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ABSTRACT
| Heavy Tow energy fkagments with Z > 4 have been measured in
relativistic nuclear to]]isions; using a large area ionization chamber

telescope. For all events, correlated slow fragments were looked

~ for in 5 solid state counters and correlated fragments (E >_25'MeV/n)

were measured in 80 scinfi]]atbrs coupled to photomultipliers.
Fragment spectra were taken in the energy range of 10-150 MeV Etota]'

p. Wwas extracted for fission like events. Other nonbinary fragments

I .
showed an in-plane correlation with fast charged particles. Lighter

particles (4 < Z < 12) were found to be assocfated With a high charged

particle multiplicity. Cohf]icts with previous views on high energy

_proton-nucleus data are pointed out and a qualitative comparison to

‘hydrodynamical effects is tried.

Nuclear Reactions: .
U(p,HF) 1.05 GeV
U(p,HF), Au(p,HF) 2.1 GeV
vU(4Hé,X) Au(4He,X) 400 MeV/nuc]eon, 1.05 GeV/nuc]eon
A§(4He,X) 1.05 GeV/nucleon
U(Pne,x) Au(Pne,X) Ag(®Ne,X) 400 MeV/nucleon
Measured: o(E,8), associated charged particle
multipTicity M(X,8,0); dZQ/dﬂldQZ
X = Be to MQ, 12 <1<26, L>26, Fission Fragments

PACS Index 25.70.Fg, 25.40. Rb,25.85 Ge



I.  INTRODUCTION

The commonly adopted picture of a high energy proton-nucleus
interaction is that of a two step process. In the first step ‘the-
projectile interacts.in a.quasi free manner with the target nucleons L
producing excited target residues which, :in the second step, deexcite
in various possible ways, i.e., via‘evaporatﬁon;of particles, Y-emission
and fission. All the experimental studies to da'te1 have led to the
conclusion that the high energy protonQnuc1eus reaction mechanism
is not fully understood.

For relativistic nuclear collisions an adoption of the two step
picture seemed to be very: appropriate-since the'appahent,success of
the fireball mode]2 supported the separation of a fast processbfrom
a slow process as treated in the participant—spettator concept.A’The
"slow" decay of the target spectator was calculated 1n»various ways.3?4
However, today several experimental results strongly chai]enge'the validity
of clean-cut participant-spectator based mode1s, at least ét Bevalac |

5,6,7 We want to substahtiate this tha]]enge and have developed

energies.
a much more e1éborate experimental setup than éver used 1n‘the previous

studies. The goal was to measure spéctra of.éléw target fragments

from Be up to fission-like events, to look for coincident slow partners “
of similar mass, to determine the associated mu]tip]icity of fast
charged particles (known:és cascade particles in the two-step model
terminologieé) and to look for spatial correlations between slow and

fast particles. Such a spatial correlation is considered to be negligible

in the framework of the above mentioned two step model and would, if



detected, be a strong indication for a collective behavior of projectile
and target nucleons. | |

In fhe experimental section the details of the various counter
arrangements are explained and the data-handling and -reduction .is
described. The associated charged particle multiplicity data is -
discussed, in particular the shapés of the distributions, their hean
values, their spatial distributions with.respect to 6 and ¢ and their
dependence on the trigger particle. This is followed by a section
on spectra of fragments‘with JA §a1ues below 26. Finaily'the binaFy‘
events are looked at and compared with data obtained at ‘very low incident

energies.



'solid angle of 127.2 msr and was calibrated with

| ITI. EXPERIMENTAL DETAILS

A. Apparatus ’
;_.The apparatus used, which is sﬁhematica]ly shown in Figure 1,

consisted of three distinctively different types of equipment; . L

(1) particle-telescope, (2) silicon array,'(3) plastic scintillator

array. vThé particle telescope and silicon array were each mounted

on 1hdependent1y moveable arms inside the one metef diameter scattering

chamber. The plastic scihtil]ator array was mounted. in air outside

the walls of the chamber.

The particle telescope consisted of a AE gas ionization chamber
and three silicon surface barrier E detectors. The ionization chamber
wa§ a large volume (14.8 x 9.8 x 5.3 cm) Frisch grid chamber with an
active cathode repeller plate. The chamber had a 50 pg/cm2 po]ypfopy]ehe
entrance window and was operated with methane gas at a pressure of
20 Torr. The three 6 cmZ actiQe érea, 100 um thick E detectors each-
had an angular resolution of #20 and their centers were sebarated
by an angle of 5.50. The telescope, which subtehded a solid angle

h 241

of 11.5 msr, was ca]ibfated wit Am and 148Gd alpha sources as

well as with a 252Cf spontaneous fission source.

2

The silicon array consisted of five 6 cm”~ active area, 100 um -

thick silicon surface barrier detectors. Three of the detectors were
oriented in the reaction plane as defined by the:target, telescbpe,
and beam. Each detector had an anQu]ar acceptance of 59 and their

centers were separated by an angle of 159. The array subtended a

241Am and 1486d sources

as well as with a 252Cf spontaneous fission source.
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The plastic scintillator array consisted of 80 Pi]ot-va1astic
scinti11atbrs 1/4 inch thick which were coupled to RCA 8575 photo-

multiplier tubes by means of lucite light pipes. Seventy-six of the

~ scintillators were arranged in three azimuthal rings (A, B, and C)

which subtended theta angles of 90 to 200, 200 to 450, and 450 to -

800, and accounted for 67% of the forward 2w. The remaining four

scintillators (Ring D) were oriented in the reaction plane and subtended

theta angles of 1200 to 1600 on both sides of the beam axis. The

gains of the photdmultip]ier tubes were set with a 207

Bi eleétron
source and surveyed with 80 LED's (MV 50). |

A monitor telescope was used for relative normalization of each‘
run. The monitor consisted of three 1 cm2 Phosphorus diffused silicon

detectors and was senSitive'tQ 4He ions in the energy range from 13

" to 30 MeV. The monitor AE, E, and Erej had thicknesses of 120 um,

356 um, and 360 um respectively and was mounted at a theta angle of
900 and a phi angle of 450, |
B. ETectrqnics
A block diagram of the electronics is shown in Figuke 2. A slow

coincidence between AE1 (anode) SCA and the E1 SCA defined a good
event and served as the Master gate for the Computér.-_A‘CAMAC interface
was used to set bits for the three El1 and the five E2 detectors and
for the pulser.

- A system Busy signal was derived from an OR of the sum of the

outputs of the E1 CFD's (E1 OR), the Master and the ADC Busy signal.

- The E1 0R>was delayed a few ns and stretched to overlap the leading

edge.of the master and the master was stretched to overlap the leading



edge of the ADC buéy signa]. The E1 OR antied by the Busy signal
served as the CAMAC gate. The CAMAC clear was derived from_the trailing
edge of the Busy. _ ‘ 7 .

" The anode outputs of the 80 photomultiplier tubes were sent directly
to 80 individual CAMAC discriminators. The width of the CAMACvgafe
was 50 nsec. ‘ ,

An E1-E2 coincidence was defined by means of a TAC. The CAMAC
gate (derived from the E1 OR) was used to start the TAC and the OR
of the E2 CFD's served as the stop. An SCA on the TAC output produced
the E1-E2 gate and this gate was used to’open the EZ_LG & S.

A chopper pulser system was used to send pulser signa]s to all
silicon detectors and the anode of the ion ehamber. The pulser was
externally tr1ggered by a fraction’ of the monitor E rej singles rate '

The number of pulser events accepted by the computer served as a measure
of the system dead time. The LED's of the scintillator array were
triggered by an 80 output avalahche pulser which was externa]}y triggered
in the same manner as above. The'LED's were only triggered every

other beam burst and this allowed the determination of tﬁe aecidenta]
(trigger:off) and dead time (trigger on) probabilities for the array.

C. Measurements and Data Reduction

The reactions studied are listed in Table 1. The 1l in x 2 in

UF,, Au, and Ag targets used had thicknesses of 699, 1030, and 647

2.

ug/cm“ respectively. The Ag target was self-supporting and the UF4

and the Au targets were prepared by vacuum evaporation onto 50 ug/cm2

polypropylene foils.

-



-7-

The information obtained in this experimentlwas four-fold.

1. dzc/dEdQ as a function of laboratory angle

2; 'd20/d91d92 as a function of coincidence ang]é

3. Associated chargéd particle multiplicity

4. Azimuthal correlations R

fhe dzc/dEdsz informatidn was obtained, as a function of the
Z of the reaction product, with the particle telescope. Figure 3
shows a schematic AE vs E contour, and the 1iﬁes indicate the.éoftware
windows Qsed:to divide the data into eleven groups as a function of
Z.} The telescope yielded individual Z resolution wh%th could be
fo11owed up to a 7 of 26. AHowever, due to poor statistics; the data
with 13 < Z < 26 were grouped together. The d%c/dEdQ for 4 < Z < 12
were coﬁrécfed for one-half the target thickness as seen‘by the telescope
at each laboratory angle. In ai] cases, this correction was less
than tHe energy bin size used in the data reduction. The absolute
norMa1ization of the data was determined from'knowledge of the telescope
solid ang1e, target thickness énd abso1uté'beam‘f1ux. The absolute
beam flux was meaéured with an Ar filled gas iohizatioh chamber which
was calibrated by'the direct counting of beam particlesdas described
in Ref. 6. | | o

The dzg/dgldgé information was obtained from coincidence measurements

‘between the particle'te1escope and the siliéon_array. The particle

telescope was sensitive to fragments with Z > 4 and total energiés
FE>5MeV. The silicon array was sensitive to any particle that would
déposit 6 MeV or more in a 100 pym thick silicon detector, for example,

the array was sensitive to alpha particles in the energy range of



6 to 20 MeV. For true binary events, as in the case of statistica1
fission, the dzo/dﬂldné information was used'to extract a value of

‘the most probable_linear momentum transferred to the fissioning nucleus.
This 1nformation was obtained by means of an iterative process utilizing
the total energy of both fragments, the cbincidence angle between

them, and.a guess of the fiséioning nucleus which was based upon the
m?asured'charge particle multiplicity. However, for a coincidence between
4 <7< 26 in the particle té]escope and something in the silicoh _

array; the'dzo/d91d9é7Was only useful in determining whether or nqt

there was evidence'of a two body correlation.

The associated charged particle muitip]icy information was obtained
by measufing the number of fast_chafged particles that triggered the
scinti]]ator’afray in coincidence with observing‘a particular fragmeﬁt
in the particle telescope. The low energy thresholds for observing
particular charged particles in the plastic scintillators are given
~in Table 2. One quantitative piece of information that can be extracted
from these measurements is the average real associated charge particle
multiplicity. This average multiplicity was determined by adopting
the standard techniques developed for Y;ray multiplicity rﬁeasureménts,8
correcting for missing solid angle, coiﬁcidence summing, and accidental
and dead time probabilities, as;uming uniform azimuthal distributions
and no correlations in pérticle emission. This procedure Was applied
to the‘mu1t1p11city information. in each of the fdﬁr rings yielding

~a quantity dam)/do(e). The average real multiplicity was determined



by integrating dm)/d(6) from O to m. The accidental and deadtime
probabilities Were_sma11, of the order of a few percent, in a11 cases.
The fina] piece of inforhation bbtaihed'fkdm this experimeht
cohcerns azimuthal correiations (dzo/dﬂldﬂz(e),‘where ) =l¢1-¢zl
between s]ow fragments detected in the particle telescope and fast
. particles detected in the plastic sc1nt111ator array. In order to
determine if such a corre]at1on ex1sts, a two particle corre]at1on
functlon was extracted fromvthe data. In particular, the R»funct1on9
- which is defined as | |

d20

dq, do :
R = ¢ ._._.1__.....2_. - 1
dGl d02
dQl dQZ.
-was used, where OR is the total inelastic cross-section and dcl/dQ1
‘and doz/dQ2 are the- s1ng1e particle inclusive cross-sections for particle
1 and 2 respectively. The advantage of R is that it measures the

fractional correlation and therefore treatsvfavoured and unfavoured

reégions of phase space equally.
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ITI. DISCUSSION
A. Associated Charged Particle Mu]tip]icities

1. Shapes of Mu1t1p]1c1ty Distributions

The s]ope of the -observed associated charged part1c1e mu1t1p11cty
distribution, as measured in the 80 counter mu1t1p]1c1ty array previously
described, can provide insight into the tydé df interaction fhdt produced
~ the tridger partic]e; For example, if the trigger paftic]e Was dééociated
predominant]y with a large mu]tipiicity of fast chargéd particleé,
it would be assumed to come from a central collision, and low aésociated
multiplicity would imply a rather\periphera] ;011ision.

Figure 4 shows six distinctively dif%erent associated charge

20Ne and

particle mu]tip]icityddistributions from interactions of
4He projectiles with targefé of Au and U. The 1eft hand portion of
F1gure 4 shows the d1str1but1ons associated w1th protons and carbon

ions. The d1str1but1on associated with observ1ng a proton (25 E‘<200_
MeV) at a 1aboratory angle of 900 shows a s1gn1f1cant amount of low

as well as high multiplicity events, indicating that protons are produced
in both violent (centraT) and gentle (peripherdl) interactions;\ In
contrast to this, the distribution associated with seeiﬁg a low energy
carbon (5< E< 140 MeV) at 900 in the laboratory is characterized

by an absence of zefo multiplicity, i.e. a distribution almost symmetkic
about the most probable value. This shape and the magnitude of the
multiplicity, indicate fhat Tow energy, light fragments (4< Z< 12)

come almost éxclusively from central collisions and are not produced

in peripheral collisions. High energy proton, heavy emulsion nuclei

10,11 8

studies, have also shown that Tight fragments, in particular "Li
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and 88 are predominantly produced in interactions with the largest

number of charged particle prongs, i.e: the most violent broton nucleus

reactions.

The central portion of Figure 4 compares observed multiplicity
distributions associated with fragments with Z > 26 from interactions

of 20Ne with'targets'of U and Au. The distribution from the U target

exhibits a maximum probability near zero multiplicity, with a]mést

no high multiplicity events. The distribution from the Au target

has two components, a low and a high multiplicity component. The
difference 'in the multiplicity distributions reflect the difference

of the nuclear properties of the two target ﬁuc]ei. In the case of

the U target,>wh1ch has a low fission barrier, approximately 90% of

the ffagments with Z > 26 are produced by means of a statistical fission

process. On the bther'hand; less than 10% of the fragments with Z > 26

~come from a statistical fission'process in the case of the Au target,

which has a much higher fission barrier than U. The nature of the

U distribution indicates that these fission events are produced almost

entirely in periphera] 1nteractions:With sma11 energy and momentum
transfer.

In order to furthér investigate the two component distribution
associated with fragments with Z > 26 from a-Au target we can Took
at the multiplicity distributions associated with all Z > 26 events
measured and the distribution associated with observing two slow moving
fragments in coincidence. As can be seen in the right hand portion
of Figure 4, if a binéry slow fragment event is selected, the low

multiplicity cbmponent is enhanced.  However, the high multiplicity
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compbnent’is stilimpresent. The presenee of the.high mu]tip]icity:
component, associated with two slow moving fragments, may beran
indication of a new reaction mechanism. A mechanism where by the
projectile knocks out a reasoﬁab]e amount of the target nucleus and
- leaves two rather cold (1;e. Tow excitation energy) pieces which are
driven apart.without forming a long neck,by their Coulomb forces.

A similar mechanism has been postulated to explain some recent high;

energy-proton nuc]eusvdata.12 f

2. Angular Distributions of Average Multiplicities

The manner fnbwhieh the fastlcharged particles, associated wjth
a given trigger partiele, are distribdted over 4x cen give qualitative
1nformation concerning"the‘natyre of the interaction between the
projectile and the farget. For example, if the laboratory distribution
of fast charged.partic]es:is strongly forward peaked, this is an indication
of interactions involving very small amounts of transverse momentum |
transfer, such as in the case of projectile fragmentation. Therefore,
the flatter the laboratory distkibution, the larger fhe transverse.
momentum transfer, i.e. a Yarger fraction of the initial longitudinal
momentum of the projectile is being damped into fransverse degrees
of freedom. |

With our multiplicity array, We-can look at the avefage number
of particles, associated with a given trigger particle, that populate
four regions Qf 4m., Figure 5 shows three different laboratory angular
distributions of average associated mu]tip]ieities, d(M)/dQ. As can
be seen in Figure 5, the distribution associated with observing coplanar

binary fission events is extremely forward peaked. In contrast, the
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angular distributions associated with observing protons (25 < E < 200 MeV)
are mgch flatter, with the distribution'associated with observing an
oxygen being the least forward peaked. This‘information}comp]ements

what We learned from the shapes of the assdciated charged particle
multiplicity distribhtions. Name]y, fissidn_fragments (as from a .
statistical fission process) are produced in relatively gent]e;

peripheral co]]isions.and low energy Tight fragments (4 <7 <12)

“are produced in rather violent céntral collisions.

These angular distributioﬁs of average associated multiplicities,
associatéd with a) fission products, b) pr&tons, and c) light fragments
(Figure 5) show that in going frdm a) peripheral Co]]isions to b) near
central co]iisions to c) predominantly central collisions, the transverse

particle flux increases.

3. Mean Associated Multiplicities

The integrated area under the curves shown in Figure 5, yields
the real mean associated charged particle multiplicity associated
with a given tfigger partjcle, The resuits of such integrations are
plotted in Figure 6 as a fynction of the Z of the trigger particile.
One can see from Figure 6 thqt,fragments with 4< Z< 12 have the
highest real meanvmuTtipliéity and that for a given projectile and
energy, the mu]tip]icit&_sca]es with the mass of the target nucleus.

Figure 7 shows a new and very interestihg phgnomena: for a given
target nuq]eds,_the real mean associated charged particle multiplicity
scales with.the total enefgy.of thevprojecti1e,,notvwifh_the.projectile
velocity. This new information indiéates for the first time that

the total energy brought in by the projectile is an important variable
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" to ook at‘in trying tﬁ understand fhe méthan1$m$ invd]ved,ih'rélativistic
nuclear collisions. H

The scaling of the multiplicity with the total energy of the
projectiTe doés.not tell the entire story as ‘can be seen in Figure 8.

e + Au and One + Au_

There, a comparison.is made of d<M5/dQ for’
where tﬁe projectile energy is apprbximately the éame, name1y”8 GeV.
One sees that the angular distributioh fﬁr'the hOO'MeV/n‘goNe + Au
reacfion is slightly more fdrward beaked than for the 2100 MéV/n-
He + Au reaction. This obsgyvatﬁon indﬁcétes a kfhematicé] effect
that is associated with the total incbming mdmentum, rather than the
momentum per nucleon of the projecti]e. | ,
B. Azimuthal Correlations

Figure 9 shows several two particle corréihtion functions between
slow moving light and heavy ffégments.detécted'at-¢ =00 and 6 = 900
in the detector te]eétopé and fast moving (E > 25 MeV/n) charged particles
detected in Rings A'énd°é of the mu]tip]iéity arréy. If one compares
the three lower frames of Figure é (400 MeV/n 20Ne + Au5 one can see
an increasing enhancement in the correlation function at ¢= 180°
as the Z of the correlated slow fragment ihcreases. That is, the
cbrre]ation functions between Z = 6 and fast charged particles is
neér]y isotropic,.whéré as‘for fragments with Z > 26 (from a Au target)
théfe is aﬁbkdximaﬁé]y a factqr of two enhaﬁtemént'in the correlation
at ¢ = 1800 in both Rings A and B. |

‘The top frame of Figufé 9 shows the correlation functions for

400 MeV/n 2Ne + U~ Z = 26 + X. It can be seen that unlike the Au

target, there are no statistically signifiéant correlations between

P
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fast charged particles and‘Z‘> 26 fragments for the U target. This

lack of correlation can be understood by recalling that a) the smallest

" theta angle covered by the,mu]tip]icity array is 6 = 90 and b) that
© 90% of yie]d in the Z > 26 group from a U target comes from a statistical

fiss1on process, wh1ch at these bombardlng energ1es, are predom1nant1y

a result of a gentle, peripheral interaction as shown by their mu1t1pl1c1ty

" distributions. One might expect to see some asymmetry in the phi

distributions of correlated fast charééd partic]és in regions of theta
less thah 90, since projectile fragmentation stddiesl3 have shown
that.thére are small amounts of perpendicular momenfum transferred
in such interactions. - | |

The phi-symmetry of the fast charged particTés th&t are\éorre1ated
With‘sldw moving.fragments with 4< 72< 12 énd the’bhi—asymmetry associated
with Z > 26 fragments (from targets such as Ag and Au) can be seen
16 Figure 10. ThiélfigureAshows>two typica] events as measured by
the mu1t1p11c1ty array in coincidence with an oxygen fragment (upper
half) and a Z = 26 fragment (lower half). |

Thé Tower ha]f of Figure 10 is especia11y ihteresting since the

momentum df the Z = 26 fragment is apbroximately 2 GeV/c, (sﬁnce the

7=126 fragment is detected‘af aAiaboratdry ahg]é of 9009, this momentum

'is essentially the perpendicular momentum of the fragmeht); With

a projectile velocity of 400 MeV/n, it is impossible to transfer this
amount of momentum (p, = 2 GeV/c) perpehdicu]af.to the beam direction
in a sihg]e nucleon-nucleus collision. Therefoke,'SUCh events (lower

half 6f_Figure 10), indicate a cooperative interaction mechanism between

- many nucleons of the projectile and the target.
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This observed asymmetry obviously indicates conservatjon of momentum,
and since the momenta are smaller for the light fragments, the asymmetry
may atso be smaller. However, remember'an‘in-plane'corretation between
a large number of’fast charged particles and one heavy intact nucleus y
1s observed The mechanism for th1s observed momentum ba]ance, coup]ed
with small exc1tat1on of a substant1a1 port1on of the target is very
intriguing and worth understand1ng F1rst resu]ts of hydrodynam1ca1
ca]cu]at1on55 14,17 Took very encouraging, s1nce they pred1ct for
nonzero 1mpact parameter c0111s1ons an in- plane 1800 corre]at1on between
fast fragments and very s]qw ones with velocities p}ose to ourvmeasured
~ones of 0.07 ¢ to 0.04 ¢ (Fig. 11j. | |
C. Fragment Spectra , - -

In hlgh energy- proton nuc1eus reactions Tow energy fragments
from targets Tike uranium exh1b1t the following features.1 a) there
are peaks in the speetra‘which shift towards higher energy as the
atomic numbers of the fragments increase. They are interpreted in
a simple two step model as a reflexion of the Coulomb barrier at the
emission point. b) this apparent Cou]omb barrier is one half or less
of the nom1na1 Cou]omb barr1er of the compos1te system (mov1ng with
a given B" and B, = ).‘ve) the slope of the spectra at 9009 ref]ects,
in the above mentioned two step model, the temperaturevof the.emitting
‘source and values as high as 10‘to 30 MeV have been reported; -

Later studies15

with incident deuterons and alpha-particles showed
a further decrease of the apparent Coulomb-barrier and an increase

in the apparent temperature. It was pointed out that the complex
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particles apparently deposited more energy in the target nucleus -than

did the protons.

1,15

Finally in these studies > it Was pointed out that all the

data were more forward peaked in intensity than could be explained

'by this simple model of a forward moving source of a certain temperature

emitting fragments isotropically in its rest frame.

In this experiment these low energy fragments were found to be
assocfated with high multiplicities, substantiating thé earlier conclusions
(Sec. A.1) that thesevfragments indeed come from very violent reactions,
where large amounts of energy is dissipated in fhe’target nucleus.
Figure 12 shows fhe 90°-spectra of fragments of Z = 6 to Z = 11 from
1.05 GeV/n 4He on Au. .As in high energy proton-nucleus reactions
the peak energy shifts towards higher values with increasing atomic
number. As the incident energy 15 increased, as shown in Fig. 13,
the peak position for carbon fragments is-shifted to a lower energy
by approximately 6 MeV. Sinée we measured in this experiment the

associated charged particie multiplicity we find in the comparison

that for carbon produced by the interaction of 8.4 GeV 4He + U there

on the average 22 fast charged particles observed whereas for 4.2 GeV

4He + U, carbon fragments are associated with only-13 fast charged

 particles. Therefore, at 8.4 GeV incident 4He on U the remaining system

has on the averégé at least 9 charges less than at 4.2 GeV and thus has
a lower effective Coulomb barrier. A look at the slope of the spectra
indicates a flatter spectra at the higher energy, corresponding to

an "apparent higher temperature" of the excited nuclear system.
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Since a Tower Tlimit of the amount of cﬁargevremoved from the
composite system has been measured in this experiment, one can try
to see whether this exp1a1ns«the apparent reduction of the CouJomb_
barrier in the emission of light fragments. Using the peak energiés
of carbon and neon fragments and the slope of the spectra for the
apparent temperatures and assuming thaf the emitting source is the
same for carbon or neon émission then the apparent second body in
the carbon emission at 8.4 GeV has an atomic number of about 42 and
a reduced Coulomb radius of ro = 2.0 fm. This is 1ow cqmpared to
the upper 1imit of 65 which is the sum of Zppgjectile * Ltarget ~
anrboﬁ - (M. -Part of that difference may be explained by the missing
particies with energies below 25 MeV/n, part may be due to doubly
charged clusters of energy 1argek than 25 MeV/n: The large apparent
Coulomb radius for a Z = 42 nuclear system, however, indicates a very
high deformation of the emitting system.

The second body was looked for in the coincidence detectors

which has a Tower threshold of 6 MeV. Because of this threshold
and pulse height defect of the detectors we were not able to measure
vthe coincident fragment (if any eXisted) from the U target, since
the heavy coincident particle would produce a signal below this threshold.
For the Ag-target, howeQer, there are lighter m, masses involved yielding
higher recoil velocities, but we observed no correlation between light
fragments in the ionization chamber telescope and the coincidence
counters. Figure 14 shows the carbon - anything above 6 MeV correlation
from 1870 to 1160. Compare its flat shape with that of binary‘fission-

like fragments shown in Figure 19.
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In Figufe 15 the double dffferentialueross section is increasing
with decreasing emission angle. This enhancement is usually described
as being due to the forward motion of the isotropically emitting hot
source and forward velocities in the vicinity of o.o4¢,— 0.06c have
been extracted.

Since the Tight fragments discussed here are ear,merked by their
high associated charged particle multiplicity to come predominantly
from ceﬁtra],co]]isions, those findings together with the indicator
of large deformation'effeqts suggest fhathone should drop the simple
two step modé] in_these reactions and turn to models with more complex
dynamics in the emitting systems. Whereas the cascade model predicts
residues to recoil into finite ang]es,16 hydrodyeamieal calculations,
on the other.hand, prediet that for centka] collisions a nuclear system
expands, strongly oriented with Eespect to the 1neident path of the
projectile, causing a polarization of the exploding,system.m’”l’18
(Fig._ll, 16). In the latter case it can easily be seen; that Targe
differences in Coulomb repulsion occur for c]usters,frozen out at
different polar angles. Thus an extraction of a parallel velocity
is very difficult because of the strongly varying Coulomb force as
a fupcfion of polar angle. .

In this context we would like to point out once more, that there
is a large amount of high energy proton-nucleus data which could never
be fully exp1ained consistent}y at all angles, since the data were

a]ways more forward peaked.
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D. Fission
Sample fission fragment kinetic energy spectra from the fission

20Ne are presented in Figure 17..

- of U induced by projectiles of %4e and
As can be. seen, the spectra are symmetric in shape. This symmetry
~is characteristic of a fissioning nucleus with an eXcitatién energy,
E* > 50 Mev.1?

The right half of Figure 17 shows fission kinetic‘eﬁergy spectra
'at laboratory angles of 900 ‘and 300°. The increase in yieid'betweeh
900 and 300 is consistant with a 1/sin 6 shape, indicating that somé
amount of angular momentum has béen-impartea to the fissioning nucleus.'
A more quantitative analysis of this anisotropy allows one to estimate
a lower limit of angular momentum.19 Since, a complete fissiOnﬁfragment
angular distributidn was not measufed,'we can not extract from the
data the mean amoun? of ahgu1ar momentum, imparted to the fissiohfng
nucleus. However, we can obtain an estimate of (L) by comparing the
méasured fission ffagment anisotropy ratio, do/dQ (30°)/do/dQ (900) =
1.31, for the 400 MeV/n 20Ne'+ U reaction with anisotropies méasur‘ed20
for 4He + U at pkojectile-energies between 7 to 35 MeV/n where values
of (2) are reasonably well known. The anisotropy of 1.31 agrees with
the anisotropy measured20 for 11 MeV/n 4He + U. Since the value
of (2 >1s.13' for 11 MeV/n 4He +U (<2)=2/3 zmaX); we can conclude
that the average amount of angular momentum imparted to the fissioning

nucleus by thé interaction of a 400 MeV/n 20

Ne projectile with a U
target is at least 13hn. This value is in the vicinity of an angular
momentum value of 18k extracted from knowledge of the linear momentum

transferred to the fissioning system (Table 4) assuming a large
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'1mpact parameter of a per1phera1 reaction. This va1ue is ;ma]] compared
to a (z>~420h wh1ch is a]]owed for the 400 MeV/n Ne + U reaction,
1nd1cat1ng that 1nteract1ons which }ead to f1ss1on of the target nucleus
are rather gentle. However the fact that an angular momentum of
13k is transferred does 1nd1cate that f1ss1on 1s induced in react1ons
w1th a reasonab]e amount of prOJect11e-target 1nteract1on

The cross sections for f1ss1on Oc» determ1ned in th1s work
are 1lsted in Tab]e 3 a]ong w1th ca]culated21 values of oR The values
of O¢ for 4He + U at prOJect11e energies of 400, 1050 and 2100 MeV/n
are compared with measured O¢ values between 7 and 35 MeV/n,20 22
in F1gure 18. As can be seen, there is a decrease in of of more than
a factor of two between 35 MeV/n and 2100 MeV/n. Also shown in
Figure 18 are measur‘ed20 22 (18 and 35 MeV/n) and ca]cu]ated (400,
lQSO,vand 2100 MeV/n) values of the'tota] 1nelast{e,cros§ eeetion,
o , ,
and tnat above 400 MeV/n O appears to be.constant and’rougn1y equivalent

It can be seen that at 35 MeV/n and below 9e = Op (Ref. 22)

with the value at 35 MeV/n. It is 1nterest1ng to note that, even
though Op is constant, o¢ is decreasing rather rap1d1y between 400
and 2100 MeV/n. Th15'd1vergence between op and O¢ shows, that as
the prOJect11e energy is 1ncreased a larger fraction of the projectile-
target 1nteract1ons are violent. That is, larger amounts of energy
are deposited in the target mak1ng it impossible for the target to
undergo equilibration fo110wed by a statistical fission decay.
A sample fission fragment correlation function is shown in Figure 19.
If there was no linear momentum transferred to the fissioning nucleus,

a narrow peak would be observed (whose width and shape would be determined
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by the number of neutrons that were evaporated from the f1ss1on fragments)
centered at a Ao 180o As can be seen in Figure 19, the correlation
function is peaked at a A8 s]1ght1y 1ess than 1800, indicating that
some linear momentum was transferred to the flss1on1ng nuc]eus It
1s of interest to note that the corre]at1on funct1on is skewed toward
decreasing values of Ae, show1ng that some fraction of the f1ss1on1ng
nuc1e1 receive rather substant1a1 amounts of 11near momentum

The fission-fission corre]at1on data was used to extract a most
probable value of the‘1jnear momen t um (p") transferred to the fissdoning
‘nucleus,_ut111z1ng the procedure out11ned 1n section II C. The;resu1ts
of this ca]cu]at1on are tabu]ated in Table 4. As can be seen, the
values of Pi range from 220 to 500 MeV/c. To put these values in

13.have shown that Py transferred

the proper perspecttve, studies
in projectile fragmentation reactions are of the order of 100 MeV/c.
Therefore, the interactions: 1ead1ng to fission can be cons1dered slightly
more violent than 1nteract1ons that 1ead to the 1ow exc1tat1on energy

break-up of the prOJect11e.
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IV. CONCLUSION » _

Frbm the shapesvof the associated charged particle mu]tip]icjty
distributions it became evident that - as expected - fission fragmentsa
from relativistic nuclear collisions are predominantly broduced’iﬁ
Tow multiplicity events. However, a éompqnent with high multiplicities
has béen found, indicating that even in violent reactiéns binary fragments
- are produced, possibly via an interesting new mechanism.”

The loW-Z fragment§ are originating from events with high mu]tip]icfty
- as was expected.from earlier high energy proton-nucleus data. However
the strong 1$ck of low multiplicity events contributing to this channel
is a surprising result and makes these Tow Z fragmenté, in the absence
of multiplicity counters, an excellent indicator of a very violent
collision. |

The puzzling apparent reduction of the Coulomb barrier for emitted
light fragments from heavy target'nuc1eivbombarded by high energy
protons is also observed.here in relativistic nuclear collisions with
- heavy target-nuclei. HoWever_it was found that the apparent Coulomb
barrier decreases as the total incident kinetic energy increases.
Furthermore, it could be sHown by measuring simultaneously the associated

charged particle multiplicity of fast particles (E = 25 MeV/n) that
apparent Coulomb barrier (peak position in the spectra), apparent

temperature (inverse slope of the spectra) and the average charged

particle multiplicity are a1]Are1ated to the incident total kinetic

energy. For heavier fragmehts of nonbinary- nature a strong 1800 in
plane correlation was found with many fast particles. This in-plane-

1800 correlation between slow and fast particles strongly questions
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the old two-step picture for a high-energy projectile-nucleus interaction
and definitely 1inks the fast particles to the bulk motion of the target
reﬁainsﬁ The one fluid hydrodynamical models invite one to
understand all these many features. For central collisions these .
calculations pkedict strong absorbtion of the‘tota1'kinetic energy
by the target nucleus and, further, an expansion leading tO‘Shapes
‘that appear to account for the Coulomb effects observed. In violent
péribherai reactions the calculations agree with the velocities observed
for the heavy particles and with their in-plane-180° correlation with
fast charged particles. ‘ |
The fission cross section from Uranium decreaseS‘fapid1y as the
 bombarding energy increases. At low energies 35 MeV/n, the-UrAnium
nucleus had essentially 100% chance to undergo fission even‘for central

22 As the projectile energy increases the cO]]isfons_get\

collisions.
more and more violent, and only in more peripheral collisions is the

excitatioh‘]ow enough for a statistical fission process to occur. However,
as the studies with a Au target have shdwn, there is a binary fragméntation

process associated with violent collisions.
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Table 1.” Table of Reactions Studied.

érojecti]e -~ Energy (GeV/n) ' Target ReactionAProduct*
P s . uw i
‘e 0.400 . U, Au- , ) .z¥4 to HF_
1.05 U,;Au B N Z=Q tQZHF'
o 2.1 U, Au, Ag 74 to HF .
- e | -vd.4oo U, Au Ag Z=4 to HF

*HF refers to products with Z > 26 and fission fragments. The energy
of -the products was E > 5 MeV. ' ’

Table 2. Thresholds for Charged Particles inlﬁhé Scintillator Array.

Paftic]e : | Energies

™ . o 10 MeV

P é5;MeV/n

d o 17 MeV/n
L 13 Mewn
e 0 29 Mewn

e | . 25 MeV/n
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Table 3. Fission and total inelastic

cross sections.

"~ Reaction of(mb) oR(mb)a
400 MeV/n He + U 1460 £ 140 2330
1050 MeV/n *e + U 1050 * 100 2500
2100 MeV/n “He + U 920t 90 2500
1620 * 160 4100

400 MeV/n 2ONe + U

3alculated using soft sphere model of Ref. 21.

Table 4. Most probable values of ph.

Reaction’ pH (MeV/c)
400 Mev/n ZOne + U 500
400 MeV/n *He + U 480
1050 MeV/n “He + U 430
2100 MeV/n *He + U 220
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 FIGURE CAPTIONS
Schematic of experimental configuration, showing mﬁ]tip]icity
array, ion-chamber-Si telescope and Si array.
'Block diagram of e]éctronic configuration. PA =vaé-amp11fier,

CFD

Constant Fraction Discriminator, LA = Linear Amplifier,

TAC = Time-to-Amplitude Convérter, and LG&S = Lfnear Gate

and Stretcher. | o

Schematié E Qersus E two dimensional Contour;' The"sdlid '
lines indicate the software windows used in the data analysis.
Observed associated charged particle multiplicity distribution,
as measured with the-80 counter multiplicity array, plotted

as a probability.

Angular distribution of associated éharged particle multi-

- plicities.

Real mean associated charged particle multiplicities plotted
as a funétion of the Z of the trigger parficle for 400 MeV/n
20Ne projectiles interacting‘with targets of Au and Ag.
Real mean associated charged particle multiplicities
plotted as a function of the Z of the trigger particTe.
Angular distribution of associated charged particle
multiplicities.

Azimuthal correlations between fast charged particles

and slow moving fragments.

lSamp]e multiplicity patterns as detected in the 80 coqnter

array in coincidence with an oxygen fragment (upper half)

and a Z = 26 fragment (lower half).
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Hydrodynamical calculations for Ne + U at 400 MeV/n from

. Ref. 17 showing the bounce-off effect which leads to a

12.

13.

14.

15.

16.

17.

18.

19.

spray of fast particles in'éil80° in-plane correlation
to the target_remains,récoiling with.ve1ocities up to 0.07#.
Laborafory kinetic energy spectra, taken at e]ab = 900,
for 6 <Z <11.

Laborétory kinetic energy spectra for carbon ions at
ela5~= 900 for the intefaction of 1050 and 2100 MeV/n
4He + Au. |
Carbon-heavy/1ight fragment two particle correlation

function.

Laboratory kinetic energy spectra for carbon ions at three

- laboratory angles.

Hydrodynamical ca1cu15tions of a central collision of

400 MeV/n 20Ne on ﬂ (Ref. 17). Fragments afe emitted

with the local expansion velocity with an additional
acceleration by the local Coulomb force which is different
at different polar angles.

Laboratory fission fragmeht kinetic eﬁergy spectra.

Cross sections for fiSéfon;(If, and total inelastic cross

éHe + U:

sections, Ops for the interaction of
m O¢ this work, o GR’ calculated dsing model of
Ref. 22, ®= o, from Ref. 21, & = o, from Ref. 21.

Fiésion-frqgment fission-fragment angular correlation

function.
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XBL 794-096
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