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-, _Particle Correlations in Proton—Nucleus and Nucleus—Nucleus Collisions
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' and "
Department of Physics, Faculty of Science,
University of Tokyo, Hongo, Bunkyo-ku, Tokyo, Japan

Abstract

Experimental studies on particle correlations in proton-nucleus and nucleus-
nucleus collisions at beamn energies of 1 -2 A'.GeV are reviewed. Data are categorized
into two types. One is those which provide fundamental information on the basic
reaction met_:hanism. For example, the nucleon mean free path, the interaction radius,
the fraction of the directbknock-o\ut component, the pion-to-proton ratio, and the role
of cluster in backward prot_on emission have been studiéd. The other is the dét‘a that
have not yet been explained within tf-lé framework of orihodox theories. Hints of
hydrbdynamical flows are observed in these data. Finally, future experiméntal ‘

possibilities are discussed.

The work was supported by the Director, Office of Energy Research, Division of
Nuclear Physics of the Office of High Energy and Nuclear Physics of the U.S.
Department of Energy under Contract W-7405-ENG-48. It was also supported by the
INS-LBL Collaboration Program. . ‘
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INTRODUCTION

The research goai 6f high-energy nucléar collisions is to study the'prdperties of .
highly excited, dense nﬁclear matter. With heavy-ion beams at Epeam, N 1» A'GeV we have
a chance to compresé huclear mat.ter_' to density higher than pg (~ 0. 17 fm~3) or t.o. heat
it to temperatures higher than the nucleon bindihg energy (16 MeV), whereas with |
elementary particle béams the creation of such hot, dense nuqleaf ma;t_ter is not '
possible. So far. active experimental and theéretical sfu&ies toward this goal have
b_eén undertaken both at the Bevalac in Berkeley and at the Synchrophasotrori in

Dubna.

Actual.experimental signals from high-energy nuclear collisions are, _hbwever. very
cornpiex. Fig. 1 shows a st:reamer chamber photograph from 1.8 A-GeV Ar + Pb
collisions.! More than 50 charg'ed-pavrticle tracks aré obsefved‘there. Irnme&iately we
notice that two major, imporiant tasks'a;re_ called for. The first task is ‘t'o understand
the basic reaction mechanism thét determines various featl;lr'es of particle emission,
such as energy and angular distributions, multiplicity, rate of ﬁ;rtiéle production,
projectile ;ﬁd target mass dependences, beam-energy depéndenc_e. ete. ‘FoAr this
purpose inclusive data have been used extensively.?=¢ Ih spi‘te of rich info.rmation"
contained in thesé inclusivé data, it is rather obvious that the‘entire picture of high-
énergy miclea‘r collisions cannot be extfacted from these data alone. In the presence
of 50 charged pérticles, the single-particle inclusive daté detect only a limited portion v '
of 'the'event.s.. Clearly, measurementé of particle correlations are needed. In this
article we describe first to whéi exte;nt we have understood the basic reaction
mechanism from measurements of particle correlaiions.

The second importaht t.ask is to extract new phenor;nena and/of nﬁew dynan:iic.aél
modes from the data. Here, it is important to ask wh’e-ther the daia ‘contain signiﬁcaht
deviations from what vv;e hormally expect from orthodox theorié‘s‘ that des"cribe the

basic reaction mechanism. If deviations were detected, then we can ask how and why



these deviations are generated and hovir they are explained. During the last few years
ambitious programs to search for such deviations have been developed from
‘measurements of both inclusive spectra and particle correlations In 1nclus1ve spectra
~ the detection of subthreshold meson production,’~!! superheavy fragment
production, % 18 or the particle production at around the absolute kinematical hmlt14 18
has ‘been tried, but no significant information on the new phenomena has been
obtained Two puzzles that have been explored so far in incluswe spectra are a too |

18.6.17-21 and too short mean free

large entropy observed in the deuteron-to-proton ratio
paths of projectile fragments in emulsions.? These subjects have been reviewed
elsewhere.z-23 On the otner hand, the data of particle correlations have shown hints of
‘massive nucleon flows. In this article we discuss this last topic. A

‘We also discuss proton-nucleu‘s collisions. Since nucleus-nucleus collisions are so
complex. th'e study of a much simpler system, proton + nucleus, oft.en helps us to |
understand them. Speciﬁcally. the m’echanism of.backward proton emission in
proton—nucleus collisions is discussed in this article, since it prov1des useful

information on the mechanism of particle emission far beyond the free nucleon-

- nucleon kinematical limit in the nucleus-nucleus collision.

In Sec. 1 the measurements of (1) the mean free path (A) of protons inside the _
nucleus and (2) the interaction radius (®) of the nucleus-nucleus collisions are |
described. These two macroscopic variables are the most basic quantities that

‘determine tbe dynamics ‘of_ nuclear collisions; In Sec. R the experimental ev‘idence of
the direct and multiple-collision processes is discussed. This study rev_ealed the non-
equilibrated nature of high-energy nuclear collisions. In Sec. 3 the data of multi-p_ion
production are reyiewed. The mechanism of secondary-particle emission has been |
clarified from these data. In Sec. 4 the data that have not been explained up to now
are- summarized and discussed, These data addressed the fundamental question ofl v
whether nuclei ﬁovi'. It may be these data that will shed light on future studies of the

physics of hot, d'ense nuclear matter. In Sec. 5 the current experimental efforts in the



kine‘matic‘al limit are described, in both proton-nucleus and nucleus-nucleus collisions.
Finally in Sec. 6 future possibilities and my personal opinions about the study of high-

energy nuclear collisions are discussed.

1. MEAN FREE PATH (\) AND INTERACTION RADIUS (F)

In nuclear collisions at béam energies of around 1 A Gev thé dé Brogiie wavelength

of incident nucleons insi’de the brojectile is about 0.3 fm (in the nuéleoh;nucleon c.m.
frame) which is muéh shorter than t.he. 'typical. internucleon distance (d ~ 1.8 fm). This
fact implies that the projectiig ‘nucleons wﬂl recognizé the individuality of target'
'nucleons. Consequently, it ié likely that individual nucleoh-nucleon intéractions. rather
than the interactions through mean fields, determine the basic dynamics of high- |
energy nuclear collisions. In this case, £he mean free path (A) of nucleons inside the
nucleus and the interaction radius (R) of ﬁuclear collisions are the two important
maéroscopic quantities which detérmine the major featufe pf reaction dYnaniics.
If A » R, then each nucleon experiences at most one nucleon-nucleon (hereafter
called NN) cbllision. and consequently the nuclear collision is described as a sirﬁple
s-uperposition of single NN colhsiong withoqt any rescatterings. This is c'alled the
direct limit. On the other hand, if A < R, then each nucleon experiences successive
multiple collisions, and the available kinetic energy tends to be shared among all _
participating nucleons. This is called the thermal limit. Many theoretilc‘al models to \

- describe either the direct®~% or the thermal3! 3 limit have been reported. In order
‘to study the actual situation, however, it is very important to determine

experimentally both the values of A and R.

study of particle emission into a kinematic-region-far-beyond the free nucleon-nucleon



1.1. Determination of A

First we describe recent measurements of two-proton correlations in proton-
nucleus collisions.** The e‘xperiméntal layout is shown in Fig. 2. Four sets of detectors
(called the U (up), D (down), R (right), and S) were prepared. Among these the first
three are the piastic-scintillator telescopes which were .placed at ¥ = 40° with respect
to the beam direction. The last one, S, is the magnetic Spectrometér. Although the
spectrometer was rotatable from ¥ = 15° to 110°, the angle was fixed to 40° in this
particular experiment. In azimuth the angular separation between two neighboring
counters Ay was 90° Integrated counts of protons .with Ep = 200 MeV were méasured
by the three telescopeé. On the other hand, the .proton enérgy distribution in the

energy region of 50 MeV < E;, <1 GeV was measured by the spectrometer.

Fig. 3 (a) shows inclusive proton spectra from p + C collisions at E'Beamv= 800‘ MeV.
A sharp peak is observed at forward angles (< 20“) primarily dﬁe to proton-proton (pp)
or proton-neutron (pn) quasi—elvastic scatterings. | However, at large angles no peaks A
are obseryed. The 40° spectrum from the same reaction was stgdied in more deta;il' |
from two-proton coincidences, as shown in Fig. 3 (B). If the coincidence between S and
R (in-plane coihcidence) was take‘h. the proion spectrﬁm measured by S s_howed a
very-clean ;;eék, At the peak the proton energy is about 400 MeV which is exactly what
is expected from the pp quasi-elastic scattering process. On the bther hand, no

structures are observed for S- U or S-D (out-of-plane) coincidences.

Target-mass dependences of the yields due to quasi-elastic scatterings are plotted
in Fig. 4. Fig. 4 (a) shows the mass dependence of inclusive yjelds at 9 = 15° due to pp
or pn quasi-elastic scatterings. These yields can be evaluated easily at forward angles, .
as a sharp peak is observed in the inclusive spectra (Fig. 3 (a)). The yields are
proportional to A* with a ® '1 /3. Fig. 4 (b), on the other hand, shows the target-mass
dependence of two-proton in-plane coincidénce yields from pp quasi-elastic

scatterings. The cross sections were evaluated from the in-plane-coincidence data at

~Q



40° from which were subtracted the out-of-plane co1nc1dence data. For alight-mass— — —— — -

target the cross section increases as the target mass increases. However, it reaches a
maximum at A ~ 50 and then in the region of A > 50 the cross section decreases as the
target mass increases. This is because, although the probability of NN scatterings |
increases as the target mass increases, the probability of subsequent rescatterings
increases as well. After the first collision, if either one of a pair of nucleons is

rescattered, then the in-plane correlation vanishes.

By parameterizing the re"scattering effect in terms of the “proton. rﬁean free path,
A, the observed target-mass dependences were fitted. The best fit is obtained with A =
2.4 fm (at 800 MeV and inside the N = Z nucleus). If the value of A was changed by 20 %
from this value, then neither the observed shape nor the absolute value can be
reproduced, as seen in Fig. 4 (b). Therefore, this method of two-proton c,o.inc‘idences is
very useful for accurately determining the mean free path. The observed value of A is
slightly longer than the value expected from free NN collision, but is'shortef than that

obtained from the imaginary part of the optical potential °

1.2. Determination of R

Next we discuss the deterrninaiion of the interaction size from small-angle t{vo-
partlcle correlations. Suppose that two 1dentlcal partlcles such as two negatlve plons
are created at (i' t) = (:i.',,t,) and (22. z) and that these two partlcles are detected at

(X . T1) and Xg Tg) Then, w1thln the plane-wave approxunatlon the observed two-

particle spectrum is expressed agt6-52
PX\ T1. X2 Tp) = L leXP[ k(X —21)—iE (Th—t1)] exp[ik (Xz-i'z)—'bEz( Ta—tg)]
+ exp(ik 1(X1"5a)"7«E1(T1-t2)] explik (Xz—i'l)-"'Ez (Te—ty)] |2 v (1)

where (k;,E;) are the momentum and energy of a particle detected at (X;, T;). The sign.
of + corfesponds to bosons (+) and fermions (-), respeetively. The above equation can

be rewritten as



PR, Ty, X2 To) =1 £ cos[q(A2)-Eq(At)]. | (2)
with ' ' ’

q =k,—kp A2 =2,-2, Eo=E,~E,; and At =t;~t,. (3)

We first discuss two-pion emission such as 7n"; namely the case of a + sign in Egs.
(1) and (2). If the emitting source of pions has a space—tlme structure given by p(7.t),
then the actual two-pion spectrum Ca, is given by

Ce = f—P(Xl T X2 Tz)_P(i'l-t1)P(fz'ta)¢'fldi'zd_tlldtg.:v ' ) (4)

A

For exampile, in the case where
p(#.t) = é-rz/Rz.e—tZ/'-rzrv y | ' (5)
we have®!
Co=1+ exp[—iqi?ﬁ'"’/ 2-E§r/2) - (6
Therefore, Cp =1 at (| |.Eo) - oo and =2 at |f] » 0 (in this case VEQV is automatically 0).
The w1dth of the shape of Cypis characterlzed by K and 1. Namely. from the

measurements of the above mterference pattern Ca. we can determine the source size

(R) and the collision time (7').

Eq. (1) assumes that two plons are emltted from two 1ndependent pomts without
any coherence If these two pomts are strongly correlated, such as seenin a plon
lazer. then such an lnterference pattern t_hs:«xppears.52 The peak height of the
interference pattern..Cg.":rn‘ay thus tell ns the degree of coherence in the pion

production.

The n:easurement of Cg was first performed experimentally in a strearner
chamber from 27~ detection with 1.B A-GeV Ar beams.?3 Since this experiment a large
number of data of pion interferometry have been c:_:>llected.5‘*‘56 Here, recent data by
Zajc et al.ss_ are discussed. The data are shown in Fig. 5. Zajc et al. have gen’eralized

(6) to

cny



Gy T cexp[ =l *R?/ 2 = B§7*/2]. T T T ey

so that one can take_ into account the coherence effect by introducing the parameter
. We must note that actual two-pion spectra are largely affected by the ﬁnal state
interactions. These interactions originate both from Cbuiqmb and strong interactions,
and especially from the former because ﬁ‘n‘_ (T = 2) strong interactions at small
relative momentum are negligibly. small. If we apply a standard Gamovdcorrection for
Coulomb 1nteract10ns then two- plon spectra are 31gmﬁcantly changed as shown in Flg
5. Therefore, the widths for the raw data do not 1mmed1ately reflect ® and 7. The data
were first analyzed by fixing a to 1 (npper_ graphs in Fig. 5). Aftar the Conlpmb
corrections the value’ of # = 3.0 + 0.3 was obtained for a 1.8 A-GeV Ar + KCI system.
The value of R is-vlargely'uncha'nged when a is left as a free parameter (lower graphs in
Fig. 5). Aslight deviation of a from 1 may indicate the existence nf coherencevof pion .
production, but at thé present moment it is too early to conclude anything definite on
this point. -

It might be worthwhile to mention here the data for two-proton interferometry. In
this case the correlation function, -Cg,.becornes 0atl|f] = 0.. because of the - sign for
fermions in Egs. (i) and (2). Zarbakhsh et al.%” have recently measured C, for two
protons in 1.8 A-GeV Ar + KCl collisions, as shown in Fig. 6. The observed correlation
function shows a néak at ||~ 20MeV/c. In this case both repulsive Coulomb and |
attractive .strong‘int.er;actibn's are impnftant. The stroné interaction induces a positive -
correlation ‘while tné Coulomb interaction induces a negative correlation, and the net
correlation pattern creates a peak ai a certain momentum. 5 In this experiment, a
smaller source radius is observed for proton emission at ¥ = (yp+yr)/ 2 than at y = yp,
where yp and QT are tha projectile and target rapidities, i;eSpectiVely. In addition, a
much sfnallér radius is obtained for higher-multiplicity events. This last statement is
not consistent with the recent result of two-pion interferometty.5 Although the radius

obtained by two-proton interferometry is generally smaller than that obtained by two-



pion interferometry, it may again be too early to conclude something definite from

these analyses, mainly because of the complex nature of the final state int;ezfabtions. _

1.3. Implication of the Data

From the above two measurements we ascertain that A~ 2.4 fm and R ~ 3 fm.
" Namely, A ~ #. Therefore, both direct and thermal limits are unrealistic. The actual
collisior_liproce‘ss is just in between these two limits. Here we find one of the

complexities of the reaction mechanism of high-energy nuclear collisions.

2. EVIDENCE OF DIRECT AND MULTTIPLE—-COLLISION PROCESSES

Under the condition that A ~ R it is interesting to know quantitatively the relative -

importance of the direct and the thermal components in nuclear collisions. This

question has been investigated using large-angle two-proton correlations. We show the

data for 800 A-MeV C + C collisions.5 ¢! The experimental arrangement was the same'

as that shown in Fig. 2. Consider the ratio, C, defined by

c 2xX SR

where S K indicates the coincidence co_Lints between the spectrometer (é‘) and the -
telescope. This raiio is a measure of coplanarity. If the thermal process were
dominant, the ratio C would be close to one, because there particle emission tends to
be statistical. . On the other hand, if only the direct process were important, this ratio
would be larger tban one, because pp quasi-elastic scattérings induce twovproton
emission in the same reaction plane. In 800 A-MeV C + C collisions the observed ratio,
- C, is larger than one, as shown in Fig. 7, and it has a peak at the exact momentum
‘which is expected from pp quasi-elastic scattérings. Therefore, this experiment

clearly demonstrates the importance of the direct process.

SU+SD " (7



However, the data of Fig. 7 also-shcw a strong evidence. of the-existence of-multiple

NN collisions. If all protons are emitted from direct processes only, then the
calculated peak height of (C - 1)' must be_about six times la.rger thari the observed one.

This fact implies that the coplanar two-pfoton correlations are somewhat diluted by

~ the existence of multiple NN collisions. If one of two protons from é PP quasi-elastic

scattering is rescattered after this first collision, then the coplanar correlatiofl '
vanishes. Therefore, the probability that one nucleon experiences the first collision
only is roughiy given by V1/6 ~ 0.4, where 1/6 is the dilution factor of the peak height
of (C_ - 1). In other words, the probability for each nucleon to experience multi’ple NN
collisions is about 0.6 in 800 A-MeV C + C collisions. This number is consistent with

various recent theoretical predictions.%-8°

It is expected that the contribution from the direct process would be suppressed
when high-multiplicity events were selected. In fact, it is shown® that the proton
angular distribution in the c.m. frame approaches isotropy for higher-multiplicity
events, reflecting leés of a contribution from ﬁhe direct process. From the comparison
between high-event-multiplicity data and inclusive data, the fraétionof the difect
component was thus _evaluated. It is shown in Ref. 66 that the fraction of the direct

component is about 0.4 for small proton energies at E5™ ~ Egg, / A, which is

consistent with the above two-proton correlation data. On the other hand, this fraction

decreases substantially as the energy of the emitted proton increases.

It is also expected that the contribution from the direct process will be

suppressed more as the pfojectile and target masses increase. Reﬁecting' this -

éxpectation. evidence of pp quasi-elastib scatterings has not _be_en observed in a system

heavier than Ar + Ar. For instance, in Ar + Pb collisions, two-proton correlations

exhibit a completely different pattern, as we will discuss later in Sec. 4.
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3. MULTI-PION PRODUCTION

Multi-pion production has recently been measured in a streamer’chamber for 1.8
A-GeV Ar + KCI9 and Ar + Pb®® collisions. For example, in the case of Ar + Pb the
observed pion multiplicity per event extends up to 19. In this paper, the multiplicity

correlation between pions (m,) and charged nuclear fraginents (mgz) is discuss_ed.

Naively one would expect that m, increases as my increases. 'In a strearﬁer
chamber it is easy to identify negatively charged tracks which are rﬁostly from 1r"
Positively charged tracks contain both n* and nuclear fragments. For nearly equal-
mass collisions with Z ~ A/ 2 we expect m__~m_,. Therefore, to a gobd i
approximation. the difference in numbers between positively and negatively charged -
tracks is nearly equal to mz. In Fig. 8 (a) the multiplicity correlation between m, and
my is plotted for 1.8 A-GeV Ar + KCl collisions. ‘We observe é strong linear correlation
between them.5”. A éimilar study has been done for 1.8 A-GeV Ar + vPb.ﬂ55 In this case we
cannot.assume m __~m_,, since N # Z. Thérefore, plofted in Fig. 8 (b) is the
rnultiplicity correlation betwéen 7~ and the totai charged "particles (which include both
p051t1vely and negat.lvely charged particles). No linear correlatlon is observed for Ar +

Pb. In addlt.lon form__=>10, the total ‘event multiplicity stays almost constant in splte
of the fact that the' value of m, "~ ‘yet increases. Furthermore. for m. = Oa ﬁmt.e

number of charged particles are observed. So fér, these phenomena for Ar + Pb have

not been well understood.
: N\

In conn"eétibnvwith the above study we cite the data of the prbjectile- and target;
‘mass dependence of <m,> obtained from inclusive data. Plotted in Fig. 9 are the |
observed values of {m"> asa fﬁnctioh bf the éVerage participant nucleon number, P,
for various projectile and target combinations at FEgearm = 80O A-MeV.® Herg the value bf

P was evaluated from the participant-spectator model,%8 and is expressed as®-70
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T T ApAF Y+ ApAR?

p= (Ap/3 + AJ/3)2 (8)
where Ap and At are the projectile and target mass numbers, respectively. The
observed values of. <n'i,,> are roughly parametererized as®

<mg> =a P*, ' ‘ (9)

with z‘u 2/3. This implies that the pions are emitted from the surface of the
partic‘ipant region. It seems that this fact is 'meonsistent with what we have learned
from Fig. 8 (a), since there the almost linear correlatlon between My and my is
observed. However we should note that the data of Fig. 9 can be ﬁtted with z ~ 1 if the
data are limited to erﬂy hght-mass combinations up to Ar + KCl. The value of z ~ 2/3 is’
obtained when the data are extended to a region of'heavie'r masses up to Ar + -Pb, The ‘
P%3 dependence of {m,> suggests the importance of the pion absorption process. Of |
course, from these data alone we cannot conciude whether the pion is absorbed 1n the
partlclpant region or in the spectator region. But, 1t is almost certaln that all |

theoretical models need to include this absorption eﬁect.

Accord.lng to the participant-spectator model the value of mz is d1rectly related
to the lmpaet parameter, since the part1c1pant nucleon number is related umquely to
the collision geometry. Thus, it seems possible to measure the distribution of m, at a
fixed 1mpact parameter. An example of such a study is shown in F‘lg 10 Here, events
with mz > 30 were selected for Ar + KCl colhsxons ina streamer chamber 87 Smce the
maximumn value of mz is 36 in thls case, the coll1s1on is almost head-on; the V
corresponding maximum impact parameter, bm,_, is _about_ 2.2 f_m. The Aobserved
distribution is of a Poisson type which has been expected on very general theoreticai
grounds.”! In this Poisson distribution the square of dispersion, D?, must be
proportional to the average multiplicity, <m,>. The linear relation het'v)veen D? and

<m,> was confirmed for various values of my in Ar + KCl collisions.®”
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4. HINTS OF MASSIVE NUCLEON FLOWS

In the presence of frequent multiple NN collisions a macroscopic aspect of high-
energy nuclear collisions might show up. This could be, for example, massive nucleon
flow, compression, or explosion. In order for such a macroséopic motion to occur, the
mean free path of nucleons (A\) must be much shorter than the size of the interaction
region (R); namely A << F. However, we learn from Sec. 1 that >\ ~R at beamn energies
around 1 A-GeV, at léast for a light-rhass nuclear'system.v 'Thei'efore,'we havé to make
either K longer or A short.er. Since the total nucleon-nucleon c'rbss séction is almost
independent of thé beam enérgy. the value of A is nearly uncontrollable. On the other
hand, we can make the value of R longer by increasing the par'ﬁicipant nucleon |
number. Obviously thé use of heavy-mass projectiles‘: and targéts is effective for this
purpoée. In addition, the selection of sfnall impac£ parameter is useful._ In the small
impéct parameter the nuclear collision‘.tends to be violent, and the event multiplicity
tends ‘_to be high. Therefore, high-multiplicity events hévev been selected and studied
for the heavy-mass nuclear system. | | |

' There are two methods to select high—rhultiplicity events. The first mefhdd. which
is the most straightforward one, is the detection of as many particles as ’possible‘ using
a IArge number of counterb arrays which surround the target.”> The other method,
which is".suitable for low-intensity beams of < 10(5-6) pfojectiles /seé. is the selection of
as feﬁ high-Z partiéles as possible at 0° downstream of the target, " where Z is the
charge of the fragment. The reason for this is that high-multiplicity events tend to
spray nuclear chargve over a wide range of angles by ileaving a sfnall fraction of charge
at 0°. | |

In this article four pieces of data of particle correlatioﬁs. which.seem‘ to provide
hints of massive nucleon flows, are described. The first example is the 'high-multipiicity
events 1n nuclear emulsions. Baumgardt et al.”* showed that the angular distribution

of o particles péaks at a certain angle which is expeéted from nuclear shockwaves.” A
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similar trial was repeated later by Heckman et al. 76 who, however, found less evidence
of this peaking. Experimentally this interesting problem still remains an open question

and further tests are needed especially from counter experiments.

The second hint is seen in a broad sideward peak observed in 393 A-MeV Ne + U
collisions.™ As shown in Fig. 11, the proton spectra show a forward peaking for low-
multipliéity evénts_ . However, in high-multiplicity events the forward emission is highly
suppressed. In addition, for very low-energy protons [p, ~ 150 MeV/c (£, ~ 12 MeV)], a
brdad peak is observed at 9 =~ (70—90)". Stocker et al. 777 have recently interpreted
this broad peaking as due to the effect of the side splash of colléctive nucleon flow, as
illustrated in F‘ig.v 12 (a). At small impact parameters in Ne + U collisions a large body
of the target nucleus is pushed forward by the projectile nucleus, especially in the
oVérlapped region between the projectile and target. In the non-overlapped region,
however, the nuclear matter will not receive such a fovrward push. Instead, it is likely
to be pushed sideward. This sideward splash is expected iﬁ the ,low-energy region.of
fragments, since this non-overlapped region is mainly the spectator. In Ref. 78 it is

78.80 such -

further pointed out that calculations other than the hydrodynamical model,
as the cascade, 882 thermal,% and thermal-plus-direct®84 models, do not predict a

sideward peak.

‘The third hint for the massive nucleon ﬂqw is seen in the data of two-proton
correlations in 800 A-MeV C + Pb or Ar + Pb collisions.88%8 The experimental layout is
the same as that shown in Fig. 2. The ratio C defined by Eq. (7) was measured as a
function of the angle and energy of the protons detected by thé spectrométer. S.

- Since high—_energy protons with £, = 200 MeV were selected by the three telescopes’
placed at 91, = 40°, we call these protons the fast prbtons. The spectrometef, on the
other hand, was rotated at angles from 15° to 110° and detected both low- and high-
energy protons above 50 MeV (ﬁamely. both slow and fast protons). The implicaticn of
the ratio C is as follows: If C > 1, then two protons tend to be emitted on opposite sideg

in azimuth, while if C < 1, then.they tend to be emitted on the same side.
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Contour lines of the observed C are plotted in Fig. 13. At (8, E) ~ (40°, 1 GeV) we
have C < 1. This implies that, once the first fast proton was detected by one of the
telescopes at 40°, then the second fast proton tehds to be emitted on the same side at
- ¥ ~ 40°, as illustrated in Fig. 14 (left). On tv.he. other hand, at (8, E) ~ (90°, 30 MeV) we
observe C > 1. In this case, if the first fast proton was detected at 40°, the second
slow proton is emitted on the opposite side at 90°, as illustrated in Fig. 14 (right).
These features are exactly what we expect _from the bounce-off effect of the
hydrodynamical flow,”"#58 as shown in Fig. 12 (b), since the projectile “chunk” induces
fast-fast correlation on the same side, whereas the projectile and target "chunks">

induce fast-slow correlation on the opposite side. .

The last hint of the massive flow is obtained from the energy spectra of protons
and pions for high-multiplicity evéntS.“ Data are shown in Fig. 15 in which the
observed energy spectra a.t 90° in the c.m. frame are plott';ed for BbO A-MeV Ar + KC1
collisions. Typical features are (1) the non-exponential shape for érotons. (R) the
exponential shape for pions, and (3) the ste'eber slope for pions than for protoné.
Although the "shoullder-arr'n” type energy distribution for protons is valready observed
in.'the inclusive speétra." the ﬂattem’ng of the shape in the low-e:nergy region As'well as
thei difference in exponential slopes between protons aﬁd pions are more pronounced

-in high-multiplicity events. In the phase-space model the "shoulder-arm" feature has
been thought of as due to the existence of NN quasi-elastic scatterings,® since these
scatier'm,gs increase the proton yield at £5™ ~ EFggiy, /A (= 182 MeV in this case). In
high-multiplicity events these NN -quasi-elastic components are expected to be
suppréssed. Still.' the "shouldef-arrn“ shape remains. Inorder to solvé this puzzle,

- Siemens and Rasmussen®® proposed a radially exploding nucleon flow. At a fixed

kinetic energy the velocity of a proton is much smaller than that of a pion. Therefore,
if there is an explosive flow, then it introduces more 6f an enhancement of kinetic
energy for protons than for pions. Consequently, the proton spectra become broader

than the pion spectra. The best fit to the data by this model is shown in Fig. 15. '
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Although the absolute yields of pions are underestimated by this model,® the observed-

shapes for both protons and pions are reasonably well reproduced.

Currenﬂy the discussions of hydrodynamical effects are still weak and someivhat
speculative. Theoretically, the basic assumption involved in f.he hydrodynamical B
model, i.e.,, A K R, is not well justified even after the selection of high-nlultiplicify '
events, since the largest value of R obtainable is 5 - 6 fm, whereas A = 2- 3 fm.
Experimentally, the hydrodynamical effects shown here are only 10-30 % effects
compared to the normal statistical backgrounde. Obviously more work is needed. 'In

“spite of these shortcomings, we point out here that future efforts to search for massive
nucleon flows are extremely. iﬁpof_tmt and interesting. since they might reveal new

phenomena in high-energy nuclear collisions. Let us wait and hope fér U + U collisions.

5. PARTICLE EMISSION FAR BEYOND FREE NUCLEON-NUCLEON KINEMATICS

One of the unique features of nuclear beams or nuclear targets is particle
emission into a kinematic domain far beyond the free NN kinefnatical limit. In this
article we discuss mainly the mechanism by which protons are emitted into such a

kinematic domain.

5.1. High—pr Proton Emission in Nucleus—Nucleus Collisions

First we study the production of high-pr protons in nucleus-nucleus collisions.’
Proton spectra in almost equal-mass nuclear collisions (4 + A) has been measured at
c.m. 90° at a beam energy of BOO A-MeV in the region of A = 12 - 40.% The obser_'ved

cross section can be parameterized, to a good approximation, as

d3g ' '
. h (

E x A9,
d3p

(10)

where A is the projectile (and target) mass. Ekperimental values of a are displayed in

Fig. 16 for various c.m. kinetic energie's.- Eg ™. Inthe lbw-energy region below the free
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NN kinematical limit (in this case, 182 MeV), the value of a is very close to the
geometrical limit of 5/3; in this limit the cross section is pfoportibnal to the product of
the participat.i_né nucleon number (x A) times the geometrical cross section ('oc A¥3),
Howevver, in the high energy region the power a exceeds 2 and finally reaches the value
of 2.6 or 2.7 at the highest energy observed in this experiment. Such a large value of o
strongly suggests that multiple NN collisions are important for the creation of these

- high-energy (in this case high-pt) protons.

An extreme limit of the multiple collision is the thermal process. However, in the
thermal limit the power a becomes again the geometrical limit of 5/3.%° Therefore, the
observed power dependence indicates that, although high-eﬁergy protons are created
from fnultiple NN collisions, they are not extremely frequent multiple collisions. Then,
an immediate question is how many nucleons are actuaLlly involved. This QUestion has
been studied by many theorists.?7.908!. According to a recent caxlculatio'n_,90 the average
number of NN collisions, <n >, monotbhice_ﬂly ‘increases as t];;e observed proton energy
increases. vThe value of <n> ~ 3 for E’;-m' & 200 MeV and ~ 4-5 for Epc-m ~ BOO MeV for _b

the Ar + KCI system.

It is intereéting to stﬁdy experimentally in more detail the creation meéham‘ém of
high-p-f protons by me”ans of particle corrélations. This program is currently in |
progress in Berkeley.®? As shown in Fig. 17 5 region of very high energy density must
be 'créated in order to produce very high-pr p:rotons. We conventionally call this region
the local hot spot. Suppose that the volume of this local hot spbt is small (< 1 fm3).
Then, we have the following situation: that, if a very high-energy proton is emitted in a
certain direction, then low-energy nucleons are emitted in the opposite difectioh.
compensating for the momentum of the first high-energy proton by a large number of
recoilb nucleons. In the absolute kinematical limit this mechanism is responsible, and it
is called the recoil -like correlation. On the other hand, suppose that the volume of
the localv hot spot is relatively large (over a region of a few nucleons). Th‘e_r_l. if a high-

energy proton is emitted in a certain direction, then again high-energy nucleons are
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emitted in the opposite direction. This is called the jet —~like correlation. Whether the
recoil-like or jet-like mechanism is responsible for high-pr proton emission is an v
interesting question, and this question is currently being tested with a large

_experimental device installed inside a 2-meter-diameter magnet called HISS.

5.2. Backward Proton Emission in Proton—Nucleus Collisions
A clean example of proton emission far beyond the free NN kinematical limit is

_also seen in proton emission at backward angles in proton-nucleus collisions.®® Thus
© far, two'cbmpeting mechanisms have been proposed for the creation mechanism, as
illustrated in Fig. 18. The first one, which was proposed by Frankel®® and Amado and
onloshyn,g“_is that high-momentum tails of the nucleon Fermi motion inside the targetv
produce backward protbns. This is similar to shaking a coffee cup so that the contents
are s"pilled out in a backward direction. However, in ofder io explain the ob'sérved '
backward spectra the ‘exponenti'al type Fermi momeniurﬁ distribution, exp(~k/kg)
with kg ~ 90 MeV/c, has to be assumed.?® Because the origin of the exponential shapé
is uncertain, the other mechanism was also proposed. In this it is assurmned ihat a
cluster is formed inside the target nucleus, and thereby, the incident proton can be
kicked out byv this cluster into the backward direction, as illustrated in Fig. 18. Here
the cluster is called the fluctuon by the Dubna group®-% or the correlated cluster By

Fujita et al 579

Are these twé cbmpeti’né mechanisms the same or different? since the second
mechanism requires short-range correlations between nucle'oris to create a cluster,
and since the Fourier transform of these correlations produces high-momentum tails
ih the momentum space, it seems that these two mechanisms are correlated.
However.v from thé parf.icle correlation measurements the first mechanism can be
kinematically separable fforn the second. If'we write down symboiicaliy the process of

-backward proton emission as
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p + nN - (backward proton), A (11)

where nN indicates n-nucleon cluster, theﬁ the ﬁrst mechanism corresponds ton = 1,
whereas the second mechanism corresponds ton = 2. We ndw det(.ect two protons, one
at a backward angle and.the other at a forward._a'ngle. In a momentum-momentum
scatter plot between the two protons, as shownfin"%;ig. 19 (left), we can draw a line (the-
solid line) along which Eg + EF ~ EBeam, Where B and F refer to backward and forward,
r‘espe‘c_t.;ivelylv This line indicates that the two protons originate from pp quasi-elastic :
scatterings, and thus from the n = 1 process only. On the other hand, in the kinematic
domain inside this line two protons can comé from the process withn =2, s_ince in this
process the available energy is shared among more than two nucleons, and therefore
Eg + Fr < Egeam. For example. if a backward proton were émitted fromap +d
collision followed by the break-up of this d-cluster into p + n, then the sum of two
proton energies would be approﬁmately E'eam/R. as indicated by the dashed line in
Fig. 19. If a backward proton were detected in coincidence with a forward c}euteron
under the condition of Eg + £F ~ Egeam. then the n = 2 process would be selected, as

p
illustrated in Fig. 19.

Based on this idea Komorov et al.®® measured forward-backward coincidences.

0 coversa

Since a recent experiment in Berkeley involving pp and pd coincidences!
much wider kinematic region than the experiment by Kofnorovet al., we discuss these
new results her_e. In this experiment 22 sets of counter telescopes together with a
magnetic spectrometér were prepﬁred. As a subset of this system twio sets of AE-F
telescopes and a magnetic spectrometer are shown in Fig. 20. These counters were

named B/, BO, and S, and were placed at (B,9) = (118°,180°), (118°,90°) and (15°,0°),
respectively. Coincidences of B/-S (in-plane) and BO-S (out-of-plane) were measured.
In Fig‘. 21 the momentum-momentum scatter plots between two counters S and

BI (in-piane coincidences) are displayed. Here, at ¥ = 11B° only protons were detected

by BI, whereas at ¥ = 15° both protons and deuterons were detected by S$. Inthe pp
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and pd qliasi-elastic scattering processes, once the first proton was detected by B/,

then the second proton or deuteron would be emitted at a certain preferential angle. -

The angle 15° is perfectly suitable for_' detecting pd quasi-elastic scatterings but about
5° off from the most preferred angle pp quasi-elastic scatterings. Nevertheless, the
contributions from both pp and pd quasi-elastic scatterings are clearly oBserved, as
indicaLted by the solid lines in Fig. 21. We therefore learn that both then =1 and 2 -
processes seem to contribute to the backward proton emission. From the pp-
eomci&ence data we also learn that some protons are emitted from the break-upA of

deuterons, or possibly of heavier fragmerits (see the dashed lines in Fig. 21).

Quantitatively, how much is from n = 1 and how much is fromn = 2? To enswer to

this question, a rather careful study of kinematics and detector solid angles is

required. Although no solid conclusions have so far been ebtained on this point, we

discuss the prelinﬁnary results. In Fig. 22 the backward proto.n speetra under se.veral‘
coincidence conditions are displayed.- In pp coincidences QES indicates the pp quasi-
elastic scattermg component obtamed from the BI-S in-plane coincidence, NON QES
indicates the non—pp -quasi-elastic cornponent but from the m—plane comc1dence and
OUT OF-PLANE indicates the contribution from the BO- S out-of-plane comc1dence The
slope is the steepest for OUT-OF-PLANE. Also, the slope for QES is steeper than that for -
NON-QES. The slopefor the inclusive spectra is close to the case of this NON-QES.
Therefore, we learn tha£ the n = 1.process (primarily contributing to QES) as well as
the lafge n process '(primarily contributingto OUT-OF-PLANE) are not important for

high-energy proton production. The NON-QES (n = 1 but not lafge) seems to

" contribute most to the production of high-energy backward protons. In pd

coincidences, as shown in Fig. 22 (b), both QES (n = 2) and NON-QES (n = 2) contribute .
to this backward production, while OUT-OF-PLANE (n: larg_e) does not. From these
studies we learn that high-energy backward protons are mainly from processes with 1}._

= 2 and not from those with n = 1 nor from those with large n. In other words, the

- second mechanism in Fig. 18 seems more important than the first for the production of



high-energy backward protons.
Another interesting aspeét of the pp coincidence in proton-nucleus collisions is

~ the ‘possibility §f determining the shape of Fermi motion up to a momentum of about

;500 MeV/e. In particular, the pp quasi-elastic scattering data are the most useful,
since these data select the process of binary pp collision, one from the projectile and -
thev other from the targei, For example, pp quasi-elastic scatterings are observed even
at ¥, = ¥z = 20° in BOO MeV p + KCl collisions.'®! Such an observation is possible only
when a proton inside the nucleus carries the Fermii momentum of = 330 MeV/c.
Whether or not the shape of Fermi motion deviates greatly from a Gaussian shape in
the high momentum region is a very interesting ﬁueétion AIn the future, the (p.2p)
experlment incorporated with the (e.e'p) experlment will clarify the structure of hlgh- '

momentum ta11s more than in the past.

6. FUTURE POSSIBILITIES |

So far, 1 have discussed mainly the existing data of particle correlations and their
implications and explanations. What can we learn in the future? Here, I will discuss
two interesting subjects, and at the end I discuss also the experiments needed in the

future.

6.1. Multi—Baryonic Excited States

The first topic is the creation of mﬁlti-barycnic excited states. So far, the main
research goal of high-energy nucle:ar collisions has been the search for new exotic
"~ phases such as abnormal nuclear matter, 102-104 pion condensation, 105-108
shockwaves,'® and pionization!!%!!! associated with high density nuclear matter, as
shown in Fig. 23. However, two difficulties in creating such an exotic phase may exxst
The first one is relafed to rtim‘e dependence. According to a r“ecent calculation by

Gudima and Toneev,!!? density greater than 3pg can actually be created with nuclear
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collisions but only for a time interval of the order of (2 - 3) x 10723 sec, as shown in Fig.
24. We must note that new exotic phases were predicied.only for static high-density
nuclear matter. In order for the system tq change into such e)g?tic phases, a certaﬁn
relaxation time is required. The minimum relaxation time is of fhe order of 107% sec
(® R/ c) which is already comparabie to the time intefval during which the syst';em is
at iis high-dénsity phase. Thus, the sy.'stem may not have enough time to und.er"gor the

phase transition into exotic phases. Here we find the first difficulty.

The éecond difficulty is related to the dynamical path. In order to create high-
density nuclear matter, a large fraction 6f available energies must be converted into
massive compresslion,ener‘gy; namely the dynamical path 4 in Fig. 23. However, in
actual nuclear collisions, these energies migt;t be used only for exciting nucleons into
baryonic excited stateé such as A, N*, or A, without coﬁlpressing nuclear matter;
namely the dyn‘arvnic‘al path B. Under such circumstances what should we pi.u*sue in
the_futurer‘? ” |

One promising subject in this case will be the study bf multibaryonic excitéd
states. For example, a multi A system ié one interesting subjeét. At. beam energies of‘ .
around 700 A- MeV_ a‘t which the'prbduction cross section ;af A reaches ité zfnaximum.
each nucleon-nucleon collision creates A at a probability of about 50 %. InU + U
collision we have about SOVNN collisions as an average.v Therefo_ré. ‘about 30 A‘-pérticles
are crea;ted. Since these A-particles are almost at rest in the NN ‘c.m. frame, apd |
since tﬁey are created within a radius of a few fm, they have a strong chance to
interact with each ot.he.r to form a A-soup!!3-115 (see Fig. 25). Perhaps a meta:
stable !®A might exist,!® since there all spin-isospin sublevels are occupied in the 1s
orbit.. Perhaps, the high-density phase is expected in the A soup.!14115 The search for |
such an exotic nucleus is én intetésting challenge for the futﬁre. '

If we use iigh£ nuclei as projectiles, the study of dibaryons (AA, AA, etc.) may also .\

be interesting. So far, experimental searches for dibaryons have been done mostly
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with elementary-particle beams such as 7, p, K, etc.!'” Nuclear beams, however, may
offer a unique opp‘ortunityvfor this study. Whether a AA system is tightly bound, !18-122

123

or whether a AA system forms a meta-stable state'*” are very interesting questions.

6.2. Applications of Neutron—Rich lsotopee
The second subject is the use of neutron-rich isotopes. In a nucleus-nucleus

collision, some of the projeet.fle nucleons experience hard NN collisions with target.
nucleons, while other remainder nucleons do not. These rernainder nncleons are called
the spectatex", and they e;fentually form projectile f;'agments. These ffagfnents tend to
keep,vafious properties that the projectil}e nucleus had before t'ne‘ collision. For -
example, they have almost the same ‘}elocity asthe'beam veloci.t.y.s With regard to the
neutron-te-preton (N/ .Z ) ratio, the Vneavy-rnase projectile such as U cen'eains more |
neutrons than protons. (N /Z ~ 1.6 for U). On tl_fie other hand, it is well known that the

stability line of nuclei extendé along N/ Z = 1 for light nuclel. Therefore. light-mass

projectile fragments from U beams tend to fill the unstable neutron-rich region.

Based on tnis .idea Smons et al. 1?4 and Weetfall et al.'® have accelerated 46Af '
(N/Z ~1.2) and 4"Ca (N/ Z ~ 1.4) beams and d1scovered 16 new 1sotopes in the
projectile fragments espec1ally from the latter. ThlS type of study may open up a
variety of apphcatlons of hlgh-energy nuclear colhsmns espemally when U beams
become avallable Is there a new region of stablhty" How about a new reglon of .
deformation? Is the proton radius s1gmﬁcantly different from the neutron radlus" How'
about the static propert.les of new 1sotopes, such as lifetimes or magnetic moments?

We can raise many questions. .

One interesting applieation of these isotopes is their use as secondary beams.
Since velocities of these isotopes are almost equal to the beam velocity. high-quality
secondary beams are expected. For example, the use of an internal target to extract
neutrbn—ric_h neams would be possibie. Also, the preparation of a stofage ring, as

shown in Fig. 26 may help to extract neutron-rich beams. So far, only stable nuclei .
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have been used as projectiles. With the use of the internal target or storage 'ring. it
may not be just a dream to have unstable neutron-rich nuclei such as **Ca as

projectiles.

6.3. Needed Expeﬁrnental Tasks
]n sufnmary, we list the following future programs:

First, we must solve the current puzzles. As mentloned in Sec. 4, ‘we have
observed hints of shockwaves, massive nucleon flows, and explosion. In addltlon the
prOJectlle fragments with anomalously short mean free paths inside emulsions (called
anomalon)?? have been discovered. These current puzzles have to be reexamined

experimentally in the immediate future.

Secondly. a 4m-solid-angle expefiment is needed in the future particle correlation
studies. A unique facility toward this goal has recently been fabricated in Berkeley, -
which is called the plastic ball-wall.'* In Saclay, the 47 detector, called the DIOGENE,
is under construction.!?” A streamer chamber is also very useful. A digital readout of
this chamber is an interesting’ project 128 For the analysis of the 4 data, global
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quantities such as "thrust”,*#%-18! "sphericity", 182 centrallty etc. might be

useful.

Thirdly, the measurements of extremely small cross sections are interesting. The
_smallest_ cross section measured so far is of the order of 1 (ub-GeV)/(sr-(GeV/c)?).
Hov}ever.v new phenomena might be hiding at the level of much smaller cross sections.
‘With current accelerator and detector technology, it is possible to measure the cross
section down to 1 (nb-GeV)/(sr-(GeV/c)s) and perhaps down to 1
(pb-GeV)/(sr-(GeV/c)3). Obviously, a special eXperiInental device is needed to measure
such- low cross sections. For example, a large magnet system called HISS!34 developedv

in Berkeley might be useful.

in the fourth .the measurements of new physical quantities or partlcles that have

never been measured would be interesting. What we can handle now are the energy
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and ar:gular distributions of nuclear 'fragments;'pions. kaons, and lari1bdas. H.ow.evei'.' |
other kinematic variables might have to be measured in the future. They are, for |
example, angular momentum, spin, polarization, delayed coincidence, etc. Also, |
particles such as y-rays, leptons, or lepton pairs might have to be detected._ These -

- particles are especially important for the study of the initial violent stage.

In the fifth, the application of neutron-rich isotopes is again emphasized. In the
sixth, the possibilities of studying rnul_ti-tiaryonic excited states are again repeated. '
These last two topics might form highlights of high-energy nuclear collisions in the

coming few years.
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ngre Captions

FIG. 1 A streamer chamber photograph taken by the U.C. Rlverslde group in 1.8 A-GeV
Ar + Pb colhsmns

FIG. 2 The expemmental layout for large-angle two-proton correlation experiment.
Symbols U D and K used in the text are UP, DOWN and R/GHT teélescopes,
respectively, in this ﬁgure They are plastic scmtlllator telescopes with absorbers
sandwiched in between. The symbol S used in the text is the magnetic ' |
spectrometer which consists of a C magnet, multiwire proportional chambers
(P1-P5), and plastic scmtlllators (Gl-GB) For details of the spectrometer see
Ret. 6. o

FIG. 3 (a) Inclusive proton spectra from p + C collisions at E'Bem-1 - 800 MeV. Arrows
1nd1cate the momenta expected from P or pn qua51 elastlc scatterlngs "

(b) The 40° spectra from the same reaction. Inclusive, m-plane coincidence
(R-S), and out—of-plane coincidence (U .S' or D’-.Sl) spectra are plotted Curve A
shows the results of PW]A calculatlons (Ref 135) and curves B C,and D are the
results of the lmear cascade calculatmns (Ref 136) |

. Figure taken from Ref. 44 ' v

FIG.-4 Target-mass dependence of inclusive single-proton quasi-elastic-scattering Cross
sections (upper) and that of two-proton quasi-elastic scatterlng cross seCtions |
(lower). Black points are from Ref. 44 and op"en circles are from Ref. 45 Figure
taken from Ref. 44. | _

F'IG; 5 Recent results of two-pion interferometry in 1.8 A GeVAr + KCl collisions vb>y Zajc |
et al. (Ret. 56). The norrnaliiation of the data.'w,a_s'adjusted to fit Eq. (6) for the"
upper two graphs, but taken as free parametersfor'the lotver two graphs. Raw
data (upper left) show a.broader ﬁdth than the Coulomb corrected data {upper

‘right). Lower twoéraphs are Coulomb corrected data for both 77~ and n*n*.



Figure taken from Ref. 586.

FIG. 6 Recent results of two-proton correlations in 1.8 A-GeV Ar + XCl collisions by
Zarbakhsh et al. (Ref. 57). Figure taken. from Ref. 57.} ‘

FIG. 7 Large-angle two-proton correlation data in 800 A-MeV C + C collisions. Values of
tne ratio C defined by Eq. (7) are plotted as a function of the proton momentum
measured by the spectrometer S. The solid line is the calculated result from
the hard scattering model. The absolute value of this curve is 1/6 times the
calculated one. Data are- taken from Ret. 60. .

FIG. 8 Multiplicity correlation between negative pions and charged nuclear fragme‘nts
in1.8 A-CeV'Ar + KCl collisions (left), and that between negative pions and total

| charged particles in 1.B.A-GeV Ar + Pb collisions (right). Here, the total charged
’ particles include nuclear fragments as well as positive and negative pions. Data
are taken from Refs. 87 and 55. |

FIG. 9 Average multiplicities <mg> for negative pions [Fig. 9 (a)] and average
multiplicities <mgz> for nuclear charges [Fig. 9 (b)] determined from inclusive
spectra. Here, P is the average nucleon number involved in the participant
regio'n. and Pz is the average proton number involved in this region. Beam
energies are 800 A-MeV. Data points were evaluated from the observed cross
sections reported in Ref 8. |

) FIG. 10 Pion multlpllClty distribution at a ﬁxed impact parameter. Events with mz =
30 were selected in 1.8 A GeVAr + KCl collisions. Data were taken by Sandoval
et al. (private communication). |

FIG. 11 Angular distributions of low-energy protons for both low- and high-multiplicity
events in 393 A-MeV Ne + U collisions. figure taken from Ref. 72.

FIG. 12 The hydrodynamical side splash expected at a small irnpact parameter [Fig. 12
(a)], and the hydrodynamical bounce off expected at a large impact parameter

[Fig. 12 (b)]. Figure taken from Ref. 77.
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13 Contour plot of the ratio C defined by Eq. (7) for two-proton emission in 800
A-MeV Ar + Pb collisions. Data are plotted in the (3.E) plarie. where ¥ and £ are,
respectively, the laboratory angle and eriergy of a proton detected by the
specﬁrometer. S. For the experiment.a'l"conﬁguration. see also Fig. 14. Data aré
taken from Refs. 86 and 61. |

14 Experimental layout for the two-proton measurements in B00 A MeV Ar + Pb
collisions (upper figure), and the intuitive explanation for the data shown in Fig.
13 (lower figure).

15 Proton and pion energy spectra for high-multiplicity events in 800 A-MeV Ar +
KCl collisions. Fits to the data are based on the radial explosion model (Ref. 88).
Figur;e taken from Ref. 66.

16 Projectile and target mass dependence of proton emission in 4 + A collisions.
Invariant cross sections were 'param'eterized to 0 = A%, and values of o are plotted
a function of the kinetic energy of protons. Data are taken from Ref. 6. |

17 Two possible mechanisms of the creation of high-pr particles in nucleus-
nucleus collisions.

18 Two possible mechamisms of the creation of backward protons in proton¥

nucleus collisions.

19 Schematical illustration of ciiﬁerent mechanisms of backward proton _emission
that show up in the pp and pd momentum-momentum scatter prts.

20 Experimental layoutbfor the backward-forward coincidence experiments (Ref.
100) in proton-nucleus collisions.

21 Momentum-momentum scatter plots between S {horizontal aids) and B/
(vertical axis). Areas of black circles are porportional to the coincidence counts.
Proton-proton (left) and proton-deuteron (right) coincidences are displayed.

22 Backward proton spe'ctr‘a under various coincidence conditions.

23 Hopes and goals of the research of high-energy nuclear collisions. Dynamical
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path A indicates that most of the available energy is used to massive compression
of nuclear matter whereas the path B indicates that it is used mainly to exciting
nucleons into baryonic excited states.

FIG. 24 Time evolution of nuclear collisions calculated By -césm;:ade codes of Gudima and
Tonee'v (Ref. 11R2), in the plane of T (temperature) and n (density). The time
scale of ¢ is in units of 107%3 sec. . Critical temperature 7(n) for pion condensation
is also indicated by RGG (Ref. 107) and B (Ref. .106). .

FIG. 25 A poséibilﬂ;y of creating a A-soup in a Xe + Xe collision.

FIG. 26 -The idea of a'storage riﬁg for production of neutron-rich-isotope -beams: A thin
target is prepared at the focusing point along thé ring. Most of the time particles

~that hits the target experience no interactions. Then, these particles are agéin
re-accelerated through the section of the "Slight acceleration” to compensate the
energy loss through £he target. Once some isotopes are created at the target;
and in addition, if the N/ Z° rat"m of these isotopes is larger than the N/ Z ratio of
the beam, then subh isotbpes will automatically escépe out of the ring, because

the magnetic rigidity of such anisotope is larger than the beam rigidity.
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