesonic, and relativistic.doﬁains merge into eacﬂ.othér. Oﬁ
the Verticalvscéle macroscopié ﬁhenomena-coﬁe info prominéncé
“when Al/3>>.l. (The band at Z:N 1/2 (170)‘is méant.ésra
remaindef §f the‘qualitative chaﬁges-that-may~be‘exﬁected wﬁen_
‘twice Z times tﬁe:fine structure constant bégiﬁs to be large -
compafe& to unity.) ’ |
' Fig. 2. A streamer chamber bhotdé of a“collision of a 1.8 éeV/ﬁuclebﬁ
| argonéznucleus.eﬁtering from thé left, with é lead target.
‘ _Fig; 3. Sketch of the free energy ber nucleon vé. nucleaf ﬁatter'
| density in units of the'equilibrium density p_. ‘bnly‘ﬁhe point
for normal nuéiear matter'is weli kpown. Theaéﬁrvaturé in'
’thisAregidn‘is detérmined by eétimates of ﬂpclear compressibility.
ihe dotted lineé'at high densiﬁy indicate posgiﬁlg effecgs of

pion condensation, density isomers, and Lee-Wick condensation. .



A

A «Sub'sro,nic_ S Supersohic_ - Mesonic | Relkdtivisfic

57—"Xe' .
. -_-Kr'..--:

Macroscopic

- {-Ne-

1 4-H-

Microscopic

~2:(20MeV) | ~2:(930MeV)
o '  ~'2.(|40 MeV)_ o

. XBL754-2816

-ovj"



SHPP8-179L 49X




-12-

c22e-49278X

.... ..... Co_howcmncoo
oo-o .o..‘(\ xo_;lmml—

OQ /d = ..u. _m ..... N_ ,\.\
...O. .. ... 0..‘ v

¢ 83

13]9NU [DWION

hmEO.m_ ;
%:wCQD

/
CO._.—nvaQUCOU

®

O
{

(O5Lid).2

(V//\ew)




This report was done with support from the United States Energy Re-
search and Development Administration. Any conclusions or opinions
expressed in this report represent solely those of the author(s) and not
necessarily those of The Regents of the University of California, the
Lawrence Berkeley Laboratory or the United States Energy Research and
Development Administration.




L R -

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



