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Preface.

This thesis presents the results of experimental research at the

Department of Cosmic and Subatomic Physics, University of Lund,

Sweden. The research performed from 1977 to 1982 concerns high

energy nuclear collisions. The body of the presentation is made up of

7 publications all of which are published in widely spread

international scientific journals

I Pion and proton multiplicities in heavy ion reactions at 75 -
200 MeV/nucleon.
Phys. Rev. Lett. 40, 289 (1978).

II Properties of participants and spectators in non-peripheral Fe-
induced reactions at 1.7A GeV.
Phys. Lett- 82B, 216 (1979).

16
III The breakup of 0 into He an event-by-event study of nucleus -

nucleus collisions at 75, 175 and 2000 MeV/A.
Nucl. Phys, A381. 544 (1982).

IV Correlations between projectile and target break-up in
intermediate and high energy heavy ion collisions.
Nucl. Phys. A392. 474 (1983),

V The disintegration of nuclei in violent heavy ion interactions
at 55A MeV - 110A MeV.
Z. Physik A3O7, 293 (1982).

* VI Proton emission in 58A and 86A MeV C-induced heavy-ion
reactions.
Phys. Lett. 102B, 121 (1981).

j
VII Sub-threshold pion production in heavy-ion collisions at 85A

MeV.
Phys. Rev. Lett. 48, 732 (1982).

The results have also been presented at the following International

conferences in heavy ion physics'.



The 15th International Cosmic Ray Conference, Plovdiv, Bulgaria
(1977).

The Symposium on Relativistic Heavy Ion Research, Darmstadt, West-
Germany (1978).

The Symposium on Nuclear Physics in Heavy Ion Collisions between 10A
and 300A MeV Copenhagen Denmark (1979).

The 3rd Nordic, Meeting on High Energy Reactions in Nuclei, Geilo ,
Norway (1979) .

The 5th High Energy Heavy Ion Study , Berkeley, USA (1981) .

The 4th Bergen Workshop in Nuclear Physics, Bergen, Norway (1982).

Conference Internationale sur quelques aspects des Reactions entre
Ions Lourds, Saclay, France (1982) .

The Conference on Nucleus-Nucleus Collisions and Nuclear Excitations.
Dubna/ USSR (1982).

The Nordic Meeting on Nuclear Physics, Fuglsö , Denmark (1982).

The Heavy Ion Conference, Michigan State University, USA (1982).

The Seminar on High Energy Physics with Emulsion Cairo. Egypt
(1982) '

The asterisks mark the presentations made by myself -

The Introduction offers a short description of the evolution of the

field of intermediate and high energy heavy ion reactions during the

years when these experiments were done- My ambition is not to give a

summary of the whole field, but merely to shed light on the

circumstances around each experiment at the time it was performed.

Which were the questions raised and which experimental possibilities

were available to answer them?

The field has experienced a quick change during these years. The need

for rapid publication has given many of the papers a letter

character. They contain only little description of the experimental

equipment and the problems faced in the use of it. Thus section 2



discusses the experimental techniques, the accelerators , the

detectors and the data analysis.

In section 3 each paper is presented and commented. Cross-references

between the papers are made when the same physical effects show up

in different observables. In two cases some data obtained after

publication are included to complete the picture-

Section A gives some personal reflections on the field including

some (self-)criticism. A few comments are made on future experiments

that could be done with the available technique and which would be

natural extensions of the experiments in this thesis.

In the last section the papers appear exactly as they were published.

This is a good opportunity to thank all the people without whose help

this thesis would never have been completed. Those involved in the

specific projects have already been acknowledged in the papers and I

can only repeat my sincere gratitude to them.

To my collaborators and cowriters , all of them experienced physicists

in the field: All I have learned f ycu have taught me. Thank you for

that. It is quite a lot.

To the supervisors in the daily work: Ingvar Otterlund who brought

me into this and whose entVi^iasm is the driving force behind any new

plot, Bo Jakobsson who can c'o anything on his Texas, Rune Kullberg

busy-wait, but he taught me emulsions , Hans Ryde whose encouragement

speeded up my Ph D-studies. I thank you for your stimulating guidance

and your clever application for money.
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Research Council (NFR), are gratefully acknowledged. Money from
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world for conferences and personal meetings. This is an essential

ingredient of the research in this dynamic field.

Finally to my friends (to which also the people mentioned above

belong) at the Department of Cosmic and Subatomic Physics. When you

have such friends you need no enemies*

Lund February 1983.

,4

-/A
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1. Introduction.

The beginning of systematic studies of collisions between nuclei at

high energies was in the early 1970's when the Bevalac was modified

to accelerate heavy ions. Before that, only experiments with cosmic

ray projectiles had been done, mainly with nuclear emulsion.

In the beginning, light nuclei e.g. 0 at 2.1A GeV were accelerated

The reaction probability was found to be well described by the

geometrical cross-section. The importance of the collision geometry

at a certain Impact parameter was formulated in the spectator-

participant picture. This is still the basic building-stone for most

models proposed for the reaction mechanism. It states that only the

nucleons located in the volumes of the nuclei that geometrically

overlap, participate in the violent stage of the reaction, whatever

that is. Non-overlapping nucleons are basically unaffected by the

collision.

In its most straight-forward form the geometrical overlap is defined

by the hard sphere radii of the nuclei. These are assumed to pass

each other along straight line trajectories and make clean cuts

through each other during passage. The collision time is assumed to

be short enough to prohibit communication between the participant and

the spectators.

The description of the spectator fragmentation as the sudden breakup

of a Fermi-gas of nucleons has successfully explained the systematics

in the measured momentum distributions of the emitted projectile-like

fragments in peripheral collisions /I/.



For the violent breakup of the participant many different

suggestions have been made. Depending on the mean free path (X) of

nucleons in nuclear natter compared to the typical distances (R) that

a nucleon travels through a nucleus, quite opposing situations might

occur. If X » R a projectile nucleon will scatter only a few times

on target nucleons, and the outcoming particles will have the

characteristics of quasi-free nucleon-nucleon scattering. A

subsequent cascading might occur if the nuclei are large- On the

other hand if X « R, the incoming kinetic energy is distributed

through many successive collisions among many nucleons in the

participant. The breakup is then ruled by statistical arguments in

thermal models like fireball- firestreak- 111 or hot spot models

/3/. If the nucleons cannot be treated as independent the behaviour

of the bulk nuclear matter could be described as a collective

hydrodynamical motion.

The situation is that none of these conditions is unambiguously

fulfilled. Fair agreement with inclusive nucleon spectra can be

achieved with any of the mentioned models, at least their shapes are

reproduced. Calculated absolute levels of inclusive spectra are

normally correct to within a factor of two.

Inclusive measurements are evidently not decisive enough to find the

signatures of the reaction ' mechanism. One has to proceed with

I exclusive experiments measuring as many of the reaction products as

i possible in each event. Some of the experiments in this work, are of

I this type (papers II, III, IV, V). Nuclear emulsion detectors are

used to register all particles emitted in the event. By considering -
I

the charged particle multiplicity, peripheral collisions can be \

i
separated from central ones. It is also possible to determine which *



particles come from the projectile spectator and which come from the

target spectator. The analysis in papers II, III, IV and V is

concentrated on studies of the breakup properties of the spectators

in peripheral and central collisions separately. The clean cut

spectator-participant model is tested ^ is found to work only for f.

the most peripheral collisions.

The production of pions in nuclear collisions is confined to the

participant volume where the energy density is the largest. Are pions

simply created in the individual collisions between projectile and

target nucleons (NN collisions) or are there any collective channels

in operation? Of course, there is a contribution from independent NN-

collisions and the problem is to resolve a possible collective

component from this. For free nucleons, 290 MeV is the threshold

energy for the reaction NN • NNit , In nuclei however, the help from

the internal Fermi-momenta of the two nucleons allows this reaction

down to a few tens of MeV per nucleon, but with a strongly reduced .

cross-section. Searching for collective effects it is natural to |

investigate this "sub-threshold" region. j
i

J

In 1977 an experiment at the Bevalac reported an enormous cross-

section C 3b) for charged pions below 290A MeV. This result was

immediately denied by two other experiments using the emulsion

technique. One of them is presented in paper I of this thesis.

12
The change of the CERN Synchrocyclotron to heavy ions ( C) in 1980

J

• offered a high intensity beam in the intermediate energy range.

' Quantitative measurements of pion production are thus feasible down

to below 1J0A MeV The experiment reported in paper VII studies

production of it at 85A and 75A MeV. The experiment confirms the §
#



emulsion investigation with cross-sections in the ub range, a level

which could be understood in the nucleon-nucleon scattering picture.

Great interest in the field of intermediate energy(20A - 200A MeV)

heavy ion collisions has arisen during the past years* Today, 1983,

many accelerators operating in this domain are starting up and many

activities are foreseen in the years to come. The first generation

experiments already done at CERN and Berkeley have revealed great

similarities with reactions at relativistic energies

Our program at the CERN SC has, besides the it measurements already

mentioned, also involved studies of elastic scattering /4/, the

fragmentation of the projectile /5/ and measurements of inclusive

high energy light particle spectra The latter investigation is

reported in paper VI.

Event by event studies at intermediate energies have so far mostly

been made in nuclear emulsion. Papers III, IV, V contain information

on the topology of individual events. Paper V concentrates on central

collisions and the fragmentation of the heavy target nuclei. The

momentum transfer to the target residue is determined. Papers III and

IV contain comparative investigations of collisions at intermediate

and relativistic energies.

i



2. The experimental tools-

The experiments on which this thesis is based have been performed at

two accelerators, the CERN Synchrocyclotron (papers VI and VII) and

the Bevalac in Berkeley (the emulsion works papers I-V) which

together with the Synchrophasotron at Dubna have been the only heavy

ion accelerators operating at intermediate and relativistic energies.

2.1 The nuclear emulsion experiments-

Together with the streamer chamber experiments at Berkeley and Dubna

nuclear emulsion has been the most important 4it detector during the

first decade of accelerator experiments. The use of the nuclear

emulsion technique in the studies of high energy nuclear collisions

has its roots in the cosmic ray studies. Emulsions provide a simple

and cheap Air-detector with a quite unambiguous spatial and angular

resolution^ ideal for the very large particle multiplicities obtained

at the highest energies. It has some obvious experimental drawbacks,

the difficulty to determine the target nucleus and the tedious

collection of the data. Carefully used the emulsion technique can

however, extract quite unique information where other techniques

would require very complicated counter telescope arrays.

The emulsion exposures have been performed at the Bevalac in the

250A MeV and 2.1 A GeV 0 beams and in the 1.9A GeV Fe beam The

exposures were always done with the beam parallel to the emulsion

surface to simplify the observation of the collision stars. The

stacks were irradiated with a defocused beam in order to produce a

uniform flux of beam particles into the stack. Very little beam time

Is needed since the maximum number of primary tracks allowed with
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A 2
maintained transparency of the emulsions is "10 per cm . The number

of nuclei hitting the stack 's counted directly with pLastic

scintillators placed in the beam-

By proper choice of the sensitivity of the emulsions and the

i.

processing parameters, a desired blackness of a track (blob density) '

at a certain ionizatlon can be achieved. About 15 blobs per lOOum for

a singly charged particle at minimum ionization is convenient since

it allows both observation of shower particles as well as acceptable

charge identification of projectile fragments and slow target

particles (papers I - V).

Scanning for collisions is done under microscope, normally at 25Ox

magnification. The scanning efficiency is checked by double scanning ;

both by different scanners and at larger magnification. To be

accepted as an interaction one of the interacting nuclei must emit at

least one charged particle. Consequently, elastic scattering events i

are never included* More than 902 of the total reaction cross-section I

is found in the scanning procedure.
i

At relativistic energies the particles emitted from the projectile
i

and from the participant havs ranges too long to be stopped in an

emulsion stack. Thus no energy determination can be made. Charge

identification is only possible for the obvious projectile spectator

[ fragments , if one assumes that they have the velocity of the

j . projectile (a good enough approximation at these energies). The

. analysis of collisions at ~2A GeV is based on the commonly used n f

n , n multiplicities (defined in paper II), and angle measurements.

The emission angle is, for particlea emitted from a system in motion,

a quite informative parameter. It involves the combined effects of



11

the source velocity as well as the momentum of the particle in the

source system. These properties can however not be extracted

separately-

At intermediate beam energies the situation for emulsion use is

ideal. Almost all emitted particles stop in a normal stack and simple

blob density measurements are sufficient to achieve a good charge

identification of all tracks except the very shortest where other

methods are applicable (paper V). Since all the intermediate energy

data in papers I, III, IV, V were recorded in the same stack, the

calibration curves are very well determined.

One difficulty with the use of emulsion at these energies is the

spread in beam energies over the scanned residual range interval of

the primaries. This difficulty is partly overcome, either by

involving the energy spread in the model comparisons or by analysing

the spectra of, for example projectile fragments in the projectile

rest frame.

The problem with a mixed (H,C ,N,O,Ag,Br) target is discussed in

papers III and IV. In central collisions one can by choosing only

collisions with the largest multiplicities exclude the component of

light emulsion target nuclei (H,C N 0). This could not be done for

peripheral collisions, but on the other hand, in the first

approximation the breakup properties of the projectile spectator

should not be dependent on the target nucleus

The investigations presented here only use the emulsion detector

for the type of measurements for which it is advantageous namely

event by event studies with as much information dug out of each event
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as possible- Today's mode's are not developed to predict

nultiparticle correlation characteristics- Thus, in this thesis the

exclusive data are often parameterized in a phenomenological way.

They are compared with the very simples', inclusive predictions of the

model calculations in order to search for deviations in specific

types of events although the agreement with inclusive calculations

might be fair.

2.2 The counter experiments.

12
When the CERN SC was equipped with a heavy ion source to produce C

ions at 85A MeV, it was natural to continue the work at intermediate

energies with other techniques that allowed measurements with good

statistical accuracy and studies of the sub-threshold pion production

in a quantitative way.

A large vacuum scattering chamber (fig. 1) was connected to the

accelerator beam pipe. The chamber was designed to allow measurements

of i) High energy light particles emitted at large angles, ii) Low

energy particles with Si detectors placed inside the cylindrical part

of the chamber on movable arms with remote control, iii) Projectile-

like fragments in the forward direction at angles down to 2 close

to the beam. The target could be rotated and changed without breaking

vacuum.

| . At 85A MeV bombarding energy, one has to be able to cover protons

from a few MeV up to ~200 MeV in order to record the complete light

particle spectrum. ÅE-E techniques, in which the particle is stopped

require much stopping material. Nuclear reactions in the detector

material then become a considerable source of error for the most
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energetic particles. The telescope for light particles (LPT in fig.2)

used a transmission Si detector and plastic scintillators together

with a tine of flight measurement for the highest energies- The time

of flight was used for particle resolution and double check of the

energy calibration of the light output from the scintillators. The

relatively large uncertainty (±10 MeV) for the highest energies is

introduced by the calibration, based on the Si AE signals. Better

energy resolution (for the plastic scintillators) would have been

achieved with integrating ADC's instead of the pulse height

sensitive ADC's which were chosen (for the Si detector).

The telescope designed for low energy light particles (the Si

telescope in fig.2). was placed inside the vacuum chamber. The

resolution is illustrated for a typical AE - E correlation in fig. 2.

The Si detectors are easily calibrated. The AE and E values for the

turning and crossing points (marked in the correlation plot) are

calculable with the range-energy relation. The calibration can be

checked in the off-line analysis, at any time during the experiment.

The v, telescope was a plastic scintillator range telescope. The

short pulse length from plastic scintillators is advantageous for the

detection of the u coming from the n decay (time constant 26ns).

The resolution for singly charged particles is demonstrated in fig.

3. The number of protons in the plot is reduced by about three orders

of magnitude due to the required detection of a delayed particle, A

typical spectrum for the time between the prompt and delayed pulses

is also shown. It has the proper exponential shape and the correct

time constant. The n experiment has lately been repeated with 4

telescopes of this type but sliced into more segments, i.e. narrower

energy bins /6/.
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A proton spectrum at 90 was taken with one of these range telescopes

for the reaction C + C. The spectrum obtained overlaps with that

from paper VI at energies E > 80 MeV. The test verifies both the

P

slope and absolute level of the proton spectra from paper VI in this

energy region. It should be noticed that no energy calibration is

made of the range telescopes. The evaluation of the energies is only

built on the range-energy relation. Consequently each scintillator

constitutes one energy bin.

The off-line analysis has been done in Lund. The particle separation

is based on the AE - E correlations which are displayed on a high

resolution Tektronix 4015 graphical terminal screen. Normally the

separation between different light particle isotopes is unambiguous

and the two-dimensional identification constraints on the AE and E

signals can be introduced via the terminal graphical input.

t.
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3. Summary of the publications.

Paper I.

Pion and proton multiplicities in heavy ion reactions at 75 - 200

MeV/nucleon.

R. Kullberg, A. Oskarsson and I Otterlund.

Phys. Rev. Lett. 40, 289 (1978).

This paper represents one of the first studies of heavy ion

interactions at around 100A MeV bombarding energy. The experiment

used the Bevalac 250A MeV 0 beam on the emulsion target- Events in

two energy ranges were selected 75A - 100A and 150A - 200A MeV. The

production of charged pions was studied through AE - range

measurements and examination of the track endpoints in order to find

the characteristic pion decay products.

No measureable cross-section is observed for the production of

charged pions. This is in sharp contrast to a result published prior

to this one /7/. In that paper the authors claimed that the cross-

section for charged pions was of the order of a few barns. It is

shown in our paper that many protons are emitted with energy far

above the beam energy per nucleon. We show that the huge cross-

section reported could be understood if such fast protons

erroneously have been Identified as pions.

Our result was confirmed at the same time by another Berkeley

experiment /8/. Recent quantitative studies with counter telescopes

(see paper VII) verify that the integrated cross-sectloi; for v, is in
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the range of a few tens of ub. Such small cross-sections cannot be

measured in emulsion. 10 \ib corresponds to 1 particle per 100000

events, an amount which is completely unrealistic to measure.

Paper II.

Properties of participants and spectators in non-peripheral Fe-

induced reactions at 1.7A GeV.

j K.B. Bhalla, S. Hertzman, B. Jakobsson, A. Oskarsson and I.

Otterlund.

Phys. Lett. 82B, 216 (1979).

Fe has until recently been the heaviest nucleus accelerated to

relativistic energies at the Bevalac. As the intensity so far has

been low, emulsion experiments have been dominant. In this

investigation central collisions were selected through constraints on

the total charged particle multiplicity. The small number of slow

particles in central collisions with the C, N,0 target components was

used to distinguish them from central Ag,Br events. The emission

angles of all charged particles were measured.

56
In collisions between Fe and light emulsion nuclei, the projectile

^3 larger than the target. Thus also in a central collision there

| must, if the spectator-participant picture is taken literally always

be a sizeable (nucleon number 20-30) projectile spectator left. We

observe no projectile-like fragments with Z>3 -in these events. ,\

I
I

Data are compared with a calculation, where the participant is
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treated with the fireball model /9/ and the spectator breakup is a

pure spectator fragmentation /I/. Due to the different velocities of

the participant and the projectile spectator* a double humped

structure of the angular distribution should appear. This is not

seen. Instead the emission at very forward angles* i.e. where the

fragmentation particles should emerge , is supressed. The conclusion

is that in these events, where the overlap between the nuclei is

large, the spectator breakup is influenced by the participant

processes. This causes either a smaller spectator than defined by the

geometric overlap or an increased excitation of the spectator. This

is reflected in the larger emission angles. Similar effects are seen

in papers III and IV, when examining particle multiplicities and beam

energy dependencies.

The fireball calculation can reproduce the large angle part (0 > 10 )

of the spectra fairly well. Por Fe + Ag, Br collisions, however, an

excess of particles at 90° is observed, which could be a signature of

the hydrodynamical sidewards flow lately proposed /10/.

The following two papers concern 0 induced reactions at three

different energies: 75A, 175A and 2000A MeV. Projectile-like

fragments with Z > 2 were identified, their emission angles measured

and at 75A and 175A MeV their energy determined (if stopping). A

separation of particles emitted from the projectile from those

originating from the target nucleus was made. The breakup

characteristics of tie projectile (i.e. the degree of destruction and

the momenta of the emitted fragments) were studied in each event and

were correlated to the multiplicity of charged particles, emitted

from the target.
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Paper III.

16

The breakup of 0 into He: an event-by-event study of nucleus-

nucleus collisions at 75, 175 and 2000 MeV/A.

C. Bjarle, N-Y. Herrström, R. Kullberg, A. Oskarsson and I.

Otterlund.

Nucl. Phys. A381, 544 (1982).

This experiment concentrates on events in which the 0 projectile

fragments into one or more He nuclei. The probability for multiple He

fragmentation is large , probably as a result of the alpha particle

substructure of the 0 nucleus. The percentage of collisions with

many He fragments is larger at 75A than at 2000A NeV. This means

that at a certain impact parameter,the projectile spectator gets

more excited, the higher the bean energy is (cf. paper II and IV).

Angular distributions of He nuclei from the projectile are built up

of quite different contributions, depending on the He multiplicity in

the event. In 4*He events the emission angles are much smaller than

in events where only one He nucleus is the largest remnant of the

projectile. This could again be a consequence of the intranuclear

i "•'--
' The average target multiplicity <NT> is lower in 3 and 4*He events.

For these, <NT> is Independent of beam energy. Contrarlly,, in l*He ;
'}

events <NT> is strongly increasing with bombarding energy. The |
'"I

interpretation must be that 3 and 4*He events are more peripheral
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than chose with small He multiplicities. For heavy nuclei the

opposite has been observed fill, i-e- a large He Multiplicity is

associated with central collisions.

Also the average emission angles of He, emitted fro» the projectile/

are correlated to Che degree of breakup of the target (<6> Increasing

with OfT». At 75A MeV, where fragment energies could be measured,

the average velocity of He fragments is considerably lower than that

of the projectile, also for the most peripheral collisions This

retardation is much larger than corresponding shifts observed at 2.1A

GeV /I/. The velocity shift Increases with the destruction of the

target.

Paper IV»

Correlations between projectile and target breakup in intermediate

and high energy heavy ion collisions.

N-Y. Herrstrom, R. Kullberg, A. Oskarsson and I. Otterlund.

Nucl. Phys. A392, 47* (1983).

This paper presents a parallel analysis to that In paper III, but for

all breakup channels of the projectile. A parameter (Q) is introduced

as a measure of the disturbance of the projectile spectator. Q is

defined as the sum of all charges carried away by multiply charged

projectile fragments (which are all unambiguously identified). It is

unlikely that the charges, which contribute to Q, have passed through

the target nucleus. In paper III It was shown that events where the

projectile breaks up into three or four He fragments are the nott
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gentle ones. Thus,, for instance, a collision resulting in a C

fragment is believed not to differ much from an event with 3*He

fragments. This is in fact seen in the NT-distributions which are

identical for the different contributions to a certain Q-value.

Large Q values are then found in peripheral collisions. The

probability for even Q-values is larger than for neighbouring odd

ones, as a result of the preferred He channel.

The percentage of events with complete destruction of the projectile

is much larger at 2000A MeV than at lower energies , in fact much

larger than the fraction of completely overlapping collisions. Thus

there must exist a mechanism which transports energy to the

peripheral parts of the nuclei, increasingly efficient with beam

energy even though the interaction time becomes shorter. A suggestion

is that this is caused by the fast pions, which are produced in large

numbers in the participant at 2000A MeV. Consequently, a certain

excitation of the spectator occurs at a larger impact parameter at

2000A MeV compared to Intermediate energies.

The average target multiplicity <WT> increases for smaller values of

Q. The Increase Is stronger, the higher the beam energy is. This

means that, at a certain excitation of the projectile spectator, the

accompanying destruction of the target spectator is more violent at

2000A MeV, although the impact parameter is larger at this energy.

An important fact is that,at 75A MeV, the multiplicity of particles

emitted from the projectile is the same as the corresponding target

multiplicity, although the average target is a much larger nucleus (A

* 59) than the projectile. This could mean that equal parts of the
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projectile and target are participating in the reaction , also in

central collisions. It is shown in paper V, that some of the

particles emitted from the Ag or Br nuclei in central collisions have

charges between 2 and 8. Thus, more charges are emitted from the

target than from the projectile, although the number of particles was

the same. Other indications, from inclusive nucleon spectra at ,

intermediate energies, exist (see e.g. paper VI or ref 12 13) which

imply that there is a hot source moving with half the beam velocity.

Both its temperature and velocity are consistent with the equal

participation idea.

The large shift in parallel velocity compared to that of the

projectile, seen for He nuclei at 75A MeV Is also there for heavier

fragments. The shift at 175A MeV is quite consistent with 2.1A GeV

data /I/, i.e. much smaller than at the lowest energy. The average

transverse momenta of all types of projectile fragments are largest

at 75A MeV, possibly due to the increased importance of the Coulomb

deflection /14/. Both the shift of the parallel velocity and the -

transverse momentum at 75A MeV are increasing with the target

destruction.

The type of results reported in papers III and IV cannot be fully

understood in terms of the fragmentation model l\lf which succesfully

• explained the inclusive data. One basic assumption of tht model is

( obviously violated in our results. The fragmentation of the

t projectile in peripheral collisions is assumed to be independent of

the target nucleus, both its size and its mode of fragmentation. The

fragmentation cross-section is said to factorize in one projectile

and one target sensitive part. We have observed direct correlations

between the projectile and target breakup in events which in an
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inclusive experiment would have been called peripheral. Factorization

is only applicable on the most peripheral collisions. The large

parallel velocity shift at 75A MeV is not foreseen by the

fragmentation model.

The disintegration of nuclei in violent heavy ion interactions at S5A

MeV - 110A HeV.

B. Jakobsson, 6. Jönsson, B. Lindkvist and A. Oskarsson.

Z. Physik A307 , 293 (1982).

This study concentrates on central collisions at intermediate

12
energies produced by the 25OA MeV C beam at the Bevalac. Only

collisions which due to their large number of emitted charges, aust

be with Ag or Br target nuclei were analysed. The secondaries with Z

< 8 were identified and all ranges (energies) and emission angles

were measured. The charge of the residual target recoil was

determined indirectly,, by subtracting the sum of identified emitted

charges from the total charge content of the projectile and target

nuclei.

The events, selected by their multiplicity,have no projectile-like

fragment» in the forward direction (Q - 0 in the terminology of paper

IV). Only about one singly charged particle per event is emitted la

the projectile fragmentation region. Some events are seen, where

several medium-charged fragments (3<Z<8) are emitted. Such multi-

fragmentation events could not be understood in a simple thermal
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picture.

Besides this coaponent of fragments with Z < 8 a heavy recoil nucleus

must exist la almost all events. The momentum transfer to that target

recoil is considerably less than the full momentum transfer in a

fusion reaction. The corresponding recoil velocity ("0.02c) is

consistent with the average velocity of the low energy, target

associated protons.

The parallel momentum spectra of light particles can be

qualitatively explained in a three source thermal picture. The

projectile source would then be very weak, while the intermediate and

low velocity sources account for the majority of light particles,

with about the same strength. A similar interpretation is aade in

connection with paper VI, where quantitative estimates of

temperatures and source velocities are given. They are,however, for

impact parameter averaged data.

We have also analysed the energy flux la the direction of the beam

through a parameter (q() describing the parallel energy fraction

defined as the ratio between the parallel and total kinetic cm-

energy for all charged particles- We find, in spite of the large

multiplicities selected, that the majority of the events have quite

large q. values, larger than 0.5, which is the natural value in a

cascade process. Hydrodynamical behaviour would presumably lead to

even lower values. So, also central collisions show some momentum

transparency. It should be said that the q distribution is broad and

some events are seen where only 30% of the energy is transferred in

the forward direction.



24

Paper VI.

12
Proton emission in 58A and 86A MeV C-induced heavy-ion reactions.

B. Jakobsson, L. Carlen, P. Kristiansson, J. Krumlinde, A. Oskarsson,

I. Otterlund, B. Schröder, H-A. Gustafsson, T. Johansson, H. Ryde, G.

Tibell, J.P. Bondorf, G. Fai, A.O.T. Karvinen, O.B. Nielsen , M.

Buenerd, J. Cole, D. Lebrun, J.M. Loiseaux , P. Martin,, R. Ost, P. de

Saintlgnoa, C. Guet, E. Monnand,, J. Hougey , H. Nif enecker, P. Perrin,

J. Pinston? C. Ristori, F. Schussler.

Phys. Lett. 102B, 121 (1981).

The experiment, presented in this paper produced the first data on

proton emission at large angles, at intermediate bombarding energies.

12 12

The reactions studied were C + C, Al, Cu, Ag, Au at 85A MeV and C

+ Ag at 58A MeV. Angles from 30-140° were covered. After publication

of this paper an experimental mistake was discovered. This strongly

affected the shape of the published spectra ia the region 30-60 MeV.

The paper is nevertheless included in the thesis since the error has

only weak influences on some of the qualitative discussions in the

paper and none at all on the derived quantitative numbers»

First I will explain the error, how it is corrected for and show the

corrected spectra. At angles <55°, the light particle telescope (LPT

in fig. 2) included a long time-of-flight distance (2.2 m in a vacuum

tube). To be recorded, a particle had to reach the plastic

scintlllator at the end of this tube. Thus the telescope was very

sensitive to the direction of the particle. On its way from the

target it passed 1 am Si, 0.5 mm stainless steel windows and 1 an
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plastic start detector (the material which sets the lower detection

limit). Multiple Coulomb scattering in this material deflected some

of the slowest particles from the telescope axis. Therefore they

never reached the stop detector and were consequently never recorded.

This is the reason for the forward spectra showing a dramatic fall-

off below 50 MeV.

The multiple Coulomb scattering is strongly dependent on the charge

and momentum of the particle and can be corrected for by semi-

empirical methods described in ref. 15. It turns out that the

correction 1» as large as a factor of two for 30 MeV protons

(remember that these particles have lower energy when passing through

the scattering material). For 60 MeV protons the correction is

negligible. At larger angles than 55 a shorter flight path was used

(0.5 m). Thus this telescope was less sensitive to the direction of

the particle. There, the correction was only a few per cent.

In figs. 4 and 5 the corrected spectra are shown. The only changes of

importance are in the region 30-60 MeV for angles <55 . The

correction method is uncertain for the lowest energies and not too

much attention should be focused on the 30-40 MeV data. The

pronounced peak has disappeared and looks more like a flat spectrum.

The spectra are still very similar regardless of the target nucleus.

The parameterization done in the paper with a moving thermal

Boltzmann source, has been checked for the corrected spectra. The

temperatures (13-17 MeV) deduced from backward spectra are not

sufficient to describe the flat slopes at 30-60°. Some contribution

from a fast source, probably associated with the projectile is

needed. It should be mentioned , chat the shapes of backward spectra
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are not very sensitive Co the velocity of the intermediate source.

Recent experiments /12. 13/ also reach the conclusion that the hot

source has about half the beam velocity both for light and heavy

targets.

For the Au target* the low energy spectra of light particles were

measured with a Si-telescope (fig.2). Complete proton spectra are

presented in fig. 5. The absolute normalization of the data taken

with the Si-telescope (E < 25 MeV) is uncertain by ±302 compared to

the higher energies. The smooth matching at backward angle is

nevertheless satisfactory. The cross-section describes a peak at all

angles showing typical characteristics of an evaporation spectrum

from a residual nucleus which moves slowly in the forward direction.

Three sources are needed to reproduce the spectra of fig. 5. The

projectile fragmentation source contributes only weakly at these

large angles. The intermediate velocity Boltzmann source has a

temperature T"19 MeV, somewhat larger than the value obtained in the

paper (determined by backward angles)» The low energy part is then

described by an evaporation of protons from a target residue with

3"0.03c and T»5 MeV. In this fit the Coulomb repulsion has been

accounted for. This does not change the temperature deduced for the

intermediate source considerably.

[ It is difficult to estimate how accurate the temperatures, obtained

j for the hot source la the fitting procedure, are. The admixture from

! different sources is difficult to handle properly. Including the

experimental uncertainties, a reasonable guess would be about ±2 MeV.

The temperatures weakly Increase with the target mass. Thus the

ratio between the contributions from the projectile and target, to '?,

the hot source, cannot decrease with the target mass, as expected
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from any participant formation of the overlap volumes. Together with

the observed similarities for different targets the implication is

that the reaction takes place between equal parts of the projectile

and the target-

The fact that the thermal model docs provide a reasonable description

of the data, does not necessarily mean a proof of its validity. Also

a nucleon-nucleon scattering cascade calculation would presumably

give similar results. Most probably the real situation is a mixture

of the two processes. The contributions are then determined by the

sizes of the nuclei and the actual Impact parameter.

Paper VII.

Sub-threshold pion production in heavy-ion collisions at 85A MeV.

T. Johansson/ H-A. Gustafsson* 8. Jakobsson/ P. Kristiansson! B.

Norén, A. Oslcarsson, L. Carlén., I. Otter lund, H. Rjrde, J. Julien, C.

Guet, R. Bertholet, M. Maurel,, H. Nifenecker, P. Perrin, F.

Schussler, G. Ti be 11, M. Buenerd, J.M. Loiseaux, P. Martin, J.P.

Bondorf, O.B. Nielsen A.O.T. Karvinen and J. Mougey.

Phys. Rev. Lett. 48, 732 (1982).

In the last paper the sub-threshold pion production is returned to,

with the aim to make quantitative measurements of it production

cross-sections. Two experiments have been done, the first presented

in paper VII, and the other recently completed /6/. The last one

confirms and completes the data of the first experiment. The

telescope is schematically shown in fig. 3.
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12 +
The CERN SC C beam was run ac 8SA and 75A MeV. n production on

7 12 208 197

light ( Li and C) and heavy ( Pb and Au) targets was studied.

The double differential Invariant cross-sections of it , plotted in

fig*. 6 and 7, are from the latest experiment. Obviously the first

measurement is completely confirmed. The cross-section falls by about
12 12

a factor of 3-4 between 85A and 7SA MeV for the reaction C + C at

the studied angles. The conclusions drawn from figures 6,7 are

basically the same as those of paper VII.

The absolute levels of the spectra are quite consistent with a

nucleon-nucleon scattering calculation /16/, where the Fermi-momenta

of the nucleons are Included. The Pauli blocking and the reabsorption

of pions on their way out through the nuclei must also be included.

Otherwise, the calculated cross-sections will be far above the

measured data.

We have analysed the angular distributions in the nucleon-nucleon

12 12
c m . frame. For C + C the emission is quite symmetric although

not isotropic but forward - backward peaked. For the heavy targets-

208 197 7

( Pb and Au) the spectra are backward peaked while for Li

target the forward emission is favoured (refers to the nucleon-

nucleon system). It is at the moment not quite clear whether this is

in contradiction to the nucleon - nucleon scattering approach- The

added effects of Pauli-blocking and reabsorption might perhaps

produce the observed skewnes» in asymmetric reactions.
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4. Remarks.

The phenomena we are about to study in nuclear collisions at energies

per nucleon far above the nuclear binding energy show extreme

complexity, due to the large number of emitted particles. In the most

sophisticated experimental setup we can think of today (e.g. the

Plastic Ball) one cannot expect to detect all of these particles (to

measure the neutrons would be a formidable task). Thus we have still

too many unknowns to be able to make the ideal event by event

experiment.

Moreover, we expect quite different things to happen depending on

the specific input parameters (the sizes of the nuclei and the impact

parameter). With small projectiles (until now the only ones

available) and targets it is very unlikely that one produces a

thermalized system (it takes a nucleon about 3 collisions to reach

equilibrium). Similarily, large impact parameter collisions should

show a strong knock-on contribution. Only in central collisions,

presumably between heavy nuclei, should the hydrodynamlcal and

collective effects be enriched.

Unfortunately we have no distinct measure of the Impact parameter in

a model independent way. Thus the inclusive measurements done have

not been able to clarify the situation. Most models can describe

certain aspects of data, but none of them manages at the same time

(with a fixed set of parameters) to explain both nucleon spectra,

composite formation and pion production.

Thus far the discussion concerns the shapes of inclusive spectra

Absolute calculations are often good to within about a factor of two.
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This resemblance with data is often claimed to be a satisfactory

result. Correct within a factor of two is in fact not too impressive*

as far as nucleon spectra goes. The conservation of charge for a

12 12

light system say C + C, limits the possible range of the cross-

section to one order of magnitude if the reaction cross-section is

known. It is also an embarrassing fact that experimentalists cannot

measure absolute cross-sections to better than ±20-30Z. Considerable

improvement must be made on this point*

Procedures (like the one used in paper VI) to describe inclusive

spectra with 3 moving thermal sources are not very conclusive. Of

course they can fit data, with 9 free parameters (the temperature,

the velocity and the number of particles emitted from each source)

what else could you expect. Such models are useful to parameterize

data, but their predictive power is indeed of limited value.

The richness of 4« data la encouraging. The competition to emulsion

experiments has Indeed so far not been very hard. Of course, emulsion

experiments suffer from the poor statistical accuracy, but are anyhow

quite conclusive. They can in fact provide useful hints for the

experimental work in the near future.

The event information contained in the Q parameter Introduced in

paper IV is very useful. An experimental »et-up with a counter

hodoscope ' covering the forward fragmentation cone can Integrate the

energy of projectile particles, which have not interacted directly

with target nucleons (this would be even better than simply to count

the charges). If one could Include also the energy carried away by

fast neutrons, the input channel of each event could be determined

i.e. how many nucleons participate and how much energy has been

å
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released la the process. This information is even more straight-

forward than a measure of the impact parameter and should provide a

way to determine the correspondence between the "phenomenological"

temperature and the excitation of the system.

In paper V the parallel energy fraction was determined for each

event. Other parameters which involve the added properties of all

registered particles are Thrust and Sphericity /17/. Both properties

can be extracted from emulsion experiments at intermediate energies.

For this type of analysis^ the missing neutrons are problematic.

These have to be accounted for in the model calculations.

The emulsion detector will have its applicability in certain areas

although the competition from the Plastic-Ball and Streamer Chamber

experiments will be tough. An experiment which could immediately be

done in emulsion concerns the multifragnentation of large nuclei

(paper V). Such phenomena are easiest to study in the projectile rest

frame. Thus, experiments should be done with the very heavy

projectiles Xe , Kr and even Au and U now (spring 83) available at

the Bevalac With these large projectiles, accelerated to ~1A GeV,

hundreds of charged particles might be emitted in an event. The

emulsion detector is outstanding in handling such large

[ multiplicities.

t

1 It has often been pointed out /18/ that the inclusive measurements

done, cover only a limited part of the available phase-space and

that one should proceed to low cross-section phenomena- The

subthreshold pion production (paper VII) is an example of this.

Further studies of subthreshold pion production should involve simple

coincidence experiments, although difficulties arise due to the low

' "V.
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cross-section. Coincidence measurements between the pion and the

accompanying nucleons can shed light on the nucleon-nucleon

scattering contribution. Perhaps the preference for the deuteron

channel can be seen /16/. Pion - projectile fragaent correlations can

tell whether the pion producing events are peripheral or central.

This is essential for the treataent of pion reabsorption. The Coulomb

force, affects the charged pion spectra strongly at these energies

/6/. After a normal Coulomb correction has been applied to the

measured it and n spectra, these show a large excess of n . in the

case of a very heavy target. In fact the excess is much larger than

208
expected from the N/Z ratio of the Pb target. This has to be

studied with a technique more suitable for n detection presumably a

magnetic spectrometer. Tracing the pion production down with beam

energy, is probably easiest to do with n . Promising results have

been presented lately by Grosse et- al-

In this last section I hav* expressed some ambitions that one could

have for future experiments* The selection of possible experiments

are in the line of the work done in this thesis. They are not at all

wild unrealistic dreams but perfectly feasible with today's

technology.

I would like to end with some personal reflections about this field

[ of physics, which has taken the best years of my life (perhaps it

I made them the best (so far)). My feelings are coloured by the

! excitement of working in totally unexplored domains where there are

still possibilities to touch exotism (although it has not been done

yet) even by accident.

It is Inherent in these many-particle problems that the observables
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measured are averages over many different interaction channels and

must be described by statistical methods. Such models can provide a

convenient strategy, attacking the microscopic properties which oust

be the ultimate goal for our search. The models themselves are

unfortunately neither very exciting nor beautiful. Anyhow they have

the advantage of being easy to visualize with classical analogies -

The great experimental efforts, both new accelerators and large

detection systems in the very oear future must be matched by

theoretical activities, in order not only to fit existing data in a

more or less phenomenologlcal way but also to produce predictive

models, which can tell for what and where to search.
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Figure captions.

1. The scattering chamber viewed from above. The square boxes la
front can be removed to reach larger forward angles.

2. Simplified drawings of the telescopes used for light particle
spectra. An example of the particle resolution for the low
energy telescope is presented. The points marked by arrows were
used for calibration.

The plastic scintillator range telescope used in the first
experiment. The correlation plot shows the singly charged
particles, after a strong hardware rejection of p and d. The
time spectrum is obtained after further restrictions on the AE
and E signals.

4. The proton energy spectra for several targets after the
correction for multiple scattering.

5. Corrected proton energy spectra for Au target. The low energy
part was measured separately. There Is an uncertainty in the
absolute level between the low and high energy distributions of
about ±30t.

6. Invariant « cross-sections at 85A and 75A HeV. The guide lines
connect the data points from the recent experiment. The results
from the first experiment (paper VII) are included for
comparisons (open circles).

7. The same as for fig. 6 but for 11 and Pb target at 85A MeV only.

'v.
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Pion and Proton Multiplicities in Heavy-Ion Reactions at 75-200 MeV/Nucleoo

R. Kullberg, A. Oskarsson, and L Otterlund
Dtparimtnt of Cosmic and Subatomic Btyties, Vntvnity of Uatd, låmé. Stamin

(Received 7 September 1»77)

Studies of inUractions between " o and emulsion auetet in the energy range 75-200
MeV/oucleon hare not given evidence for any targe plan productloo. Tala observation
1* in dtsagreement with the reautt» recently presented by McNutty ft al. who observe
a very Urge pk» production in :oNe raactlons at enargtea < 280 If eV/oucleoa.

We have studied heavy-ion reaction* in Oford
GS emulsions exposed to 250-MeV/nucleon "O at
the University of California, Berkeley. One
main purpose of this investigation Is to study pi-
on production In reactions at 75-100 MeV/nucle-
on. Stimulated by the work of McNulty et a/.1 we
extended the investigation to the energy range
150-200 MeV/nucleon. The gap density was 14.8
gaps per 100 am for a singly charged particle
track at minimum ionizatlon. The mean grain
diameter was found to be 0.6 nm. Further de-
tails of the emulsions, processing, and scanning
can be found elsewhere.*'*

The 117 reactions obtained at 75-100 MeV/nu-
cleon have been completely analyzed. Outgoing
charged particles were followed to the point
where they stopped, interacted, or left the stack.
The stack was large enough to absorb most of the
outgoing charged particles. Gap-density and
mean-gap-length measurements were performed
in all tracks of singly charged particles having a
range > 1 cm. We have taken the energy loss of
charged particles restricted to the track core
(RED as the theoretical counterpart of the meas-
ured parameters. In Fig. 1 we exhibit the re-
sults, which show a number of protons and deu-
terons but no pions. The ratio p/d in the energy
range Ef4 > 40 MeV/nucleon was found to be 2.1
* 0.4. Figure 2 exhibits the proton energy dis-

tribution above 50 MeV. The distributions pre-
sented in the figure will be discus—d below.

We have examined the endpoints of the stopping

SOK

t 2 3 t 5 6 7
»ANOE lem)

FIO. 1. Gap density as a function of residual rangs
for singly charged particle». The Identifications of
protons and deuterons has teen confirmed by :
gap-length measurements.

289
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FIG. 2. Protoa teexgr dtstrft

170 200

Iwtth

till frtimitfUin pcoetes (tottd eurrt) ud tvapora-
tfea (dotted « m ) (Ref. 4). The dUtrbottoo* are nor-

of protoea wtth ̂  > 100 MtV.

trtdu, to flod characteristic t-n decays or cap-
ture of t* in emulsion nuclei <p stars), m 879
•topping tracks we did not observe one single »-
meeoa decay or o star. Our results are in com-
plete disagreement with the recently published
values by MeHutty *t at.1 who observe pions in
about 30* of "Ne-emulsion-nucleus reacttens at
51-101 MsV/nucleon.

a the range 100-280 MeV/nucleoo McNulty
tt si.1 report a large pion production cross sec-
tion (-3b). Por direct comparison with these
results, we selected randomly 51 treats at 150-
200 lieV/nucleon and looksd nr pions. 376
tracks of singly charged particles were ewnined:
(a) 134 short tracks (range <1 cm) were followed
In order to search for characteristic pion decay
or capture, (b) 242 long tracks (range >1 cm)
were sap counted in order to determine the num-
ber of shower particles (gap density < 1.4 times
that of a minimum-ionizing particle) l.eM Sp> 380
MeV, £ (>87 MeV. B a track is not classified
as a shower-particle track, we measure the
change of lonUation in 1 cm, which should sepa-
rate ptons from protons according to Tig. 1.
None of {be eaunined fracks showed typical pion
behavior. Only one shower particle was ob-
served, m another 45 reactions at 150-200 MsV/
nelson we did not find any shower particles.
Thus also in the energy range 150-200 MeV/nu-
cleon oar observations are contrary to the Mc-
Nultyrtai.'findings.

McNulty tt ai.1 have identified pions by inspec-

tion of tracks clow to the interaction vertex.
They could not observe the end of the tracks be-
cause the stack was not thick enough. There-
fore they performed multiple scattering measure-
ments on a sample of the observed tracks. They
classify the outgoing singly charged particles as
light- and grey-track-producing particles. Light-
track particles were defined as singly charged
particles having an ionization smaller than 2.2fiOf

4

where Ba is the blob density in a track at mini-
mum ionization. This corresponds to protons
with energies 2160 MeV and pions with energies
2 23 MeV. They claim that all light-track-pro-
ducing particles are pions.

However, ptons cannot be separated from pro-
tons only by inspection of the outgoing tracks
close to the interaction vertex. The reason is
that several projectile protons will be emitted
with an energy high enough to appear as light-
track-producing particles. In order to investi-
gate the frequency of such protons we have per-
formed Monte Carlo calculations, where we sim-
ulated "Ne-emulston-micleus reactions at 50-
280 MeV/nucleon. The inputs in our model are
the mean free path in emulsion for *°Ne ions (10
cm), the frequency distribution of protons emit-
ted from the projectile (we have used data from
"O reactions at 75-200 MeV/nucleon1-9) and a
simple fragmentation process.' From the simu-
lated reactions we calculated the laboratory en-

200
EMMY IMtVMI

300

n o . 3. Prodoctfa» of light-trick parUelee u a fuoc-
tton of mergy. The opeactrtCM art from Ref. i . Tbt
eorvM art Montt Carlo ttmulat*': Solid eurvt it valid
for E, > 160 MtV, dotted ourvt a for E, > 130 HtV, and
dotted carve » for Ep > 100 MtV.
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TABLE I. Comparison between Monte Carlo simulations and experimen-
tal findings.

McNulty
et al. (Ret. 1)

Mean number of particles
identified as light-
track particles (E>>160 MeV)

Percentage of reactions
with at least one light-
track particle (£,>260 MeV)

2.8

70

Monte Carlo
calculation

2.9

79

ergy distribution of projectile-fragmentation pro-
tons, the frequency of protous with Et > 160 MeV
and the frequency of events having at least one
proton with Et > 160 MeV. For comparison we
have also calculated distributions when £,>130
MeV and Ep > 190 MeV. The results are summar-
ized in Fig. 3 and Table I. The calculated multi-
plicity, percentage of reactions, and distribution
are in agreement with the results given by Mc-
Nulty et at.,1 provided that the light-track-pro-
ducing particles in their investigation are pro-
jectile-fragmentation protons.

Naturally our model does not consider all the
production mechanisms but only projectile frag-
mentation. The figures given in Table I are
therefore slightly overestimated. Nevertheless
our estimation shows that projectile protons con-
tribute considerably to the number of light par-
ticles (E,> 160 MeV).

The results from reactions at 75-100 MeV/nu-
cleon (Fig. 2) clearly indicate that many protons
are emitted with energies larger than the mean
energy of the individual nucleons inside the inci-
dent nucleus. Four protons with energies > 160
MeV are observed. This is in agreement with
the Monte Carlo calculations also shown in the
figure. The energy spectrum at energies < 100
MeV cannot be expected to agree with the calcu-
lated distribution because other production proc-
esses than projectile fragmentation contribute to
the emission of protons in this region. We con-
clude that the pion multiplicity is substantially
smaller than that given by McNulty et at.1

We are indebted to Dr. H. Heckman and the

operational staff of the Berkeley Bevatron for
their assistance during the exposure of the emul-
sion stack. Thanks are also due to Dr. B. Lind-
kvist for processing the emulsions. The re-
search reported in this article has been spon-
sored by the Swedish Atomic Research Council,
whose support is gratefully acknowledged.

*P. J. McNulty, G. E. Farrell, R. C. F1U. W. Schist-
merling. and K. O. Vosburgh, Phys. Rev. I*tt. 38,
1519 (1977).

2B. Jakobsson, R. Kullberg, and I. Otterhwd, Noel.
Phys. A276, 523(1977).

JR. Kullberg, K. Kristiansson, B. Lindkvist, and
I. Otterlund, Nucl. Phys. A280. 491 (1977).

*Raf. 1 gives the value 18.5 grams per 100 pm for a
particle trajectory at -««'•-<«• lonUatton. Light tracks
we defined as having bleb deaattlM «40 Moos/100 «m.
In oar comparison we assume the Mob density of a
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to a proton easrgy of ~ 100 MeV.
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*To simulate projectile '.ragmentation we have used
a Gaussian distribution with ff- 71 MeV/c for longttndl-
nal and transverse momentum components ID. E. Gretn-
er, P. J. Lindström, H. H. Heckman, B. Cork, and
F. S. Bleser, Lawrenee Berkeley Laboratory Report
No. LBL 3651, 1975 (unpublished». We also simulated
an evaporation process win a mean energy of the pro-
tons equal to 10 MeV. The choice between these two
distributions Is unimportant for the conclusions given
In this Letter.
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Fe-INDUCED REACTIONS AT 1.7 A GeV.
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Central rclativistic Fc-induccd heavy ion reactions in emulsion have been isolated and we observe that a clean-cut ther-
mal participant-spectator model fails in predicting the experimental angular distributions of charged particles.

it has been stressed many times that exclusive
studies of small impact parameter (b) heavy ion reac-
tions provide a much better test of existing models than
inclusive impact parameter integrated data [1,2]. In this
experiment we have made an attempt to isolate central
heavy ion reactions in electron sensitive llforrl emul-
sions exposed to the Bevalac Fe-beam at 1.9 A GeV.
The emulsion detector is very suitable for studies of
nucleus- nucleus reactions with small impact param-
eters, because it registrates all charged particles of indi-
vidual events in a 4ir-geometry and because of its high
angular resolution. Nevertheless it is difficult to select
a pure sample of central heavy ion reactions, firstly be-
cause there does not exist any unambiguous experimen-
tal signal for centrality, secondly because the differ"n,e
of the radii of the interacting nuclei is too small in
experiment to include only completely overlapping
events, b <|/?i - /?j I- We have basically used the cri-
terion of a high charged particle multiplicity 'o select
the events. Thereby we also find that none of these
events has any rclativistic fragment with charge Z> 3
or a significant asymmetry in the azimuthal angle dis-
tributions.

On leave of absence from University of Rajasthan, Jaipur,
India.
On leave of absence from University of Lund, I und. Sweden

Recently, we reported on multiplicity distributions
in 56Fe-reactions in emulsion [3]. We observed that the
/Vn-distribution *' also in reactions with Nt > 26 *2 is
broad and exhibits low yVh-multiplicity events (Nh < 5).
Since no short-range residual target nuclei were observ-
ed in these collisions they are most likely Fe-CNO or
Fe-H reactions. However, also Fe-H collisions can be
disregarded since there is a negligible probability that
such reactions have multiplicities >26at these energies.
In this investigation we have chosen central Fe-CNO
events from the slightly less strict criteria N^(=N^
+ JV,) > 26 and /Vh < 5. For central Fe-AgBr reactions
we used the criterion 7Vch > 63 (*10% of the Fe-AgBr
events). The average beam energy at the reaction point
was 1.7 A GeV. A modified Kolmogorov- Smirnoff
test was performed on the azimuthal angle distributions
to investigate the degree of symmetry. The sum of the
K* and K parameters *3 for the experimental events

* /Vn = the number of heavy track particles (protons with t'p
< 400 McV, pion» with A'B < 60 MeV, all multiply charged
target fragments).

1 2 /V, = the number of shower particles (protons with £ p > 400
MeV, pion» with E„ > 60 MeV).

*3 The Kolmogorov -Smirnoff parameters K* and K ' tie the
maximum positive and negative deviation! between the dis-
tribution functions corresponding to an experimental and
a rectangular probability function.
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number of selected events, i.e.

26 March 1979

Fig. 1. Angular distribution of charged particles in central
5*Fe-CNO reactions (histogram). The curves represent the
calculated distributions from the clean-cut thermal participant
-spectator model with spectator fragmentation (dashed) and
spectator evaporation (solid)

was compared to the statistical K * + K distribution
from symmetric events with the same multiplicities.
In none of the high-multiplicity events we find a K* +
K value outside the 98% level of the statistical distri-
bution.

The angular distributions of the charged particles
emitted in central Fe-CNO and Fe-AgBr reactions
are shown in figs. 1 and 2 (histograms). It should be
observed that the variable u = - 1 0 logtan (0/2) is pro-
portional to the rapidity only at high energies. We no-
tice that the widths of the distributions are the same
(a = 0.47) and that there is a shift of the centers of the
distributions of Aw = 0.5, slightly larger than the shift
A"cm ~ 0-4 °f totropic distributions from the totally
fused cm systems.

We have compared the experimental u-distributions
with predictions from a simple macroscopic model
based on a clean-cut straight line geometry and an
assumption of complete thermalization in both the
participant and the spectators before decaying. The
impact parameters chosen correspond to the relative

= 1.25fm, 0)
where N is the selected number of central events, Ntot

is the total registered number of events and A, and A 2

are the mass numbers. This gives bmax = 2.5 fm for
Fe-CNO and 6max = 3.5 fm for Fe-AgBr. The parti-
cipating volumes are calculated with Swiatecki's ap-
proximation [4J and in fig. 3 we show the number of
nucleons in the participant and the spectators as a func-
tion of b. The emission of particles from the participant
system(s) follows the outline of the relativistic fireball
model [5-7] , i.e. equilibrium is established, the sys-
tem expands to a critical density below which no
strong interaction is possible and for this density we
freeze in the Boltzmann momentum distributions of
pions and protons. The system is cooled by pion pro-
duction to a temperature [7],

= T 0 ( l -exp[-2e ' (H'3r 0 ] ) , (3)

Fig. 2. Angular attribution of charged particles in central
M Fe-AgBf reactions (histogram). The two different specta-
tor break-up calculations in the participant-spectator model
give the same result for the target spectator.
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Fig 3. The number of nucleoni in the participant and the spectator in Fe-CNO and Fe- AgBr reactions.

where T0 = 92 MeV for a density at break up of pc/3
»0.06 f n r 3 and e'(b) is the excitation energy per
nucleon,

+ JV2)2m'2

(3)

Here jV| and #2 stand for the projectile and target con-
tribution to the participant nucleon number, Einc is
the beam energy per nucleon and m and m' are the
masses of an unbound and a bound nucleon respective-
ly. The u-distribution is given by the Boltzmann spec-
trum in the fireball rest system,

d2,V :_JV_ expt-T-V+m2)1 '2]
4JWI3 2{T2!m2)Ki(miT)•* (T/m)KQ(mlT)

(4)

K0(m/T) and Kt (m/r) are second-order Bessel func-
tions and m is the proton or the pion mass. The num-
ber of emitted protons is assumed to be the same as
the fireball proton number, i.e. we neglect the produc-
tion of multicharged particles which is small for the
projectile/target mass ratios of the participant we are
discussing [8] . The pion multiplicity is taken to be

N, = "ch - "p.pan - " p . * * - * W , (5)
where Nf „ , is the number of participant protons and
AL ^ and Ar

o>ipec are the numbers of spectator pro-
tons and alphas. Hence we assume that the pion mul-
tiplicity is just the difference between the total charged
particle multiplicity observed (A^) and the multiplic-
ity given by the model. We use this normalization be-
cause the charged pion/baiyon ratio determined from
fireball and firestreak calculations {8] overestimates
the pion multiplicity by a factor 10 in the CNO case
and by a factor S in the AgBr case, an overeslimation
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which is even more severe than what has been found
in comparison with 6-averaged data [ 8 ] .

The decay of the spectators is treated in the spirit of
the clean-cut approach with isotropic^mission from
systems with velocities 0 = 0 and 0 = ^)OJii • The u-
distributions in figs. 1 and 2 (p and a) are calculated in
two ways, (i) from the assumption of a direct isotropic
break-up with a width of the gaussian momentum dis-
tribution reflecting a zero temperature internal Fermi
momentum distribution (op = 71 MeV/c, aa = 131
MeV/c) [9] and (ii) from a sequential evaporation
process from a system with a temperature

' = ((Curtice ^ C o u l o m b ) / * ) ' ' 2 . W

where a is the level density parameter (taken to be
•4/10) and A£"sur6ce is given by the difference between
the area of the hollow sphere spectator and the corre-
sponding spherical nucleus multiplied with a surface
energy coefficient of 0.95 MeV/fm2.

Typical temperatures for the spectators are 5 - 7
MeV. The Coulomb barriers we use are reduced for
penetration, expansion and surface vibration. The num-
ber of H and He nuclei are estimated from the ex-
perimental fact that the projectile spectator decayed
only into singly and doubly charged particles and from
the theoretical H/He ratio (s*3) of an evaporation pro-
cess at the appropriate temperatures.

Figs. 1 and 2 exhibit the predicted distributions
from the clean-cut thermal participant—spectator mod-
el with spectator fragmentation (dashed) and spectator
evaporation (solid). We believe that these two ways of
treating the spectator decay represent the extreme
lower and upper limit of the momentum widths. In
the Fe -CNO case, fig. 1, none of the curves gives an
acceptable description of the data in the projectile
spectator region. There is obviously a strong shift of
particles from the projectile break-up region to smaller
u-values. If this should be interpreted only as a result
of a slow down of the spectator, the average spectator
energy would be 1 A GeV. Another possibility is an
expansion of the participant region during the initial
reaction stage due to transverse communication [2] .
The participant break-up could possibly explain the
emission at larger angles but the comparisons are less
sensitive here due to the choice of the representation
and due to the fact that the target spectator gives only
a very smäll contribution in the target fragmentation
region.

Turning to the central AgBr collisions shown in fig.
2 we would expect to see the same evidence against
genuine target spectator emission. Most apparent is
the excess of target associated particles around u = 0.
One possible explanation is that we have measured col-
lisions with larger impact parameters than we have as-
sumed in the calculations. This would increase the num-
ber of spectator-associated particles and give a result
more in consistency with the observations in the CNO
case. However, the comparison is not sensitive enough
for the target u-region because only an angular distri-
bution in the emitting system cannot discriminate be-
tween various isotropic processes.

If the transverse communication is large enough,
energy can be delivered to the total A j + A •> system
before the projectile has passed the target. If so, the
conditions for total explosion are fulfilled [2,10] and
we know very little about the resulting spectra, if we
assume that a totally fused A j + A i system is formed
we find u-distributions which are too narrow to give an
overall description of the data and in the AgBr-colli-
sions this extreme assumption is not sufficient to ex-
plain the excess of particles at u = 0.

To conclude we have found that the angular as well
as the mass distributions of particles from nonoverlap-
ping parts of the interacting nuclei (Fe-CNO) in cen-
tral collisions is different from what is known for the
spectator break-up in peripheral collisions. The intro-
duction of nuclear diffuseness as well as the smooth
temperature, velocity and mass distributions in the fire-
streak model will certainly make the discrepancies
less but hardly negligible.

We wish to express our gratitude to Dr. H. Heckman
for providing us with a stack of Oford G5 nuclear emul-
sions exposed to the Bevalac 5 6Fe beam. K.B. Bhalla
thanks the International Seminar in Physics, Uppsala, for
financial support and B. Jakobsson kindly acknowl-
edges the support of NORDITA. The research report-
ed in this paper has been sponsored by the Swedish
Natural Science Research Council which is gratefully
acknowledged.
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OF NUCLEUS-NUCLEUS COLLISIONS AT 75, 175 AND 2000MeV/A

C. BJARLE, N-Y. HERRSTRÖM, R. KULLBERG, A. OSKARSSON and I. OTTFRLUND

University of Lund, Lund, Sweden

Received 7 October 1981
(Revised 4 December 1981)

Abstract: We present an event-by-event study of the breakup of the 16O in 16O + emulsion nucleus
interactions at 75,175 and 2000 MeV/A. The events are categorized according to their multiplicity
of projectile He nuclei. The multiplicity depends on the degree of target destruction. Although
the fragmentation model describes the gross features of inclusive He spectra, an event-by-event
study reveals deviations from the model. The momenta of the He nuclei, emitted from 'he
projectile, depend on helium multiplicity and the breakup properties of the target nucleus. The
probability that the 16O projectile breaks up into multiple He fragments is larger at 75 MeV/,4
than at 2000 MeV/A At 75 MeV/,4 the mean velocity of projectile He is on the average 0.06c
below the projectile velocity. This recoil velocity depends on the target nucleus destruction also
for the most peripheral collisions.

NUCLEAR REACTIONS H, C, N, O, Ag, Br('°O, He), £ = 75, 175, 2000 MeV/A;
measured <T{EHC, 8), target particle multiplicities. Nuclear emulsions.

1. Introduction

Helium emission in heavy ion reactions has been carefully studied from different
aspects 1 7 ) . In central collisions, angular distributions of He nuclei have played an
important role in the search for Shockwaves1>2). In peripheral reactions the Gold-
haber fragmentation M ) , has satisfactorily explained the fragmentation of light
projectiles, both into projectile-like fragments as well as into He nuclei. Experiments
with heavy nuclei show clear deviations from gaussian fragmentation, in different
interaction channels5"7).

In this investigation the inclusive He spectrum is separated into its different
constituents of events with 1, 2, 3 and 4 emitted He nuclei. Special attention is
paid to angular and momentum distributions and the degree of target breakup.
Data has been obtained at three different energies 50-100, 150-200 and 1900-
2100 MeV/A and studied with special emphasis on comparisons between the three
energy intervals.
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2. Experimental details

In this experiment two stacks of nuclear emulsion (10 x 10 x 0.06 cm3) have been
exposed to the 16O beam at the Berkeley Bevalac, one at 250 MeV/A (G5) and
the other at 2100 MéV/A (K2). Three volumes were selected for scanning, covering
the energies 50-100,150-200 and 1900-2100 MeV/A In the following text, each
energy interval is represented by 75,175 and 2000 MeV/A, respectively. Scanning
efficiencies were tested by double and triple scanning and the maximum scanning
losses were estimated to be <5% at 75 MeV/A and smaller for the higher energies.
The experimental material is summarized in table 1.

T A B L E 1

Summary of the number of events and the mean energy in each energy
interval

E (MeV/A) (E) (MeV/A) Number of events

50-100
150-200

1900-2100

78
177

2000

346
487
269

All tracks that could possibly be associated with the disintegrating projectile
nucleus (i.e. within certain wide limits in emission-angle and range) were selected
for further identification. Singly and multiply charged particles were easily separated
by gap counting. Multiply charged fragments were then identified by photometric
measurements8). At 75 MeV/A, all emitted He nuclei which do not interact, stop
in the stack. The range is then measured and the energy determined. At 175 MeV/A
only about 50% of all projectile He stop in the stack.

The emission angles of all multiply charged projectile fragments were determined
by measurements of at least five coordinates on the projectile and fragment track,
respectively. Thereby the accuracy in the angular measurement was ±0.2°.

In an emulsion experiment it is in general difficult to determine the identity of
the target nucleus involved in the reaction. The percentages of reactions for different
targets at 2000 MeV/A (where reaction cross sections are well known) are: H
(13%), CNO (29%) and AgBr (58%), for 16O-induced reactions in emulsion.
Recent experimental data at 86 MeV/A [ref.9)], shows that the cross sections are
not very much different from relativistic data. Thus only a minor change in the
target composition at 75 MeV/A compared with relativistic energies can be
expected.

The problem of deciding which particles originate from the projectile is essential
for this type of event-by-event analysis and is worth a special discussion. Fig. 1
summarizes the effects, on the energy and rapidity (y) distributions from Goldhaber
fragmentation at an incident energy of 75 MeV/A A simulation of the spectator
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Fig. 1. Energy and rapidity distributions of He from a simulation of projectile and target fragmentation
at 75 McV/A (solid), assuming equal projectile and target multiplicities. The dashed curve includes an

added transverse as well as a parallel momentum component.

fragmentation model was done by an independent generation of the momentum
components Px, Py and Pz assuming gaussian shape of each component distribution,
in the rest frame of the emitting nucleus. The momentum distribution was then
transformed to the laboratory frame. We used the experimentally determined widths
at 2.1 GéV/A [ref.4)]. The simulation was done for all He isotopes weighted
together with the relative yields measured at 2.1 GeV/A [ref.10)]. The 3He to 4He
ratio was i The distributions representing projectile fragmentation are broadened
due to the spread of beam energies in the actual experiment. It is clear from fig. 1
that we should expect a separation between projectile and target fragmentation at
75 MeVI A.

In the projectile fragmentation process at relativistic energies, the momentum
of emitted He nuclei is on the average downshifted by ~30 MeV/c (0.008c) [ref.4)].
However, at 75 MeW/A the interaction time is considerably longer and therefore
Coulomb effects may be of importance. Frictional forces might also reduce the
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momentum of the fragmenting nucleus. At intermediate energies, experimental
evidence exists for an orbital deflection of the projectile prior to breakup n ) . It has
been observed at 75-100 MeV/A, that singly and doubly charged particles are
emitted from the projectile with a mean rapidity 0.06 below the projectile rapid-
ity 12). A change of the momentum of the fragmenting nucleus with an added
transverse momentum component of 25 MeV/cA and a parallel velocity shift of
-0.06c, substantially shifts the distribution in fig. 1 (dashed curve). However, still
a clear separation between projectile and target He particles is expected. This is
very beneficial for a classification into projectile and target particles in peripheral
reactions. The simplest criterion to use is to assume that all particles with y > kybeam

have been emitted from the projectile nucleus and all others originate from the
target. This is of course an approximation, especially for singly charged particles.
At 175 MeV/A we observe events where only a fraction of the eight charges of
the pojectile is carried by particles with rapidity above lybeam- At 75 MeV/^4,
protons from the projectile are frequently emitted with y < 2Vbeiim- However, our
results are only affected when multiply charged fragments from the projectile are
emitted below jybeam- Possible influences on the results are discussed together with
the conclusions.

3. Angular distributions of projectile He

Fig. 2 shows the angular distribution of He nuclei classified as projectile He at
175 MeV/A (solid histogram). The dotted histogram exhibits the distribution
expected from the projectile fragmentation. Compared with the calculated his-
togram, particles seem to be pushed, from the peak region towards larger as well
as smaller angles. Similar deviations from the fragmentation picture have been
observed at both intermediate and relativistic energies for He from 16O [refs.1213)].

In the next step we break this inclusive distribution down into different types of
reaction channels. The different event types are as follows:
The l 6O nucleus breaks up into

(a) 4 He nuclei (4 x He),
(b) 3 He nuclei+singly charged particles (3 x He),
(c) 1 He nucleus + Z ** 4 fragment + eventually singly charged particles (1 x He +

lxZF r=M),
(d) 2 He nuclei+singly charged particles (2 xHe),
(e) 1 He nucleus+singly charged particles (1 x He).

In table 2 the abundances of each reaction type are shown at the three energies.
A few comments to the table: there seems to be some energy-dependent effects,

e.g. the 16O nucleus is more likely to break up into multiple He fragments as the
beam energy is decreasing. The contribution of He from 1 xHe events to all He
is (9±2)% at 75 MeV/A, (12±2)% at 175 MeV/A and (20±3)% at 2000 MeV/A
This is an interesting observation, showing that the excitation of the non-overlapping
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Fig. 2. Angular distribution of the He particles at 175 MeV/A (solid). The fragmentation simulation
(dashed) is normalized to the total number of particles. The contribution from 1 x He events is shown

separately.

spectator pieces of the interacting nuclei is not only ruled by the geometry in the
collision. The geometry is almost identical at the three energies, why the observed
differences in projectile breakup must indicate some kind of energy-dependent
energy flow in the transverse direction to the outer parts of the interacting nuclei.
Thus the excitation of the spectator is increasing when the beam energy grows. It
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should be argued that I x He events arc less peripheral than 4 x He events. Experi-
mental indications for this statement will be given later in the paper. The result
implies that the clean-cut spectator-participant picture may work only for the very
most peripheral reactions.

TABLE 2

The percentage of all reactions for each reaction channel

a
b
c
d
e

75 MeV/A

3±1
11 ±2
12±2
17 ±2
10±2

175 Me V/A

2±1
12±2
9±2

17±2
12±2

2000 MeV/A

-1
10±2
3±2

10±2
15±2

Regarding the angular distributions of projectile He nuclei in the different
reaction channels at 175 MeV/A in fig. 3, we notice significant differences. 4xHe
events have a very narrow angular spectrum, certainly narrower than expected
from the fragmentation model. This is understandable if the fragmentating 16O
nucleus is regarded as a nucleus with an intranuclear substructure of four He-like
clusters. The fragmentation model does not involve any such internal correlations
between nucleons.

Angular distributions of 3 x He and 1 x He +1 x ZFr >
 4 events exhibit the best

agreement with fragmentation. There is, however, too few particles in the peak
region and an enhanced large angle tail is noticeable. For 2 x He and especially
1 x He events the large angle tail is dominating and only a weak remnant of the
fragmentation peak is seen. Similar observations are found both in the 75 and the
2000 MeV/A samples. These results point at the difficulties in interpreting inclusive
type of data. The additional information, gained in event-by-event studies, seems
to be decisive enough to recognize deviations from fragmentation.

In fig. 4 the average emission angles in events with different He multiplicities
and at different incident energies are compared with the predictions from the
fragmentation model. We observe that the average emission angle depends on the
He particle multiplicity at all three energies. l x H e and 2xHe events show
significant deviations from pure fragmentation. Coulomb effects might change the
momentum of the projectile prior to breakup. Also other possibilities to produce
a sidewards push of the projectile, e.g. the bounce-off effect in the hydrodynamical
picture u ) , might be present. An additional transverse momentum of 25 MeV/cA
together with a parallel retardation (0.06c) of the fragmenting source is not enough
to account for the 1 x He and 2 x He large emission angles.
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4. Target breakup

In this section, correlations between projectile and target breakup are presented.
The number of charged particles emitted from the target nucleus, NT, is used to
describe the degree of breakup of the target. NT is determined indirectly. By

\
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shows the fragmentation simulation. Curve 2 includes a transverse momentum component of 25 MeV/o4
and the dashed cuive also a strong retardation of 0.06c. At 2000 MeVM there is only one 4 x H e

event. The average emission angle is 0.5 degrees.

subtracting the number of charges tied up in multiply charged projectile fragments
(the measured quantity) from the total charge of the projectile nucleus, i.e. 8, the
number of singly charged particles from the disintegrating projectile is determined.
The number of singly and multiply charged projectile particles is then subtracted
from the total charged particle multiplicity in the event. There are possible effects
that could make this procedure irrelevant e.g. the pickup of a projectile proton by
the target (at 75 MeV/A). Furthermore particles with y < 0.1 were always regarded
as target particles. At 75 and 175MeV/v4 we neglect pion production. At
2000 MeV/A, NT is close to Nh (the number of heavy prongs). All identified low
energy pions were however excluded.

Fig. 5 shows how the target particle multiplicity, (NT), is correlated to the
multiplicity of projectile He at different energies. There is a clear tendency that
the target particle multiplicity is larger when the degree of breakup of the projectile
is large. This could be understood as an impact parameter dependence in iV x He
(JV is the number of He fragments). 4 x He events are then very peripheral collisions
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while in 1 x He events there are substantial pieces of the nuclei that overlap, which
leads to a more violent disturbance of the interacting nuclei. For the most peripheral
reactions, (NT) is independent of the beam energy over the wide energy interval
from 75 to 2000 MeV/A A strong energy dependence is observed for 1 x He and
2 x He events. These collisions still have large impact parameters. Events without
any multiply charged projectile fragments have considerably larger (NT) values.
Most He nuclei we observe (also in 1 x He events) are still too close to projectile
momentum to have suffered a violent interaction with target nucleons. They are
believed to originate from the non-overlapping projectile spectator.

Fig. 6 shows how the average emission angles of He nuclei depend on (NT).
There is a clear tendency that the emission angle is increasing when the target
multiplicity grows. The fragmentation model predicts no correlation at all (dotted
lines).

One must bear in mind that NT is an average over the different targets in
emulsion. Thus among the events with small NT, contributions from peripheral
collisions with AgBr, as well as from H, C, N and O events (with a broad impact
parameter range) are expected. Only AgBr collisions can produce NT> ,8 i.e. more
than eight target tracks.
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At 2000 MeV/A an acceptable target identification was possible 5). About 20%
of all events with NT «s 8 represent AgBr events and they are peripheral collisions.
In these, <0He> is slightly larger than for CNO events with the same target multipli-
city, i.e. the overall CNO events exhibit smaller (0He) values than peripheral AgBr
events. Furthermore within each target group (BHc) increases with growing (NT).

At the lower energies the target nucleus is less destroyed, why even a rough
target identification is impossible. At these energies the contribution from AgBr,
to events with NT < 8 is close to 50%. The part of events with NT«= 1 is - 3 0 %
while the expected fraction of collisions with H targets is only 13%. Considering
the range NT ̂ 3 we observe a significant increase in <0He). These events are
peripheral collisions and they exhibit a strong correlation to the number of target
fragments.

Figs. S and 6, which both explicitly show correlations between the projectile and
target breakup properties, clearly tell that the excitation of the projectile and
subsequent emission of He nuclei depend on what happens in the target. This
contradicts the idea of factorization. Factorization means that the cross section for
a peripheral collision could be factorized in two parts: one, describing the breakup
of the projectile, independently of the target disintegration and the other showing
the target breakup, independently of the process in the projectile. Thus it does not
seem to be possible to factorize the helium cross section.

To further disentangle this phenomenon we present the correlations between
the target multiplicity and the transverse momentum (PJ and the rapidity of the
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emitted He particles. Since we have no isotopic separation, all He are assumed to
be 4He.

In fig. 7a the mean transverse momentum dependence on the target multiplicity
is plotted. In collisions with a large breakup of the target, the projectile He are
emitted with significantly larger transverse momenta than in events with small
number of target particles. In the group of 3 x He and 4 x He there are events with
as much as ~5 target particles. It is obvious that even in these most peripheral
events, there is a correlation between transverse momentum and target multiplicity.
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Only for large (NT), the transverse momenta are larger than expected from the
fragmentation and independent of the disintegration of the target.

Fig. 7b examines the average shift in rapidity from the projectile rapidity for
different (NT) bins. The emitted He particles from the projectile are significantly
downshifted in velocity compared with the projectile velocity. The average shift
for the whole sample is 0.06c. The shift is much larger than the expectations from
fragmentation of the projectile spectator. The shift is also dependent on the degree
of target breakup and becomes stronger for larger values of (NT). Note that a
correlation exists also in 3xHe and 4xHe events. The fact that some 'He have
been treated as 4He in fig. 7 cannot alter the observed trends. The maximum error
is illustrated with the dotted triangles which represent the (Px) and -(Ay) values
if all He were assumed to be 3He.

5. Concluding remarks

16/
We have studied the topology of events where the O projectile nuclei break

up into one or more He nuclei. The collisions are typically large impact parameter
collisions. The I6O nucleus breaks up more likely into multiple He fragments at
75 MeV/A than at 2000 MeV/A The deposition of excitation energy in the
spectator therefore seems to be energy dependent. The angular distribution of He
in 4 x He events is narrower than the distribution expected from projectile frag-
mentation. On the other hand, 1 x He events have a too broad angular spectrum to
be interpreted as the result of fragmentation. In 1 x He events the projectile is
interacting much more violently with the target nucleus than in 4 x He events. The
interaction mechanism is strongly energy dependent, resulting in a much larger
target disintegration at 2000 MeV/A than at 75 MeV/A

In 3 x He and 4 x He events the target multiplicity is independent of the beam
energy. We observe correlations between target multiplicity, the number of projec-
tile He and the emission angle of these He. Therefore, collisions where the 16O
nucleus emits He nuclei cannot be factorized, not even in 3 x He and 4 x He events.

At 75 MeV/A the He particles are significantly downshifted in rapidity compared
to the projectile. The shift is strongest for large target multiplicity. This is observed
also in 3 x He and 4 x He events.

Summarizing we find that, although the fragmentation model describes the gross
features of inclusive spectra rather well, individual events exhibit details that
contradict basic predictions of the model. We have illustrated the usefulness of
doing event-by-event studies. Hopefully this type of investigation will have a
breakthrough with the Plastic Ball experiments at LBL Berkeley.

We want to thank the operational staff at the Berkeley Bevalac for their assistance
during the stack exposure. Dr B. Lindkvist made the processing of the er. ulsion
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stacks. The work reported was financially sponsored by the Swedish Natural Science
Research Council.
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Abstract: 16O-induced reactions in nuclear emulsion have been studied at three different energies: 75,
175 and 2000MeV/A The probability that the projectile is completely destroyed increases
significantly with increasing beam energy. The charge sum of projectile fragments (Z ^2) shows
a strong odd-even effect favouring even values. Projectile fragments are strongly slowed down at
75 MeV/A, while at 175MeV/y4 the result is consistent with 2.1GeV//4 fragmentation data.
The downshift in rapidity increases with decreasing impact parameter. The transverse momenta
of projectile fragments are larger at 75 MeV/A than at higher energies, showing important
deflections in the Coulomb field. The target disintegration depends on the transverse momentum
of the projectile fragment.

NUCLEAR REACTIONS CNO, AgBr ('*O, x), E = 75, 175, 2000 MeV/A; measured a
(fragment E, 0), target particle multiplicities. Nuclear emulsions.

1. Introduction

The first generation of inclusive experiments with high-energy heavy-ion beams,
have revealed detailed information on the break-up properties of light projectiles
from 20-2100 MeV/A [refs. 1 3 ) ] . However, inclusive data are rather insensitive
to dynamical details. In central collisions 4), inclusive type of data cannot unam-
biguously distinguish between opposing situations like a hydrodynamicals) and an
intranuclear cascade description 6). Two-particle correlation experiments have been
a useful tool to separate the direct process and the thermal emission 7).

The AIT detection of the reaction products in the Plastic Ball-Wall experiment
at LBL, Berkeley 8), introduces a new generation of experiments to trace the
physics behind intermediate- and high-energy heavy-ion reactions. In the experi-
ment presented here we show that even a simple 4v detector (i.e. nuclear emulsion)
provides us with information on target and projectile break-up properties not
obtainable in single-particle inclusive experiments.

The experimental technique with nuclear emulsion is used to study 1AO-induced
reactions at three different energy intervals 50-100, 150-200 and 1900-
2100MeV/A (subsequently denoted 75, 175 and 2000MeV/A). Part of this

474
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investigation concerning events where the 16O projectile breaks up into He nuclei
has been published earlier 9).

2. Experimental details

Two stacks of Ilford nuclear emulsion (G5 and K2), have been exposed to the
250 and 2100 MeV/A 16O beams of the Berkeley Bevatron. Scanning was done
in two volumes of the emulsions corresponding to 150-200 MeV/A and 50-
100 MeV/A. For each collision, the primary track was followed backwards to the
upstream edge of the stack to ensure that it was really a 16O beam nucleus. Fig. 1
illustrates the premises for the experiment. The chosen examples of projectile
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Fig. 1. The locations of the collisions in an emulsion plate. The projectile fragments are drawn with a
range corresponding to a fragment moving with the projectile velocity. Shaded areas indicate the scanned

regions.
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fragments, moving with the projectile velocity, are for tracks parallel to the emulsion
plane. At 75 MeW/A all multiply charged projectile fragments which do not interact,
stop in the stack. At 175 MeV/A, He and Li projectile fragments frequently leave
the stack (especially through the top or bottom), while heavier fragments are
stopped within the emulsion volume.

The range was measured for each stopping projectile fragment. The accuracy in
the energy determination, was checked by the energy distribution of oxygen frag-
ments "Tiis distribution, broadened by straggling and the uncertainty in the collision
energy it, very narrow and centred close to the energy per nucleon of the interacting
16O nucleus. The measured difference in velocity between the incident 16O and the
outgoing oxygen fragment is, on the average, 0.001c at 175 MeV/A and 0.004c
at 75 MeV/A Details about scanning and experimental procedures can be found
in refs.9'10), while only a few aspects are further clarified in table 1.

Track type

Pr. fragm.

Pr. fragm.
Z = 2

TABLE 1

Summary of experimental details

Identification

photometric

photometric and
gap counting

Emission angle
(error)

measured
(^0.2°)

measured
(^0.3°)

75
MeV/A

measured

measured

Range

175
MeV/A

measured

For calibration purposes, the opposite side of the stack was exposed to
250 MeV/A 12C nuclei. The photometric identification of projectile fragments was
calibrated by use of the 16O and 12C tracks as well as gap-counted He tracks. Fig.
2 shows the charge resolution in a charge scale, fixed by the calibration tracks. The
measured blackness of a track is not proportional to the charge of the particles.
The separation of the different charges is nevertheless unambiguous.

3. Analysis

A 4-rr detector, recording all charged particles leaving the collision, gives in
general possibilities to roughly determine the impact parameter. In order to classify
the events with respect to the actual impact parameter, we introduce the parameter
Q = £ Zft, understood as the sum of all charges tied up in multiply charged projectile
fragments. All particles with Z > 2 and rapidity y (the Lorentz-invariant parallel
velocity) above half the beam rapidity, are from now on regarded as projectile
fragments. In only a few cases, multiply charged projectile fragments are emitted
with y <2Vbe«m- These are predominantly He fragments in collisions at 75 MeV/A.
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Fig. 2. The charge resolution in the photometric ionization measurement. The charge scale is calibrated
by 12C and 16O tracks in the stack.

The mean free path for Z 5» 2 particles in nuclear matter is very short. Thus the
particles, contributing to Q are understood as remnants of the non-overlapping
spectator piece of the projectile, rather than projectile pieces passing through the
target without hitting target nucleons.

The degree of break-up of the target nucleus is an essential experimental para-
meter in this paper. A few words on the target composition in emulsion is therefore
appropriate. In 16O +emulsion reactions at relativistic energies, one expects 13%
of the collisions with the H-target, 29% with the CNO component and 58% with
the heavy AgBr component. The reaction cross sections are approximately constant
over the energy range considered here [experimental indications for this existU12)].
In our investigation we find the cross sections to be equal within 10% over the
whole energy range. Consequently the target composition is almost the same at all
three energies studied. The disadvantage with the mixture of targets in nuclear
emulsion, is therefore of minor importance 'vhen we compare results at the three
different energies.

The map in fig. 3 illustrates how the multiplicity of charged particles emitted
from the target nucleus, NT, depends on the degree of break-up of the projectile
at 175 MeV/A. NT is calculated indirectly [the details are found in ref. ')]. Let AT
represent the total charged particle multiplicity and JVPr the number of projectile
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60 -

Fig. 3. The fraction of events with different target particle multiplicity in certain Q-categories at
175MeV/A

fragments with ZFr ̂  2. Then NT is given by

Particles with velocities less than 0.1c were, however, always classified as target
tracks.

The NT distributions in fig. 3 get broader and the peak at low NT values disappears
when Q is decreasing, i.e. when the projectile is more violently destroyed. Examin-
ing the figures in detail one recognizes one of the basic reasons for introducing the
Q-parameter. Take e.g. panel (c) showing the NT distribution for 0 = 6. The full
distribution (solid histogram) is built up cf two types of interaction: events where
the 16O projectile breaks up into one C+singly charged particles and events with
3 He fragments+singly charged particles (dotted histogram). The resemblance
between the two cases is apparent. This justifies the use of Q as a parameter for
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classifying events into groups with different destruction of the nuclei. One must
always keep in mind that an event with NT> 8 must be a collision with Ag or Br,
while when NT*s 8 contributions from peripheral AgBr as well as from CNO targets
are to be expected. At 2000MeV/A only - 2 0 % of the AgBr collisions have
NT *s8. At 50-200 MeV/A the mixture of AgBr events among NT ̂ 8 events is
more severe (~50%). Collisions with an H-target should have NT= 1.

4. Geometrical description

One often applies a strict geometrical description of the collision mechanism,
i.e. a typical clean-cut spectator-participant picture 1 3 1 4 ) . The violent interactions
between participant nucleons are assumed to be confined to a limited sub-volume
of the dinuclear system. The extension of this volume is defined by the geometrical
overlap between the nuclei at the actual impact parameter. The outer-lying (non-
overlapping) parts of the nuclei, the spectators, are only slightly excited. The
interaction time, the time for the nuclei to pass each other, is believed to be too
short to allow any excitation energy transport from the participant to the spectators.
Thus the spectator break-up properties are expected to be independent of what
happens in the participant, and only ruled by the geometry of the collision.

Assuming the same target composition and the same impact parameter distribu-
tion at the three energies, one would expect, from the geometrical point of view,
the same yield for a certain Q-group regardless of the beam energy. It is therefore
worthwhile to examine what is the actual relative abundances of each Q-category.
Fig. 4 shows the relative yields of Q at each energy. The events with 0 = 8 have
been excluded because elastic collisions affect this group. Thus the frequencies are
normalized to all events with 0 ^ 7 .

We made a calculation based purely on geometrical considerations for 16O-
induced reactions in the average emulsion target. The nuclei are regarded as hard
spheres making clean cuts. Protons in the overlap volume are assumed not to
contribute to Q, while all non-overlapping projectile charges contribute to Q.

It is evident from fig. 4 that the complete destruction cf the projectile is much
more probable at 2000 MeV/A than at lower energies. The calculation predicts
that ~18% of the collisions with 0 ^ 7 lead to a complete break-up of the 16O
nucleus. At 2000 MeV/A, as much as 34% of the reactions lead to a complete
break-up. At 175 MéV/A and especially at 75 MeV/A this probability is consider-
ably lower and even smaller than given by the simple geometrical estimate. Con-
sequently, there exists an energy-dependent mechanism, depositing energy in the
spectator nuclei. The excitation increases with increasing incident energy. Therefore
Q does not correspond to the same impact parameter at the different energies.
Notice that the Coulomb deflection of the projectile, observed at ~100MeV/i4
could be of importance ") . The deflection which takes place prior to nuclear contact
alters slightly the impact parameter distribution in peripheral collisions towards
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Fig. 4 The fraction of events for each Q-category at the three different energies. Straight lines connect
the data points only to guide the eye. A calculation, built only on the geometrical overlap between the

nuclei, is represented with the curve. The frequencies are normalized to ail events with Q^l.

larger values, but this could definitely not alone explain the huge differences
observed.

The geometrical consideration applied on the disintegration of the target nuclei,
predicts that about 14% of the interactions will give NT>8 , assuming that all
nucleons in the overlap volume are emitted. This value is much smaller than the
measured frequency of such events at 2000MeV/v4, ~40%, while the frequency
at 175 MeV/A is slightly larger, and at 75 MéV/A only slightly smaller, than the
geometrical prediction.

For the peripheral collisions a very pronounced odd-even effect is noticeable,
making events with 0 = 4 and 6 more probable than those with 0 = 3 , 5 and 7.
Events with odd values of O appear with a frequency which is lower than that
given by simple geometrical cross sections. Adding events with 0 = 3,5 and 7, the
geometrical estimate gives about twice the experimental value. A large fraction of
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the events with even O are events with multiple He projectile fragments. Con-
sequently the a-particle substructure of the 16O projectile favours even Q. The
odd-even effect could also reflect the importance of final-state interactions.

5. Correlations between projectile and target break-up

The NT distributions exemplified in fig. 3 at 175 MeV/A are broadened with
increasing beam energy. Even for the most peripheral collisions with Q = 6,1 and
8 the NT distributions are broader at 2000 MeV/A. This is reflected in the mean
values in fig. 5 which shows the (NT) values for the different Q-groups. One should
realize that the groups 0 = 6,7 and 8 are dominated by collisions with the light
emulsion targets H and CNO, and this is why NT is bound to vary only in a limited
interval.

20

15

A
Z

V io

4 75 A MeV

o 175 A MeV

A 2000 A MeV

Q

Fig. 5. The average target multiplicity <NT), as a function of Q at the three different energies.
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We concluded from fig. 4 that the Q-parameter does not correspond to the same
impact parameter at different energies. On the other hand, Q is always a measure
of the excitation of the projectile spectator. For a fixed value of Q, the collisions
at 2000 MeV/i4 are probably more peripheral than the corresponding collisions
at the lower energies. It is then striking that they lead to a more violent destruction
of the target nucleus. This is observed even in the most peripheral cases.

Moving to the semi-peripheral and central collisions, the observed energy depen-
dence of (NT) is amplified when the participant piece is growing. This is now also
recognized between 75 and 175 MeV/A It is important to argue that this increase
of (NT) is really due to an increased excitation and break-up of the target spectator,
and not only from the participant. If the lower number of observed target particles
at 75 and 175 MeV/A were due to an incomplete break-up of the participant
system, there would be a remnant left containing many nucleons, moving with
about the centre-of-mass velocity of the participant. Such an entity would always
produce a visible track. We have observed a few candidates ( Z « 5 ) to such a
participant remnant.

The line in fig. 5 represents a case where the target multiplicity is equal to the
projectile multiplicity. Experimentally the projectile multiplicity is near this line
for all O-values at all energies. Obviously at 75 MeV/A, the target multiplicity is
equal to that of the projectile, regardless of impact parameter (Q). This probably
means that the projectile and target pieces involved in the reaction are of the same
size, determined by the size of the smallest of the two interacting nuclei. At the
higher energies the deviations from the line shows that the interaction volume is
expanding, especially for the more central collisions. It is perhaps not probable
that the projectile is powerful enough to drill a hole through the Ag target in a
central collision at 75 MeV/A, and thus producing a participant. Instead, a par-
ticipant limited also in its longitudinal size ccjld be produced. The increase in the
multiplicity with growing beam energy is then explained with a longitudinal and a
transverse expansion of the violent interaction region.

6. Correlations between momentum and multiplicity

To investigate the break-up properties of the projectile it is worthwhile to study
the momenta of the emitted particles. We could do this for projectile fragments
with Z 3= 2 at 75 MeV/A and for Z ^ 4 at 175 MeV/A Since no isotopic separation
was obtained, the most abundant isotopes found in the fragmentation of 16O at
2.1 GeV/A [ref. 16)] were used, when deducing the energy from the range of the
particle. This assumption is of minor importance for the conclusions drawn in this
paper, but should be remembered by anyone using the given figures quantitatively.

Figs. 6a, b show the correlation between the average down-shift in rapidity,
(-Ay), from the beam rapidity (i.e. the mean rapidity value measured in the rest
frame of the incident nucleus), and the average target particle multiplicity (NT).
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The first striking observation is that projectile fragments, including those with Z = 6
and 7, are considerably more retarded at 75 MeV/A than at 175MeV/A. The
retardation is particularly strong in events with a large destruction of the target.
First of all, the pronounced shift in rapidity is not observed in inclusive projectile
fragmentation spectra at relativistic energies 3). The dotted lines in figs. 6a, b show
the rapidity shifts for He fragments at 2.1 GeV/A. For heavier fragments this shift
is smaller. At 175 MeV/A the shift is significantly smaller than the shift observed
at 75 MeV/A, but close to the observation at 2.1 GeV/A. The added effects of
the Coulomb forces prior to and after reaction cannot produce these large rapidity
shifts.

Another important observation at relativistic energies is factorization of the
fragmentation cross sections in peripheral collisions3-17), i.e. the break-up properties
of the projectile are independent of the target nucleus, both its size and its break-up.
Factorization is violated at lower energies (e.g. at 75 MeV/ A). Fig. 6 shows explicitly
that both the shift in rapidity as well as the average transverse momenta are
correlated to the degree of break-up of the target nucleus. The effect is also seen
at 175 MeV/A, although less obvious. One must, however, remember that light
targets dominate events with small NT values. It is therefore likely that the observed
correlation between momentum shift and (NT) also reflects a target dependence.

The average transverse momentum is higher at 75 MeV IA than at 175 MeV/ A.
The difference in (P±) between 75 and 175 MéV/A is 4 ± l M e V / c / A for all
fragments with 4 *s Z « 8. Within our statistics no systematic differences are obser-
ved for different fragments. Also the difference between (P±) at 175 MeV/A and
the fragmentation results at 2.1 GeV/A (assuming no transverse velocity of the
projectile spectator) 3), are of the order of 4 MeV/c/A for all fragments. If
interpreted as an added transverse velocity of the fragmenting nucleus prior to
break-up, 4 MeV/c/A corresponds to a velocity of 0.004c for this source. It is
necessary to take the Coulomb forces into consideration and this could explain the
observed additional </\> at 75 MeV /A [ref. 15)]. The correlation between (NT)
and (PJ also reflects the fact that the Coulomb force is stronger for interactions
with AgBr than with lighter targets. Another reaction mechanism must be intro-
duced to explain the rapidity shifts. The time for passage is long enough to allow
complex exchange mechanisms to work.

At 2000 MeV/A it was impossible for us to measure the rapidity shifts of the
fragments. However, we measured the emission angle 6, which is an indirect measure
of the transverse momentum Pl. For fragments with charge 4-7 we find no significant
increase in 0 when NT increases. On the other hand, in one-He events such an
increase is found.

Events with Q = 2 or 3, are, at least at 50-200 MeVI A, semi-peripheral and the
interaction mechanism is therefore expected to be more complex for these interac-
tions. Broader NT distributions (fig. 3) and largei (P±) values (fig. 6) are observed
for these events than in interactions giving larger projectile fragments.
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7. Concluding remarks

Using all information obtained when recording all emitted charged particles from
collisions in nuclear emulsion, we have seen deviations from the most basic predic-
tions of models that worked well in explaining inclusive data at relativistic energies.
We observe two effects on the spectators.

(i) There must exist a mechanism dissipating energy from the participant to the
spectators. Although the interaction time gets shorter when the beam energy
increases, this process becomes more efficient. The transverse communication in
nuclear collisions is often related to the velocity of sound in nuclear matter. The
velocity is not expected to change with beam energy unless the nuclear matter is
compressed. The reason for spectator excitation is perhaps to be found among the
fast carriers of information, the pions, which are scattered and reabsorbed on their
way out through the nuclei. This would definitely give an increased effect with
growing beam energy. Another possibility is the rescattering of promptly emitted
nucleons inside the spectators. This occurs mainly when the relative longitudinal
velocity between the nucleon and the spectator is small.

(ii) At 75 MeV/A, the projectile is strongly damped when hitting the target
nucleus, an effect which has already ceased at 175 MeV/A. The emission patterns
of projectile fragments contradict the idea of factorization, even in the most
peripheral collisions. Coulomb effects can explain the large transverse momenta
observed at lower energies I5), but not the retardation of the projectile fragments.

In central collisions at 75 MeW/A the violent perturbation is not propagated
throughout the whole geometrical participant. Instead a "hot zone" could be formed
locally in the target nucleus 18), incorporating roughly the same number of projectile
and target nucleons. When the beam energy is increased the "hot zone" develops
longitudinally because now also second- and third-order nucleon-nucleon collisions
produce large disturbances, and a limit is reached where the "hot zone" involves
all overlapping nucleons. Further increase in the participant nucleon number has
to be through a transverse expansion.

The authors are grateful to the staff of the Berkeley Bevatron for assistance during
the stack exposure. The emulsions were developed by Dr. B. Lindkvist. The work
reported was financially sponsored by the Swedish Natural Science Research
Council.
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High multiplicity 12C induced reactions in Ag(Br) at energies between 55A MeV and
WO A MeV have been selected and investigated event by event in nuclear emulsions.
Only a fraction of these events can possibly be described in terms of a normal thermal
spectator-participant mechanism. Several events exhibit a violent breakup into several
light and medium-mass fragments.
A strong suppression of projectile associated proton- and composite particle emission
in the forward direction is found in comparison with inclusive spectra. A large part
of the low energy protons originates from a very slow source, with a velocity comparable
to that of the heaviest fragment. The parallel fraction of the cm. energy in each event,
which is governed by the more energetic protons, has a broad distribution with a mean
value of 0.61 and thus shows no signals of collective production mechanisms.

1. Introduction

The energy region from a few tens of MeV per
nucleon to about 200 MeV/nucIeon in heavy ion
physics could be described as a transition region be-
tween the low energy compund/deep inelastic domain
and the high energy participant-spectator domain
[1-4]. Some attempts to introduce existing heavy ion
reaction models into this region have been made
[5-10] but the amount of data to compare the predic-
tions with is indeed limited [11-19]. So far, we have
learned that the high energy "limiting fragmenta-
tion" picture, where the target nucleus acts only as
energy injector, describes gross features of the projec-
tile fragmentation also below 200A MeV [11]. A sub-
stantial component of strongly damped fragments has
however also been observed at 85/4 MeV [12]. To-
gether with reports on I2C induced events with very
large momentum transfer to one [18] or two [14] me-
dium mass target fragments this could indicate the
presence of more extreme collisions than those which
are described with ordinary ion-ion dynamics + ther-
modynamics, eventually also including a nucleon-
nucleon scattering component.
The purpose of this experiment was to investigate
high multiplicity, intermediate energy U C reactions.
We present here the results from an event-by-event

analysis in nuclear emulsions where all charged parti-
cles are registered and identified, except for extremely
slow fragments in the laboratory system.

2. The Experiment

A stack of 26 Ilford G5 pellicles (15 blobs/100 urn
of a minimum ionizing particle), each
10 10-0.06 cm3, was exposed horisontally to the
250/1 MeV 12C beam from the Berkeley Bevalac with
a flux of 5 • 10* ions/cm2. The I2C projectiles are
stopped in the stack and the following range (/?)-
velocity (fi) relation [20, 21] is used to calculate the
local beam energy:

(1)

2.233-10 5 Z 8 / J cm if/?£2Z/137

, 1.525 • 10 3/?Z5/3cmif 0<2 Z/137.

k(ff) is here the range of an ideal proton [21], A and
Z is the mass number ind charge of the particle re-
spectively. After a determination of the average beam

0340-2193/82/0307/0293/502.40
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track range (which corresponds to a beam energy of
(234 + 3 M MeV at the entrance of the stack) we can
estimate the beam energy at the point of the collision
with an accuracy of 5% at 100/1 MeV and 15% at
60 A MeV.

2.1. Selection Criteria

11 emulsions in the middle of the stack were area
scanned (275 x magnification) in the region corre-
sponding to a beam energy of 55.4 MeV < £ <
110/1 MeV. All colliding primaries were followed
back to the edge the plate, to verify that it was a
12C beam track. Events with a charged particle multi-
plicity JVCH>9 were recorded. After examination in
1,250x magnification, only the events with J V C H > 1 1
(73 events) were selected for further analysis.
All these interactions are induced in the heavy (Ag
or Br) emulsion component since the sum of the
charge numbers of identified particles in all cases is
> 14, the maximum charge of a carbon nucleus + a
light emulsion nucleus (only one pion per 104 events
could be expected at the high energy limit). A separa-
tion between Br and Ag target nuclei is in general
not possible but due to the multiplicity criterion, we
estimate that the larger part of the interactions arc
induced in Ag (whereas in a normal sample this
amount should be close to 50%). A non-biased scan-
ning in three of the plates shows that about 12%
of all reactions fall into the Nni > 11 category, which
means that - 2 0 % of all Ag(Br) reactions arc in-
cluded in the sample. If we assume that our sample
consists of the most central collisions, the maximum
impact parameter (bm,t) is given by

in a straight line approximation of the ion-ion relative
motion. Here cR is the reaction cross-section. With
reaction cross-sections from [22] we find />„,„, =
31 fm. Thus the majority of the events corresponds

Table I. Characteristics of the selected collisions. The maximum
impact parameter (/>m>,) is given under the assumption lha> the
selected collisions are the mort central ones. •%•»- the number of
charged particles

Reaction

Energy interval
Average energy
\ t H interval

<NCH>
fraction of Ag(Br) collisions

*m.i

C+Ag<~2/3)
C+Br<~1/3)

55SE<11(M MeV
HHA McV
NrM>\\
n.7
20%

3.8 I..I

to a complete overlap between the nuclei. A summary
of the average properties of our selected collisions
is presented in Table 1.

2.2. Particle Identification and Measurements

Emission angles (0), ranges (R) and dip angles (<j>,
i.e. the angle to the emulsion plane) were measured
for all visible tracks from an event using a semi-auto-
matic coordinate measurement microscope with digi-
tized readout. Gap density measurements and track
profile measurements were performed for the particle
identification.

2.2.1. Short Range Particles. For all tracks with R<
500 urn we measured the number of gaps of the last
50, 100. 200, 300, 400 and 500 urn and in addition

20 25 3015

CHARGE

Hg. I. Calibration curves fur the profile width measurement for
plane tracks. The integrated widths for different nnges are shown
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the track profile with a filar micrometer according
to the method in [23]. The clibration made in [23]
shows that for tracks with /?>100um the standard
deviation in the charge determination is 0.4 charge
units for light fragments ( 5 S Z S 8 ) and 1.8 units for
fragments in the iron grou (24SZS26) while for
tracks with /?>400um it is always <0.8 units for
ZS26. In a complementary calibration we measured
the integrated widths of He, C, O and Fe beam tracks
also for smaller residual ranges. The results in Fig. 1
show that ideally, light fragments could be identified
with AZ= ±2 even for /?~5 urn. A geometrical dip
angle correction [23] including the shadowing effect
of the delta rays [24] has been applied.
In order to determine the energy for short range
heavy fragments (10 g A g 80). we used formula (1).
This relation is in reasonably good agreement with
the theoretical Lindhardt-Scharff-Schiött formula
[25] for stopping power at low velocities.

se

i"
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-
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/ v
7 / /'7

/ /
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2.2.2. Long Range Panicles. All particles producing
a track with R > 500 um were followed until they
stopped or left the stack. Only 7% of all particles
left the stack. For stopping particles we measured
the total number of gaps of the last 1 mm (or less
if R<1 mm) and the gap density at the interaction
point. The gap density-range relation is seen in
Fig. 2a. The curves for p and 4He are obtained from
calibration tracks with R > 5 cm (mainly from col-
lisions at 150-2004 MeV [26]) while for d, t, 3He
and Li we have constructed the curves from the gap
denshy-dE/dx relation for protons (and 4He) and the
range-velocity formula (1). The error bars on the p,
d, t curves in Fig. 2 a give typical statistical errors
obtained in the determination of the gap density of
one single track.
In Fig. 2 b we illustrate the resolution which is ob-
tained for particles with /?>500 um (Ep>9 MeV) by
use only of the total number of gaps on >he last
500 um. The integrated gap density for calibration
tracks (from Fig. 2a) are indicated with arrows. A
dip angle correction of the kind discussed in [22] has
been applied. Only 7% of all particles produce tracks
with ^ > 6 0 degrees, where such a correction is not
sufficient. In case the identification was not satisfac-
tory from the measurements at the stopping point
and the interaction point we choose ether suitable
positions along the 'rack (where we can expect good
resolution according to Fig. 2 a) for gap density mea-
surements. Always when the measured gap density
is >0,9 times the maximum gap density we measured
in addition also the total bloblength per 100 urn, a
parameter which is monotonously increasing with de-
creasing residual range.

j •J"! I

GiP*> Of T W . A S T • . 0 0 * " '

Fig. 2. i G a p density-range calibration curves for light partiebs
Hrror bars indicate the statistical error in the measured gap density
of one track, b The resolution between light particles when summing
up the number of gaps on the last 500 um The arrows show ideal
values from Fig. 2 a

2.2.3. Particle Identity. By the above discussed mea-
surements we were able 'o determine, emission angle
(0), charge (Z), mass (A) and kinetic energy (£) for
each charged particle. The maximum and minimum
values of these quantities (Zm,,, Zmin, A^,, Amia,
£m»i' £min) w e r e always registered. In Appendix 1
typical maximum errors of Z, A and E are given.
In abcut 50% of I e events we find that the sum
of Z m i I for all o\y ,rved particles is smaller than Zt- +
Z a r = 41. This .neans that one (possibly more) very
short range particle is non-visible. From the size of
the black spot at the interaction point (see micropho-
tos in Appendix 1) we can estimate the upper limit
of the range and thus the energy of a " recoil nucleus"
with the missing mass A = Ac + AAtitl)- £ A,, where
the mass number summation is made for all registered
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particles in each collision. It is likely that almost all
the events with the sum of identified charges I"Z, <s
Z c +Z A | ( B r ) have only one single non-visible "recoil"
particle since the velocity of such particles must be
extremely small, normally much smaller than ex-
pected from the Coulomb repulsion in a binary
breakup.

3. Characteristics of High Multiplicity Events

In Appendix 1 we describe four high multiplicity
events which thibit a various degree of breakup.
The maximuir ".rors in the charge-, mass- and energy
determination of the particles are also shown.

"IT

r
-

i

10 20 30 40 50 60 70 80 90 WO IK) 120

MASS OF HEAVIEST FRAGMENT

Fig. 4. The muss distribution of the heaviest fragment in each col-
lision. All targets are assumed to be Ag

3.1. Charge and Mass Distributions

In Fig. 3 we present the charge distribution of all
particles emitted from the high multiplicity events.
Particles with Z ^ 8 are well identified with an average
maximum error of ±0.3 charge units. For fragments
with Z > 8 the identity is generally determined indi-
rectly. The missing charge JZ=Zg+ZT-LZi (ZB

and ZT stand for the projectile and target charges),
is assumed to be contained in one single fragment.
Since we can't distinguish between Ag and Br targets
we show both variants (i.e. Z T = 47 or 35) in the fig-

Fig. 3. The charge dis'ribution or all emitted particles. The heavy
fragment group is indirectly determined with the method described
in the '.cxt. under the assumption that all target., are Ag (large
Fig ) as well as under Br target assumption (small Fig.)

ure. In about half of the events we have observed
one very short range heavy fragment, for which the
charge according to the profile measurement agrees
with the indirect charge estimation. In only one event
we observe two heavy fragment tracks with Z = 15
and Z=16. This justifies the assumption that only
one non-visible fragment is produced in each event.
In the Ag-variant of Fig. 3 the heavy fragment group
(Z^ 10) is clearly isolated from the light particle
group. The distribution is verv broad and peaks at
(ZB + ZT),2. Naturally the separation is less obvious
if we make the more unrealistic assumption of only
Br targets, but the same qualitative picture is still
valid.
The mass of the heaviest fragment in each event can
be estimated only if the number of emitted neutrons
is known. This was estimated using the high excita-
tion evaporation code of Dostrovsky et al, [27], As-
suming a temperature of 5 MeV for the system which
produces neutrons with £ < 3 0 MeV and 12 MeV for
the system which produces neutrons with E>
30 MeV, one finds NJN/^i, 2=c 1.5 for low energy
neutrons and ~1.0 for high energy neutrons (.V, is
the number of neutrons and N7^, 1 2 the number of
particles with charge 1 or 2). Figure 4 shows the mass
distribution which is broad and peaks at ~(AB + AT)I
2. It should be noticed that no qualitative difference
is found in the mass distribution if we simply assume
that the most stable isotope is always produced.
The average mass number for the heaviest fragment
(under Ag-target assumption) is 66 + 2. This value
should be regarded as an upper limit due to the ex-
pected smaller sum of visible charges in Br-events.
If we assume that the Ag events are the 2/3 with
the smallest recoil mass, we find a lower limit on
the heaviest mass of ~ 57 units. In comparison with
the predicted recoil mass in central C + Ag collisions
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after thermal pre-equilibrium and equilibrium emis-
sion in the hot zone model of Karvinen et al. [6] we
find that our experimental mass-numbers are signifi-
cantly smaller. Possibly this means that a substantial
fraction of the central collisions undergo a more vio-
lent rapid multifragmentation process.

3.2. The Momentum Transfer

Besides the observation that the charge and mass dis-
tributions are very broad (Figs. 3 and 4) and that
in general but not always - there is a dominant
fragment with respect to the mass number, we have
also observed that the momentum transfer to the
heaviest fragment is in general very small. In Fig. 5
we present the maximum laboratory energy per
nucleon of the heaviest fragment in each event. Since
some of the '"recoil" energies are based on maximum
range estimations (indicated with arrows in the fig-
ure), we show the upper limit of the energy in each
case. A weak increase in the "recoil" energy with
increasing beam energy can be observed. With few
exceptions all these fragments have £<250.4keV

U 70 10 SO 100 110
BE.M ENERGY (MiV/nueltonI

Fig. 5. The m;mr,um energy prr nucleon for the heaviest fragment
in each collision. For observed fragments the adequate error in
the energy determination is shown. The fragments which are not
directly observed are indicated by arrows. The dashed curve shows
the average maximum energy as a function of the beam energy
and the solid curve represents the complete fusion limit

which is far below the total fusion limit. Naturally,
the energy is not better determined than the uncer-
tainty in the energy-range relation, (1), allows. We
estimate the error in the energy to be ~25%.
The upper limit on the average energy (140 + 35)
A keV, for the heaviest fragment in the high multiplic-
ity events should be compared to the average energy
(\50<Ei250A keV) found for fragments in the mass
region 60 g A g 105 by Blachot et al. [18]. It is partic-
ularly noticed in [18] that for A - 5 0 almost full mo-
mentum transfer is observed. In our sample the aver-
age energy per nucleon is certainly increasing with
decreasing A (for A^W, f = (20O±5O)<4 keV) but
not even for A = 50 does it reach the vicinity of the
fusion limit. Instead we observe a large fraction of
high multiplicity events with very low recoil energy,
i.e with the same small momentum transfer that was
observed by Dufour et al. [15], Aleklett et al. [16]
and Rivet et al. [19] for fragments shifted typically
50 mass units from the target niass number in I2C
induced reactions in heavy targets. It should be
pointed out that an enhanced three-fragment coinci-
dence rate has been observed very recently when the
heavy targets are replaced by Ag [28], Typically the
linear momentum transfer is here about half of the
beam momentum corresponding to a recoil energy
of about 200 A keV.

3.3. The Low Energy Proton Source

In order to find the velocity of the source, emitting
low energy particles, we made linear least squares
fits to the function

) - Lpf cosfff = £y{pi cos0{ - (3)

where '* ' indicates the emission rest system, fi^ is
the velocity of the source in the lab system, y is
1/(1 -/?jj)"2. Pi stands for the momentum and m, for
the mass of the i.th particle. If the emission is sym-
metric in the source system, we find the average
source velocity for/(/?n) = 0. The results, both for
protons alone and for all charged particles in various
ZT'-intervals are shown in Table 2.
The choice of the upper £*-limit is not trivial since
it affects the {fiv) values. Probably the contamination
from other sources than the slowest one becomes im-
portant for £*>10 MeV. The velocity of the com-
posite particle source is larger than that of protons.
The velocities we find for the proton source are of
the same order as one finds for central relativistic
heavy ion collisions [22, 29],
Naturally it is tempting to believe, that these particles
originate from the same system as the heaviest final
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TaMc 2. The average laboratory velocity of a system which emits
low energy protons and charged particles symmetrically. </i||> is
estimated from (31

protons

f

<25MeV

< ! 5 M e V

<10MeV

< 8MeV

< 5MeV

only protons

+ 0.008
0.022

-0.002

+ 0.003
0.018

-0.002

+ 0.004
0.008

-0.002

-

-

all charged particles

O.O55+O.OO3

0.046 ±0.002

0.030 + 0.003

0.028 + 0.004

0,028 + 0.007

remnant since the two velocities are of the same order
{fi< 0.02 c). The angular distribution of the heaviest
fragments, which is needed to confirm such an idea,
is not possible to measure (due to the short range).
However, the observed "recoil" tracks seem to be
forward peaked with a rather broad angula' distribu-
tion. Both the low energy proton source and the
heavy fragment source are thus moving backwards
in the nuc'jus-nucleus cm. frame.
Finally it should be noticed that, a complete lack
of forward emitted "projectile-like" fragments and
a strong suppression also of protons in the forward
direction (see next section), is characteristic for the
events. This means that they are not of peripheral
spectator-participant type, in spite of the low source
velocities.

4. Light Ptrticlc Production

4.1. Doubly Differential Cross-sections

Figure 6 shows the doubly differential distributions,
ipNidOdE, of protons (a) and deuterons + tritons (b)
for the high multiplicity events. Naturally the low
statistics introduces large fluctuations but some quali-
tative conclusions can be drawn. First we notice that
no large differencies are observed between the land-
scape of protons and that of d+1. The low energy
particles are quite isotropic (~sinfl) in the laboratory
system with a gradual shift towards more forward
peaking with increasing energy. No strong projectile
associated peak (broadened due to the beam energy
interval) of the kind which is observed in inclusive
spectra of protons [13] in the forward direction,

Fig. 6. The doubly differential id's JUdE) distributions of protons
(a) and <l+ I (b)

exists. This» suppression of the projectile associated
peak is also clearly o...».rved in the parallel momen-
tum distributions of Fig. 7 not only for protons but
particularly for heavier fragments. Similar suppres-
sions have been observed in high multiplicity relativis-
tic heavy ion collisions by Stock et ai. [30].
Apart from this suppression of projectile associated
protons we do not see any significant differences from
the impact parameter integrated data of [13]. No ex-
tended tails of high energy protons or peaks in the
angular distributions which could be signatures for
various collective processes are observed.

4.2. Parallel Momentum Distributions

Because of ihc spread in collision energies, we have
transformed the parallel momentum distribution^ of
protons, particles with Z - -1 . /. 2, Z-s and / i ? 4
to the nucleus-nucleus c m s . the nuclccn-nucleon
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PARALLEL MOMENTUM I MtV/c ft nuclton I

Hg. 7. The parallel momentum distributions of fragments, trans-
formed to the projectile rest frame (a), the nucleus-nucleus cm
frame (b) and the nuclcon-nucleon cm fnme (c). The widths of
the Gaussians in MeV/r per nucleon arc given in the figures The
three curves in the upper panel of Fig in correspond lo one proton.
0.5 protons and 0.2 protons per event

c.ni.s. and the projectile rest frame. These parallel mo-
mentum distributions are shown in Fig. 7a-c. From
heavy ion experiments at relativistic energies [31] we
know that typical "fragmentation" spectra follow a
gaussian distribution (4a) with a parabolic width
formula (4 b):

(4a)

(4b)

where A is the fragment mass number and Ax the
mass number of the fragmenting nucleus. This result
is a natural consequence of the break-up of a Fermi-
system of nucleons [32]. Actually it has been found
that also the fragmentation at 90-120,4 MeV [11] is
well described by (4a). The parallel momentum distri-
bution of protons in the proje;tile rest frame (Fig. 7 a)
is compared with such a fragmentation distribution
(<T0 = 70 MeV/r [31, 32]). The contribution from a
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fragmentation source is much less than one proton
per collision which agrees with the size of an average
projectile spectator for 0<;/>g 3.8 fm. For multiply
charged fragments, no sign of projectile association
is seen. This supports the hypothesis that a high mul-
tiplicity and a small impact parameter are intimately
c( jpled.
If we believe that most of the particles are originating
from a 'hermal source which has been created by
the overlapping parts (participants) of the nuclei, one
could estimate another a^. The projectile to target
participant ratio (v) is now 0.11 ^ v g l . The lower
limit comes from complete fusion and the upper from
equal participation (as always in a grazing collision).
In the ideal Bolzmann gas approximation the temper-
ature of the source is:

CASCADE CAIC

, - A L L CHARGED PARTICLE1..

1-PROTONS

T=2ilECMHA\+A'l) (5)

where ECM is the total cm. energy of the participant
and A\(A\) stands for the participating nucieon
numbers. For a beam energy of 88/1 MeV the temper-
atures are then 5.2<T< 14.7 MeV. The pl; distribu-
tion, which is a Gaussian (4) with a^ -(mAT){ 2 (m
is the nucieon mass), is compared with the experimen-
tal distributions in Fig. 7 b and c. As seen in Fig. 7 b
such a distribution in the nucleus-nucleus c.m.s. could
explain only a fraction of the protons and in fact
a better agreement with the negative p[; side could
be obtained with a Gaussian curve in the laboratory
system, i.e. with the assumption of a source at rest.
In Fig. 7c we show the p{ distribution, transformed
to the nucleon-nucleon c m s . (i.e. the other extreme
participant source with v = 1). Clearly a large part
of the protons could stem from such a source.
The conclusions from Fig. 7 could be summarized
in a three-source picture as follows:

/; The proton p, distribution could be understood
in terms of thermal emission from one very slow and
one intermediate velocity source of about equal
strength, The projectile associated source is very weak
as expected in central collisions.

ii i lie and Li nude' are mainly emitted from a source
characterized bv a small velocity and a strong excita-
tion.

lii) For heavy fragments a source of type ii) dominates
completely.

4 3. Parallel Energy Fraction

The question whether the intermediate velocity source
for protons is a thermal source, a knock-on source

L _^_

Fig. 8. q distributions for protons alone, all charged particles and
the cascade calculation [34|. q = i t , i'£,

or associated with more complicated collective pro-
cesses could be further studied by examining the par-
allel energy in each event as suggested by Bertsch
and Amsden [33]. We have determined the ratio be-
tween the parallel energy and the total kinetic energy
in the cm. system, </r = 2't', , 1'E,. in each event. Fig-
ure 8 shows the */., distribution for protons alone and
for all charged particles. The hatched histogram is
the result of a first order cascade calculation [34]
simulating the experiment, except for the beam energy
distribution. A constant beam energy of 100.4 MeV
is used in the calculation. The experimental distribu-
tions, both for protons alone and for all charged par-
ticles, are peaking at a larger value than 0.5 which
is the natural peak-value for a quasi-elastic scattering
calculation. A Pauli-blocking correction should be in-
troduced into the calculation, resulting in some ;n-
hanced transparency, arid thus a larger value of

Complete calculations with thermal and collective
•nodels are necessary before the final conclusion from
the </|| distribution could be drawn, but normally all
collective models should predict a smaller average at

than the cascade model. The fact that the experimen-
tal value is larger than 0.5 (0.61 for protons and 0.62
for all charged particles) is an indication of some
transparency also in central collisions.

5. Conclusions

The events we have analyzed show the typical features
of "central collisions" that one would naively expect,
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i.e. high multiplicity and a suppression of projectile
fragments and protons in the forward direction.
As a rule, several medium-size fragments ( 2 ^ Z 5 8)
are emitted in these events. Such phenomena have
been discussed in connection with multifragmentation
statistical models [8. 35], as well as with a nuclear
fluid-dynamics model [5]. The heaviest fragment in
each collision (15 g Z ^ 4 0 ) is significantly smaller
than expected after a normal pre-equilibrium + equi-
librium emission of nucleons. The momentum
transfer to this fragment is small. The average veloci-
ty of the "recoil" nucleus is <0.02:\ The average
parallel momentum of low energy protons implies the
same low source velocity as that of the "recoils".
Protons have furthermore a strong contribution from
an intermediate rapidity source, which could very well
be quasi-elastic scattering. These particles contribute
most significantly to the ratio (</;) between the paral-
lel energy and the total energy in the c m s . for each
event. This parameter exhibits a wide distribution
with a mean value larger than 0.5, which is the one
expected in a cascade picture. Thus a comparatively
large transparency must be considered even though
very few projectile-associated protons were observed.
Collective reaction mechanisms would give an aver-
age q,,<0.5 why the experimental qv distribution
does not favour such descriptions.

Appendix 1

In the investigation 73 interactions are studied. From
4 of the events, data is given in this appendix together
with microphotos of the events. A complete list for
all events is available [36].

The Microphotos

Each visible track belonging to the event except the
projectile track is given a number. All tracks are pro-
jected into the emulsion plane.

The Tables
The columns show the track number, the charge (Z)
of the particle in units of the elementary charge, the
maximum error in the charge determination, the mass
number (A) of the particle, the maximum error in
the mass determination, the range {R) of the track,
the most probable tota! kinetic energy (E) of the par-
ticle, the minimum and maximum possible total ener-
gy of the particle and the emission angle {()). The
energy uncertainty is mainly due to the uncertainty
in the identification and only to a minor extent due
tci errors in the range measurements, in calculating
the parallel and transverse momenta it should be
noticed that the error in the angular measurement
is negligible.
Each event (Fig. 9) is accompanied by a short discus-
sion.
In this event the sum of the observed (.harges leaving
the collision is Z'/.i - 17 ± \. It is impossible to decide
whether the target is Ag or Br. Thus the non-observed
charge is 3 6 + ; for the Ag case and 2 4 ± , in case
of Br target. It is probable that the missing charges
are contained in one single fragment, with R<4 urn.
which is the radius of the nontransparent blob of
developed grains at the collision point. Consequently
the maximum kinetic energy of such a fragment is
'».05.4 MeV (Ag) or 0.12/4 MeV (Br).

Hit »

TiNc3(I'ig 9)

Track

1
2
3
4
5
6
7
8
9

10
11

Z

1
1
1
1
1
4
1
2
3
1
1

AZ

+ 1
0
0
0
0

±1
0
0

±1
0

+ 2

A

1
1
1
2
1
7
2
3
6
1
1

A A

+ 2
+ 1

0
0

+ 1
+ 4

1

0
+ 1
±3

0
+ 6

R (mm)

0.156
0683
0.070

12.6
5.03
0.210

13.0
20.8
0.254
0.635
0.605

* • - , = ' . 178 MeV

E (MeV) £„,,„ (MeV)

4.5
11
2.7

89
39
54
72

280
46
10.5
10.5

4.2
10.5
2.5

80
37
40
70

270
21
10
10

£*. . (MeV)

16
15
29

95
52
84
74

311
77
11
81

fl (deg)

163 4
120.1
139 3
69.0
378
364
4?.4
6.0

37.2
102.5
111.4



302

Tiblt4(Fig 10)
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Track

1
2
3
4
5
6
7
8
9

10
11

z

1
1
1
8
1
1
1
3
1

26
1

AZ

0
+ 1

0
±2

0
0
0

— 1
0

• »
-18
+ 1

A

1
1
2

16
2
1
2
7
1

56
1

6A

+ 1
+ 3
+ 1
±5
+ 1

0
- 1
- 4

0
• 30

40
+ 3

Ä(mm)

0.169
0.197
1.65
0.038
1.53

26.9
7.61

26.5
1.87
0.004
0.390

£„„, = 972 MeV

E (MeV)

4.8
5.2

25
57
24
94
60
20
20

59
7.8

Emm (MeV)

4.2
5.0

184
38
22
92
45

325
18

3.3
7.0

£ „ , (MeV)

6.0
21
27
60
28
96
62

740
22

7.0
31

0 (deg)

153.8
80.0
51.4
27.1
25.8
20.7

7.8
7.5

11.6
566
84.8

Fit. 10

• t '

TiMcSfFig 11)

Track AZ AA R (mm) £,,.," 852 MeV

1
2
3
4
5
6
1

8
9

10
11
12
H
14
15
16

2
2
1
2
I
1
4
A
3
1
2
2
2
3
3
2

0
0
0
0

+ 1
0

- I
±1
+ 1
+ 1

0
0

0
1

+ 1
+1

4
4
2
4
2
2
7
9
7
2
4
3
4
6
7
4

- 1
- 1
+ 1

1
+ 2
__ i

i
• a

3
• 3

1

+ 1
1

+ 1
- 1

3
• 7
- 1
• 1

0.190
0.175

20.7
0.276
0 368
0.630
0.428
0.008
0.191
0.386
0 180
0.509
0.163
0 176
0.044
0.252

t (MeV)

20
19

105
25
10
13.7
94
7.0

41
10
19
33
17.5
36.6
155
24

A.,. (MeV)

18
17

100
23

9.0
10 5
62

5.7
39
9.0

17.5
31
16
17.5
15

£«.. <M«

21
20

160
26
30
IS

145
19
67
28
20
37
18
40
25
48

V) 0 (deg)

138.7
73 5
48.7
466
43.6
41.6
26.8
189
536
54.0
736
91.8

108.9
108.6
124.5
125.6
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Table 6 (Fig. 12)

Track

1
2
3
4
5
6
7
8
9

10
11
12
13
14

Z

4
2
4
1
1
1
6
1
5
2
2
2
6

åZ

±1
- 2
•hl

±1
0
0
0

±2
0

±1
+ 1

0
0

±2

A

4
9
4
7
2
1
1

12
1

10
4
3
3

12

JA

+ 3

*

*

+ 1
0
0

• 4
- 5

0

• 3

+ 1
+ 1

• 4
- 5

ft (mm)

0007
2.22
1 42
1.08

24.5
0.783
6.06
0038

10.4
0.333
0.055
0.564
0.981
0.004

F.m = 1.020 MeV

E (MeV)

3.0
284
66

163
205

12
41
36
53

121
95

34.5
47

43

£„, . (MeV)

0.7
85
59

109
200

11
40
19
51
80

8.5
32
45

3.0

£„, , (MeV)

4.8
300
135
253
307

13
42
53
55

166
18.5
39
54
5.5

1) (deg)

72.0
48 5
17.7
15.8
26.4
22.3
41.0
44.4
46 I
78.1
81 I

131.5
1276

31 9

Fl». 12

In this event (Fig. 10) the "recoil" fragment is visisble
even though its range is small, R-~4 um. In this case
2,'Z, = 19 ± * (the 4 um track is not included) and thus
the remaining charge is 34±I or 22±J. The recoil
energy is 0.05 <E<0.19,4 MeV. For such a short
range track the profile measurements can only tell
us that Z> 8.
In this event (Fig. 11) EZt is 35 ± f. There are several
fragments in the mass range 3</4<12. In case of
a C + Br event this is a complete breakup into frag-
ments with A<\2. If the actual target is Ag a frag-
ment with Z = 18 ± I and R < 3.5 um should be added.
In either of the cases this collision is different from
the previous two since there is no heavy fragment.
This (Fig. 12) is another example of a violent col-
lision, where all products have mass numbers A 4
AB + AT. Here LZt is 39 ± 9 and the maximum charge
of the non-visible fragment is 14 ±9 for an Ag- and

2±2 for a Br-target. The "recoil" energy would be
less than 0.2 A MeV in case of an Ag event.
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from several discussions with J P Bondorf. The support from the
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Inclusive proton ipectra from l}C-induced heavy-ion interaction! at 58,4 and 86/4 MeV have been obtained by using a
A f - E time-of-flight telescope. The shapes of the energy ipectra above 30 MeV for 32° < « < 142* are very simila; for five
targets ranging from C to Au. The backward spectra can be reproduced both in the picture of a thermaliud source charac-
terized by an 11 - 1 7 MeV temperature Boltzmann distribution moving with half the beam velocity and in the picture of
quasi-elastic nucleon -nucleon scattering from two interacting Fermi spheres. The forward spectra are difficult to reproduce
unless a combination of the two descriptions is accepted. The 58/4 MeV spectra peak substantially closer to the beam ener-
gy per nucleon and show significantly iteeper slopes than 86/t MeV ipectra.

The nucleon emission in heavy-ion collisions slight- can be explained by various participant-spectator mo-
ly above the Coulomb barrier is normally well ex- dels [9,10], where the main sources are the strongly
plained by the statistical decay of moderately excited heated participant (fireball) and the weakly heated re-
compound nuclei and deep inelastic fragments. How- sidual nuclei. However, several other microscopic and
ever, some recent experiments show indications of macroscopic approaches are able to explain inclusive
other processes producing a hard proton and neutron proton spectra [ I I ] ,
component [1 - 3 ] , explainable in terms of prompt e- Our experiment gives inclusive proton data in the
mission [4] or strongly heated subvolumes [5,6]. In intermediate-energy heavy-ion collision region,
relativistic heavy-ion interactions the inclusive proton The experiment was performed at the CERN Syn-
spectra of Sandoval et al. [7] and Nagamiya et al. [8] chro-cy clot ron (SC) with 86/1 and 58/4 MeV 12C

0031-9163/81/0000-0000/S02.50©North-Holland Publishing Company 121
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beams of an intensity, for the full energy beam, of 2 to
5 X 109ions/s, a momentum resolution of 0.5%, and
a duty factor around 30%. Targets of C, A1, Cu, Ag
and Au, all of natural composition, with thicknesses
of 17-38 mg/cm2 received 99% of the beam intensity
within an area of 1 cm2. Double-differential cross sec-
tions for p, d, t, 3He, and 4He were obtained by the
use of a telescope consisting of a 1 mm totally deple-
ted Si detector (Si), placed inside a vacuum scattering
chamber, and three plastic scintillators with a vacuum
pipe in between the first and the second one. The
fust two scintillators, a 1 mm NE102A (SI) and a
25 mm NE111 (S2) were used for time-of-flight (TOF)
and energy-loss measurements. The third one, a 180
mm NE104 (S3), was used for energy-loss measure-
ments only. The TOF distances were 2.2 m (32° < 0
< 5 5°) and 0.6 m (8 > 55°). Particle identification was
obtained from the A £ S , - T O F , A£ S 2 -TOF, A £ S 3 -
TOF and AE^-^^SJ correlations. The error in the
proton yield due to the isotopic resolution is less than
1%. Proton energies were determined from the light
output of S2 and S3. The scintillators were calibrated
from the energy deposited in the Si detector, resulting
in a maximum energy uncertainty of ± 10 MeV. Deter-
minations of the passing-through point in the A£'S2 ~
TOF and A£s3~TOF correlations were made as a fur-
ther test of the validity of the energy calibration. The
beam intensity was measured with a Faraday cup cali-
brated by a determination of the 24Na activity pro-
duced in the 27A1(12C, x) 2 4Na reaction [12]. The to-
tal error in the cross sections, including uncertainties
from detector efficiencies and nuclear reactions in
the detectors, is estimated to be less than 30%. As seen
in table 1, the energy-integrated (30 MeV < Ep <
200 MeV) proton cross sections at 0 l a b= 32°, 45°,
and 54° are found to be in good agreement with those
obtained in a nuclear emulsion experiment [13].

The differential cross sections d 2 a/dnd£ of protons
are shown in fig. 1. The forward spectra have broad max-
ima at energies well below the projectile energy per nu-
cleon, changing into exponentially falling spectra at
higher energies. A tendency towards a steeper fall-off
at the highest energies has been observed. The back-
ward spectra are falling off exponentially in the whole
energy region above 30 MeV with an almost constant
slope. A strong forward peaking in the angular distri-
bution is found. For 8^ = 3°, preliminary data of
40 200 MeV protons in 12C + I 2 C reactions [14] in-

Table 1
Production crosi sections for protons with 30 MeV < £'p

< 200 MeV obtained in the present experiment, compiled
with results from a nuclear emulsion experiment (</1 > = 94,
(£be»m> = 85/1 MeV)

Reactions do/dfi (mb/sr)

»Ub"32° « ° 54°

540 270 180
86/4 MeV
l 2 C + AgBrb> 520 t 80 410 t 60 240 t 50
50-100/1 MeV
12C + A g a ) 630 450
86/4 MeV

a> This experiment. b> Ref. (13).

dicate a narrow peak (the width is about 25 MeV) at
an energy close to the beam energy per nucleon. In the
low-energy (target evaporation) region one could ex-
pect the yield of protons to increase strongly. This has
in fact been observed in preliminary data for 12C + C
and 12C + Au reactions [14]. The general behaviour
of the proton spectra is the same for all targets ranging
from C to Au. The similarity of the distributions is de-
monstrated in fig. 2, where 32° and 90° spectra are
shown for C, Al, Cu, Ag, and Au targets.

The target-mass dependence of the cross section is
very close t o / l 2 ' 3 for the backward spectra as well as
for the high-energy part of the forward spectra. In the
peak region of the forward spectra the A dependence
gets weaker, a tendency which becomes more and more
pronounced with decreasing angle. This could be under-
stood as a gradually increasing influence from a fast
source in peripheral collisions.

The fact that the inclusive spectra are not very sen-
sitive to the target mass with respect to peak positions,
peak widths, and slopes could be qualitatively ex-
plained in two ways. One possibility is that quasi-ela-
stic nucleon-nucleon scattering is the dominating
source of proton emission, another one is that the parts
of the projectile and target volumes which participate
in the early phase of the reaction, forming a hot pre-
equilibrium system, are always of the same size.

A simple thermal participant-spectator approach
has been attempted to parametrize our data. In the
symmetric system l 2 C + 12C we expect that any par-
ticipant-(fireball) like source has a parallel velocity of
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Fig. 2. Differential cross sections d J o /dnd£ for protons at 0|gt> - 32° and 90°, emitted in I 2C + C, Al, Cu, Ag, and Au reactions
at 86/1 MeV.

h. * 0proj/2 * 0.20 in the laboratory system. The
average transverse velocity Hj is expected to be zero.
This is in fact supported by the circular shapes we find
of the invariant (1/p) (d2a/di2d£) contours in the
p L - p T plane centred around (/>L

 =Pp roj/2,PT = 0)
for the protons having large momenta in the centre-of-
mass system. The characteristic temperature of this
source is obtained by fitting Galilei-transformed classi-
cal Boltzmann spectra to the experimental distribution,
i.e. for the above-mentioned source (fij= 0):

- 2(e • e ) 1 / 2
I O U T c e

(1)

Here c is the proton kinetic energy in the laboratory
system, e w u r c e the source energy per nucleon, 0 the
laboratory emission angle, T the characteristic tempe-
rature of the source, and C a normalization constant.
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The least squares fit to the 90° 12C + I 2 C spectrum
of protons with Ep > 40 MeV, where any contribution
from a low-temperature spectator source is negligible,
gives a temperature of T- 13.0 MeV. In order to test
the validity of the classical approach, we also used an
approximation to the relativistkally generalized Boltz-
mann distribution in the source system. For large mjT
values (m is the nucleon mass), one gets

(2)

where now £"'»«' + m'. Since we do not find any no-
ticeable deviation from the classical approach, we sub-
sequently use eq. (1). Effects of Coulomb repulsion
and binding energies are not considered in our first-or-
der approach.

If only the high-energy part of the 90° spectrum is
used in the fit, we find lower temperatures (table 2).
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Table 2
Temperatum found in the Bohzmann least iquares fit to 90°
spectia. Tto it the temperature obtained for E > 40 MeV
protons and T » rot E > 60 MeV protons. The source is mov-
ing in the laboratory system with half the beam velocity.

Target

86/1 MeV

58/1 MeV

C
Al
Cu
Ag
Au

Ag

(MeV)

13.0
13.8
13.8
16.6
17.0

11.4

(MeV)

11.0
12.6
12.6
1S.4
15.8

10.6

xio

7.0 x
9.9 x
2.6 x
7.5 x
1.3x

1.5X

io-«
10-*
10"*
10-*
10-*

10-*

Degrees of
freedom

17
17
19
21
21

15

One reason for this effect could be that quasi-elastic
first order nucleon-nucleon scattering contributes sub-
sta i* «ly to the proton production cross section, in
P ! e experimental 90° spectrum is compared both

f rfi >t obtained in the moving Boltzmann source cal-
t'j ,i and with the spectrum from the first-order nu-

.̂  tt, nucleon scattering calculation. The latter distri-
I kr i has been calculated in the framework of two
< Jli ling Fermi spheres (the Fermi energy £ F = 25
,v" ) with inclusion of Pauli blocking. Both calcula-
< '.is reproduce the shape of the experimental distri-

c t ion.

In table 2 we display the temperatures we find for
die 90° distributions for five different targets. AU back-
ward spectra are consistent with these temperatures
from 11 to 17 MeV and by making two-parameter
source ^ fiu w e ftri pjource m ^ j 2 f o r gjj tar.
gets. The temperature of the participant source increa-
ses with increasing target mass. This is a result which
ijoes not allow any decreasing projectile-to-target-par-
ticipant ratio. The forward-angle distributions cannot
be explained by the above-mentioned moving Boltz-
mann source This may be due to a strong contribution
from faster moving "specUtoi-like" sources. The appa-
rent temperature of the hard proton component is of
the tame order as (or higher than) the 90s tempera-
tures. In the quasi-clastic nucleon-nucleon scattering
approach one can fit these high-energy components if
one uses a Fermi energy of about 37 MeV (even for
12C + 12C), i.e. the one normally adopted for heavy
nuclei. However, for the "peak regions" the best fits
give much lower Fermi energies.

Fig. 3. Differential cross sections for protons at »ub - 32°
and 90°, emitted in l l C • Ag reaction» at 58/4 MeV (points)
and 86/4 MeV (solid curves).

Fig. 3 shows dVdftdf distributions for 584 MeV
12C + Ag collisions compared with the previously pre-
sented 864 MeV distributions (solid curves). A signi-
ficantly steeper slope is found in the hard part of the
spectrum and the characteristic temperature is here
11.4 MeV (table 2) compared with 16.6 MeV for the
864 MeV data. Since the ratio of Jie temperatures at
864 and 584 MeV is nearly the same as the ratio of
the beam energies(7g6/r58 - 1.46 and 86/58 = 1.48),
the same prqjectile-to-target-participant ratio is expec-
ted provided that all energy available for the partici-
pants is transformed to heat. Another oberservation is
that the 32° peak is now significantly closer to the
beam energy per nucleon, which could indicate that the
average impact parameter is larger and that more pro-
jectile-fragmentation-like processes contribute to the
cross section, at this laboratory angle. The orbital de-
flection, discussed by van Bibber et aJ. [15], is pro-
bably an important source for this difference.

In conclusion, we have observed inclusive d^o/dildE
distributions of protons from intermediate-energy hea-
vy-ion collisions which could not be fully explained by
either a simple thermal-source approach or a simple nu-
cleon-nucleon-scattering approach alone. The shapes
of the spectra depend very little on the target mass,
and the absolute cross sections are proportional to
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except around the maxima for forward angles

where the mass dependence is substantially weaker.

The projectile-to-target-participant ratio seems to be

the same for all targets and furthermore it does not

change when the beam energy is increased from 58i4

to 86v4 MeV.
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Tbe «+ pnduetloa ta 8M-1UV C+C tad C+Aa reaetloas bes been studied for 20 MeV
« * , « 0 0 MeVaod »,,„> 58*. Tbesroee eeetlOM, d'o/dQ dB, tell expooentlalfywttb
ff, aadareBtlfflMlargerforC + AutbanfcrC + C. Tbe sagnkr dietributlaa le be«k-
ward peeked tor C + Ao io the oneleon-imoleoa o.m. •yetem, vblle U I* wetUj forward
peaked la AM Boelme-mcta» cm. •yatem. Aa indepBDaeot auoleon-iwcleoo ecettertag
model can explain tae data only If dttraee iatenal momentum dletribmione are latrodaoed.

PACS numtwra: 25.704H

Tbe availabUltjr of heavy-ion accelerators In the
Intermediate energy region has opened up new
possibilities to study pion production at an energy
per nucleon below tbe free nncleon-nucleon
threshold (290 MeV). Hadron-nucleue collisions1-•
hare bota used (or many years to samlas the
Importance of the nuclear enrironment In the

pion production process. Vsry large momentum
transfers to the nucleus (2-3 tlm«s the Fermi
momentum) eaa bs Involved In these reactions,
a fact which points towards a large degres of
coherence. However, the reaction mechanism is
not convincingly explained. Nucleus-nucleus re«c-
tlone substantially below the free threshold have
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been studied only in the experiments of Benenson
et al. A pronounced minimum in the • */»" ratio
has been observed for velocities (or rapidities)
close to that of the projectile.4 This phenomenon
has been explained in terms of Coulomb effects/
Fully coherent production in light-ion reactions,
like 'He +sHe -"Li+»*, has been observed with
cross sections of the order of 100 nb at energies
(904 MsV) dose to the reaction threshold.* At
higher energies (30&A MeV) such coherent chan-
nels are much less important* Subthreshold pion
production in heavy-ion interactions could be ex-
plained in various ways. The most obvious way
is to produce pions via nucleon-nucleon collisions,
taking into account the boost from the internal
(Fermi) momenta.*'1 Collective phenomena such
as collisions between dusters10'11 or the coher-
ent production of an isobar"'13 are other possi-
bilities. More exotic phenomena, such as pion
condensation1*'19 appearing in dense regions of
the ion-ion system, have also been discussed.
In this Letter, we report on the results of an in-
clusive study of the n* production at large angles,
using a iaC beam with an energy of (85* l)A MeV.

The "C beam from the CERN synchrocyclotron,
with intensities between 2x10* and 2.5 xlO10 ions/
s, impinged on a carbon or gold target The tar-
get thicknesses were 51 and 38 mg/cm*, result-
ing in small energy losses and thus a very well
defined effective beam energy of (85IJ )A MeV.

The range telescope, used to detect pions, was
designed to be sensitive to cross sections of
about 0.1 Mb/sr. It consisted of six plastic scin-
tillators (5, 25, 50, 50, 50, and 5 mm thick).
The first element was used only as a A£ detector
and the last element only as a veto detector. An
8-mm plastic absorber was necessary to reduce
the intense proton flu especially at 55" and it
increases the effective plon-energy cutoff to 17
MeV. The trigger for a positive pion was a de-
layed (within 200 ns) signal (r* - M*+"M) from
the stop (st) detector following any t,» ••••*„
* '.«•!* • " * F| coincidence. All A£-A£ corre-
lations were further used for the identification.
The time spectra and the (monoenergetic) signal
from the decay muon were recorded. Prompt
runs (i.e., with no delayed coincidence require-
ment) were made throughout the data-taking
period in order to check the stability of the sys-
tem. The dead-time due to the prompt pulse
length reduces the pion registration efficiency
in the stop detectors to between 29% and 35%,
Since no deviation from a constant background
was found, the total n* yield was obtained by

fitting the function A +£exp(t/T), r = 26.02 ns,
to the time spectra.

Each sciatillator constitutes one energy bin,
obtained from the range-energy relation. The
error bars in Fig. 1 are mainly due to statistical
errors in the x* fit procedure but the uncertainty
in the zero time determination has also been in-
cluded. In calculating the cross sections, we
have corrected for decay in flight (15% -17%)
and nuclear collisions before the stopping point
(10%-20%). The multiple Coulomb scattering
correction (see Chiba"), as well as the correc-
tion due to loss of muons and pions from the finite
geometry, is negligible. A three-element plastic -
scintillator telescope served as a monitor. The
errors in the absolute cross section of v*, main-
ly due to the uncertainty in the beam current
measurement with a Faraday cup'7 and the effec-
tive solid angle determination, add up to about
30%. The prompt tfo/dildE spectra of protons
at 90° are, within this uncertainty, in agreement
with those found in Ref. 17.

The <fo/dCldB spectra of »* in Fig. 1 show an
exponential falloff with energy in the interval 20
*£„ *80 MeV, with a slope which becomes
slightly steeper with increasing laboratory angle.
The shapes of the spectra are similar for C and
Au targets. The cross section for C +Au colli-
sions is 9 times larger than that for C +C colli-
sions. Under the assumption that the cross sec-
tions follow an A* power law, a would be 0.8.
The integrated cross section J(dto/dadE)dE for
C+C is 0.8 n/u at 55°, 0.5 pb/sr at 90°, and
0.4 Mb/sr at 130° to be compared with about 10

20 W »0 0 20 40 60
%

AMI

TO. 1. Doubly dMcreatlal erooi eeotlone of»*
from (a) C+Au art <b> C+C OOIIMOM at 85/t MeV
u a function of the pion kinetic energy.
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at 0° for Ne +NaF in the experiment of
Benenson et al.3 H the comparatively weak slope
in the angular distribution, which we find, is
valid also for 0<55° (a fairly uniform do/dtl dis-
tribution for 9 <30° is reported in Ref. 3) and the
cross section is proportional to AfA™, then
oar cross sections are slightly smaller than
those in Ref. 3. However, the effective beam en-
ergy in Ref. 3 is reported with a large error,
(BO ±10)A MeV, and it is possible that the i*
production cross section is falling more steeply
with decreasing beam energy than was assumed
there. An extrapolation to 180° of the angular
distribution for C+C reactions in Fig. 2(a) re-
sults in a total v* production cross (section of
-10 pb.

In Figs. 2(a)-2(c) the invariant cross section
{\/p)d*o/dadE is plotted against the emission
angle in the nucleon-nucleon cm. frame, in the
nucleus-nucleus cm. frame, and in the labora-
tory frame. The C+C cross section is found to
be symmetric in Figs. 2(a) and 2(b) as it should
be in any cm. system. The C+Au spectrum of
v* is, however, strongly backward peaked in
the nucleon-nucleon cm. frame {0c.m. "O.»)).
On the other hand it seems [ Fig. 2(b)J to be
slightly forward peaked in the nucleus-nucleus
cm. frame (^Cfm,a 0.023). This might indicate
the presence of mechanisms involving more than
two independent nucleons, such as collisions be-
tween clusters or the creation of a locally heated,

M » 13»
NUUEON-NUCLEOt

CM-AHGU

M »» I X
NUCLEUS-NUCUUS

CH-ANGU

5»
LABORATORY ANO.E

FIG. 2. Loreate-mvarlaat douUy differential erost
sections at • Auction of (a) the aaeleon-nielaoo cm.
aqgle, (W me molMw-miclraa cm. angle, and (e) the
laboratory angle. The earvea are drawn to gold* me
eye. m a s cm. ipeotra for C + C we have obotta to
draw thtm symmetric around »0% thereby preMntlaj
typloal errors in ne ladtvfchal points.

dense subvolume of nuclear matter (<f3re)=*0.13
in the clean-cut fireball approximation). One
should, however, bear in mind that pions created,
for instance, in independent nucleon-nucleon
collisions are reabsorbed when traversing the
remaining parts of the nuclei and that an asym-
metry could be created in this way.

The apparent temperatures of the pion-produc-
ing sources obtained from fits of Lorentz-trans-
formed relativistic Boltsmann-like sources to
the spectra of Fig. 1 (Ref. 17) are 1411 MeV for
C + C collisions and 1511 MeV for C + Au colli-
sions. The latter one is, within the limits of
error, the same as the Boltzmann temperature
for high-energy protons given in Ref. 17, while
the temperature for pions in C+C events is even
slightly higher than that for protons. It should
be noticed that smaller apparent temperatures
for pions than for protons have been observed at
higher beam energies," a phenomenon which is
explained in the framework of an expanding com-
mon Boltzmann-like source.1* Preliminary cal-
culations of the » * production cross section in
C+C collisions with an independent nucleon-
nucleon scattering model have been performed."
From these calculations we have observed that
the absolute cross section (especially for pions
with £ , >60 MeV) can be reproduced only if dif-
fused internal momentum distributions (e.g., of
harmonic-oscillator type for light nuclei) are
introduced. The largest contribution to the »*
production is coming from the pp~dv* channel
since the Pauli blocking in this case (two nu-
cleons with the same final momentum) is weaker
than for (two nucleons) •** in the final state.

In conclusion, we have obtained ** production
cross sections at 8&4 MeV with an A dependence
dose to A0-*. The apparent production source
has a velocity between the nucleon-nucleon cm.
velocity and the nucleus-nucleus cm. velocity.
The absolute cross sections could possibly be
explained In the framework of independent nu-
cleon-nucleon collisions from two interacting
momentum spheres bat only If we assume a
strong pp"dt* component for which Pauli block-
ing could be treated as if two nucleons with the
same final momenta are produced.
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