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Abstract

The Bevalac is briefly described and its schedule
for completion is given. The Physics Research Program
to be carried out with heavy ion begms with energy in
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1. 'Ihtrodﬁction: ' The Bev&laci

 The Beyalac represents the uﬁion'of ﬁwo acdelerators
af the Lawrence Berkéley Laboratory (LBL) to achieQé the
acceleration of heavy ion beamsvfo'relativiﬁtic.energy {1}.
The SuperHILAC, which is designed for acceleration of ions

of any mass up to an energy of 8.5 MeV/nuc1edn, - which

ions are used for a wide variety of research studies in this

energ& range - is to be uséd‘also'as an injector fof»the'
Bevat?dn, a proton sychrotron uéed thogghout most of its
research life from 1954 to 1974.fofvthe-accéleratioﬁ of
protons to 6 GeV. The Bevalac project cénsiSts of'thé
addition of a beam transfer between the twb accélerétors_‘
and of the installatioﬁ of machine modifications, including
computer control,'to-permit_synchroﬁized operation of the
'SuperHiLAC and the'Bévatron. .Acéeleraﬁion of d, o, C, N, 0
has beén demonstrated previously in the_ﬁevatron {2} ”
with ions produced in 1its own.ion'sourée.' Use of the
.SuperHILAC as injectér:permits devélopment of‘greatly'
intensified beamslﬁf C, N, O and Ne. See Table 1.

Above mass 20 there is a fapid fall off in beam intensity
but intensities of Ar and of somewhat ﬁeavier elements

will be sufficient for some experimental purpoées; With
improVéments»in the accelerator tank vaéuum.the intensity~v

of such ions could increase dramatically,

The transfer line.and most machine modifications will

be compiete by the end of the summer 1974 and initial



‘experiments with the SuperHILAC should be started in the
fall and winter months. COmputef cbntroiled‘time—share
operation to permit acceleration of one selected beam atuthé
Supg;HILAC for experiments at 8.5 MeV/nucleon intérsperséd
with acceleration of a different heavy ion for injection into
the Bevalac will be cémplete in<phe third or fourth quarter
of 1975. The Bgva;ron requires an injection puise only once
every 6 secoﬁds, whereas the SﬁperHILAC.pulse rate is hun-
dreds per second, S§ this time-share opération will allow
ﬁgé_of thg SuperHILAC for its own research program at 8.5
.MéV/ﬁucleon_with negligible interference by its use as

Bevatron injector,

The fuli energy of the Bevalac beam particles at
ejection will be 2.1 GeV/nucleon. Operation at lower

energies down to 250‘MeV/nucleon will be possible,

Financial suppdrt for the Bevalac comes from the
U,S. Atomichnergf Commission and.the program is fevieWed
ﬁy g_committee of exper;é frpm_all parts of the USA,
'Experimental facilities are open to all qualified U.S.
scientists. ‘Pérticipation by scientiéts érdm other

éountries is welcomed.

2ibvBiolégical and Medical Interest .

| The ihitial'intereét and scientific justification for
the Bevalac project came from researcher workers in |
Biology and Medicine. The large ranges and the radiation
deposition characteristics of heavy ions of relativistic

energy makes them eXceedingly.interesting for eventual use
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in medical diagnosis and therapy for many diseases, includ-
ing cancer. An extensive research program is planned in
radiation chemistry, radiation biochenietry, moleeulat—
cellnlariradiobiologyjand genetics, tumor kinetics, tissne
radiobiology and carcinogenesis diagnostic radiplogy |
(imaging.of internal structures),‘plant tadiohiology,
neurotadiobiOIOgy, and therapy:fer tumors, pituitary

_ malfunction, and other diseases.

3. Physics Interest

The Bevalac will fdt the.first,time provide a yatiety
'of heavy ion beams at relativistic energy with sufficient
intensity for the application of a variety of experimental
techniques for the study of the nature of the interaction
ef_such nrojectilesvwith'simple and eomplex nuclei; It
16 a virgin field in'whiCh'the experimental phenomena wiil
be,ef great interest to nuclear physicists, particle
physicists, astrOphyaicists and .nuclear chemists., Theoreti-
cal prediction of the mechanism and resulting phenomena is»
such interactions is a severe challenge to nuclear and
particle theorists. A aummer study was held at LBL in
July 1973 and another is scheduled for July 1974 to deveiop
theoretical ideas on relativistic heavy ion physics The |
'possibility of qualitatively new and unexpected phenomena
lends excitement to this virgin field of study. General
statements on’ this new field of heavy ion physics have been

written by Heckman {4} and by Steiner {5}.



4. Spmé Expectations from‘Past Results

One.qan apply to relativistic heayy ion reactions
tﬁé same e#périmentai techniques.that have provided so
mucﬁ experimental informétién on the interaction of GeV
protons with simple and complex nuclei. These techniques
ihclude radiochemistry, nucleér emulgioﬁs, off-line ;ﬁd
on-line,mass spectroscopy, semiconductor particle detection
systems based on rate of energyflosé, total energy, and
time~of-flight measurements, track detectors of mica or
ﬁlastics, plus all the teéhniqﬁes used to measure pions,
kaons, and hyperons, One cén aiso“aék what part of the
deﬁailed undérstaﬁding of reaction mechanisms in'tﬁe cése
of GeV>prQ£on interactioﬁs can be taken over for the rela-
tivisfic_heavyvion case., - We recall that the wave length
vofIGeV protohé is short compared té internucleaf distances
in nuclgi and that the initiél interaction of the incoming

proton is withié‘single nucleon, almost as if the collision

bccufred in free‘space.‘vThis initial encounter sets off

~a chain of'nucleon—nucleon ;ollisions calculated most
readily‘by Monte'Carlé matﬁematical techniques. In an
ensemble ofisfruck'nuclei, there is left #n extremely

brbad disfributioh of excitation energy. Meson producfion
and feabsorption can play a strong role. The struck nuclei
-are de;excited.in a variety of ways including evaporatioh.
of nucieons or light nuclear fragments, by fission, or by

an asymmetric two-body breakup with special prdperties



. resembling fast asymmetric fission, Finél products vary

greatly in Z, A and yteld. For a general review see {6}.

bne may expect a consideraﬁlé fraction of the.experif
mental phenomena, of the nucleonic casc&de effects, and of
the de-excitation by evaporétion and nuclear Breakﬁp to_be
reobséfved in the’case-of heavy 1on re;ctions, but many.
notabie differences will cértainiy dccur. A crucial
question is whether the projectile nucleons in a cgntral N
collision will interact independently on target nucleons
or WHeﬁhervcoherent effects will play an important role:
Willvciusters of nucleons in tﬁe projectile undergo
knock-on collisions with clusteré in the nucleus? Year ago,
Igb.Nansén and Gooding‘f7} observedla;Zavreactions in
complex target ﬁuclei. Can similar knock-on reactions be
induced by C, N, O, projeétiles? Wwill coherentbeffécts give
rise to enhanced production‘of‘piqns?' Will the struck
nuélei be so muchimore-highly defbrmed and excited by the
heavy frojectilq compafed to the‘protdn caéelﬁhat ;he
pattern of residual ﬁuclear de-excitation and bréakup will

be considerably different?

5. Experimehts.in Progress on in Planning Stage
;o v : ' ’
5.1 Summary
A list (not exhaustive) of experiments is. given in

Table 2.

5.2 Projectile Fragmentation

The mbst interésting study done so far with Bevatron



y
1

‘gene;éted,heavy ions is the investigation of the'frﬁg—
mentafion of 1L’N and 160 nuclei at 2.1 GeV/nucleon.energy'
by diffractive dissociation on‘Be, C, CH, aﬁd heavier tar-
gets f4?8}; A'kingmatical fact of gréat importiﬁce 1s‘thaf
the fragments travel -at high'energy and are coﬁfingd to a
small forward cone in the lab system}eﬁen‘fhough the frag~
ments have little or no energy with respéct to fhe pro—.
jectile. Figure 3 is a diagram of';he Oé heavy ion mag-
netic spectrometer used for the Oo ffagmentﬁtiOn experi=
ments. The spectrometér focuses magnetically analyiéd
beam fragments on to Charge-measuring solid-state detector
teleséépes'ldcafed on the focal pléne of the spectrometer.
With proper tuning all possible projectile fragments can
be identified and their cross sections measured. A
typical:spectrum for the carbon isotopes 1is shown'in
Figure 4. A remarkable characteristic of‘the momentsy
spéétré is that the maximum for each isotope océﬁrs at

a mbmenﬁum torrespondiﬁg‘tofthe beam vélocity.' Wh;n the
distributions for individual isotopes are transforﬁéd

to the projéctile frame, a near universal curve forvthe
momentum dist:ibu;ion'isbobtainea as shown in Figure 5.
Measurements of transverse momenta distributions by wire
chambef techniques éhdwéd that the momenta distriﬁu—

tions perpendicular to the beam were similar to those

parallellto the beam.

Projectile fragmentation increases with atomic

number of the target, but the distributions in momenta



and in relative cross sections for various producté remain
constant and give.evidence for the appiicability of the
principlg of factorization; i.e, the modes of fragmentéf
tion:are independent of the target nucleus. Factorization
states that in éhe reaétion A+ B > X + anything the
partiél'cross sections factor accordihg to the rule

X

X ‘ X _ » '
CSKE > YA‘YBtherejthe function YA depends only on thg beam

nucleus and YB_only on the target nucleus.

Thesé~resplts pose interesting-challenges to theory,»
Future_experiﬁental stﬁdies will inélude a broader distri-
bution of projectile ;ndvtarget nucléi and»sbme‘variation
in projectile energy. Further tests of'féctorization and
'scaling will be made. Tt will be interesting to find whetﬁer
_ﬁeavier projectiles (Ar,Fe,etc.) fragment as completely as
do lsO'and,‘”N,.or whéther there 1is a limit set By energy
transfér in the grazing collision. Future expefiments will

investigate the colncldernit emission of a second projectile

fragment or possibly of a target fragment.

5.3 . Coherent Effects in Pion Production

One of the open questions about reactions induced by
relativistic ﬁeavy ions is whether production of pions,
Akaons,vaﬁd hype;ons can qccur‘oniy vié the interaction of
single nucleons within the projectile aéting independently
on tafget_nucleon% or whether cooperative effects of several
nucleons can be involved in production of sﬁch particles.

Measurement of production cross sections and secondary



particle charactéristics iﬁ reactions inQolving a variét&
of targets and projectileé will be made,  Particu1ax
interest will be asébciated with_measurements wi;h beam .
energies varying from the maximum availéble down to values
* where the energy of individual projectile nucleons fs

below fhe meson productioﬁ cross ééction. One group_of‘high
energy physiciéts at LBL {5,9} has already made some
preliminary studieé of éngrgetic”negative piods eﬁerging

at fﬁrward angles fr¢m targets of Be, C, Cu and Pb bom-
barded with 1.0 and 2.1 GeV/nucleon protons, deuferods'

and Helium'ions; It was foﬁnd that pions are produced

more copiously by deuterons and helium ions than bj protbns
and that the pion spectra extend to higher momenta when the
pions_aré produced by deuterons and helium ions. The
internal Fermi momenta of the nucleons in the complex
projectiles. can account partially for this effect, but

the results suggest the poésibility of some collectiQe
process in the pion production; This study will continue
with heavier projectiles when tﬁe 3evalac becomes opera-

tibnai.

5.4 Target Fragmentation Studies
Some of the mést detailed ihformétion bh thefbreakup
of complex target nuclei résultingffrom bbﬁbardments with
GeV energy protons has come from measurements wifh seml-
‘conductor detector telescopes {10-12}, By meésurements

of rate of energy loss and total energy or of total energy



.4.

;and veloelty.lt was po531ble to identlfy indlv1dual
1sotopes of l1ght element fragments (from he11umlto nitrogen)
and to measure energy soectra at‘several.anglesbto the beam |
':as well as total productlon crossvsectlons for these -
fragments.ﬁ A sample particle.rdentlflcatlon specgfnm;fromjf
thlsiwork 1s shown in Flgure 6 ﬁrhé=éhérg# éndlangﬁiér
ddistrlbutlons.lnd1cated a format1on‘mechan1smiresembling
-evaporatlon fromla.struck‘targetdnucleus bot several
':ffeatures were not fully explalned A broad distr1butlon
in exc1tat10n.energ1es was evident h The efféctive'CQUlomb{
-barrier wasvless,thaan,S ofdthe expeetedbvalne.vThere”mas;"'
somehfavoring'oflformard emisslon'in'the centeréof—mass‘
hframe._ An appreciable forward peaked hlgh energy'comnonentn
1ndicated somebfragment formation durlng the 1nitia1 high |
‘energv.cascade of nucleons or nucleonlc clusterstg Another
ffeature-of interest was.the.trodoction of exoticvnuclel of
, : - ' o [ 5 BRI R
:high neutron excess not previously reported 'e.q1>,gLi,_ ‘B,
1517 14 T L R T : .
B, _B’..TB?f;vQ"
‘-: Apolicatron ofrthese experlmental techniqoes to
Bevalac reactionksystems should result in highly interest—ld
;ing.data on target fragmentation and on. the oartlcrpatlon;;
:iof.prOJPCtile and target sub structure.nucleon clusters :
'éln the 1n1t1al stage of the reactlon.. The.fast andvmore
"e#ten51ve distortlon andvfractur1ng ot the struek nutleus:

nby heavy ion projectiles should lead to target fragment

characterlstlcs grossly different from those observed

..\-



with GeV proton projectile, Opportunities for the produc-

tion and identification of exotic nuclei should exist.

5.5 Astrophysics Interest

Bevalac.beams_will proﬁide unprecedented opportunities
fof.experimental measurements useful to astrophysics,
particularly with feferénce.to heavy'components in ‘the
cosmic rays. First, there is the pbvipus possibility of
caliﬁratidn of all déﬁection techniques.  The compqsition
of cosmic rays observed near our planet does nét corréspond
to the composifion at the source, because of transforma-
tions by fragmentation in the interstellar gés (mostly
H and He), in the earth's atmosphefe, and in the walls
of the instruments of detection., These fragmentation
cross sections can be obtainéd by Bevalac experiments
‘and used to determine the'initial cosmic ray composition
at the source. Measurements of production, interaction,
and electron attachmept cross section of loBe and 53Mn

(unstable K - capturing species) would be useful for the

determination of cosmic ray lifetimes.

6. Theoretical

The fheoretical description of nucleus - nucleus inter-
_actioﬁs in the GeV/nucleon energy région is in its infancy,
,bﬁt is attracting.iﬁtereSt from nucléon and particlé-
theorists {13}, One can make a rough classification under
the titles macroscopic, microscopic and particle theory.

Under the macroscopic heading falls the géometric description



of two colliding‘sphéres'which‘partially‘6verlab acCordiﬁg
to rhe impart parameter between rhem.' Parameterization
'cannbe takep from geometrical or liquid-drop descriprions

of nucléi.‘ Matter may bevsheared off by "abrasibn“ in

the overlap regibﬁ. The highly distorted énd”excited
'residuai.targét de-excites by "ablation". An interesting
possibiiity ié the penetration of a'projectilé by. boring
a'holé through thé center of a massive nucleué. .The
dynamits of such a deformed residual nucleus could be highly
instructive. Other macrbsropic models are statistical

and thermod&namic or optical in character.

Microscopic mddelé are base& on the premise rhat
important features of the interaction of two nuclei can be
¢Omputed in a straightforward way from the scattérings of
" the vérious constiruents'out of which the nuclei are con-
structed, :Elaborations'of theleauBer model are promising.
’cher.calculatidns making use of nﬁcleon ~ nucleon cross
.section data can be ﬁade_by the Monte Carlo réchnique té
describe the cascade of collisions within rhe interacting
nuclei. A major uncertainly is how to allow for cocherent

effects in which several nucleons participate in a collision.

Particle tHeorists suggest the'appliCation‘of Regge
pole ideas to these heavy ion reactions. There might
exist strong resemblances betwéen obfects with small and
large barydn number. >The interesting'possibility'isbraised
that nuclear reactions at a few GeV/nucleon might show

features of particle reactions at hundreds of'GeV.'.

- 11 -



Highlf interesting'papefs on the possible existence
of shock waves in reaction systems at Bevalac energies
have beén'published by two groups of thecrists {14,15}.
Thésé papers‘discuss the possibility of production 6f
puclea; ﬁatter at several times normal densitf and the
conéequences of this abnormal dehsity for pioﬁ prbduction.‘
The most startling and fasdinatiﬁg theoreticﬁl;prediction
to be made in the past few months is that of Lee and Wick
{16,17} who predict that interaction 6f complex nuélei
such as Pb + Pb at GeV/nucleon enefgy could lead to the
production of new states of highly-dense nuclear matter

never observed heretofore.
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Table 1

Expected Fluxes of Particles at Bevalac

Particle ~ Particles Per:Pulse
1 : » 12
H : _ : 4 x 10
2 _ 11
H 5 x 10
3 : _ 10
_He . ' 10
[N 10
He 3 x 10
‘12 10
c . o ' 6 x 10
14 ] 10
N ' . 3 x 10
16 ' 10
0 ‘ 3 x 10
20 o 10
Ne 10
40 - 8
Ar _ v 5 x 10
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‘"Table 2

Physics Experiments Planned at Bevalac

Projectile Fragmentation

Single partiéié inclusive spectra at forward angles

for variety of projectiles and targets.

Coincidence experiments, i1.e. exclusive spectra at

forward angles.

Development and study of secondary beams.
Total cross Section measurements

Target Frégmentation
Radiochemistry
" Particle detector_techniques
Emﬁlsion studies

Track detector (mica, plastics)

Correlation between target and Projectile Fragmentation

Emulsions

Counter systems

Positive and negative particle production.’
Studies with‘b, d, o projectiles

Studies with heaviér ions

Production and study of high energy hypernuclei =~

‘Search for super strange nucleil

Calibration of particle detection and identification
for satellite and balloon flight experiments.

Range énd ionization studies.

-16-
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6

Figure Captions

Sketch of Bevalac

Layout of SuperHILAC, Beyatron and

Beam Transfer Line.
Magnetic spectrometer for O projectile

fragmentation experiment {4,8}. Fragments
' ' 14 16 :

of heavy ion beam N or 0| produced

within 12.5 ﬁr of beam direction are
focused'along guide rail according to

charge and mementum {4},

Momentum spectrum for the carbon isotopes
: 16
produced by fragmentation of 0 nuclei

at 2.1 GeV/nucleon {4}.

Longitudinal momentum distributions in
A 16
projectile frameof fragments from 0.

Particle spectrum of fragments from target
fragmentation in uranium targets bombarded
with 5.5 GeV.protons. Identification made

with semiconductor telescope {10}.
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or Implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




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



