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The SuperHILAC Users Executive Committee organized a workshop on
Prospects for Research with Radioactive Beams from Heavy Ion
Accelerators. This workshop was held on April 26 and 27 subsequent to
the American Physical Society Meeting in Washington, DC. This was the
second workshop of this kind, the first one was organized by R. N. Boyd
and C. Rolfs from August 31 to September 4, 1981 at Burr Oak State Park,
Ohio.

The main purpose of the workshop was to bring together a diverse
group of scientists who had already done experiments with radioactive
beams or were interested in their use in the future. The topics of the
talks ranged from general nuclear physics, astrophysics, production of
radioactive beams and high energy projectile fragmentation to biomedical
applications. The talks were followed by a discussion.

This publication contains the abstracts of the talks given at the
workshop and copies of the viewgraphs as they were supplied to the
editor. The discussion was transcribed from a tape recording that had
less than studio quality.

[t is hoped that this material will be useful despite the informal

nature of is presentation.

J. Michael Nitschke, editor
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THE OHIO STATE UNIVERSITY RADIOACTIVE ION BEAM FACILITY,

F.N. EBoyd, L. Rybarcyk, M. Wiescher, H.J. Hausman and W. Kim,
Department of Fhysics, 0Ohio State University

The possibility that radioactive ion beams (RIEs) could be
produced with intensities sufficient that nuclear reactions in-—
volving them could be observed was proposed three years ago, and
two schemes for producing such beams, those used at 0SU and at
Livermore, have been presented in detail. While there are numer-—
ous phvsics motivations for producing such beams, two of the more
obviocus ones are studies of reactions important to nuclear astro-
Fhysics and of reactions of significance to nuclear structure.

The zituation for nuclear astrophysics has been investigated
theoretically by Wallace and Woosley and by others. At the ele-
vated temperatures (and densities) which can occur in a variety
of stellar situations, e.qg., collapse or accretion by a neutron
=tar, the reactions one must consider in order to understand the
processes of nucleosynthesis and energy generation often involve
reactions on short lived nuclei. Two specific examples emerge
from this work as being of particular interest, those of I=NALp., Y
and *20(a,p). The {first represents a basic departure from the
usual CNO cycle. The second involves a nucleus, <0, on which
the (p,Y) reaction is endcthermic, and so studies of reactions
such as (a,p) become crucial. While the thermonuclear reactian
rates for those processes can be estimated from general features
of nuclear reactions, accurate values require knowledge of the
possible interferences which can occuri these are not possible
to estimate.

Ancther possible use for RIEBEs is that of nuclear structure
investigations. Consider, for example, the “4°Ca(p,p’) and
4eCa(zi—, 3.74 MeV) (p,p?) reactions. In the first case. elastic
scattering occurs in the ground state, while the 3—, Z.74 and
I7y 4.49 MeV states are strongly excited by 1p-1h excitations.
All other states are much less strongly excited. However, if the
4“Ca could be produced in the I~ state, then the pealk for that
state would represent elastic scattering. The ground state would
be (de)excited by 1lp—-1h (de)excitation, and the 2p—-2h states
would be excited with strengths much like those seen for the 1p-
lh states when *“Ca was in the ground state. Thus RIEs of ex-—
cited state nuclei would provide a rather extraordinary way of
establishing the characteristics of previously weakly excited
nuclear structures. The possibilities for transfer reactions are
similarly interesting and diverse. It should be noted, though,
that many of the excited state RIFs one would like to produce
would require very relativistic heavy ions.

The general features associated with production of FRIBs can
best be 1llustrated by examing the production of a particular
bzam, =.g.., 190, The 0SU scheme will use the SHe(*eQ, 1=Q) 4Ha
reaction to produce this RIE. Use of the heavier ion as the Pl =
mary beam throws all of the reaction products into a forward
cone, thus providing a large enhancement of the yield ovar that
in the center of mass. For production of low enargy **0 beams
(Maving energies appropriate to astrophysics), the *eg ariergy
15 chosen to coincide with a resonance so as to produce as large




=0 ofluxr as possible: a convenient energy is 12.%9 Mel. At
st gy the *¥0 yield for any angle less than 10.9° will be at

e e

several orders of magnitude less than the yield of elasti-
grattered %0 ions. However, the 90 reaction products are

oy —

A m.LQFPd back to 2Z.7<. Thus the elastic background can be wvier-—
t“d]ly eliminated by designing the RIE apparatus so that 1t sel-
ects only back scattered particles. The disadvantage of this
design cholice is that the *®0 ions so chosen have a large energy
spread, about 404, whereas thosze in the forward cone have a moch
smaller spread.  The RIE facility thus must either be designed to
zliminate a large elastic background or to accommodate a large
snargy spread.

The 05U RIE facilty is based on the back angle schams. For
purposes of discussion, the facility will be assumed to be con-
figured so as to study the ®*He(*®),Y)1®Ne reaction. The 12.9
MaV **0 beam from the 05U CN van de Graaff accelerator will im-—
pinge on a semiwindowless SHe target cell. Frior to reaching
that cell the beam passes through several differentially pumped .
regions in which the pressuwre changes {from 400 torr to 1z1Q—e
Oria The 12 punps in this system are coupled so that thoss on
he higher presswe regions act as forepumps for thoss acting on
the higher vacuum regions. This allows a closed loop system |for
recycling of the “Hg gas.

Marmy of the *0 ions produced in the THe target enter a
dipole magnet, which focusszes the energetically dizparate
LoONs. Adiustable pole faces allow sons adjustment of the

iocation of the RIE waist. Just past the magnet the ions will
through two thin foile, zeparated by 20 ocm, which comprise &
of Flight (TOF) system. Electrons knocked out of the fails
wlll be accelerated, reflected and focussed by an electrostatic
mirror (through which the ions pass) and detected by channel
plate detectors. The time difference between the signals from
those detectors will give the velocity, hence energy, of each
s R o
Following the second TOF foil, the %0 ions will pass into

a *He target cell. That cell will be surrounded by Nal Y-ray
detectors, so any y-rays produced therein by r=0(a, Y)Y 1"Ne reac—
tions will have a high probability of being detected. The fast
signals from the Nal detectors will be used, together with the
signal from the channel pleate detector at the second TOF foily o
czterming the time the *®0 ion spent traversing the “He target

1 before the radiative capture resaction occurred. This, to-
gethar with energy loss information, gives the relative *S0-9He
energy at which the reaction cccurrad. Each =0 ion passes
through a significant fraction of the excitation function one
Wiowld like Lo measure. The taggsd iaon Cheme thus provi
Large enhancemsnt on what would bes, with a mornoshee getic anid
A thin target, an iaspossibly 1cw CUUﬁt ate.

In this context it is worth conzidering some limits on im-

provements on the facility. The anticipated RIE intensities from
the 03U facility are about 1210% jons/ sec. Tramsit times

through the system are long enough that freguent ent contusion

will cocur at rates slightly in excess of 12107 iens
that intensity represents an approximte upper limit

beam intensity with this tagged ion schems. This upper llmit




could be circumvented with & monoenergetic pulsed beam, thereby
alleviating the need for ion tagging. However the reaction pro-
ducts at the first target cell would then have to be restricted
50 as to have good energy definition. This would require a con-
siderably greater primary beam intensity, probably several orders
of magnitude in the pulse peaks (depending an the duty cycle), to
be competitive. A manoenergetic CW beam would have to be even
more intense, as it would reqguire use of either a thin target or
& high resolution y-ray detector, either of which would reduce
the detectable reaction yield considerably.



Raproactive Ton Beams (RIBs)

A, PHvysics MoTivATION
1. NucLEAR AsTROPHYSICS
2, NucLEAR REACTIONS

B. GENERAL FEATURES OF FACILITIES
C. RISODAR - THe 0SU RIB

D. Future IMPROVEMENTS
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OBSERVATIONS

ForRWARD AccepTANCE CONE:
SMALL ENERGY VARIATION,
GoOD FOR FORWARD PEAKED (HIGH ENERGY) PRODUCTION
REACTIONS,
BUT
HUGE ELASTIC BACKGROUND,

BackwarD AccepTance Cone:
VERY SMALL ELASTIC BACKGROUND,
GooD FOR RESONANT (LOWER ENERGY) PRODUCTION REACTIONS.,
BUT
HUGE ENERGY SPREAD,
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D.A. Bromley, J.A. Kuehner and E. Almqvist,

Nuclear Physics 13 (1959) 1.

EXCITATION CURVES
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16p BEAM FROH
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THE SeconD TarceT CELL
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ABBREVIATED ELECTRONICS SCHEME
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PropucTION REACTIONS

701 Che, 1) 7Be

12 Bye, be ) e
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REacTioNs TO StuDY

(p,¥), (x,¥) anD (x,P),
WHENEVER EXOTHERMIC OR
NEARLY SO, ON ALL OF
THE ABOVE BEAMS,

SoME OBSERVATIONS

ISU INCIDENT BEAM GIVES FACTOR OF 20 ENHANCEMENT IN YIELD
INTO DIPOLE MAGNET,

Erar= EINC x 4/19 For (x,Y)

= E;nc X 1/16 ror (p,¥)
THUS, EVEN THOUGH ELA 1s ABouT 12 MeV, ECH 1S THE ORDER

oF 1 MeV,

B

STRAGGLING, TIMING UNCERTAINTIES, ETC, GIVE E of asout 0.4 MeV,
But THAT's aBouT 80 KeEV IN THE cM FoOR (=,¥), AND 25 KEV IN
THE cM For (p,¥),

THUS THERE ARE BIG PRACTICAL ADVANTAGES TO USING THE HEAVIER ION
AS THE INCIDENT PROJECTILE.
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PoTENTIAL UPGRADES

MORE PRIMARY BEAM MEANS MORE SECONDARY BEAM?
SATURATION EFFECTS?

LiMiTs: EVENT CONFUSION AT 2x107 10Ns/sEC FROM 50 NSEC
FLIGHT TIMES.

DIFFERENT SCHEMES:
PULSED BEAM ELIMINATES NEED FOR TAGGING,
BuT Now NEED G0OOD ENERGY RESOLUTION, SO RESTRICT ANGULAR
RANGE (AND REDUCE THE BEAM INTENSITY).
DuTY CYCLE, BUNCHING EFFICIENCY?
Neep 1 To 2 ORDERS OF MAGNITUDE FROM THE SOURCE,

CW BEAM BEATS DUTY CYCLE, BUT NOT REQUIRES THIN TARGET OR
GOOD GAMMA-RAY ENERGY RESOLUTION: NEED 2 TO 3 ORDERS OF
MAGNITUDE FROM SOURCE, OR $3$%,
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RADIOACTIVE ION BEAM STUDIES AT LIVERMORE

G. J. Mathews, R. C. Haight, R. W. Bauer
University of California
Lawrence Livermore National Laboratory
Livermore, CA 94550

Radioactive ion beam research (RIR) [1-4] introduces for the first time
the possibility of reaction studies with the >1300 known nuclei with decay
lifetimes >1 usec. There are pressing needs in nuclear astrophysics [5-9],
as well as nuclear structure, heavy-ion physics, materials science, and
medicine for research with such unstable nuclei.

At LLNL [2-4] our approach to RIR has been to produce secondary beams
using primary production reactions with large cross sections and favorable
kinematics. The design emphasis has been to maximize secondary beam production
and yet maintain overall simplicity, economy, and flexibility. The result is
the Quadrupole-Sextuplet Beam Transport System (QSBTS) shown in Fig. 1.

Heavy ion primary beams from the LLNL EN tandem Van de Graaff facility
impinge on a primary production target. Some of the production reactions
investigated so far have been ]H(?Li,78e)n, 2H(?Li,SL'i)p, 2H(IZC,]BN)n, and
2H(14N,150)n. The properties of a few of the beams investigated are summarized
in Table I.

The (ZH,n) reactions in the comoving frame of the heavy ion seem to be
particularly well suited for production since they have favorable Q values
(usually positive), high cross sections (»~100 mb), and large center-of-mass
motion which confines the secondary reaction products to forward angles. Most
of the secondary beams investigated thus far have been chosen because of
particular importance in nuclear astrophysics.

Production targets used to date have been thin (10.5-1.0 mg!cmz) foils of
polyethylene or deuterated polyethylene. These targets offer the advantages
of simplicity and economy over gas targets and can easily be produced with
sufficient thickness for primary target purposes. But there are also some
disadvantages. One is that these targets begin to deteriorate after ~100 uC
of incident primary beam. We minimize this deterioration by occasionally
stepping the target position. Thus, a single target can survive several
thousand pyC. As many as 10 separate targets can be accommodated on the
present target ladder. Another disadvantage is the scattering of the primary
beam from carbon in the polyethylene. This tends to increase the background
of scattered primary beam relative to that from a gas target. This background
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is easily maintained at less than or equal to the secondary beam of interest
by utilizing a well defined beam spot. For future low-cross section
measurements we anticipate a further reduction in backgrouhd by utilizing a
windowless gas cell of sufficient thickness (~100 ug/cm2 of Hé or Dz) or a
conventional gas cell oriented such that the primary beam scattered at the
windows can not be observed in the detectors.

The secondary beam is isolated, focused, and directed onto a secondary
target by means of the QSBTS shown in Fig. 1. This transport system has been
designed to maximize transmission of the secondary beam while inducing a
substantial reduction of the primary beam. Most of the incident primary beam
passes through the target at 0° and therefore impinges on a centrally placed
shadow bar which also acts as a split Faraday cup to monitor primary beam
current, focus, and position. The secondary particles which emerge at lab
angles between A1° and 4° (about 10-15% of the total angular distribution)
are transported by the QSBTS onto a secondary target 3 m away.

Polyethylene is also used for the secondary targets. Radiation damage is
not a problem for these targets; however, background due to the reactions of
secondary beam with carbon in the target must be subtracted.

Reaction products are measured directly in a AE-E telescope mounted at
0° immediately behind the secondary target, rather than indirectly (e.g. by
capture gamma rays). This approach has the advantage of 100% detection'
efficiency for reaction products. Since a single detector acts as both the
secondary current monitor and the tertiary product detector, cross sections
can be easily inferred from the ratio of tertiary products to incident
radioactive beam. A disadvantage, however, is that considerable care must be
exercised to isolate the tertiary reaction products which account for only
1072 to 1072 of the total detected events.

To eliminate background from radiation damage during extended exposures
to the secondary beam, a gas ionization-chamber AE detector [10] is utilized
in the present setup. An example of the charge resolution for the ionization
chamber is shown in Fig. 2. "These spectra were obtained by accelerating the
various beams indicated and "detuning" the'spectrometer to observe the
inelastic scattering. The charge resolution is quite good (0.2 charge units
FWHM) in the energy range of interest (0.1 to 3 MeV/A).

Examples of the 20-MeV 7Be beam (observed [4] in a solid-state
telescope), and a 34-MeV 13N beam (gas-AE solid-state E telescope) are
shown in Figs. 3 and 4. These figures also show the background due to
inelastically scattered primary beam at 7Tower charge states. This background.
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can be virtually eliminated from the analysis by pulsing the primary beam and
measuring the time of flight through the spectrometer. Events corresponding
to flight times of the secondary beam can be exclusively selected. Thus, only
the secondary beam and its reaction products are counted. An example of the
]3N beam of Fig. 4 gated by the flight time is shown in Fig. 5. For this

beam the flight time was 140 ns and the time resolution as determined by the
beam buncher was 8 ns. _

A summary of some of the primary to secondary conversion efficiencies is
given in Table I. At present the maximum secondary beam intensity is limited
by the count rate acceptable in the AE-E telescope. Pile up in the AE
detector begins to be a problem for count rates greater than 4000-5000 cts/sec.
- Under realistic runing conditions this corresponds to only A10-50 nA of
primary beam, although as much as 10 pA of primary beam is presently
available. Thus, the intensity of primary beam current does not now determine
the lower limit for the cross sections which can be measured.

Expected counting rates for various reactions with the secondary beam
ihtensity which can now be accommodated are given in Table I. Although the
count rates are low they are not prohibitive as long as the background rates
are small in comparison. This is the main thrust of the current development
efforts at LLNL. At present the background for detection of 88 from the
"H(’8e,88)y or 2H(’Be,®B)n reactions is at the level of 1 mb. This is
adequate for comoving (d,n) measurements. (A measurement of the (d,n) cross
section for ?Be at 3.8 MeV c.m. has previously been reported by our group
[2].) This background, however, precludes the (p,y) measurement. Similarly
the background for detection of 4 n 13N is at
the level of 1 b due to scattered ]60 from alpha transfer to the primary
beam. In the next developement stage it is anticipated that these backgrounds
can be more than adequately eliminated by using a variant of the QSBTS which
is more energy selective to direct the secondary beam into an Enge split-pole
spectrometer for further isolation from scattered primary beam. The flight
path will be enlarged by a factor of 3 to 4 and, if necessary, the time
pick-off can be obtained with associated secondary beam particles (rather than:
beam bursts) via a channel plate placed in the beam line behind the QSBTS.
This latter improvement alone could improve the timing resolution by at least
two orders of magnitude. Also detection methods for the secondary beam which
can accomodate higher count rates are presently under consideration.

Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.

0 nuclei from reactions with
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Table I. Some beams which have been studied and their characteristics.
Production Primary Beam E (FWHM) Conversion .{d,n) rate (p,y) rate
Reaction Energy (MeV) (MeV) Efficiency cts/hr cts/day
"H(’Li,”Be)n 24 20 (0.5) 3 - Nir® 100 0.1
2012, 3N)n 36 34 (1.6) 1. 1077 2100 6
2414, 150)n 36 R ) ;

16 (2.1)
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Figure Captions

The Quadrupole Sextuplet Secondary Beam Transport System. Typical
trajectories are indicated for the horizontal (H) and vertical (V)
planes. The central shadow bar intercepts the primary beam.

An illustration of the charge resolution in the gas
ionization-counter telescope. The lines corresponding to
different atomic numbers were obtained by accelerating that beam
and detuning the spectrometer to observe the scattered primary
beam.

An example of a 20-MeV 7'Be beam. The 7L13+ component is due

to scattered primary beam.

13

An example of a gated 34-MeV '“N beam. This corresponds to a

center-of-mass (p,y) energy of 2.4 MeV and a FWHM of 110 keV.

The same beam shown in Fig. 4 gated by requiring that events of

all energies travel through the spectrometer with the flight time

of the 1SN peak.
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Nuclear Astrophysics Experiments with Radioactive Nuclei

B. W. Filippone
California Institute of Technology
Pasadena, CA 91125

In cases where the half-life (t.,.) of a radioactive nucleus is

1/2
greater than about one day, it is oftén more feasible to produce a
radioactive target rather than a radioactive beam. This is especially
true when measurements of small cross sections (< pb) and low energies
(<1MeV) are required. In particular, three radioactive nuclei of recent

interest to nuclear astrophysics (TBe: t1/2=55 di; A0%1s t1/2= 7.2x105 yr.,

22

Na: t = 2.6 yr.) have convenient half-lives for the production of a

1/2
target.
The 7Be(p,)«)BB reaction, which is expected to occur in the p-p chain
in the solar interior, leads directly to the production of high energy
neutrinos following the BB decay. It is these neutrinos in the sun

37

which provide = 80% of the capture rate in the on-line ~'Cl solar

neutrino experim.ent.1 A reliable predi.ction2 of the flux of these neutrinos
requires a knowledge of the cross section for the above reaction at low
center-of-mass energies. Results from a recent measurement of the

T TBe target

Be(p,y)BB reaction cross section5 utilizing a radioactive
will be described.

The discovery of isotopic anomalies in certain meteoritic inclusions
has led to much speculation regarding the circumstance and timescale for
the formation of the Solar System. In particular 26Mg excesses in the
Allende meteorite were found by Lee, Papanastassiou, and Wasserburgk to
be correlated with the elemental Al to Mg ratio. This has been attributed
to the decay, in situ, of 26&1. This discovery, in addition to the
reported observation of a cosmic y-ray line in the galactic plane
attributed to 26A1 decays, has sparked much interest in 26A1 nucleo-
synthesis. While the major production reaction -- 25Mg(p,y)26A1 -- is
well understood, the chief destruction reaction in proton-rich environments,
26Al(p,y)2781, has only recently been measured6 using an 26A1 target.
An interesting parallel with the above occurs in the case of 22Na.

The interstellar decay of 22Na could possibly produce both an observable
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y-ray line as well as an enhanced abundance of EENe. The former is of

interest to y-ray astronomy while the latter could account for the meteoritic

anomaly known as Ne-E (a nearly pure 22Ne isotopic abundance). Here, little

23
7)

is known of the destruction reaction 22Na(p, Mg, which requires develop-

2
ment of a 2Na target.

26A1(p,y)2781 reaction in collabora-

5
tion with J. H. Thomas and R, W. Kavanagh and of the 22Na(p,7)2 Mg reaction

More detailed measurements of the

in collaboration with M. Wiescher, in progress at Caltech, will be described.
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Astrophysical Processes Involving Proton-Rich Nuclei
by
Richard K. Wallace

Abstract

The most frequently encountered astrophysical process that involves
proton-rich nuclei far from stability is explosive hydrogen burning. Spec-
ifically, we are interested in scenarios where hydrogen-helium mixtures
burn at temperatures well above 108&. Examples of such scenarios are
listed in Fig. 1. These include thermonuclear runaways on the surfaces of
accreting neutron stars, supermassive star interiors, novae, and red
giants, which have produced a bubble of hot material that mixes into the
cool stellar envelope.

The main reaction chain responsible for hydrogen burning at high tem-
peratures is the “B-limited” CNO cycle: lzc(p,Y)l3N(p,Y)140(e+v)
laN(p,Y)ISO(e+v)15N(p,a)lzc, which produces energy at a rate lim-
ited by the weak decay lifetimes of 140 and 150, independent of temper-—
ature and density. For higher temperatures and densities (T>3x108K) ,
150 can capture an @ particle, and under the same conditions, 19xe cap—
tures a proton, thus producing a leak out of the closed cycle: 150(&,7)
19Ne(p,¥Y)20Na. A complicated chain of (p,y) and weak decays then leads
to the production of iron-group nuclei. This process 1is illustrated in
Fig. 2. Note that the flow path near the proton drip line includes mostly
nuclei with lifetimes less than 300ms. Such an "rp—process"l can produce
up to 100 times the energy generation rate of the P-limited CNO cycle at
early times, however, it destroys seed nuclei, thus decreasing the energy
generation at late times.

Many (p,Y), (a,Y), and (a,p) rates for unstable proton-rich nuclei are
needed to calculate the rp-process correctly. Currently these rates are
taken from Hauser-Feshbach statistical calculations, or from individual
resonance analysis for known states in the compound nucleus or its isobaric

analog.

lWallace, R. K. and Woosley, S. E., 1981, Ap. J. Supp., 45, 389.
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Figure 3 illustrates the nuclear flows occurring during a nova
outburst, The final abundances for 22Na (a Y-line astronomy candidate
and source for the neon-E meteritic anomaly) and 26A1 (another important
meteoritic anomaly) depend strongly upon the poorly known 21:22Na(p,y)
22,23Mg and 26A1(p,Y) 27Si rates. Some published calculations have
differed by 1010 in their estimate of the Na rates!

Figure 4 illustrates some astrophysically important rates for stable
targets., Most of these reactions occur in supernovae, rather than
explosive hydrogen burning. Figure 5 1lists some important reactions
involving long-lived targets. In Fig. 6, reactions 1 and 5 determine the
leakage from the PB-limited CNO cycle, and thus represent fundamental
uncertainties in the rp-process. Reactions 2 and 3 determine the rate at
which material is processed out of the iron group (26Ni), and have
important effects on x-ray burst calculations.

Finally, Fig. 7 illustrates our ultimate goal: all (p,Y), (a,p), and

(e+Ve) rates for low-mass nuclei up to the proton drip line!
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Prospects for the Production of
Radioactive Beams

at the Berkeley SuperHILAC/Bevalac

J. M. Nitschke

Nuclear Science Division
Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720

The SuperHILAC/Bevalac complex is capable of accelerating all stable
isotopes to energies between a few MeV/A to over 1 GeV/A. Many branches of
nuclear-, solid state-, and astrophysics as well as biology and medicine
would, however, benefit from the availability of radioactive beams (RIB).
Such beams have already been produced for biomedical purposes at the Bevalac
(c.f. contributions by J. Alonso and A. Chatterjee) through high energy
projectile fragmentation.

The "conversion efficiency" for RIB's of nuclei near stability is on the
order of 1072 to 1072 for target thicknesses of about 10 g/cm2 and energies in
the 100 to 1000 MeV/A range. At the highest energies the electromagnetic
dissociation of the projectile may aid in the production of unstable beams
(c.f. the contribution by B. L. Berman to this workshop). The kinematic
focussing of the projectile fragments makes it possible to analyse and
"purify" these beams with monochromators consisting of dispersive magnetic
elements and a position dependent absorber (wedge). These high energy RIB's

can be used for experiments directly, but can also be injected very
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efficiently into a general purpose accumulator and storage ring that is
equipped with an RF accelerating or decelerating section and capabilities to
cool the circulating beams.

The cooling can either be achieved with electrons, lasers or by a
stochastic method depending on the mass of the beam, its charge state, energy
and intensity, and the required time constant. The net result of any of the
cooling methods is a vast improvement of the emittance and the associated
luminosity of the beam. The RF section would allow the deceleration of the
beam (while it is being cooled?!) to energies as low as 5 MeV/A for low energy
nuclear physics experiments. These can be done with thin (10-100 ng/cmz)
internal targets or with an extracted, external beam in the conventional way.
The addition of a second ring would of course greatly improve the operational
flexibility of such a facility.

A completely different approach for RIB's at LBL is, to start with, the
SuperHILAC. A comparison of different RIB production methods shows that the
combination of a high intensity, low energy, commercial cyclotron with a
target/ion source and an RFQ booster injecting into the SuperHILAC would

8 to 1011 s_} range,

deliver RIB's of light elements with intensities in the 10
and energies from .1 to 8.5 MeV/A. The same cyclotron could also be used to

irradiate a UC2 target to produce fission fragments. 1In this way neutron rich

isotopes with intensities of 108 s-1 (after acceleration) for masses near the
peak of the fission distribution can be produced. A1l these beams could of
course be "postaccelerated" in the Bevatron. In another method, instead of
using the external cyclotron, a heavy ion beam from the SuperHILAC itself
could be taken to produce exotic isotopes in a target/ion source. After
pre-acceleration in an RFQ these RIB's could be accelerated in the HILAC

during machine pulses "stolen" from the primary beam. This method
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would lend itself particularly well to the production of neutron deficient
RIB's via compound nucleus reactions and neutron rich beams via damped
reactions. Intensities are limited due to thin targets. RIB's of interest in
astrophysics could also be generated by starting with a high intensity primary
beam and converting it via a gas target using resonance reactions (c.f.
contribution of R. N. Boyd). RIB intensities in this case are limited by the
small effective target thickness and the low conversion factors.

An alternative to RIB's is in some cases the use of radioactive targefs;
this subject will be covered in detail by the contributions of E. Hagberg et
al. and B. Filippone.

This work was supported by the U.S. Department of Energy under Contract
Number DE-ACO03-76SF00098.



Table I:

Primary Beam:
Energy:
Intensity:

Target Thickness:
Target:

Cross Section:

Acceleration Losses:

RIB Intensity:

Table II:

obtained from a combination of a cyclotron and a heavy ion accelerator.

cyclotron parameters are: K = 50, 200 puA of p and d, and 100 pA of «.

5

Comparison between RIB Production Methods

High Energy
Projectile
Fragmentation

w. Storage Ring

Heavy Ions
100-1000 MeV/A
1011 s—l

10 3/cm2

Be

10 mb

10

3 % 10° &t

High Intensity
Cyclotron
w. Heavy Ion

Accelerator

Light Ions
50 MeV

6 x 10 st

a5 g/cm?
c

100 mb
10

2 x 109 s

High Energy
Proton Accelerator
w. Heavy Ion

Accelerator

Protons

400-800 MeV

1013/10%° s'1

100 glcmz
A = 100

10 mb

1074

1077100 &

RIB's of interest in astrophysics (E = 1-10 MeV/A) that can be

The

Accelerator losses are included in the final average beam intensities.

Isotope Target (M.P.) Reaction Compound

88 %Be0(2530) (p,2n) 33.(3203)

e Be0(2530) (a,2n) 1104

13y C(3550) (a,2n) ey

Halag 12¢(3550) (a,xn) ¢t?

1218 Be80(2530) (p,xn) 17,18,

18,19, Mg0(2800) (a,xn) 8l ne

21 s MgO0(2800) (p,a) 21ya
Fission

A = 100 233uc2(2400) (p,£) e

Beam Intensity (s'l)

5 x 1010

3 x 10

2 x 10°,5 x 108

1 x 10%/aMu/s
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Table III: Typical RIB's that can be obtained from high intensity, low energy
(~ 10 MeV/A) HI beam induced reactions. The primary HI beam is delivered by
a typical linac operated at its space charge limit. The RIB is accelerated by
the same or a similar linac. Acceleration losses are included in the final

average beam intensities.

1)

Isotope Target (M.P.) Reaction Beam Intensity (s
CN-Reactions

22,830 12,135 ¢3550) *2¢,xm) 2 x 10%)
2 12,13 3550) ) 1 x 108
Y TiC(3140) ¢, xm) 4 x 10’
120,122, ¥,0,(2410) (*%r; 2p,xn) 10°,10%

Damped Reactions

4
T Tho,, (3050) (3% ;4p,2n) 5 x 10°
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Presentation at the Workshop on Prospects for Research with Radioactive
Beams from Heavy-Ion Accelerators, Washington, D.C., 26-27 April 1984

Expectations for Radioactive Beams at a Proposed ISOL Facility at LAMPF
W. L. Talbert, Jr. and M. E. Bunker, Los Alamos National Laboratory

ABSTRACT

An on-1ine He-jet coupled mass separator system has been conceived
for installation at the LAMPF beam stop area, with the target in the main
800-MeV beam. Estimates have been made for the production cross sections
of nuclei expected to be available from spallation and proton-induced
fission reactions. '

Spallation cross sections were estimated using the Rudstam systematics.1
Fission cross sections cannot be estimated using an established similar
approach. An empirical approach was taken, fitting twg gaussian distributions
to existing data for Rb and Cs isotopic distributions,Zs> one for the neutron-
rich portion of the distribution and one for the neutron-deficient portion.
The parameters of the gaussians were varied with A and Z to account for the
mass yield variations and the differences between the Rb and Cs data. In all
the distributions, interpolations were made for 800-MeV protons from the
existing data for protons at 156 or 170 MeV and 1 GeV.

The production cross-section estimates indicate that many radionuclides
not now available at any other ISOL facility could be provided in quantities
necessary for detailed nuclear decay studies out to near the Timits of particle
stability. Closer to stability, production rates are high enough that the use
of the system to provide targets for reaction studies may be possible.

Collection of radioactive isotopes for use in charged-particle reactions
of interest to nuclear theorists and astrophysicists seems feasible, pending
expected improvements in overall system efficiency. On-line efficiencies
for a He-jet coupled mass separator have been reported in the few per cent
range, and seem to be limited by the spacing between the He-jet skimmer and
ion source entrance. A factor of less than ten improvement in these reported
efficiencies make a LAMPF system attractive for the production of many
charged-particle reaction targets.

Radioactive targets produced at ISOLDE haxe been used for (n,p) and
(n,a) reaction studies at the ILL in Grenoble.® Even at the efficiencies
presently achievable for a He-jet coupled mass separator at LAMPF, many
targets could be made for such studies.

One field of great interest in astrophyics is the study of nucleo-
genesis from various processes thought to occur in stellar environments. The
lack of experimental data to guide r-process calculations is a marked deficiency
in these considerations. A He-jet coupled mass separator at LAMPF would enable
the study of needed nuclear. properties and decay processes systematically out
to the r—prgggss path from roughly A=70 to 170, using high-energy proton-induced
fission of U for nuclide production. Proton-rich nuclei can also be made
available through spallation reactions.
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Finally, the systematic study of nuclei far from stability would
provide data for crucial tests of nuclear models that have been developed
to explain nuclear behavior near stability but often fail in explaining
decay processes and excited-state characteristics farther from stability.
Many regions of Z are not accessible for such studies using existing on-line
facilities, and a He-jet coupled mass separator at LAMPF would provide a
means of extending significantly the present coverage.

The uniquely intense proton beam available at LAMPF compensates for
the thin targets needed to enable recoiling radionuclides to be transported
to a mass separator by means of a He-jet. Some estimates of the separated
isotope production rates for the above uses will be presented.

References:

1. G. Rudstam, Z. Naturforsch. 2la, 1027 (1966).

2. B. L. Tracy, J. Chaumont, R. Klapisch, J. M. Nitschke, A. M. Poskanzer,
E. Roeckl and C. Thibault, Phys. Rev. C 5, 222 (1972).

3. B. N. Belyaev, V. D. Domkin, Yu. G. Korobulin, L. N. Androneko
and G. E. Solyakin, Nucl. Phys. A348, 479 (1980).

4. G. Andersson and E. Hagberg, in Future Directions in Studies of Nuclei
Far From Stability, J. H. Hamilton et al. (eds.), North Holland, 1980,
p.121.
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Production Processes at LAMPF

1. Spallation — mostly neutron—deficient

2. High—energy p—induced fission — mostly

neutron-rich

3. Fragmentation — light (A<70) neutron-rich

Challenges to Making Predictioné
1. Very little data at all — essentially no systematic
data on yields

2. Fission process at 800 MeV contains at least

two components

3. But, plausible spallation predictions possible

using Rudstam systematics
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What Cross—Sections Are Needed?

1. Reasonably detailed measurements are possible

with 1000 atoms/s availability.

2. Consider: 60% activity transport efficiency
1% mass separator efficiency
two 10 mg/cm?® U targets
800 uA proton beam current
Then, 1000 atoms/s availability requires a cross—section

of 066 ub. Predictions are not made below 1 ub.

THEORETICAL DRIP LINES AND 300 ms LIMIT

100
—— 300 ms limit
(Takahashi et al)
------- driplines:
B0 p — Liran and Zeldes

n — Seeger and Howardg

40+ e ’ £

20

1
0 <20 40 60 80 100 120 140 160 180
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Four Uses of Radioactive Beams Are Envisioned:

1. Make separated isotope targets for charged particle
reactions. Given:
20 mb cross section,
1% total efficiency,
two 10 mg/cm?® U target foils,
800 uA proton beam,
50 hours collection time,

get 10® atoms = 16 ng at A=100.

2. Make separated isotope targets for neutron reactions

(nma) and/or (nw.p).

3. Study far-from-stability nuclei of importance to

astrophysics calculations, especially r—process phenomena.

4. Study nuclei far from stabililty — major use.
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Accelerator Targets

1 Charged particle reactions require 10-100 ng (~0.ug/cm® deposits.

2 LAMPF He—jet/ISOL system can reasonably provide 10® atom targets —
18 ng at A=100. This assumes a one per cent system efficiency.
Other on-—line systems operate at considerably higher efficiencies - up
to 80% (ISOLDE), ignoring decay corrections in activity release
from target. Technological developments may improve
He—-jet/ion—source coupling to an adequate level for provision of

charged particle reaction targets moderately away from stability.

3. Provision of targets for possible simulation of neutron capture
processes of interest to astrophysicists must await efficiency

improvements, but are not altogether ruled out.

Reactor Targets

1. Targets of 10®-10" atoms have been used in moderate
neutron fluxes (10° n/cm?-s). Using spallation—produced
targets from ISOLDE, studies have been made of the reactions
™Br(nwp). *Rb(nup). TAr(nwp). YAr(nwa), ‘*Cd(nwa), *Xe(nwa),
Xe(nwa) and *Cs(npa).

2 LAMPF He-jet/ISOL system should be able to provide targets for

some studies even with pessimistic efficiency.
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Studies of Interest to Astrophysics *
L Tia's may be possible for ™Ni, ™Pd, ®Ag and "Ag (0<100 nb).

2. Qp Ty 2 may be possible for ™Cu, ™Ga, ®Cu, *¥Zn, *Ga, =Cd,
™ed, %°Sn, Y'Cd and P'Sn

3. Level structure information as well as T,» and Q, shouid be

possible for ™Zn, *'Ga, In and "'In.

These studies are considered using only the Z®U(p.f) reaction with
B00-MeV protons. The r-process region near N=126 is difficult to

approach by any means.

*G. J. Mathews, UCRL-89914, Oct. 1983

Studies of Interest to Nuclear Physics

I Essentially all nuclei with production cross sections greater

than one ub in spallation and high—energy fission that are not

available elsewhere are uniquely provided by a LAMPF He-jet /1SOL

system for study of ground- and excited-state properties.

2. Of initial interest are the '®Sn and %zr regions and

the neutron-rich region of A=150 to 160,
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Some Interesting Cases to Study:

1. '“Sn — a true test of magic number far from stability.
N.Z equal and large; symmetry is broken only by

Coulomb effects. Using a '"®Sn target, 0=04 ub.

2. ®™Zr - similar test, using semishell at N=Z=40. There are
conflicting theoretical predictions of deformation. Using

a ®*Mo target, o=7 ub.

3. A=150-160 fission—product region. Many of the most
neutron-rich known nuclei have Ty»'s of minutes.
A o of | ub carries one close to the 300—ms limit.
Of interest is to study the extent of the well-known

deformed region at larger neutron numbers.
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PROSPECTS FOR NUCLEAR PHYSICS WITH RADIOACTIVE BEAMS AND TARGETS

E. Hagberg, J.C. Hardy and H. Schmeing

Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KO0J 1J0O

and

G. Audi®

Laboratoire René Bernas du CSNSM
Bat 108, 91406 Orsay, France

One approach to a study of the prospects for research with radioactive beams is
to consider the possibility of using beams from an on-line isotope separator.
Many modern separators provide high intensity beams of radioactive isotopes
with excellent purity and a well-defined energy. A selected low-energy beam
can either be collected on a thin backing and used as a radioactive target or
it can be further accelerated and turned into a radioactive beam useful for
nuclear spectroscopy, The purpose of the present study is to explore the
possibilities and limitations of a scenario in which a medium energy
accelerator, such as a tandem, is located adjacent to a high production
separator. (Fig. 1)

The first question to be dealt with is that of intensity. Whether it is for
radioactive targets or beams, a minimum number of atoms is required in order to
permit the successful study of any particular nuclear reaction. We have
estimated these minimum amounts for a number of standard nuclear reactions
using typical values of cross sections, minimum acceptable counting rates,
detection efficiencies and beam currents for the reactions investigated.
(Fig. 2) Specifically, the reactions considered were resonant capture,
transfer and pickup reactions, neutron induced reactions and Coulomb
excitation. We found 10'% atoms to be a rough value for the minimum number
required in a radioactive target. Similar rough estimates of the minimu%
intensity required for a useful radioactive beam, based on a target of 10t

stable atoms/cm and other typical data found in Fig. 2, yielded a value of
~10” atoms/sec.

The second question to be dealt with is that of the respective merits of
radioactive targets and radioactive beams. Suppose that we have a separated
beam of the radioactive nuclide A and that we want to study the reaction A + B
where B is a stable nuclide. Should we collect A, let it form a target and
bombard it with B or should we accelerate A and let it impinge on a target of B
type nuclei? (Fig. 3) If we disregard any technical difficulties, then a
decision can be made, again based on assumptions of typical values for stable
target thicknesses and areas, stable beam intensities and a duration of 1 week
for the experiment. The decision on the most advantageous way of studying the
reaction A + B is found to be a function of the half-life of A. (Fig. 4) 1If
this half-life is shorter than an hour, then the radioactive beam experiment is
more advantageous, If it is longer than an hour then a radioactive target
experiment 1is the way to go. It should be noted that this conclusion is
independent of the intensity of the primary radioactive beam.
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A criterion has thus been established that for each selected unstable nuclide
indicates the best strategy and the minimum primary radioactive beam
‘intensities required for nuclear physics experiments. A comparison can now be
made between these requirements and today's reality, represented by the
radioactive-beam intensities that are available from a thick target separator
such as the ISOLDE facility at CERN. (Fig. 4) For short-lived nuclides we
find that there are a few cases where the available beam intensities are
sufficient for a radioactive beam experiment. On the other hand, many of the
longer-lived activities are produced in quantities large enough to permit a
successful radioactive target experiment.

Although a 1large number of radioactive~target experiments thus appears
possible, it is not guaranteed that they will be interesting or provide any new
information. As an example, let us consider mass determinations of nuclides
through capture, transfer and pickup reactions on radioactive targets. A
search through the neutron-deficient region of the chart of nuclides for
promising radioactive target candidates for a mass measurement program yields
45 such cases. (Fig. 5) For fourteen of these cases the known production rates
are high enough to permit a measurement to be done. For each promising
radioactive target, 11 simple reactions were considered and for each of these
reaction channels it was established whether the nuclide produced through that
particular channel has an unknown mass. The different reaction channels appear
as 11 separate columns in the centre section of Fig. 5 and, from left to right,
tgey correspond to, the (p,a), (d,a), (d,3He), (pit)s (psd)s 4Amu¥)s (typds;
(“He,t), (p,Y), (t,”He) and (“He,p) reactions. Out of our 45 promising cases
only 8 fulfill both the production criterion and the unknown mass criterion,
allowing in total the possibility of determining 30 new masses. This is a fair
number although maybe not as high as we would have thought initially. Similar
scans performed among proton—-deficient nuclei and for prospects other than mass
measurements, such as determinations of level schemes and rotational bands,
yield similar conclusions.

A global attack on the entire chart of nuclides with present-day technology

might be difficult to motivate considering the investment involved. However,
there are undoubtedly specific areas Pf the chart of particular interest. As
examples of such cases, Ni and Gd are both promising candidates for

radioactive targets. The interest in these two nuclides lies in the fact that
they occur at double shell closures, a situation which they share with very few
other nuclides. Information on the masses and level schemes of some nuclides
in the vicinity of Ni and ''°Gd is not available (Fig. 6) but would be
attainable, together with invaluable spectroscopic data, through reaction
studies on both nuclides. The new data would be important to an understanding
of the shell structure in these two regions,

Finally, one use of large quantities of radioactive nuclei is in the production
of other far-unstable nuclei. Nuclides close to the proton drip line have been
produced with stable beams and targets, (Fig. 7) An even higher yield of such
nuclides is to be expected if the starting point is a beam of nuclei already
removed from stability. However, the gain in cross section has to be compared
to the loss in beam intensity arising from the use of a radioactive beam. The
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latter loss can be estimated to be typically three orders of magnitude. ghe
cross sections for the production of neutron-deficient nuclides with a ~ Ni
ggrget have bee&+ca1Cu1ated with t%% ALIEE code %ﬁ? beams of either stable

Ni, Cu and  'Zn or radioactive ~ Ni, Cu and “Zn. A comparison between
the production rates of neutron-deficient nuclides in the Xe region with stable
and with radioactive beams has been made based on the calculated cross sections
and the estimated difference in beam intensities. (Fig. 7) For nuclides
reasonably close to stability the stable beam production wins by three orders
of magnitude. However, the advantage of the stable beam production gets less
and less pronounced the further away from stability we move. Close to the
proton drip line the radicactive beam production mode lacks a factor of 10 in
intensity, a factor that could be regained if a separator were located at a
high intensity accelerator facility such as LAMPF, TRIUMF or SIN.

In summary we conclude that, so far as conventional nuclear physics is
concerned, with existing machines and technology to produce radioactive nuclei,
accelerated beams of such nuclei can lead to:

1) a modest number of reaction studies,

2) a fair quantity of new information, and

3) some cases in which the new information will be interesting and exciting.
But they cannot:

1) compete effectively with radioactive targets of species with half lives

greater than ® 1 hr, or
2) 1increase our production rate of exotic nuclei.

*
CNRS-NRC exchange fellow at AECL, Chalk River.
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Prospec{s for Nuc!ea.r Pﬁysics with RaJanc*ive Beams and Tarsei‘s

E. Husklrs) G.Audi, ).c. HarJ)r and H. Schmel'ns
The follwins__ Boanary conditions were vsed in this study

Radicactive nuclides obtained from on-‘iac isolope separators

High intensdy, very pure, radicactive beams are prodiced by many
on-line isetepe separalers

Noclear srec{nuopr by stendard, well proven metheds

Simple reaction and excitalion mechanisms considered
Interesl is Nuclear Physics rather than Astrophysics

Present day technolegy

Cong;der the pcui&'liliu that would come about if a Mgl pndvc*u‘on
l'soiopc scpmlw ulJ [ 8 manm .Sl:ﬂl uu[eutw were loca.led

a.djacenf to each other,

Look al both padicactive beams and radicactive targets

_— A Ccel&rnl'or fe———

\ Production ta rgef
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Radioadive targets

A radicactive targel is bombarded by a stable beam. What 15 the minimem
number of radioactive atoms required to form an acceplable target for
some commenly vsed reactions 2

Assvme targel area is 2¢2 mm and target nuclei are mass $0

Assome close geometry, Limited resolotion, no magnetic spectrometers

iypl'ul minimon detection hnwfn’ minimem
Cross section ped covntrate cﬂ:.'a‘cncy beam number of
reguired intensity atoms

Reactiens (mb) (s (%) (pA) (pyént
Qesonant caplore 10 0.1 0,5 Io 3-10" 0,07
Transfer and pickvp 0. 0,01 | 2 g0 l.s
Covlomb excitation {00 (s | 2 g-10'2 O.,015
(n,p):(n,@):(n,y) 1000 0.) | (10" 5) o™ 0.2
Production I loo - 5 3-10% 4

On the averagqe lets say 10" atoms constitvte a useful target
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Conpo.rison between anu:*-‘vc hrgc*s and radisactive beams

prfosl we 'uwe = priugry be.n of ihe raJioadb’n luehdf A
We wast to stedy the reaction between A and the steble nuclide B

We have a choice | Bom&rJ A with B Rgdionrfin farsof
Bombard B with A Radicactive beam

Dis rcguJins technical p..l.lem vhal is the best approucll
In both cases we have the same cress section, @

the same primary production rate of A, n,

Tn the radicaclive fnr,ef'cau we assome
beam, ng * IOpA
targel oren, a = 4 mm?
The total number of »em{fwsJ Ny, that will take place I’un‘ns a

T -
bonklﬂhns time T s "Nt e 5 G hp N, (“" c ‘At) dt
o Q A,

In the mdioa.ciive beam coase we assvme
number of targel muclei, b 10’ ew*  ([ng/em’)

The total number of rcaciims; Ny, that will teke place dvring a

Bonbl.rJa'ns time T is Ng * 0N, bT

For a gwen vabre of the decey comhn!a Ry, of the radicactive nuelide A
and of the bonInrJins lime T we can now Compare N, and N,
and find oul which appreach is the mest advaniagesrs one.
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Mass detarminations with nevtron- deficiant radicactive targets 5
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Nucleon Exchange Studies with Beams Far from Stability

A, C, Mignerey, J. J. Griffin and H. Breuer
University of Maryland, College Park, MD 20742

Two very basic questions remain unanswered in the field of deep-inelastic
heavy-ion reactions. First, what is the role of the driving force as repre-
sented by the potential energy surface of the combined target-projectile
system and second, how is the total excitation energy of the system divided
between the primary products. Unfortunatelf;.these two questions are inti-
mately related. The centroids of the measured product mass and charge distri-
butions must be corrected for particle evaporation befo;e estimates of the
primary mass and charge drifts can be made. Hdwever, the particle evaporation
process in turn depends on the excitation energy of the primary fragments.
Alternatively, if the mass and charge centroids could be accurately predicted
from the potential energy surface, then the difference between the measured
and predicted drift would determine the average number of protons and neutrons
evaporated, and, hence, the average fragment excitation energy.

The potential energy surfaces for a wide variety of asymmetric heavy-ion
systems predict that the driving forces should lead to more symmetric mass
splits of the combined target-projectile system. In contrast, experimental
results suggest that even more asymmetric products are usually favored. The
disparate neutron-to-proton ratios of the target aﬁd projectile lead to
protons transferring preferentially from the projectile to the target rather
than net neutron transfer from the target to the projectile. .In the Fe-
induced reactions studied (1), the conélusions of zero neutron drift and large
asymmetric proton drift were arrived at after correcting the measured distri-
butions for neutron eﬁaporation, assuming an excitation energy division

according to the product masses (probably valid for final energies near the
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Coulomb barrier corresponding to long interaction times.) However, the poten-—
tial energy surfaces predict neutron drifts towards symmetry. If charged
particle evaporation is also important the predicted primary distributions
would then show less proton drift and asymmetric neutron drifts.

The initial asymmetric target-projectile combinations available using
stable beams and targets usually place the projectile injection point on the
proton rich side of the B stability valley, where there is a relatively large
gradient for asymmetric proton drift. Hence, it is desirable to study a
series of systems which provide different injection points on the same or
similar potential energy surfaces. The systems 37¢1 + 20981 and 40ca + 238y
studied at bombarding energies of 7.2 MeV/nucleon (2) have injection points
which lie close to the minimum of the potential energy surface for the charge
degree of freedom and should drift towards symmetry along the stability
valley. Instead both systems are characterized by experimental product charge
and mass distributions which show a strong drift along the valley but against
the potential to more asymmetric products. To quantitatively measure the dif-
ferences in drifts between these two systems charged particle evaporation must
also be considered.

Neutron rich beams are highly desirable in these studies because they
lead to injection points on the proton deficient side of the potential energy
surface. This allows the study of the effect of a strong driving force to
larger proton numbers in the projectile-like fragment, which has yet to be ob-
served experimentally. In addition, proton evaporation from the products
would be less likely and the uncertainties associated with these corrections
would be reduced.

The point has frequently been raised whether the potential energy surface
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really has any influence over the nucleon exchange process and if not what
does provide the driving force for net particle transfer? In a kinetic pres-
sure picture developed by J. Griffin based on solutions to a simple particle
in a box model, the driving force for the net exchange of nucleons between two
potential wells of length L with energy Epgr is proportional to the kinetic
pressure %ETOT in each well. This has the functional form (X2f3)/A, where X

oL
is either the number of neutrons or protons in the well and A is the atomic

number. Nuclei with higher kinetic pressures will show a net drift towards
nuclei with lower kinetic pressures. This is in agreement with the asymmetric
drifts observed iﬁ the systems studied. It would be particularly interesting
to study a variety of systems where the potential picture and the kinetic
pressure picture predict opposite proton drifts. Neutron rich beams would
provide this opportunity.

Experiments using secondary beams must be designed to operate at very low
incident beam intensities. The cross sections for deep-inelastic reactions
are on the order of mb and, since it is the large scale features of the mass
and charge distributions which are of interest, the data can be summed over a
rather large range of fragment energies. This is a great advantage since the
energy resolution of secondary beams may be considerably poorer than that of
primary beams. It is also possible to take data over a large angular range
since it has been shown that, while the absolute yield may vary, the shapes of
the mass and charge distributions in deep-inelastic reactions are independent
of angle. This allows the use of large solid-angle ion chambers and timing
detectors which have recently been developed. Combining all these factofs iE
is believed that an experiment could be completed with several days of beam-
time which would provide important data towards our understanding of the mass

and charge drifts in the deep-inelastic heavy-ion reaction mechanism,
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Electromagnetic Dissociation of Radioactive Heavy-Ion Beams

B. L. Berman
Lawrence Livermore National Laboratory
University of California
Livermore, California 94550

The bombardment of a high-Z target by a beam of relativistic projectile
nuclei produces a situation in which, for impact parameters greater than the
range of nuclear forces, the projectile nucleus can be dissociated by the
electromagnetic field of the target nucleus and thus in effect sees a

(virtual) photon target. The virtual-photon spectrum (almost entirely
transverse for incident energies much larger than the Coulomb barrier) can be
calculated by the Weiszédcker-Williams technigue or a refinement thereof, and
if the photonuclear cross section corresponding to the detected breakup mode
of the projectile nucleus is known, the electromagnetic-dissociation cross
section can be computed (from the product of the virtual-photon spectrum and
the photonuclear cross section). If the photonuclear cross section is not
known, the measured electromagnetic-dissociation cross section gives its
virtual-photon-spectrum-weighted moment.

We have measured the peripheral fragmentation cross sections for ]80
(projectiles) incident upon a number of target species (Be, C, Al, Ti, Cu, Sn,
W, Pb, and U), using a beam of 1.7 GeV/nucleon I80 ions from the Lawrence
Berkeley Laboratory Bevalac (Refs. 1). The fragment species detected include
isotopes of Li, Be, B, C, N, O, and F, and in particular include 1?0, 160,

and ]7N, which are the product nuclei of the principal photonuclear breakup
modes of 180 (corresponding to the (y,n), (y,2n), and (y,p) channels,
respectively], for which in turn the photonuclear cross sections had been
measured previously, with monoenergetic (real) photons, at the Lawrence
Livermore National Laboratory Electron-Positron Linear Accelerator (Refs. 2).
The nuclear part of the fragmentation cross sections was determined from the
cross sections for the isotopes of Li, Be; B, etc., which do not result from
photodisintegration of 180,
for ]70, ]60, and ]?N production to yield the electromagnetic-dissociation cross
sections for these latter nuclear species. (This procedure depends upon the

and was subtracted from the total cross sections
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validity of nuclear factorization, which was shown in this experiment to hold
true to within 4%, and upon the assumption that interference between the
nuclear and electromagnetic processes can be neglected at energies larger than
100 times the Coulomb barrier, which was the case for these measurements).

Several noteworthy examples of the potential uses of B-unstable beams
for electromagnetic-dissociatioh experiments come readily to mind; in fact,
the availability of such beams often would make it possible to carry out
studies which otherwise would be very difficult or impossible.

The determination of the isospin distribution of the giant dipole
resonance (GDR) requires the study of isobaric series of non-self-conjugate
nuclei, only one of which is normally stable. Further, in practice one is
limited to light nuclei (having ground-state isospin T of 1/2 or 1) because
the strength of the T> = T + 1 component of the GDR is proportional
(presumably) to 1/(T + 1). To date, 180 is the only nucleus for which a
thorough analysis has been made? of the isospin decomposition of the GDR
(except for the trivial cases of self-conjugate nuclei, for which the entire
GDR 15-T> and of very heavy nuclei, for which it is T<). In order to see if
the isospin composition of the GDR varies with (N-Z), it is necessary to know

it for 18
18

Ne, which is B-unstable. [In this connection, measurements on
F also would be helpful, to isolate the T? = 1 part of the GDR for

}80 and ]BNe; ]BF, too, is B-unstable.] The next-best-known case is
that of 13C (Refs. 3); here we need to study the g-unstable nucleus 13N
as well,

Another vital topic in nuclear physics concerns the question of the
existence (and strength) of short-range correlations in nuclear ground states,
which can be determined from the enhancement of electric-dipole absorption
strength over the TRK sum-rule value. There is, currently, strong
disagreement, particularly for ]50, between the large values reported from
total photon-absorption measurements* and the small ones deduced from -
summing the measurements of all the partial photonuclear-reaction
channels.® (Large values require the existence of strong short-range
correlations.) (Also, the former method gives a large value for 4OCa and

the latter gives a small one for 4He.) Since the GDR strength for
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self-conjugate nuclei is entirely T> (= 1), one expects the energy
distribution of the dipole strength to be at least roughly-the same for all
light self-conjugate nuclei. Hence it would be very valuable to perform
systematic measurements on these nuclei, especially the B-unstable species

18 22y, 2657 30p 344y 44 38
16

0 and 4OCa.

, in order to bridge the gap between
Finally, one of several more exotic reaction channels which can be

studied, that of photopion production by charge exchange, can be used to test

the charge symmetry of the strong interaction in many-body nuclei, where there

already is evidence of its breakdown.® For example, the mirror reactions
150 b B » 16
16N + v 160 + 7 and 16F G T ]60 * w+; the measured super-ratio

N+ 7 and L Y+ ]GF + 1~ can be compared with

then gives a very clean-cut measure of the charge asymmetry.’ This
experiment (or any other like it) requires B-unstable beams, in this case

]GN and ]SF.

Space considerations preclude a discussion here of other examples of
useful electromagnetic-dissociation experiments using radioactive beams; but
in any case, it certainly can be claimed that the availability of B-unstable
high-energy beams of 1ight nuclear species would make possible measurements
which could throw light upon many important problems concerning nuciear
structure, nuclear reactions, and nuclear forces.
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Tzble IV. Electromagnetic @issociation cross sections (mb) .

Measured Calculated
Fragment  Target em JPE1® WHP
(a)
170 Ti 8.7 £ 2.7 T84 12.5
Pb 136.0 = 2.9 132. 135.
U 140.8 = 4.1 162. 167.
160 - Ti 6.3 ¢ 2.5 5.8 5.4
Cu 9.0 = 3.5 9.4 9.0 -
Sn 27.5 % 4.0 24.0 23.9
W 50.0 = 4.3 46.1 46.8
~Pb 65.2 %= 2.3 53.9 55.2
U 9% 8 1Y - 66.1 68.1
1IN - Ti D8 E 1; 2.9 - 2.4
Pb © 20,2 %12 23.3 2.8
4] 5.3 & 28.5 '29.2
(b) o
18N Ti 2.7 = 2.1
Pb 12.7 * 4.4
U - 11.3 ¢
s COTi 8.8 ¢ 1.1
Pb 33.7 £ 4,
U * 359 2 2.7
13¢ Ti <] .06 ® Y8
Pb 1.9 % 3

4+

U 17:0




103

L wons .
¢ Ll ?»Nua (3°1)™% (s

TG0l iy o An-ﬁq\v mojed
Ty A ﬂ.....‘ w.:o._.Tdvm $%04° bdv_uS.sn..—.SNL

woly u‘o+.n_.:.u_duv !0@ - ﬁ—uu.—indu!w Iu.w

€4

. .NT.... x,...q.w..?. 2 wﬂ_OJ ro.r*dﬁm.-o:*d.wﬁ ...d.vhd.:\/\ A_

v._._.swvm +° s ML IN

BALL REPRESENTATION

REACTION

BILLIARD

T ELE

PROET ON

DECAY

EXCITATION

FPROCESS

16

sy
@

=

—

N

/‘Yé
ELECRO-MAGRETIC

7

(2

EXCITRD
NITROGEN

N

7

—

/&E
=

URANIUM 238

DECAY



104

YITVHD

NOTLYZINOI -
ONITdWYS il
TLON - 1S §

1\\._1 m
SHOLVTTILNIZS IS @.\ |
INISVId “TIVH -
1H9114-40- 1L - 401 - [N

AVYYY 1
IVN 17130 6h - IVN

l « « -2
T Y3MWVH) L4140 - T2 9 0 1IN9W
1399V - 1

\l

dnN13S SSIH



/qlraquJcs :
» Al reacfion products detected simulfancously
+ Coincideuce experimeuts possible
* Unghble beams available

. ”'l‘j[u ctess seetiouns /lou ’aa;LJroous

Dl‘saalh.u‘nges :.
. Ne pﬂo\‘ou -eaerjtj srecilau'ci"'j
- Defeu!ence upon vir‘l‘u.d-rhofou Hceartj

Cen

Me45ure

¢ Reaction rroluc‘f& (t'ncfulc'uj neufrons )

in coincidence

. Mr'“r'uj enerqy ot reaction Pf‘o-!u.cff's
[E:ci‘l’d‘:‘u enerqy of vesidual
(‘lo\ﬁ-jl\"'er) nuclei ]

+ De-excitation F[u'hus (Dorfler-gh"Fhal
l-l-P "M enerauj)

SoL



ec:.n Sfu.c!j ISOSF;V‘\ D:s'i"rf‘:n.-.‘i":om Of {'L? éDR

* What ave the s"sﬁna te Prorer'ﬂes
of the 'l; 3:'41»“‘ cesonance ¢
* Whkere i it 2
. Hau S+f°|’\j ;$ '11.?.

# ISosFin disteibution of He GDR

. Eneryj disteibubon of El s‘l‘rujf&

. « How dees it J.e.uzj ? =
* Exetic veoctien channels
‘ Neel ’-‘Jl\‘l' nuelel ) l,nca.u.se N sf‘i‘tujf"\
|

“Lets of other ¢hings Varies (P"‘“““'J) as =
'NeeJ nen-sdf-cenjusa'l'r uudei

in order to take safvo.u'f'aje of

Selection tuleg .

'ISoL-ric secries most ins'fmc'f':'ve;
‘-'-3. .BC)“N oc l!o’il'Ne



107

(152)
(151)
x
(2,.3) S +
X
(£,%)
(!!_-,5) AT=|
15.9
=
N+ AT=0
(3%,4)
I-".O-i-n
(o*1)

(051)
19.1
1 (o%0)
'50 +2n
8.05

25.0

12.19



Cross Section (mb)

Cross Section (mb)

15

-
o

15

10

108

T T T T T T T T
8o
i To=2
j‘ ]lﬂﬂ]] .
! EEI}}HIII 1 I l i
| A U
! 1 4 -°\/f I I | A |
T T T T T T T i i
- 8o |
i T
2 i i
- : " ,: 1i -
N F o ¥ i 1 -
- .y ol :‘ﬁégﬁ’ﬂgw h115 b
Y i
ke . F ey ‘iiii‘ . . 9
| ] 1 | | | :11: i - _!{ { 1]! 1
6 0 . 4 18 22 26 x KT 3| 42

Photon Energy (MeV)



109

d+ D2

£sLt

T \
N

Y
L
/

°N

u +Uﬁ-

04

\\ =1
/

b?G:U
7

L+u =
eI & e | F :
. “IPPT
I..-oz
) : - 4
%4 / . s Y=Ll
pato) v \\ N\unn_“\\ Pace) |~
7777 \\
. u ;
d+Q,, -
Y=L o Si'b utd,,
ﬂ\- .n-h.
pame) v pame||v
& _\ AU.\
/7777 \\
OMs
=L
.rO..N ..M.UIO.:
dan, wprey/ A




.10

E"'c"j'j 'D{s'{'ril)d'l‘on of EI S#eujft\

¢ How muck dipele s'heuj'é‘ﬂ s there
for sel ‘f-ﬁujujtf'e nueley ¢

* Whete does it 30?

nere seems 'éo Le "3 r-.‘f'fcrn ‘FOr f‘f»e
C,N, o, HJJ“J S isdores,

“Is it followed fer uFJ uNd, z‘ﬂ/,
p, A, and KT

* What about for isobars of self-

cou.j ujd'e Aucler ?

*Ju view ef the coa‘fre\rersj ovet

"O) what about for '6C and "Né 4



111

* .
Data analysis for

O(Y,p) is currently in progress.

Table 1. Integrated photonuclear cross sectlons up to
T 38 MeV (Refs. 14:; 164 -17)s
Joly 'ntot)dEY IU(Y:P)GEY SUM
Nucleus (MeV mb) TRK units (MeV mb) TRK units TRK units
12
l3C 42 .23 12 .48 6.63
14C g5 6.49 55 g.28 .77
C. 109 @.53 not available
'ign 99 g.47 15 6.67 6.54
N 1" g.40 76 g.31 é.71
ig 55 p.23 91 - .38 0.61°
18O 85 .37 i
0 142 .53 31 g .12 .- g.65-
g;ng 57 6.16 17¢ 8.47 0.63
26Mg 257 g.69 115 g.31 8.99
Mg 254 g.65 9@ g.23 €.89
3251 91 B.22 243 6.58 8.79
3g51 168 6.39 274 .63 1.62
235 g.52 1El '8,25 B.177
17
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Resonant Charge Exchange Effects

Between Mirror Nuclei

J. P. Vary
Physics Department
Iowa State University

Ames, Jowa 5011, USA

and

M. A. Nagrajan
Daresbury Laboratory
Warrington, England

INTRODUCTION

Charge exchange (CEX) reactions between a stable projectile and target and even
single and double CEX reactions with pions incident on stable targets are well established
spectroscopic tools. We indicate that CEX reactions between mirror nuclei offer unique
kinematic and structure enhancement factor. Elastic and inelastic, single and multiple
CEX reactions between mirror nuclei are relatively simple to analyze in a coupled
channels formalism. We outline the analytical procedure for the simplest case of elastic
scattering. Our primary purpose is to show that these reactions are ideal candidates for
resonances, are sensitive to interesting and non-trivial wave function components, may be
calculated in a straightforward formalism and hence may provde a powerful new

17, 17

spectroscopic tool. We discuss a specific example (" F 0) to illustrate a major gap in

our current knowledge and how it may be resolved with the CEX reactions.
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COULOMB EXCITATION OF RADIOACTIVE IONS
R. A. Warner

Pacific Northwest Laboratory

Radioactive ions incident on thick 208

Pb targets can be Coulomb
excited into states which are difficult to populate in other ways.
For some cases of interest, the expected gamma-ray yield is a few

photons per 106 jons.

High energy fragmentation of heavy targets seems one of the most
favorable mechanisms for generating the ions required. The fragmentation
cross sections peak for product ions that are slightly neutron-rich, and
for kinetic energies in the range 2 to 4 MeV per product nucleon. As
shown in Figure 1, many of these raw fragments have energies close to
their Coulomb barrier on a suitable target. For soft or deformed even-
even projectiles at these energies, multiple excitation will be common, and
some limited identification might be done with coincidence techniques.

Any identification scheme such as time-of-flight coupled with energy loss,
would enable the concurrent accumulation of data for many fragmentation
species.

As an alternative, selected fragmentation and fission product nuclides,
mass separated on line, are available at several facilities with fluxes
adequate for practical Coulomb excitation experiments. They have energies
however, that are 1/10 to 1/100 of those required. Acceleration of one
of these beams would permit some exciting work.
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FIGURE 1. Coulomb barriers expressed as laboratory energy per nucleon for a variety of fragmentation and
fission product jons incident on selected targets.
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APPLICATION OF RADIOACTIVE HEAVY ION BEAMS FOR
RESEARCH WITH HEAVY AND SUPER HEAVY ELEMENTS

E. K. Hulet
Lawrence Livermore National Laboratory
Livermore, California 94550

Maximum stability in the heaviest elements is maintained only by the
addition of nearly two neutrons for every proton. However, the heavy-ion
projectiles available for the production of new nuclides and elements
possess N/Z ratios very close to one. Thus, it has not been possible to
produce the most stable isotopes of these elements from the naturally
occurring isotopes used in heavy-ion beams. Similarly, searches for
superheavy elements based upon synthesis in nuclear reactions have failed
to reach the most central, and therefore, the most stable region of the
Island of Stability. This is because even the most neutron-rich pro-
jectiles (430a) are still too deficient to reach the 184-neutron shell.
An obvious solution to this restriction is the production of intense
radioactive ion-beams with projectiles having large neutron excesses.

Since the amounts of actinide target isotopes are limited to milli-
grams or less and the cross section for heavy-ion production reactions
are nanobarns or less, it is necessary to have ion beams with intensities
of 1011 to 1012 particles/s. In some experiments it would be feasible to
build up longer-1ived products by recirculating a radioactive beam many
times through a thin actinide target located within a storage ring that
confines the beam. There is also the possibility that complete fusion
cross sections would increase with highly neutron-rich projectiles be-
cause the compound nucleus, as it approaches the minimum in the potential
energy valley, would suffer lower losses from prompt fission. We have
investigated this possibility by calculating reaction cross sections with
the Jackson-Sikkeland model. The results indicate a maximum gain of 10
for some reactions followed by a lower or negative gain as the neutron
number in the projective increases (0, Ne, Ca ions). Our conclusion is
that the improvement in cross section is insufficient to compensate for
ion-beam intensities lower than 1011 to 1012 particles/s.

This work was performed under the auspices of the U. S. Department

of Energy by Lawrence Livermore National Laboratory under contract No.
W-7405-Eng-48.






Vo

298
(/;7 T‘ZOQ#Z/—/J%),OL

X=3

M’ G On) 1T | o ml) relc
& Fxe? o /3%s® /0
o Sxr?  4S7 | 2axek™® )7
J2 fexw? o | zixi”® )7
IY  wxse” e.e/ 2./ %00 i 6.2

! o
- o 9
* %
m
b 4
i z
‘-l—
L =
i) c
2 :
-— -
It ;
| 3> ® @
-t ~ 2
. E -
- §=
=
S
n 2
- N
I~

Z 1?qunu uojouy



i # O :é//'éq_/],c xr

____T__
o X'= 1?’ | )( =3
LI | gpmd) _rele| oemd) rels
/g £7xs6€ /.0 S ®x0C SO
Z0 A{X/O-",r V44 /.(,(ﬁ"'r 27
<2 C2xie € e.7 .Z/k/o"'f T.£
2% V7% € e / .?A’/b-f 22
248

Of %M/Veﬁib{]/){ﬂ
R B

& ' =
g’nr‘ofe—_ ) — (,_i; = g
22 : -Z/X/O‘e A0
'2 y Z/X/O-e‘ {4/
<& 2x.07 737

<4 /Z «»‘I’/d-? J‘7




129

Polarized Radioactive Atomic Beams

Jeffrey S. Dunham
Department of Physics, Middlebury College, Middlebury, Vermont 05753
and
Stanley S. Hanna

Department of Physics, Stanford University, Stanford, California 94305

Intense, radiocactive accelerator beams may be used
extensively in nuclear magnetic moment and fundamental beta decay
studies. We are designing a multipurpose apparatus for producing
polarized radiocactive atoms using the atomic beam method. In
this method, a radiocactive accelerator beam is stopped and
neutralized in a hot tungsten foil. Atoms diffusing thermally
from the foil and through a sextupole atomic beam system are
focussed and polarized by atomic spin state (J # 0) in the usual
way. In a weak magnetic field region, the atomic polarization is
transferred to the radioactive nucleus via the hyperfine
interaction. Depending on nuclear and atomic spins and
experimental constraints, nuclear polarizations in the range of
10 to 90% are possible.

A stored polarized atomic gas presents several advantages
for any experiment using polarized beta-radioactive nuclei. Not
only are expected polarizations and intensities higher than with
current experimental arrangements, but also the method does not
require polarized accelerator beams or knowledge of polarization
transfer reaction mechanisms. The only essential requirement is
that a sufficient intensity of the required radiocactive nuclide
be available. The decay of the polarized nuclei will occur
essentially in vaccuum and thus solid state environment effects
on magnetic moment studies may be avoided. Undesirable thick
target and window scattering effects on nuclear beta decay
experiments should be minimal in this configuration. The unique
features of this polarized radioactive atom source should suggest
improved measurements of many fundamental beta decay parameters.
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EXOTIC BEAMS AT NSCL

L.H. Harwood, J.A. Nolen Jr., and B. Sherrill

Introduction:

The NSCL coupled cyclotron facility will for the first time
provide intense (10'® part./sec.) heavy-ion beams with E/A up to 200
MeV. Such beams will be of immediate importance in answering many
nuclear physics questions. They could also provide the laboratory with
the ability to produce exotic beams (beams of unstable nuclei for
nuclear physics experiments and/or one or two electron heavy atoms for
atomic physics experiments) with useable intensities. This contribution
is a summary of a more detailed presentation given at a workshop at MSU

in Dec., 1982 1; it's purpose is to outline methods for exotic beam

production. Little discussion of the possible experiments using the

beams will be made due to time limitations.

Exotic Beam Intensities:

The NSCL Phase II facility is shown in figure 1. Beams will be
produced with an ECR ion source, accelerated in the K-500 cyclotron,
injected into the K-800 cyclotron and reaccelerated to their final
energy. The beams and intensities which will be available are shown in
figure 2. From this plot it is clear that beams of stable nuclides of
E/A of 200 MeV will be available for A<100 at intensities of 10%!?2

part./sec. At these energies the most useful reaction mechanism for

making exotic nuclei is fragmentation 2. Assuming fragmentation as the
production mechanism and a primary beam intensity of 10'2 part./sec. the

possible secondary beam intensities are given by:
secondary part./sec. = 7.x10°% x o( mb/sr )

where ¢ is the cross section for fragmentation of the secondary
particle. The above expression assumes a 500 mg/cm? °Be production

target and 20% efficiency in acceptance of secondary particles. Figure

3 shows the intensities for fragmented particles using a “®Ca beam .
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For comparison figure Y4 shows fragmentation intensities with a 213 MeV/A

“°Ar beam 3. The above expression is only approximate. However, it is
conservative given the NSCL facility and thus provides a guide in
determining secondary beam intensities. A correct expression would
depend primarily on the beam energy, the reaction, and the mass of

fragment/mass of beam.

Production of Secondary Beams:

A list of desirable characteristics for a secondary beam facility
is given in figure 5. This list is intended to be global, since the

requirements for individual experiments may vary widely.

A. Reaction Product Mass Separator
A Reaction Product Mass Separator ( RPMS ), shown in figure 6, has

been designed to operate up to 200 MeV/u. The prototype is operational

and will be useful for reaction products with E/A up to 30 MeV/u

This device combines a Wien filter, which disperses according to
velocity, and a magnetic dipole, which disperses according to momentum,
with appropriate magnetic quadrupole magnets to achieve a system which
has a focal plane where the position of the particle depends solely on
its mass-to-charge ratio (m/q). It has unit mass resolution and might
appear to be the most logical way of getting a clean secondary beam. It
does have several problems, however. First, the beam would not truiy be
pure as it exits the RPMS since particles with the same, or nearly the
same, m/q like '°C and '°B would not be separated. An additional clean
up is necessary. Second, the location and direction of the beam as it
exits the RPMS would be rather inconvenient for using the secondary
beams. For mechanical reasons the Wien filter disperses vertically.
The dipole must therefore deflect vertically also, resulting in an
exiting beam which is no longer in the horizontal plane. A third
difficulty comes from the fact that to maintain maximum resolution the
dipole bend angle must vary with particle velocity, thereby changing the
vertical position of the focal plane and the direction of the beam.
Finally, it is necessary to have a large space available downstream for

the secondary beam separator in order that the apparatus for the
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experiment of interest can be set up. The present full scale RPMS has

limited space available at the exit.

B. RPMS and Low Resoclution Spectrometer

| There are ways to address each of the above problems. The beam
direction problem can possibly be overcome by changing the mechanical
design of the Wien filter, and the varying dipole deflection can be
eliminated by always running with the same dispersion. To remove the
m/q ambiguity, the beam exiting the RPMS can be passed through a
degrader and then a relatively low resolution magnetic spectrometer (
LRS ) as shown in figure 7. The particles exiting the RPMS also have
the same momentum-to-charge (p/q) ratio since the Wien filter requires
them to have the same velocity. Combined with the m/q ambiguity, there
is then a p/q ambiguity. Since, by and large, the m/q ambiguities are
between different elements, the different particles will have
sufficiently large differences in energy loss in the degrader to remove
the p/q ambiguity; the LRS could then easily separate them and give a
monoiosotopic beam and also serve to limit the energy spread of the
separated beam. The LRS could also be used to put the beam back into

the horizontal plane if the dispersion is still vertical.

C. Fragmentation RPMS

The present RPMS design is a compromise to allow exploitation
heavy-ion reaction mechanisms from 4 to 200 MeV/u and is not optimized
for fragmentation. Fragmentation products are fairly localized in
velocity-space ( AV/V < 5% ), thus p/q =« m/q. At energies greater than
50 MeV/A the particles are often fully stripped, hence p/q = m/z. Thus,
it is possible to do surprisingly good beam selection with only momentum
selection with an LRS. The products would be spread out over the
device's focal plane, however. A dedicated "fragmentation RPMS" is
shown in figure 7. This is designed to take advantage of the momentum-
mass correlation and do an initial clean-up before the reaction products
enter the Wien filter. A system consisting of a LRS followed by another
LRS and finally the Wien filter would be quite effective for
fragmentation product separation. Of course, this design still has the
m/q and p/q ambiguities of the earlier design but would provide a

cleaner radiation environment at the exit of the system.
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D. Fragmentation Separator

The simplest design for producing isotopically pure secondary
beams is the "fragmentation separator," which is illustrated in figure
8. It consists of: 1) an LRS, 2) a degrader, 3) a dispersion matching
section, and 4) another LRS. This design incorporates all the ideas
used above to enhance the RPMS options and would be cheaper, basically
since the total number of elements is smaller. Conceptually, the
sections would serve to: 1) separate the particles according to p/q, 2)
use the differential degrading trick to remove the p/q ambiguity, 3)
match the dispersion of the degraded secondary particles to the
dispersion of the final LRS, and 4) remove the unwanted particles and
form a dispersionless final focus on the target. A position sensitive
counter could be used in place of or following the degrader to measure

the particle momentum, as is done at EPICS 5. This would allow higher

resolution experiments to be done with the full intensity secondary

beam, in spite of the 5% velocity spread for a given isotope.

E. Modified Beam Line
A major problem with many schemes for producing secondary beams is

delivery of the beams to experimental areas. Specifically, a beam's

utility increases with the number of different apparati to which it can

be delivered. Ideally, the secondary beam production should occur early

in the beam distribution system. A relatively inexpensive alternative

which fills this need at NSCL can be found by examination of the

beamline which exits the K800 cyclotron, or equivalently the beam

transport to the S800. A production target could be placed at the

beginning of these sections and an appropriate redesign of the beamline

would result in a configuration that resembles the "fragmentation
separator." The modifications needed for a system of moderate
capability would not be large. This beamline separator would also be

well suited to providing the atomic physics beams. Such a system at the

K800 exit would also make the exotic beams available to any experimental

area since the beamline separator is before the main switch-yard magnet.

The price to be paid is intensity of the secondary beams. The beamlinel
elements are not sufficient to transmit the entire phase space of the
secondary beams; to make them such would be enormously expensive ( >1M$

). With this scheme one could begin to make and use secondary beams
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before investing large sums of money into special, dedicated equipment.

This is the course chosen for NSCL.

Conclusions:

A summary of devices and their estimated parameters is shown in
figure 9. The most logical alternative for beginning uses of exotic
beams seems to be the modified beamline option. More design work on

this option is planned.
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Figure Captions:

Fig. 1:

Fig. 2:

Fig.: 3

Fig. 4:

FigZ.. 5t

Fig. 6:

Fig. T:

Fig. 8:

Fig. 9:

Floor plan for the NSCL phase II program.
Contours of expected beam intensities for phase II operation.

Possible secondary beam intensities for “®Ca on °Be at 200

MeV/u. The figure is taken from reference 2.

Possible secondary beam intensities for “°Ar on °Be at 213

MeV/u. The figure is taken from reference 3.
Considerations for an exotic beam facility.
Diagram of the prototype RPMS.

Diagram of the Fragmentation RPMS and a LRS to remove m/q, p/q

ambiguities.
Possible configuration for a Fragmentation Separator.

Summary of features and expected intensities for the devices
discussed in the text. The count rates indicated are assuming
a fragmentation cross section of 1mb, and the device

characteristics listed in the text.
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SECONDARY BEAMS AND EXDTIC NUCLEI PRODUCED AT CERN AND GANIL
J.P.Dufour. CEN.Bordeaux.

Secondary beams appear very promising for the exotic nuclei production. (1]
Such beams may be produced through projectile fragmentation at high energy.
This interesting mechanism produces a large number of nuclides, all mainly
emitted at zero degree with the beam velocity (2). The purpose of this work
was to search for adequate filters of any kind leading to the realisation
of a Projectile Fragment Isotope Separator (PFIS). Such a device may be
directly used for exotic nuclei studies or as a source of separated beams.
Through calculations, the following set of filters was selected:

1) target thickness-magnetic deflection(t-bp1). The bf’analysis behind
the target provides a first selection according to a function close to

2) degrader-magnetic deflection(d-bp2). In a system like LISE at GANIL,
(figure 1), a degrader may be used at the focal plane of the first magnet
to differentially slow down the (t-bp1) selected isotopes. The second
magnetic analysis(bfZ] thus provides a selection following a function close

to

3) a third selection is provided by the range of the nuclei, if stopped
in a solid or gaseous material. This last selection is found to be very
similar to that of point 2) and thus mainly provides,if used, an enhancement

of selection 2).

Such a principle has been first tested with a 18 O beam(86 A.Mev) at the
CERN'synchrocyclotron. The regular heavy ion user's beam line provided the
magnetic analysis of point 1), selection 2) was supressed and replaced by
selection 3). The secondary beam intensities were measured through the
caracteristic beta delayed neutron radioactivity of 17 N and 16C stopped in &
0.5 mm thick Al catcher foil placed behind a 2 to 10 mm thick degrader.

Conversion rates R, defined as the ratio of secondary int@nsity over the
primary intensity, have been found to be

17 -6
N : R= 810 at 70 %1.4 A.Mev with a B[][]mg.c’{:m‘Z Al target.

16 B

C: R=1.5 107" at 50%1.2 A.MEv with a 1200 mg/cm’ Al target.

; ; 1
In a separate experiment the radiocactivity of 5B has been observed for
the first time: T=10.5 ms for the beta delayed neutron decay mode (branching
ratio larger than 95%).

Another test of the method has been very recently performed at GANIL.
The full use of the three criteriums has been made, and in order to achieve a
high precision in the second and third ones, a wedge has been used as g_degrader.
The energy spread has been thus reduced from 4% to 0.5%. The range of P,
produced with a 40 Ar (44 A.Mev) beam, at the exit of the systém had a
dispersion(in aluminum) of 3.8 mg{cm”:jfor atntal range value of 160 mgfcm
The two isotopes 34 P and 35P have been identified through ﬁ—ﬁ coincidences;

the mass resolution measured in this region is A/ A=100.
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The Projection Fragment Isotopic Separation obtained with & combination
of degraders and magnetic dipoles thus appears precise enough to allow
both secondary beam and exotic nuclei separation up to mass 100 and
probably more.

References: 1) J.P. DUFOUR,A.FLEURY,R.BIMBOT, Phys.Rev. C23,801(1981)
2) T.JM.SYMONS,Y.P.VIYOGI,G.D.WESTFALL,P.DOLL;D.E.GREINER.
H.FARAGGI,P.J.LINDSTROM, D.K.SCOTT,H. J.CRAWFORD, C.McPARLAND,

Phys.Rev.lLett.42,40(1879).
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LBL-17829

Relativistic Radioactive Heavy Ion Beams at the Bevalac

Jose Alonso and Gary Krebs
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

Relativistic heavy ion beams have been available now at Berkeley for
over twelve years, and even from the earliest times the possibilities of
unstable secondary beams were explored. Work by Tobias and Chatterjee] on
autoactivation in beryllium catchers, and shortly thereafter extensive studies
by Heckman, Greiner et a1.2 on the yields and kinematics of reaction
products served to characterize peripheral fragmentation reactions as an
important mechanism for secondary beam applications.

In such reactions, these authors found a few nucleons were removed from
the projectile, which continued forward with essentially the same velocity it
had prior to the collision. In addition, cross section and momentum transfer
changed very Tlittle over a fairly wide range of beam energies and reaction
products, being respectively around 10-40 millibarns and 100 MeV/c.

These high cross sections, and low momentum transfers pointed to the
feasibility of using relativistic heavy ions to produce secondary beams of
interesting purities and intensities for experimental applications. Beams of
]]C and 19Ne were in fact produced and delivered to biomedical users of
the Bevalac as early as 19?83. Since this time beams of these ion species
have been used extensively in biomedical range measurements and implantation
studiés4, and other projectile fragmentation nuclear science experiments
have further illustrated the power of this technique for producing exotic

nuclei. An example of this 1is Fig. 1 which shows isotopes produced by

Westfall et a15 in a 486a fragmentation experiment. In this experiment
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lasting only one day, 14 new isotopes were discovered, and cross sections were
measured for an extremely wide range of products.

From these experiences certain points can be made about secondary beams
of relativistic heavy ions.

Production Considerations

To maximize the yield of a desired secondary ion, one should use the
most target material for the Tleast energy loss and multiple scattering of the
beam. These both indicate lowest Z materials. Fig. 2 shows calculated yield

o 11 12

C from C as a function of beryllium target thickness, showing also
the primary beam energy loss and mu]tjp]e-scattering growth. Production peaks
at about 1.8% for a 15 g/cm® target, then drops off as the secondary ion
itself undergoes further reactions, and the primary beam attenuates and can no

longer feed the L

C channel. Note that the peak production yield is limited
by the ratio of the cross section for the desired ion to the total reaction
cross section, a condition reached in the above case. Similar calculations
for heavier targets show much more energy loss and scattering for the
equivalent production, for the heaviest targets a maximum is not reached
before the ion is stopped.

Berman's work on photodissociation6 indicates huge cross section
enhancements for heaviest targets at high energies (2 GeV/amu); this process
may yield significant improvements in beam intensities for selected species at
high energies. How far down in energy one can gain benefits from this
mechanism must still be explored.

Production yields, as indicated, depend critically on relative cross
sections. In the 10 mb range we have seen a production efficiency of about

~2

10 =, fully 1% of the primary beam emerges as the desired secondary! From
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Fig. 1 one sees large variations in production cross sections for ions far
removed from the projectile mass, yields will thus also vary considerably.
Note that to estimate the yield in the experimental area, as opposed to the
production efficiency, one must also include transport efficiency, which is
related to energy and angular spread in the production process. Thus cross
section ratios only indicate upper 1limits of potential yield ratios or
delivered beams.

To calibrate the above discussion, typical Bevalac beams are between

9 10

10° and 10 jons per pulse (.25 Hz) in the 1light-ion region, so the most

7 8

favorable secondary beam intensities can be as high as 10° to 10~ ions per

}1C and lgﬂe running is with 1 x 10?

pulse. In fact our normal
ions/pulse in the Biomed area.

Transport Considerations

The key factor 1is that the higher the energy of the production
reaction, the smaller the perturbation on the beam momentum and divergence.
In fact, at Bevalac energies the qualities of the secondary beam come very
close to matching those of the primary beam. The fact that the 1
milli-steradian acceptance Beam 40 spectrometer, where the "low energy" (212
MeV/amu) 4SCa experiment was performed, showed 95% collection efficiency for
fragments close to the projectile mass (even 15% for the very-distant carbon
isotopes) attests to the benefits of high-energy kinematic focusing.

Higher energy also helps in minimizing target thickness effects.
Energy variation in the secondary beam occurs depending on where in the target
each ion is produced, as de/dx of primary and secondary ions are in general
different. At high energies, though, de/dx for both is smaller, and total
energy loss is a smaller fraction of the total energy. These factors all
point to very high beam quality for the secondary beams. Note also, that one

can apply a number of the normal beam transport techniques to even further
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improve the beam quality. For instance, putting the production target at the
tightest possible waist, where normal beam divergence is large, will minimize
the emittance growth of the beam due to scattering and reaction kicks in the
target. We will see later that energy spread can also be improved.

Present Bevalac beam lines, largely inherited from the days of proton
running, are not designed as high-acceptance lines, and still we can transport
about 30% of the produced 19Ne to the biomedical experimental area. Planned
improvements in the next year should make the situation even better.

Beam Purification

Magnetic analysis systems for beam purification are effective for
separating by rigidity, the ultimate resolution being dependent on beam
quality (transverse emittance) and energy spread. An additional complication
for secondary beams is the overlap of charge-to-mass ratios of different
reaction products.

As was the case above, higher energies aid in the process of beam
purification. In the Bevalac energy range, typical energy spreads of
secondary beams are only about a few percent, allowing simple magnetic
analysis to be enough to isolate adjacent isotopes of a given (1ight)
element. One will see contaminants of 1ike q/A coming through the slit

system, e.q. ]9Ne, ]7F, 150 6

3

are seen together, as were gLi, He,
H in another recent experiment?. One can, however, by means of a
degrader at the first analysis point separate the rigidities of the different
Z components to allow good purification at a second analysis point. (This has
not yet been demonstrated at the Bevalac, but there is Tittle doubt it will

work.)

Energy Analysis

The ultimate user of the secondary beam has need for some degree of

energy uniformity in the beam. Again, beam optics can come to our aid. By

introducing the right dispersive elements the beam can be spread out to an
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almost arbitrarily high energy resolution (limited again by transverse
emittance). In the Biomed area, energy widths of collimated beams of the

1gNe Bragg curves

order of the range straggling are routinely seen, making
as sharp as primary 20Ne curves. (See Fig. 3). This resolution is achieved
at the cost of intensity; much greater flux is available using a momentum -
recombined tune, about a factor of five more beam intensity is obtained in a
reasonably small focal spot ( <1 cmz). One can also improve the energy
spread in the beam using a wedge at the intermediate (dispersed) waist, with
pitch set to match the dispersion so that beam emerges monochromatized.

Experiments have indeed shown substantial sharpening in ]}C Bragg peaks

using this wedge techniques.

To achieve the highest energy resolutions for, say, low-energy
experiments or for reaction studies of interest to astrophysics, may involve
an inordinately large degree of effort. Nevertheless, by suitable
intermediate degrading and analysis, even relatively large statistical energy
fluctuations in the degrading process from the production energy to the energy
of interest might be adequately compensated for.
Summary

The Bevalac has been demonstrated to be an efficient source of
radioactive beams of good quality, and is attracting a growing body of users
of this capability. Immediately on the table are an increasing demand by
biomedical experimenters, leading up to eventual clinical use; and two most
interesting nuclear science experiments, discussed in the next paper of this
workshop. We are anticipating a substantial increase in interest and demand
in coming years, and are planning beam line improvements to enhance
transmission and purification efficiencies.

The Bevalac and its relativistic secondary beams may not be the panacea

12

for all the desires of the research community, fluxes of 10 ions/sec of

52 A 4
Ca will probably never be achieved, and half-MeV resolutions may be
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unattainable, but nevertheless there 1is a tremendously broad range of
experimental work possible with these beams. Furthermore, active use, and
exploration of the usable limits of these beams will go a long way in setting

the specifications for the next generation of radioactive-beam facility.
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Figure Captions

Production cross sections for isotopes observed in the
fragmentation of 212 MeV/amu %8Ca projectiles on a beryllium
target.

Calculated production efficiency for e from 12¢ as a
function of beryllium targ%t thickness. Fully 1.8% of the
primary beam emerges as !1C. Multiple scattering beam -
broadening is also shown; the hashed 1line represents maximum
divergence accepted by the Bevalac transport 1line to the
Biomedical area.

Bragg curve for (300 MeV/amu) !9Ne delivered to the Biomedical
area. Note total absence of primar% 20Ne (would have 5% longer
range), but presence of 17F " and 50, contaminants with very
similar q/A's.
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NUCLEAR PHYSICS USING UNSTABLE NUCLEAR BEAM

Isao TANIHATA

Institute for Nuclear Study, University of Tokyo,
Midori-cho, Tanashi-shi, Tokyo 188, JAPAN

1. INTRODUCTION

In these ten years, after high-energy heavy-ion beam became available, projectile
fragmentation process has been studied extensively. It is found that many isotopes
are produced through the projectile fragmentation with large cross sections and emit-
ted into the very narrow cone of the incident particle direction. They are also emitted
in the same velocity as the incident beam. This property of the projectile fragments
opens a possibility of producing the beam of the unstable nuclei for study of nuclear

reaction.

For example the production cross section of unstable nuclei through the projec-
tile fragmentation of mAr ranges from a few hundred mb to ub depending on the beam
and the target combiIrtext:ir.)n.1 Wide range of nuclei far from the stability line are pro-
duced with more than one ub. The momentum spread of the product nuclei were

‘measured by D. E. Greiner et ell..2 They found that the product nuclei are moving in
the same speed as the incident beam. In the rest frame of the projectile, the frag-

2 2
ments were found to have a momentum distribution ezp(—P / 20 ), with
B(A-B)
o =0, (1)
(4-1)
where A is the mass number of the projectile and B is the mass number of the frag-
ment, and o, = 90 MeV/c. The momentum spread in the laboratory frame is then an
order of a few per cent when the projectile of energy of about 1 GeV/A is used. The
angular spread of the fragments is an order of a few degrees. Because of these charac-

ter of the projectile fragment,a very high transmission efficiency is expected when the

fragments are used as secondary beams.
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In this paper 1 will represent a secondary isotope beam line ,which is tested

recently at Bevalac, Berkeley and an experiment proposed at the Bevalac.

2. A SECONDARY BEAM LINE AT THE BEVALAC

A secondary beam line at the Bevalac is schematically shown in Fig. 1. A primary
heavy ions accelerated by the Bevalac are firstly focused at F1. A primary target of Be
is positioned at F1. Fragments produced at the target are guided to F2 by a beam line
with a bending magnet(X2M5) and a set of Q magnets(X2Q4). The second focusing point
F2 supplies an angular focus with momentum dispersion. An isotope separation slit is
located at F2 and degrade the energy of the isotopes which have different rigidity from
the isotope of interest. A cleaning slit is placed at F3, which is an achromatic focusing
point located after another bending magnet(X2M7) and a set of @ magnets(X2Q5).
Separated and cleaned secondary isotopes are then guided to the HISS(heavy ion spec-

trometer system) experimental area by an ordinal beam line.

Fig.2 shows examples of the obtained secondary beams. The scatter plot between
the time-of-flight(TOF) from F3 to F6 and the pulse height measured at F6 is shown.
The primary beam of 800 MeV/nucleon 12C and a primary target of 4.7 g/cm2 Be were
used. For Fig.2a, the beam line was adjusted to the particle with A/Z=3. Very clean
Signals of t,aHe, 9]_.i were observed. No mixture of the nuclei other than A/Z=3 was
seen. Fig.2b is the data obtained for A/Z=1.8 beam. It is the most difficult case
because the primary beam(wC) is sitting next to 11C with only 9% larger momentum.
Our data shows that the beam line reduce the primary beam down to less than its 10*15
of original intensity. In fact we observed much stronger intensity of 11C than leC. The
7Be (A/Z=1.75) were also observed. It is natural because the momentum spread due to

7 11
the production reaction makes Be of same rigidity as C.

3. A MEASUREMENT OF THE INTERACTION CROSS SECTIONS
AND THE NUCLEAR RADII

We have proposed two experiments using those unstable nuclear isotopes at

]
Bevalac. One is a measurement of the nuclear radii(E690H) and the other is a meas-
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4
urement of the magnetic moments of mirror nuclei in f-shell(E732H) . Here in this
talk I briefly describe a principle and a method of the nuclear radii experiment.
Although the measurement of the magnetic moments will not be discussed here, the

copies of the proposal of the experiment may be obtained from the author.

Many detailed studies of the nuclear size and shape of stable isotopes have been
made by electro-magnetic probes and by nuclear probes. Among them the electron
scattering gives most accurate information on the charge distribution over the wide
range of stable nuclei. However only the radii of stable isotopes can be measured by

the electron scattering.

The isotope-shift measurement has been extended to unstable isotopes, especially
at the ISOLDE facility at CERN.ls Interesting data have been obtained on the Hg-isotope
chain, and on alkali isotopes.ﬁ The data have revealed a sharp shape transition to
strong deformation at A=185,183,and 181. The isotopes in the vicinity of the magic

5
neutron number N=82 also show a clear indication of the change of the shape.

Although it already provides a challenging test of our understanding of the
nuclear structure, the applicability of the method is restricted to nuclei of certain ele-
ments. An experiment was proposed in which we plan to determine the nuclear size
by measurering the interaction cross sections with the beam of unstable nuclei.8 The
method makes it possible to expand the area of feasibility to a wide region in (N,Z)

plane up to particle drip lines. The principle of the measurement is shown below.

The reaction, or more precisely the transmutation, cross sections have been
4 1214, 186 40 7
measured using He, C, N, O, and Ar beams of 1.05and 2.1 GeV/A. It is found that

the cross sections can be expressed as

2 1/8 /8 2
ar=ﬂr0(Ap L T I (3)

where Ap and A, are the mass numbers of the projectile and the target nucleus respec-
tively, and A is a parameter depend on A_, =min (A}J .A:). If we use 7,=1.29 fm and
A=1.0-0.0284 (with A=0 for Amjna30). the formula is known to fit the data within 10 %
for all projectile and target combinations so far measured. It is also found that o, 1is

independent of incident energy above 150 MeV/A. Supported by the energy
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independence of 0, we can say that o_is directly related to nuclear radius. It has to
be noted that o was measured by a charge changing reactions, namely a nucleus is
called as interacted when it changes its Z by a collision. To determine the nuclear
radii, the inieraction Cross section(cr.,) , which is defined as the total cross section of
"the nucleon(proton and/or neutron) removal from the incident nuclei, is more

appropriate.
In the experiment, we define effective radii in nucleus-nucleus collisions as

o,=mE, +R) . @
where Rp and K, are the radii of the projectile and the target nuclei, respectively.
Systematic change of Rp can be obtained by a series of 0, measurements with the
same target. The comparison of effective nuclear radii defined here and the RMS
radius can be made by o, of the collision between two stable isotopes. Among them the
interaction cross sections of the collisions between identical nuclei like 4He-‘xHe or

1212
C- Care the most important.

If we use the interaction cross sections so far measured?. the nuclear radii K, can
be fitted by &, = l.BJLAV3 . As shown in Fig.3 by a dashed line, the values lies about 0.6
fm above the half density radius line obtained from the electron scattering measure-
ments except the lightest nuclei(d and 4He). It shows that the present measurements

are sensitive to the peripheral density distribution of nuclei.

Apart from the absolute values, the precise relative values of nuclear radii,
obtainable over a wide range of isotopes and isotones, can give a systematic informa-
tion which reflects effects of shell closure, deformation, and softness of aggregation of
nuclear matter. It is expected to constitutes one of the most stringent test of existing

nuclear structure theories when extended into exotic region of nuclei.

Acknowledgment

The beam line described here has become available by a support and a nice work
done by the Bevalac and its stafl. They are gratefully acknowledged. I would like to

thank the member of the experiment for helping and for continuous discussion on the



166

subject. This work was supported by the Director, Division of Nuclear Physics of High-

Energy of the U.S. Department of Energy under Contract DE-AC03-78SF00088 and by the

Collaboration Program between Institute for Nuclear Study, University of Tokyo, and

Lawrence Berkeley Laboratory.

(1)

(2)

(3)

(4)

(5)
(®)

(7)

References

T. J. M. Symons,Y. P. Viyogi, G. D. Westfall, P. Doll, D. E. Greiner, H. Faraggi, H. J.
Crawford, and C. McPorland, Phys. Rev. Letters 42 (1979) 40.

D. E. Greiner, P. J. Lindstrom, H. H. Heckman, B. Cork, and F. S. Bieser, Phys. Rev.
Letters 35 (1975) 152.

H. Hamagaki, 0. Hashimoto, T. Kobayashi, Y. Shida, K. Sugimoto, 1. Tanihata, N.
Yoshikawa, S. Nagamiya, N. Takahashi, 0. Yamakawa, H. Crawford, D. Greiner, P.
Linstrom, Proposal to Bevalac experiment (EB90H) 1983.

K. Asahi, T. Minamisomo, Y. Nojiri, H. Hamagaki, Y. Shida, K. Sugimoto, I. Tanihata,

D. E. Greiner, and J. Symons, Proposal to Bevalac experiment(E732H) 1983.
E. W. Otten, Nucl. Phys. A354 (1981) 471c.

J. Bonn, G. Huber, H.-J. Kluge, V. Kope, L. Kugler, E.-W. Otten, and J. Rodriguez, J. of
the Phys. Soc. Japan 34 suppl. (1973) 317.

H. H. Heckman, D. E. Greiner, P. J. Lindstrom, and H. Shwe, Phys. Rev.C 17 (1978)
1735.



Fig.1
Fig.2

Fig.3

167

Figure Captions
A schematic view of the secondary beam line at Bevalac.
Particle identification spectrum of the secondary beam line.

The effective nuclear radii calculated by the eq(4). The half-density radii
measured by electron scatterings are also displayed. The figure is made from
the Figure 2.0.1 of the article by H. R. Collard, L.R.B. Elton, R. Hofstadter, ed.

"Nuclear Radii" H. Schopper, Landolt-Bornstein,New Series, Group1, Vol.2.

Springer, 1969.
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PROSPECTS FOR RESEARCH WITH RADIOACTIVE BEAMS
FROM HEAVY ION ACCELERATORS WORKSHOP

Production of High Energy Radioactive Beams and Their Biomedical Applications

A. Chatterjee
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

The Bragg peak therapy of cancer patients with heavy charged particles
requires precise localization of the Bragg peak on a tumor volume. From Fig.
1 we can see that heavy charged particles comparatively deposit a very small
dose along their path except at the end of their range. Just near their stop-
ping point there is a great increase in the deposited dose. Hence, a slight
error in coinciding the Bragg peak with the tumor volume can cause severe
underdosing of the tumor region and.overdosing of the nearby critical organs.

For precise localization of the Bragg peak, one requires an experimen-
tally measured value of the water equivalent thickness between the point of
entry and the target volume. Between these two end points there can be un-
known amounts of bone, tissue, sinus, air etc.

Presently used CT (computerized tomography) techniques may not be as
reliable as desired, especially when there is a large amount of thick bone or
air path. We have proposed a technique which uses high energy radioactive
beam and a sensitive positron camera, which, we expect, will achieve the de-
sired accuracy.

19

In this technique, radioactive particles such as Ne or 11c are used,

Both of these particles decay by emitting positrons, which then annihilate
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with the medium electrons to produce two gamma rays, separated by 180°. These
gamma rays can then be detected in coincidence mode by a positron camera to

locate their origin.

19 1

Radioactive beams, such as Ne and 1C can be produced as secondary

particles from the BEVALAC through the process of projectile fragmentation in
a nuclear interaction. A preliminary experiment (August, 1971) was done to
determine whether cross sections for the multi-nucleon transfer process are
large enough to have pure and high-energy radioactive beams. A slab of

spectroscopically pure beryllium metal (impurities less than 0.1%) was used to

11
(14

stop 250-MeV/n nitrogen N) particles. The slab was long enough to stop ~°C

13

(half-1ife = 20.34 min) and ““N (half-life = 10 min) particles produced in

flight as a result of fragmentation of the main beam.

Activity from the beryllium catcher was analyzed by a scintillation spec-

trometer and confirmed the production of 110 and 13N. The thick target cross-

1

sections for these processes turned out to be 17 # 4 mb for "°C and that for

13N was 6 ¥ 1.5 mb (1). The details of the production of pure radioactive

beams are described in an accompanying report by Alonso et al. In Fig. 2, the

Bragg ionization curves of radioactive particles are presented. Though there

19

is a small amount of impurities {I?F, 150) associated with the ““Ne beam, they

do not interfere in the application for Bragg peak localization because of

very different half-lives. Also, their stopping points are different.

20

If “"Ne is the therapeutic beam, then one can use lgﬂe for the diagnostic

12

information. Similarly, for ““C therapy beam, one can use 11C as the diagnos-

tic beam.

By adjusting the energy of the llC beam, one can image its stopping point

by using a two-dimensional positron camera (Figure 3). A typical picture of

such a stopping point is shown in Fig. 4 with the coordinates of the center of
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the image recorded on the top left hand corner. The idea is to adjust the
energy of the radioactive particles such that the coordinates of the center

point of the 1image match with the coordinates of the center of the tumor

19 20Ne have the same atomic numbers, the energy of the

19

volume. Since Ne and

20Ne (therapy) beam has to be (19/20) times greatér than the

Ne beam energy
for Bragg peak to be localized. This procedure of localizing Bragg peak is
on-line (in the treatment position), unlike in the situation with CAT scanner,
The diagnostic dose with lgNe beam can be kept under 10 rads for the necessary
diagnostic information. The radioactive beam technique has been applied and
verified in 1ive animals. Application to human patients is underway.

This work was supported by the U.S. Department of Energy under Contract
Number DE-AC03-76SF00098.
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Figure Captions

Figure 1 Bragg curve for the 400 MeV/u neon beam and a broadened depth-dose

distribution in water.

Figure 2 Bragg ionization curve for radioactive beams. The respective widths
of the peaks are quite narrow, indicating low momentum spread in the
secondary beams has been achieved.

Figure 3 A picture of the positron camera (two-dimensional) is shown here,
The crystals used in this device are bismuth germanate (BGO). There

are 64 crystals in each bank, placed inside the rectangular boxes.

Figure 4 1Image of a radioactive beam stopping point obtained with the posi-
tron camera is shown here. The beam was stopped in a head-like

human phantom.
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68 14

Ni SI'ECTROSCOPY WITH A ~ 'C DEAM

M. Bernas

I.I'.N. d'Orsay - France

Radioactive beams of 1“0 have been accelerated since a few years
with tandem accelerators (Los Alamos, Munich, Orsay and recently Brookhaven).
The MC beams have been used to populate exotic nuclei and it can illustrate

how it opens new ways for exploring the continent of nuclei.

The 'Re bosi anecey delivered by the Oesay MP i 75 6f §7.5 MeV and
the intensity currently used some 1 to 5 _Eé_ ; the two proton pick up (}AC,160)
transfer reaction clean because of the level structure of 160 and easy because
of Q value has been performed on the heavier bound isotopes of Se, Ge, Zn and
Ni. Not populatad by n induced fission process and far from the alcalin, this
region of the map is still poorly known and we have measured or remeasured
masses of nuclei such as 70Ge, ?AZn, EBNi, GéFc, using a spectromecter to deter-

mine the 160 magnetic rigidities.

In order to accurately measure the forward angular distributions, a
; 1 :
beam catcher system has been set up in the vacuum chamber of the magnet ). This
set up allows to measurc small angle cross scctions, including 0°, with a rejec-

2)

i ; ; ; : - 3
enhancement of the associated angular distribution, a spin 0 was assigned to

tion yield of A 109. It is used with a ray tracing system ~° . From the forward
the first excited state of 68Ni, revealing reinforced shell closure effect for
N % 40. For the first time a spin assignement was performed from heavy ion

1) :

transfer reactions -

The lifetime of this 02 '68N1 state is largéenough since it decays

By conversion electrons or positron-electron pair emission. We have determined

this lifetime form the measurement of the time distribution of electrms resulting
from this decay. A pulsed beam of 140 was sent on 702n target, and a TAC was
triggered by the 160 associated with the 0; level and stopped by an electron detecled
in a plastic scintillater offering a largesolid angle and a minimized back ground
sensitivity. The 30 events associated with decay have been analysed in term of

the Poisson law and have led to 11/2 = 211 * 50 nss). This measurcment providecs

. — + ;
a nice insight on the O, , Ol_wave functions.

9 : 62 5
Another cxample is provided by the ~“Fe nuclus spectroscopy. We have
measured - with a 50 keV accuracy = the excitation energies of this nuclei. At

G.S.1I., with a 76Ge beam sent on a heavy W tarpet, deep inelastic transfer products
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were separated by the on line mass separator. At mass 62, new lines with a

unique period (Y% S ) could be related to these 62Fe excitation energies,

and the decay spectra of 62Mn was very accurately built up q).

For (140, 160) the cross scctions range betwecn 1. to 0.1 mb/sr
in the forward angles.

4
Three nulceon transfer reactions (1'0,170) were also used to

73

study nuclei poorly known as 67Ni and Zn. The cross sections are smaller than

for (14C,160) by a factor of 5.

For the most complex transfer (14C,150}, exchange of two charges

5)

and one mass unit, the cross section is found stronmgly Q dependant , and the

study of more neutron rich nuclei, such as 69Ni and 43

(v 100 nb/sr).

Zn becomes very difficult

All these weasurements werc made easier or possible by the use of
mass scparated targets prepared at the C.S.N.S.M. of Orsay. The occurence of
isotope contaminants of a few % produces unwanted peaks larger than the ground
state peak. Therefore radioactive targets would have to be mass separated and
with the thickness of ~ 100 ngr/cmz,metltioned earlier in this conference, the
transfer of more than one nucleon would be very difficult.

60 28

However targets as = Fe (.3105 years) 328i(330 v.) Mg (21 hours)

and 385 (2h.50) are in the range of feasibility.

With an improved control of the small electrostatic accelerators
primary radioactive beams can provide the low encrgy intense beams necessitated
for astrophysical purposes in the near future. Secondary beams will always suffer

4

from the largeconversion factor 10 ' to 10_5 necessarily involved but will allow

to extend further from the stability line.
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DISCUSSION
Before we start the discussion, Peter Armbruster from GSI has
agreed to say a few words about their recent plans of extending
the UNILAC to higher energies with the addition of a synchrotron

and a storage ring.

Let me start out by saying a few words about the SIS-18, the
synchrotron ring, which will accept beams of up to 18

teslameter. This synchrotron was part of our proposal during the
last years already; it was actually the first accelerator which
was proposed after the UNILAC by Professor Schmeltzer in 1978
before he left. The last five years we had long debates on how
to proceed and the version which came out now, is to build the
best possible machine for future injection into a real high
energy superconducting collider system which is not shown here
and which will not be ready before 1995, and which is not now
part of our plan. The machine we are building now should give us
a good injector for a machine where we can have colliding beams
with energies between 20 and 30 GeV/nucleon. That's the goal
which will be reached perhaps in 10 years if we succeed with
these things here. To repeat once more, this is what we have and
this is what we want to get in the next five years: the area (of
the accelerator and the storage ring) is about the ratio of the
costs of the two machines and so you see it's a rather expensive
thing. We are going up to 1 GeV/nucleon with this synchrotron;
this synchrotron is already a rather big project. The new thing
which was not on our project (previously) is the biggest
experiment we will undertake in the next five years--to try to
store heavy ions. We call it the experimental storage ring. One
has to consider that such a storage ring is a new technique; it
will open up many new experimental possibilities, but for heavy
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jons such a storage ring has not worked so far and it is an
experiment in itself and all experiments may fail. 1In case we
succeed we will be able to store ions in this ring which has half
the diameter of the SIS-18, we can for instance store bare
uranium ions and we can use this ring as a stretcher. It has
rather good beam quality already in the synchrotron also has good
time structure and we can use this facility to make high
intensity beams--beam pulses--which are important in applied
projects like for instance in fusion studies. Inertial fusion
studies will be part of this game. What is interesting for this
group: we think we will put a fragmentation separator somewhere
here and then try to catch these fragmented beams, these
radioactive beams, in the storage ring and try to cool them down
stochastically and get a really good beam quality which will also
be achieved with electron cooling. This is also being used for
the uranium beam which we have in normal operation. And so these
beams then can be stored, and this ring is able to accelerate a
1ittle bit and also decelerate downwards again and so the idea
which is the most fancy one is to use the de-accelerated beams
here and go back to energies near the Coulomb barrier and then
use internal targets. We have heard that this idea was already
presented, and you may gain with an internal target about a
factor of over a thousand; this is perhaps one of the decisive
factors which we are still missing.

I would like to say a word about the fragmentation separator,
which has already been mentioned by Jose Alonso and Jean-Pierre
Dufour, what such a separator could Took like. 1 think the
problem is that there are some cases--if the fragment products
have the same velocity and the same E/q, just with a magnet you
cannot separate them. 1In this case it helps that you have a
first magnet and then an absorber with a wedge and then have a
second magnet...which allows you to have something similar to
what was done in Berkeley or proposed by Dufour...to do



Nitschke:

198

experiments here or bring them (the radioactive beams) to the
storage ring. So there are three games we will play with these
beams: we will use them with external targets--OK--and there I
think with 10 milligrams per square centimeter we can get a
secondary beam of 10? per second; and say in a normal Coulomb
excitation experiment you get about 100 counts. And then I
mentioned internal targets--internal targets in the experimental
storage ring--the advantages are the higher rates, but you have
to reduce your target thickness from the 100 microgram region to
10 nanograms; there you loose but you turn around 105 times per
second and you increase the efficiency about--by a factor of 10
to 103 depending on the target thickness.

Now about fusion ..., about which I'm asked very often: 1'm very
pessimistic of fusing these kind of beams to go in the field of
superheavy element productions. There are other interesting
things to be done in physics but to start experiments where you
have nanobarns to 100 picobarns cross section is really not very
advisable. This is very very far away and we will concentrate
certainly on experiments with lighter ions, and not push too
far--it will just be a continuation of present work.

I also wanted to say that I was very happy to be here to profit
from the discussions, and it will help us to support our efforts
in Germany. Our enthusiasm is based on the fact that there is a
lot of good physics to be done.

We would like to proceed now with the discussion, and, if you
permit, I have one question that has been on my mind for some
time, as you might already have guessed from my talk: whether we
have discovered either by thinking at home or from what was
presented here that there is enough physics to warrant the
planning of a dedicated radioactive beam facility. Originally
this idea was brought forth several years ago by Willi Fowler and
he has again emphasized it in his Nobel lecture, which you might
have heard during the APS meeting; of course he has in mind
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radioactive reactions mostly for astrophysical purposes. And it
is quite clear that there is a wide range of reactions that one
would like to study. During the first part of the workshop; this
was emphasized by Dick Boyd's and Grant Mathews' talks, but for a
multi-million dollar facility the astrophysics application may
not be sufficient and the purpose of the workshop was really to
bring together many other aspects of physics that might be of
interest. And perhaps the point of the discussion here now is to
bring this out: to see what the problems are, what possible
parameters we want to discuss, whether there are perhaps two
distinct regions where one wants to have a smaller facility built
along Van de Graaff's and lighter nuclei on one hand, and a
larger facility that can handle heavier beams, higher energies,
higher intensities and stored beams. You see that we are talking
80 million Dollars for the GSI facility, an RFQ would cost about
a million dollars, and a high intensity cyclotron costs about two
million dollars; so we are considering quite expensive facilities
and the way the funding situation in most countries is one has to
be rather careful in what one is proposing. So please feel free
now to pick up any of these leads or other questions that were

mentioned.

I think the first thing that is needed is perhaps a good
compendium of exactly what facilities there are; everybody has
talked about what they have but what we need to have should be
located in one place. I would suggest an appendix to the
proceedings which would consist of a detailed 1ist of what
facilities there are available today, what their capabilities
are, the kinds of experiments that can be done on these
facilities, and to have people that want to do potential
experiments come up with some specifications. Then also what
plans there are for enhancing these and this would provide a good
framework to start first of all the physics that can be done but
also to be able to then see what directions to push, what this
new dedicated
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facility needs to look 1ike, because it may be that in fact we
can do a lot of the research that needs to be done for these
astrophysics measurements with facilities that are either on-line
or close to being on-line around the world. And that would stake
out essentially an area that can be reached by existing
facilities, so one would concentrate one's Timited resources.

I would 1ike to support this idea. 1In fact, it seems to me to be
very useful if the people that have facilities of this kind would
mention which kind of potential they can foresee--to extend their
facilities. It may be that somebody by adding a small amount of
money could produce more beams and this is an option one has to
compare with other means to produce radioactive beams. Also, I
think it would be very nice to know, for instance, which
intensities one could get by shooting a uranium beam on a
beryl1lium target and make spallation, or fragmentation, because
at the Bevalac one could do such an experiment and measure the
fragments; then one would find out how far neutron-rich one could
really go, and then this information would be extremely valuable
for people planning maybe another method because it would not be
useful I think to use, say, proton-induced fission at a very
intense facility, to do things with lower intensity, then you can
do maybe in Berkeley. So this would be very helpful to know.

I think it is probably worth pointing out that the facilities
that Grant Mathews and I described selected pretty carefully the
reactions that we are going to use for the production of the
beams that we talked about. More beam intensity would certainly
be enormously advantageous to both facilities, not just in
improving the reaction studies that we talked about but also
improving the variety of beams that can actually be produced. If
you have to get two or three nucleons away from the line of
stability, for these astrophysically interesting reactions it
will be pretty dicey for us to touch these reactions with the
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beam intensities and energies that we have right now. However, I
also feel that probably a reasonably state-of-the-art tandem Van
de Graaff with a lot of beam intensity is probably the ideal
facility for most of what we want to do, right now in the
astrophysically interesting research. It is pretty clear,
though, that there are lots of other interesting things that
people like to do and a high intensity tandem is not going to do
that. I suspect--and just for the sake of argument let me
suggest this--if there are two kinds of facilities that are
needed, to do research with radioactive jon beams, one being a
high-intensity tandem for the low energy-oriented studies and the
other being 1ike a very energetic cyclotron.

It seems to me that we have some ideas of how to produce
radioactive beams. The mechanisms are known up to the GeV
region. What I would say when you speak about tandem--it is
possible to think about a very universal facility. You say if
you make high energy heavy radioactive beams--sure: you may
think of a thick target with the universal production and then
cool it (the beam) down and use it, which means you would
cover-—-for instance, with uranium on beryllium--almost the
production of all nuclei with almost the best cross section you
can have, and then you have a universal facility. The problem is
that that proposal costs a Tot of money. And so I have been
looking around what kind of physics you can do with existing
facilities. I was not aware of your work. We also used existing
facilities. We should also think of using what we have now,
perhaps not with so much intensity. 1In Berkeley they have
improved things a lot and in Ganil we don't have very high energy
but we have more intensity. We can do some things, I think.
Within 2-3-5 years we may have some more precise ideas about
these beams. We are at the very beginning of something that can
become very big.
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I would like to remind you at this point that in Berkeley we have
nearly an electrical milliampere of peak neon beams available,
that would also mean that enriched isotopes of, let's say,
neon-22 could be used at similar intensities. If one now talks
about an inexpensive facility one could think about a gas target
being used to change this neon-22 into other isotopes and in this
way one could get quite good intensities.

I would just like to put two cents' worth in of what I think and
what we have seen here. The last couple of days have just been
an example of a group of physicists given a chance to let their
imagination go for awhile, and we have seen a lot of really great
ideas come out. What I get from it is that it would be a great
idea to have a kind of a national facility because what we have
also learned is that this whole industry of radioactive heavy ion
beams is very technology-heavy and it will require a lot of
technology development, so two things that we need here are
concentrated effort to develop the technology...What we have seen
right away is, with a Tittle bit of imagination as the technology
develops, who knows what we can do. I mentioned earlier today
most of the reactions that we think of that can be measured
haven't been measured yet; when we open up this rogm.

Since it has been suggested to put at the end of the proceedings
a table with all the facilities, I think it is not necessary; it
sounds to me like a bureaucratic exercise. I don't know who will
do it. My suggestion is to look up the Zinal Proceedings, which
was a conference on electromagnetic isotope separators which
includes recoil separators, which is a special volume of nuclear
instruments and methods--1980, if I remember correctly. And
everything I have heard here is included there--I mean
instrumental techniques-- except the Ganil facility and except
the beamline for the Helium-6/ Helium-8, maybe a few more
developments here and there. It is not worth putting this table
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at the end of the proceedings, especially because it is a
multi-dimensional affair. If ydu want to put in the isotope
production rates, you may take like you did, Mike, the maximum
yield or if then you want to see 1ike Schult said how much you
get from uranium on beryllium how does it compare with protons,
my comment would be that it depends. If you just take the rates,
with something like protons as you have heard in somebody's talk,
the advantage of relativistic heavy ion beams is the kinematics.
And to put the kinematical properties in such a table I think
that is impossible. So I would 1ike to see the proceedings but I
don't need the table.

A short comment of what we can do about neutron-rich beams. If
you now go from calcium-48 to uranium-238 and fragment 2380 you
might get something like neutron-rich nuclides and also some
neutron-heavy fission fragments but I think that is an illusion.
It has been shown in one of the slides by Jean-Pierre Dufour it
is quite similar as in spallation reaction. If you do an
abrasion-kind of process with such a heavy ion neutrons are
evaporated out and you land near the valley of stability. I
don't see any means right now except for going in small steps
with few nucleon transfer reactions or perhaps by deep inelastic
reactions to move out a little bit on the neutron-rich side. 1
think there is good hope as we have heard to fill in all the
nuclides that are in the fission valley. 1 think that you can
get all these nuclides and I'm very optimistic that we can get
the 1ight nuclei below the fission fragment group, for instance
with calcium-48 where Simon and Company have already filled the
chart of nuclides and so we can get all the nuclei below the
fission fragment region with charge-to-mass ratios of about the
uranium but for the heavier ones I don't see very much of a

chance.

I would like to comment on the maximum intensity that we can get
from these reactions. It is very important. I think most of us
are not quite sure of the maximum intensity that we can get from
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any method; we have discussed this in Japan with respect to the
Numatron which is at the moment not going very well. The maximum
intensity you can get with any kind of accelerator--the total
reaction cross section of the nucleus-nucleus reaction to partial
cross section of the nucleus of interest--usually you can not
reach this 1imit because you use some energy to shoot the beam in
the target and you lose energy and you get less and less but if
you have a good machine you can get up to this number; you can
get 1012 of neon beam, you can get a cross section of about 1
barn and you have a cross section for the secondary beams of

3 of the
original beam intensity in principle. And of course higher

millibarns or more and that means you can get 10~

energies are possible ... and one way of using a storage ring ...
you make a fragmentation and you put that in here ... and you
cool it. But rather than doing that you put this beam into this
accumulator ring, then you put a thin gas target, but it need not
be very thin, it could be a microgram of target; so that you
consume this beam in a second almost as fast as you accelerate
the next beam. So what you do is you accumulate in here, then
take out the fragment from there. This fragment has different
rigidity; and you consume the total beam in the time you
accelerate the next beam. If you have a fast cycling synchrotron

I guess you can get up to 1012

of beam easily. That means you
can get a decent amount of beam Tike 108 or 109 of say 2 neutrons
plus from stability. And 4 neutrons plus you may still get 10?.
And after that it is a technical problem that is almost solved in
principle; that you can cool down the beam or decelerate it. The

cooling of the beam of 7 MeV/A is already done in the ISR (?) ...
Which ion?
I think it is deuteron.

(Some unclear recording)
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I am not sure that you can really achieve this slowing down to
say 5 MeV/nucleon because you have to consider the energy spread
and the straggling that is coming out of your magnetic analyzer.

Now what I am saying is the following: Let's assume that we have
an ideal system where I can spread the beam out, disperse the
beam, get a good dispersed focus on the beam, use a wedge to
monochromatize it. That gets rid, ideally of everything I don't
want. At some point it is not going to satisfy what I need, in
which case I actually have to take a slice. So I can use the
wedge to monochromatize that slice, and arbitrarily I can cut
tighter and tighter and get monochromatic beam at the cost of
intensity. I think it is doable and my experience has alsoc been
the first time you try it it doesn't work right; if you try it
again and vou keep trying it and it works.

You say that you first degrade; secondly you put the wedge. Now
when you first degrade you lose a lot. If you degrade and you
start with one percent at several GeV/nucleon, at 100 MeV/nucleon
that would become 10 percent in energy spread.

Wait. The energy spread is a function only of the P
perpendicular, if you will, let's say of the Fermi motion which
is independent of the energy of the primary beam, so the natural
energy spread from the reaction mechanism doesn't depend on
whether you're at 4 MeV or 400. You have a thick target; the
thickness of the target is selected so that the momentum
contribution is roughly the same as you get from the Fermi
momentum.

So there's another point. You say it scales as the cross
section. That is not true.

No, that is not what I said, to first order it scales as the
cross section but it also scales as the opening angle which is
the acceptance of the spectrometer.
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(not understandable)

However there is something else that can be said. It gets worse
the further you get away from the projectile nucleus, but with
the accelerator that we have we can get you almost everything you
want. I don't want to produce a carbon beam by starting with
calcium-48.

That's what I mean. If you go neutron-rich, the fragments are
always different in energy loss from the beam.

Sure.

This is an extreme example. You start from an 800 MeV-carbon
beam and you produce heavy isotopes. This is the thickness of
the target and this is the broadening due to the reaction. There
is a difference in dE/dx and you can still get up to 5 grams of
target in this case, just because the energy loss is very low.

If you go down to a 50 or 80 MeV/nucleon your energy loss is
really huge, but at the high energies your energy loss is very
small.

(not understandable)

Let me say a few words about the use of internal targets. Let's
say we put in a target which does not really go over the full
width of the beam intercepts sort of the outer 10 percent and
then as the beam hits the target the beam of course loses
rigidity and winds up on a path that is further inside of the
storage ring. Now we put in an RF section in order to make the
particles that have lost energy in the target gain energy again
and after a few turns they are back out to the radius of the
target where they can interact again and so forth and you see
that you don't stop them completely. 1If you don't stop them
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completely with one single blow then you can keep on using the
same particles over and over again. And you can take the
fragment particles out of the storage ring. That is just one of
the possibilities.

Have you done some beam transport calculations on this?

No, we have not.

You can use a gas jet target also.

A gas jet target in a vacuum of 10712 Torr?

It's difficult.

Why do you need that good a vacuum?

1f you want to store uranium for any extended time.

We thought about the storage of uranium; the extrapolation from
protons to uranium is difficult.

You don't need such exceptionally high vacuums for storége

rings. The electron pickup cross sections for 91-92 plus uranium
are about 30 barns. 10‘9 is fine at energies of about 1 GeV/A.
We are thinking of storage times of several hours.

That is somewhat at variance with the calculations that were made
for the GSI storage ring: approximately 100 seconds at a vacuum

of 7 x 10712,

What cross sections are you using?

I can send you the cross sections on which these calculations are
based.
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We measured the cross section.

Yeah, OK. Those are your cross sections.

There is a numerical error somewhere, either in your or my
calculations.

If there are no further questions I'd like to thank all of you
again. I think you have made this into a very successful
workshop and a good discussion. I thank the speakers, the
chairmen, and Jeannette Mahoney who has faithfully taped all of
your precious words, has helped with the registration and has
made things flow smoothly. I hope that this was not the last
workshop on radioactive beams but that the field will expand from
here and that starting with Dick Boyd's earlier seminar this
series of seminars and workshops will continue with new results,
new theories, new machines and equipment and that it will become
a new field and will expand into a new dimension of nuclear
physics. Because, as I said in the beginning, we have now
uranium beams from a few keV per nucleon up to GeV per nucleon;
everything that is stable can be accelerated and a very logical
extension would now be to start to explore radioactive beams and
their applications.



