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1. INTRODLCTION

About five years ago a summer study Las held in Berkeley on reilativis-
tic heavy-ion col]isions.] Several stimuiating theoretical suggestions were
reported there on the possibility of creating a highly-excited, dense nucle-
ar system by using relativistic heavy-ion beams. These suggestions have
greatly encouraged experimentalists and, in fact, have had a strong influ-
ence on the experimental programs pursued in the last few years.

So far, however, no concrete experimental evidence of the existence of
dense nuclear matter has been observed. In this regard, the major question
addressed by relativistic heavy-ion research has not been answered at the
present stage, and it remains for future experimental and pernaps theoretical
investigations.

Instead, the most exciting and fruitful results of the jast few years
can be found in the pursuit of a deep understanding of the tasic reaction
mechanism. In this regard there has been a strong interplay between experi-
mental data and theoretical analysis which has created promising resul:s.
The major interests are related to (1) geometry and (2) dynamics of the col-
lisions. In the first part of this paper the current understanding of the
reaction mecianism is reviewed and described.

Recent measurements have also revealed some new phenomena whicii cannot

be easily explained within the framework of the available theoretical tools.
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These phenomena observed with beam energies of 0.4 - 2 GeV/A are described in

the second part of this paper, as those observed with beams below a few 100
MeV/A will be reported by other speakers.2
In the last part of the paper, the topics remaining for future studies

are briefly mentioned, especially in connection with the present conference's

subject, namely, as study of collisions at Beam energies of 10 - 200 MeV/A.

2. COLLISIiON GEOMETRY

Typical examples of fragment spectra in relativistic nuclear collisions

are shown in Figs. 1 and 2. Fig. 1 displays the data by Anderson et al.3

3

He at @ b= 0° in collisions of 2.1 GeV/A a + C.

who measured p, d, t, and La

The yield of each fragment is sharply peaked @t a certain momentum. If we

plot these data as a function of the relativistic-invariant velocity called

the rapidity y, which is defined as

—_

y = 5 L0+ gy /E)/ Q1 - py/E)], (M

then all the fragments have a peak at the same rapidity which is almost the
same as the beam rapidity, Yg- This implies that most of the fragments at
0° came from a piece of the beam nucleus which was not scraped out by cne
target nucleus. Thus the velocity of this piece is the same as the beam
velocity. Furthermore, the mass (A) and charge (Z) of the beam fragments
are always smaller than those of beam nucleus, (AB,ZB). Two features,

y (at peak) = ¥g and (A,Z) < (AB,ZB), are commonly observed for fragments

emitted at 0° in all combinations of beam and target nuclei, as have already

4,5

been shown by Heckman et al.’” and by Papp et a1.6

Fragment emission at large angles is somewhat different. Fig. 2 shows
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proton inclusive spectra at large ang]%s (eLab = 10° - 145°), observed in
collisions of 800 MeV/A Ar + K{1. There the spectra are essentially struc-
tureless and very smooth as a function%of laboratory momentum. The dominant
yield at large angles comes from proto%s (> 60-70 % of total yield).

These two observations readily suggest a simple picture of the colli-
sion geometry, as shown in Fig. 3. This is called the participant-spectator
model. After the collision the non—ovér]apping part between beam and target
nuclei, called the spectator, just keeﬁs going without any interference. On
the other hand, in the overlap region,‘called the participant region, strong
interactions occur between nucleons of beam and target, with the result that
the fragments are emitted over a wide angular range. The fragments from the
participant piece are mainly elementary particles such as protons, neutrons,
or pions, because the energy transfer involved there is much higher than the
mutual binding energies of the nucleons.

The average number of participant protons which come from the beam nuc-

levs, <Zgart1C1pant , is proportional to the ratio of the target cross section

to the total cross section,

1/3,2
gharticipant _ nlrghy’ )
Beam B atr A]/34-r0A]/3)2
= pl/5 a3+ al3)2 ()
Similarly, we have
Participant_ _ 2/3,741/3, 41/3,2
Lrarget = > = Lyfg J(RFTTHAT)T L (3)

The total nuclear charge of the beam fragments is thus given by

Participant 2:01/3, a1/3,2
L(ZB ZBeam ’)x""o(AB A7)

Beam spectator charge Cross section
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= w2z, (4234 2l 313 )

On the other hand, the total nuclear charge;emitted from the participant
piece becomes

ici 3
(<Zg§;;1c1pant>_F<Z¥::E;21pant )x-nrz(A]/ A1/3)2

= arl(z2n2/ 34 2 A203) (5)

Formula (4) is given by Hiifner et a1.7

In Figs. 4 and 5 the formulas (4) and (5) are tested. For beam frag-
ments the experimental points shown in Fig. 4 were calculated from the data
by Lindstrom et a].4 who measured all isotope yields at 0° for beams of C
and 0. The target mass (AT) dependence of the yield goes like A? where n
1/4. This is predicted in Eq. (4). The absolute values predicted by Eq.{4)
are about 50% larger than the observed yields. This may be due to missing
charges which have not been detected in thz experiment, or it may be a re-
sult of the crude assumptions used to derive Eq. {(4). In spite of this 50%
discrepancy, we can conclude that the simple geometrical picture explains
very well the beam fragments.

Fig. 5 shows the sum of charges for p, d, t, and 3He calculated from
the data at large angles. In order to obtain the total yield an extrapola-
tion to 0° and 180° was done based on the data at 10°<0<145°, The ambigu-
ity of the extrapolation is not large, since (dc/de)0°= (do/de)]80°= 0.

The yield plotted i this figure comes most 1ikely from the participant
piece. Agreement of the data with the prediction by Eg. (5) is fair.

A similar argument can be made for target fragments. However, no pre-
cise data for target fragments are available, because it is almost impcssible

to measure all isotopes produced as target fragments. Extensive measurementsof
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unstable isotope production were recert]y reported,8 and it may be worth-

‘while to extrapolate these data to st%ble isotopes and to compare the results

with Eq. (3). \
From the comparison described abqve we can conclude that the geometri-

cal aspect of heavy-ion collisions at relativistic energies can be explained

rather well with a simple picture, thg participant-spectator model. In

the use of this model it 1s rather ingtructional to know that about 1/4 of

the total available nuclear charges go into forming the participant region

in the case of identical nucleus co]]{sions, since the yieid of the partici-

pant charges is given by anSZA2/3

while that of spectator charges (beam +
iargets spectators) is given by 6nr§ZA2/3
Once the geometry is understood, the next immediate interest is the dy-

nhamics. In the next section the dynamics for the participant is discussed.

3. COLLISION DYNAMICS FOR PARTICIPANT REGION

3.1 Inclusive Proton and Pion Spectra

Consider the nucleus-nucleus collision to be simply a superposition of
nucleon-nucleon scatterings. At relativistic energies the mean free path of
nucleons inside the nucleus is 1 -2 fm,which is shorter than the typical nu-
clear radius. This implies that both the single nucleon-nucleon knock-out
and multiple nucleon cascades contribute to the production of fragments.

The particle yield, o, can thus be written as

0=Zo-i’ (6)
i=1
where o5 describes the yield of particles emitted after i-th nucleon-nucleon

scatterings. The i=1 term expresses the clean knock-out (hereafter called
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the CKO) process. If the terms with large i's are}dominant compared to
others, namely if particles are emitted after a suﬁficient1y targe number of
nucleon-nucleon scatterings, statistical models, séch as the thermal model,
become more accurate in predicting the yields. 14 this section we will con-
sider which of oi's are dominant in relativistic he%vy-ion collisions.

For this purpose the first step is to compare khe inclusive data with
the theoretical prediction for each of the o5 termsL For simplicity we usu-
ally restrict our considerations to identical nucle?s collisions except in
places where other combinations between beam and ta%get nuclei play a key
role in the discussion.

Theoretically two extreme cases are easily handled: the CKD process
(0])’9,10,]1 and the thermal process (iE;oi; m:lar'ge).]z’w"'4 According to

the thermal model, the total available energy in the participant region will

be converted to thermal energy, giving a temperature, 7, which is given by]3
3 p T 5972 -
Eg/A =5 T+ 2.28 2 {W] /2 c2, (7)

wilere EE/A is the c.m. kinetic energy of the incident beam per nucleon, and
p is the nuclear density of th. sarticipant piece. Once the energy per nu-
cleon is fixed, then the temperature is independent of the mass number of
the incident beam rucleus. [The above formula is vali. ‘r identical nucleus
co]lision§:]

Fig. & shows the energy spectra of proto:s at c.m. 90° for collisions

of C + C, Ne + NaF, and Ar 5 KC1 at E e 800 MeV/A, all of which are essen-

Bea
tially identical nucleus collisions. The c.m. 90° spectrz were selected,

since the particle emission at this angle is less affected by the spectator
fragments. The shape of energy spectra is exponential at high energies but

deviates substantially from an exponential at low energies.



The exponential shape is expected fromithe thermal model, since this
model predicts a Boltzman distribution. The exponential slopes for the

three spectra are almost independent of the puclear masses, which is what

we expect from Eq. (7). At Eg . (Lab) = 800 MeV/A, Eg/A = 182 in Eq. (7),
which gives T = 91 MeV for po/o = 1 and T = (82 MeV for po/p = 2. If we use
T = 82 MeV and apply the participant-spectafor model (given by Eq. (5)) for
the purpose of absolute normalization, thentthe theoretical curve for col-
lisions of Ne + NaF roughly explains the ob;erved data to within a factor
of 2-3, as shown by a thick solid curve in ﬁig. 6. Here, the isotropic

angular distribution is assumed to derive the theoretical curve. The mass

dependence of the observed yield, (do/dQ)goq, is roughly given by

protons
[ gg] « 7" withn=1.9 + 0.3, (8)
" gpe

which is predicted from Eq. (5), where n is 5/3 = 1.67.

Next, let us study the prediction of the CKO model. If we neglect the
internal motion of nucleons inside the nucleus, elastically scattered pro-
tons shoeuld be sharply paaked at E; = E;/A = 182 MeV. Inelastic pp or pn
scatterings preduce protons with lower enerjies than this. However, the
actual nucleons have an internal motion called Fermi motion. Hatch and
Koonin]] used an empirical form of the momentum distribution of nucleons
14

a

inside the nucleus, derived by Frankel et al., s

LE o ([Blrpo)ssinn([B1/p0), (9)
dip
and calculated the proton spectra. The resultis are indicated by a dashed
curve in Fig. 6. The slope is nearly exponential, and of course, by defini-
tion, the slope does not depend on the mass of the colliding nuclei. The

assumption of the momentum distribution of the form of [q. (9) has to be
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carefully examined,* but, neverthe]ess the ;UFPFTSIDQ fact is that the o,
term can again explain the dom1nant feature of the proton energy spectrum
at almost the same level that the therma] mogel did. If we change the
value of pg to a larger value, the agreement}becomes even better.

Now we face a dilemma: botk models pre%ict almost the same tendency
In the rest of thisisubsection we will therefore

compare other aspects of inclusive data with both the thermal and CKO models.

for the energy spectra.

Fig. 7 shows proton and pion energy sp%ctra at c.m. angle of 90° in
collisions of 800 MeV/A Ne + NaF. We observé that the exponential slupe of
pions is steeper than that of protons. The ithermal model p»< .icts the
same slope for pions. We therefore first thoLght that a comparison between
protons and pions would tell us the importance of the CKC process. How-
ever, the situation is not so simple. As pointed out by Kapustr17 the
decay characteristics of the A-resonance induces a steeper slope for pions
than the calculated slope without A's. Recently Sano et a].]2 noticed this
point and showed that the pion slope is steeper than the proton slope if we
take into account a stronger A effect, as shown in the figure. An alter-
native explanation based on the thermal model was presented by Siemens and
Rasmussenlg who proposed an explosion flow (blast wave) from the compressed
nuclear matter. 1 personally feel that this model is very attractive.
However, the point here is that both thermal and CKO models can again pre-
dict the observed difference between proton and pion slopes.

In Fig. 8 we show the beam energy dependence of the proton spectra in

collisions of Ne + NaF. The slope strongly depends on the beam energy.

However, if we plot these observed slopes in Fig. 9, then both thermal and

*This point will be discussed later in Sec. 4.3,



observed s]opes. Here, the

T

s'lope was estimated by Eq (7) for the therma] mode] and by our Monte Carlo
calculations for the CKO mode‘l. In the ‘CKO de'l “the h1gh energy protons

are produced mainly by the h1gh-m‘oméntuﬁl ébmponent of the Fermi motion. As

the beam energy is: increased, such a component is enhanced more than the

linear sum, pF + pc n becadse of the re]at"ivistic effect.

The yield of protons and pions at c.m. 90", (do/dﬂ)go.,, predicted by
both models are compared with the data in F1?. 10. Within the framework
of the thermal model, the proton yie]d stays\constant because it is deter-
mined solely by the number of participant prti)tons and independent nf the
kinematics. On the other hand, the CKO procejss directly reflects the
kinematics of nucleon-nucleon scatterings, arid we expect less yield at 90°
tfor high energy beams. Nevertheless, the donﬁnant features can be explained

reasonably well by both the models. In regar:d to pions, dynamics determines

their yield in both models. In the thermal model the ratio of the m~ to

proton yield is expressed asw’]4
N_-
W Po ¢ T 44
= 0.46 —2 |. )
Np p 'mc?
. B_ 1 3/
=0.2 [Tﬁ"ffﬁz] , (10)

whereas the CKO process using the A-isobar model predicts

5 (doyinel | gy inel
{j_} _1 65 @y * 3 [dﬂ]pn (1)
N R 2 do total | (doytotal
p ’A-model [dg] pp (drz)pn

for identical-mass nuclear collisions. Here the angular distribution of

inelastically scattered protons is assumed to be the same as that of pions.



e ) = a ° . .
For a 2.1 GeV/A beam, riot only 4 but soqé other éxcited:nuclear states,

such as N* and p, are ,Ergduce‘a as well, which| cause the multipion emission.

Using an empirical pion multiplicity periﬁuclron-nuélcqn jnelastic scatter-
20 |~ '

ing,”” we approximated 'the ratio as,
N PR TR
NT‘ =M. l N“ ] , . N Loy (]2)
p p 7A-model R | SR,

where M = 1 for 400 and 800 rie\')'/A:a"fd t=1.4420 for 2.1 GeV/A. The pre-
dictions of Egs. (10) and (12) again fit the 7ta well..

As the last piece of information from th iﬁé1usive sp;ctra, the angu-
lar distributions of protons in the c.m. frame are shown in,FiQ; 11.
Shown here are those for protons with c.m. en%rgies of 200, 400, and 600
MeV emitted in the collisions of £00 MeV/A Ari+ KC1. How we observe for
the first time a sharp difference between theipredictions of the two models.
The data show in general the forward and backﬁard peaking, but the ratio of
forward to 90° yield is not as large as the pqediction of the CKO model.
The thermal model should show an isotropic digtribution, because there the
multiple collisions are dominant, and all the‘initiai memory of the beam
direction is Tost. The data certainly deviate;from it. In this respect
both predictions fail to explain the data, and?it is strongly suggested that
the inclusive data are a mixture of the two coﬁﬂonents, thermal and CKO
processes.

In summary, the inclusive data show the following features:

(1) Several aspects of the energy spectra at c.m. 90°, especizily

their shape, the slope difference between protons and pion., zrd

the beam energy dependence can be explained by both the tnerrsl

and CKO models.



(2) The angular dlstr1but1on cannog_ﬁe’éipla1ned by either lodel. g
The data strongly suggest “that buth comgonents lnke large con- N ’

tributions to the 1nc1u51ve dltl. ;' . . 5 Rt

Regarding the seconf point, several models uhich -ffectfvely InLlude g

16 21,22

both aspects have been de»eloped Includ1n9~fﬂe very coap]1cated &

cascade calcu]ations.23'24 However, in the‘followi.g tug subeections'f = P

further studies on th° roles of CKO and thernnl co-oonents uill be dpscrIbed

O
i

from an exper1menta1 po1nt of vtew. .

o \\ 5 . 5 ) ‘5
E N
3.2 ‘Two-Proton Correlations . . o N

The experimental- layout is sketched in Fig. 12. ‘[n‘addit‘un t5 the’
magnetic spectrometer (S), wh1ch has been’ used ‘ta measure 1né ssive cata,
three sets of tag counter telescopes were prepared These taq counter;,
named right (R}, up fU) and down (D) counters, were set ¢t nﬁgies (.2 =
{40°, 180°), (40°, 90°), and {40°, 270°), respectxvelj. the bear axis bEIng
the z-axis. This a—angle corresponds to eé.m_ » 80% in the npucleon-nuc ]eon
c.m. frame. The sbectrometer was loCated g§:¢ = 0° and rotatad between ‘

= 15° and 110°. MWith each teiéscogf pro;ghs with energies £, > 200 tev,
and occasionally Ep > 100 HeV, were detected. The solid aingle of each tele-
scope was 48 msr which subtended ang]es‘§§9< f<45”.

We take the ratic C(e,p) defineC as

(3(2,p)-R}/R

Cle,p) = 2 - s (13)
(s(e,p)-U)su + (S(8,p)-D)/D

where 8 and p are the scattering angle and momentun of a proton detected in
the snectrometer. The quantity (S(s,p)-R) indicatec the coincidence counts
between the spectrometer and R-telescope, and R inricates the single counts

of the R-telescope. The ratio C then can be called the degree of coplanarity,
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because, if C >1, then the coplanar-type two-proton emission is favored.
In the thermal limits we expect C =1.

In Fig. 13 contour lines of the observed values of c( 8,p) are shown
for collisions of C + € and Ar + KC at EBeam = 800 MeV/A. The data are
displayed in the plane of pﬁ and Py of the emitted proto?s in the nucleon-
nucleon c.m. frame. The dotted circle 1indicates the nucleon-nucleon elas-
tic scattering kinematics when the internal motion of nucleons inside the
nucleus is ignored. In the case of C + C the value of C is always larger
than 1, and C has a peak right on the circle but at the opposite side of
the intersection between the R-telescope and the circle. Here, the crass-
hatched area shows the kinematical region of protons detected by the R-
telescope. The data thus clearly show the existence of p-p quasi-elastic
scattering.

The broadening of the peak is due to the Fermi-motion. The shape and
width of C can be fitted by both the Gaussian and ‘exponential shapes of
internal momentum distributions with<<pF>'» 260 MeV/c. A typical Tit is
shown in Fig. 14.

The peak height is higrer for C + C than for Ar + KC1. One can guess
that this may be because the fraction of the CKO process is larger for a
lighter mass system. However, such a quess is not quite correct. In order
to explain it let us cor~ider the extreme case where all protons are pro-
Juced from purely CKO elastic scatterings, as shown in Fig. 15. When botn
the beam and target are protons, then the two scattered protons are com-
pletely correlated so that C = =, If the beam and target are both diprotons,
then there are two pairs of p-p elastic scatterings. In each pair the two
protons are correlated, but since there is no correlation between the pairs,

the U- or D-counter can be fired even when one proton is detected by the
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spectrometer, so that C is now finite. When there are two pairs of p-n
elastic scatterings, two protons come from two independent elastic scat-
terings so that € = 1. A nucleus-nucleus collision is the sum of all
possible combinations. When sufficiently large numbers of pairs are in-

volved, we can derive the following relation:

(c-1) « 1/<2> , (14)

at peak

vhere <Z> is the average protcn number involved in the system. Therefore,

the value C could be smaller for the system with a larger number of protons.
In actual nuclear collisions both inelastic and elastic scatterings

are invlioved in the CKO process, which :aaxes the ratio C even smaller.

Define the fraction of the CKO component, P, as

P = c]/ig o; = ay/o . (15)

1
Then P is proportional to the probability of finding one proton emitted
by a single CKO process. For two-proton correlations the probability of
finding two protons, both of which are emitted by a single CKO process,

is proportional to PZ. We then can easily guess

(c —l)at peak pP2/<Z> . (16)

The actual formula of (C - 1) in terms of P and <Z> is slightly more com-
plicated. Calculated results for collisions of identical nuclei at EBeam =
800 MeV/A are plotted in Fig. 16 as a function of the average charged-
particie multiplicity, mr. Curves are labeled according to the percentage
values of P. Cross-hatched areas indicate experimental points obtained in

C + C, Ne + NaF, and Ar + KC1. Experimental values of mr, which now include

both #* and n-, were determined from the total inclusive yield divided by
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the geometrical cross section. Firom the figure we conclude
P~ 50% (17)

for all the combinations of beam and target nuclei. This implies that,
* *
for protons emitted at € m> 90° with the energy EP = EB/A, half are from

a single CKO process. For Ne + NaF at EBeam(Lab) = 400 MeV/A our results

zgain show P+ 50%. Two-proton correlation measurements are thus very
useful for evaluating the fraction of a CKO process for protons emitted in
a limited kinematical region.

Another interesting feature observed in two-proton correlations is the
anti-coplanarity for heavy-mass targets. Fig. 17 shows the contour plot
of C for the collisions of 800 MeV/A C + Pb. The ratio € is smaller than
1, and, furthermore, we observe a valley of contour lines which « tends
toward Ocm ™ 60°. This phenomenon can qualitatively be understiod in
terms of .iuclear shadowing, as illustrated in Fig. 17. Uhen we detect the
first particle at a certain angle, then the reaction region is effectively
biased toward the shaded hemisphere shown in Fig. 17. In this case, it is
rather difficult for the second particle to be emitted in the opposite
direction from the first, because it has to penetrate the thick nuclear

matter. On the other hand, it is not very difficult for the second particle

to be emitted in the up or down direction. This makes C < 1.

3.3 High-Multiplicity Events

High-multiplicity evenis (hereafter called HME) would be suitable for
studying the thermal process, since they are likely to be associated with
a large overlap between the beam and target nuclei, where there is a

greater chance for multiple nucleon-nucleon cascade collisions. In Berkeley
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several groups are doing experiments by selecting HME. We show here an
example from our data.

le have used 9 sets of tag counter telescopes placed at 8 = 40° to
select high multipiicity events. Each telescope selected rather, high-
energy particles, typically Eproton > 100 MeV, and it subtended the solid
angle of 48 msr. Although the total solid angle covered by 9 counters
is small {3.4% of 4m), we can still evaluate with reasonable accuracy the
total average multiplicity of charged particles. Collisions studied are

Ar + KC1 and Ar + Pb at E = 800 MeV/A. Our experimental procedure is

Beam
such that we first selected MTag;; 4 for Ar + KC1 and ”Tag > 5 for Ar + Pb
and then measured light-fraagment spectra for such HME using the magnetic
spectrometer.

For inclusive events where at least one particle is detected by the
spectrometer placed at 40°, the total associated charge-particle multipli-
city, Lo measured by the tag counter was 12 for Ar + KC1 and 24 for Ar +
Pb. These values are about 30% higher than the average nuclear charge cal-
culated using Eq. (5): <A>= 9 for Ar + KC1 and <Z>= 17 for Ar + Pb.
my ><Z> partly because my includes 17 and 7~ but partly because the detec-
tion of one particle by the spectrometer already favors the higher multi-
plicity.

The participant-spectator model gives a unique relationship between
<Z> and the maximum impact parameter, bmax’ as shown in Fig. 12. The total
average multiplicity of high-energy particles (Ep > 100 MeV) for HME was
25 for MTag 24 of Ar + KCi and 49 for MTag =25 of Ar + Pb. Values of bmax
for HME estimated from this model are indicated by arrows in this figure.
Because of the selection of higli-energy particles by the tag counters, the

arrow gives an upper 1imit of bmax'
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Fig. 19 shows a comparison of proton spectra between HME and inclu-

sive eyents for Ar + Pb. For inclusive events we observe both the beam and

target fragments in the small p; region. For HME, however, we observe tar-
get fragments only. This is expected with the participant-spectator model.
As the impact parameter becomes small, most of the beam nucleus (Ar)
becomes the participant, while the target nucleus (Pb) is always partially
the participant and partially the spectator at any impact parameter. The
suppression of beam fragments further suggests the importance of the multi-
ple nucleon cascade process for HME.

High eneray protons in HME show an isotropic angular distribution in
the frame whose rapidity is ¥, (= 0.48 %+ 0.03). As the inclusive events
showed forward and backward peaking, this fact again suggests the importance

of the multiple nucleon cascade process for HME. If y, represents the c.m.

frame of tra participant piece, the ratio of target charge to beam charge
within the participant piece becomes about 1.64, which is larger than the
impact-parameter averaged ratio, <Z$g:g;§ipant:%<zgzg;icipant>): 1.52, cal-
culated from Eqs. {2) and {3).

In Fig. 20 the proton yields for both inclusive events and HME are
plotted as a function of the angle in the frame of y = y,, for three sets
of proton energies: 200, 400, and 600 MeV measured in that frame. For
Ar + KC1 yo = 0.60 which is close to the nucleon-nucleon c.m. frame. WUe
observe more clearly from this figure than from Fig. 19 that the angular
distribution is more isotropic for HME than for inclusive events. For con-
venience we normalized the HME such that the 90° yield for 600 MeV protons

is equal for both inclusive events and HME. Under this normalization we

observe the following features:
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{1) For HME forward and backward emission is suppressed in Ar + KC1,
and the forward emission is especially suppressed in Ar + Ph.

(2) At 90° there is a lower yield of low energy protons for HME in
the case of Ar + KC1; namely, low—pT events are suppressed.

Now let us assume that the proton yield for HME, Gyme > represents the

multiple nucleon collisien component:

Opur 1 COs - (18)
HME i i

Then the inclusive yield, o, can be written as
0 = 0+ cONst » Opye > (19)

Hatch and Koonin]] calculated the dynamic behavior of ¢,. We use their g,

result, except for their normalization. Then we have

0= aoy * boyy (20)

where hK is the calculated result for the CKO process, and a and b are
parameters. Ue searched for the best fit for the cebserved inclusive data
by changing a and b and obtained results giveing very reasonable fits,

as shown in Fig. 20. Let us define the ratio P as

dao
HK (21)

P =
S| S
a0k * DOyme

Then P shows the fraction due to the CKO component. Using the fitted values
of a and b, we estimated the value of P for Ar + KC1 over a wide kinematical
region of protons. Typical features are:

(1) P~ O for high energy protons at 90°. This implies that large-p;

events are mainly from multiple collisions.



18

(2) The CKO proce:s is dominant for proton production at small angles,

even for high-energy protons.

(3) At 90° P ~0.6 for E; = 200 MeV. This result is consistent with

the data of two particle correlations (Sec. 3.2) where we obtained
P ~ 0.5 for protons with E; = 182 MeV at 90°.
The data of associated charge multiplicity aive further support to obser-
vation (1), as shown in Fig. 21. When we detect snnl]-pT protons using
the spectrometer, the associated charge multiplicity is about 9, while, if
ve detect large-pT events, it is 17. This fact confirms that high-p; pro-
tons are mainly from multiple collisions. Furthermore, observation (1)
gives the validity of the normalization of the proton data for HME as
shown in Fig, 20.

Although the discussion presented here is rather crude and, in parti-
cular, the assumption in Eq. (18) has to be more carefully examined, the
high-multiplicity events have given further information on the reaction
mechanism. In particular, the fraction attributable to the CKO component
can be studied over a wide fragment kinematical region by HME, while the
two-proton correlation data can give its value in a Timited kinematical
region.

Finally let us mention a word about the energy spectra for HME. Fig.
22 shows energy distributions of protons and pions. It is expected that
tne thermal model reproduced them better than the inclusive spectra. So
“:r, the best fit has been obtained by Siemens and Rasmussen in terms cf

~re 2xplosion model. Therefore, the data may suggest an exnlosion flow

“eem tre co-pressed matter.



3.4 Summary of the Reaction Mechanism

From inclusive data we learned that the nucleus-nucleus collision at
relativistic energies has the nature of both the CKO process and the thermal
process. Using two-proton correlations and high-multiplicity data we
could separate out each process and could determine the fraction due to
each process over a wide fragment kinematical region. The current under-

standing is summarized in Fig. 23.

4. TOPICS

4.1 Reaction Size

2
In the past few years several theorists‘5’26 have suggested a measure-

ment of the Hanbury-Brown/Twiss {H-B/T) effects27 in heavy-iorn collisions.
Gyulassy et a1.25’28 further speculated that the peak height of the H-B/T
effect is a good measure for studying collective phenomena such as pion
condensation.

The H-B/T effect is an interference effect between two particles. If
two particles have the same momentum (both magnitude and direction), then
there is a strong interference between them. The degree of interference is,
however, small if the two particles are located a large distance apart when
they are emitted. Similarly, the interference effect disappears when two
particles are emitted independently in time.

The first experimert on this effect was done for two w~ fragments by
Fung et a1.29 using a streamer chamber. They measured the two-pion cor-ela-

tion function, defined as

= ool /G5 (@)

= R(p,.4) ., (22;
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where 5 is the relative momentum between two pions, E= fﬂ - P2. According

to Kopylov30 and Yano and Koonin,26 this ratio should be given by

R=K 1+ zﬁhirfréﬁ) (Kopylov)

= K [1 + exp(-<2€3/2) exp(-r2q?;2)] (Yano-Koonin) , (23)

where T and ro a-e the reaction time and the reaction size. The data give
T 6 x 10-?" and r (overall) = (3.3 +0.9) fm for 1.8 GeV/A Ar + Pu,0,.
Typical examples of the data are shown in Fig. 24. For high multiplicity
events an even larger value of ro was observed. According to the partici-
pant-spectator model, the average radius <ro> for Ar + Pb becomes <ry>~4.2
fm for the normal density participant. This value is comparable to the
observed one.

When the two emitted particles are a proton and a neutron, we expect
an interference effect in the inclusive deuteron spectrum. Mekjian]3 devel-
oved the theory of complex particle formation in terms of the thermal model
and demonstrated that the reaction size can be derived from proton and
deuteron spectra. According to the phase-space argument, the probability
of producing a deuteron at a velocity Vd is proportional to the probability

cf finding a proton and a neutron with the same velocity, namely
Pylvevy) = Pp(v=vd) P lv=vy) (24)

where P(V) is the probability of a particle having velocity v. This is the
well-known idea of coalescence,37 sometimes called the final state inter-
action. In relativistic collisions the spectra of neutrons are approximately

replaced by those of protons. Therefore we have
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og(E=Ey) = A [o (E=Ey2) T, (25)

where A is a constant. Fig. 25 shows that prediction (éﬁ) vorks well over
a wide kinematical region. The coefficient A is almost independent of the
beam energy but depends on the mass of beam and target nuclei, as can be
seen from Fig. 26. This fact tells us that the complex-fragment emission
reflects the geometrical aspect and the dynamics of the final state inter-
actions but not the formation or dynamics of the primary protons and
neutrons.

lle can guess that A = f,f, where f, includes the dynamics of formation
of a complex fragment, such as the radius of the complex fraament or the
interaction strength between proton and neutron, and f, includes the
reaction size and reaction time of heavy-ion collisions Unfortunately we
do not have a complete formula in this respect, but in Fig. 27 we show the
quantity r, deduced from the formula of Mekjian which is proportional to
(f.f,)"/3. This quantity r, represents the reaction size but still includes

the effect of f,, the dynamics. This point is open to future studies.

4.2 90° Peak of Low-Energy L

Detection of low-energy pions is an interesting project, as some
theorists have proposed that, if a phase transition such as pion condensa-
tion or quark matter exists, it may be sensitively reflected in low-energy
pion production.

Chiba et a1.32 and Wolf et a1.33 have recently observed that low-energy
positive pions are enhanced at c.m. 90° at a certain pT(pT A~ 0.5 m“c) for
equal-mass collisions such as Ne + NaF and Ar + Ca at beam energies around

0.8-1 GeV/A. This 90° peaking is independent of the fragment multiplicity.
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“he wvesLits are shown in Figs. 28 and 29 where the data are compared with

; -+ ;- 7" data. The 90° peaking is a phenomenon specific to heavy-ion

o

ay,

T&IOTE

txplanation of this peak is not yet available, but there are
x> sugpestions, such as its being due to the Coulomb effect,34 the
sTest wave,19 or two A-sources in projectile and target. It encourages

<,rirer measurements of both 7% and 7° using a magnetic spectrometer.

2.3 Backward Particle Production

Measurements of backward-emitied particles are ideal four studying
nuclear collectivity, since, if the nucleus behaves just 1ike an assembly
of nucleons without any mutual correlations, then the backward production
is not kinematically allowed, unless the Fermi motion of nucleons 1is
exceptionally large.

A Russian group35 first started the backward production measurements
and proposed the cumulative model where a sort of cluster (fluctuon) dus
10 a strong nucleon-nucleon correlation inside the nucleus is assumed.

:7ous  production at backward angles could be explained, according to them,
ine scattering of the nucleon by such a cluster. Franke]l5 later prop-

~:=-z7, ine existence of very large Fermi motion of the form of

Tz o= exp{-p/p,) (26)

wotmoze 80 MeV/e.

“re idez of the cluster may be closely related to the idea of a large
z**z7%%,¢ Fermi rotion, since the origin of the cluster is a short-range
<z’ z1i2n among the nucleons and its [uurier transform gives a long tail

TtotnTEC LT Space.
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Recently Schroeder et a1.36 observed the beam energy dependence of p,
in £q. {26), as shown in Fig. 30. (In the figure it is named ko.) If
nucleons inside the nucleus have an intrinsic Fermi motion distribution
given by Eq. (26), then the value p, should not depend on the beam energy.
The data clearly show the beam-energy dependence. Therefore, it is more
appropriate to think that the parameter p, effectively includes several
collision effects such as the cluster collision and multiple collisions.

We note that the assumption of Eq. {9) mentioned in Sec. 3.1 is based on

Eq. (26).

4.4 Total Energy Dependence of Charged-Particle Multiplicity

Recently Poskanzer et a].37 found an interesting result, shown in
Fia. 31, which cannot be understood in terms of the available theoretical
tools. They find that the total charged-particle multiplicity observed in
several different beams on a uranium target depends on the total available
beam energy only. In Sec. 2 we showed that energy/nucleon determines the
collision dynamics. The present data show that total energy determines the

observed quantity. This is a very interesting observation, but it is hard

to explain it.

4.5 Forward Suppression at High Multiplicity

In Sec. 3.3 we showed that the particle emission at forward angles is
suppressed for high-multiplicity events compared to the inclusive data. The
reason was very simple; namely the projectile fragment is missing in high-
multiplicity events.

Gutbrod et 61.38 recently showed that, when high multiplicity events
were selected, the yield of protons at 20° (lab) became less than that at

30° (1ab}. Their preliminary data are shown in Fig. 32.
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If this observation is correct, then the data suggest several thing;.
It may be simply due to the fact that it is easier for the beam particle
to escape sideways rather than to penetrate the thick nucleus lying in the
forward direction. It may represent the positive evidence of a hydrodyna-
mical flow that was suggested by Nix et al.3 Or perhaps it may indicate
the presence of a Mach cone, as was previously suggested by emulsion
work.40 He cannot judge at the prereat stage what types of physics are

hiding behind this observation, I{30°) < 1{20°) at high multiplicity.

5. SUMMARY AND RELATION TO LOW-ENERGY PHYSICS

In Secs. 2 and 3 we learned that the geometry of collisions is well
described in terms of the participant-spectator model and that the dynamics
of the participant piece is described as a superposition of single knock-out
and multiple nucleon-nucleon scatterings. The idea of the participant-
spectator model is meaningful when the de Broglie uave length of the inci-
dent beam nucleons is small compared to the distance between nucleons inside

the nucleus. This means that the model can be applied when

R .
kd=—p—<< d=1.8 fm , 7)

where d is the internucleon distance. The above relation i3 satisfied when
the beam energy in the c.m. frame is more than 10-20 MeV/A. Below a c.m.
energy of 5 MeV/A the individuality of each nucleon disappears and both
participant and spectator are combined to form the well-known compound

nucleus. The study of this model with beam energies of 10-1G0 MeV/A is thus

very interesting.

Although the thermal model does nov describe the whole area of
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collision dynamics, it i5 worthwhile to study how we:l thgamodei c;n des-
cribe the collision dyr‘amlics at lower energies. We ploty the témperature
calculated by Eq. (7) by a dotted cdrve on the famoys diagram created by
Scott“ in Fig. 33. F‘vj'om the momentum distribution of projectile fra;;-
ments® it has been known, although we have not discussed it ia the present
paper, that the beam spectator can be heated up to a limiting temperature
of 8 MeV/A. 4z Such a temperature is also p'lotted '\m the figure. The
temperature of the parti‘éipant intersecis with that< of the spactator aﬁ_. the

c.m. beam energy of 12 He'\v"A Above ’0-20 HeV A therefore, the two .

temperature components start to separate out. It is thus again 1nterest1‘ng;/

to study the collision dynamics \nth beam energies from 10-103 MeV/A.

In the present paper we have not discussed angu]ar momentium, because
no theories treat it correctly. Although it is expected that the angular
momenta carried by the spectator and participant are not large at high -
energies, it is worthwhile to test this. As illustrated in Fig. 34, we can
imagine several methods for this purpose. 'For beam rragments we can easily
identify the product nucleus by the dt/dx - E method. If the product nuc-
Teus is B-unstable, its polarization can be detected from measurements of
g-decay asymmetry. For target fragments the measurements of isomer ratio
and y-multiplicity would be powerful. \e have no clean methods to
measure the angulzr momentum of the participant piece, but it is possible
to determine it by detecting particie correlations at large angles.

It has been shawn that *he complex-fragment emission can be explained
by means of the coalescence model which depends on the rzaction size. We
know that the coalescence radius, ps, 1S almost independent of the beam
energy in the region of 400 MeV < ELab < 2.1 GeV per nucleon. However, its

study at lower energies may have to be done.
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The importance of the single CKO process has been studied in Sec. 3.2.
The thermal model becomes more adequate to describe the collisions at lower
beam energies, as the total cross section of nucleon-nucleon scatterings
becomes larger at lower energies. The fractioﬁ of the CKO component as a
function of the beam energy is thus an interesting quantity.

.5 a whole, there is a large gap in the interpretation of physics at
high energy and that at low energy. However, most of the aspects are
common down to a fairly low energy, and it is certainly worthwhile and
interesting to test several concepts which have emerged from relativistic

heavy-ion studies at Tower beam energies.
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FIGURE CAPTIONS
Fragment spectra at 0° in collisions of 2.1 GeV/A a+ C plotted
as a function of lab. momentum (left) and as a function of
rapidity (right). g indicates the beam rapidity.
Proton spectra at large angles in collisions of 800 MeV/A Ar +

KC1. /A indicates the beam momentum per nucleon.

Pgeam
Participant-spectator model. After the collision non-overlapped
parts of the beam and target nuclei form the beam spectator and
target spectator, while the overlapped part forms the participant
piece. In the plane of p;/mc and pT/mc the beam and t~vget spec-
tators are sharply peaked at p;eam/A and p;arget/A’ respectively,
while the participant emits particies at all angles.

Total yield of nuclear charges emitted at 0° as compared with the
prediction by Eq. (4).

Total yield of nuclear charges emitted at large angles (0°<3<130°)
as compared with the prediction by Eq. (5). Data at 10°<§<145°
were used and extrapolated to 0° and 180°.

Proton spectra at ec.m. = 90° in collisions of C + £, Ne + NaF,
and Ar + KC1 at EBeam = 800 MeV/A, T = 82 MeV was used for the
thermal model (see text}).

Proton and pion spectra at ec.m. = 90° in collisions of 800 MeV/A
Ne + NaF.

Beam-energy dependence of proton spectra at Gc.m. = 90° in colli-
sjons of Ne + NaF.

Plot of exponential slope factor, Eo, of proton and pion spectra
at c.m. 90° for collisions of Ne + NaF as a function of c.m. beam

energy. Solid curve was calculated from Eq. (7) with po/p = 1,
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and dotted curve was calculated with our Monte-Carlo code. The
latter can be applied to proton slope only.

do/d2 at c.m. 90° for protons and pions in collisions of Ne + Naf,
plotted as a function of the c.m. beam energy per nucleon. Solid
curves were calculated from Eq. (i) with pg/p = 1 and dotted curves
from Eq. (12). Both curves were normalized to the data at the

point of proton yield for 400 MeV/A.

. Angular distribution of protons in the c.m. frame in 800 MeV/A

Ar + KC1, as compared with the thermal and clean-knock-out models.
Experimental layout of the two-proton correlation measurements,
er By and b were fixed at 40° and gsp was varied.

Contour plot of the degree of coplanarity defined by Eq. (13) for
C + C and Ar + KC1 at EBFam = 800 MeV/A. Dotted circle indicates
the kinematics of p-p elastic scattering when the internal motion
of protons inside the nucleus is ignored. Cross-hatched area
indicates the kinematical region covered by the R-telescope shown
in Tig. 12.

Fit of the degree of coplanarity, C, using an exponential-type

romentum distribution, exp{-p/p,) with<p>= 260 MeV/c.

. Effect of particle multiplicity on the value of the deqree of

coplanarity, C, in the extreme case where the nucleus-nucleus
collision s the superposition of pure nucleon-nucleon elastic
scatic~ings only. The value of (C - 1) becomes proportional to
]/mT when a sufficiently large number of nucleons are involved in
the collision.

Values of C-1 at the peak in the contour map of C (see Fig. 13

plotted as a function of the total charged-particle multiplicity mr.
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Theoretical curves are labeled according to the percentage of
single clean-knocl.-out contribution to total yield; P is defined

by £q. {15). Cross-hatched areas indicate experimental points
obtained in C + C, Ne + NaF and Ar + KC! at EBeam = 800 MeV/A.
Degree of coplanarity in collisicns of C + Pb at 800 MeV/A. The
ratio C is smaller than 1 and this observation suggests the exis-
tence of nuclear shadowing, as illustrated in the lower part.
Average nuclear charge <Z> for the participant piece plotted as a
function of the maximum impact parameter of the collision. Solid
curves are predicti as of the participant-spectator model. lmpact-
parameter bias by our tag counters is indicated by an arrow. Since
relatively high-energy protons (ED > 100 MeV) were selected by the
tag counters, the arrow gives an upper limit of the maximum impact
parameter.

Proton spectra in 800 MeV/A Ar + Pb for inclusive (above) and high-
multiplicity (below) events.

Proton angular distributions for inclusive and high-multiplicity
events plotted as a function of the angle in the c¢.m. frame of the
participant piece in collisions of Ar + KC1 and Ar + Pb at EBeam =
800 MeV/A. Theoretical values for the clean-knock-out component
are shown by dotted curves. Sums of clean-knock-out component and
the high-multiplicity events, defined by Eq. (20), are indicated by
solid curves which can be compared with the inclusive data.
Associated charged-particle multiplicity distribution when one pro-
ton is detected in the mid-rapidity region at low Pt (black circle}

nd at high p; (open circle). A larger number of total associated
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multiplicity is observed when a high-pT proton is detected.

Energy spectra of protons and pions for high multiplicity events
in 800 MeV/A Ar + KCI.

Current understanding of the reaction mechanism of heavy-ion
collisions studied from the proton production. It is illustrated
in the plane of pa/mc and pT/mc for proton fragments.

The ratio R defined by Eq. (22} as a function of the relative pion
momentum |g|. 1.8 GeV/nucleon “°Ar beam incident on (a) Bal,

and {b) Pb,0, in an “inelastic" triggering mode, and on (c) Pb;0,
triggering on the most central collisions, where "inelastic” means
10-15% of peripheral inelastic scatterings are included. Data
are taken from Ref. 29.

Deuteron spectra compared with the prediction of .he coalescence
model in collisions of 800 MeV/A Ar + KC1. Open squares and
diamonds are calculated by squaring the proton spectra.
Coalescence radius, p,, for deuteron/(proton)? as a function of
the beam energy for Ne + NaF and Ne + Pb.

Radius R evaluated from the data of complex fragments and by using
the thermal model formula by r-‘lekjian,]3 plotted vs (Aé/3 + A%/3L
Data for beams at 800 MeV/A are used. Empirical fits of R in
terms of (Aé/J + A%/3) are given in the figure.

Contour plot of invariant cross sections of positive pions pro-
duced in 800 MeV/A Ne + NaF (left) and 730 MeV/A p + p (right),
taken from Ref. 32.

Contour plot of invariant cross sections of positive pions pro-
duced in 1.05 GeV/A Ar + Ca (above) and 730 MeV/A p + p (below),

taken from Ref. 33.
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Exponential slope of the proton momentum distribution inside the
nucleus, po, defined by Eq. (26) as a function of the beam energy.
In this figure p, is named k,. Values were calculated from the
data on backward production in collisions of p + Cu by Schrader

et aT.36

Charged-particle multiplicity distribution associated with one
proton (Ep = 40 - 200 MeV) detected at 8 ab = 90°, plotted as a
function of total energy of the beam with uranium target. Data
are taken from Ref. 37.

Proton yields for high-multiplicity events incollisions of 400

MeV/A Ne + U. Data are taken from Ref. 38.

1

Nuclear temperature vs. beam energy plotted by scott.”!  The

temperature for the participant and for the spectator are super-
posed on it. The two temperatures become equal at (Ec.m. - V)/nu-
cleon = 12 MeV.

Participant and spectator model with angular-momentum effect taken
into consideration. Possible methods to measure angular momenta

are indicated.
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