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Preface

These proceedings report the deliberations of a 3 1/2 day workshop on the Production

and Use of Intense Radioactive Ion Beams at the Isospin Laboratory, which was held at

the Joint Institute for Heavy Ion Research in Oak Ridge, Tennessee, October 7-10, 1992.

Although the stated purpose of the workshop was to consider a variety of technical

problems associated with the construction of a broad mass-range, intense I(sotope)

S(eparator) O(n) L(ine) Radioactive Beam Facility in North America and the

experimental equipment needed for such a facility, the 125 participants included some 20

from outside the United States and Canada. Such a sizable international participation is

indicative of the universal interest in research with radioactive ion beams. (Indeed,

astrophysics is an important research topic for radioactive beams!)

From its inception by the North American Steering Committee for the IsoSpin

Laboratory, the purpose of this workshop was not to duplicate the programs of other

recent radioactive ion beam workshops or international conferences that have focused on

the scientific concepts which radioactive beams can, and in fact already are, addressing.

Instead, the intent was to address the technical problems associated with the construction

of the next generation ISOL facility and to initiate a discussion of the type of

experimental equipment that should be developed for such a facility. We have tried to

bring together in Oak Ridge the world's experts in radioactive targets/ion sources, light-

and heavy-ion accelerators, and detection systems. After 1 1/2 days of overview

presentations, the participants divided into three discussion groups (Experiments with

Radioactive Beams, Target ion Sources and Mass Separation, and Accelerators--Primary

and Secondary) for 1 1/2 days of detailed discussions of the most pertinent issues. The

final session was devoted to reports from each of the discussion groups and a general

discussion of where to go from here. An outgrowth of these discussions was the

establishment of working groups to coordinate future technical developments associated

with the pertinent issues. For further information on these working groups the reader is

referred to Section V: Concluding Remarks by R. Casten in these proceedings.

The proceedings include the text of all the overview presentations, reports from each

discussion group, as well as contributions from those participants who chose to provide
"' inthe text of their presentations in the alscuss o groups and the Concluding Remarks.

It indeed was a pleasure for Oak Ridge National Laboratory (ORNL), Oak Ridge

Institute for Science and Education (ORISE) (formerly Oak Ridge Associated

Universities), and the Joint Institute for Heavy Ion Research (JIHIR) at Oak Ridge to host

this workshop. Not only is it always a pleasure to extend our southern hospitality to

vii



guests, but the timing of this workshop also afforded us the special opportunity to discuss

our plans for the forthcoming Oak Ridge Radioactive Ion Beam (RIB) Facility with

distinguished colleagues from throughout the world.

The workshop was sponsored by the Georgia Institute of Technology, the Joint

Institute of Heavy Ion Research in Oak Ridge, Lawrence Berkeley Laboratory, Los

Alamos National Laboratory, Louisiana State University, Mississippi State University,

Oak Ridge Institute for Science and Education, Oak Ridge National Laboratory, Simon

Fraser University, Tennessee Technological University, the University of Maryland, the

University of Notre Dame, the University of Tennessee, and Vanderbilt University. The

members of the ISL and Local Organizing Committees are given in Appendix C. Special

thanks go to the coordinators of the various discussion groups, John D'Auria, Michael

Nitschk¢, Dave Vieira, and Michael Wiescher, who not only organized the programs for

the various discussion groups, the backbone of the workshop, but also prepared the

discussion group reports. Jody Heath (ORNL), the conference secretary; Jaclde Smith

(JIHIR); and Carlene Stewart (ORISE) assisted in various aspects of the local

organization of the workshop. Fred M. O'Hara assisted in the preparation and editing of

the discussion reports, and Lorna Perkins (ORISE) served as the production editor for the

proceedings.

Jerry D. Garrett

Oak Ridge National Laboratory

Oak Ridge, Tennessee

May 1993
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PrototypJcal Experiments in Nuclear Astrophysics

A.E, CltAMPAGNE
Department of Physics and Astronomy, University of North Carolina at Chapel HiU, Chapel Hill, North Carolina

27.599, USA
and

Triangle Universities Nuclear Laboratory, Duke University, Durham, North Carolina 27706, USA

1. Introduction

During explosive nucleosynthesis, temperatures are on the order of (0.2 - 1.5) x 109 K and

average densities can be 103.106 g/cm3. Under these extreme conditions, nuclear reactions will

proceed on timescales of ns - rain (though more typically sec - min). Thus any nuclei produced

with comparable half lives will become targets for subsequent nuclear reactions. Measurements of

at least some of these reactions are desirable, both from an astrophysical and from a

nucleosynthetic perspective: Cataclysmic binaries are t . vered by these reactions and so a

knowledge of their rates is crucial to an und.erstanding of the outburst mechanism. We are also

interested in elemental abundances, particularly of spectroscopic tracers such as 22Na, 26A1 and

44Ti. In type II supernovae, these reactions are incidental to the outburst, but again

nucleosynthesis c_mprovide clues as to the physical conditions during an explosion.

To be very general, these reactions will have both large cross sections and small cross sections.

The fomaer reactions are important for energy generation and in principle they can be measured

directly with radioactive beams. The latter reactions limit power output and play a role in the

production of the trace elements which could be used as spectroscopic probes. Here direct

measurements are probably impractical, but nuclear spectroscopy, involving both stable and

radioactive beams, can provide the desired information.

The quantity that we are ultimately interested in is the thermonuclear reaction rate

<ov> = (_ _/2CkV)_nf o(E) E exp(-E/kT) dE. Init)

Most of the reactions of interest involve resonances and their cross sections may be expressed in

the usu_dBreit-Wigner form:

o(E) = rt Z._ r'rb -. 2.
(8-8,_: +r_/4

For narrow resonances (I" << Er), eqn, 1 may be approximated by



(2Jf. 1) .F__ 3.
<or> ,,, (2_/$.tkT)3/2 h 2 toyexp(-Er/kT), or/= (2Ji + 1)(2Jt + 1) F '

in a direct measurement, the resonance strength _ can be obtained from the thick-target yield'

to7 = YIELD, _- _ 4,
2 _2 _2 M2

where elab is the energy loss evaluated in the laboratory frame. The indirect approach involves

individual measurements of the resonance parameters. The experimental requirements for both

direct and indirect measurements relevant to astrophysics will be discussed in the following

sections. Specific examples will be taken from explosive hydrogen burning (where there are some

estimated cross sections), but the techniques have more general applicability,

2. Direct Measurements of Charged.Particle Reactions

2.1 GENERAL CONSIDERATIONS

Figure 1 shows the most effective energies for (p,y) reactions at a stellar temperature of 0.8 x

' 109 K. In general, direct measurements will involve beam energies of 0.2 - 2 MeV/amu, which

restricts us in most cases to fairly light nuclei with their comparatively low Coulomb barriers.

1.6

1.4 l

1.2 f- To --.0.8

,.to.8 I
0.6

0.4 _-

i '10.2

10 20 30 40 50 60 70
A

Fig. 1.Rangeof effectiveenergiesversusmassforT9 =0.8.

Predicted count rates for three interesting reactions are shown in table 1. These rates assume a 5

kt,g/cm2 gas target and 100% detection efficiency. Although this latter assumption is certainly



Table 1: Examples of Direct Measurements

Ecm Elab Ores coy COUNT RATE

(keV) (MeV) (mb) (meV) (counts/hour/pnA)

4He(150,19Ne)T (ref. 1) 504 2.39 0.32 0.014 0.064

850 4.04 >163 >10 >19

1020 4.85 94 4.5(25) 6.6

1070 5.08 440 198(51) 273

1183 5.62 !57 113(17) 124

i H(17F,18Ne)y 597 10.75 1.9x 103 3.7 125

639 11.50 2.9x10 -3 17 185

1H(19Ne,20Na)T (ref. 2) 447 8.94 650 90 3860

optimistic, it is clear that the majority of these resonances have measurable yields. From these and

other rate estimates, a figure of merit emerges: If coT > I meV, then it is reasonable to attempt a

direct measurement. Several resonances could be measured during a week-long run, but 3-4

additional weeks will probably be required to develop each experiment. Weaker resonances will be

difficult to measure. The standard procedure for studying weak resonances is to simply run for a

longer period of time. However, this approach is impractical for radioactive beams, both from the

standpoint of scheduling pressure and because scattered beam makes radioactive-beam

measurements inherently noisy. In other words, these experiments may suffer from such low

signal-to-noise that doubling or even tripling the run time will not help. Therefore, for cot < 1 meV

we will most likely have to resort to nuclear spectroscopy.

Because each experiment represents a time-consuming development project, it is important to

try to determine at the outset whether a direct or indirect approach is appropriate. Thus selected

nuclear-structure measurements with stable and radioactive beams must be considered as part of the

development process.

2.2 TARGETS

Most of the reactions of interest will involve hydrogen or helium targets. Helium requires the

use of either extended or jet-type gas targets 3. Hydrogen, targets can be produced in both gaseous

and solid form. Any target will have to be thin enough so that the beam can be transported away

from detectors. Although solid targets (such as CH2 or other plastics) are inexpensive and easy to

7



construct, the reaction yield will be lower using these targets than from a gas target because of the

lower density of hydrogen over a thickness corresponding to the resonance width. For example, in

the 1H(19Ne,20Na)7 reaction, the yield from a CH 2 target will only be about 40% of that from

pure hydrogen. Also, the heavy constituents in a solid target will add to the radioactive background

produced by scattered beam. As compared to a target of pure hydrogen, a solid target will have a

higher cross section for scattering and will scatter the beam over a wider angular range. Thus the

background will be larger and spread over a greater area. Nonetheless, solid targets have been used

successfully in the recent measurement of the 13N(p,7)140 reaction at Louvain-la-Neuve 4. Gas

targets are not immune from problems associated with scattered beam because pump nozzles and

collimators near the target will serve as thick scatterers or absorbers. In addition, these targets are

costly and complicated. As a result, it is probably wise to design initial measurements with solid

targets.

2.3 DETECTION TECHNIQUES

2.3.1 Recoil separators

Although the cross sections for explosive nucleosynthesis are large on the scale of those

normally encountered in nuclear astrophysics, expected count rates are still low enough to place a

premium on detector efficiency. An obvious signature of the desired reaction would be detection of

the appropriate recoil nucleus. This can be accomplished with high efficiency because of the

extreme inverse kinematics of these reactions. For example, recoiling 19Ne from the

4He(150,19Ne)y reaction will be found within a 1.4° cone. For (p,y) reactions, the kinematic

focusing is more severe [01/2 = 0.25 ° in the case of the l H(19Ne,20Na)Treaction]. Therefore,

recoil detection can be efficient even for a device with modest angular acceptance. In this case, the

overall efficiency would be limited primarily by charge-state selection, but even this restriction

might be overcome in selected cases (for instance, by using a gas-filled dipole magnet). However,

clean separation of recoils from the beam is complicated by the fact that they have almost identical

momenta. Since optical elements which simply disperse in momentum will not provide adequate

separation, some form of velocity selection (e.g. a Wien filter) is also required. The recoil detector

itself will present a challenge because it must be capable of measuring Z and A for low-energy (E _<

2 MeV/amu) heavy ions.

2.3.2 Prompt or delayed activity

If the recoil product is itself short-lived, but lives long enough to be transported away from the

vicinity of the target, then its beta decay or beta-delayed activity could be measured under "clean"

conditions. This technique obviates the need for a recoil detector since the decay is quite specific to

the final nucleus. As an example, 20Na recoils could be detected through the beta-delayed alpha

particles (Ect = 2.69 MeV) which accompany 16% of the decays.



2.3.3 Decay products

Gamma rays or light particles are also reaction-specific and thus offer an independent means of

detecting the reaction of interest. However, when designing suitable detectors, attention must be

paid to the fact that they will be operating in a high-background environment. For illustration,

consider again the 1H(19Ne,20Na)y reaction: If a beam current of 1 pnA is used and one of every

105 projectiles are scattered near the target then a background composed primarily of pairs of

0.511-MeV gamma rays will reach an equilibrium rate of 6.25 x 104/sec after about 2 min of

bombardment. If the target is viewed by a 12.7 cmx 12,7 cm NaI detector at a distance of 4-5 cm,

then the detected background rate will be about 1,2 x 104/see versus the foreground rate of ,*

I/sec. Although the energy of this background is well-defined, pileup could spread this

background out to higher energies, In contrast, if this detector were replaced with a 7.6 cm x 7.6

cm detector at r = 16- 20 cm, then the background rate would be reduced to 600 - 800/see. The

need for high detection efficiency necessitates a large number of these detectors. Further

background reduction may be gained by using such a detector array in coincidence with a recoil

separator.
2.3.4 Conclusions

A general-purpose spectrometer tar direct resonance measurements is shown in fig. 2. It is not

CHARGED-PARTICLE

BALL _ 'YBALL

\ :BEAM ,, il!!!i---nECO

GAS JET
TARGET

RECOIL DETECTOR
OR

TAPE TRANSPORT

Fig.2 Prototypenuclear-astrophysicsspectrometer



meant to represent an actual device, but merely summarizes the different techniques which may be

employed. Clearly real hardware will evolve with the experimental program. However, because

each experiment will present unique challenges, it is important that the system be flexible enough to

be re-configured as warranted. For some experiments, detection of gamma rays or recoils in

singles may be sufficient. Others may require a coincidence condition to reduce backgrounds.

Since the recoils are readily accessible, it is probably advantageous to consider recoil detection as

the basis for most measurements.

3. Indirect Measurements

A typical resonance located at center-of-mass energies appropriate to explosive nucleosynthesis

can have a particle width in the range of eV to keY and a gamma width of 0.01 - 1 eV. However,

there are cases where one or the other of these widths is suppressed. If to), < 1 meV, then a direct

measurement of the resonance strength is probably not possible. Nevertheless, resonance

parameters can still be obtained via spectroscopy of the compound nucleus. This technique has

been used successfully with stable beams for nuclei near stability, but for nuclei further from

stability, it can be difficult to populate the compound nucleus with a reasonable cross section.

Radioactive beams can permit these nuclei to be studied in more detail. In particular, proton- or

neutron-stripping reactions will populate states corresponding to proton- or neutron-capture

resonances. Measurements of their decay widths then determine the resonance strength. For weak

resonances, we are faced with having to measure the weakest of these decay branches because, for

example, if Fp << F), then toy ,_Fp (and similarly, if F)' << Fp then toy,,, F)'). In principle, Fp can

be extracted in a straightforward manner from stripping data. However, measurements of F)' are
likely to be more difficult.

3,1 MEASUREMENTS OF STRIPPING REACTIONS

The 1H(39Ca,40Sc)), reaction is an example of a reaction that is astrophysically interesting, but

is dominated by very weak resonances, Predicted count rates for this reaction are shown in table 2.

Table 2, Resonances in the 1H(39Ca,40Sc))' Reaction

Ecru Fp or/ COUNT RATE
(keY) (meV) (meV) (counts/hour/pnA)

242 1.1x 10-5 7.1x10-6 7x10-4

360 2,8x10"3 3,9x10-3 0.25

10



Clearly this is a case where Fp << F?. As an alternative to a direct measurement, it is possible to

populate the same states with the 3He(39Ca,40Sc)2H reaction, Here the proton width can be

obtained from the proton spectroscopic factor via the familiar procedure:

Fp ,-,2 _ PI (E)=2 C2S 7s_2 PI (E) 5.

(2Ji + 1)(2Ji._ [ °exp | 2-

.0,4s o (zJf+ii LODwBAJ  P1"1(E) 6. :

where yp2 is the reduced width, Pi(E) is the penetrability, C2 is an isospin Clebsch-Gordan

i S is the spectroscopic factor, and Ysp2 is the (calculated) single-panicle reduced width,coeffic ent,

For this and similar measurements, the beam energy will have to be above the Coulomb barrier and

high enough so that the direct component of the cross section is enhanced relative to compound-

nuclear and multistep channels. These requirements imply E _ 5 MeV/amu, but E = 20-25

MeV/amu may be more typical. Detection schemes can be similar to those described above except

that in this case it is necessary to measure kinematics as well as yields,

If E39 = 400 MeV in the present example, then the recoiling 40Sc will emerge in a 6.4° forward

cone with E40 = 359 - 394 MeV, The total cross section will be on the order of several b, thus

recoil detection would again seem to be an efficient approach. However, now it is also necessary to

measure momentum (or energy) and angle (to correct for dp/dO) in order to determine the

population of individual excited states in the recoiling nucleus. A number of factors combine to

complicate this task: Although momentum can be measured precisely with a magnetic spectrometer,

the beam and recoils will have similar momenta and so once again separation will be difficult.
r 'Also, since the beam is more rigid than the ecotls, scattered beam will present a troublesome

background. Finally, even if the recoils can be detected cleanly, the angular divergence of the beam

will limit the resolution of the measurement (if 0beam = :1:0.5°, AEx -, 2 MeV). As a consequence,

it is probably necessary to measure the residual deuterons, or recoil-deuteron coincidences.

Although the spectroscopic factor can be extracted from a spectrum of deuterons alone, a

measurement of 0recoil, Precoil and 0d completely determines the reaction kinematics (including

the effect of beam divergence) and pert'nits the recoils to be measured with higher resolution. A

schematic of this approach is shown in fig. 3. The outgoing deuterons will have 40 times the

angular spread of the recoils (i.e. 0d = 1800 - 52° for 0recoil = 0°- 3.2°) and so a measurement of

0d can be carried out with a fairly simple detector (e.g, a Si microstrip), Because of the large cross

sections involved, this type of measurement can be performed over the course of a few days,

Although what has been described above appears promising as a means to determine Fp, it may

not be particularly useful for cases where I'7 is the quantity of interest, A triple-coincidence (recoil-
d-y) measurement is a possibility, but in most cases will prove to be impractical because of low
count rate.
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3.2 COULOMB BREAKUP

Coulomb breakup (in which a projectile is photodissociated in the Coulomb fidd of the target)

has been proposed5 as another way of studying the inverse radiative-capture process, Because the

density of virtual photons supplied by a high.Z target (such as lead) can be quite large, the breakup

yield can be enhanced relative to capture. Although this approach has been applied successfully to

measurements6, 7 of I"y in the breakup of 140, systematic problems limit its usefulness, In
general,it is difficult to obtainan accurateradiative-capturecrosssectionfrom breakupbecause

Coulomb post-acceleration will perturb the relative kinematics of fragments with differing charge-

to-mass ratios (since the center-of-mass energies of interest can be as low as 200 keV, this effect is

important, even though breakup occurs "far" from the target). However, I"./can be extracted by
comparing the observed yield with a calculation of Coulomb breakup, Nonetheless, this technique

is useful only for those few cases involving an El decay directly to the ground state. For more

complicated decays, additional gamma-ray spectroscopy must be performed to correct for

unobserved branches in the breakup results, Finally, breakup measurements require high beam

12



energies (E ,_ I00 MeV/amu) in order to ensure that strong excitations can be neglected relative to

pure Coulomb excitation. It is difficult to satisfy this requirement with a facility that must also

produce intense low-energy beams for resonance measurements.

4.Other Data Needs

4,1ADVANCED STAGES OF HYDROGEN BURNING

ReactionsoccurringintheA _ 40nucleiwithsufficientlyhighQ valueswillpopulateregionsof

highleveldensityinthecompoundnucleus.Hereresonancesmay bebroadand/ort,,,,_flappingand

thecrosssectioncantakeon a statisticalcharacter,Althoughwe canattempttomeasurethese

reactions,itshouldbesimplertomeasureexcitationenergiesandspinsinordertoconstraina

statistical-mode!calculation,Thesecalculationshavebeenshowntoaccuratelyreproduceexisting

data.Inaddition,itisnecessarytomeasuremassesandhalflives,particularlyfornucleinearthe

protondripline.Suchmeasurementsshouldalsobeperformedforheavy(p-process)nuclei.These

experimentsareconceptuallyidenticaltothosecontemplatedfornuclear-structurestudiesand

wouldpresumablysharethesameequipment,

4,2 NEUTRON-RICH NUCLEOSYNTHESIS

4,2.1 Reactions involving light nuclei

In inhomogeneous big-bang models, a number of potentially interesting neutron-capture

reactions can occur involving light nuclei. Because typical half lives are on the order of seconds, a !

direct neutron-capture measurement using a radioactive target would be challenging, However, a

neutron-stripping reaction such as (d,p) can be used in the same manner as was described tn sec, 3

for proton stripping, Since it is expected that Fy << Fn for these reactions, a triple-coincidence
(recoil-p-y) measurement is required,

4,2,2 Reactions involving heavy nuclei

Neutron-capture reactions on heavy nuclei can be categorized according to whether they are

slow compared to beta decay (s-process) or rapid (r-process). The s-process, which runs close to

the line of stability, is comparatively well-studied. However, very detailed information concerning

the stellar environment during the s-process can be obtained by studying branch points where the

rates for neutron capture and beta decay are comparable, These nuclei live long enough (TI/2 =

months to years) so that a radioactive target can be produced and exposed to an off-line neutron
source,

The r-process can run as much as 20 mass units beyond the most neutron-rich stable nuclei,

During equilibrium, the reaction flow is governed by the neutron separation energy, Sn. In

essence, the experimental approach here is similar to that for statistical cross sections in hydrogen

burning. Near closed shells, the r-process flow comes close enough to stability to permit a direct

measurement of Sn. In transitional regions, we require systematics for masses and half lives to

construct a realistic mass formula and calculate Sn, Again the experimental techniques involved are

similar to those used for general nuclear-structure measurements,
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5. Conclusions

5.1 TARGETS AND DETECTORS

In principle, a gas jet would be the best choice for a target because of its combination of high

count rate and low background, However, existing designs would cause severe backgrounds

arising from scattering off of collimators and other hardware, Solid targets will prove useful for

selected experiments, but a suitable gas-jet target should be developed,

Because experiments for nuclear astrophysics involve extreme inverse kinematics, a recoil

separator immediately suggests itself as the basis for a detection system. This device will need to

have a beam-rejection factor of at least l010, Although beam and recoils will have similar

momenta, their velocities will differ by 5-20% and so this objective can be met with a reasonably

simple velocity filter. The actual detection scheme will be determined by the requirements of a

particular experiment, However, detectors located near the target will have to be multi-element

arrays in order that the background rate in an individual detector is manageable.

5,2 BEAM REQUIREMENTS

General parameters for astrophysics measurements with radioactive beams are listed in table 3,

Table 3, Radioactive-Beam parameters

Beam Energy: 0,2- 25 MeV/amu

Energy Resolution: 0,5 - 1% for E g 2 MeV/amu

O.I - 10% at higher energies

Energy Calibration: :t:1keV for E _ 2 MeV/amu

Beam Current: 10l0/s

Normalized Emittance: approximately 2n ram-mr

Isobaric Purity: better than 10"4

The low end of the energy range is required for resonance studies whereas the upper end is

appropriate for spectroscopy, For resonance measurements, the energy resolution need not be

drastically better than the target width (if the target ts thick compared to the width of the

resonance), The resolution listed for higher energies was arrived at by assuming that the beam will

contribute about 20 keV to the total energy resolution. If recoil energies are measured, then AE =

0,1% is needed, On the other hand, if the measurement is based upon detecting the residual

particles, then the resolution requirement may be relaxed to as much as 10%. The specification for
' ienergy cahbrat on is based on the fact that our expected yields are too low to permit "resonance

hunting". Although many resonances will be more narrow than ±1 keV, the targets will be several

keV thick, Consequently, if the beam energy can be set to an accuracy of ±1 keV, then we are

assured of hitting the resonance energy somewhere within the target, Beam current is an obvious
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limitationon our projectedcountrates.The figuregiven in table 3 was chosenas a realisticgoal for
the best beams. However, since the beam must be delivered to the target cleanly to minimize

scattering,tandem-qualityemittance is desirable, Finally, many of the resonancesof interesthave

strengths of only a few meV while resonances in isobaric reactions can be 103 - 104 times

stronger.Therefore, the level of isobariccontamination can be no more than 10"4of the beam of
interest.

5.3 INITIALBEAMS

_e selection of interestingbeams is clearlydetermtn_ byastrophysical considerationswhich

will continueto evolve, The presentlist is sumnlarizedin table 4.

Table4. initialBeams

lnhomogeneous Big Bang: 8Li' 16,17N, 190, 20,21F...

Explosive HydrogenBurning: 14,150, 17,18F, 18,19Ne, 20,22Na, 21"23Mg,
24-26A1' 26,27Si, 30,31S, 39Ca....

plusselectedbeams in the Feregion

s-Prc_ess: selectedtargets of e.g. 90Sr, 95Nb, 106Ru,
137Cs, 155Eu, etc. (ref 8)

,'-Process: selectedneutron.richbeams suchas thoselisted

above for big-bang studies

All of these astrophysical processes involve sequences of reactions or reactioncycles. As a

result, a measurement at one stepof a reactionpath can alterour view of which of the subsequent

reactions is important to study. In the interest of efficiency, it is best to start with several key

measurements early in the reaction network and then re-evaluate the networkas new resultsare

obtained. Forexample, since the 8Li(ot,n)l IB reaction appears to regulate the flow to heavier

masses during an inhomogeneous big bang, a 8Li beam should be developed beforesome of the

other light, neutron.richbeams. A similar situationexists forstudiesof thehot CNO cycles and the

rp-prc_ess.The beams listed between oxygen and sulfur would permit us to study reactions up

through the early stages of the rp-process.Since most explosions do not progress beyond this
point, these measurements would be of more immediate observational interestthan measurements

in the iron region. However, this list can be expected to undergo major changes as our
understandingof these p _esses m_proves.
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i. Introduction

Two importantdevelopmentsinthesixties,namelytheadventof heavy-lon

acceleratorsand fabricationofGe detectors,openedtheu.ayfortheexperimentalstudies

ofnuclearpropertiesathighangularmomentum.Additionofanewdegreeoftleedom,

namelyspin,madeitpossibletoobservesuchlaminatingphenomenaasoccurrencesand

c_xistenceofa varietyofnovelshapes,rise,fallandoccasionallyrebirthofnuclear

collectivity,anddisappearanceofpairingcorrelations.Today,withthepromiseof

developmentofradioactiveionbeams(RIB)andconstructionofthethird-generationGe-

detectio,isystems(GAMMASPIIERE andEUROBAI.L),we arepoisedtoexplorenew

and equally fascinatingphenomenathathavebeenhithertoinaccessible. Withtheaddition

of yet anotherdimension, namelythe isospin, we will be able to observe and verify

predictionsfor exotic shapesas variedas rigidtriaxiality, hytmrdefonnationandtriaxial.

(x:tupoleshapes,ortoinvestigatetheT=0 pairingcorrelations.Inthispaper,we shall

review, separatelyfi)rneutron-deficientand neutron-richnuclei,theseand a few othernew

high.spin physics opportunitiesthat may be realizedwith RIB, Following this discussion,

we shall presenta list of the beamspecies, intensitiesandenergiesthatareneeded tofulfill

these goals. The paper will conclude with a de._riptionof the experimentaltechniques

andinstrumentationsthatarcrequiredforthese studies.

2. IIIgh.Spln PhysicsIn the Neutron.Deficient Nuclei

Themedium-heavyRIBwi;hZ _32andI",_SIwillallowaccesstotheself-con.jugate
andmirrornucleiupto'°'Sn,andthoseborderingorbeyondtheproton-driplineabove

theN,Z=50magicnumbers.Accordingtothetheoreticalmodels,someoftherichest
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Fi8, i Nilsson stngle.p_ticle levels in the A.80 mus region is functions of the

quadrulxdedeformation B2,calculatedusins the Woods.Saxonpotential. Somepanicle

numt_rs correspondinj to larSeshellI_apsare shownin circles (adoptedfrom Ref, 1).

examplesof shapecoexistenceandshapetransition_ expectedto existamongthese

nuclei. This is because of the fact that(a) the single-puticle energy levels show large

gapscorrespondingtooblate,spherical,prolateandsuperclongatedshapesfor thepanicle

numbersbelowS0 (seeFig. 1),and(b) theseshellstructuresarcreinforcedwhenprotons

andneutronssimultaneouslyoccupytheselevels.Consequently,oneencountersa variety,

of nuclearshapesthat changerapidlywithN, Z, andangulm"momentum.1 Assuch,these

nucleiprovidethebesttestinggroundfor themicroscopicmodels.

With stable beams, studies of the even-mass, self-conjugate nucleihave been recently
extendedto "Ms, using (H,I., 2n) fusion-evaporationreactionsnear the Coulomb

barrier.2Theyieldsof thetwo-neutronevaporation_acttons that areusedtoproduce
theseself-conjugatenuclei_ at thelimitof ourpresentexperimentalcapabilities.Thisis

becauseof thefactthat (a) cherged-pm'ticleemissionisbyfar thedominantevaporation

modein proton-richcompoundsystems,and(b)fusioncrosssectionsereverysmallnear

the Coulomb barrier, For example, the experimentalcross section for the
==Si("Ni,2n)"Moreaction is reported to be less than 10pb.2 Thus, identification of these
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nucleihasrequiredacombinationofarecoilmass_p_rator(RMS) andarelativelyl_ge

arrayofGe detectors.The resultingspectroscopicinformationhasbeenlimited,sofar,to

a few gamma rays which are assumedto de-excite the lowest statesin thesenuclei.

Becauseof the rising Coulomb barrier, the crosssectionfor the (H,I., 2n) reactions

becomevanishingiy smallas weapproach I0°Sn. Moreover,productionof very proton-

rich nucleiwith stablebeamssuffers from a second,and fundamentallymore serious,

problem:near.b_er fusion reactionspopulate compoundnuclei with small angular

momentum.Thus, studiesof high-spinphysicsin thesenuclei will not bepossiblewith

the stablebeams,even if the detectionsensitivityis enhancedby two-three ordersof

magnitudeusingtheGAMMASPHERE andthethird-generationRMS.

In contrast,the useof proton-richRiB removesor mitigatesmanyof theseobstacles.

First,manyof the self-conjugatenucleican b¢ reachedvia the (RIB, xp yo¢)reactions,

whichinvolveonlycharged-particleemission.As a result,theexpectedcrosssectionsarc

enhancedby nearly an orderof magnitudeeach time theT= ("(N-Z)/2)of the beam is

reducedby 1/2. This is illustratedin Fig. 2, whichcomparesthe yieldsfor theemission

of neutron and proton from _ORu(T==I)nucleus,leadingto the isoba_ =_Ru(Tz=I/2)and

=_Tc(Tt=3/2),respectively. The yields, calculated usingthe PACE code3, correspondto

the decay of 104 compound nuclei 92Pd(Tt=0)and94Pd(Tz=I)which arc producedin

reactionsof, respectively, S=Fe(T==0)and S4Fe(T==I)beamson a 4OCatarget,as shownin

Figs.2a and2b. The numbersgive thepeak yieldsfor neutronemission(left arrows) and

proton emission (down arrow), and illustrate the particle-decay pathways as the Tz is

changed due to particle evaporation. Because of the differences in the proton and neutron

binding energies, the peak yields occur at different excitation energies. (To get the actual

cross sections, the yields should be normalizedto 104and multiplied by the geometric cross

sections at the corresponding bombarding energies, This is sometimes quite small, as the

peak yields occur at sub.b_er energies for some reactions,) Several lessons may be
drawnfrom these calculations:

(1) In Fig, 2a, the proton-to.neutron yield ratios decrease steadily from 990(3:1=9900 in

_2Pd(Tt=0),to only 4800/640=7 in =gTc(T==3/2),as the T= increases from 0 to 3/2. These

numbers illustrate the predominance of protonemission from the heavy proton-rich nuclei.

For comparison, the peak yields for a emission from 90Ruand agTcare also shown by

diagonal double arrows in Fig, 2a. They indicate the following order of preference for

particleemission from proton-rich systems: protonsfirst, alphas second and neutrons last,
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Fig. 2. Monte Carlo predictions of the peak yields for the emission of proton (down arrow), neutron (left

arrow) and alpha (diagonal double arrow) from the decay of 10a compound nuclei shown by (*). The top

and bottom panels correspond to the reactions of (a) 52Fe(T_=0), and (b) 54Fe(Tz,-I) beams on a 4°Ca

target, respectively. See the text for details.

(2) A comparison of the yields given in Figs. 2a and 2b illustrates the importance of

having neutron-deficient beams for the production of neutron-deficient residuzl nuclei.

Although the proton-to-neutron yield ratios are the same (nearly 13) in both reactions, the

absolute peak yield for the production of"Ru increases from 8 to 650 in going from the

S4Fe('re,,1)beam to S2Fe(Tz,,0),respectively. That is, the peak yield for the (2p n) channel

is nearly two orders of magnitude larger than that of the (2p 3n) channel. This simply

reflects the fact that the phase space gets larger, and becomes more biased toward the

larger Tz values, as the Tz of the compound system is increased. Figure 3 illustrates the

variety of the self-conjugate nuclei that may be produced with large cross sections using a

neutron-deficient RIB, such as _°S(Tz=.l). Experimentally, the smaller phase spaces, and

the larger partial cross sections for neutron-deficient residual nuclei that result from the

use of neutron-deficient radioactive ion beams translate to less demand on the selectivity
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Fig. 3. Predictedexcitationfunctionsfor theproductionof severalself-conjugatenucleiusing

the soS+ 4°Careaction.The evaporatedparticlesare indicatedinparenthesis.

and efficiency of the experimental detection systems. Also, since many of the exit channels

of interest may be produced via pure charged-particle emission, channel selection may be

easily and efficiently effected by the use of 4n charge-particle detector systems, such as the

Washington University Dwarf Ball.4

The second advantage of RIB lies in the fact that the experimental studies of the heavy,

nearly self-conjugate, odd-Z nuclei becomes possible. This is crucial for the studies of

the heavy mirror nuclei, and the T=0 pairing correlations, thought to be important in the

N=Z nuclei (see Sec. 2.3).
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Finally, insofar as the high spin physics is concerned, the biggest advantage offered by

RIB is that many proton-rich nuclei of interest (including those which are already

accessible via (H.I., 2n) with stable beams) may be produced at high angular momentum.

In the following subsections, we shall briefly describe a few of the new physics

opportunities that will be opened up with proton-rich radioactive ion beams.

2.1 Superdeformed and Hyperdeformed Shapes

Superelongated shapes result from a delicate balance between the microscopic shell

effects and pairing interactions on the one hand, and the macroscopic rotating liquid drop

energy, including the Coulomb force, on the other. Due to the strong dependence of the

liquid drop energy on the proton and neutron number, the details of this balance vary

greatly from light to heavy nuclei. In heavy nuclei near 2°_Pb,superelongated shapes are

stabilized due to both the shell, and the large macroscopic liquid drop (fissility and

Coulomb repulsion) effects. The low-spin, superdeformed (SD) fission isomers observed

in the actinides are prime ex_'mples of this cooperative phenomenon. In contrast, SD

shapes are, by and large, stabilized by the shell effects in the very light nuclei. In the

intermediate region, where the liquid drop terms dominate, superdeformation and

hyperdeformation (HD) is stabilized only at high spins. Therefore, identification of the

superelongated structures in different mass regions would provide valuable insight into the

question of the competition between the microscopic and macroscopic effects.

So far, a variety of SD bands have been identified at high spins in the A=150 and 190

mass regions.5, 6 However, except for a weak SD ridge structure in s2Sr [Ref. 7],

experimental searches for the predicted SD shapes in the A=80 region have not yet met with

success. This is because of the difficulty encountered in populating the high spin states

(I_>40 tz) in 82Srand the neighboring nuclei, at which the SD structures are predicted to

become yrast. Calculations by Ragnarsson indicate that SD shapes in the neutron-deficient

nuclei 6°Znand 8gRubecome yrast at spins 22fi and 36fi, respectively. 8 Neutron-deficient

RIB with a Tz=-1 may be used to populate _,hesestates with a significant cross sections

(see, e.g., Fig. 3).

Several calculations have predicted the onset of hyperdeformed nuclear states (with

the major to minor axis ratio of 3:1) at very high spins in some medium-mass and rare-earth

nuclei. 9"11 Unfortunately, in the candidate nuclei which may be accessed using stable

beams, fission is the dominant decay mode at the spin values where the hyperdeformed

states are predicted to become yrast. With the aid of RIB, one could investigate such

neutron-deficient nuclei as _18Ba,for which the predicted 12critical angular momentum is

about 60 _, well below the limit set by fission. (The large gap corresponding to

hyperdeformation at Z=56 may be seen in the single-particle energies shown in Fig. 4.)

22



Fig, 4. Plots of single-particle energies of proton (top) and neutronCooitom) as functions of me

quadrupole deformation, They are calculated using Woods.Saxon potentials, 20
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2.2 Rigid Triaxialand OctupoleShapes

Despite the fact that dynamical triaxiality and octupole deformation13 has been

observed in many nuclei, convincingevidence for the presenceof rigid triaxial or octupole

shapes has not yet emerged. Interestingly, rigid triaxiality is either absent or is rarely
predicted in many nuclear models. Therefore, it is very interesting to verify the existence

of deep triaxial minima when they appear in the calculated potential energy surfaces. A

distinctivefeature of the medium-massnuclei is the relative abundance of rigid triaxtaland

octupole minima in the calculated potentialenergy surfaces.Recent calculations14predict

deep triaxial minima in the self-conjugate uTi and 72Krnuclei, Similarly, nuclei near

uGe(N=Z=32) and tt_Ba(N=Z=56) are among the best candidates for octupole

deformation.15,16 In fact, the predicted hyperdeformed mtnima in the potential energy
surfaces of the neutron deficient Ba nuclei are also accompanied by softness toward _3
deformation.12

In addition to the Y3o,the non-axial octupole operators proportional to Y3z,Y32,and

Y3_may also produce a minimum in the potential energy surfaces.17 The effect of these

operators is most visible in nearly self-conjugate nuclei where proton and neutron shell

effects arising from these terms add coherently. With neutron-deficient RIB, detailed

spectroscopy of these nuclei becomes feasible, thus making it possible to explore such

exotic deformations as triaxial-octupole,or hyperdeformed-octupoleshapes.

2.3 Proton.NeutronInteraction

It is well known that the long-rangequadrupole componentof the T=Oproton-neutron

interactionplays an important role in the evolutionof collectivity anddeformation (see Ref.

18 for a recent review of this subject). However, much less is known about the short-

range p-n interaction, which acts primarily among the strongly overlapping states with

identical principal and orbital quantum numbers. Since the neutron-proton T=0 pairing

depends strongly on the neutron excess, the self conjugate nuclei provide the best systems

to study this interaction. (The T=0 pairing is dominant over, comparable with, or

negligible compared to the T=I like-particle pairing for Tz=0, 1, or >1, respective!y,Is)

Since the Coriolis force breaks moreeasily the T=i pairing interaction that acts on the

time-reversed orbitals, the T=I pairing is expected to be destroyed at lower spins as

compared to the T=0 pairing. Survivalof the T=0 pairingat high spins is expected to lead

to such observable effects as the shift in the crossing frequencies, or mixing between the

proton and neutron s-bands built on the gm orbitals in the A=80 mass region. For

example, by comparing the energy spectra of an N=Z core and its three neighboring

(N, Z+I ), (N+ 1,Z), and (N+1, Z+1) nuclei, the p-n interaction strength can be accurately
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established empirically. Such high-spin studies of the self-conjugate and mirrornuclei
wouldrequireneutron-deficientradioactiveion beams.

Although the self-conjugate nuclei become proton unbound above t0°Sn, similar

studiesof the stronglyattractivep-n interactionamong the high-jintruderorbitalswouldbe

still possible. Forexample, for many well-deformedbands built on the high-j intruder

orbitals in odd-N(Z) nuclei, the expected band crossing based on the aligned protons

(neutrons)hasnot been observed, A possible explanationis thatthe alignedhigh-jprotons

and neutronshave a large spatial overlap thatleads to a strong p-n interaction,causing a

shift in the band crossing frequencies, t9 Since the correct strength of such p-n

interactionsis not known empirically, we cannot at present appraise the validityof these

arguments.With the availabilityof RIB,one may systematicallyexplore the p.n interaction

among identical high-j orbitals based on the fva, hm, ht_a, and itm orbitals in very
neutron-deficientnuclei with Z,, 60 and 80 (see, e.g,, Fig. 4).

3. High.Spin Physics In the Neutron.Rich Nuclei

The high-spin states in the neutron-richnuclei may be populated using Coulomb

excitation, heavy-ion transfer, fusion-evaporation, and quasi-elastic reactions. These

reactions arebyand largecomplementary,andprobedifferentstructuresin nuclei.

3.1 Coulomb Excitation

Coulombexcitation providesa powerful methodfor the investigationof thecollectivity
and deformation of the yrast and near yrast structures in nuclei. With RIB, Coulomb

excitation of theprojectile on a series of targets, ranging from (°Ca to _aPb, would be the

method of choice. In this way, one could determine hundreds of diagonal and non.

diagonal electromagnetic matrix elements that connect the near-yrast states.21 These

matrix elements would provide a very stringent test of the nuclear structure models. The

advantage of Coulomb excitation lies in the fact that it selectively excites the ground state
band and the vibrational bands that are coupled to it via strong matrix elements. Thus, one

is able to obtain useful information about the structure of these bands with only modest

beam intensities, starting with about 106pps.22,23

3.2 Heavy.ion Transfer Studies

Heavy.ion transferreactionsprovide a uniquetool to preferentiallypopulate states that

are not easily accessible by other means.24 For example, one may selectively populate the
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alignednon-yrastbandsbuiltontheintruderhigh-jorbitalsusingodd-Abeamsinwhich

theintrinsicand orbitalspinsareantialigned.2s An intriguingpossibilityistheuseof

suchreactionswithneutron-richodd-N radioactivebeams topopulatethepredicted

superdeformed26and hyperdeformedIIshapesintheneutron-richHg-Ra nucleivia

transfer reactions, Because these reactions populate "cold" high spin states,27 they would

minimize the backgrounddue to fission, which is usually a majorproblem in the studies of

the high-Z systems.

With the neutron- and proton-richRIB, one obtains large Q.values for the transferof a

single nucleon with odd-A beams, and one or more pairs with even-even beams. For

example, neutronstripping(proton pick up) reactions of very neutron-rich odd-N(Z) RIB

with neutron-rich stable targets will result in neutron-rich residual systems. (Naturally,

the analog reactions of proton-rich odd.A beams on proton.rich targets will result in a

proton-rich residual system.) Comparison of the one- and two.nucleon transfer cross

sections would provide valuable information about the strength of pairing correlation at

high spins in nuclei.

However, perhaps one of the most interesting transferstudies will be those involving

reactions of very neutron-rich RIB with very neutron-deficient targets. To equilibrate

their N/Z ratios, the two reaction partners will undergo transfer of multiple pairs of

neutrons. This may be a qualitatively different physics than the simple single-pair transfer
feasible with stable beams.

3.3 Fusion.Evaporation Reactions

Fusion of neutron-rich targets and radioactive beams results in the formation of neutron-

rich compound systems that de-excite by pure neutron evaporation. Therefore, these

reactions will not in general form very neutron-rich residual systems, far beyond what is

already accessible via one- and two-neutron radiative capture reactions. However, their

significance is that they would provide high-spin nuclear structure information that is

complimentary to the (n, y) reactions, which provide nearly complete spectroscopic

information about the low-spin states in neutron-rich nuclei (see, e.g., the contribution of

I. Abroad and M. P. Carpenter at this workshop).

In the very heavy systems, neutron-rich beams are needed to explore the predictions for

the existence of superdeformed 26 and hyperdeformed 11 structures in the neutron-rich

Hg-Ra nuclei that cannot be accessed by stable beams. Since the fission barrier is higher

for the neutron-rich isotopes of the same element, the neutron-rich beams would allow the

investigation of superelongated shapes in the Pb region at higher spins, where yet higher-

lying intruder orbitals may become active.
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3.4 Qu_ti.g/astie Reactions

Atteamenergiesof about1.5to 2 times theCoulombb_er energy,thedominantreaction

mechanismbecomesquasi.elasticcollisions thatinclude the incompletefusion, massive

transfer, and Deep-lnelasttc Reactions (DIC). 28 The Pittsburghgroup has recently

demonstratedtheutility of thesereactionsfor high-spinspectroscopicstudieswitha beam

of 10MeV/nucieon of =°Nebeamon a l_0Er target.29 Using neutron.richradioactive

beams,thesereactionscan result in the high.spin populationof neutron-richresidual

nuclei. A large array of charged-particledetectors,and third-generationOe detector

systemswould be neededto fully realize the potentialsof thesereactionsfor nuclear

spectroscopy,Needlessto say,thesereactionswouldaim providevaluableinsighti=ltothe

mechanismsthatgovernthecharge- andmass-equilibrationprocesses.

4, Summary of the Required Beams

Realizationof the high-spinnuclearstructureprogramoutlinedabovewouldrequirea

varietyof odd-andeven-Z radioactivebeams at theextremesof Tz. Unfortunately,the

intensitiesof themost neutron-richand proton-rich radioactiveionbeamsfall almost

exponentially as the neutronexcessincreasesanddecreases,respectively.(See, e.g., a

typic=d ISL beam-intensityprofile for theGe isotopesshownin Fig. 5.) Therefore,the

breadthof thehigh-spinphysicsprogramsat thefutureRIB facilitieswoulddependdirectly

on the tails of theintensitydistributionsof theproduced radioactiveion beams. Forthe

neutron-richradioactiveionbeams,thisimpliesthe needforanactinidetarget. Shownin

the insetof Fig. 5 is a sketchof the requiredbeamenergiesandtheapproximateintensity

thresholds,in particles per second(pps), above which various reactionsreach their

thresholdof detection sensitivity. The neededbeamenergiesare, generallyspeaking,

about 5MeV/nucleon, with the exceptionof the incomplete fusion and deep inelastic

collision reactionsthat require somewhathigherbeamenergies,To realize thefull scope

of thisprogram,radioactiveionbeamsof varyingZ, bothoddandeven,areneeded.

$. Experimental Techniques and Instrumentation

Any discussion of a new facility should include not only the accelerator system(s) used

to produce the beams of interest, but also the detector systems. Since the experimental

count rate depends direcdy on the efficiency and selectivity of the detection system, it may
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Fig. 5, A sketchof the profile of the approximatebeamintensities andenergies neededfor the high-spin
r

physics program, IndIcated for both the neutron.deficient and neulzon.richOe isotopesare the minimum

beamintensities,above whichvariousreactionsreachtheir thresholdof detectionsensitivity, A wide range

of elements,both odd.and even.Z, will ben_ded fora broadhigh.spinphysicsprogram,

be sometimes morepractical or economicalto enhance the detection capabilities than to

increasethe beam intensities. This is particularlyrelevant forthe high-spinphysics studies

withRIB which,as mentionedabove, utilizes the extremetailsof the intensity distribution.
Although, in general, the detector requirements for the studies of the n-rich and

n-deficientnuclei are different,both sharethe need fora powerful high-resolutiongamma-
detection system, such as the third-generation GAMMASPHERE and EUROGAM

detectorscurrently underconstruction. These detectorshave a total photo-peakefficiency
of N _:Q - O.1 for =Co lines (N is the numberof the Ge detectors in the system, and

and f_ are the photo-peak efficiency and solid angle of each detector, respectively).

However, in many applications, the most forwardquadrant of these detectors will be

subjected to a large backgroundcount rate due to the gamma- and beta-decay of the

elastically and inelastically scattered radioactive beams. For example, Rutherford
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scatteringofIpnaofarare.earthbeamon img/cm2of_Pb targetwoulddepositabout

106panicles/,_contheforwardquadrantofthetargetchamber,whichistobecompared

withabout10_ events/seefortheyieldof a typicalfuslon.evaporationreaction,

Consideringthefactthatthebackgroundactivitypersistsforseveralhalflives(typically

severalminutesormore),thesingles,ountrateintheGe detectorswillbedominatedby

thebackgroundactivityduetotheforward-scatteredradioactivebeams.Inthisrespect,a

high granularityOe arrayis desirable, A high granularity Oe detector system is also

desirable to minimize the effects of Doppler broadeningwhich deteriorates the energy

resolution of the gamma-rayspectra(see thediscussion below).
In situationswhere, due to the low beam intensity,the particleandgamma detectors

havenotreachedtheirsingles count-ratelimit,the backgroundcount rate maybe _uced

by pulsingandbunchingthebeam.Forhigh.spinstudies,demandingeventswithhigh.

gamma multiplicitywillalsoservetosuppressthebackgroundradioactivitywhichhaslow

gammamultiplicity.Similarly,gamma-recoilandgamma.particlecoincidencerequirement

wouldsuppressthebackgroundsignificantly.
Inthecaseofintenseradioactivebeams,a simple,althoughinefficient,solution

wouldbetoremovetheGe andotherancillarydetectorsfromthemostforwardangles

(e.g.,0s;45°) inordertoallowalargedistancebetweenthetargetandthechamberwalls

(seeFig.6).Inthisgeometry,mostoftheforward-scatteredradioactiveionswillbe

depositedonthedistantchamberwalls,wheretheyareoutofthedirectlineofsightofthe

remainingGe detectors,Inexperimentsinvolvingneutron.deficientnuclei,themost

forwardanglesmaybedevotedtotheneutrondetectors,whichbenefitfromthekinematic

fo,..'usingoftheevaporationneutronsattheseangles.Also,theincreasedtimeofflightof

theneutrons(due to theI_er flightdistance)wouldmakeit easiertodistinguishthe

neutronfromthegammasignals.
With theexceptionof thedeep-inelasticcollisionreactions,whichbenefitfroma4/t

charged-particledetector(suchastheDwarfBallofWashingtonUniversity'l),the

experimentson theneutron-richsidearcgenerallylessdemandingon thedetection

sensitivityandselectivity.Thisisduetothefactthattheneutron-richchannelsofinterest,

usuallypnxluccdin(xn)fusion-evaporationortransferreactions,arenotmaskedbyother

competingchannels.Incontrast,themostneu_n-deflcientchannelsareusuallyproduced

withverysmallpartialcrosssections.Thus,deploymentof highlyselectiveancillary

detectors,suchasRMS,isalmostmandatoryforthesestudies.

TheadvantageoftheRMS liesinthefactthatitsselectivity,(OTol]Ox),iSinversely

proportionaltothep_nialcrosssection,ox.Thus,forwe_Lkchannelswithox=!0-i00gb,

theRMS wouldreducethebackgroundbyasmuchasI0_-104,respectively.Incontrast,
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Fill.6. A ichemailc drawtnllofa protolypical experimentalsetupthatcombinesa latlletr_l)'of
sellmented0¢detectors('heavyshade),aneatly4nchatlled-parUcledetectionsystem(¢rosmhatched),a

neutronwalla!forwardanllles,an RMS,andanarrayof particle,X-rayandllamma.raydetectors

deployedatthefocal.planeof theRMS.(Thereceuinthetargetchamberatforwardanllluistoreduce

thebackgroundactivityintheGedetectorsthatoriginatefromthe scatteredbeampt,,,,.icles.)Nearlyall

the_detectorsaterequiredforadetailedhigh.spinstudiesoftheproton.richnuclei.

gating on a known gamma ray in the bandof interest, reduces the backgroundin the

gamma spectraby the Resolving Powerof the system,which is about 10 for most Ge.

arrays thatareequippedwithCompton-suppressionshields. (Resolvingpower is defined

as the product (Photo pcak/Total)*(S E¥/FWHM), where (S E¥)is the difference

between theenergies of two consecutive gamma rays in a rotationalband,and FWHM is

the gamma energy resolution,30,31)Thus, the RMSoffers a clear advantageover gamma
gating for the weak exit channels, On the other hand, 'p.y coincidence information is

crucial for the construction of partiallevel schemes, Thus, the generalpractice has been to,
first,use the ?RMS coincidence informationto identify a few u'anslttonsin thenucleus of

interest, Thesetransitionsarethenusedforgatingin the_y coincidencemode to construct

a partial level scheme, T,vo. and higher-foldgamma gating is also the preferredtool to

isolate the weak cascades, such as members of a superdeformedband, in exit channels

with a lar&epartialcrosssection.
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To takethe full advantageof the selectivityof the RM5, bothmassa_ Z Itkntiflcati(_

required. Unfortunately,Z identification, usingthecortventionalgas countersat the

focal plane,becomesincreasinglydifficult for the fusion-evaporationp_ucts withZ_50,

becauseof t_ir relatively low recoilve!c_lty. This problemmay be partiallyremedi_ by

theuseof inversekinematics. However,the resulting large Dopplerbroadeningof the1'

rays would severely limit the Oe resolutionfor anglesbetween+45(' and -45a, unless

highly segmentedGe _tectors areused. The cloverdet_t_ _2of theEUR_AM, and

the split detectors3i of the GAMMASPHERE are examplesof suchlarge volume,

segmented detectors. Furthermore, when deployed near the 90°, these segmented

detectors provide polarization information, which is crucial for many gamma.ray

spectro_optc studies.

An alternative _lution would be to use.the RMS in conjunction with a 4n charged.

particle detector system, or an arrayof X-ray detectors with a large mild angle coverage.

The 4n charged-particle array would not only provide information about the Z of the

residues, but would also give the enertlies and the emission angles of the evaporation

charged panicles. Using this information, one may infer the vel_ity vectors of the

residues and apply the necessary correction), to the Doppler-broa_ned gamma energies.

Rel;ardint_the use of large sways of X-ray detectors, thin room-_m_nture HBI2_tectofs

may offer an elegant solution in the next few yea,,._.3_

Having a wide variety of ancillary detectors at hand would allow the construction of

properly tagged reference gamma ray spectra (e.g., Ip in, 2p In, Ip 2n, etc.) that may be

used to identify unknown gamma rays. For example, the peaks belonfing to the

(2p In) channel would be, respectively, enhanced and reduced in the (2p In)/(lp In) and

(2p ln)/(2p 2n) ratio spectra. (A related technique, namely the ratios of the gamma

intensities in spectra gated by neutron, protons and alphas, were used to infer the

multiplicity of the evaporation particles in Ref. 34.) Alternatively, "pure" (xp yn) spectra

may be constructed from a Imeaz combination of the various spectra formed from the

above reference s_c_,

6, Summt, ry

Radioactive ion beams will usher a new era for nuclear physics in general, and high.

spin structure physics in particular. Some of the exciting new physics opportunities that

will become accessible with RIB were outlined in this paper. Undoubtedly, as with other

facilities in the past, we shall encounter unexpected new phenomena thatwill lead at) new

ai)pltcations for these beams that are unforeseen at present.



The mostcriticalparameterfor thesehigh-spinstudiesis theintensityof thevery

p_ton- andneu_n.rtch_ams producedat thefutureRIB facilities. This impliesthat
actlnide targets are needed to produce neuron-rich radt_ctiv¢ beamsof acceptable

intensity, To maximize t_ _o_ of thisproem, a wide _ge of odd-_ even.Z be_

s_cies _ desirable, The most usefulenergy_ge is _und 5MeVinucleon,although

Iow¢r energy beams may be useful for Coulomb excitation, and _ams of up to
IOMeWnucleonwouldbe n_ded forquasi-elasticre_tton states,

Last.butnotleast,to fully realizethe_tentials for theseexcitingexplorations,the

futurelaboratoriesshouldpayparticularat_nttontothedetectionsystems.Largearraysof
Oe detectorswith highefficiencyandgranularity,nearly4_ charged-particlearrays,

neu_n walls,recoilmassseparatoranda v_ety of detectorsystemsItoundits focal

plane_ necessary_uipmentat anyfutureRIB facility, It wouldbehighlydesirableto
developthet_ls andtechniquesrequt_dfor thesechallengingexperimentson thefirst

Fner.ttonof the_ioactive be_ f.ctiities,
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STUDY OF NUCLEAR REACTIONS

AT AN ISL FACILITY

F. D, Becchetti

University of Michigan

I. Introduction

We are entering an exciting period of nuclear science. As discussed in the previous ISL

"white paper" [1] the severe constraints imposed by using stable beams, (i.e, those which

typically have N _ Z, are in the g. s. , have zero or low spin, and are close to sphtrical)

c_ be removed by the use of unstable nuclear beams (RIB/RNB). Thus in many ways,

we are starting anew in nuclear physics. Obviously we do not want to just repeat 80 years

of nuclear science but, instead, we should concentrate on the new information that can be

realized using RIB/RNB.

Although study of reactions related to nuclear utrophysics will certainly play a signif-

icant role at ISL, nuclear _strophysics alone should not dictate the operatixlg parameters.

It now appears [2] that much of the needed a_trophysics.related data can be obtained from

high-energy RIB/RNB reactions. As an example breakup information can be used in lieu

of low ellcrgy (P,'t) or (n,'y) data. Also some of the most significant results may well come

in non-astrophysics related experiments. (Of course, almost all of nuclear science is related

to astrophysics in some way).

II. ISL Nuclear Reaction Studies

We already have a small "learning" curve regarding the use of RIB/RNBs in nuclear

reaction studies via the use of fragmentation beams and accelerated 13N [2]. However,

except for lSN and perhaps eLi, this information is skewed towards experiments (Fig. 1)

which can be done with rather low RIB/RNB intensities e.g. < 106/eec. This includes a

large number of RIB/RNB breakup experiments where, however, the target is mostly a

spectator. Thus, these experiments study primarily the structure of the RIB/RNB

itself (llLi, SHe,...) rather than the projectile-target system or the reaction mechanism.

At intensities < 106/sec, the experiments can be done with in beam detector systems [3]
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and active targets (Figure 2). Also, the beam itself does not necessarily present a major

background problem since, for example, many "beams" are only 102 - 104/s.

Many of the present types of RIB/RNB experiments and setups, while certMnly feasible

at ISL, will not be typicM since the intensities at ISL will hopefully be much higher

(i08 - 101°/s) and one will likely do those experiments (and use setups) which can exploit

the higher intensities (Figure 1). Thus, the ISL experiments will not generally employ in-

beam detector arrays or active tazgets, and there will be experimental problems associated

with dumping a high-intensity RIB/RNB near detector arrays, particularly for the proton-

rich _+-emitting beams. Also RIB/RNB tend to fragment easily (with large cross sections)

so many break-up products (including neutrons) may be produced from the target.Thus

-_-ray and neutron, proton, and other backgrounds of > 104/sec may be present. (In some

instances, accurate time-of-flight using a pulsed beam will be necessary to suppress such

background.)

i) Fusion, fission, elastic and inelastic scattering

At the low-end of ISL intensities (10 6 - 10s/sec), RIB/RNB-induced studies of fusion-

fission, fusion-evaporation, CN, total reaction cross sections [4], elastic scattering, Coulomb

excitation, and inelastic (nuclear excitation) are feasible (Fig. 1). (The interesting physics

aspects of these measurements are discussed in the original ISL white paper [1]). Coulomb-

nuclear interference measurements, which require accurate measurements of a(8) near the

grazing angle are obvious types of ISL experiments one can use to determine differences in

neutron and v roton deformations for nuclei with N_Z or Z_N.

Experimentally, fusion-evaporation reactions using RIB/RNB will generally be high-

multiplicity events, even at rather low energies, since excess protons or neutrons are

involved when using RIB/RNB and the reactioi_s are generally highly exothermic. High-

multiplicity particle arrays will likely be employed, again requiring good intrinsic (beam)

TOF and a "clean" dump for the RIB/RNB. Some crude energy variation will be desirable

for excitation functions.

Elastic and inelastic scattering will require good absolute energy resolution (_E <

I MeV) to separate elastic scattering from inelastic scattering. RIB/RNB with stable, low-

lying excited states may have very large BE T or BM T or the target (Fig. 3) may have

such levels which must be resolved to permit a quantitative analysis. This is particularly
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true at large angles where details of both the elastic and inelastic cross sections should

be measured, yet the inelastic scattering [5] may be as large or larger (Fig. 3). This can

become even more pronounced depending on the spin of the RIB/RNB and its breakup

(i.e. absorption) properties. [Much of the presently.reported RIB/RNB "elastic " data

(llLi -t-X) are really measurements of a combination of elastic and inelastic scattering i.e.

"quasielastic" scattering.]

Methods to achieve good resolution in the residual excitation spectrum, (i.e. tech-

niques which cancel some of the energy spread in the RIB/RNB itself) include multi-

detector, kinematic coincidence "Q-value" measurements (projectile and target) and dis-

persion matching using magnetic elements (quads and magnetic spectrometers). Both

techniques should be utilized at ISL, the latter if a magnetic spectrometer and suitable

dispersive, beam preparation system are available.

il) Utilization of Reverse Kinematics

A typical setup [6] for a kinematic-coincidence experiment using a heavy RIB/RNB

on a light target (e.g. 1H or 2H) is shown in Figure 4. Many of the ISL nuclear reaction

experiments will likely utilize such reverse kinematics. At the high ISL intensities,

one has the problem of the projectile often being close to (or in) the RIB/RNB itself.

Large, special chambers with multi-hit detectors will be needed or a combination of a

magnetic device (for small 0 recoils) and an associated particle array. Again intrinsic

TOF capability and a clean beam dump are both advantageous. In addition, exploiting

reverse kinematics with heavier RIB/RNB will require energetic RIB/RNB (E/\ > 10

MeV) with a good emittance (<: a few ram-mr) to minimize the angular spread in the

beam.

The reverse-kinematics mode will be particularly useful for studying proton and a-

particle scattering (and reactions) from unstable nuclei--including excited, isomeric nuclei

(if available). One- and two-nucleon transfers e.g. (d,p) and (3He,d) to study single-particle

levels far from stability, should prove particularly interesting. Again RIB/RNB energies

E/A > 10 MeV are typical with a magnetic device advantageous for small-_ recoils.

iii) Transfer reactions and near-barrier nucleon tunneling

In addition to light-ion reactions, heavy-ion reactions, such as Coulomb excitation for

BEIs, and transfer reactions will likely be studied. These are often done at low c.m. ener-
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gies in normal kinematics viz. the RIB/RNB on a heavy target. Here, the intrinsic beam

energy resolution and purity become important along with the availability of magnetic

devices for dispersion matching, and gamma detectors for particle--}, coincidences. Again

background from the RiB/RNB could be a limit for particle-3' coincidence work.

Other special RIB/RNB reactions, which are not uncommon since Z_N or N_Z and

Q_0, involve the detection of one or more particle-unstable excited ejectiles. As an

example6He + p---, t + a* where _*_ d + d(Fig. 5) orTBe+ d---, p + 8Be* where

SBe* (and 8Be0.s) --, a + a. Reverse kinematics is again particularly useful for this type

of measurement and, of course, TO F.

Near-barrier one- and multi-nucleon transfer using selected RIB/RNB can exhibit spe-

cial features (Fig. 6) since the transfers, unlike most stable-beam reactions, often will

involve the highly exothermic transfer of a loosely-bound set of nucleons. The reaction

Q-value can then be optimal w.r.t, the "Q-window" (Fig. 7) and, in addition, the "Q-

window" will often be centered at h|gh excitation in the residual nucleus [7], often

resulting in intense quasi-elastic transfer groups close in energy to the original RIB/RNB,

hence often difficult to separate from the elastic scattering. Good particle i. d. , usually

using TOF, and energy resolution are needed. Again, a large solid-angle magnetic device

for detection and i. d. of the reaction products will be advantageous. However unlike pre-

vious cases, measurements at large e (beyond 90° c. m. ) will often be necessary and

will involve sub-mb/sr cross sections (Fig. 6). This can obviously complicate the design

of such a device. Also, only one angle/measurement can be done with a typical magnet

which is a problem compared with using detectvr arrays since, even at 109/sec, the better

part of a day may be required for a single data point. A multl-gap type magnet or similar

device may be needed to permit simultaneous measurements at several angles.

iv) Isomeric and other short-llved "tagged" RIB/RNB

Very short-lived _+/_- beams (r < few sec) and excited, isomeric beams (INB)

offer the possibility of "tagging" the beam via a _+/B- particle decay (and annihilation

3"s)'or via the INB 3'-decays [8]. This is particularly useful if one can rapidly shut off the

beam for a certain period after an interesting event is detected. This usually requires a

gated ion source with macroscopic (msec) and, preferably, microscopic (MHz) gating

e.g. in pulse selection for an RF accelerator. The use of short-lived INB (100 to 500 nsec)
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allowsone todo elasticscattering(Fig,4) on lighttargetsusingtheINB "),-tag(Fig.8)

toensurethattheINB isnot excitedorthatone (infirstorderatleast)isnot scattering

a non-INB component inthebeam.

The unusualpropertiesofINB, includingtheirinternalexcitation,oftenunusually

hlgh apln (_ 20+) and unuiual shapea (_ _ 0.2)obviouslymake thesebeams inter-

e 'sung fora wide varietyofreactionstudies[6I,Itwillbe a challengeto producesuch

beams atISL owing totheshortlifetimesinvolved.One may need to producethem as

aecondary beams fromanother,primarystablebeam orRIB/RNB. Likewise,production

ofveryneutron-richRIB/RNB may requirea similarsecondar/beam capability,e.g.a

h[gh-ef_clencyfragmentation capabilityusingan intense,stablebeam or RIB/RNB

fromthemain ISL accelerator.Obviously,sucha capabilityplacesadditionalrequirements

on theacceleratordesign.Againone must decideifthepotential,new sciencejustifiesthis

(Ithinkitdoes).

Ill.Conclusion

Takingalloftheaboveintoconsideration,we canconcludethatthestudyofRIB/RNB

inducednuclearreactionsatISL would be bestservedby a facilitywith:

I.) Low to at leastmoderately high beam energies [e.g. I to 30 NIeV/u as

thiswould overlapwiththelowestenergy(E/A _>30 MeV/u) MSU-NSCL fragmentation

RIB/t_NB, ]

2,)Good intrinsicRIB/RNB energy resolutionand TOF ¢apabl]Ity(6E < I MeV

absoluteforlightRIB/RNB; 6t_<I nsece.g.usinga postbuncher).

3.)Gated beam and pulseselectioncapability(e.g.gatedionsource)

4.)At leastmoderate beam purity(< few% impurity)

*O5.)At leastcrude energy varlattn (10% steps)

6.)Capabilitytoproducehigh.intensity(>_I06/s)short-livedRIB/RNB and isomeric

beams,aswellasneutron-richRIB/RNB via fragmentation orothersecondaryreactions

r'
[e.g.withan intenseH.I.p Imar_ stablebeam (/_A)orintenseRIB/RNB (> I09/s)].

Sincethe ISL,ifbuilt,may be the only new nuclearsciencefacilitybuiltin the

foreseeablefuture,itisimportantthat,wherecost-effective,itscapabilitiesbebroadenough

toincludemost ofthepotentiallynew physicsthatcan be done withRIB/RNB.
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Fig. 1. Qualitative repreeeatatio- of RIB/RNB-iaduced reactions at variousintensities.
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Fig. 2a. Schematic representation ofthe in-beam detector syetem used at low

tntensitiee ( < 10e/see) by Lewttowicz et al. (see Ref. 3),
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Fig. 26. Small 0 elastic angular distribution for 11Li + 2asi (nee Ref. 3).

43



Fig. 3, F.IMtican(:[Inelastic Scattering of 6Li + =sSi at 210MeV studied by

Nacluen, et al. (seePet'.8).
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Ex_ple: RNB-InducedTransferReactionstoEject/le
ExcitedLevels(SinceQ_-a>>0):
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Fig. 5, An exsmple of _B-induced transfer reactions to excited ejectile levels---
done in kinemstic-coincidence mode,
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Prototypical Experiments: Proton-Rich Nuclei

Reaction Studies with Inverse Kinematics

by

J.C. HARDY

AECL Research, Chalk River Laboratories
Chalk River, Ontario, Canada K0J 1J0

_$TRACT

Several prototypical experiments are described which exploit single- and

two-nucleon transfer as well as charge-exchange reactions m all in inverse

kinematics m to study nuclear spectroscopy. The examples chosen relate to

the N~Z nuclei with 56 < A < 100 and to the study of superallowed B decay,

but the potential usefulness of these reactions extends far beyond. It is

concluded, however, that this rich potential can only be tapped at a future

radioactive-beam facility if the beam energies reach at least 25 MeV/u and

preferably 50 MeV/u.
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1. INTRO,,DUC ,ON

There is an enormous variety of radloactlve-beam experiments possible

among proton-rich nuclei. I cannot possibly outline them all, let alone

describe fully representative ones, in a short presentation. I have decided

instead to focus on one region of the nuclear chart ----the N-Z nuclei

between 56Ni and 10°Sn -- and on one class of experiments -- transfer (and

charge-exchange) reactions in inverse kinematics. These particular nuclei

were chosen because my own interests in physics lead me to them; I should

not want to leave the impression, however, that Inverse-reactlon studies are

so limited. Their fascinating possibilities in fact extend far beyond one

small group of nuclei. In my view, such studies should form a major

component of the nuclear-physics research program at any future radioactive-

beams facility.

Why select N=Z nuclei above 56NI? Overall, these nuclei span an

extraordinarily broad range of nuclear structure, starting with the doubly

magic S6Ni, passing through some large and possibly exotic deformations in

the llght-strontlum neighbourhood, and terminating at another doubly magic

(but still elusive) nucleus, 100Sn. Not only is the structure rich and

varied but the similarity of neutron and proton numbers highlights symmetry

and correlation effects, and provides fertile grounds for the study of

Gamow-Teller transitions.

It is the study of 0+ _ 0+ beta transitions that has piqued my own

interest in this region. To date, there are eight nuclei from 140 to S4Co

with precisely measured superallowed 0. -, 0. beta decays. Their

experimental ft-values, all known to better than a part in 10s , have been

used to determine the vector coupling constant, Gv; probe the conserved

vector current (CVC) hypotheses;and test the three-generatlon Standard Model

via the unltarlty of the Koblyashi-Maskawa matrlxI, By now, these tests

are limited not by experimental precision but by uncertainties in the

theoretical "radiative" corrections, particularly those charge-dependent

effects that lead to dlfferences between the parent and daughter analogue 0+

states. There is no independent way to measure the total transition

strength lost by charge mixing from the daughter state so it is necessary to
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make nuclear-model calculations of the effectl the results show substantial i
i

scatterI from one model to another, which ultimately limits the precision

of the tests.

So far, the only potential route around this obstacle has appeared to

depend on measurements of neutron B decay, for which no charge correction is

necessary. Unfortunately, neutron decay presents far more complex

experimental problems than do the 0 . _ 0 . nuclear decays, so the value of Gv

as derived from the neutron has an uncertainty four times larger than the

nuclear result including its calculated corrections 2. There are no obvious

ways to improve the former by a large factor.

Now, with radioactive beams, it is possible that the nuclear 0. _ 0.

results can actually be improved by our gaining a firmer handle on the

charge corrections. The only viable method yet devised to check any aspect

of the mixing calculations is to measure the intensity of "forbidden" 0 .

0. beta transitions between the same nuclei 3. These transitions populate

excited 0 . states in the daughter via admixed components of the analogue

state; their measurement can provide an important constraint on the model-

dependent mixing calculations. The difficulty, displayed in figure 1, is

that very few excited 0 . states are energetically available to beta decay in

the familiar A_54 nuclei and, because of the Es dependence of B-decay

intensity, fewer still are fed by measurable transitions. However, as

radioactive beams make accessible the heavier N~Z nuclei, this situation

should change dramattcallyl it should become possible to observe several 0 .

0 . transitions from each emitter and to determine the charge correction

with greater precision than has ever been possible before.

To complete these difficult measurements requires not only the

production of the 0 . parent so that its decay can be observed, but also

requires that the decay energy be measured precisely and that excited 0 .

states in the daughter be identified. Reaction experiments with inverse

kinematics will make this possible: for example, the decay energy of the 0 .

superallowed emitter _As can be determined from the measured threshold of

the reaction p(e6Ge, 66As)n_ and the 0 . states in its daughter, 66Ge, can be

located via the reaction p(68Ge,t)66Ge.
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Figllf$__: Level schemes of known 0 + states in tim Tz=l dauRhters .of
superallowed emitters. The lightest seven shown (26Mg, a4_, JaAr ' _Ca, 46Ti,
50Cr and S4Fe) have been well studied, with the measured feeding of exelted 0 +
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QB7 values (emitter to daughter) indicating which states axe accessible to /3
decay; note tim increasing "energy window" beyond Z=26 and the paucity of
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2. _NS,rZR R_zoss

Rather than focusing on the specific examples Just quoted, I shall

illustratethe more general propertiesof a varietyof inversestrippingand

pick-upreactionsby choosingprojectilesin the neighborhoodof the closed-

shell nucleus, 56NI. Such experimentsvould themselvesbe intrinsically

interesting from a nuclear-structure point of vlev, and their general

characteristics can easily be generalized to other cases. Furthermore,

transferreactionsvlth normal kinematicshave been yell studied in nearby

nuclei, making count rates and angular distributionseasy to predict. A

typlcal example of a measured one-nucleon transfer reaction (in "normal"

klnematJcs)is SBNi(p,d)SZNi,vhlch vas reportedin reference4: at a proton
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energy of 27.5 MeV, differential cross sections covering the range I0"2
Q •

da/dfl_ I0 mb/sr were obtained between 8 and 120 , although it is evident
o

from the published results that angular distributions up to, say, 60 would

have been sufficient to provide the same spectroscopic information. A good

example of two-nucleon transfer, SSNi(p,t)S6Ni, appears in reference 5: in

this case, the proton energy was 40 MeV, and differential cross sections in
I Q

the range I0"_ _ da/dnr _ I mb/sr were measured between 5 and 60 . These

two measurements will provide the standards of comparison for the following

proposed inverse reactions.

Figure 2 illustrates the relationship between "normal"- and inverse-

kinematic views of the same pick-up reaction. Part A of the figure shows

the "normal" case in which a projectile, moving right to left, picks up a

nucleon (or nucleons) from a heavy target and is ejected at a forward angle,

8. (In this simple illustration, the difference between the laboratory and

centre-of-mass frames is small and can be neglected.) The equivalent

inverse reaction (figure 2B) reverses the role of target and projectile: the

heavy projectile, moving left to right, strikes the light target, resulting

in the light eJectile emerging at a forward angle, 0. The figure shows the

relationship between 8 and ¢. In the centre-of-mass system, note that the

forward angle in "normal" kinematics becomes the same angle in the backwards

direction for inverse kinematics.

PICK-UP REACTIONS

eg : {p,d)(p,t)

A "NORMAL" KINEMATICS

_ -- ._..... 0 _: Illustration of theproj,ctil, relationship between "normal" and

t=rg,t inverse kinematics for pick. up
reactions.

B INVERSEKINEMATICS

projectile
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The details of a specific example, p(SZNl,d)S6Ni at 25 HeV/u, are

shown in figure 3. In the top part of the figure is plotted the laboratory

energy of the ejected deuterons as a function of their laboratory angle,

etab (equivalent to _ in figure 2), for three putative final states in 56Ni

(the ground state and two excited states at 5 and I0 HeV). Superimposed on

the figure are 11nes indicating the equivalent centre-of-mass angles, 0cm,

of the deuteron in "normal" kinematics (K # in figure 2). Note that at each

laboratory angle there are two deuteron groups observed for each final state
@

In 56Ni, and that no deuterons emerge beyond 35 in the laboratory frame.

120 -" "" _
'_ p(StHi,dl liNt el 25 HIV/U

•---, .,.... ,,_ O, mi.O HeY

"-_ 10 - "_ _ "'

| "-- \ ",- \ \ \
I +o \ \ \

- \ \ \J
- ,o..v---Xs,.v=\o,+

40 - Oc, lp,d) 40" ) _" \" I

10' 20' 3 ' .._

2o _ F_.L._: Kinematics calculatedt_ +_ l .... l ......,...... for the reaction p(57Ni, d)56Ni

at 25 MeV/_ The details are_+_....+............'..... '' ......." 7'+.... ' ....
60 lk REOUIR(HZNTS#;ORb,Zcm• SOkmY / explained in the text.

,_ tO ,--,g
_o

0._<_

2O

__ ! ,, I
10 20 10

o,. Id_[d.g]

Based on the results of ref4 and many other similar measurements, one

can set an approximate requirement for generating useful data from this

experiment: the experimental energy resolution (FWHH) for detected deuterons

should be less than 50 keV (centre-of-mass energy). This puts constraints

on the energy spread in the primary SZNi beam and on the angular acceptance

of the deuteron detector. The limiting values of these parameters are shown

at the bottom of figure 3 as a function of laboratory angle. Evidently, the
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o

constraints on beam-energy spread (-IZ) and angular acceptance (-0.1) are

not particularly daunting.

The equivalent information for a fro-nucleon plck-up reaction,

p(56Nl,t)54Ni at 50 HeVlu, is shown In figure 4. In all aspects the

experimental demands are greater. The emerging tritons are compressed into
o

forward angles below 25 ! the beam spread must be -0.3Z and the angular
o

acceptance -0.03 to deliver 50 keV resolution for the detected tritons.

............I .......f.........._ i w ......

p_Nt,t)S_Niat SOHeV/u

]00 ._..._ --..-.. (Z,-22.1_HIV -

_00 -

,o,,"+. ""

j i \ \_, .

0., tp,tl 40' / )++

1o0

"_'.,L.. +t f ...... I I .... I ......

I i +.... , / i
I RE(1UIREHENTSFORA[m • SOkeY /

_-" 30_-- {9s._ownl / - 0,75

z / _T
zo - 0.50N

J
lo - 0.2S

...........i i ! .....I--: ,,,l......
s lO 15 20 15

e,. tt_[d,l]

F_JJ_,___: Kinematics calculated for the

reaction p(56Ni, t)54Ni at 50 MeV/_ See

figure 3.

Stripping reactions present a quite different picture. As illustrated

in figure 5, the important forward angles for the light eJectile in "normal"

kinematics actually correspond to backward laboratory angles for the

eJectlle in inverse kinematics. In fact, this leads to a rather

more favourable
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STRIPPINGREACTIONS

e g (d,p) (3He,d)

A "NORMAL"KINEMATICS

projectile

___L.__: Illustration of the

relationship between "normal" and

inverse kinematics for strippinil
reacgons.

B INVERSEKINEMATICS

C target
projectile ___

experimental situation. Figures 6 and 7 demonstrate this for tvo specific

examples --- d(S6Ni,p)STN_ at 15 HeV/u and _He(S6Ni,d)STCu at 20 HeY/u,

respectively. For such reactions only one light-particle group appears at

each laboratory angle, and angular distributions should be measurable from
o

very close to 0 (in the centre-of-mass system vieved in "normal" kinematics
e

--- see abscissa labelling at the top of the figures) out to at least 60 .

Furthermore, the constraints on beam-energy spread (-0.2_) and angular
o

acceptance (-0.i ), though challenging, are not toosevere.

3. p_RODV_ZOH_TES

The projected count rate for an actual experiment naturally depends

on a variety of factors, some of vhich cannot easily be generalized.

Considered here is a specific example-- p(SZNitd)S6Ni at 25 HeV/u-- vhich

was also illustrated in figure 3. The assumptions ,ireas follovs:

a) Beam current. The Isospin Laboratory proposal6 tabulates

and illustrates projected currents for radioactive beams

over the entire chart of nuclides. The value shorn for 5ZNi

is about 10s atoms/s, a fairly representative result for N-Z

nuclei in this region.
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b) Target. gas jets, gas cells and solid (CHz)n targets wire

considered. A gas Jet would certainly yteld the cleanest

spectrum from e localised source but the effective target

thickness is likely list tedr to -15 #glcmi. A gas cell,

hovever, .2 cs in diameter and contelnlnI hydrogen gas at

atmospheric pressure, vould have an effective thickness ten

tines greater, yet vould only degrade the SrHi bea_ by

about 6 HeY, an amount yell balmy the limiting value

required to achieve _0 key deuteron resolution (see fig. 3).

This same effective hydrogen thickness of .150 _glcmm_else

characterises the thickest acceptable (CHz)" target as

determined by the maximum a11ovable sTNt energy loss

(-18 HEY). It is this value that is used in subsequent
calculatlons.

c) Detector. In the pant (e.g., refs.*, s ), transfer reactions

vere typically studied vith a counter telescope having an
t

angular acceptance of Ae = 0.2 and a total solid angle of

-10"4st. Clearly, considerable improvement is possible

today and indeed vould be required by the bess currents

llkely to be avallable at a radioactive beam faclllty, Vlth

a suitably designed array of sillcon strip detectors placed

ennulsrly about the boas path, it vould be possible to
O

maintain an angular acceptance for each strip of 0.1 but

vith • total solid angle subtended by each strip approaching

lO'2sr. At angles not requiring such high angular

resolution, the solid angle could be increased still further

by adding together the signals from neighbouring strips,

Vtth these assumptions it is nov possible to calculate the count rate

expected for the p(SrNt,d)S_Nt reaction. If ve consider the range of

differential cross sections measured4 for the seNl(p,d)SrNt reaction (10 "= _;

do/dfl _; 10 mb) to be representative, then the counttnl rate, it, for each final

state should be in the range

10 _ R _. 3 x lO]/hrlstrip.
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This Is an entirely reasonable rate tf one considers that vlth sufficient

strip detectors all required angles could be measured simultaneously,

Admittedly, single-nucleon pick-up reactions are particularly favourable

examples. The stripping reactions 111ustrated in figures 6 and 7 vould be

limited by beam-energy spread to targets a factor of three thinner, but even

that does not preclude convenient measurements. Only the fro-nucleon transfer

reaction of figure 4 is a really doubtful case, vith even more stringent

detector requirements, and cross sections a factor of tens smaller.

4. _DtR|IIOU) IlhS_nlfTS

An important requirement tn the study of superalloved O' - O' _" decay

is a very precise measure of the Omcvalue for each transition. Among the

transitions studied to date, manyof the Olc values have been determined from

(p,n) threshold measurements on the B-decay daughter nucleus, vhich itself is

stable and provides a suitable target. In the cases expected vith A > 56,

none of the Ta.l daughters is stable, so it vouid be particularly useful If
such threshold measurements could be made in Inverse kinematics.

Superficially there Is a real problem. Consider, for example, the yell

studied decay of _4Co _ S4Fe. its Olc value has been determined in several

rays, one being from the measured threshold 9 for the reaction 5aPe(p,n)S4Co.

The beauty of this technique Is that, vith a pure enough target, no activity

vhatsoever is observed belov threshold; the excitation function is thus

established from a measurement of S4Co activity (t_/a.193 ms) as a function o!

proton beam energy (-9,2 HeV), the S4Co recoils having stopped easily in the

target. The situation vould be much more complicated for the inverse

reaction, |.e,, a 500 MeV SaFe beam (-9,2 HeVlu) impinging on a hydrogen gas

target. It is hard to conceive of a simple arrangement in vhich the S4Fe beam

or the high-energy S4Co recoils vould not Interact vith other materials --- a

gas cell vlndov, or a stopper --- thus producing a high rate o! background
activity,
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With some added complexlty, however, tt appears that inverse threshold

heaaureNnta could become viable. One possibility is to use a fuliy stripped

s4Fe26* beam bombarding a hydrosen Jet target, which Is followed by a 0'

ma|netlc spectrometer to separate the 54Coat* recoils from the 54Pe_6' hesml

the 5_Co_T* recoils could be counted directly on the focal plane of the

spectrometer and their decays recorded in a _ detector. Although cross-

section figures are dti|tcult to obtain, it appears 9,10 that In the

54re(p,,)5_Co reaction the =rosa-section is about I mb at 8 key above

threshold (centre of mass). If ve again assume a beam current of 10a atoma/s

for the inverse reaction, this corresponds to a count rate of ..I/e.

Although these predictions relate to the A.54 system, which is, o!

course, yell known, they strongly indicate that such measurements would be

possible for the as-yet-unknown cases with A>561 in these cases, inverse

reactions with radioactive beams provide the only means el access.

s. c0JcLuzoXs

Based on several specific examples, it has been shown that inverse

reaction studles are easily possible at a radloactive-beam facillty vlth a

modest investment in experimental equipment -- a versatile array of strip

detectors as a mtntmum, and possibly a gas-let target and a magnetic

spectrometer. The physics rewards of such studies could easily support

several major experlnntal programs for many years.

it is important to realize, though, that these programs would require

higher beam energies than the 10 HeVtu presently called for in the Isospin

Laboratory proposal 6. To provide useful spectroscopic information, the

single-nucleon transfer reactions would require at least 25 HeY/u, and the

two-nucleon transfer reactions up to 50 HeY/u, Rven the inverse threshold

measurements would require over 15 HeV/u near A=100 (see Oec plot in figure

I), Zt would seem shortsighted indeed to design a facillty to preclude such

an important source of information on nuclear spectroscopy,
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PROTOTYPICAL EXPERIMENTS:
NEUTRON-RICH NUCLEI
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NM n754,5,USA
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1, Introduction

, I

Over the last years, worldwtde interest h_ developed in radioactive nuclear beam (RIB) j
science, whicti vco ers many significant areas ranging from nuclear structure and reactions,
astrophysics, atotnic physics, materials science to biology and nuclear medicine. Since it
is impossible to do justice to all these interestil_g topics, and since some of them have
been discussed in other contributions to this workshop, we focus in tile present paper
on the strong interplay between nuclear-structure properties of neutron-rich nuclei far
from stability an_t stellar nucleosynthesis of elements beyond Fe by rapid neutron.capture
processes.

In the past, at several stages in the development of an understanding of the r.
process nlechanisms, the major limitation to further progress has been - and still is .....the
degree to which the associated nuclear physics is known (br landmark papers or reviews,
see e.g. [1-5]). Therefore, it is no surprise that even today the exact stellar site of the
r.process ('where in a supernova7') is not known. With the close connection betw_n
not only gro.,._ but also detailed mu, roacopie nuclear physics and whatever constraints
can be imposed on models for the astrophysical environments, it is obvious that only
ad_titional and more accurate exl)erimental data on exotic neutron.rich isotopes can lead
to a better understanding of r.process nucleosynthesis. An interesting recent finding in
this context is that with otlr present ktlowledge of nuclear physics, of Isotopl . r.process

" +' ' <_'eabundances ill nature, and of supernova models, ¢lenclen :IS in calculated abundance
patterns seem to indicate ntlclear-structure effects on tile very-neutron-rich side of/3.
stability [7,8] for nuclei so fat' not observat)le in terrestrial laboratories. With the expected
improvement in the production of far-unstable species at future ISOI, and RIB facilities,
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unique opportunities will be provided not only to answer questions on fundamental current

nuclear-structure themes (as outlined, e.g. in [8]), but also to allow the study of new

phenomena, obviously derivable from astrophysical 'observations' but not from present

nuclear-model extrapolations.

2. Solar r-abundance fits and nuclear data

The observed isotopic r-abundances (Nr,o__N®-N, [9]) are the result of successive neutron

captures along the r-process path and decay back to 13-stability, thus depending- apart

from stellar parameters - on nuclear properties of nuclei with extreme N/Z ratios. In the

general case (see, e.g. Eq. 2 in [6]), anaong these properties ground-state masses (respec-

tively Qz-values), neutron-separation energies (B,),/3-decay half-lives (T1/2), probabilities

of 3-delayed neutron emission (Pn), neutron-capture cross sections (an,.,) and ground-state

spins and parities (J") are the main ingredients in r-process calculations. For nuclei with
Z>S0, fission barriers and rates of/3-delayed as well as neutron-induced fission are also

important.

Neutron-capture cross =ections far from stability can so far only be obtained from

the statistical Hauser-Feshbach (HF) model. This approach is justified as long as nuclear

level densities in the compound nucleus are sufficiently high. The HF method requires a

knowledge of the relevant physics quantities, such as optical potentials, giant dipole reso-

nance parameters for 7-widths, level densities, ground-state J_ and reaction Q-values B,_,

either from experiment or from theory (see [10] and Sect. 3 in [5]). Some experimental in-

formation on level densities of neutron-rich isotopes may be obtained from high-resolution

spectroscopy of 3-delayed neutrons; this decay mode can be considered as 'inverse process'

to neutron capture (see, e.g. [11,12]). For nuclei near closed neutron shells, where the level

density is small, the HF approach is no longer applicable and should be replaced by the

Breit-Wigner resonance-capture formalism plus direct-capture (DC) contributions [13,14].

The latter DC rate may even be the dominant part of the total neutron-capture cross sec-

tion for neutron-magic nuclei. Here, (d,p)-reactions in inverse kinematics, e.g. on 7SNiho

and 132Sns2, are a promising tool to determine the spectroscopic factors and J_ which are

necessary for improved DC calculations [14].

If one considers a steady-flow r-process ('waiting-point' concept [1]), its path is not

determined by the a,,._, and the important nuclear properties are only Bn, (Qz), T1/2 and
Pn. Recently, first experimental information in the A_'280 and 130 regions (see, e.g. [15-

18]) made it possible to analyze isotopic abundance patterns in the first two Nr.o-peaks

[19] within _he 'waiting-point' concept. This concept implies approximate equality of

progenitor abundance (Nr.p,og) times/3-decay rate (A_=ln2/T1/2) for each isotopic chain.
For a number of Zs at N=50 and N=82, only one isotope (i.e. _6Fe to S°Zn and 127Rh to

13°Cd) contains the dominant r-abundance in the respective Z-chain. From the measured

T1/2 and Pn of the 'waiting-point' isotopes 79Cu [18], S°Zn [16-18] and _a°Cd [15], together
with the known P,_-values of their isobars on the way to/3-stability and the known N_.®

of rgBr, S°Se and 13°Te [9], one can calculate their initial N,.p_og, and with these - in turn
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- one can predict the T1/2 for the progenitor nuclei in the r-process path and also for
their so far unknown neutron-magic neighbors. As was shown in [18,19], these '/3-flow
requests' on T1/2 agreed closely with experimental and/or QRPA shell-model predictions,
suggesting that, indeed, the 'waiting-point' concept seems to be valid - at least locally in
the Nr.®-peak areas (see also [6]).

Since the vast majority of nuclei in or close to the r-process path are not (yet)
accessible in terrestrial laboratories, a general understanding of their nuclear-structure
properties may be obtained only through theoretical means. However, since a number of
different quantities are needed in r-process calculations, in the past it was not possible to
obtain them all from the same source. This has not only raised the question of consistency
but has also strongly limited the predictive power far off/3-stability (see, e.g. [5]).

Therefore, in Ref. [6] and in the r-process calculations presented in this paper, the
unified macroscopic-microscopic approach of M611eret al. [20-22] has been applied, within
which all necessary nuclear properties can be studied in a largely consistent way. A
Folded-Yukawa (FY) single-particle (SP) model is combined with a finite-range droplet
model (FRDM) and a Lipkin-Nogami (LN) pairing model. As a first step, nuclear ground-
state masses and shapes are calculated. Once these quantities are known, nuclear wave
functions are derived for the appropriate shapes. Matrix elements giving/3-decay rates
and other quantities of interest may then be determined. T1/2 and Pn-values are deduced
from theoretical Gamow-Teller (GT) strength functions calculated within the QRPA [23],
generally taking the same FYSP levels as used for the shell corrections of the nuclear
masses. To account for the retardation of low-energy decay rates, a simple GT residual
interaction is added to the Hamiltonian which is studied in the QRPA. For a detailed
discussion, see [23].

In principle, with the above approach, for the first time an internally consistent
data set for astrophysical calculations is available. In addition to these theoretical model

extrapolations, all recent experimental data on Qa, Bn, T1/2 and P,_ were included. Fur-
thermore, for nearby extrapolations, known nuclear-structure properties either model-
inherently not contained in or not properly described by the above - still too simplistic
- approach were taken into account (for details, see [6]). This combined theoretical and
experimental data set is expected to yield more reliable predictions of nuclear-physics
parameters than earlier approaches.

As is discussed in [6], the global r-abundance curve shown in Fig. 1 is the result
of a superposition of several nn-T9 components at 'freeze-out' conditions. Clearly, the
main features of the Nr,®-distribution [9] - in particular position and height of the three
main peaks - are well ,'eproduced; however, there remain several deficiencies: the region
below A=78, the mass range 105<A<125 and the A__170 area. Both, general agreement
and local deficiencies are believed to represent nuclear-structure signatures far off /3-
stability. For developing a better understanding of the detailed isotopic N,,®-curve and
the underlying physics, one may phrase a number of questions:

- What is the origin of the A__80, 130 and 195 N_,®-peaks?
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- Why is the A'80 N.,o-'peak' no peak?

- Why is the A_130 Nr,¢,-peak so narrow?

- Why is the N_,o-curve in between the peaks so smooth?

- What is the origin of the A_120 trough in the N,.,catc?

- What is the origin of the deviations in the A_ll0 and 170 pygmy-peak regions?

In order to answer the above questions, a number of prototypical experiments may be
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Fig. 1: R-abundance distribution obtained from a superposition of three time-dependent

calculations with the 'best-fit' n.-T9 values for the A__80 peak and the 90_<A<130 and

135<A <:195 mass ranges (from Ref, [6]). in the upper part, the calculated initial progeni-

tor abundances are shown', in the lower part, the final abundances are given. The smooth-

ing of the abundance curve is introduced by the Pn-branching during el-decay back to

stability.
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suggested which range from studies of simple.to-measure quantities (such as Tl/2 and
P,-values) to detailed spectroscopic investigations (e.g. to determine ground-state defor-
mations, or to understand the proton-neutron (pn) residual interaction in exotic nuclei)
and reaction studies (e.g. the measurement of single- and few-nucleon transfer reactions
in the _s_: and 13_c.. regions).28 i_ 150 50ol182

3, Simple-to-measure quantities

As discussed in Sac. 2, among the most important nuclear properties for steady-flow
r-process calculations are the T1/2 and P,-values of isotopes in the r-process path, in
particular in the N,,s,-peak regions. Tile T1/2 determine the relative isotopic r-abundances
in each Z-chain - and, when normalized to a neutron-magic 'waiting-point' nucleus, the
absolute r-abundances. The P,_-values are responsible for the considerable smoothing of
the initial Nr,progduring 13-decay back to stability (compare the upper and lower part of
Fig. 1). There is, however, one local exception. As a result of the specific structure of the
N_50 'waiting-point' isotopes, the odd-even (oe) variations of their Pn-values result in
a pronounced oe-staggering of the N,a., in the A-_80 region.

Both quantities T1/2 and Pn are usually determined via 15-and fLdelayed-neutron
multiscaling experiments (see, e.g. [i5,I8,24]). However, as our recent measurements
performed with a chemically non-selective plasma ion source have shown, contaminations
by molecules (e.g. [4°Ca9°Br]+ in the case of la°Cd [15]), multi-charged species or strongly
produced isobars (e.g. the 2.85 s thdn-precursor rgGa in the case of _°Cu [18]; see Fig. 2)
may severely disturb these experinaents. Therefore, future measurements of Tl/_ and I

P_-values of very-neutron-rich isotopes at ISOL-facilities require chemically selective ion
sources (e.g. laser ion sources [25]), isobar separation [26] and/or the use of ion traps
[27]. Of particular interest in the context of the 'classical' r-process are, of course, the
unknown 'waiting-point' isotopes T_Feso to 7SNis0 and 127t,t._-s2 to 129Ags2. Apart from

these key nuclides, any 'new' T1/2 and P,-value on the way to the r-process path will be
helpful in testing present model predictions far from stability.

With regard to nuclear structure, it is fortunate that already simple experiments,
such as mapping the E(2+), E(4 +)/E(2 +) or certain strong GT transitions (e.g. to the
vg_/2-orbital) over long chains of isotopes or isotones, may yield first information on the
evolution of structure from//-stability to neutron drip-line, or along the r-process path
from one shell closure to the next. To give an example for ISOL-experiments, E(2 +) and
ugrl2 SP levels in the 4sCd isotopic chain, or (Trgo12ug_12)l+states in 4TAg nuclides are
of interest not only from the point of view of the shell model in the region 'southwest' of
_a2Sn (see, e.g. [28,29]), but also for an understanding of the A'_130 Nr,o-peak shape as
well as the deficiency in the A_120 mass region (see Fig. 1). The fact that one observes
a rather narrow A'130 r-peak over a wide range of nn-T9 conditions [6] can be related
to the strong N=S2 shell closure near la2Sn, which seems to be well described by current
mass models [21,32,33]. However, further below la2Sn, for Z<46 isotopes all nuclear mass
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Fig. 2: Beta-delayed-neutron multiscaling curve for A=79, after subtraction of the 2.85 s
activity of the isobar _9Ga (from Ref. [18]). Besides the known T1/2 of 79Zn, another short-
lived/3tin-component was observed which could be attributed to the N=50 'waiting-point'
isotope _gCu. In a case like this, the use of an element-selective ion source and/or isobar
separation would be highly desirable.

extrapolations overestimate the N=82 shell strength, resulting in the A__120 dip in the
calculated r-abundances shown in Fig. 1. Because of the overly strong neutron shell in the
models, the r-process path leaps over 13 mass units from 112Zr_2to 125Tc82(see Fig. 3),
producing not a single B,,"2 MeV 'waiting-point' isotope in this region. Therefore, gross
B-decay properties, nuclear masses (respectively Bn-values) as well as detailed nuclear-
structure studies (for the latter, see Sect. 4) are required in this mass region in order
to understand the shape transition far off stability from N=66 neutron mid-shell around
Z=38 to N=82 shell closure at Z_>45.

Another attractive opportunity to investigate shape transitions across entire shells
is the measurement of B(E2)-values in Coulomb excitation experiments [32]. In certain
mass regions, e.g. around the nearly-superdeformed (/3,-'0.40) isotope t°°Sr, low-energy
K'=I + intrinsic excitations arLd associated M1 strengths [31] may be studied, which are
not accessible in present/3-decay experiments.
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Fig. 3: Neutron binding energies Bn for r-process nuclei in the 105_<A_<125mass region
(from Ref. [6]). Before the N=82 shell, the recent microscopic mass models of M611eret
al. [20,21] and Pearson et al. [30] predict somewhat larger B,-values than the old Hilf et
al. [31] mass formula. With the general trend in all three models, too few B,_2 MeV
'waiting-point' isotopes exist between A=112 and A=125, resulting in the pronounced
abundance trough in the calculated N,-distribution shown in Fig. !.

4. Detailed spectroscopic investigations

With ISOL and RIB techniques a large variety of nuclear-structure phenomena can be
addressed (for a broad coverage of this topic, see e.g. [8]). With regard to astrophysics
applications, shell strengths around VSNi,and below 132Snand 2°SPb are of special interest
for an understanding of the shapes and isotopic abundances of the A__80, 130 and 195
N_.,:.-peaks [9]. Furthermore, evolution of nuclear structure in the A_100 and 150 phase-
transitional regions is important for an understanding of the formation of the A_110 and
170 N_,e,-pygmy-peaks. Finally, any new information on neutron-rich trans-lead isotopes
may help to resolve the still existing puzzles on the 2°SPb isotopic anomaly and the long-
lived r-process chronometers [5,6,34].

As an example of detailed nuclear-structure studies near closed-shell nuclei, Fig. 4
shows a comparison of the experimental level scheme of S°Ga (obtained from fl-decay of
the N=50 'waiting-point' nucleus S°Zn [35]) with our QRPA predictions for spherical and
deformed shai,es [36]. The key result of this comparison is that the lowest J'_=l + states
in S°Ga can only be reproduced when assuming the/3-decay daughter to be deformed, at
least above 600 keV. The observed splitting of the spherical 2QP 1+ states, as well as the
fair agreement of theoretical log]'/.,T1/2 and P, values with experimental data [16-18,35]
strongly suggest that also the ground state of the mother isotope S°Zn is prolate and
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not spherical as one might expect in the close vicinity to the doubly-magic nucleus VSNi
[21]. The above observation implies a rather rapid weakening of the N=50 shell strength
above rSNi, which may be one of the reasons why the A__80 N,,_-'peak' is not
well developed as the r-peaks at A_130 and 195. Nevertheless it is evident, that further
nuclear-structure information from fl-decay and reaction studies is needed in the rSNi
region.
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Fig, 4: Comparison of measured decay scheme and T_/2 of S°Zn from the TRISTAN
group [35] with QRPA shell-model predictions for two different assumptions on quadrupole
deformatiot_ (from [36]).
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Similar arguments also hold for the doubly-magic nucleus ia2Sn and its neighbors.
The d-decay properties and the low-energy level structure in this region are strongly
dependent on the available shell-nlodel orbitals and their modulation through the proton-
neutron residual interaction (see, e.g. [28,29]. In particular, the very fast fl-transition
connecting the 7rga/_and vgr/2 orbitals dominates the GT strength in quite a number of
neutron-rich In and Ag isotopes. Tile observed regularities, tested against improved model
extrapolations, may be helpful in predicting the main decay properties of still unknown
or only little known nuclei, such as the 'waiting-point' isotopes l_Ag and ia3In. As an

example of the important rg0/2-'t, gT/2interaction- which is neglected in the recent QRPA
models of [23,37] the resulting modulation of the SP energies between _10Zrasand 1ale_- 80_H81

is shown in the left part of Fig. 5 (taken from Heyde [38]). With the filling of the lrg0/2
shell, the vgr/_ orbit is lowered by as much as 3 MeV. As a consequence of the missing
pn interaction, the QRPA models calculate the vg't/2 state in the laaSn region roughly 3
MeV too low compared to the experiment. This results, for example, in aTi/a(QRPA)for
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Fig. 5: Left part_ $P energies in _SZr and _a_Sn (adopted from [38]). With the filling
of the rga/: shell, a dramatic lowering of the vg?/_ orbit occurs as a consequence of the
monopole pn-interaction. Note, that even the order of the vd_/_ and vgr/_ shell-model
states is inverted. Right part: GT strength functions for _aaIn decay. With the use of the
standard Nilsson SP parameters, the QRPA [23] calculates the vgr/_ level about 3 MeV
too low, resulting in a too short T_/a(QRPA). When choosing, instead, experimentally
known SP energies, the vg?/_ level is shifted up to E_6 MeV, and the T_/_(QRPA) comes
close to the measured value of 195 ms [39].
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taaln decay which is a factor six lower than the measured value (see right part of Fig, 5),
Such model deficiencies can presently only be overcome by choosing experimental SP levels
for local regions instead of the global Nilsson model parameters, In our opinion, this is
a more re.enable solution than the procedure of the Klapdor group [37]. In order to
obtain the 'correct' Tl/_ in this area, they reduce the low.lying GT strength ,_and, in this
case, also that to the vgr/_ SP level at the wrong excitation energy - by redticing the GT
coupling constant for Zffi49 by about the above factor of six, Analogously, depending on
the prediction of tile tJgr/2 level in t2uCdsi (without or with taking into account the effect
of the pn-interaction), the T1/2(QRPA) for the N-82 nucleus I_aAg varies between 17 ms
and 140 ms, thus drastically affecting a test of the r.process 'waiting-point' concept of the
A_-130 N,._-peak. If the TI/2(QRPA) of 34 ms for taaln and 17 ms for 120Ag- obtained
when neglecting the rrgu/2_,gr/2 attractive interaction - were 'true', no A_130 r-peak
would exist in natttre. Turning around the arguments, one may conclude that the large
abundances observed for 1_6Teto la_Xe [9] require long TI/_ of their r-process progenitors.

In addition to decay spectroscopy, the measurement of single, and few-nucleon trans-
fer reactions in the ta_Sn region will be of great importance for providing new information
on simple collective modes and SP states. And indeed, experiments of this type have
been proposed for the ESR at GSI [40], A beam of ta2Sn and thin gas targets of p, d,
she and 4He .vould enable the mapping of particle and hole states in this region. First
(d,p)- measurements in inverse kinematics in this mass region using radioactive la4Tea_
beams will presumably be carried out at GSI at the end of next year. Once the SP states are
identified, in a next step one may study two.particle and particle-hole energies (e,g, the
(,'rg_,/_tJgr/a)l+ states) in neighboring nuclei. For technical details of such measurements,
we refer to J.C, Hardy's contribution [,11]in which reactions in inverse kinematics on the
proton-rich doubly-magic isotope _s..t_s are discussed in detail,

Another example related to the pn-residual interaction is the development of nuclear
structure in transitional regions, In this context, neutron-rich isotopes near A_I00 are
especially interesting owing to the unusually large number of different shapes and excita-
tion modes within a small range of proton and neutron numbers (for a recent review, see
e.g, [42]), Z=40 isotopes near stability experience the strong spherical subsheli closure at
N=56, whereas between N=SS and 60 a dramatic lowering of the 2+ energies of the asSr
and 40Zr isotopes indicates the well known sudden onset of deformation. Recent system-
sties of level energies and p_(EO).values in these isotopes [43] suggest that with increasing
occupation of the _'gr/'2 and r,h_/_ orbitals, their interaction with the _'gtv2 shell rapidly
lowers a deformed minimum from about 1.5 MeV at N=58 over 0.6 MeV at N=59 down to

the ground state at N=60 (see Fig. 6), However, contrary to former interpretations [44], it
is the 0_"state and not the 0_"level in t_Sr_a and 9SZrss which is associated with the second
potential.energy minimum that at N>60 becomes the strongly deformed ground state,
Beyond N=60, recent band-structure and lifetime measurements have indicated a steady
increase of deformation for 40Zr and 4.aMoisotopes towards neutron midshell, whereas the
asst' nuclides show the rather unique feature of a saturation of ground-state deformation
immediately at its onset (see, e.g. [.t5]). In addition, identical rotational bands at low spin
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and low excitation energy have been found in four contiguous N_60 3sSr isotopes [43].
Despite all this recent progress in the understanding of nuclear_structure phenomena in
the A_I00 region, there remain features which are not yet understood, and hence should
be subject to future "_ray and laser.spectroscopic investigations,

"°i ® ® mi

o \iJ ' -
N. 58 N, 5g NI60 x,_

t_,0 _! 0_0

Fig, 6: Systematics of intruder states in N=58 to 60 Sr and Zr nuclei. The potential-
energy curves are only a guide to the eye (from [43]).

With regard to r.process abundances just beyond the A__80 'peak', more infor.
marion is needed on neutron-rich 3_Ge to 36Kr isotopes, An interesting question in this
context is for example: is the N=60 isotone _Kr deformed _ predicted by current models
[20,21,30], or is it still spherical as may be inferred from recent experiments [46,47]? This
has via the prediction of unknown 3-decay properties, which are strongly dependent on
the assumed N--56 subshell strength below Z=38 (see e.g. Fig, 7) - an important impact
on the nucleosynthesis origin of the heaviest stable zirconium isotope _Zr, This nuclide is
not only strongly abundant in the bulk solar system, but has recently also been observed
asan isotopic anomaly(correlated with an overabundance of 5°Ti)in certain EK-,5 inclusions
of the Allende meteorite [48], While so far _Zr was believed to be an r.onlll isotope [9],
recently Gallino et al, [,19]claimed that it must have received an important contribution
from a high.neutron-density s-process component through the branching point at °aZr.
However, based on experimental data and short-range predictions of nuclear.physlcs prop-
erties, our steady-flow calculations of r-abundances in the A_95 [6] indicate fair agreement
with the observed N,,+, As can be seen from Fig, 8, this is most evident from the simul-
taneous reproduction of the abttndance of the r-only isotope t°°Mo and the N,,¢, of OgRu
which both origitlate from i°°I,/r which is predicted to have a 'long' TI/2(QRPA). The
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large _Zr abundat_ce originates mainly from/3.delayed neutron decay o1' the progenitor
t_'13r, l;'rom this, we cm_clude i. c'ontra.t, to Gal!ino et al, [,t9], that most mZr (_>80%)
olmerved in buth tile solar system +. well t,._ in the EK+,5meteoritic inelu,ion. [48] ha,
presumably heen t)roduce(l under r-process and not under ,+process conditions, A [i+
nal statement can, however, only be given when the relevant/_-decay properties of the
prugenitor isut.l)eS are measured and underst.od in terms of nuclear structure,

A hLst aspect discussed in the present paper with regard to an improved under.
standillg c,f (:hang+,sin collectivity in the neutron.rich A_100 anti 1,'_0mass regions, is the
ClUestiulmof l!o'+vnucleardefi)rmationldevelops fro.l its onset at N=(iO, respectively N=90



r-process

Fig, 8: S_'hematirviewof tile r-proces_path in the.A=95 regionat fr_zr-out conditions
[¢;],The'c_lculat_dr.abundances(N,,_ai_)derivedfromthe progenitorabundances(N.,.ot)
by taking into account P.-branchitJg during ;._.decayback to stability, are comparedto
th_ ,ol_r r-proc'e, resid.Als (N.,¢,_N_,-N.) from [9],

toward_ midsl_dls at N=66, respectively N=I04, and how and where the expected trAnsi-
tion between deformation a.d .phericity occurs when approaching the N=82, respectively
N=I',_J shell clo,_urt.s,This question is related to the sinuMoidaideviations in the A__II0
and 170 pygmy.peak region, i. our r-proce, calculation_ (,ee Fig, 1) when u,ing the
internallyconsistentn.clear.datasetofM61leretal,[20,21,2:I],As canbes_n,forex-
Ample,fromFig,9 forthe10T_A<126ma._sregion,presumablycorrelatedwiththetoo
slowdf_creaseoftheB,,sfarfromstability(seeFig.3),themodelofM/illeretal,predicts
ground-statedeformationsuptoN_80,An abruptchangefromprolatetooblateshapes
isobservedatN=72 for42_<Z_<46isotopesN_72 ,AlsothemodelofPearsonetal.[30]
predictsverystrongprolatedeformationsbeyondN=66;however,thechangetooblate
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shapes occurs somewhat earlier, and spherical ground-state shapes are reached already
around N_78. In contr_t to the two recent microscopic model,,, the older mass formula of
Hilf et al+ {:31]obtains a smoother decrease of (by constructiott only pro/ate) deformation
as a consequence of the assumption t f 'symmetry' relative to the N=66 neutron midsheli.
Having in mind, that both microscopic mass niodels predict the onset of deformation
in tile neutron.rich A2100 region too early due to the missing N=_56 spherical subshell
(see, e,g. tile discussions ill {6,46]), one may suspect that deformed shapes will also be
maittsined too long beyond neutron ntidshell, Assuming somewhat lower quadrupoie de-
formation would result in slightly lower B,_*values since these quantities are interrelated
in microscopic models, For given n,,++T_conditions [fi], this would shift the r.process path
closer to 3-stability and -in consequence- change the isotopic N,(Z).ratios in each Z-
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Fig, 9: Quadrupole-deformation parameter t_ for 'waiting-point' nuclei in the 107_ A_<126
mass region frotzzthree mass models [21,30,31], Clear differences in the transition behav.
iour from strongly deformed near-midshell isotopes to spherical nuclei in the vicinity of
the NffiS2 shell closure are observed, which are also reflected in the Tt/_ and Pn predic-
tions, For example, when using the is-value of M6ller et al. [21], one obtains for ll_Zrr_
(the last 'waiting.l)oint' isotope before the A=I20 r.abundance trough) a Tt/_ of 45 ms;
with th,, e2.val_te of Pearson et al. [30], the "l'l/_ becomes 28 ms; and with the t_ of Hilf
et al. [31], ,m,_ obtains 21 n_s. For a further discussion, see [6].
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chain, giving the lighter isotopes a higher weight, In our specific case, this would cause
a shift of the maxilnum abundances in the 37_Z<40 chains from nuclei with (Z,N) to
(Z,N-2) isotopes and an additional modulated by tile corresponding changes in the Tel2
and P.-values (see, e.g, Fig, 22 in [6]), This results -- at the same time _ in a filling of tile
local A_103 deficiency and in a lowering of the A_II1 'spike', A similar situation exists
in the lfi0<A<i 75 mass region involving 'waiting-point' isotopes beyond the N=I04 mid-
shell. Also here, lowering quadrul_,ole deformation together with the interrelated changes
in the B,,, 'I'1/2 and P. would simultaneously result in a fill of the A-_160 part of this de-
viation and l,Jwer of the A_175 'spike'. In any case, one may speculate that, both 'pygmy'
N,,_-peaks arotind A-_I0.5 and 165 have their origin in the _-deeay properties of deformed
progenitor isotopes with 'longer' Tt/_ than those predicted for spherical shapes, With
this, the earlier interpretation of large fission contributions would no longer be necessary,

As was already discussed in Sect,, 3 (see Figs, 1 and 3 in this paper, or Fig, 10 in

[2'21),the sinusoidal deviation in the A__110 region is followed by the r-abundance trough
around A_I20, which seenls to originate from the assumption of a too strong N=82 shell
'southwest' of t3_Sn in the two microscopic models [21,30], When using, instead, the much
more simplistic mass formula of Hilf et al, {31], which by construction and maybe intuition
gives a more smoolhly decreasing B..trend towards N=82, the A__120 abundance trough
will start to fill up, t|owever, even then the N,,,-,t_ are too low in this mass region, on
the average by a factor of five. Since possible astrophysical reasons for this deficiency-
e.g. from a fast s.process [4{!] [50]-- can probably be ruled out, the remaining abundance
dip may be due to additional unexpected _mclear-structure effects. One possibility is
'longer' TI/_ than predicted by the present QRPA model [03], This seems not impossible
around A__120, provided the respective 'waiting.point' isotopes exhibit some kind of shape
coexistence as, for example, observed in the nearby, somewhat closer-to-stability A_ll0
4:_Tc to l{u r.gion, Partial hindrance of specific GT transitions connecting states with
ditferent shapes can so far not be treated properly by our QRPA shell-model approach,
thus resulting, in almost all cases, in too short theoretical Tl/_, Therefore, it would
be particularly important to continue detailed nuclear.structure studies mainly in the
100<_A<125 mass range, but also in the exotic A_-165 rare.earth region, in order to learn
about the shape changes beyond neutron midshells in very.neutron.rich isotopes,

5, Summary and outlook

In this paper, we have tried to demonstrate that there exists a close connection between
macroscopic and microscopic nuclear physics on the one hand, and whatever constraints
can be imposed on astrophysical r-process models on the other hand, The existence
of so far only a l'ew experilliental data on 'waiting.point' isotopes at the N=50 and 82
magic neutron shells, together with receiit mass- and shell-mode! predictions of unknown
properties very far front _.stability, haw* considerably improved the nuclear-physics ba-
sis for r-process calculations. Sumrtlarizing tile present situation, one may conclude that
both the overall success in reproducing the r.abundance peaks and parts of the regions
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in between as well as the local failures discussed above, seem to indicate new and partly
unexpected nuclear-structure signatures of extremely neutron-rich isotopes, the vast ma-
jority of them not yet accessible in terrestrial but only in stellar laboratories. Therefore,

many more experiments on gross properties, such as T1/2, Pn and Q_, respectively Bn, as
well as a more profound understanding of the development of nuclear structures between
stability and neutron drip line are required in order to further pin down the constraints
on astrophysical parameters and stellar sites of rapid-neutron-capture nucleosynthesis.
With future powerful ISOL and RIB facilities, fascinating perspectives will open up in
the entwined fields of nuclear and astrophysics for experimentalists and theoretician.,_.
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Future Uses of Radioactive Ion Beams In Materials Science

HEINZ HAAS

PPE Division, CERN, CH-1211 Geneve 23
and the ISOLDE Collaboration, CERN

Abstract

A short summary of the present use of radioactive beams for
condensed matter research in the ISOLDE program is presented. Future

uses of high intensity and high energy radioactive ion beams beyond the

scope of the present projects are discussed. As examples the study of

diffusion in immiscible systems by deep implantation of radiotracers, the
deposition of decelerated ion beams on surfaces, the technique of beta-

NMR following tilted-foil nuclear polarization and the transmutation
doping of wide-bandgap semiconductors are presented. The major

requirements for use of a future radioactive ion beam factory in the field
of materials research are derived. Particularly important is a wide energy

range from 20keV to 500keV/A, a frequent recurrence of a given beam and
a suitable infrastructure.

1. Introduction

Radioactive nuclei from various sources have been used in condensed

matter investigations for a long time. The earliest application of
radiotracers was the investigation of diffusion processes /1/. Radioactive

31Si nuclei for transmutation doping of silicon are of great technological

importance. Nuclei are now being routinely used as probes of their
environment in metals and semiconductors via various methods. More

recently these techniques have also been applied to the study of complex

biomolecules, surfaces and interfaces. This off-spring of nuclear physics

research has been steadily expanding. With the routine availability of high

purity radioactive ion beams from isotope separators the possibilities for
such investigations have been greatly expanded, allowing technologically

ever more demanding experiments.
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In particular the use of on.line isotope separation at the CERN /

ISOLDE facility has demonstrated the great potential for applications.

Since the first solid state physics experiments at this facility some 15
years ago the number of users out of the materials research field has

grown steadily to some 100 at the time of the shutdown of the $C /
ISOLDE separators in December 1990. Up to one third of the beamtime at

this installation was finally dedicated to such work. The applications to

condensed matter studies will also be an important part in the research
program of the new Booster / ISOLDE facility at CERN /2/, that has
started operation recently.

If one then plans a high intensity radioactive ion beam (RIB) facility
for the next decade, it appears clear that the applications in materials
science are going to be an important research field there too. The future

user of a RIB factory would be able to utilize the higher beam intensities

and energies available there. The present paper will therefore, after a
short summary of the ongoing ISOLDE program in condensed matter
physics, concentrate on novel uses of radioactive ion beams. In order to

demonstrate the conditions posed on a RIB facility for condensed matter
studies four examples are selected from the fields of tracer diffusion,

surface physics, nuclear probe studies and device research.

2. The ISOLDE solid state physics program

Nuclear methods allow the investigation of impurities in condensed
matter at a very low concentration. The intense pure beams of radioactive

ions from ISOLDE are ideal for such research as evidenced by the

increasing number of users in this field. The solid state experiments take
advantage of the practically unlimited choice of isotopes at ISOLDE which

can be implanted into the matrix under investigations. During the last
three years of running of the ISOLDE-2 and ISOLDE-3 separators at the
CERN-SC condensed matter experiments used yearly about 800 hours of

beamtime, more than one third of the total running time.

As may be seen from the summary presented in Table 1, the major

effort of the solid state program is in the study of impurity implantation
into semiconductors, a process of high technological importance. A whole

spectrum of modern techniques is being used by the ISOLDE experiments,

including tracer diffusion (TD), M(_ssbauer spectroscopy (MS), emission
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channeling/blocking, perturbed angular correlation (PAC), deep-level
transient spectroscopy (DLTS) and conversion electron spectroscopy

(CESVEC).
Most of these techniques, together with low temperature nuclear

orientation (NO), are also being employed to investigate final lattice sites

of implanted atoms as well as magnetism and diffusion in metals. A

relatively new field of study is surfaces and interfaces.

3. Diffusion in highly Immiscible systems
Diffusion studies with the radioactive tracer technique, whether

they are followed by sectioning of the sample or by some sort of depth

sensitive radiation counting, require a certain solubility of the diffusing
element for the development of the characteristic diffusion profile. In

cases where strong forces keep the impurity atoms at the sample surface

these methods are not applicable, it is here where deep implantation could
find a very interesting application. Typical implantation profiles for a

wide range of implantation energies are shown schematically in Fig.l, It
may be noted that the degree of localization in a prede_,?rmined depth

improves with energy on a relative scale, even though the absolute width
of the ,ange distribution due to straggling naturally grows with energy.

The system of isolated impurity atoms at a specific depth lends
itself perfectly to the investigation of diffusion even for immiscible

systems. Such systems produced by forced alloying are of increasing
technological importance. Their systematic study at high implantation
depth and very low concentration could lead to a better understanding of

the nrocesses occurring in the materials with practical applications.

In order to illustrate the great potential of the proposed diffusion
techf que, the study of astatine diffusion in alkali metals shall be

discussed. This s obviously a system far from any technological interest,

but in earlier experiments we have found indications for such an unusual

behaviour, that a careful study appears to be higr_ly rewarding. Part of the

existing evidence can be seen in the alpha spectra of Fig.2, measured after

implantation of 205Fr into K. The broad energy distribution of the alphas
from 20_Fr decay is characteristic for the diffusion profile of these

atoms in the matrix. The difference of the two spectra as function of time

after activation can be completely understood in this way. A careful
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measurement of such spectra as function of time and temperature has
allowed us to extract reliable diffusion coefficients for Fr in several

alkali metals. As the longest living Fr isotope has a halflife of only 22

minutes, this element can only be studied on-line to a production facility,
The results are well in accord with present ideas about diffusion in

simple metals. The sharp alpha line in the spectra of Fig,2 is actually the
unusual feature, It stems from the decay of the radioactive daughter of

205Fr, 201At. Since these daughter nuclei are produced virtually at the

site of the parent Fr nucleus, one would expect a broadened energy
distribution as well, The sharp line spectrum actually shows

unambiguously that the At nuclei have reached the surface of the sample
L_efore they decay and are trapped there, From similar data on 221Fr, where

the halflife of the daughter 217At isotope is only 30ms, we could estimate
that the diffusion constant for At in K is at least three orders of

magnitude larger than that for Fr, itself enhanced by a factor of 10 over

self diffusion. Naturally this unexpected phenomenon of a new type of fast
diffusion calls for a systematic measurement of the diffusion constant in
a wide temperature range,

Since At has a strong tendency for binding to the sample surface, the

measurement of diffusion profiles following deep implantation using
alpha spectroscopy as a depth profiling technique is virtually the only

possibility. One would have to implant the At isotopes with energies up to
500keV/A. A typical evolution of the alpha spectra expected from such a

measurement is shown in Fig.3. Measuring with different halflife isotopes
implanted at different depths the diffusion constants could be determined

over at least 8 orders of magnitude. !f not the alpha particles but the

heavy recoil nuclei could be employed for depth profiling, another 4 orders
of magnitude could become accessible, coming close to the best diffusion
data available to date for any system,

The typical requirements for the proposed experiment are beams in

the energy range of 20keV to 100MeV for the isotopes 199At (7s) and
209At (5h) and of 1MeV to 100MeV for 217At (30ms). The needed

intensities for the shortlived isotopes are typically 105 ions per second,

while measurements with the Ionglived 209At could be performed off-line,

so that collections for a short time would be sufficient, making use of
high intensity beams.
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4. Deposition of Ion beams on surfaces
Surfaces and interfaces are a field of great interest in several areas

of physics and chemistry. For the study of pure surfaces or for monolayer

coverages a wide variety of experimental methods has been developed.
Very sparse data, however, exist for isolated impurities or defects on

surfaces, it therefore would be quite important to get microscopic
information on electronic and lattice structure for such systems.

In recent years the corresponding problem for impurities and defects

in bulk metals has been very successfully attacked with the use of nuclei

as probes, Particularly experiments with perturbed angular correlation
(PAC) and Mbssbauer spectroscopy (MS) have in this case given detailed
insight, Both techniques require as little as 1011 atoms in favorable

cases, Virtually isolated probe atoms can thus be investigated on a

surface of typically 1 cm2, certainly much less than monolayer coverages
(1015/cm2), The application of these methods to study surfaces therefore

can give unique microscopic information,
The nuclear techniques PAC and MS should also be particularly well

suited for the investigation of interfaces, where the standard surface

techniques are not applicable at all, Both the lattice structure and the
magnetism at interfaces are a topic of great present interest, Well

defined interfaces may e, g. be produced by controlled coverage of

previously characterized surfaces.
The central problem in the use of radioactive atoms for the study of

surfaces is the sample preparation and the clean deposition of the probe
nuclei on the surface, The u's8 of an isotope separator, particularly in on-

line mode with a production accelerator, allows to obtain clean beams of

radioactive isotopes, in most cases even without contamination from

stable isotopes, A procedure for depositing these on surfaces by
evaporation after implantation into an oven has been tested at the ISOLDE-

2 facility for Cd, In and Rb.

As a pilot project PAC experiments could be performed at ISOLDE

with 79R1:;.111mCd and 1111n /2,3,4/, complementary to laboratory
experiments at Konstanz with 1111n using chemical techniques /6,7,8/, A
series of experiments has allowed us to follow the history of the Cd and

In adatoms on Pd(111) from the first landing site on the terraces to their
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final incorporation into the lattice /5/. in Fig.4 the identified sites are

shown schematically, At quite low temperatures, 100 K already, surface
diffusion on the terraces sets in and the atoms move to the ledges. At

higher temperatures diffusion along the ledges occurs, leading to binding

at kink sites, The next stage observed is the incorporation of the adatoms
into the ledges and finally into the terraces, Thus, all the surface

diffusion _teps could be followed in a microscopic way via the
measurement of the electric field gradient by PAC, It has thus been
established that the PAC technique is able to characterize isolated

impurity sites on metal surfaces. The number of systems Investigated up
to now is very small, however, calling for further systematic

measurements, For the new ISOLDE facility at the CERN PS-Booster a

beamline in UHV standard and a dedicated surface physics chambor has
been constructed and successfully tested,

The scope of possible uses of nuclei for surface studies would be

greatly enhanced if a direct deposition of the radioactive ion beam from

the isotope separator on surfaces could be accomplished, This would

furthermore open up many new possibilities for creating thick layers of
radioactive nuclei e.g, as targets for nuclear reactions, since the

sputtering does not limit the accumulation as it does at energies above
several 100eV.

With the high beam quality from an isotope separator it should in
principle be possible to slow down the radioactive ion beam to a few eV

and deposit it on a surface, This possibility has therefore been

investigated theoretically, The blow-up of the beam spot size generally
accompanying deceleration can be largely avoided if the retardation is

performed in a very strong magnetic field that can coil up the ion path.
The beam-optical calculations performed in collaboration with B, Moore,

Montreal, have confirmed this idea. The designed deceleration system is
shown in Fig.5. The present concept is for the use of an available 10T

magnet and the surface physics chamber installed at the ISOLDE facility.
To demonstrate that "soft landing" has occurred one would deposit

11!1n ions on Pd(111), where the PAC signature of all surface sites is "

known from the previous experiments. The beam intensity needed for such
a test would be quite small. It must be possible, however, to work with

t

sufficiently small acceleration voltage to reduce the effects of ion
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optical aberrations and to limit the voltages within the deceleration
device to reasonable values, We have chosen 20keV as the incoming beam

energy in our test calculations.

S. Beta-NMR with tilted-foil polarization

Beams of polarized radioactive nuclei open the possibility for
interesting investigations in several fields, In addition to possible uses in

nuclear beta decay studies, such beams would be wel( suited for beta-NMR

studies with shortlived isotopes. The combination of a RIB facility with
the tiited-multifoil method allows the productio' of such nuclei, their

subsequent polarization and then measurement of the hyperfine
interaction of the nuclear moments with the fields of their surroundings

using the beta-NMR technique. The tilted foil polarization technique has
been used successfully to induce in-beam polarization of nuclei at the

several percent level /9/.

If an ion beam is passed through a very thin f_il, tilted with respect
to the beam direction at an oblique angle, the electronic stales of the

outgoing ions are polarized, Polarization is initially induced in the orbital
motion of the ionic electrons by a surface interaction on exit of the ion

from the foil. During flight in vacuum some of this electron pc.larization

(which is in the direction n # v= x, where n is the unit vector

perpendicular to the outgoing surface of the foil and v is the ion velocity
vector) is transferred via hyperfine interaction to the nucleus, By a

successive passage of several such foils, interspaced with regions of free

flight to allow a significant nuclear precession around the total angular
momentum F=I+J in flight between successive foils, the effect can be

enhanced, The expectation is that rather sizeable nuclear polarizations
can be obtained for a wide variety of elements,

Tilted foil nuclear polarization has also been used in the past for the

measurement of signs of quadrupole moments of high spin isomers /10/

and, recently, in a measurement of parity violation in the 17/2-isomer of

93Tc, again a high spin state /11/. In those experiments the ion velocity

was generally in the range 0,01c-0.03c. Conditions relevant to
experiments at a radioactivo beams facility would differ substantially

from these earlier experiments. Nuclei of generally lower nuclear spin I

would be used, requiring only a small number of foils. The lower ion
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velocity in the range of 50 to 100keV/A should lead to a larger

polarization, though this expectation has not been verified by experiments

up to now. The smaller size, angular divergence and energy spread of the
radioactive beam and the typically higher count rates should also render
the experiments easier,

The very simple experimental setup is sketched in Fig.6. The

polarized ions are stopped in a crystal generally cooled to low
temperature in order to increase the spin-lattice relaxation time, A

holding magnetic field, best produced by a superconducting magnet, is also
applied parallel to the polarization direction. For radioactive nuclei, the

polarization is most conveniently determined by measuring the angular
distribution of the emitted beta particles. It has the form W(Theta) . t+

B1A1 cos(Theta), where Theta is the angle with respect to the polarization
direction, An rf field is applied to the stopped, polarized nuclei and tuned
until the polarization (and hence the .asymmetry) is destroyed, The

frequency of this NMR resonance can be measured to high precision,

Beta-NMR has the potential to become a very powerful tool for the
investigation of condensed matter, it would complement well the other

nuclear probe techniques available at a radioactive beams facility for

studies of the environment of implanted nuclei in solids, Until now only a
few probe nuclei have been useful for this method, due to the difficulty in

producing polarized nuclei, The only somewhat universal technique is

capture of polarized neutrons, Experiments on eLi, 12B, 20F, 110Ag and
1161n have been successful /12/, The usefulness of this technique for

solid state applications is, however, seriously limited by the fact that the

samples have to contain a large amount of the element to be studied, thus

forbidding the investigation of dilute impurities, otherwise characteristic
for the nuclear methods, The exceptions are 12N and 12B, the only nuclei
suitably polarized following nuclear reactions /13/. Nevertheless the few

applications of the beta.NMR method have demonstrated the power of NMR

coupled to nuclear detection. Pioneering studies of nuclear relaxation,

diffusion, radiation defects and glass structure have been performed.

With the development of the tilted foil technique the possibility of

obtaining polarized ion beams will open up the wide spectrum of isotopes

available at a RIB facility for applications of the beta.NMR technique,
Clearly the strength of the method lies with the lighter elements, where
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spin-lattice relaxation times are sufficiently long for investigations over

a wide temperature range, For these technologically important implants

generally no probe atoms suitable for the other nuclear methods like MS,
PAC or PAD are available. It is difficult, however, to predict which

isotopes will be most suitable for condensed matter studies. Exploratory
measurements of the beta asymmetries for several of the most

interesting cases are necessary before one can discuss a solid state

research program with the new technique in detail.
Measurements of the spin-lattice relaxation or Knight shift for light

elements in metals are still very scarce. Together with the hyperfine

fields in the few ferromagnets they would give direct information on the

conduction electron density at the impurity site, one of the few ways to
test band structure calculations on a microscopic scale.

The elements of the first two periods are especially important as

dopants and impurities in presently used semiconductors and even more so
in diamond, one of the semiconductors of the future. Beta.NMR could give
direct information about electronic and lattice structure, in particular

since also the nuclear quadrupole interactior_can be measured with NMR

accuracy. The further development of radioactive beams of the reactive
light elements (B,C,N,O, and AI,Si,P,S) would be of great significance in

this respect, Especially the mirror decays of tiC, 13N, 150, 17F, laNe ,

21Na, 23Mg, 25AI and 27Si are well suited for this new technique.
As a representative example of an actual experiment one could

consider the investigation of implantation of C and Si into SiC by way of
the electric field gradients acting on the probe nuclei 11C and 27Si. For

both elements there are actually no stable isotopes at all that would
allow the measurement of nuclear quadrupole coupling constants. One

therefore would have to test the technique first by implantations into

non.cubic solids like graphite. Then a series of measurements of the beta-
NMR pattern at different temperatures could be performed and interpreted
to determine the defect configurations present, Later a series of double

resonance experiments with the stable nuclei of the matrix could give

further details on the lattice sites taken up after implantation, The

silicon atoms occupying carbon sites (antisite defect) e,g, would show a

stronger coupling to the matrix Si spin system than the substitutional

atoms. One would probably also investigate a few samples with different
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doping levels to detect the influence of charged lattice defects. Such a

program would typically run for 2-3 years, depending on the suitability of

the probe nuclei chosen and the significance of the initial results.
The required beam energies are about i00keV/A, with a large

uncertainty in the present expectations, however, Various test runs to

find the optimal conditions for the experiment would certainly have to be

made. Intensities of 107 ions per second should be largely sufficient,

8, Transmutation doping of wlde.bandgap aemloonduQtort
Much of the interest in the studies of implantation into

semiconductors comes from the central role this technique presently

plays in device manufacture, To date radioactive beams have only been

applied to study implantation in order to obtain a microscopic insight into
the atomic processes, Radioactive transmutation doping of silicon

following neutron capture, on the other hand, is a standard procedure in

semiconductor technology. It has thus been roalized quite early, that
radioactive implants for doping semiconductors would offer special
features like site specificity /14/.

There has been a long standing scientific and technological interest
in the use of wide-bandgap semiconductors like diamond and SiC for

device manufacture, In principle these would offer sizeable advantages for
high power, frequency and temperature applications, With the recent
progress in thin film growth of these materials /15/ the interest has

grown very large, Actually the first devices from these materials have
been produced,

One of the major problems in the use of wide-bandgap
semiconductors is the reliable doping of these materials, At least for
diamond the application of implantation is the only possible route. Even

high energy implantation has been suggested /16/. An abundant research
material has been collected /!7,18/, and it ts now clear that the residual

radiation damage after dopant implantation and annealing does strongly
affect the electrical properties /19/,

The technique to clope diamonds via nuclear transmutation following
'adioactive beam implantation is at present obviously highly speculative,
Since self-implantation even to a very high close is possible into diamond

at elevated temperature, one would implant C and Si isotopes into the
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crystal at the right depth and structure required for the wanted electronic

device. These would then decay to the dopant atoms in situ, eliminating

the strong lattice damage generally accompanying the impurity
implantation process. The most suitable isotopes for this purpose would

be 1iC, decaying to B with a halflife of 11min, and 31Si, decaying to P in
2,6hrs, Due to the short halflives only small areas could be doped at a

time, Clearly the physics underlying the proposed procedure would have to
be studied first. At least at this stage areas of 1mint should be highly
sufficient,

The beams required for doping purposes would by necessity have to

be quite intense, As the expected intensity of 1iC at a facility using

1001_A protons should exceed t0 !2 ions per second, however, doping levels
of 10!8cm "3 in a l_m thick layer, much larger than required for most

purposes, could be achieved within a time much shorter than the haiflife
of 11C, Beams of 31Si are much harder to produce, but i010 per second

should be within reach, Since the energies of the implanted beams would

have to be only very modest, a simple high voltage platform would suffice
for post-acceleration in most cases, Such a device has been installed at

iSOLDE for a variety of purposes, For future device production it could be
very important to have extremely small spot sizes for an economical use

of the precious radioactive ions. A specially designed (magnetic) fine
focussing system should be considered, Also it is not quite clear whether

on-line production is the most efficient path to a 31Si beam, Off-line

production in a batch mode should at least be considered, because it would
allow a greater flexibility in choice of the optimal target material, One

severe problem in the use of radioactive beams for doping could be the
requirement of beam purity, Stable contaminants and the use of molecular
beams are not allowed.

7, Conclusions

Materials research will certainly be an important topic at any RIB
facility. For a wide program it is obviously essential to have as many

isotopes as possible availablo for the different experimental

requirements. The purity of the beams from stable contaminants is of

great importance even for the m_lhods that use nuclear counting.
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Undoubtedly most of the applications will call for the standard beam

energies from an isotope separator between 20 and 200keV. There are,
however, a number of interesting applications for accelerated beams up to
500keV/A. At present it is hard to imagine uses of beam energies in the

nuclear regime, 5MeV/A, for condensed matter studies.

Important for any research in materials science is also the
infrastructure existing on site. Radioactive laboratories, clean rooms, etc.

should be available. A good vacuum at the beam port can be essential for
some cases. Very often experiments in materials science require the use

of the same type of beam quite regularly. A repetition period of more than
4 months makes most work in this field intolerably ineffective.
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Table 1' The ISOLDE Solid State Program -techniques, isotopes,
'. groups and topics

1. Moessbauer Spectroscopy 57Mn 1191n119Sb
(Aarh us-C ERN-G ron ingen- Leuven)

Defects in metals,
Impurities and defects in semiconductors

2. Perturbed Angular Correlation 73As 77Kr 79Rb 111mCd 199mHg
(Berlin-Bonn-CE RN- Erlangen-Ko nstanz-Lisbon-M unich)

Impurities in metals
Defects and impurities in semiconductors
Adatoms and diffusion on surfaces
Motion of biomolecules

3, Channeling 8Li 1121n 205F r
(C ERN-Gote bo rg- Konstanz- Leuven)

Implantation into semiconductors and metals

4. Tracer Diffusion 121Te 195Au 221Fr
(Argon ne-Berlin-CER N-Kuwait-Muenster)

Bulk diffusion in semiconductors and metals
Grain boundary diffusion

5. Beta- NMR 8Li 23Mg
(C ERN-Gotebo rg- Mainz-Marbu rg-Oxfo rd-Rehovot)

Nuclear relaxation in semiconductors

6. Conversion Electron Spectroscopy 73Ga119Sb
(Aarh us-CE RN-Zuerich)

Electronic structure at impurities

7. Deep Level Transient Spectroscopy 195Au
(Aarhus-Erlangen)

Impurities in semiconductors

8. Surface Desorption 47Ca 105Cd
(Saclay-Berlin-CERN-Tel Aviv)

Nuclear recoil from surfaces

9. Low Temperature Nuclear Orientation many
(Berlin-Bonn-CERN.Daresbury-Delft-Gent-Leuven-Lyon-
Manchester-Munich-Orsay-Oxford-Paris-Strasbourg)

Nuclear relaxation in metals
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_60in Si

60 keV 400 keV 3.2 MeV 20 MeV

0.1 1 10
Depth (urn)

Fig.l: Typical range profiles for implantation into solids at various

energies. It is apparent that a well defined depth of order _m can be

obtained at typically 50keV/A
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Section I

Reportom Discussion Group on Experiments with
Radioactive Beams

D. J. Vieira and M. Wiescher

Abstract

Duringthecourseoftheworkshop,a widerangeoffuturisticradioactive-beam

experimentswasdiscussed.Theseextendedfromthestudyofelectroweakinteractionsin

nucleitomaterialsscience,nuclearastrophysics,andahostofnuclearphysics

investigations.Emphasiswasplacedonillustratinghow theseprototypicalexperiments

couldbeaccomplished,discussingwhattypesofdetectionsystemswouldbcneeded,

exploringthenew problemsthatwouldconfronttheradioactive.beamexperimenter,and

better defining the beam requirements,

Introduction

in general, the types of experiments that can be accomplished at a variable.isospin,

heavy.ion facility, such as the IsoSpin Laboratory (ISL), are dictated by the range of beams

that is available, the energy of those beams, and their intensities. The initiative outlined in

the ISL White Paper seeks the most general type of radioactive-beam facility and covers

nearly all of the nuclidic chart up to A = 240. The maximum energy of the ISL benchmark

was set at 10 MeV/gt, and intensities as high as feasibly achievable were specified, with the

nominal production choice being a high-intensity, ISOL-based system. At this workshop,
il'considerable discussion was devoted to the maximum energy of the fac lty, Several

participants argued that the maximum energy should be increased to 30 MeV/gt or more

(especially for beams with A < 140) to take advantage of inverse-kinematic reactions with

large negative Q.values; moreover, this increase in energy would provide complete energy

coverage up to the lower energy region now covered by projectile-fragmentation-based,
radioactive-beam facilities.

Figure 1 qualitatively illustrates the different types of experiments discussed at this

workshop and their related technologies vs beam energy, At the low end of the energy

range, ion- and atom.trap technologies were described, These methods hold promise for a

variety of studies of nuclear mass and decay spectroscopy, atomic physics, and weak
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interactions. A whole new class of important experiments will be possible by using

trapped, cooled, and fully polarized radionuclides. Naturally, a variety of other

experiments, especially some in the fields of biology and materials science, will lake

advantage of the high-intensity radioactive beams that can be collected for use in chemical

radiotracer studies.

With post-accelerated beams of energies up to 500 keV/l.t, a variety of surface-physics

and materials-science investigations based on sensitive radiotracer implantation techniques

become possible. A reliable source of such radioactive beams would be of considerable

importance to materials studies. With radioactive beamsin the 0.2- to 2-MeV/l.t ener_

region, a series of key nuclear astrophysical reactions await measurement. Many of these

reactions cannot be measured with stable beams and targets. At slightly higher energies of 2

to 5 MeV/I.t, several subbarrier and coulomb-excitation experiments were discussed.

At or just above the coulomb barrier, in the 5. to 10-MeV/la energy range, a variety of

fusion-fission and high-spin investigations are of interest. A wealth of experiments will be

done at these energies with 4n gamma-ray, charged-particle, and/or neutron detector

arrays. Naturally, special precautions must be taken to protect these large detector arrays

from becoming contaminated or overwhelmed by radioactive emissions from the scattered

radioactive beam itself or from decay daughters. Well.collimated beams and the use of

disposable liners are likely to be required in many cases.

In the 10- to 30-MeV/I.t energy range, various one. or two-nucleon-transfer or charge-

exchange reactions were discussed. As mentioned above, many of these reactions will be

done in inverse kinematics to take advantage of the kinematic concentration of reaction

products at forward angles, where magnetic spectrometers can be efficiently employed.
Above the Fermi energy (about 35 MeV/t.t), projectile-fragmentation reactions become

increasingly more dominant. Albeit at much lower beam intensifies, beams at this energy

and even higher energies are presently available from several existing projectile-

fragmentation-based, radioactive-beam facilities. The ISL initiative does not intend to

compete with these facilities, but rather to concentrate on nuclear structure, nuclear

astrophysics, and other more applied areas where a wide range of high-intensity, high-
V 'quality radioactive beams is required but where they are not as yet a rulable.

Figure 2 reviews the basic intensity requirements of a variety of nuclear reactions and is

taken from a figure presented by Fred Becchetti (University of Michigan), Although each

experiment's intensity requirements will depend on the process being investigated and the

experimental setup used, Figure 2 shows that the intensities range from less than 105 to

1012 panicles per second, wiiere most reactions require beanas of 106 to 109 particles per

second. Such intensities (at the energies and beam quality desired) are available (at

Louvain-la-Neuve or projected for the Radioactive Ion Beam Facility now under
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construction at Oak Ridge) for a limited number of light- to medium-mass radioactive

beams that lie only a few nucleons away from stability.

For long-lived species (those with a half-life of 1 h or more), the preferred experiment

may be to accumulate the mass-separated ISOL beam as an on-line radioactive target and to

use a stable beam from the heavy-ion post-accelerator. In addition, a low-energy neutron

generator of the 3-MeV-proton, 1504-ta.A type that uses the 7Li(p,n) reaction to produce a

stellar-like, neutron energy spectrum, was suggested for use with on-line accumulated

rad._oactive targets for the measurement of (n,y) cross sections for s-process studies. Thus,

an on-line radioactive-target station, a stable-beam injector (that also could be used in

tuning and operating the post-accelerator), and possibly a low-energy neutron generator

should seriously be considered for ISL.

Within these basic parameters, the workshop participants discussed prototypic

experiments, detector and experimen',a.1systems, and desired beam requirements for the

ISL. Clearly, not all topics were represented at this workshop. These discussions represent

only a sampling of the experiments that could be done at such a facility, but a great amount

of credit is due the workshop participants and to the members of the wider radioactive-

beam community who contributed these forward-looking ideas.

Prototypical Radioactive Beam Experiments

In this section, we proceed from low- to high-energy beams, regrouping the discussion

according to topic. A complete listing of invited speakers mad"discussion leaders" appears

in the workshop agenda, and more details are contained in the invited or contributed papers

published elsewhere in these proceedings.

Weak-Interaction Experiments

Weak-interaction studies in nuclei are expected to become more and more feasible as

higher beam intensities and more sensitive experimental techniques become available.

Towards this end, Gene Sprouse (Stony Brook) presented an outlook on parity-

nonconservation experiments of francium atoms that could provide a high-precision test of

the Standard Model of electroweak quark-electron interactions at low momentum. This

experiment involves the measurement of the 7S-to-8S atomic transition rate with circularly

polarized laser light at the transition energy in crossed electric and magnetic fields. To

increase the sensitivity of the experiment so radioactive species can be used, a Zeeman optic

trap (ZOT) is proposed to trap, concentrate, and cool atomic francium isotopes that have

been mass separated, stopped, and neutralized. The combination of high-intensity ISOL
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beams and a ZOT laser could also enable a variety of other nuclear studies, such as the

decay of polarized nuclei and electron-neutrino angular correlations.

Another weak-interaction investigation was highlighted by Moshe Gai (Yale). It

involves the first forbidden beta-delayed alpha decays in mirror nuclei, such as 20F and

20Na. The branching ratios are expected to be very small (on the order of I0"6), but if such

determinations can be made, new insight into parity-violating contributions that arise from

the subnucleonic (meson) degrees of freedom may be rovcaled. Gai went on to discuss a

more-precise measurement of parity-violating beta-delayed alpha emission in 18F. Previous

work on 18F indicates a suppression of isovector (AI -- l), neutral-current weak

interactions in the nucleus. This experiment also involves the measurement of very small

branching ratios (---I0"10); thus, both of these weak-interaction experiments will require the

highest ISOL intensities available and a specially designed high-geometry detection system.

Also related to this subject is the study of 0-_ + superallowed beta decay for N a Z

nuclei. This topic was discussed by John Hardy (AECL, Chalk River). Radioactive beams

are needed to produce and characterize the beta decays of heavier nuclei between A = 56

and A = I00. Such measurements, especially for "forbidden" 0-_ + transitions, will

provide an experimental check of the charge-dependent radiative corrections whose

uncertainty now limits such work. With improved charge corrections, the high-precision

measurements of superallowed transitions will further probe the conserved-vector-current

hypothesis and test the Standard Model via the unitarity of the Kobiyashi-Maskawa Matrix.

Materials-Science (Condensed-Matter) Experiments

Heinz Haas (ISOLDE, CERN) presented an overview of materials-science applications

by using radioactive beams. Nuclear methods, such as radiotracer diffusion, MSssbauer

spectroscopy, emission channeling/blocking, perturbed angular correlations, deep-level

transient spectroscopy, conversion electron spectroscopy, and low-temperature nuclear

orientation, provide excellent diagnostic tools for investigating impurity effects in

condensed matter at very low concentrations. Experiments that address diffusion in

immiscible systems by deep radiotracer implantations, surface migration, and interface

studies were described. The techniques that would be employed in these studies include the

use of decelerated, "soft-landed" radioactive beams; local-magnetic-field measurements

with beta-NMR with tilted_foil-polarized radioactive beams; and transmutation doping of

wide-bandgap semiconductors. In general, these studies require a variety of radioactive

beams with doses of 109 to 1011 atoms in small areas (<1 mm 2) at implantation depths of

<10 _m. Meeting these specifications requires tightly focused, fairly intense (>108

particles per second) beams with energies up to 500 keV/_. For the semiconductor-doping
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experiments, intense (I0 I0 to 1012 particles per second) beams of 11C and 31St were

suggested. To make progress in this field, frequent short experimen[al runs must be made

with ready access to radiochemical laboratories, clean rooms, and other related

experimental equipment.

Concentrating on M6ssbauer experiments and their application to materials studies,

Jerzy Sawicki (AECL, Chalk River) outlined an experiment that involves the implantation

of 197Hg, which, once implanted, would decay to 197Au. Through on.line M6ssbauer

spectroscopy, the diffusion of gold in silicon could then be investigated. Such work has

direct applications to the development of fast, very-large-scale integrated circuits. Another

area of high interest in materials science is the study of doped diamonds and their potential

use as wide-bandgap semiconductors. The use of radioactive beams to implant ions, such

as 5"7Mn,73As, 1191n' and 197Hg, which are not readily available to the materials science

community, would greatly advance the use of such nuclear techniques in addressing
condensed-matter issues.

Nuclear-Astrophysics Experiments

In the field of nuclear astrophysics, ISL offers a unique opportunity to extend the

experimental study of stellar nucleosynthesis processes towards unstable short-lived nuclei,

which are of extreme importance for the understanding of explosive stellar scenarios. The

discussion focused on three nucleosynthesis processes:

1. the r-process, which is thought to occur in supernova explosions

2. the s-process, which determines the production of heavy elements in red-giant stars

3. the rp-process, which determines the nucleosynthesis in nova events

The understanding of these three processes requires a detailed knowledge of the

nuclear-structure parameters of isotopes that lie away from the line of stability; however,

because of the substantially different nature of these processes, different experimental

approaches are needed to study the various nuclear "input" parameters. This viewpoint was

developed from extended discussions of the nuclear astrophysics working group, which

was stimulated by the invited talk of Art Champagne (University of North Carolina) and

contributions by Dick Boyd (Ohio State), Joachim G6rres (Notre Dame), and Franz

K_ppeler (Karlsruhe).

The r-process is a rapid-neutron-capture process, and its reaction path runs along the

neutron-rich side of stability near the neutron drip line, as determined by (n,7)-(7,n)

equilibrium. Its understanding mainly requires the measurement of nuclear masses, beta-

decay lifetimes, and decay properties near or even on the r-process path. These studies
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largely use the front.end, isotope-separator pan of ISL with its improved mass-resolution

capabilities without beam post-acceleration.

The s-process, a slow-neutron-capture process, runs clo_e to the line of stability and

mainly involves neutron-capture reactions on stable nuclei but may also involve neutron

capture on unstable isotopes. The study of these reactions allows the determination of the

macroscopic stellar parameters, such as temperature, neutron dcastty, and mass density.

For the measurement of these reactions, the ISL will be used as an implantation facility to

produce relatively thick samples of long-lived isotopes for off-line or even on-line neutron

irradiation, A similar approach is possible for the study of the p-process, whteh is

characterized by (y,n) reactions on long-lived isotopes on the neutron-deficient side of

stability. In this case, the measurement of (n,y) reactions on long-lived samples can be used

to stud), the inverse photodisintegration process.

The _.process is characterized by a sequence of proton-capture reactions and beta

decays on the proton-rich side of stability. Understanding this process requires a detailed

knowledge of the reaction rates of the various (p,_,)processes along the reaction path,

which is sensitive to both the temperature and density of the site of this process. 'me cross

sections of these reactions can be measured at the iSL in inverse kinematics after

accelerating the isotopically and isobarically separated radioactive nuclei to energies of 1 to

2 MeV/la on a hydrogen target. An alternative is to study transfer reactions to determine the

nuclear structure of proton.rich isotopes above the proton threshold. This approach allows

one to calculate the resonant reaction rates for the (p,'/) processes that produce these nuclei.

r.Process Experimental Requirements, The main goal of these measurements is the

deten'nination of masses, lifetimes, and decay modes of nuclei far from stability. For this

purpose, the isotopically separated nuclei are implanted with a typical ener_ of about 100

keV into a transport system (a tape or gas jet) and positioned before an appropriate detector

system to measure their decay properties. The experimental limitations of such

measurements at current ISOL systems like ISOLDE are the beam intensities and beam

purities. Beam intensities can be improved by increasing the primary-beam intensity and/or

decreasing the transport and release times for the produced radioactive isotopes. The beam

purity can be improved with the introduction of an isobar separator; limitation of impurity

concentrations to 10"5 or less may be required. Another suggestion was to selectively

ionize particular isobaric members with a laser ion source, These measurements require that

the beam be deflected before the post-accelerator system, which is not needed for such
studies,
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s. andp.Process ExperimentalRequirements.The measurementof neutron-capture

reactionson radioactiveisotopesrequitesthe productionof twounstablenuclei, Inaddition

to the ISL, anefficient neutronsourceis necessary.The isotopicaUyandisobaricaily

purifiedbeamwill be fannedoutbeforethe post-acceleratorso it is implantedat anenergy
of about100to 200 keV intoanappropriatebackingmaterial(e,g,, carbon),Forneutron-
capturemeasurements,atarget thickness_1014 atoms seems necessary.Afterthe sample

is produced,it will be irradiatedin a neutronbeam to measure the cross sectionby using

activation techniques(i.e., measuringthecharacteristicdecay signalof the reaction

product), In most cases, the importantreactions forthe s-processonly involve very long-

lived radioactiveisotopes(t1/2g 10years);therefore,it is not necessary forthe neutron

sourceto be on site.The measurementof neutron-capturereactionson short-livednuclei

(t1/2 < i day), however,requiresan on.line neutronsource.A 3-MeV high-intensity

protonmachine was suggestedas a favoredsourceforproducingneutrons in a stellar

velocity distributionvia the 7Li(p,n)reaction with about 2-MeVprotons. Anon-line

neutron-productionfacility would have large advantagesforthe gtudyof p-process

reactions. Such studies wouldrequire(n,y)measurementson fazl;_ short-lived,neutron-

deficient targets.Those measurementscan be determinedfromthe (y,n)cross section by

detailed balance.This technique, however,may re.quirelargerneutronenergiesthan would
be available fromthe 7Li(p,n) neutron source.

rp.Process ExperimentalRequirements,The studyof proton-capturereactions with the ISL

requires a more complex experimental setup andputs more stringentrequirementson ",he

beam quality. The isotopicallyand isobaricallyseparated ions need to be acceleratedto
between 0.2 and 2.0 MeV/p., the range of astrophysicallyrelevant energies. A solid-

hydrogen target (CnHx) or a hydrogen-jet target was suggested. Whll.: the gas target

system is technicallymoredemanding, the solid target has an unfavorablestoichiometry

thatmay reduce the reaction yield by a factor of 3. Both targetswill cause substantial beam

losses (i0 -5) by scatteringeither on the targetmaterial itself or on the beam.defining

collimators. These scattering losses will leadto a substantialbuildupof backgroundactivity

in the target areaandlead mainly to 51l-keV annihilationradi:ttion.This buildup will lead

to a largebackgroundcount rate in the gamma-detectorsystemcausing pileup problems,

This type of experimentwill require a beam intensity of at least 109particlesper second, a

beamenergy resolution of <15 keV/la,anda beam-energycalibrationof better than 2

keV/la.In addition, a gas targetsystem will require a beam focused to a diameterof~l mm

so it can pass the entrance collimatorswithoutsubstantial losses.An isobaricpurity of

better than 10-5 seems necessary to avoidpotentially intense backgroundreactions. To

111



reduce the background in the detection system, a pulsed beam with adjustable pulse

duration for activity measurements of reaction products may be favored.

The following requirements were formulated for the detector system. For the gamma

detector, a highly segmented Nal array was suggested to reduce the total count rate,

resulting mainly from the background activity. The poorer resolution in comparison to that

of a germanium detector system is not serious because the gamma lines are expected to be

Doppler broadened, anyway. The time structure of the beam will be used to improve the

peak-to-background ratio. An additional combined recoil separator/velocity filter will help

to separate the recoiled reaction products from the initial beam, allowing coincidence

measurements between the prompt-gamma radiation and the separated recoil products, In

some cases, the expected resonance strengths of (P,7) reactions would be too weak to

measure directly, In these cases, measuring single-particle transfer reactions in inverse

kinematics with ISL beams was suggested as a way to determine the single-panicle

spectroscopic factors of the proton unbound states in the reaction product. Such

measurements require a beam energy of up to about 20 MeV/_. This energy is significantly

higher than that originally anticipated in the ISL White Paper, however, the multitude of

possible applications for the study of resonant-proton-capture rates [e.g., by measuring

(3He,d) reactions] and of resonant- and nortresonant-neutron.capture rates [e.g., by

measuring (d,p) transfer] may justify a modification to higher energies in the long term.

Coulomb Excitation and Other Subbarrier Experiments

In the subbarrier energy region, Rick Casten (Brookhaven National Laboratory)

described a coulomb excitation (Coulex) experiment to measure B(E2) values for the

decays of the first 2+ and 4+ states in even-even radioactive beams. This low-spin

information, if done for a broad set of species, would provide invaluable insight into the

nuclear structure (e.g., collectivity, nuclear shapes, and the role of p-n interactions) of

these nuclei and into how this structure changes as functions of N and Z. Given the large

excitation probabilities and the relatively low gamma-ray multiplicities expected, the

experiment could be accomplished with fairly modest beam intensities (on the order of 106

panicles per second) at energies of 1,5 to 3 MeV/la with only a small number of germanium

detectors placed in close geometry around the target, If the experiment were done in inverse

kinematics with medium- to heavy-mass beams on a hydrocarbon, or possibly a hydrogen-

gas target (about 1 mg/cm2), count rates on the order of about 1 Hz could be estimated.

Thus, a whole series of measurements could be made relatively quickly.

In other discussions, the idea of investigating subbarrier neutron.transfer, fusion, and

fission reactions was explored. The use of radioactive beams with large neutron halos or
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' nskinscouldmakesuchexpenme tsparticularlyinteresting;however,mostof thesespecies

lie alongthe dripline andpossessvery shorthalf-lives,sohold-uptimesanddecaylosses

in the target/ionsourcewouldcombineto limit theseexoticbeamsto low intensities(<105

particlespersecond),whichwould,naturally,limit suchinvestigations.

Fusion-Fission and High-Spin Experiments

Near andabovethecoulombbarrier,in theenergyregionfrom5 to 10 MeV/l.t,

radioactivebeamsmakepossiblea widevarietyof reactionsfor theproductionof nuclei

with interestingconfigurationsthatcannotbeproducedwith stable-heavy-ionbeams,They

wouldalsomakepossiblea varietyof reaction-mechanismstudies.Unfortunately,at this

workshopwe werenotable to exploreall of thesetopics,soonlya few areashavebeen

highlighted,amongthem,high-spinphysics.

The invited talkof CyrusBaktash(Oak Ridge NationalLaboratory)andcontributions

from IrshadAhmad(ArgonneNationalLaboratory)andl-Yang Lee (LawrenceBerkeley

Laboratory) painted a broad pictureof the different types of high-spin studies that may be

undertaken, Baktash concent_ated on studies in proton-rich nuclei. In particular,he
mentioned:

1. The search for predicted, new, exotic shapes, such as hyperdeformation (a 3:1 ratio

of major to minor axes), for example, in the neutron-deficient barium region with a

64Ge beam and Y31 (banana-shaped) octupole deformations

2, The study of N E Z nuclei between 60Zn and 92pd

3. The investigation of p-n interactionsthat involve identical high-j neutronandproton

orbitals (e.g., the g9/2, hl 1/2, and i13/2 orbitals in the A ,,, 80, 120, and 170 mass

regions, respectively)

4. The study of octupole and superdeformed shapes "southwest" of 208pb (e,g, in the

neutron-deficient mercury isotopes)

All of these could be produced via compound nuclear reactions with radioactive beams

that have intensities of 108 to 1010 particles persecond andenergies around 5 MeV/lz. The

general theme here was that the extreme isospin beams will lead to the most dramatic

results. With large germanium arrays, such as GammaSphere and Euroball, and their

accompanying arrays of charged-particle or neutrondetectors, the detection system can be

easily overloaded. Thus it may be better to exploit reactions with large cr,_s sections with

small beam intensities thanones with small cross sections at high beam intensities;

however, when small cross sections (<0.5 rob) must be investigated, the use of a recoil

separator to tag outgoing reaction products can be very powerful.

113



Ahm_, filling in for Mike CazT_nter(also of Argonne National Laboratory),outlined a

high-spin experiment that would use neutron-rich radioactive beams. The idea was to study

"complete" J and E* spectroscopy in stable rare earth nuclei, such as for a series of erbium

nuclei (e.g,, 162Er to 168Er). (166Er is also a candidate for hypercleformation.) Extensive

information on low-spin states is known for erbium nuclei, but because of the lack of

suitable target-projectile combinations with stable beams, high-spin studies of these nuclei

have not been possible', however, with neutron-rich radioactive beams, such studies could

be done. Conditions that favor these studies are:

1. The large fusion cross sections

2. The smaller fission losses compared to the currently accessible neutron-deficient
nuclei

3. The smaller charged.particle.evaporation loses

Thus, an a_eptable gamma.gamma double-coincidence experiment could be mounted with

a detector array like GammaSphere and with beam intensities of 107 to l08 particles per

second for neutron-rich radioactive beams, such as 46"52Ar on a 124Sn target with a

thickness of about i mg/cm 2. Complete spectroscopy investigations are expected to be

possible for other stable nuclei throughout the Sn to Pb mass region,

Lee explored what high-spin studies could be attempted with the coulomb-excitation

approach. The specific case examined was a 4.5-MeV/_ 168Dy neutron.rich radioactive

beam on a 208pb target (of about 1 mg/cm2), where spins up to 22 tl arcexpected to be

populated. The problem, however, is the large scattering of the radioactive beam into the

forward hemisphere 0:60°). This part of the gamma array would have to be removed, thus

reducing the multiple-gamma detection efficiency. Nonetheless, low but acceptable

counting rates were estimated for a gamxna.gamrna.particle coincidence experiment with

16S__y-beam intensities of l06 to l07 particles per second.

Turning to the heavy mass region, Jerry Wilheimy (Los Alamos National Laboratory)

reminded us that the ISL will provide copious amounts of isotopes in the region between

lead and thorium that were previously inaccessible because of the lack of stable or Iong-
n'lived targets. Such radioactive beams provide a unique opportu lty to extend our

knowledge of the fission process, most notably how changes in fission barriers and shell

structure influence the fission observables (mass distributions, kinetic-energy release, etc,),

A particularly interesting region of study lies "northwest" of 208pb (i,e,, the neutron-

deficient pre-actinides). For the most neutron-deficient isotopes in this region, fission will

be the dominant decay process, In a specific example, Wilhelmy described a fission

experiment that uses the (d,pf) reaction in inverse kinematics with a radioactive beam of

209Th at 8 MeV/ta, Because of the inverse kinematics, the fission products are concentrated
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atforwa_ angles,andtheirenergiesare "boosted"to higherenergies,Both of these

characteristicshelpin _g thedetectionmoreefficientandthedE/dxpanicle

identificationmoreprecise.Acceptabledamratescouldbeobtainedwith_ intensitiesor

106 particlespersecond,Finally,Wilhelmysaidthatthis sameregionholdspromiseas

being arichsourceor new fission-shapeisomers,Withthe innerbarrierdroppingbelow
theouterbarrierby I to 3 MeV in theneu_n-deflcient radiumisotopes,relativelyhigh

isomerpopulations(I0"2to I0"3incontrastto typicalactinidefissionisomerpopulations

of i0"4to 10"6)areexpected. These projectedpopulationsof isomersimplythata whole
set of shape-isomerexperimentswouldbe possiblewitha GarnmaSphere.typearrayatthe
ISL.

Forthechemicalandnuclearinvestigationof theheaviestlong.livedu'ansactinides,Ken
Oregorich(LawrenceBerkeleyLaboratory)exploredtheproductiorJof rutherrordium(Z =

IO4)isotopeswith248Cm(2OO,xn)compoundnuclearreactions,With200 at thebeam

intensitiescitedin theISLWhitePaper,some100atomsperdayof2_Rf couldbe
producedviathe4nreaction.Anotherinvestigationmappedouttheproductionratesof

neutron-richnucleiwithZ from94 to I(X)viaa93Rbbeamona248Cmtarget.Forseveral

species,theproductionappearssufficientlyhightoconsideravarietyof'_-decay(t1/2,[3-
n,and13-fission)studies,Inclosing,Oregorichmade_pitchfor theaccumulationof online

radioactivet_a'gets(RT),He showedthatforspecieswithhalf-liveslongerthanI_

seconds,higherluminositiesc_ beachievedwithradioactivetxrgetsandstablebeamsthan

with radioactivebeams_d stablet_gets,

TransferReactionsand Reactionswith IsomericBeams

Theuseof radioactivebeamswill allow a widearrayof nuclear-reactioninvestigations.
Man),ofthesereactionstudies,someortheirgeneralcharacteristics,andthetechnical

needsand/orequipmentwerediscussedinthetalkofBecchetti.Itwasnotedthatreactions

withradioactivebeamsoftenhavemorepositiveQ-valuesthandotheirstable-beam

counterparts.Thus,Q-windowmatchingguaranteesthatmoreexcitedstates,exhibitinga

largervarietyofnuclearproperties,areaccessibletostudy,Theresultingpanicle.msnsfer

spectraarethuslikelytobemorecomplicatedandrich.InthecaseofthemostextremeTz

beams,whichareweaklybound,crosssectionsmaybesignificantlyreducedbecauseof

entrance-channelbreakuplosses,Becchetlipointedoutthatmanyexperimentaltrickscould

beemployedtohelpfacilitatesuchstudies,Thesetricksincludetheuseofmultiple

detectors,kinematiccoincidences,dispersionmatchingwithspectrometers,reverse

kinematics,ej_tile"breakupdetection,largesolidangledevices,andtime.of.flight

measurements,Inclosing,Bechettihighlightedre,actionsthatcouldbestudiedwith
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isomericbeams,Giventhatisome_ areinternallyexcitedandthat they oftencorrespondto

a nucleusthathasanunusualshape,a v_ety of experi_nts can beimaginedthatexploit
thesefeatures,Forexample,a betterunderstand/nllof the spin.dependent( t, t and t, s )

partsof the nuclearpotentialmaybe obtained,in the case of short-livedisomersthatare
producedasasecondary_m l_m astableorradioactivebeam,gamma(orbeta)tagging

techniquescan be usedto identifythereactionproducts.Thus,reactionsthatinvolveeither

entrance-channelorexit-channelisom_c.state populationsmaybe investigated,
Hardyoutlineda setof prototypicalradioactive.beamex_riments thatinvolve transfer

reactionsneardoublymagic56Ni, whichcould be studledin inversekinen_tics, Pickup

andstrippingreactions[suchasd(56Ni,p)5?Ni,3He(56Ni,d)57Cu,p(57Ni,d)56N|,and

p(S6Ni,t)54Ni],leadingto single-andtwo.particleexcitationswithrespectto the 56Ni

doubly closed shell, areinterestingnuclear.su'ucturestudies,Theynotonly providethe

single.particlestatesrelativeto theN =Z =28 shell butalsoestablishthe two.particle
correlations,H_y reportedthatreasonableenergyspreads(about0,2%) andangular
resolutions(a_ut0.I°)wererequiredtoachieveaS0-keVresolutionforthelightejecule

in the centerof mass, Witheithera gas.jetora gas-cell(at about 150_g/cm2) tJugetwitha

mlcros_p detectorteiesco_ armyto _asure theouqloinglightparticles,acceptable
countingrates(between 10.3 and I Hzper snip fordo/dr] = I0 l.tb/srto I0 mb/sr)are

achievablewithradioactive.beamintensitiesof 108paniclesper second. Desiredbeam

energiesforthe single-nucleontransferreactionson hydrogenvariedfrom 15 to 25 MeV/ta

dependingontheQ-value,Andintheworstcase,thatofthep(S6Ni,t)54Nireaction,where

theQ-valuewasverynegative(Q= -22.4MeV),abeamenergyof50MeV/u,wassought.

Higherenergiescouldbeachievedattheexpenseofbeamintensitybyselectingaless-

favored,higherchargestateafterstripping,Additionalmeasurements,suchas

pf66Ge,66As)nandp(68Ge,t)66Geand the Q(EC)-valuedeterminationviathe reaction-

thresholdmeasurementof p(S4Fe,54Co)n,werealsodiscussed asbeingof interestto the

0+.0+ superallowedbeta.emltterworkmentionedpreviously,Alongsimilarlines, Brad
SherriU(MichiganStateUniversity)mentionedthecalculationsof WalterHenninll

(ArgonneNational Laboratory)onthe inverse-klnematicstrippingreaction
d(1325n,p)1335natabout l.'iMeV/l,t,A verypron'dsingprogramof transferand chau'ge-

exchangereactionswouldclearlybe possibleat ISL;however,some reactions would

requirebeamenergiesgreaterthan 10MeV/la,at leastforcertainmass ranges,
Sherrillreviewedcurrentactivitiesonthenuclearstructureof'andreactionswith

driplinenuclei,especiallyneutron-halonuclei.Ofinterestinthecaseof1ILlarethe(Sl/2)2

and(Pl/2)2contributionstothegroundstate,whichcouldbemappedoutviaone-and

two.neutronstrippingreactions,Forthep(IILi,10Li)dreaction(wherethelOLlrapidly

breaksupinto9Li+n),Sherrilles_matedthatafeasibleexperimentcouldbedoneatan
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intensityof l0 _ particlesper second;however,a beamenergyof 30 MeV_ wouldbe

desirable,To exploitandfur,,herinvestigatethenatureof the neutron.haloextension,
subbarrierenergiesshouldbeexplored,Suchspeculativeeffectsas halo-assisted,cold

fusion,andenhancedneuw.)n-_sfer crosssectionscould proveinteresting,

F._¢rimental Equipmentand an Outline of the _rimenlal Areas

Onesession wasdevotedtoexperimentalequlpmentneedsandthe discussionof what
new pmblerruitheradio_l:ive._ experimenteris likely toface, MarcHuyse(Catholic

University,Leuven)startedbyrecountingsomeof theexperiencesconfrontedin Louvain.

la.Neuve radioactive._ experiments.Thern_orexperimentalproblemswere:
I, Low _ intensides(compar-r..dtostable-he.lvy.ionbeams)

2, Small,asu'ophysicallyinterestingcrosssections

3, High backgrounds

Thesolutionsgenerallyinvolvedacotnbinadonof:

I, Theuseof a large.sol/d-angledetectionsystem,oftenwitha highde_¢ of
granularity

2, Tailoringtheexperimentto behighly sel_tive tothe processof interestandas

insensitiveaspossible to otherprocesses(i,e., byemployingspecialized
_uipment)

3, Effectivedisposalof _d shieldinj fromtheradioactivebeamandits decay

daughters

In thelattercase,theincidentbeamswerewellcollimatedtoremovebeamhalos,andthe

beamdumpswereaswebshieldedandasfarremovedfromthedetectionequipmentas

possible.Duringgroupdiscussionsit was mentionedthata movingtapeor screen

_gement couldbe usedto removetheaccumulationof scattered.beamactivity,Long-

livedradioactivebeams or_s with long-liveddecaydauIIhtersarea seriousproblem,
notonlyfor thepost.acceleratorbutfortheexperimentalbeamlinesandtheexperiments

well.Specialprecautions,suchastheuseofactivationmonitorsandremovableliners,
mustbetakentopreventlong.termcontaminationof equipmentshouldthese_ms be

absolutelynecess_,

DernetriosSanmdtes(WashingtonUniversity,St. Louis)talkedabouthighly
segmented4n detectorarrays,Clearly,suchlarge-solid.anllledetectorsystems_"ewhat

wiil _e radioactive-beamexperimentsfeasiblein mostcases. Highlysegmenteddevices,

such as theGamrnaSphere,areidealfor multifold,gamn_-gammade-excitatlonstudies,
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Althoughmultiplicityselectionisapowerfultoolanditwillhelptoreducetheannihilation-

radiation problemassociatedwithscat1_ positrondecaying_ms, in manycases it
cannotdo it all The addisonof a charged-particle-detectorarray,suchas theMicroball(an

_y of Csl andplasdcdetectors),and/orrecoil taggingwitha recoilmasssepzratorwill

havehighutilityin pic_g outthedesiz_ neutron-deficlentor neuo'on.richspeciesof

interest.Otherlarge-solld.angledevices (suchasneutronarrays,silicon microslrip arrays,
gas detectorsarrays[i.e.,PPACsor Braggcounters],or a time projectionchamber)also

havemerit;however,in allof theseex_nsive andmanpower.lntensivedet_tion systems,
s_cial precautionsmustbe_en to preventcontaminationby_attered rad/oacdveIxarns,

To thisend, inverse-kinematicreactions(i.e.,heavybeamsonlight targets)may become
theruleratherthan theexceptionas it exists todaywith stable_ms. Manyor these

rad/ation-back_und issues couldandshouldbeaddressedtodaywithstablebeamsso that
we _ Ixuer prep_d to deal with theproblemwhena broadset of radioactivebeams
becomeavailablein thefuture.

Turningto recoilsepanttors,Car),Davids(ArgonneNationalLaVatory) describedthe

operationandperformanceof theFntjrnentMassAnalyzer(FMA),aseparated.functionE

x B recoilsep_atornowinoperationat Argonne.Becauseof'_auered-ixamproblems,
th/sdeviceisnotwellsuitedtoinverse-ldnematicreacdons,butforfusionreactionsfor

whichitv,,asdesigneditworksquitewell.Futuredevelopmentsofsuchrecoilsepantors

arelikelytohaveoneormoreintermediatefoclto:

I,Imploretherejectionoftheprimarybeam

2, Helpdecoupleandreduce(viasu'ategicallyplacedmultlpoles)theeffectsofleading
second.orderaberrations,whichnowlimittheresolution

3, FaciliulteIxnerrecoilpmicleiden_flcationorprovidesomeZ sepandon

(SomeortheseimprovementshaveIxenincorporatedinnewrecoilseparators,suchas

MARS atTex_ A&M Universityortherecoil.massseparatorsnowbeingconstructedfor

theOakRidgeRIBFacility,)Acceptancesaslargeas_ =20mar,8(rn/q)/(rn/q)=:I:I09_,

and8E/E,,:i_20_maybepossible,andray-o'acingtechniquesmay rurd_erenhancethe

performancewhereioncountingispossible,

Sherrillreviewedlarge-acceptancemagneticspectrometers,Asmentionedearlier,such

speco'ometerswillbeusefulforavariet7of inverse.kinematicreactionswherea largepan
oftheangulardistributionisconceno'atedatforwardangles,Existingmodern

spectrometershavelargeacceptances(_=20msr[:i:,S°],8p/p=_), andmomentum

resolutionsofIpanin104,andtheyemployray-o'acingtechniques,Angul_resolutions

ofa fewmr_l (about0,1°) c,n Ix _asured,The$800speco'ometercurrentlyIxing

consm_ctedatMichiganStalewa_citedasanexample,A seneral-purposemagnetic

II_



speco'ometerforISLwasseenasbeingmoreofatechnologicalchaJlengeinthatitshould

beabletoworkwithheavynucleiaswellaswithlightnucleiandthehighradioactive-beam

intensitieswouldleadtobackgroundproblems,A guestimatedpricetagforsucha

spectrometer is about $2 million.

Very larile solid angle devices, such as superconducting solenoids, were discussed by

Beccheni, The advantages of such a device are large solid angles (up to 2000 msr at _0,,.

0°) and energy (¢5%) acceptances, short flight lengths (giving reasonably isochronous

performance), and a favorable beam-dump arranilernent(on the centerLineaxis), The new

5-T supersolenoid device now on-line at Michigan State University was given as an

example, Having very simple double-focusing optics, the strong solenoid device lends

itself well to small circular, ring, or rod counters, The shortflight path makes it ideal for

the investigation of short.lived fragment or isomer reaction products, For secondary

beams, a pair of supersolenoids has been used to produce a high-intensity secondary beam

at GANIL (the so.called SISSI project),The idea of a dual solenoid that could operate as an

achtornat or with an intermediatecrossover was also discussed. Finally, the use of a radial

electric field andan axial magnetic field to produce a large.acceptance mass-to-charge

separatorwasmentioned.Suchdevices(whichshouldalsoincludesuperconducting

quadrupoledevicesandorangespec_ometers)aregoodbeamconcentratorsforthestudyof

weakprocesseswithmoderatelygoodprimaj*y.bearnelimination;however,thesedevices

arenot,ingeneral,forhigh-resolutionwork.

Other experimental equipment that was discussed nmged from storage rings to large-

volume Penning traps, Dennis Moltz (Lawrence Berkeley Laboratory) presented a briefing

on storai_erings, which could have a variety of applications, extending from mass

measuremenl of exotic nuclei to atomic physics. Although storage rings around the world

have made impressive technological advances in electron cooling, laser cooling, and beam

stacking, the large probability charge-state changing probability at low energies makes an

ultrahigh vacuum essential. Moreover, the use of a gas-jet target does not look promising at

these energies even with the possibility that a low-dispersion tune of the ring can be

arranged.Although such devices, if designed to be flexible, could be operated in a

synchrotron mode to furtheraccelerate or decelerateradioactive beams, its undertaking

wouldappearto be ratherexpensive, A storage rin_synchrotrondevicewastherefore

consideredmoreasa possibleupgradeto ISL ratherthansomethingto beginwith,

Bob Moore, (McGill University) briefly mentioned large.volume Penning (and Paul)

raps that are on the technological horizon, Such ion a'apscould store a reasonably large

number of ions (overcoming space-charge problems throughincreased size). Likewise, the

development of dynamic Paul trapsis expected to increase injection efficiencies. Thus, ion
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_ps holdpromisefora varietyof ISOLandhigh-charge-state,atomic.physics
experiments.

Therewas not a dedicateddiscussiondevotedto nuclearastrophysicsor condensed-
matterequipmentperse; however,manyof theexperimentalneedsof thosecommunities

were presentedin othertalksordiscussedin smallergroups.Like theexperimentalneeds

of the rest of theradioacdve-_ community,theirexperimental needsarewidelyvaried.
Individuallytailoredcx_onts a¢¢likely to be therule ratherthan the exception.

In an effort to sparkresearchers'interestand imagination,we have puttogethera rough
outline of the experimentalareasascomposedof the majorpiecesof experimental

equipment mentioned forISLat this workshop,Out of necessity, thispictureis incomplete,

and it shouldonly be consideredas a startingpoint. Otherequipment would,of course,be
neededfor the morespecializedsetups thatwe could notenumeratehere.

The reader is encouragedto fo_vardhis or herexperimentalideasto (and become

involved with) the ExperimentalInstrumentationandDetectionEquipmentworkinggroup

that is being formedas an outgrowthof this workshop.Moreinformationon this groupis
includedin thesummary by Casten.

In general,we feel that twoexperimentalareaswill be requiredfor ISL:

• One for 1SOLbeams andperhapsmodestlypost-acceleratedradioactivebeamsfor
implantedradiotracerstudies

• The otherforradioactivebeamswithenergiesbetweenroughly0.5 and 30 MeV/_

A sketch of the low-energyISOLarea is presented in Figure3. Linesare includedfor

1. Atomic physics, weak-interactionstudies,and othernuclear-decaystudies
2. Radioactivetargetaccumulationfor use with a neutrongenerator[e.g,, for (n,Y)

measurements]

3. Materialsscience (e.g., forradiotracerion implantation)

4. Biology studiesthat useradioactive speciesand medical-isotopecollection

A set of clean roomsandchemical laboratorieswillbe neededto faciUtatethe workin the

latter two areas.A seriousmaterialsscience effortmay also need one or morestable.ion

implantorslocatednearby. Finally,a secondarybeam of mass-separatedspeciescould be

of high utility for manyof these investigationsthat requ_ frequentbut routine access to
radioisotopes.

Figure4 is a rough sketchof the main radioactive.beamarea.Majorexperimental
equipmentlike a magneticspectrometer,a recoilseparator,andlargedetectorarraysare

highlighted.Many of these systems should be designed fromthe outset to mix and match

because differentexperimentswill requiredifferentcombinationsof these systems.
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Experimental needs will naturally evolve as more radioactive-beam experiments are

designed and as technology advances. That being the case, specialized setups (most of

which have not been thought of as yet) will be very important for ISL.

In summary, at least two experimental areas are envisioned for ISL: one primarily for

mass-separated ISOL beams and the other for post-accelerated radioactive beams. The

capability of accumulating medium- to long-lived radioactive targets on-line should not be

forgotten. To fully exploit the many potential uses of a wide-mass-range, high-intensity

radioactive-beam facility like ISL, considerable equipment costs ranging from 20% to 50%

of the overall costs of the facility are anticipated. These costs should not be hidden or

overlooked but rather included up front in the costs of the facility.

Beam Requirements

A short time was spent reflecting on the basic ISL beam requirements needed by the

prototypical experiments outlined at this workshop. These beam requirements are

summarized in Table 1 in terms of (1) base requirements and (2) capabilities desired by

many researchers. Naturally, large variations occur in the beam requirements from

experiment to experiment, and we found those variations bewildering to quantify; however,

an evolving consensus did develop, and we represented this position here.

The first poi _ is a given. The ISL should be a broad-mass-range radioactive-beam

facility that covers as wide a range of nuclides as possible with the highes: ,,_ossible

intensities. The desired maximum energy of ISL was a matter of considerable debate. As

the discussion developed, it became evident that most post-accelerating schemes that would

provide 10 MeV/la at A = 240 could deliver higher energies for lower-mass species.

Impromptu estimates indicated that, with the same accelerating structure, which would

deliver 10 MeV/}.tat A = 240, about 20 MeV/la could be achievable at A < 140 and about 30

MeV/la could be reached for A _<60. Moreover, for those experiments tha, r;.quire even

higher energies, some compromise may be struck between stripping losses (i.e., intensity)

and beam energy. These issues of maximum beam energy vs mass and intensity must be

carefully examined.

Most of the other beam qualities were fairly standard for heavy-ion accelerators. Beam

energy resolutions of about 10-2 will be routinely required. In some cases, such as

astrophysical-reactions resonance work, energy resolution on the order of 10-3 or better

will be needed. Small beam emittances are required for many of these nuclear-structure

experiments, and, for obvious reasons, a premium is likely to be placed on radioactive

beams with only the smallest of beam halos. Many of these beam-halo problems can be

reduced with collimators, but a high-quality beam is still required. Desired beam purities
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varied widely from experiment to experiment. Some experiments were relatively insensitive

to isobaric and/or isotopic beam impurities and required beam purities of only about 99%,

Other experiments were very sensitive to such impurities and required 99.999% or better

purity. Again, these impurity issues are ion-source- and production-rate-dependent, which

translates into a strong Z and A dependence. For coincidence experiments, large duty

factors are, in general, required. Finally, to facilitate beam timing techniques as a means of

discriminating against random background problems, beam pulses with a width of about l

ns and spaced every 100 to 300 ns were foreseen, The participants agreed that a

compromise between good energy resolution and good beam timing can be arranged with

either a beam buncher or the last cavity in a LINAC,

Outlook

The discussions of this working group on prototypical radioactive-beam experiments

for ISL and their related experimental equipment were surprisingly productive. As such,

this workshop represents a good beginning, and we would like to thank all of those who
contributed to its success.

As one of the outcomes of this workshop, a specific working group on Experimental

Instrumentation and Detection Equipment will be set up by Davids. We encourage all who

are reading this summary to become actively involved in this working group. We know that

many people could not attend this workshop, but we need your input in further developing

and refining the research that should be undertaken at ISL and in defining the very nature of

the facility itself. Your combined individual efforts are needed to advance the very strongest

scientific case possible.
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Table 1. Beam requirements as suggested by the experimental discussions,

Beam Qualities Base Requirements Desired Capabilities
=, ,,,,,,. ,=,,_ m ,,J,,J,o o o m ._ o Q mD u.,,i ma, _, m i,m. m u m o. l,,=, m s. ,,,,e..,.. ,m._,.m m =, _

Maximum energy 10 MeV/&t@ A .,.240 10 MeV/_. g A = 240

20 MeV/g < A = 140

30 MeV/#.tS A = 60

Energy resolution <10 .2 <10-3

Emittance <2n mm-mrad <ln mm-mrad(normaLized)

Beam impurities <i0 .2 <I0-5

Beam structure

Macro duty factor >30% 100%

Microstructure <2-ns beam pulses <300-ps beam pulses

every 100 to 300 as every i00 to 300 ns
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Resonant Laser ion Sources for High Elemental Selectivity
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Abstract

Laser ion sources based on resonance ionization of neutral atoms are
reviewed. Progress on the developmentof a laser ion source based on helium
jet transport, laser ablation and resonance ionization is reported.

Introduction
Production rates in fusion and fission reactions characteristically fall

off rapidly in the regions farthest from stability. Consequently, when pure
beams of such isotopes are needed for nuclear spectroscopyexperiments or for
the production of radioactive ion beams, m high level of isotopic and isobaric
discrimination in the system is required, In this paper we review progress in
the developmentof laser ion sources with high elemental selectivity based on
Resonance Ionization Spectroscopy(RIS). After a short discussionof the work
or others, our limited progress toward demonstrating a laser ion source based
on helium jet transport, laser ablation and resonance ionization is reported

Resonance ]onizat!on Spectroscopy
The fields of Resonance Ionization Spectroscopy(RIS) and Resonance

Ionization Mass Spectrometry (RIMS) have been very active in the last decade
and a half, with major efforts taking place in laser isotope separationand low
level elemenla] and isotopic analysis [[-3]. The different methods for RIS can
be classified according to the types of laser systems used: m) high resolution,
low power continuous lasers pumped by argon or krypton lasers, b) high
repetition rate, moderate peak power pulsed lasers pumped by copper vapor
lasers, and c) low repetition rate, higher power pulsed lasers pumped by
excimer or Nd:YAO lasers.

The high laser power available in the latter case allows greater
flexibility in choosing the ionization scheme, and a single dye laser is usu;zlly
all that is needed;but the low duty cycle of the processcan lead to low overall
efficiency when the influx of atoms is continuous, in such cases the higher
repetition rate systems (a and b)may be preferred, but the tradeoffs are
generally of insufficient intensity to saturate the final ionization step and
reduced wavelength range, To combat these problems multi-step resonance
ionization is often used, with the final step occurring through field, collisional
or autoionization of high.lying states.

Laser Ion sources based on RIS
Three types of resonant laser ion sources are currently under

development for nuclear physics, to our knowledae. In the hot cavity
approach [4,5], radioactive atoms diffusing out of a thick target are stored
betweencopperlaser pulses in a heated cavity. Ionization efficiencies of 35";,
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for Yb [6], ]?% /'or Sr [3], 13% for Tc [?], and 0.2% for Sn [8] have been
demonstrated. A major limitation ot' this method is isobaric backirounds due to
surface ionization in the hot cavity, For example, it the hillhest Yb
efl'icien¢les (35%), the surface ionization efficiency was 0,2%, while the ratio
or resonance to surface Ionization was only about 2 for Ho [6]. At ISOLDE ,
measured selectivity between I0 and I0 4 for Tm has recently been reported 19],

An alternative method /'or atorin8 atoms between laser pulses is the
buffer 8as method [10-13], which is related to the ion 8utde technique, In thi,_
type of laser ion source, recoil productsof /'uslon or fission reactions are
stopped in helium lies and stored long enouih (,,,5 meet) to become neutralized.
They are then transported to a separate reiion where lasers resonantly ionize
the element o1' interest. The ions pass throuih a nozzle and skimmer at the
entrance to a mass separator. Feasibility studies /'or this method are underway,
but no experimental e/'ficiencies have been reported [11,12]. A similar system
has also been developed for laser |pectroscopystudies [14,15].

Deaorption

Heavy R_iII InsulatorIon
B..m

Oolleetion Ablatedatom
PIIIII cloud

Aocelereted
Ions

tOnlln¢io
IonizationLaser

Fill, 1_ Laser ion source based on helium Jet transpon, laser ablation m'ld RI5,

We are explortn8 a third type of laser Ion sourcebasedon storaie of
atoms on a metal surface. In thin source (Fi8, 1) recoil products are stoppedtn
helium ps and transposed throuah a capillary to the |urtace [16]. Af|er a
short collection period, perhaps equal to the time between laser pulses, the
surface is rotated into a differentially.pumped reBton o/' hlith vacuum. There
the deposited activity is ablated by a laser pulse and the desired species in the
vaporized cloud above the surface is resonantly ionized by a tunable laser
beam. The Ions are then extracted into the mass separator. Based on limited
experience,e/'flclencies on the order of 1.10% for thin method are predicted.
Our prot|ress since the orilinal publication in demonstrattnll the /'undamental
processesinvolved in this technique is reviewed in the /'ollowinli parniraphs.

Helium Jet tr|nsport
It i_ desirable for the laser ablation step to mtnimlze excess material

transported with the reaction products IO the collection surface. Thus a
carrier-free helium jet is preferred, althoullh the use of small re/'raclory
aerosols (e,t,, metal spheres) is also worth explorinl,

Previous studies (Table |) with pure helium jets have shown ttlat
radioactive atoms can be transportedwith hitih efficiency over lengths up to
10.15 cm in room temperaturehelium alas [1'7] and up to I meter at ??K l l_,l_)]_
We have done additional experimentswith unseeded helium lies at r_c)m
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plramete_.........................Ref._IR.........,..... ......Ref._19 : __........
Capillary diameter 0,8 mm 0.4 mm 1 mm
Capillary length tO0 cm 48 cm 48 cm
Chamber pressure 1.8 arm I arm I aim
Temperature ?7 K ?7 K 300 K
Max, efficiency ?8% 90% Sb_

Table I,Resultsof heliumjetexperimentswithpureheliumfor0,8.1,0m lengths,

temperature. The apparatusts shown in Fig, 2. A known mount (-i taCt) of
6'/Oa, 99mTc or I1 iln t, releasedinto -1 aim of helium lU by heating a
filament upon which a dried salt solution is deposited, me helium laS and the
activity pass through 1 ! mm diameter stainless lteel capillary, formed into a
5 cm diameter ¢otl, to a collection chamber evacuatedby a Roots pump, There
the transported activity tl collected on a silicon llmple,

The results of our experiments were somewhal erratic, but quite
promising. The measured transport efficiency ranged from 0% to 97_ for
capillar)" lengths of 1.45 cm [20]. For example, the measuredefftctenctes for
I t tin are shown in Fig. 3. Most of the depositon the ample was foundto be
within a 1.2 mm diameter spot. Since the va_'uumtystem was not of high
vacuum quality and unknown amounts of salt may have been _ttached to the
radioactive atoms during transport, it cannot be asserted wit, _rety that the
transp_rt was aerosol-free, However, in many cases the am ,_fextra
material depositedwas quite small, t,e,, it was not visible, ^ ,1_i depth profile
of one 6"/Ga deposit indicateda deposit thicknessof less than a monol_yer,

100 _ ;.-_--_-_ _

TA T Z *
'° I! l

FILAMENT

PUMP 0 i 0 |0 30 40 60Oillillley Llrtllth (¢m)

Fig,2,Heliumjettestapparatus, Fig,3,MeasuredefficiencyforpureHe_

Laser ablation
For moderate laser intensities (<lO8 W/cm2) and sh(_rtpulse lengths (lO.

40 nsec), the local effect of an absorbedlaser pulse on a surface can be
describedprimarily by a thermal model [21]. ]n this regime, atoms on the
surface evaporate with a thermal velocity distribution, with the temperature
reaching 2000'C a! the high end of the range [22), For somewhathigher
inten.,_ities,a shock wave forms and a velocity offset in the forward direction is
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Pirameter ....... Efficiency ..... C _ m m • n t _ .......... ...... _ ................
Ablation 50% Higher for surface atoms
Temporal overlap 80%
Spatial overlap 60%
All 0,_t% Ionization step not saturated
Mass spectrometer 10%

Theoretical total 0.01% Could be 10.20% in a laser ton source

Experimental total 0,001%
-- .............. ---- 5 _ ] ]i ......... ......... r z, __. - - .... r / i i L i ................

Table 3, Summary of efficiency factors in the Kr0nen el al. LARIS experiment

low value which we did not investigate in detail, including lack of saturation
of the ionization step,

It has been suggestedthat the ablation and RI$ steps could be simplified
b_' using a single resonantlaserfor ablation [25], Consistent with the results
of others, we hay© seen enhancementsof up to ten times in the percentageof
ablated ions for Oa, In, and Fe when the laser is tunedto resonance, With this
method we obtained a total efficiency for 670i LARIS and transport of 0.65%
(Table 2), McLean et al, have reported enhancementsof up to two orders
of magnitude when irazlni Incidence lniles are used [26], Thus further
investigation of this simplified approach is warranted,

The number of backgroundions Iienerated in the ablation process is
stronsly dependent on the laser intensity used, i,e,, the peak temperature of
the surface It has been shown in SIRIS work that pulsed electrodes,energy
filters and pulsed detection are effective in reducing background ions to the
10.9 level and below [l, 27.30], A similar high selectivity may be possiblt::in
the proposed laser ion source (except in the case of the single laser approach
discussed in the previous paragraph), although there may be some tradeoffs in
efficiency vs. selectivity.

Summary
Laser ion sources with hot thick targets have already been shown to

have efficiencies up to 3S_ for elements which are volatile at intermediate
temperatures. Progress on demonstratinga new laser Ion source which would
operate with cold thin target_ and could be used for refractory elements has
been reported here, Tests o'_ different portions of the system have confirmed
thus far the original expectatzons,which formed the basis lor predicting an
efficiency on the order of 1-10% for such a source,

Acknowledgements
The authors are irateful to Ray Garrett and Marvin Payne !_)r their

hospitality and the use of equipmentat Oak Ridge National Laboratory in the
LARIS measurementson evaporated Ill In samples, We also acknowledgethe
experimental assistance of Steve Allman and Susan Fischer in that work.
UNISOR is a consortiumof universities,State of Tennessee,Oak Ridge
Associated Universities, end Oak Ridge National Laboratory and is partially
supportedby them and by the U, S. Departmentof Energy under Contract No,
DE.AC05.?6OR00033 with the Oak Ridge AssociatedUniversities.

135



References
[1] G, S, HurJt and M, G, Payne, Prlnciples and Appltca.ons of Resonance /on_ta.on

Spectroscopy (I, O. P, Bristol, 1988),
[2] V. S. Letokhov, Lajer Photo[onlzatlon Spectroscopy (Academic Press, Orlando, 1987)
[3] See also the series Resonance ionization Spectroscopy (1, O, P, Bristol, 1984, 1986,

1988, 1990, 1992),
[4] H,.J, Kiuge, F, Ames, W, Ruster and K, Wallmeroth, Proceedings of the Accelerated

Beams Workshop, Parksville, L, Uuchmann and J. M, D'Auria, eds,, TRIUMPF Report No,
TRI.85.1, 1985, p,119.

iS] S, V. Andreev, V. 1, Mishin and V. S. Letokhov, Opt. Commun. 57, 317 (1986),
[6] 0, D, Alkhazov e_ al,, Nucl. Instrum, and Methods A306, 400 (1991).
[7] F, Ames, T, Brumm, K, Jailer, H,.J. Kluile, B. M, Surl, H, Rimke, N. Trautrnann and R,

Kirchner, Appl, Phys, BSi, 200 (1990),
[8] F, Scheereret aS,,Rev, Scl,Instrum,63, 2831 (1992).
[9] V, 1. Mlshin, "Resonance Ionization Laser Ion Sources for Nuclear and Atomic

Spectroscopy", abstract for the Fourth Workshop on Ion Guide Based Isotope
Separation, Rydzyna, Poland (September, 1992),

[101 J. _rje et al., Phys, Rev. Lett, 54, 99 (1985),
[11] Z. N, Qamhteh el al,, Nucl. Instrum, and Methods B70, 131 (1992),
[12] P, van Duppen et al,, "A laser Ion Source Based on Resonant Ionization in a Buffet Gas

Cell", abstract for the Fourth Workshop on Ion Guide Based Isotope Separation,
Rydzyna, Poland (September, 1992),

[i3] M. Oshima et al., Nucl, Instrum. and Methods B70, 241 (1992),
[14]H, Backe et aS,,Nucl. lnstrum, and Methods BT0, 521 (1992),

[15]H, Backe,M, Hies,W, Lauth,H, $¢hOpe,P. Schwamb, N, Trautmann and S.Zauner,"An

Ion Guide Quadrupole Mass Spectrometerfor Resonance ionizationSpectroscopy",

abstractfor the Fourth Workshop on Ion Guide Based IsotopeSeparation,Rydzyna,
Poland (September, 1992),

[16]W, M, Falrbank,Jr.and H. K, Carter,Nuci.Instrum.and Methods B26, 35"/(1987).

[17jJ, ,_ystoand K, Valli,Nucl.Instrum.and Methods 111,531 (19-/3).
{i8]J, Aysto,S. Hillebrand,K,.H. Hellmuthand K. VailS,Nucl. Instrum.and Methods 120,

163 (1974).

[19] A, O, Martin, S, B. Dutta, W, F, Rogers and D, L, Clark, Nucl. Instrum, and Methods
A247, 520 (1986).

[20] A, C, Trivedi, M. S, Thesis, Mississippi State University (May, 1991),
[211 J, F. Ready, Effects of ttigh Power Laser Radiation (Academic Press, New York, !971).
[22]J,S. Bakes,I,B, FOldes,P,N, Ign_czand M. A, Kedves,inRe._onanceIonization

Spectroscopy1990, J,E, Parksand N, Omenettoeds,(lOP Conf, Ser,114, 1991)p, 443.
[23] D, W, Beckman and T. A. Callcott, in Resonance Ionization Spectroscopy 198d, O, S,

Hurst and M, G. Payne eds, (lOP Conf, Ser, 71, 1984) p, 143,
[24] U, Kr0nert, St. Becker, O, Bollen, M, Gerber, Th, Hilberath, H,.J, Kluge and O. Passler,

Nucl, lnstrum, and Methods A300, 522 (i991),
[25]F, R. Verdun,G, Krierand J. F. Muller,Anal.Chem, 59, 1393 (1987),

[26] C. J.McLean etal.,Int,J, Mass Spectrom.Ion Proc,96, RI (1990),

[27]J,E, Parks,D. W, Beckman,L, J,Moore,H. W, Schmitt,M, T, Spoor,E. H, Taylor,J,M.

R, Hutchinson and W, M, Fairbank, Jr., in Resonance Ionization Spectroscopy 1986, (3,
S. Hurst and C. G, Morgan eds, (lOP Conf. Ser, 84, 1987) p, 157,

[28] C, E, Young, M, J, Pellin, W, F, Calaway, B, Jorgensen, E, L. Schweitzer and D, M. Gruen
in Resonance IonizatWn Spectroscopy 1986 , G, S, Hurst and C, G, Morgan eds. (lOP
Conf, Ser. 84, 1987) p, 163,

129] W, M, Fairbank, Jr,, R. D, LaBelle, J. E, Parks and M, T. Spoor, in Ne_ and Exotic
Phenomena, O. Fackler and J, Tranh Van eds, (Lee, Singapore, 1987),

[301 W. M, Fairbank, Jr,, G, S, Hurst, J. E, Parks and C, Paice, in Resonance Iom zation

Spectro,_copy 198J , G, S, Hursl and M, G, Payne eds, (lOP Conf, Set, 71, 1984) p, 287,

136



BETA-DELAYED (ALPHA) PARTICLE EM%SSION;
A PROBE OF WEAK INTERACTIONS IN NUCLEI

Moshe Gal

A.W. Wright Nuclear Structure Laboratory,

Yale University, New Haven, CT 06511

ABSTRACT

We propose proto-typical experiments for the Iso-

Spin Laboratory: measurement of the beta-delayed

alpha-partlcle emissions of 20F and 20Na with an i
estimated branching retlo of the order of 10"6, to

study rank one first forbidden beta decay of mirror

nuclei, and the beta-delayed alpha-partlcle

emission of 18N with an estimated branching ratio

of I0"I0, to study parity violation in 180. These
experiments are natural extensions of the Yale

experiment that measured the beta-delayed alpha-

particle emission of 16N, wit_ a sensitivity for

the branching ratio in the range of 10.9 to I0"I0.
These experiments will utilize the high intensity

secondary (radioactive) beams of the IsoSpin
Laboratory, but will not require post acceleration.

Beta-delayed alpha-particle emission of light nuclei could be used to study

beta-decays with small branching ratios due to their selection rules and
selectivity. In particular an observation of alpha-partlcle decays of non-

natural parity states is a direct evidence for parity violation. First

forbidden beta-decays, on the other hand, are known to be governed by sub-

nucleonic (meson) degrees of freedom, where significant mesonic
contributions are found in the time-like axial current operator, I) and are

used to study mesonic effects in nuclei.

13,89 2.
, ,,,, ,, ,r

Z°N o

Tl/a-"0.45 sec

7.05 2+

zoF io"6
TI/z: l lsec '"-_>5.62 5.7 9 1"
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a,-'%
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Fi¢. 1" First Forbidden beta-decays of the mirror nuclei 20F and 20Na.
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The rank zero first forbidden beta decay of the 2+ ground state of 20F to

the 2" state in 20Ne, was measured to have a branching ratio of l.OxlO "4.

Using this ft value we estimate for rank one first forbidden beta-decay to
the I" and 3" states, branching ratios of the order of 10-6 . In this

estimate we assumed the matrix elements of the rank one operator are a

factor of ten smaller then rank zero. In Fig. 1 we show these decays and

the expected branching ratios for 20F. In the case of the beta-decay of

20Na, we expect a larger branching ratio due to the increase in phase
space.

In order to measure these rank one first forbidden beta-decays one needs to
measure the beta-delayed alpha-particle emission of 20F and 20Na with a

sensitivity for the branching ratios of the order of 10"7, at alpha-
particle energies of the order of 1 MeV. As we shall describe below such

experiments can be performed, and in fact even smaller branching ratios
have been observed at such an energy range.

The Queens-Florence 2,3) experiments on parity violations in 18F suggest

that AI-I ,(.iso-vector) neutral current weak interactions in nuclei are
suppressed.4) These experiments allow for a model independent extraction

of neutral current interactions given by the pion weak interaction (F_),
with an upper limit which is a factor of 3-4 smaller then predictions of

the quark model. While in =he 70's Cabibo, Gari and others suggested that

neutral current weak interactions are expected to be enhanced in nuclei,

the Queens-Florence 18F experiment suggest the contrary to be correct. The
hindrance observed in A_F of neutral current interactions (AS--O) was

proposed 4) to be reminiscent of the well known nI-I/2 rule, for charge

current interactions (AS-I) and may suggest an ill understood iso-spin
dependence of weak interaction in hadrons. These two hindrances if

connected, may suggest a new puzzle in non-perturbative QCD.
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The parity violating alpha-decay of the O" state at 6,88 MeV,
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Attempts to perform an improved 18F experiment, are currently in progress
at Yale University, Here we propose to measure the parity forbidden alpha.
particle decay of the 0" state at 6.88 HeY in 180, following the beta decay
of 18N, as shown in Fis. 2. Extensive shell model calculations of the

parity forbidden alpha-partlcle width suggest 5) it is proportional to:

1,3F. + 0.6F 0, and thus could be used as a testing ground for hindrance of

F.. In these calculations all three known and seven unbound predicted 0+
states are included, but it is shown that the largest effect arises from the

cluster O_ at 3,63 MeV, The complicated structure of the higher lying
states leads to cancellations and small contributions to the parity

forbidden alpha-particle width, reminiscent of the cancellations that are

characteristic of E1 decays, These calculations predict the_lalpha-decay

width of the O" state at 6,88 MeV _R be of the order of I0 "AA eV with a
branching ratio of the order of I0 "AO. This branching ratio is dependent
on the (unknown) lifetime of the O" state, and a shorter lifetime yields a

smaller branching ratio.

Attempts to calculate parity violations in nuclei were met with great
difficulties in several nuclei. However it appears that the nuclear

structure of 180 may allow an improved situation and the possible
extraction of the fundamental weak interaction coupling constant, due to

the fact that such calculation could be tested against a large body of data

of measured electric dipole decays (Els ).

The beta-delayed alpha-particle emission of 18N has been measured by the

Yale-MSU collaboration, 6) and the beta-delayed alpha-partlcle emission o_

16N was measured at Yale Universlty. 7) The 16N experiment used some 107

16N/sec produced in the 15N(d,p)16N reaction, and the time of flight for
low energy alpha-particles was measured off line. This experiment

exhibited low background at low energies (I MeV alpha-particles) and a

sensitivity for a beta-decay branching ratio of the order of 10.9 to I0"I0,

as shown in Pig, 3.
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7 2-

° '? n n(-) 0 , . ' . ' .. ' . . ' "'!' ' • J ....
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Fie. 3' The beta-delayed alpha-emlsslon of 16N measured at Yale 7) with a

- sensitivity for branching ratios of the order of 10 .9 to I0"I0.
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The 16N Yale e_eriment can be used as a bench mark for the proposed parity
experiment in "ON, which requires an improved sensitivity (by approximately
a factor of 10). We then propose restudy the B-a time of fllsht of beta-
delayed _Ipha-particle emission of A°N, as performed in Eel. 7. The low
energy A°N ions produced by the laoSpln Laboratory and mass analyzed, would
be collected on a thin carbon catcher foil. We emphasize that in this case
contaminant molecular ions such as 16N 2 should be removed so as not to
interfere with collection of lSN14N molecules.

In the following we list the differences between the Yale 16N experiment
and the proposed parity experiment. These differences need to be studied

in detail prior to embarking on this very difficult experiment a _ first
we note that the predicted intense production of some 10 ° N/set,
estimated for the ieoSpin laboratory, with a moderate _-a time of flight
detection efficiency of lt, will result for a beta-decay branching ratio of

lxlO "'v, a detecti_ rate of 10 events per day, very similar to the event
rate of the Yale N experiment, The intense beta rate and alpha rate
require a large segmentatlon of the beta and alpha counters, e.g. I00
plastic scintillator beta-counters (covering 40t of 4_) and lO0 Si
detectors (covering lOt of 4_), so as to yield a count rate of 200 kHz
maintained in the Yale experiment, Ae observed in the Yale experiment at
these rates the random coincidence rate at low ene_|ies, allows for the
observed low background. One major difficulty in th_,A°N experiment is the
possible existence of a new broad state observed o; in the beta-delayed
alpha-particle emission of 18N. One needs to measure the width of this
state as well as its alpha-particle partial width in order to assess the
"physics background" from this state at small energies (0.5 MeV). Current
estimates suggest that the background is in fact below the predicted parity
violating alpha-decay signal.

I, See for example, E.K. Warburton; Phys. Rev, C_(!991)233.

2, H.C. Evans, G,T, £wan, S.-P. Kwan, J.R. Leslie, J.D.
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6. Z. Zhao, M. Oal, B.J, Lund, $.L. Rugarl, D, Mikolas, B,A, Brown, J,A.
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ELECTROMAGNETIC TRAPS AND RADIOACTIVE ION BEAMS

R.B, Moore

Introduction

Recently electromagnetic traps have been gaining a great deal of attention in physics,
This has been demonstrated vividly by the sharing of a Nobel prize in Physics for 1989 by
Dehmelt md Paul.

_s may seem a Little odd considering that electromagnetic traps were invented a
long time ago. The Penning trap, used by Dehmelt in the measurement of the g-factor of
the electron to an accuracy 400 dines better than any previous, was developed by Penning
in the mid 1930's for the investigation of electrical discharges, The Paul trap, until recently
called the radio-frequency quadrupole (RFQ) trap, was developed by Paul in the mid
1950's. However, except for a select few such as Paul and Dehmelt, electromagnetic traps
were not considered as practical devices for serious scientific work until recently.

In my opinion, practical considerations are what have suddenly made them gain
respectability as scientific instruments, These are the recent developments in high quality,
long-holding-time superconducting solenoids, high stability and low noise electronics,
reliable commercial ultra-high vacuum equipment and, last but not least, the personal
computer which is now used to control most of these devices, The chemists around the
world now have several thousand in operation. The physicists have probably several
hundred.

A general feature of the use by chemists is very sensitive detection of the products of
various reactions. Typically they will have i000 to I00 000 ions in a trap at any one time.
The general use by physicists is for precision measurements, They will typically have from
I 000 ions down to only one ion in a trap at any one time,

There are excellent reviews of these uses in print. The bible for Paul trap theory and
usage is still Peter Dawson's book[ i ], A more recent update on the uses by chemists is the
excellent review by March[2]. This is being further updated in a new two-volume issue by
the Chemical Rubber Publishing company, also edited by Ma.rch[3]. A recent review of the
uses by physicists has comprised an issue of the Journal of Modern Optics[4].

This presentation will not be on the use of electromagnetic traps themselves for
measurements in the experimental sciences. Rather it is about the possible uses of
electromagnetic traps as ion manipulation devices for preparing an ion collection for an
experiment or for other manipulation such as acceleration to high energies. One example of
such a use is the system we have developed at ISOLDE at CERN for high-accuracy mass
measurements on radionuclides. Here a Penning trap is used for the collection and cooling
of radionuelide ions for delivery as a small cloud of precisely defined phase
space to a precision Penning trap for mass-measuring. The separation of the function of
the two traps allows the design of the first trap to be optimized for efficiency of collection
and cooling and the second trap to be optimized for precision and accuracy. Another
possible use of a trap in such a manner would be to prepare a collection of radionuclide
ions into a precisely defined phase space for colline,'u"laser spectroscopy.
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The basic principles of electromagnetic trapping

Many electric and magnedc field configurations can lead to the confinement of charged
particles, The simplest is probably the "magnetic bottle" formed by a cylindrically
symmetric axial magnetic field with a local minimum a: the center of confinement and
which has been used in plasma physics, Another that is well known would be any circular
particle accelerator.

However, these f_lia.r devices ue not generally regarded as electromagnetic traps,
This is because they are either leaky for some low energy panicles or do not allow panicles
to be localized around a particular point in space, The aim of electromagnetic trapping is to
confine low energy charged particles in _ three spatial coordinates about a fbced center.

Again, there are many electric and magnetic field configurations that c_ achieve this.
However, there are only two that have been used to any great extent. These have come to
be known by the names of their inventors as the Penning and Paul traps,

The Penning trap

The Penning trap is probably the simplest trap to underst_d at an elementary level. In
,, this device a high magnetic field is used to confine a ch_ged p_icle's motion to a spiral

about a particular magnetic field line, The motion is completely comrmed by superimposing
a restoring electric field along the axis o! the magnetic field, The simplest such restoring
field is shown in Fig i in which two end electrodes are at a potential which repels the
charged panicle and there is a ring electrode surrounding the confinement region at a
potential which am'acts the charged panicle,

X

X

fl

I 5'

Fig, 1 Cross-sectional views of the two most common electromagnetic traps.
On the left is the Penning trap which combines a DC electric field with a DC
magnetic field. On the right is the Paul trap which has only an electric field
with an oscillating component.
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The Penning trap has severaldisadvantages. An obvious one is the requirementof the
high magnetic field. The apparatus to provide this field is expensive and makes the
apparatusmassive, generallyobscuringmost of the _pping region,

A less obvious disadvantage is that the panicle is not confined if there is general
energy loss. This is because of the attraction of the particle to the ring electrode. Any
random energy losses, such as fromcollisions with gas molecules, will cause the particle to
migrate towardthe ring electrode and eventuallyreachit andbe lost,The radially repulsive
electric field, because it counteracts the Lorentzforceof the magneticfield, also reduces the
cyclotron frequencyand causesa slow ma_etron precessionof the cyclotron orbits.

Despite these disadvantages, the Penning trap has become a very important form of
electromagnetic containment device. It was the form of trapused to observe the single
electron and the trap used to contain antiprotons at CERN. However, it is obviously
desirable to have an electromagnetic trap which provides a spring.like action returning a
chargedparticletoacenterforexcursionsinallthreedimensionsofspaceusingonly
electricfields.Suchatrap,ofthePaultype,wasusedbyDehmeltformakingaphotograph
oflaserfluorescenceofasingleBariumion,

The Paul trap

The electrodeconfiguration of the Paul trap is the same as that of the Penning trap; i.e.
two end electrodes and a ring electrodeproducing an axially symmetric electric quadrupole
field. However, instead of a magnetic field along the axis of the cylinder, the electric
potential between the cylinder and the end electrodes is oscillated, usually at a
radiofrequency(figure2),Thishastheeffectofcontinuallychangingtheactionofthe
electricfieldontheparticle.Attheoneinstantthefieldwillberepellingtheparticlefrom
the end electrodes and attracting it to the ring and at the next it will be attracting the pa_cle
to the end electrodes and repelling it from the ring.

At first it would seem that these _'o actions would cancel each other, leading to no net
push of the particle toward the trap center. However, with weak fields oscillating at high
frequency there is a net attractionimpulse toward the trap center over a full P,Fcycle.

A simple mechanical analogy is a ball resdng on a horizontal membrane which has a
circularrim,therimbeingcapableofbeingdeformed.soastobehighontwoopposite
sidesandlowintheregionsbetweenthesetwohighs,

Fig. 2 The rubber membraneanalogy to the Paul trap. _ the _agram on the
left ball will be, the forced toward the rim due to the downward slope. One

' h ' 'half period later, represented by the diagramon the ng t, it will be forced back
toward the center. However, because the ball is farther from the center, the
slope at this point is greaterresulting haa net impulse toward the center.
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Iftheregionsofhighs_d lowsareoscillatedupanddown,thentheactionofgravity
on theballwillbeveryslrn/lartothatoftheelec_cfieldina Paultrapon ach_ged
particle.Ifthemotionof'abahisobservedinsuchanapparatusitwillbeseenthattheball
canbemadetorollaboutthecenterofthemembranejustasifitwereinaround-bottomed
dish.

Thetheoryof'trapdyna_cswillnotbepresentedhere.Thatisavailableinthe
referencesgiven.As fortypicaloperatingparameters,Penningtrapsaretypicallyoneto
two cen_etersbetweenend electrodesand operateina magnetofieldofabout
6 Teslawithseveraltensof.voltsbetweentheringandtheendelectrodes.Forsuch
o_ra_on,asinglychargedionof_ss numberA ,,I00willhavecyclotronfrequenciesof
abouti_LHzwithaxialoscillation_equenciesofaboutI00_ andmagnetronprecession
frequenciesofaboutI0kHz.PaultrapsateaboutthesamesizeasPenningtrapsandare
typicallyoperawdatuptosever_kVpRF betweentheringendandtheendelec_deaand
atfi-equenciesoftypicallyiMHz. Forsuchanoperation,asinglychargedionofmass
numberA=100canexperienceanetrestori.ngforcesufficienttoresultinsimpleharmonic
motionataboutone-quintetoftheRF inboththeradialandaxialdirections.

Ofcourse,otherformsof'electromagnetictrapsarepossible,usingmorecomplicated
electrodeconfigurations,However,noneofthesetrapsseem tooffersignificant
advantagesoverthePenningand Paultrapsand iononeofthem havereceived
widespreadattention.

The usesof electromagnetictrappingas ioncloudpreparationdevices

Electromagnetictrapshavealreadybeenusedinmanywaystoprepareioncloudsfora
particulartypeofinvestigation.Whatfollowsisabriefdeseriptionoftheprincipalusages.

The elimination of unwanted ions

One of the uses of an electromagnetic trap for subsequentexperiments on a selected
ionistoeliminatespeciesofotherionsthatmay bepresentinaninitialcollection.Thisis
beingcarriedoutinthecollection/coolingtrapatISOLDEbyusingaringelectrodewhichis
splitintoazimuthalquadrants.By loadingthetrapwithheliumat10-3Paasabackground
buffergasand usinga voltageconfigurationon theelectrodeswhichproducesa
radiofrequencyazimuthalquadra._polefieldatthecyclotronfrequencyofaparticularion,
onlythemotionofthationiscooledsothattheioncondensesintoasmallvolumeatthe
center of the trap[5].

The unwanted ions of species with cyclotron frequencies different from that of the
selected ion will be heated by this appliedelectric field so as to be driven toward the ring
electrode. If desired, this process can be acceleratedfor a particular species of.contaminant
by using the same quadrants of the ring to produce an oscillating azimuthal dipole field at
the cyclotron frequency of that contaminant. In this way, contamin,uats in the ion clouds
collected in the ISOLDE mass measurement system have been removed from the desired
collection with a mass resolution of 1part in 105,
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Si_larly, cloudsof ions in Paul traps areroutinely purgedby chemists by resonantly
exciting the _a] simple h_onic motion of a particul_ unwanted s_cies until it is
driven f_om t_e trap,

Coolin&to miniscule phase space volumes

ThecoolingmechanismreferredtointhepreviousItemhasbeenusedintheISOLDE
systemtocoolcloudsofionsdown tothetemperatureoftheambientbackgroundgas.
Thiscoolingisachievedinlessthan0,Is.Thephasespacevolumeoftheresultingion
cloudsistypicallylessthanIeV-microsecondineachcanonicaldisplacementcoordinate,
When deliveredtothemeasurementPenningtrap,thisresultsinasmalloblongcollection
whichisabout2turnlongandabout0,3mm indiameter,makingtheextremelyprecise
massmeasurementspossible.

At McGill,similarcoolinghasbeenachievedforcollectionsofionsina Paultrap,
Againheliumbuffergascoolingwasusedbutinthiscaseata backgroundpressureor
about10.2Pa.ForcollectionsoflessthanI000ions,coolinghasbeenachievedtophase
spacevolumesoflessthan0.5eV.lasmicrosecondsineachcoordir..:¢ofthemotion.The
coolingtimestoreachthesevolumesappeartobeaboutI0ms.

The ioni:ation of a small collectl'onto hlsh char&estates

One oftheadvantagesofthePenningtrapisthatanionofagivenmasswillbecome
morestronglycon_edasitsionizationlevelisincreased,Thismeansthatagivenion
cloudcanbebombardedbyhighenergyelectronsuntilasmanyoftheelectronsasdesired
areremovedfromtheion'snucleus,

Thisisthebasisoftheso-calledEBrr (electronbombardmentiontrap)high-charge
stateionsource,Suchasourceisbeingmountedforahighaccuracymassmeasurement
system for stable nucleiat the ManneStegbahnInstitute in Stockholm,

Forradioactiveionstobetreatedinthisway,therateatwhichhighionizationstates
canbeachievedmustbetakenintoaccount.Frompresentresultsitwouldappearfeasible
tobringa cloudofmediummassionstochargestatesofover4" inseveraltensof
milliseconds.

The breakup of unwantedmolecules

Chemistsroutinelyusecollision-induceddissociationofmoleculesinelectromagnetic
traps,ThemostcommonapplicationisinPaultrapswhereaxialoscillationsareresonantly
excitedinthepresenceofa backgroundgas,Theproductsofthedissociationarethen
analyzedtogiveanunambiguousidentificationoftheoriginalmolecule,

Electronbombardmentcanalsobeusedtobreakupmoleculesinelectromagnetic
traps,Thiscouldbeofparticularuseon somephysicsexperimentswhereanionized
moleculecouldbeanisobarofaparticularrareradionuclideofinterest,
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Separationoi"dO'_J'erentironsof irnterest

Once a collection of ions has been cooled to a small phase space volume in an
electromagnetic trap, varying the trap operating par_eters can result in ions of different
species within that cloud _ing extracted Dorathe trapat different times. Chemists do this
routinely tn Paul traps as a means of identifying the reaction products of a disst_iation
procedure.

The injection and extraction of Ions from traps

The techniques outlined above shouldhave a wide v_ety of applications in adapting
or preparinga given collection of ions fordifferent experiment_ observations. However,
to m_e them generallyuseful theremust _ efficient injection and extraction schemes for
the electromagnetic traps to be used. This has been primarily the drive of the research
effort at McGill.

Essenti_ly, the problem of injecting charged particlesinto and extracting them from
electromagnetic _aps is very similar to that of injection and ea_actton from circular
accelerators. Injection of any one beam pulse into a trap merely involves time
manipulation of the ele¢_c fields deceleratingthe ion pulse until the pulse has the phase
space volume corresponding to that of a stable oscillating cloud in the trap. This phase
space volume will be ¢h_acterized by ellipses in each of the 3 momentum+displacenlent
projectionsof the phase space volume (Fig. 3).

Max,valoeofP_
Pz - m_Zmm

__ L Amplitude

_z ofoscillation
AE . Zmtx

(a) (b) Co)

Fig, 3 Projections of the phase space volumes of a _am and a trap for themotion in
the axial coordinate (z). (a) is the prestimed ellipse for the beam pulse with the vertical
axis representing,the energy spread arid the horizontal the pulse duration. (b) is the
momentum.displacement plot Pott!lispulse if its centerof mass is quickly decelerated
to rest in an electric field of E. (c) is ttie diagram for u trap with ion oscillations to
amplitude zmaxat angul_ frequencyco.
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By Liouviile'stheatre, _ a _ear sys_m, _e _as oft.hedla__ m flg 3 _II
thesameforthemanipulationofanionpulseintoatrap,These_easareusuallyreferred
toaslongitudin_Jemlttance.Allthatisrequiredforcompletecaptureistherefo_thatthe
phaseapacevolumeofthetrapbe_aterthanlonglt_dinalemJ_anceoftheoriginalbeam
pulse.

Re phasespacevolumeavailableinatypicaltrapcanallowaveryl_gelongltud|nal
emlttance(severalkeV-_s),itisthere/orerelativelyeasytocaptureonebeampulse.
However,thecaptureofacontinuousbeLmrequiresthestackingofsuccessivelongitudinal
bitesofthebeamindifferentradi_sectionsofthephasespacevolume,Thisrequiresmore
c_ef'ulm_ipulationoftheben intothesedifferentregions.Also,forcontinuedfillingor
thetrapindefinitely,theioncloudalreadywithintheu'apwillhavetohaveitsphasespace
reducedbycooling.

Methodshavebeendevelopedforaccomplishingthisleadingtotheexpectationthat
closetoI_% injectionefficiencyofaDC ionbeamintoatrapshouldbepossibleinthe
nearfuture{6],

The spacecharge limitation or electromnllnetlctrips

Thereis,however,a severelirpJtatlonontheuseof'electz'omagnetictrapsforcharged
particles,Thisis becauseof thespacecharseof thepanicles, In a ty"picaltrapthathas
beenusedupto now,themaximumnumberof particlesthatcanbekeptforevena limited
time is about106. Fora Paul _ap thelimitation is even more severeif one wants a cold ion
cloud, This is because the radiofrequencymotion associated with the oscillating electric
field can heat the cloud. In our work at McGill, room temperatarecould only be achieved
for a cloud o£no more than 1000 ions,

For holding largernumbersof cold ions, a long Penning trapwould be recommended.
Forsuch a trapit is probablethat up to l0 s ions could be stored for long periods of time.
By heroicmeasures it might be possible to storeup to 109,

Conclusions

The conclusion of this presentation is that electromagnetic trapscould be very useful
devices for preparingand manipulating collections of small numbersof ions. This rules
them out fromhaving a significant pan to play in manipulating beamsor ions of more than
about 109per second, However, that still leaves a considerablenumber of possibilities i,
de'_ingwith the very rarely producedradionuclidesfar from beta stability.
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Materials Science Experiments In the lSOSPIN Laboratory

J.A,Sawl,kJ

AE_ Rese_h, ChalkRiverLaboratories,Ch_ River,OntarioKOJIJO,Canada

Cons_ctlonofahlgh.intensity,broad-mass-range,second-generationradioactivebeamfacilityinNorth

Americawouldofferfantasticrese_hopporxunltiesinmanywas ofmaterialsscienceandengineering,

atomicp___ics,chemistryandrn_iclne,aswellasnuclearphysicsandastrophysics,theprimaryinterest

ofthisworkshop.The_ge of'possibleapplicationsofexoticradioactivebeamsinwas outsideof

nuclearphysicsandastrophysics,andvariousspecificexaanples,hasbeendiscussedearlierduring

WorkshopsinParksville(I)andArgonne(2,3),andarecentextensivesurveyofapplicationsinmaterials

sciencehasbeenpresentedby theauthorin theISOSPINLaboratoryproposal(4). Aswehavelearned

fromtheveryin|crestingandcomprehensiverevieworvariousprogramsinCERN(5),theportionof

researchprojectsrelatedtoatomicandmaterialssciencesatiSOLDEis increasingcontinuously;recentlyit

approachedabout40_ of thetotalnumberof projectsthere Thelistof experimentsgivenin ISOSPIN

proposalisquicklygrowing,anddetaileddiscussionsof specificideasandprojectswillbeheldduringthe
s_cial WorkshopinChicagonextyear,TheimmenseresearchopportunitiesofferedbytheISOSPIN

laboratoryshouldbequicklyandenergeticallybroughtt_,theattentionorcondensed-matterphysicistsand

matenaJsscientistsinAmerica,aswellasto theirfundingagenciesandprofessionalsocieties.

TheinterfacebetweennuclearandmaterialsphysicshasalwaysbeenafenUegroundfordiscoveringnew

phenomenaandattractiveapplications,Oneof themostprominentregion_isMbssbauerspectroscopy,

whichcombinesnuclear,atomic,solid-stateandchemicalphenomenain a t_autifulquantumeffect,widely

employedinmaterialsscience,chem.isu'y,metaJlurgy,geology,biology,environmentalresearchandother

sciences,lVlbssbauerspectroscopistsusedto betheleadersin applicationsorradioactiveionbeamsfrom

isotopesep_torsandaccelerators,in theirstudiesorionimplantationandionbeammodificationof

materiaJs,Asaresult,Mbssbauerspectroscopypapersusuallyconstituteamajorpanof theprogramin the

conferencesontheapplicationsof unstablenucleiandpaniclesin studiesofcondensedmatter,Thiswas

clearlyseenattheconferenceheldinRIKEN amonthago(6).

As the M6ssbauerspectroscopistat AECLRese_h, I am especiallyinterestedin applicationsof

radi_ctive ionbeamsinthe studiesof materialsandprocessesrelatedto CANDU.typenuclearpower

reactors,andto the nuclearindusu'yin general. We use MOssbauerspectroscopyextensivelyin studying

the propertiesof advanced(Zr.based)alloys, corrosionphenomenain primary(cooling) systems and

second_(steamgenerating)systems,behavioroffissionproductsandnuclearby.product(waste)

management,aswellascatalystsforenvironmentallysafechemicalprocessing.Sinceweare_onsmndy

lookingforneworimprovedmethodsof analysisof verylow-concentrationimpuritiesin
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radioactlve/irradiatedmateriaJs,theapplicationofradioactivebeamstop_uce theso_es ortoprobethe

absorbers offers many advantages, Because each MOssbauerisoto_ has its own specific features and

methodoloi_ of measurements, it is impossible to generalize at this point. For instance, in the _st often

used case of 14,4 keV M0ssbauer resonance in STFe,one usually works with a long-lived S'/Co(T|r2,,2"/0

d) source, and less often with a Coulomb-excited STFesource. We use of a short.lived STMn_Ir2= 1.7

sin) source recently obt_ned at ISOLDE would allow us to probe, for instance, the behavior of Mn in

materials, and panicula.rly in irradiatedZr alloys,

Rese_h projects in materials _ience and especially in applied ana]_ical work _ generally much shorter

in time and srr',a_lerin scale th_ basic nucle_ or as_physics projects, ThLsimplies that the ISOSPIN

facility should be very flexible and responsive to many future impatient and unwealthy use_ rega.rdlngtype

of experiment, beam, energy, current, length of shifts, etc, Although it is impossible to predict precisely

the scope of projects that will be undert_en about ten years from now, one can be sure that materials for

energygeneration,semiconductorsandbiomaterialswill con_ue to beof majorinterest. The newly

emergingphysicsof doped.diamonds,nanosm_cturesand softcondensed-matterstudiesmay especially

profitfrom theav_lability of exoticbeams,In panicul_, in additionto studieswithS'/Co,t tgSnand 197p1

sources,Iwouldliketoexploreionimplantationindiamond,VLSI silicondevicesandnuclearmaterialsby

on-beamM0ssbauerspec_scopywith,forinst_ce,STMn,73As,llglnandt97Hg,which_ notreadily

availableusingconventionalirradiationtechniques,
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A New Region for Fission and Fission Isomer Studies.

J. B. Wtlhelmy and P. M6Uer

Los Alamos National Laboratoryv
Los Alamos, N.M. 87545

An IsoSpin Laboratory would offer a unique opportunity to greatly
extend our knowledge of the fission process. Near barrier studies of
fission have been largely limited to a relatively narrow region of
actinides (Th-Cf). Over the past decade the most exciting areas of
fission studies have been associated with the very heaviest elements
where rapidly changing barrier and shell properties have resulted in
strong variations in mass distributions and kinetic energy release.
These areas are, however, extremely difficult to access and only
limited quantities of data have been obtained. With an ISL facility it
will be possible to produce copious quantities of previously
inaccessible isotopes (due to a lack of any stable or long lived
targets) in the region between Pb and Th. Using the ISL prototypical
design it is estimated that over 300 isotopes will be produced in the
Pb-Th region having beam intensities > 106 part/sec.

Since the fissility of an isotope is _.Za/A, a large number of the
neutron deficient isotopes in this new region will be more fissile than
many well studied actinides (23SU, 239pu, ...). These isotopes will
have their fission probability controlled by the outer barrier which,
unlike that of the more familiar actinide isotopes, is always
substantially larger than the inner barrier. Calculations imply that
these outer barriers will be complex in nature with discrete minima
associated with both symmetric and asymmetric shapes. This is just
<:hedesirable condition to learn the most about the influence of the
barrier potential energy properties on the fission observables. To
maximize the information about the barrier it is necessary that
fission be the predominant decay channel, i.e. the neutron binding
energy should be greater than the fission barrier (Bn _Bf). This is
just the condition that occurs in the neutron deficient preactinide
region. As the neutron number decreases the flssility increases, the
fission barrier decreases, and the neutron binding energy increases.
Fig. I presents the calculated fission barrier and neutron binding
energy for a series of Rn (Z=86) isotopes. For isotopes below A=204
fission will become the dominant decay channel. The peak in the
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fission barrier at A=212 is caused by the N=126 shell closure which
greatly increases the ground state binding energy.

RadonIsotopes
-"--"--'- Bn
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16.oo_- .---o--- Bf
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12.00 ' =-=-.=..=..._:= 10.00
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Mass

Figure 1. Calculated neutron binding energies and fission barriers for
Radon isotopes.

With the ISL,fission barrier studies would use simple direct reaction
mechanisms, such as (d,pf), but perform them in an inverse
kinematic manner by accelerating the radioactive heavy element
species. Typical beam energies would be in the 7-10 MeV/A region.
These high energy heavy ion projectiles would have an appreciable
usable range in realistic targets (- mg/cm2). Due to the inverse
kinematics the emerging fission fragments would be focused in a
small forward cone (permitting high solid angle detection) and have
high laboratory velocities (moving them well above the Bragg peak
and thus permitting accurate dE/dx particle identification). Beam
currents of 106 ions/sec would, for a typical heavy element in this
region, result in the measurement of over 106 particle/fission
coincidence events per day.

In addition to extensive new fission barrier studies, experiments
with these preactinides would open up an entirely new region for
shape isomerism studies. As stated above, the fission process will be
dominated by the outer barrier. However, there is still an inner
barrier for all of these isotopes which will provide an isolation region
for shape isomeric trapping. Figure 2 shows the calculated values for
the neutron binding energies, inner and outer fission barriers and
the isomeric levels for a series of Radium (Z=88) isotopes.
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Figure 2. Calculated neutron binding energies, fission barriers and
isomeric levels for Radium isotopes.

The inner barrier is substantially below the outer barrier while the
isomer level is 1-3 MeV below it. This means that any trapping in
the isomeric level will be strongly inhibited against fission and will
predominantly decay by tunneling and gamma emission in the first
weU. The "specialization energy" will inhibit the decay back to the
first well and thus make the isomers long enough lived for
experimental detection and spectroscopic study. The relatively high
neutron binding energy will result in an increased Fisomer/Fg.s.
population. Simple scaling estimates imply that isomer population
will be in the 10-2 - 10 -3range (whereas typical actinide fission
isomer population is in the 10-4- 10"6range). This implies that ISL
experiments using a GammaSphere type photon detector array could
result in detecting some 10 s isomeric decays/day.
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PRODUCTION OF BEAMS OF

NUCLEI FAR _OM ST_ILITY

R.N. Boyd

Departmentof Physics, Departmentof Astronomy

The Ohio StateUniversity, Columbus,OH 43210 USA

and

M.C. Wiescher

Departmentof Physics
!

UniversityofNotreDame,NotreDame,IN 46616

A schemeisconsideredforproducingextremelyneutronrichnuclidesinwhicha secondary

radioactivenuclearbeam isacceleratedand fragmentedtoproducethe(tertiary)beamsof

interest.Althoughlittleisknownaboutsomeofthecrosssectionsinvolved,theschemeappears

sufficientlypromisingtowarrantfurtherinvestigation.

Althoughnumerousschemes[I]havebeensuggested,andutilized,forproducingradioacti;,,e

nuclearbeams,noneyetdevisedwouldproducecopiousamountsofheavynuclides,i.e.,nuclei

200ainuormore,neartheneutrondripline.Thepresentstudyisdirectedtowarda scheme

intendedtoproduceusableintensitiesofsuchnuclides.Why studysuchnuclei?The nuclides

neartheprotonorneutrondriplinesproducethemoststringenttestspossibleofnuclearmass

formulae.The possibilityofnew collectivenuclearphenomena,suchas theneutronhalo
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discoveredforlightnuclides,alsobecomesgreaterasonemovesfurtherfromstability.Finally,

understandingtheastrophysicalr-process,thesuccessionofneutronradiativecaptureswhichhas

synthesizedmany heavynuclidesandallofthoseheavierthan209amu,requiresstudyofthe

nucleiattheneutrondripline,perhapsasmany as20neutronsbeyondstability.Sincether-

processre.quiresstudyofthemostextremeneutronrichnuclides,Iwillfocusonitasmotivation

fortheirstudy.

A recentstudyofther-processby Kratzetal.[2]allowsdefinitionof theprocesses

necessarytofullyunderstandther-process.One oftheirequationsgivestherateofchangeof

theabundanceY(Z,A)ofnuclidescharacterizedbyprotonnumberZ andmassnumberA as

dY(Z,A)/dt = n,Y(Z,A-l)o'^._ + Y(Z,A+ l)h^.t- Y(Z,A)(n,,o'.,,+ ;k^ + ),a,̂ + haa,̂ + ..,)

+ Y(Z.l,A);kaz't,^ + Y(Z-1,A+I)Xa, z't.^+t + ...,

wherer._istheneutrondensityinther-processenvironment,_^isthe(n,.),)crosssectionon

nucleus(Z,A),)_^istherateofdestructionofnucleusA by(../,n),thetermsmultiplyingY(Z,A)

representprocesseswhichdestroynucleus(Z,A)via(n,'y)or(_/,n)(thefirsttwoterms)orby

decaysofthatnucleusviaemissionofaB andsomenumberofneutrons,andthelasttwoterms

representcreationofnucleus(Z,A)fromdecaysofmoremassivenucleiviaemissionofaB and

somenumberofneutrons.Whilesomeapproximationscanbemade,thisequationshowsthat

ingeneraloneneedstoknowtheB-decayratesofeachnucleusinvolve.d,therelativestrengths

ofeachmodeofdecay(whetherB,Bn,B2n,etc.),andthecrosssectionsfor(n,7)or(7,n).This

is,evenwithunrestrainedenthusiasm,impossibleatpresent,duetotheunavailabilityofradio-

activebeamsofextremelyneutronrichnuclidestogetherwitha neutrontargetofsufficient
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density for reactionsto ever be observed. However, if even low intensitybeams of some of the

relevantnuclidescould be produced,enough masses could be measuredto define nuclearmass

formulaparametersto the point where they could be trustedto predict masses and, if some

lifetimes and B-decay modes could be measured, B-decay systematics u well. Such

measurements would represent an extremely important advance for understanding the

astrophysi_ r-process. In addition, in many instances, (d,p) reactionscould be used to obtain

similar informationto that requiredfor the (n,7) reactions.

To study possible schemes of producing extremely neutron rich heavy nuclides, we have

selected W isotopes as a test case. The relativeyields of W isotopes from high energy proton

bombardment of a U targetwere first predicted. The code used utilized the Stlberberg-Tsao

formalism [3]. The relativeproductionintensifiesfor W isotopes (via fission) were foundto fall

off exponentiallywith N, with that for 2°6W,20 neutrons beyond stability,being a factorof 104

lower than thatfor roW, the lightest even-massunstableW isotope.

However, if one acceleratedthe W isotopes producedfrom :he p+U interactions(which is

requiredanyway to produce an analyzableoutput), up to roughly 100 A MeV, one then could

bombardanothertarget,possibly a neutronrich one such as 4'Ca, to shift the isotopic distribu-

tion_ (of the tertiarybeam!) furtherto the neutronrich side of stability. If enough of a shift

occurred, it might compensatefor the loss in intensitydue to the second scatteringfor the most

' ' nneutronrich isotopes. In this contextwe have performedtwo sets of yield predlctio s, one with

a m_,Vbeam on 4'Caand the otherwith a !_Os beam on a "'Ca target, using code INTENSITY

[4]. The former case, assumingan acceptancesolid angle intoa subsequentanalyzer of 6.4 msr,

predictsan attenuationfactorof about3000 for l_W and _w'Wcompared to _s_6',with decreasing

yields as one goes to more neutronrich nuclides. However, the peak of the distributiondoes
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indeedoccur further to the neutronHchside of stability than withthe p. U productionscheme,

giving yields which begin to competewith those from thep+ U scheme. Furthermore,thereare

severalobvious ways to increasethe tertiarybeams, probablyby at least anorderof magnitude.

The _Os on 4SCascheme predicts that the fragmentationyields actuallyincrease out to 2°°WI

While this seems unrealistic,thereare, of course, no data to contradictthis result. The beam

intensitiesfrom this secondscheme would thus certainly exceed those fromthe p. U production

for W isotopes beyond about2°_W,but the veracity of the predictionsmust certainly be tested,

While the trustworthinessof thepredictionson which thepresent study is necessarily based

is questionable, those predictionsdo suggest that it mightbe possible to enhancethe yields of

very neutronrich heavynuclideswiththe tertiarybeamapproachsuggestedhere. However,data

to test the predictions of the codes would certainly be helpful, especially data for isotopic

fragmentationyields for high energy heavyions on isotopes of, e.g., Ca. Then combinationof

those measurements with the codes should allow us to predict whether or not the scheme

suggested in this paper can succeed.
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rp---ProceuMeuurements withHigh--IntensityRNBs

JoachimGOrres

Universityof Non Dame

The reaction yields Y for the direct measurement of resonances of importance to the

rp-process can be calculatedfrom the estimatedresonancestrengths coyfrom the relation:

mt +%
y I .....

mt _ coy,

with mt(mp) the mass of the target (projectile), _, the protonwavelength and e the stopping

power in the lab-system. Table 1 shows the resonance par_eters for several reactions of

interest. The reaction yield has been calculated for a RNB intensity of 1010Is.A comparison

with the ON(p,7) reaction, which has been recently measured at Louvain-la-Neuve [1],

reveals that an improvementof at least two orders of magnitudeis needed for the direct ..,

measurement of these resonances. The limiting factor in these experiments will be the

backgroundinducedby theRNBs.Inthefollowing,severalexpeflmentalaspectsofsucha

measurementwillbediscussed,

TableI'.expectedyieldforseveralreactionsofimportancetotherp--.processcalculatedfora

RNB intensityof 101O/s.As a comparison,theparametersforthe13N(p,y)reactionarealso

listed.

Reaction ER E_y _ Y
[MeV/u] [MeV] [meV] [I/h]

19Ne(p,y) 0.45 1.6 6.2 440
31S(p,y) 0.59 2.2 32 1720
39C.a(p,y) 0.36 0.9 0.003 0.3
S6Ni(p,y) 1.70 2.4 63 1520

13N(p,y) 0.545 5.17 2400 1.5.105
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Hydrogen Target

The major advantageof a jet gas target over a solid target (CI-12)is the stoichiometry (p_

H2). The presenceof Carbonin a solid target increasesthe stoppingpower, and thus the yield

for a solid target is decreaRd by nearly a factor of three comped to a pure 1,12target. A

common problem of both targets is the deposition of activity from the RNB near the _get

area. For a solid targetthis is caused by large angle _attering on Carbon and for the jet gas

targetby scatteringon collimators, which are necessary because of the small diameterof a jet

(typically 3 ram). However, it appearspossible to reduce this activity by a careful design of the

jet gas targetarea.

y-Detection

The mainproblemforthedetectionofprompt7--raysfromthereactionisthebeaminduced

background,A '?--fluxor-10s/s(mainly511keV7--.raysfromthe_+.-decay)isexpectedfora

RNB intensity of 101o/sif one assumes that I0-s of' the beam is deposited close to the target

area. This can lead to pile-up extending into the energy range of interest ('EyS2.5 MeV, s.
table I). A high segmentationof the detector system is thereforeimportant to limit the count

rate in the individualdetectors to reduce the pile-up probability.

The choice of the y--detectoris determined by the need for high efficiency. This requirement

favors the use of Nal detectors.The advantageof Ge detectors is the good energy re_iution,

whichimproves the peak to backgroundratiocomparedto a Nal. However, the limiting factor

for the energy resolutionis the Doppler broadeningof the peaks (AE/E_ 1%) caused by the

inverse kinematics. An additional disadvantageof Ge--detectors is the large response time

comparedto a Nal detector.This leads to increasedpile-up and limits the total count rateof

the detector to _ 25 kHz.

Example: A array of 30 Nals (7,5 cm × '/,5 cm) has a total peak efficiency of up to 30% at

Ey= 2 MeV, Thiswouldleadtoa reactioncountrateof0.151sforthe31S(p,y)reaction(ET=

2,2MeV),However,a pile-uprateof-.100/sisexpectedfromanextrapolationofthetest
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resultsof Bonnetet al. 12].The problemis evenmore severetn the caseof the 39Ca(p,y)

reaction,wherethe _nersy is only 0.9 MeV. Theseexamplesshow that y-spec_opy

aloneis in generalnotsensitiveenoughfor thedirectmeas_ments of resonancesin the range

of coy,,1- 100meV.

Recoildetection

A secondapproachis the detectionof'the recoilparticles.The requiredrecoil spectrometer

mustbe ableto separatetherecoilsfrom apri_ beamwithAM - l andsimilarmomentum

(&p/p= 2 - 5 %), Bestsuitedfor thistaskappe_ to bea combinationof energyfilters (Wten

filter) andmagneticdipoles,Sucha devicehasbeenrecentlytestedat Caltech[3] usingthe

reaction12C(p,y),anda beamrejectionratioof' l0-10 hasbeenachieved.Assuminga beam

intensityof 10to/sanda totaldetectionefficiencyof 50%,acountrateof'0.25/sisexpectedfor

the3zS(p,¥)reactionwith a backip'oundrateof l/s. The reactionto backgroundratiocanbe

furtherreducedby a combinationof'y.- andrecoildetection,anda ratioof 10000: 1 appears

realistic.An alternativein manycasesis theobservationof thecharacteristicdecayproducts

from the decayof the recoil eitherat the local planeof the spectrometeror at a low

backgroundareausinga tape transportsystem,

Beamrequirements

A RNB of the orderof 10Wsis essentialto measure,resonancesin the rangeof'coy- l - 100

meV withinare_distictimeframe.

For the directmeasurementsanenergyrangeof 0.2 - 2 MeV/u is necessary.Desirableis an

energyof up to 20 MeV/u to allowthe searchfor resonancesby indirectmeasurements,e.g.

transferreactions.This wouldallow the determinationof' the exact locationsof the

resonancesof"interest,thusavoidingthetimeconsumingsearchfor theresonancesin thedirect

measurement,whilealsoallowingthestudyof reactionswhereeitherthebeamintensityor the

strengthof theresonancesistoolowfor adirectstudy.
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Becaux of the low level densitiesat the excitationener|ies of interest,a beam enersy

resolutionof _;15keV/uwouldbe sumctentto resolvereson_cesin thedirectmeasurements,

However.to insuremaximumreactionyield (the thick is_filetyield)a betterre_lutton is

needed.Dependingon the s_tfic reaction,a resolutionof betterthan30-50 keV is needed

assumtnila tarlletthicknessof lOtS/era2,

TheRNBener_ hastobe knownwithin1-2 keVlutoavoidthedmeconsumtnllx_h for

the resonances,and thebeams_t shouldbe_11 defined(-t _) to reducethe_attertnlt of

thebeamin orderto keeptheaccumulationof activityin thetazllet_a at a minimum.

The demandon the beampurity will s_nillY dependon the reactionto be measured.The

mainproblemis thecontaminationof thebeamwithtsob_ of the reactionproductof'interest

and with isotopeswhichlead to s_nlt beckip_undreactions,e,lt, IgF,For the_ casesa bedim

impurityof I0-5 or betteris required.

[i] P,Dee_k et al,.Phys,Rev,Lett.67 (1_1) 808

[21L. Bonnetet tl,, NIM A292 (l_) 343

[3] M.$. Smith, C, Rolfs, andC.A. Barnes,NIM A306 (1991) 233
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SAMPLES FOR r AND p-_OCESS STUDIES

F, Ki_llr ! , M. Wlelcher |, _ P. E, Kolhllrl

t Kernforl_ntltm_ Klrllr,Jil, InlU_ _ K_yllk, i Un_erllty of Notre Dime

]Los Alamo| National Lsboritory
i

MOTIVATION

The ibundar_ce pattemll of r-process branchings carry Important lrdormltlon on

the phyltcal tonalities of the attel!ir site, e,g, they allow for the do_ltlon of the

neutron do.lily, t_sture, _ mils density. Hence, their study yields tnformitt_ on

the reliability of |tellir Pprocees _ll,

In _ first place, the arli!ylli of these branchings r_ire| tl'_ ite!lir neutron

cap.re cros| lectlons of the Involved Isotopes. Since the r-process idDur_ancel ire

unk_e!y det__ by the respective ltelisr (n,_t')-croal leC_lonl0 thele da_ need to be

known with In accuracy of better than 5 gli for performing retlabto I:ran_tng analyses.

While the stsble r-only Isotopes, that define the branchings, can mesr_whllebe measured

by optimized techniques with typical uncortalntJes of 11t [1], expork_41ntelblformeUon for

the unstable Isotopes is still missing for practically ill branch point Isotopes, For these

nuclei, ItaUstlcal model calculations hive to be uled so far, but even with the molt

sophisticated methods, the ¢ttcull_ CROSSlectlonl exhtblt uncertainties of typically 20

to 30S, often not sufficient for i detailed tntorpretaUon of the oblervod abundance

pattern.

Recently, there was rorlewed Interest tn the p"proCell, that ll rell:c_llble for

the production of the rare, neutron-deficient IiotoDel, which cannot be itcrlbod to the

t - or r-process, To dire, thels i*J_dlet ire sin',pit completely baled on dlte derived

vll stMJltJctl model calculations [2], This IltultJon nlodl to be _proved by a lUbllt of

experimental cross sections to be used for tolUng #or tdJultk_9 the cross leCtlon

calculations, In this context, (n,'f)-cros| sect!ohm on rtdlotctlve isotopes ire needed ta

well,
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_PERIMENTAL TECHNIQUE

Given the specific problem| of neutron capture ¢POI| section rneuurlmentJ, a direct

on-line measurement at the tSL-flcillty does not i_ar very promising, Therefore, we

propose to Ule ISL for the praparatlor_ of |_les that c4m be investigated off-line, For

the Calls listed below, capture cross SlCtionl carl be rnelelJr'ed with exlltJl_ tKhntques

pr_lded that the e_lel satisfy the follow!n9 ¢_ltJons:

(I) ilOtl:_!¢ mlPictYrlMlt lUff_clerlt to rlcJ,._ce ka_wsrlted beckgr_ from _rlUee.

(ll) Safe handling w!th respect to radiation hazard Ird po|llble ¢ontatlntnattona.

(11i)Pr_t availability to mtrlimlze Ingrow_ of daughter nuclei,

These r'equlr_tm could be met by using a radioactive ion beam for Irr_lmt_tlng the

unstable Isotopes In in a#:_roprlate backing, The Optimal Implantation energy Is _oximate-

ly 200 keV, This r_lres t fad-out of the beam after _ isotopic/Isobaric sq:)aratlon

at ISL, This technique has been d_strsted recently at ISOLDE 1:3] for _ cesium

isotopes t31, 134, end 135,

In the following, we propole a number of Celia, where such IMf'_III could

successfully be used In cross section measurementJI. We _clpate that limitations on

the avsillkblebeam current mJndbeam time st s forthcoming RIB facility will limit simple

sizes to about 10t4 atoms, As i result, the activation techn!que seems to be the only

method |e_sltlveer_ughfor*,heproposed (n,y)measurement. Thls restrlct_mthe number

o@branch points that can be inve|ttgsted In s straightforward way to .. 10 cases of

trrcortince or the #r-process and to ~6 cases for the p-pr_elm. If, however, the RIB

yields would be high enough to produce samples of 0.1 to 1 rng total mass, ml/_y more

cases would become accessible by using the Moxon-Rn setup st Kmrtsruhe 1:4_

or the 4_ detector st Los Alamoe 1:5).

This contribution summarizes those cases that Ire relevant for the most

Important l-process branchings and that can be investigated with the activation technique,

i COMPILATION OF POSSIBLE SAMP_S

Our estlmstesfor slb'r_lepr_uctlon Ice bMed on the yieldsrs1_o_ by the

ISOLDE _o_ [(51),In par'tJcular,we assume a RIB currentof IOS plu-tlcles/s_d in

Irq_l_tstlontime of -2 days, The examples ire res*J-iCtedto cases wlth

tl/2(ia_'gO*.) ) >t l/t (prm:iuCt) and Ey(talrstet) ( Ey (produ_'_t),

sO that the Induced activity can be unamblguousiy separated from the activity of the
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smtnplI.The electronbackoround due to the beta decay of the tvgot _evs to b,

m,nagemble In prsctlcslly ell csses.

We lllustrate our proposal at the example of the target/product pair ISSEu/IBOEu.

Impimuntatlonof I0O atoms/s of ISSEu for 2 d with sn efflcl_cy of 50)K results In a

a_le of N = 8,101!Iatoms, Irradlatl_In a neutronflux@ for s _rlod t Produces

Z = @.N.0,t

IREu _clel.For slmpllclty,thedecay durln9 sctlvatl_was neglectld.ThisIsa reasonable

approximation, if the activaUon time Is restrlc_ to one half-life of the product r..Jcious,

The ?Ll(p,n)?Be reaction has been used routinely at energies just ad)ove threshold to

ac_roxlmate the ste!lsr spectrum for a typical Pprocels environment with a total

neutron flux ¢:f 0 • 10o s"1 _. With t = tva(lSOEu) = 1,3.10o s, one obtains Z =

TABLE I Branch pointnucleion the Pprocoos pith.The relovmJntSaml_ledat_ lu'e

91venfor those cases,which can be st_Jdledwlththe a¢IvatlonV_lque,

L LL:Z _ ___L ---: i_:: _*_-;::_.._;T:_-T- :_T:.... ._L _J_I [IIIII _ ii))iiii :...... I "7........ T [Ltl ..... <_< LJ_ III II _-- _ Ji) --

Isotope Relevantsmile data rProcess p_m_et_
:T...... : llnl lllml]I±JL 11111111----- -: ...........

tl/2 Ey (0) AI3t AI'
I:keV_) [_mb] CBq]

:L_ --:--_.': ---Tm_-- in_ iiiiii11j __ ,111 . _. _ _j ir!Jlllj._l, i iii II I i i jl rll _ iiiiirrl mrjmvmr - ._ ................ -

i]4Cs 2,06 yr ti_mp_ature

1]SCs 2,I06yr no y 200 O.18/-

i)?Cm 30yr 662 50 2'I04/ 1.5.104

147Nd !t d _z_ density

147Prn 2,8 dr 121 1000 8, 10S/24
t41Pm 5,4 d

IS4Eu 8,5 dr temperature
lSSEu 5,0 dr ~ 100 1900 t.2. t0s / 7.104

ll]Ho 4570 yr hey 2600 only K X-rays mass density

109Er 9,4 d t_ature
170Tm 128d

l?lTm i,g dr 67 1000 2,5. t0s / 400

IZOTa 1,7dr no y 1250 onlyK X-rays mum densityand

t_perature
..... "--___._:i _L Utmll i. ii ).___: TT l._J_. _m_. III _ L _ JUIIIL ........ .... T-- .:: _: ;;_ 7---- _._L iiiiii) .........

The quoted activities A)IAy refer to a sample of 1014atoms,
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105 atoms of 156Eu per activation, If the calculated stellar cross section, 0 : 2000

mbarn, Is correct.

After irradlation, the decay of 156Eucan be followed via the associated ga_nma-

ray activity. In total, 65_ of all decays yield gm'nma-rays between 646 and 2098 keV;

usln9 a large Ge detector in close geometry, these can be measured with an efficiency

of about 10 _. If the actJvlty Is counted for one half-life, one obtains

C = Z.In2.tT.17.t = 5.103

counts. In this expression, 17 Is the efficiency for gamma-ray detection and 17 denotes

the gamma-ray Intenslty per decay. Even if the signal-to-background ratio is 0.5 as a

result of the long countln9 time, the statistical uncertainty would be already as small as

4_ In a single activation, illustratlng the feaslblllty of such measurements on short-lived

targets.

The most important s-process branchlngs covered by this proposal are Ilstecl in

Table 1. The respectlve branch point isotopes are given in the first column, followed by

the relevant sample data ;or those cases that are accessible to the activation technique

discussed here. The last column indicates the respective physical parameter of the

stellar plasma, to which the various branchings are partlcularly sensltJve.

It Is to be noted that samples of the longer-lived species could also be made

by off-llne techniques. However, radlochemical methods are often very time-consumin9

and may also depend on the Isotopic purity of the batch material.

The samples of interest for the p-process, which can be studied with the same

technlque0 Include S8Ge, 148Gd,lS0Gd, 154Dy, 194Hg,and 202pb,
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PRODUCTION OF HIGH INTENSITY RADIOACTIVE

ION-BEAMS BY MEANS OF THICK TARGET TECHNIQUE

H. L. Ravn
CERN ISOLDE

CH-1211 Geneva 23, Switzerland

ABSTRACT

Target and ion-source techniques which allow rapid separation

of thermalized radioactive nuclei from 1-500 g/cm2 thick irradiated

target material and continuously convert them into a mono-isotopic
ion-beam present themselves as a new method of radiochemical

separa'.on. These techniques combine nuclear reactions with high

temperature chemistry, metallurgy, solid state diffusion and
ionization phenomena. Developed at the many mass separators on-line

at various accelerators or reactors they are today widely used to

produce radioactive ion-beams for physics experiments. For some
years they have reached a stage of development that allows the

production of low-energy high-intensity beams of radioactive

isotopes of most elements in the periodical system, In this paper the
!

parameters that determine the intensities of these most often singly

charged ion-beams are discussed in view of injection into a post

accelerator. First a short introduction is given to the technique of on-

line mass separation, This is followed by a detailed discussion of the
three factors which determine the production rates in the target: i.e.

reaction cross sections, beam properties and target thicknesses and
by a discussion of the more decisive factors which control the

efficiency with which the radioactive nuclei produced in the target

can be transformed into a final ion-beam of typically 10-60 keV

energy.

Throughout the discussion the influence and direction of new
developments are assessed, Finally, selected examples of realistic
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beam intensities are given, which may be used for comparison of the

different production methods.

1. INTRODUCTION

The interest in the study of nuclei lying far from 13-stability
has led to the development of a powerful technique for production of

ion beams of radioactive nuclei, The production is achieved by the
bombardment of a target material of sufficient thickness to stop the

nuclear reaction products. In this case the products have to be
separated from the bombarding beam and the target in order to

continuously convert them into an ion beam. The advanced

technological processes which are needed to produce pure beams of
radioactive nuclei are strongly dependent on the physical and

chemical properties of the individual elements. They take place in the

target and ion-source unit, which forms the heart of these facilities
and has to be developed specifically for each element or group

thereof, Once this is achieved, the method has a number of advantages

for production of high intensity radioactive ion-beams. Today the

development of such systems has reached a stage which allows the
production of low-energy beams of the radioactive isotopes of most

elements in the periodical system.
Particularly high beam intensities have been obtained when the

on-line mass separator is combined with an intense proton beam of

about 1 GeV energy. Due to the thick targets (..500 g/cm2) that may be
used, primary beam conversion rates into,secondary radioactive beams

of up to R. 5,10 .2are achieved. However, R&D projects proposed at HI

accelerators and reactors suggest that similar intensities may now
be obtained there. After a short introduction in section 2 to the

concept of on-line mass separation a discussion follows of each of
the parameters given in equation (1) which determine the radioactive

beam intensity.

I=o*(t)*N*¢l*e2*¢a (1)

In section 3 the formation cross sections S for the nuclear reactions

of interest are discussed followed in section 4 by a discussion of the
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primary beam intensities F, target thicknesses N and the resulting

power densities, The product release and transfer efficiency el the
ion source efficiency e2 and the delay transfer efficiency e3 are

described in sections 5-7 respectively, A more extensive overview of
recent developments in the field may be found in the proceedings of

the last EMIS conference1,2). Finally, in section 7 selected examples

of experimentally determined cross sections and beam intensities are
given, which allows a comparison of the different production methods.

2. THE ON-LINE MASS SEPARATOR CONCEPT

The concept of on-line mass separation3), where thermalized

nuclear reaction products are continuously transferred from the
target to the ion source of a small heavy-ion accelerator equipped

with a mass analyzing magnet, is shown in Fig. 1. The essential point
here is that the nuclei of interest are formed in very complex nuclear

reactions with many exit channels. Only a mass separation combined

with a chemical separation in the target and ion source unit can

produce isotopic beams of sufficient purity. In Fig. 2 an example of
the heart of such a facility, the target and ion-source unit of ISOLDE4_

is shown, The radioactive nuclei formed in the target according to the
equation Yo-s, F. N are thermalized in the thick target and have

now to be transformed into an ion beam. This operation can be broken

down into three distinct processes which each have an efficiency as
defined in section 2: (el) diffusion to and release from the target

surface and transfer by diffusion through the transfer line from the
target to the ion source, (e2) ionization and (e3) decay during the

entire process. The many different on-line mass separators in

operation which are finding ever-widening applications in the areas

of nuclear and other sciences are reviewed in ref.3. The growing
interest S,s) in the application of short-lived radioactive ions as

projectiles, has revived the ideas of post acceleration of the beams

available from on-line mass-separators, This was in fact already
discussed at the 1965 Lysekil conference on nuclei far from

stability 7) which marked the start of the field. Since then the on-line

mass-separator technology has progressed considerably and reached

the stage where it now is a technical feasibility. At the CERN ISOLDE
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Ii
separators 600 different radioactive ion-beamss)of the elements
shown in Fig, 3 with intensitiesof up to 1012 atoms per second have
been obtained with an incident600 MeV proton beam of 2,1013
protons/s (3_A), This facility is by far the most ambitious project in
the fieldg). It was recently reconstructedin a new experimental hall
on-line the 1GeV, 2 I_Aprotonbeam of the CERN PS Boosterand enjoys
the collaboration of more than 200 physicistsfrom 50 laboratories.
With a physics programmelo) which ranges from the studyof nuclei
far from stability over atomic, solid state, surface and elementary
particle physics, to medical applications.From the layout shown in
Fig. 4 it is seen that two mass separatorswill be used, A low current
general purpose separator (GPS) and a medium current high resolution
mass separator (HRS) both serve a common experimentalare.a.The
design parametersof these machinesare to be found in ref, 2. By
alternating the operation of the two separators, 3200 hours/year of
radioactive beam time may be given to the users. For the planned
ISOLDE post-acceleratorthe HRS seems most advantageoussince it
may resolve isobaric molecular-ions or possibly isobaric masses if
the subsequent acceleratingstages are unable to do this,

3. NUCLEAR REACTIONS AND CROSS SECTIONS

The particular radioactive nuclei which it is desired to post
accelerate may be producedby a variety of bombardingparticles and
nuclear reactions, The three reactions which most often are used to

produce the nuclei of interest are spallation, fission and
fragmentation for which the mass yield curves at different energies
are shown in Fig, 5 for the reactionof protonson a heavy target11),
Somewhat similar reactions may be induced with relativistic light to
heavy ions which in addition allows the use of projectile
fragmentation, The independent formation cross-sectionscan be
calculated by the formulas of Rudstam12),Silberbergand Tsao13) and
others, Since these calculations have relatively large uncertainties
the following discussion is based only on published experimentally
determined cross sections,Such values for all three reactions are
found in the compilationof Silberberg and Tsao14).
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Whereas reactions with protonsand heavy ions allow us to
produce all nuclei of interest, the thermal neutron induced fission of
23sU can only be used to producethe neutron-richisotopesof the
elements shown in Fig, 6,

For protons, the total reaction cross-sectionnot only increases
considerablybetween 500 MeV and 1GeV, in the region of target
fragmentation and fission as seen in Fig,51S),butthe cross section
also rises for deep spallation reactions.A typical example of this is
shown in Fig, 7 where the excitation curve for the productionof
krypton isotopes by spallation of silver15) shows a weak optimum
close to 1 GeV. The gains are from a factor of two near stabilityat
mass 84 risingto a factor of 5 at mass 78 and estimated to end up
being a factor of 10 far from stability, For spallation leading to
products close to the target and the line of stability the maximum
cross-sectionsare already reached at ..200 MeV protonenergy as seen
on the excitation curve for the productionof argon isotopes by
spallation of scandiumis) shown in Fig. 8, By rising the proton energy,
gains are expected in the cross sections for target fragmentation
reactions leading to neutron-richlight nuclei, This is indicated by the
excitation function14)for productionof 24Na andlSF from lead and
uranium targets respectivelyshown in Fig. 9,

Thanks to the recent developmentof ECR ion sourcesthe
intensity of heavy-ion beams (HI) with energies of 30-100 MeV/u has
been greatly increased so that they may become of interest for the
production of radioactive ion-beams, The higher excitation energy
which the slow heavy particle can deposit in the target nuclei gives a
cross-sectionincrear_efor the reactions shown in Fig, 5 of 1.10
times over the 3 GeV proton curve with the highestvalues for the
short ranging heaviest ions, The somewhat longer ranging light ions
3He and 12C show a cross section advantage for deep spallationand
target fragmentation reactions as shown in Fig, 10, Here it is seen
that the !SOLDE beam intensity ratiolS_of sodiumbeams formed in
600 MeV protonand 86 MeV/u 3He and12C fragmentationof uranium
increases a factor of 10 near stability increasingto a factor of 50 on
the far neutron-rich side, Fig. 11 shows a comparison17)of isotopic

I

distributions of rubidium produced by fission of 23sU with protons of
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various energies, 77 MeV/u 1=C ions and thermal neutron fission of
23sU. it is seen that the cross sections for the HI reaction are 2-5
times higher for 1_C than for 1GeV protonswhereas the thermal
neutron fission yields are up to three orders of magnitude higher, Only
small gains were observed for close spallation reactions (DZ = 3) with
the HI16), A further interestingpossibilitymight be to use the
projectile fragmentation in thick targets as a production technique,

It can be concludedthat the highest cross-sectionsare found in
the thermal fission of uranium followed by the HI reactions which
generally are somewhat higher than for the correspondingproton
reactions, It should, however, be noted that the cross sections alone

do not allow us to concludeon the best suited bombardingparticle,
The other factors in equation 1 change the picture given in this
section dramatically,

4. PRIMARY BEAM INTENSITIES AND TARGET
THICKNESSES

The production rates in the target are generally determined by
the product F * N rather than by the cross-sectiondiscussed in the

previous section, In Table 1 a collection is given of importantbeam
and target parameters i. e: the primary-particle energy loss, maximum
available driver beam intensity, maximum target thicknesses and the
resulting power deposited in the target.

For thermal neutrons the level of technical development allows
presently in Studsvik18)to use target amounts of the order of 1 gram
in a flux densityof 3 .1011 neutrons/cm2 * s. An increase of F * N by
one order of magnitudeseems to be feasible with a moderateR&D

effort and will not exceed the total power deposit already handled
with other particles. To use the maximum available flux density of
1014 neutrons/cm2 * s seems to require a major R&D effort which
may be started at the ILL Laboratoryin Grenoble1o),

Protons of 30 MeV are currentlyused in the pioneeringtwo
accelerator RIB project2o)at Louvain-la-Neuve,The short range of
these protons is offset by the available beam intensity of 500 mA,
The present technological limit is presently around 200 mA which
gives a total powerof 6 kW, In contrastthe long range of the ...1 GeV
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protons allows the use of targets of the order of moies/cm2; a target
thicknessof 400 g/cm2of 23sU has been chosen for the calculations
as the worst case due to the additional fission power, Targets of this
thicknesshave only been tested with prototypes of lead at ISOLDE
whereas targets of 150 glcm2are routinelyused, Total power of 5kW
(electrical ancl beam heating from 3 mA of protons ) is handled
without problemsdue to the low power density in such big targets. As
a logicalconsequenceof the change st ISOL.DEfrom a 600 MeV driver
beam to one of I OeV it is now suggestedto double the target length
to 40 cm, Calculations show21)that for solid refractory targets it is
technically possible to use proton-beam intensitiesof the order of
100 _A and tests of ISOLDE.like targets at the spallatton neutron
source of the Rutherford Appleton laboratory==_are in preparation,

For HI the high specific energy loss limits the target thickness to
the level of what can be used by low energy protonsbut due to their
energy the total power and power density are the highest in the field,
it shouldbe noted that high power density has both beneficial and
deleteriouseffects on the target, On one side It has shown a reduction
in the release from the target material as will be discussed in
sections5 and 7, On the other side it tends locally to overheat
windows and the target material and to dissociate chemical
compoundswhich may give rise to an unwantedgas load of the ion
source, The target and ion-sourcedevelopmentprogrammestarted at
GANIL.23)will most certainly address these effects,

5. RELEASE AND TRANSFER OF PRODUCTS FROM
THE TARGET
The general problemis one of mass transfer, i,e, per second to

separate typically between 1012and 10._ wanted nuclei from the 1023

target atoms and to transfer them to the ion source, The different
steps of this process and the losses from various effects are

illustrated in Fig, 12 . They determine the most importantparameters
of the system: the release yield and the target to source transport
efficiency which are combined in the factor el, In the followingeach
of these steps is discussed separately and references to further
information are given,
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5.1 Target material lind product release
The separation of the products from the bulk of the target ¢lln be

clone merely by heating a target material with a low vapor pressure to
a sufficiently high temperature so that the more volatile nuclei of
interest which are stopped in the target, are released by diffusion and
desorptionprocesses.Only in this way (:an the flow of material be kept
sufficiently low to allow the ion-source to perform optimally. A
numberof such materials have been found and their release properties
studied2) and in the good cases the release from the target occurswith
90-!00% efficiency with only small losses in strongly bound sites in
the solid targets, Often an element ii retained in the target due to too
low vapor pressure or chemical bonds to the target iurface, By In.ittu
synthesisof a more volatile compound,a techniqueoften referred to as
chemical evaporation, 24,2s)a number of less volatile elements have

recently successfullybeen brought on-line. This is illustrated in Fig,
t3 which shows the seleniumbeams obtained from a Zr02 target2e)
where the volatileC02 homologousCOSe compoundwas synthesizedon
the surface of the target by 02 addition, Similar reactions may be usecl
to release the two other members of the group VIA elements which
also are difficult to separate from a target due to their tendency to
form refractory compounds,

A particularly elegant and precise method to study the release
from the target or catcher materials has recently been demonstrated
by the GSI group=7 as indicatedin Fig, 12 They implanta high energyHi
beam of the element of interest directly into the real target and ion.
source system and record the intensity of the fraction of the originally
implantedHI which are released and retonized, In this way they obtain
not only the relea'_e efficiency of the system but also the time
distribution function ancl the ton-source efficiency,

5.2 Target-to.source transfer
The chemical affinity of the deslreclspecies to the walls of the

target container, the transfer tube and the ion source determine the
losses by adsorptionand diffusion, Since these surfaces often are

kept at high temperaturesthe main effect is a delay of nature
analogous to the release of the product from the target materials
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which is discus:ed in sectione. For extreme asses where the hold-up
time on the surfacesill long or the diffusionspeed in the tube
constructionmaterial ts very high, losses through the container and
tube walls have been shown to be of importancelike the losses

through unavoidablemechanical leaks. The use of the chemical
evaporationtechniquemay silo here speed up the transfer and help to
keep the products in the gas phase, A careful choice of construction
materials with minimum affinity to the wanted species should be
made as discussedin ref. 2 and in many oases e transfer efficiencyof
80.90 % is obtained,

B. IONIZATION EFFICIENCIE$
The widespread use both in basic research and industryof stable

heavy.ion beams has led to e large variety of sources,Since the
amount of input material for these purposes usually is unlimitedonly
little emphasis has been put on their efficiency. Despite this, most of
our inspiration for developmentof tource| comes from work in this
field which is reviewed in ref, 2, There is no universal source that
will be best suited for all the elements, Most often the source has to
be optimized for each element or gro_; of elements, The alkali, the
alkaline earth and the rare earth elements are efficiently ionized

i

(>50%) by means of surface ionizationsources=e) or thermal
ionization sources;_t,Jwhich have the particular advantage of working
at temperaturesaround 2000 =C, Also the halogens may efficientlybe
iontz_! as negative ions by means of surface ionization_O),The group
of no_le gases is convenientlyionized In hot cathode plasma discharge
sources in yields of 1 to 60%. Most of the remainingelementsseem
only to be tonizablein usefulyields (>1%) by means of plasma
discharge sources kept at high temperature so that atoms which
imp,'ge on the walls may be desorbedagain. In fact, the efficiencyof
the ionization process Itself is usually very high; It is the often
irreversible losses of atoms and ions by condensationon the walls of
the sources that determine their efficiency, The major difficulties in
maintaining the temperature needed (often above 1800 °C)is the
unavoidablechemical reaction between the anode insulatorsand the

1'79

i



conductive part of the source which eventuoiiy will give rise to leaks
and an uncontrollable gas pressure in the source,

The hot cathode plollms-di$charge Ion-sources probably have

reachecl their limits of development, Only a careful choice of
construction moterlals with minimum affinity to the products or the

chemical reactions discussed in section 5 may reduce the losses to

the walls and keep the products in the gos phase, An example of this

is seen in the production of oxygen beams from a platinum target
combined with o grsphlte ion-|ource31}, New techniques like laser and
ECR ion.sources seem at present to be the molt promising way to

make further progress, At Gatchina and ISOLDE a concept for an on-
line laser ion.source has been developed32),33,34).It makes use of

stepwise resonant laser ionization in a cavity os shown in Fig, 14, Up

to three laser beams of different frequency are directed through the

analyzing magnet to overlap with the flow of reaction products in a

hot tubular cavity connected to the target all shown in detail in Fig,
15, The advantage of this source is high element selectivity,

Suppression of neighboring rare earth elements by a factor of 104 has
been achieved with Ion-source efficienciell of 10-20 %, Since the

lasers are pulsed with 10 kHz the ion beam has the same pulse

frequency and s pulse width of 25 1411as shown in Fig, 16. This width
can be understood in terms of the electrical heating potential applied
to the cavity which accelerates the tons out of the tube, In fact the

beam is bunched since it can be shown that the tubular cavity has an
ion storing effect, Other advantages of this concept are that it is

insulator free and employs only an exceedingly simple mechanical

construction in the vicinity of the target, On the other hand the source
clelivers only singly charged ions. This is contrary to the ECR ion

source which promises high charge states, pulsed beams and high
efficiency. Due to its rigorous plasma confinement ionization

efficiencies of 10.40 % have been demonstrated for singly charged

ions of light gaseous elements as seen in Fig, 17 where the layout of
the TISOL 35) ion-source is shown together with the ionization
efficiencies measured at the Louvain-la-Neuve on-line ECR

$ource36,3;'). Similar efficiencies for the light noble gases, but in high

charge states, are now reported from GANIL, Judged from the stable
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metal consumption of accelerator ECR sources ionization efficiencies
of moderatelyvolatile elements like Ca in a given high charge state
seems to be of the order of 1%. It remains howeverto be shown that

this high efficiency is not obtained at the expense of a very high delay
time in the ion source since the wall temperature of these sources is
so low that atoms which reach the walls remain there for a very long
time. This ts obviouslynot a problem in operationwith stable
material which in equilibrium has saturated the inner surfaces of the
source.

7. DELAY TRANSFER EFFICIENCY

The time taken by the processesdiscussedin the previous
sectionscauses a decay loss of the radioactiveproducts.This loss
can theoretically be described In terms of diffusion and desorption
processes.A detailed discussionis found in a previouspaper3S).So far
the fastest systems developed are based on solids tn the form of
foils, wires and powders kept at high temperature. The crucial
parameter is a functionp(t) which can be measured for the entire
system but is often determined by the slowest step in the process. A
primitive description of this function is the delay half-time l.e,, the

time it takes for one half of the proauced atoms to leave the target.
For a powder target characterizedby an average grain radius R and a

product diffusion constant D, in the case where the delay is governed
by the diffusion in the target grains, the probabilityp(t) per unit time
that an atom producedat time zero crosses the grain boundaryat time
t is:

6D_,/ ..n2n2Dt.p(t)= _'_ exp[-__R2......... (2)n=l

Expressions of similar types describe p(t), if the delay is governed by
diffusion in c'her shaped solids, diffusion in the pores of the target
material or diffusion to and in the source, With reasonable

assLmptionsfor D and R, good fits to the experimentallyobserved
release data can be obtained, For a productwith mean life.time Tm
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much shorter than the average delay time the delay transfer
efficiency is given by:

3_'DTm
1_3 = R (3)

as shown for Rb isotopes as a function of half-life in Fig. 18. The
most powerful method to determine p(t) and hence e3 is the HI

implantation method described in section 5. Recently a number of

systems dominated by the surface desorption process have been
investigated by the GSI group 27)and successfully related to the

enthalpies of desorption as shown in Fig. 19 for the overall
efficiencies of some non volatile elements,

The rate of chemical reactions giving rise to release from the

surfaces was studied for nitrogen by the Louvain-la-Neuve group 3g

who found that a partial pressure of stable nitrogen had to be present
in order to release the strongly surface bound 13N atom as the stable

16N .14N molecule. This is illustrated in Fig. 20 which shows the

intensity of the ISOLDE 14N -13N beam as function of 14N2 partial
pressure. The corresponding p(t) for lSN-1SN, 14N .is N and 15N2

molecules released from a typical ISOLDE target and ion system 4o) is

shown in Fig. 21. It is seen that the delay increases in the order listed

above indicating that they are formed by dissociation including a
surface adsorption step of the 15N.

The power deposition and the cascade of nuclear reactions and

secondary particles are found strongly to enhance the release times

i.e. p(t). This makes the targets faster as indicated by the delays
measured by the Orsay group in their PS experiment where the protons

are delivered in 2 ItS long bursts every few seconds. They observe 41)
delay half times of 50 ms. In the first test of the PS-booster

ISOLDE42 the delay half time for Ne produced in a MgO target was

reduced from 1 s to 400 ms as seen in Fig. 22. With such targets the

beam is now bunched and a number of experiments can improve their

signal-to-noise ratio by only activating the data-taking during the
pulse.
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8. CONCLUSIONS AND COMPARISONS

With the existing on-line mass separator technique we have
today a very powerful injector for radioactive beam accelerators and

many beams have already been developed that will produce

accelerated beams of nA intensities, it is clearly seen that the

techniques developed for high energy protons presently lead the field
of intensity and variety of ions although it has been demonstrated

that low energy protons play a role for a limited number of beams.
Cross-section considerations indicate that also thermal neutrons anr.J

energetic heavy ions deserve consideration as production particles. In

the two latter cases the degree of success will depend on substantial
R&D work which only recently has been started. A comparison of the

three methods suffers from the fact that only for the protons has the
essentia! development reached the critical stage where experimental

values of sufficient intensity emerge. For the other particles we will
have to rely on the projected outcome of the R&D work. The authors

view of the present status is seen in Fig. 23 which shows the
routinely obtained rubidium beam intensities at ISOLDE and OSIRIS.

Added to these are the intensities that may be obtained with 77

MeV/u 12C which are calculated from the experimentally known
cross-sections the maximum usable target thickness and el- 0.8, e2

,0.95 and 63- 0.9 as measured at ISOLDE, This picture may change by
as much as _ factor of 0-5 in other regions of the nuclidic chart. For

all three particles major R&D work is planned especially in the
direction of making use of the maximum available driver beam
intensities mentioned in Table 1. If it is assumed that the future R&D

work is accomplished with equal success the picture may change into
the one displayed in Fig 24,

Although it is said above and shown in Fig. 23 that many beams

exist that would give sufficient intensity if post accelerated, they
are not necessarily the ones needed for a physics programme. In order

to make a better comparison and to inspire those who plan the physics

programme, the list of radioactive ion-beams for which the European
projects have specific experiments is shown in Table 2. It should be

noted that the beams are chosen among the groups of elements for

which it is most easy to develop on-line technique. They would
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therefore in an early stage of development give the highest beam
intensities, In order to illustrate the present state of beam

intensities the ones measured at the old ISOLDE, not always with the

ideal target thickness and ion source, are listed in Table 2. Presently
a study group under NuPECC 43) is working out the intensities of these

beams as they would be under optimal conditions with the different
production particles discussed above.
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Figure 2 A typical target and ion-source unit where the target
container is connected to an ion-source via a transfer tube,
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Figure 3. Periodical table of the chemical elements which shows

those for which target and ion-source techniques at present have been
developed, Note that all the elements with outlined symbols which are
unavailable as on-line beams from thick targets belong to the
elements which are refractory or form refractory compounds.
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Figure 5. Mass yield curve for bombardment of Pb and Bi with protons
of various energies.
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Figure 6, Periodical table of the chemical elements which shows by
shading those for which the neutron rich isotopes can be produced by
thermal neutron fission of 235U,
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Figure 7, Experimentally measured excitation function for the
spallation of silver (DZ - 11)leading to krypton isotopes,
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Figure 12, Schematic representation of the transfer of the reaction
products from the target to the ion source and the possible loss
mechanisms. The heavy-ion beam indicates that these effects can be
studied in a particularly precise way by means of energetic HI.
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Figure 15. Layout of the ISOLDE target and laser ion-source unit,
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Photolon pulse

Figure 16 Pulse structure of the laser produced ions
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Figure 18. Decay loss of Rb isotopes as a function of half-life, The
insert shows the delay curve from which the p(t) is derived. It is in
this case obtained by sampling the radioactive ion beam intensity as a
function of time after switching off the proton beam.
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19-Ne delay in MgO target (#001) at ISOLDE/GPS,
June-92 (with full beam, 3E13 p/pulse)
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Experimentally ........
Beam Half life Target Target obtained

Material Mass beam Intensities

Atoms/s*pA ,,,ul _ :u_ ,I

8He 122ms UC 238 6.6E+05
8Li 842ms Ta 181 3.9E+08

1 1Li 9ms Ta 181 3.0E+03

11C 20m MgO 24 6.8E+05
13N 10m MgO 24 9.2E+03
140 71s Pt 195 2.0E+04
150 2m Pt 195 3.0E+04
190 27s Pt 195 1.0E+04

220 2,3s Pt 195 4.0E+02
17F 65s AI 27 1.0E+07

19Ne 17s MgO 24 3.0E+07
26Ne 162ms U 238 7.0E+03
20Na 446ms AI 27 2.4E+01
30Na 53ms UC 238 6.0E+02
34Ar 844ms CaO 40 3.8E+06
35Ar 1.8s CaO 40 4.1E+07
72Zn 46h U 238 2.7E+06
73Se 7h ZrO2 90 3.0E+08
74Kr 12m SrO 93 7.6E+01
91Kr 8.6s U 238 1.5E+08
94Kr 0.2s U 238 1.4E+06

97Rb 170ms U 238 5.6E+06
11 1 In 2.8d Sn 11 8.7 1.0E+09
105Cd 56m Sn 118.7 3.5E+08
108Sn 10m TeCI4 127.6 5.0E+06
132Sn 40s U 238 1.0E+05
121Cs 2.3m La 139 7.3E+09
144Cs ls U 238 1.0E+09
142Xe 1.2s U 238 4.2E+06
144Xe 1.2s U 238 8.6E+04

..................................... .. , ......

Table 2, Radioactive ion-beams for which the European projects have
specific experiments,



Isobar Separators for Radioactive Beam
Facilities

Hermann Wollnik

2, Physikalisches institut, University of Giesscn, Germany

Abstract

Efficient high performance on-Line isotope separator designs are discussed as nee-
ded in radioactive ion beam (RIB) facilities. It is described that good results can
be expected only from multistage systems which should advantageously act oil the
ions at different acceleration levels.

Introduction

Energetic neutron rich or neutron deficient nuclei allow the study of astrophysi-
cal processes [1] but at higher energies they are also most interesting for the
formation of neutron rich or neutron deficient heavy elements [2]. However,
also for the study of materials [3] energetic short lived nuclei are of interest.

1. The production of radioactive ion beams

There are two wa, ',_ produce isotopically pure radioactive ion beams (RIB)
of high energy':

l. One can bombard a thin target by energetic heavy ions and form beams
of energetic reaction products from which one can select a beam of ions
of a desired species by a high energy separator and either use them as
they are as radioactive ion beams [4,5] or accelerate them in additional
structures.

2. One can bombard a thick heavy element target by energetic light mass
ions, so far t: ' ferably protons, thermalize the reaction products in the
target, extra, : them by thermal diffusion and feed them into an ion
source [6,7]. Alternatively one can bombard thin targets from which
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the ions recoil into a high pressure gas where the)' are thermaiized and
swept into an ion source together with the gas [8], In both cases the

' eformed ions then can be mass separated in an isotop, separator [6,7,9]
and accelerated in a heavy ion accelerator,

The present paper focuses on the second method and proposes isotope sepa-
rators that are capable of rendering isotopically pure radioactive ion beams,
The production of such beams is difficult since their mass cross contamina-
tion must be extremely low because of the drastically different production
rates of nuclei of neighbouring masses [10], Since the ions of interest are
often produced in minute quantities only, the isotope separators in question
must feature high separation efficiencies and high transmissions simultane.
ously [11,12,13],

!

2. Properties of efficient isotope separators

For an efficient separation of isotopically pure beams of ions of mass ,no and
energy h'o from all others it is necessary [7,11] to build a separator that
consists of at least two stages that together:

1. efficient!y eliminate full.',' accelerated (energy Ko) ions of wrong mass
m_ that are scattered - by collisions with residual gas atoms - into the
exit slit optimized to collect ions of mass m0 and energy No. This mas_
cross contamination is usually about 10-4 for a one-stage I and about
10-s for a two-stage momentum analyzer.

2, efficiently eliminate ions of wrong mass ml >mo formed by charge -_._
exchange processes or molecule-breakup reactions at places in the acce.
leration region from where the newly formed ions are accelerated only
to energies h'l < Ko, Of these ions only those can pass a first magnetic

_: 'The nu'mberoilO ''i ¢anbg_appreciated if one considersa magnetic sector field of
one meter radius and an overallpath length of about 3 meters, By using an exit slit of
about lmm such a system usually _chievesa mass resolvingpowerof M/AM _ 1000 If
in this system a pressureof _ 10"Smbarexists, one findsthere about 3,10i°_toms/cm a
so that after the said 300 cm flight path about 1%of all ions have interacted with one of
the residualgas atoms assumed to have a cross section of about 10"1sere2. If those ions
are distributed in the image plane overa length of perhaps 100 mm one finds that about
1_ of all scattered ions pass through the exit slit of lmm width,
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separator stage 2 whose energies are A'I = Ko mo/ml,

Since those ions have the same momentum as the ions of mass m0

and energy Ko, they can only be eliminated by electrostatic sector
fields [11]. However, a, :ld momentum analyzer is also applicable
if it operates at a different, electrostatic potential [8,1:3]. This method
is especially advantageous if a postacceleration of the mass separated
ions is anticipated anyhow.

8. f,_aiure a combined mass resolving power that is high enough to sepa-
' neighbouring elements of the same isobar simply by their different

tl+,,,lear binding energies which result in slightly different masses. In
case of sl:,,rt-live, i nuclei these mass differences are reasonably larry,.
(for instance sevt il MeV for ions of perhaps 100 daltons) so that mass
resolving powers in excess of M/&M = 80000 usually suf_ce.

Additionally to the postulate that the separator must consist of two stages
one should

1. postulate that the geometrical and oh:; .tnatic image aberrations of both
separator stages are reduced reasonably.

'2. postulat, that small vat: +,ions in the ion+source behaviour do not jeo+
pardize ,. good mass- +ration prop+rties of the ion-+optical systeln.

:3. find ways that increased ion current_ , not deteriorate the mass re-
solving properties of the separator in a big way (due to space-+charge
problems).

4+ design the isotope separator such that it can provide different mass
resolving powers for different applications, thus allowing in special cases
better mass separating properties even if that requi +:sspecial efforts
and possibly a loss in transmission.

:+As an example one may assume ions of masses mom 100dmlton and mi _- 101dalton
ms well m of energies of Ko = 80keV and /x'l = 80, mo/ml _ 59.tkeV. respectively
Down,tream from a first stage separator of resolvinlt power M/AM - 1000 the +nersy
range of the transmittedions of rnus mLiu KI _ 504(1:t:0.0005), Postaeeelermtingall ions
after this firs!separatorstage byanother 80keVone must thus separate ionsof momentum
v/2*i00+(80+80)and_, I01+,[80+ $0:4(]_ 0,0005)]differingby'(0,._45±0013)_+, ,,
Thiscan be achievedby a second-stagemus analyzerthathas a rna_sresolvingpower

31/_M > I000or a momentum resolvingpower ofp/Ap _>500,
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3. The proposed separator geometry

To achieveallthesefeaturesitisadvantageoustodesigntheisotopesepa-

ratorwith at least two stages. Each of these stages can be constructed as
proposed in ref, [13] and outlined in Fig.l in which the ion beam is mat.
ched to the magnetic sector magnet by an astigmatic focusing quadrupole
multiplet, preferably a quadrupole quadruplet, In this two-stage system the
first-stage separator must mainly eliminate the bulk of the undesirable ions
of neighbouring elements and neighbouring mass numbers, but its mus re-
solving power M/AM does not need to exceed 1000 or 2000, The resultant
ion beam then must be purified bv the second-stage separator which should
feature a rather high mass resolving power (_> 30000) if neighbouring ele.
ments of the same isobaric chain m,ast be separated from each other,

200ram

X

10ram

Y

' y
Figure 1' A mus separator is shown equipped with a preceding four quadru.
pole matching unit. Note that the ×- and y-scales are very different and that
the x-- _dth of the ion beam is considerably larger (for instance _ ± lO0-_z)
than the y-width (for instance _ ±Smm),



3.1. The first-stageseparator

Forthefirst-stageseparatorthematchingsystemisespeciallyimportant
sinceitfollowstheionsourceimmediately.Inthiscaseitservesthefollo+
wing purposes.

1. It separates the separator system from the high radiation levels at the
production target which except for the He.jet approach is inevitably
close to the ion source.

2. As far as the xz-plane of deflection is concerned the initial ion source
exit is imaged to the entrance slit of the actual separator, i.e. at ++,,
positinn of the sep,_rator entrance slit an image is formed of the sn_all
area t _ ±0.1,0.1 mm _) from which the+ions seem to originate in the ion
source, though the source aperture is much larger (_ ±1.0 • 1.0 ram2).
Usually this area is the virtual pupil of the ion source aperture form,,d
by the lens action of the acceleration field.

Varying the strengths of the quadrupoie lenses one can

(a) ensure that this image is formedat the separator entrance slit also
if the ion+-sourceparameters have varied slightly and so has the
x-+or the z-position of the virtual ion-source area.

(h) vary'the x-magnification at the position of the entrance slit which
in combination with the unchanged dispersion of the sector ms.
gnet allows to vary the mass resolving power of the separator
[12,13]. Note, however, that an N-times smaller image at the ent-
rance slit inevitably causes an N-times larger angle of divergence i
of the ion beam and thus a wider beam in the sector magr_etas
far as the xz_plane of deflection is concerned [14].

3. in the yz--surface perpendicular to the xz-plane of deflection the qua.
drupole lenses in all c_es can form a relatively wide beam at the posi.
tion of the entrance slit, perhaps _, :i:3mm or _ :t:6_m. in detail it is
advantageous to postulate that the ion beam in all cases keeps more or
less the same y-height throughout its travel through the sector magnet.
This has the following advantages

(a) all space-charge problems are grossly relievedsince the beam cross
section area stays reasonably large evez_at the position of the



entrancesli! (perhaps _ _0.1,5 mm _) . Nute here thai in case
of a stigmatic image of the _nlall virtual ion_-_sourcearea (perhaps

±0.1 • 0.1 mm 2) the ionoocurrent density would considerably
exceed that at the ion--source orifice (perhaps _ ±1.0,1.0 mm_).

(b) the ion beam in the magnet can be much smaller in y-direction
(p_rhaps _ ±Smm) than in x-direction (perhaps _ ±100rnm)
which reduces considerably _11final image aberrations in x-direc_
tion lhat are due to the y_extension of the ion beam in the sector
magnet, i.e. to second order the aberration coemcients (x,yy),
(x.yb), (x,bb) u outlined for instance in ref, [14], Thus no nlea_
sures need to be taken to coffee! these aberrations, Consequently
quite weak multlpole fields or only Alightly contoured field botln_
darie_ sumce to correct the usually still large image aberrations
in x _direction thai are due to the x_xtension of the ion beam in

the sector magnet, i.e, to second order the aberration coefficient_
(x,xx), (x,xa), (x,aa). Thi_ in turn does not, -__ is usually the
case ......inflate the third._, fourth and fifth order aberratio!_s,

Furthermore, the nlagnet air gap stay_ small which alh_ws a chea_
per and lighter n_agne! since the magnet c_,sts are usu_dly propur
tional t_, the overall store_l n._gnetic etlerg:.', ie, approximate!y
the magnetic flux multiplied hy themagnel air gap,

S_, far it has only been stated that the matching system _hould consist of
a_tigI_atically focusing quadrupole lenses, but no decision has been made

i wh,.ther these lenses should he magnetic or electrostatic elements, In case of
high radiation level_ at the ion source position, however, one could _tate that
i_ w_n_ld be quite desirable to use magnetic quadrupoles aim'e in this case
a feasible radioactive contamination in the vacuum system could sin_ply be
eliminated by replacing the vacuum tube. Furthermore an existing apace
charge compensation of the ion beam by low energy electrons or ions woul,t

_tay undisturbed while electrostatic fields would extract such low energy par_
titles [1I J, On tl_e other hand one _hould note that all magnetic quadrupole
strengths must newly be a:|lusted for every change of the ion mass wtule
electrostatic quadrupoles can be left alone a-.slong _ the ion energy stays
c.nst_mt However, one should mention here also that electrostatic elements
are suhjec_ to possible surface charge ups that modify the hell distribuiion,
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3.2 The second-stage separator

The second-stageseparatorshouldachievea highm_s resolvingpower,if
the energy spread of the ions is about ±0.SeV or :i:1.0eV the ion energy must
be a few 100keV if this energy spread shall not significantly deteriorate a mass
resolving power or < M/AM ** 30000. Furthermore the mass dispersion of
the aecond-stage separator must be larger than 30000 times the width ofits
entranceslit.Thisusuallyrequirestheradiusoftheoptic_xistobeseveral
meters.Furthermoreitismost advisabletoprecedealsothesecond=stage
separator by an utigmatically focusing matching unit. This matching unit
should

1 provide a y-waist more or less in the middle of the sector magnet so
tha, its image aberrations can be corrected efficiently u described in
point 221 of section 3.1.

2. provide an x-focus at the entrance slit with v_,.riable 'nagnification so
that a magnification IM, I <1 can be chosen for c_es in which a high
mass resolving power is required and in all other cases a magnification
l.*,l,l >1. Note here, however, that the angular magnification is always
t/)._/,!.

4. Connection of an isotopeseparatorto a post-
accelerator

In section 3 it ,_'as outlined how ions should be accelerated by precisior, DC
'Ovoltages from the, n source to the first-stage and then to the second-stage

ma_s separator (see Fig.2). However, nothing wan said about where this
chain of potentials should be grounded.

in cas_ of a DC postacce!erator it certainly is most convenient to position
the second-stage separ:,Tor at ground potential while the first-stage separa-
tor is fixed at some chosen potential 3 for instance 100J,'_.' relative to the ion
source potential. In case of an AC accelerator one must not only control the
potential differences from the ion source through the first- to the second-
stage separator but also ensure that the velocities of' ions of' all mines are the

'Noi' tha_we sp,_ o_y'of the po,enci_of thevacuumch,mberandnot of the
totalseparator Thus one c_ still choosewhetherone wa_ tofloatthewholeflrst-.stsSe
separatoror whetherone w_nts to insulatethe vacuumchamberfrom the entranceto the
exit slit and float it relative to the ms|net whichcan stay st |round potentisl_
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that1(,= l(om,/moassumingthationsofmass rn,aretobe accelerated.
Notealsothatallindicatedpotentialsarethepotentialson theopticaxis,In

the,sectormagnetstheindicatedpotentialsarethoseofthevacuum chamber
wherethemagnetitselfcanbe atan arbitrarypotential,Ix'1theRFQ accele-

ratortheix_dicatedpotentialhereistIlatoftheacceleratingstructurewhile
thevacuunle_irelopecanalsobeatanarbitrarypotential,Notefurthermore
thatone stillcandecidewheretogroundthepotentialchain.Therema.vbe

reasonstopostulatetheAC acceleratortobeatground,however,theremay
alsobe re_onstopostulateoneoftheseparatorstagestobe groundedand

incasesofverycomplexionsourcestheremay be reasonstofloatboth the
separators_ well_ theAC acceleratorwhiletheionsourcestaysatground
potential,
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same when they enter the AC-accelerator. Thus the ions may all have to be
accelerated or decelerated after the exit of the second-stage separator, |f the
accelerator is at the same potential as the second-stage separator, only ions
of a specific mass rn0 and energy /io have the correct velocity for the AC
accelerator. For ions of other masses m, the potential of the AC-accelerator
must be changed relative to the second-stage separator such that the ion
energy is K, = Iiom,/mo and both ion velocities are equal.

If ions of masses m, = 8u to m, _ 250u should be accelerated, it may be ad-
vantageous to choose the proper velocity for the AC-accelerator to be that
of ions of mass mo = 250u and energy Ko, In order to accelerate ions of

other massesm then the acceleratorpotential must be varied such that the
ion energy varies between I(o and 0,0321(o, i,e. that the low mass ions are
decelerated to almost the potential of the ion source, Note, however, that
this deceleration can be smaller if for different mass ranges the ion charges
are varied, for instance such that ions up to mass _- 50 are singly, from mass

50 to _ 150 are doubly and above mass _ 150 are triply charged.
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RADIATION PROBLEMS AT AN ISL FACILITY

I.M. THORSON
TRIUMF

4004 Wesbrook Mall

Vancouver, B.C. Canada V6T 2A3

ABSTRACT

The problems associated with the high radiation field and large quantities of residual radioactivity
induced in beam-line components and shields and released from production targets in a high beam
power (-50 kW) ISL facility are estimated. A conceptual design that accommodates these
constraints is described.

1. INTRODUCTION

The radiation fields produced in the vicinity of the high beam power, 50 kW (500 MeV,
100 _.A), radioisotope production target of an ISL facility are estimated and described in section 2 of
this report. The shield requirements to achieve tolerable levels of personnel exposure during
operation as well as the residual fields from induced radioactivity in areas of closest personnel
approach during maintenance operations are estimated. The dose-rates expected near the production
targets, required for materiel damage estimates, are also defined. A very brief description of the
phenomenology of surface contamination and adsorption is also included in section 2.

Section 3 describes a conceptual design for a high beam power ISL facility based on our experience
and the same generic approach that has been employed successfully at the TRIUMF meson factory,
and will be employed in the design of the KAON facility when it proceeds to detailed design and
construction. The principal specific requirement for ISL is the need for a two-stage vacuum system
capable of tolerating 200 ° C temperature rises in the radioactivity containing primary vacuum system
for distillation of loosely adsorbed radioactive species from the walls and internal components to a
cryogenically pumped trap and auxiliary vacuum pumping system.

Section 4 enumerates a few of the more important components and systems called for by the design in
section 3 that should proceed to prototype development and firm conceptual design in the early stage
of an ISL construction program.

2. RADIATION ESTIMATES

2.1 Operating Radiation Fields: Shield Requirements

The radiation field produced by the bombardment of thick targets by an intense beam of
500 MeV protons has been estimated from Bertini's I_lintra-nuclear cascade calculations parameterized
by Alsmiller et a1,21. The cumulative reactions of the incident protons colliding in stopping thickness
targets of carbon, aluminum, copper and lead were derived from the compilation of proton range and
reaction probabilities tabulated by Measday and Richard-Serre r_!and are shown in Fig. 1. Using the
7 energy groups implied in Fig. 1, the cascade proton and neutron yields into the 4 angular segments
tabulated in reference [2] were estimated per incident primary proton and shown in Fig. 2. Fig. 3

223



shows the secondarynucleon kinetic energies in the 4 angular segments as fractions of the original
500 MeV proton kinetic energy. The _vaporation neutronand proton yields and kinetic energy
fractions are also shown in Figs. 2 and 3, assumed to be isotropic and normalized per steradian, as
for the cascade nucleon results. The results are summarized in Tables la and lb. Figs. 4a and 4b
summarize the forward directionyields extrapolatedlinearly back to the origin from Figs. 2 and 3 as
a function of target mass number, A. Fig. 5 shows the exponential relaxation widths of the cascade
nucleon angular distributionexpressed as 1/10 relaxationwidths. The results are also tabulated in
Table II.

The results, particularlyfor the cascade neutrons, the dominant deep-penetrationradiationcomponent,
are not strongly target dependent. Table IIi shows the dose-rate from the unattenuated cascade and
evaporation neutron field in the forwardand lateraldirections from a proton stopping thickness target
of the various representativematerials. Although tertiary, and higher order, protons and 3,-radiation
from the proton and neutron collisions and neutron capture will make some contribution, the dominant
field will come from the neutrons, even close to the target. The evaporation neutron component
dominates for high mass targets at shallow shield depths because of their high multiplicity. After one
or two decades of attenuation, however, the cascade component will become dominant, particularly in
the forwarddirectionwhere neutrons up to the incident proton energy contribute significantly. At
angles above 900 the cascade neutron spectrum effectively cuts off at approximately
100 MeV (for 500 MeV protons incident) for all targets extending the onset of exponential relaxation
and the depth where secondary evaporationneutrons contribute significantly to the dose.

The dose distribution in shields surroundingtargets bombarded by protons above a few hundredMeV
can be approximated by an extended Moyer Model using the relationship:

D(O,r) = _De"(°'°'+_)/r 2

where: 0' is the angularrelaxation width for e"1reduction
(0.43x relaxation widths quot_i in Table II),

d is the thickness of the shield, of equilibrium relaxation
length X,
r is the distance from the source to the field point,

and $D is the dose build-up and normalization factor that is expected to
saturate to a constant value at large depths.

Theexperienceathigherenergies(E> IGeV)indicatesvaluesof0'= Iradian(57°)14].Theresults
showninFig.5 areconsistentwiththisvalueontheplausibleassumptionthattheradiationtransport
tolargedepthsisproportionaltothesecondaryneutronkineticenergydistribution.Experienceat
TRIUMF (E= 0.5GeV)indicatest_thatthe_'t,valuefromhigherenergies,namely,

BD= 2.8 x 1013E°* f Sv p'l GeV"°*ms,

can be extended to the lower energy by inclusion of a discount factor f, for the fraction of the
primary energy suffering nuclear collisions (Table Ib).

Atthelowerenergyandlargedepths,thenormalizationfactorSDgivenabove,extrapolatedfrom
higherenergiesgivessimilarestimatestoonebasedonplausibleassumptionsabouttheequilibrium
spectrum(EI),fluence-to-dose-equivalentconversionfactors(NCRP-38)161andfractionofsecondary
andhigherorderspectrumabovetheeffectivereactioncross-sectioncut-off(-75MeV) ofconcrete
shields.Atshallowdepthsinshields$_,isexpectedtodependonincidentenergyandangle,
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particularlyathigherenergies,buttheempiricalformulationquotedaboveshouldgiveuseful
approximationstothecascadeneutroncomponent.

To obtainestimatesofthephysicaldoseinothermaterialstheQF factorsquotedin
NCRP-38havebeenremovedfromthefluence-to-dose-equivalentrelationshipgiving2,6x I0I°cm-'
evaporationneutronfluenceforIGy doseand8.5x I0+cm"2cascadeneutronfluencetodeliveriGy
dose.Thechangeinabsorbeddose-to-fiuenceratioforothermaterialscanbeignoredgiventhe
qualitativeunderstandingofradiationeffectsonmaterialsandtheapproximationsinestimatingthe
neutronfiuences.

To obtaintheI0ttSvh'Idose-equivalentratesrequiredforuninhibitedoccupationbyexperimenters
andoperatorsofISLfacilities,thetotalshieldattenuationmustbe 10' intheforwarddirectionfrom
50kW targetsandI0"inthelateraldirection.ApproximateshieldO_icknessestoprovidesuch
protectionarequotedbelow.Two intermediatestagesofshieldingareofinterest:thepoint,or
points,wherevariousmaterials,suchasorganics,may suffersignificantradiationdamageandthe
pointatwhichresidualradioactivationbeginstoinhibitmaintenanceanddisassembly/reinstallation
operations.Thelatteristhemoreconstraining,The annualdosetocomponentsinthelateral
directionfroma 50kW beamat50% overalldutyfactoratadistanceof1,6m behind1.0m ofiron
a_d0.3m ofwater,orequivalenthydrogencontent,isestimatedbythemodeldescribedabovetobe
I0_Gy. Mostmaterialswillsurvivesuchabusewithoutsignificantproblems,Thesemi-saturated
residualv-doserateatthesurfaceofanironcomponentatthatpointwouldhowever,beoftheorder
oflroSyh+I.To obtainthedesirablesituationof50_tSvh'Idoseratesforextendedworkfollowing
substamialoperationswithoutinhibitingpersonnelexposures,theshieldthicknessneedstobe
increasedto1.5m ofironand0.4m ofwaterequivalentoutsidetheassumed"stayclear"voidof0,3
m radiusfortargetcomponentsandservices,To obtaintheI0_SvhI operatingfieldsatinhabited
space_nadditional4.5m ofconcretearerequiredinthelateraldirectionandabout5.5m inthe
for_'_ddirection.Suchanarraywouldrequireabout400tonnesofironand350-500m _of
concrete if itwas arranged in a compact configuration.

2.2 Radioactivation

Fig.6 showsthemasschainyieldparameterforspallationreactionsinSeFeforvariousproton
energies,basedonSilberbergandTsao'sm elaborationofRudstam'sm originalformulation.TheZ
dependencewidth,_ (-0,59to0.67ainu),whichisnotreactionenergydependent,butisslightly
dependentontheproductmass,producesslightvariationsandsmall(< factor1,3)renormalization
factorsforthepreciseintegralmassyieldsfromthoseshowninFig.6, Therearealsosomeadhoc
correctionsthatareappliedforparticulareven/oddcombinationsofprotonsandneutronsandfor
certainelementalspeciesbutthesearealsolessthanafactor1.5,malntalningthegrossvariationsin
A shown in Fig. 6. For 500 MeT reactions,the total estimated yield is 0.64 neutrondeficient
species, 0.034 neutronrich species, 0,11 isolated, centralvalley species, as well as 0,53 stable
species, all per 500 MeV protonreaction. The peak in the Z-distributionis never further than I ainu
from a stable element and the fractionsof multiple decays are of the order 3% for the total saturated
radioactivityproduction.Theresidualv-radiationfielddecaycurveforironisshowninTableIV
fromBarbierandCooperstmcompilationbasedonRudstam'sformula.The reactionspectrumis
approximatedbyequalweightingforthe50,100and600MeT dangerparametersfromreference[9].
Theslowdecayofthelonglivedspecies(firstfactor2 inI0days,secondfactor2 in6 months)
indicatestheneedforconsiderablecautionwithregardtolongtermradioactivation.
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Thermalneutroncapturecanalsoleadtodifficultradioactivationproblems,Captureincobalt
(leadingto5yearhalf-life_Co)attheI00ppm levelinstainless-steelorironina water-moderator
environmentcanbethedominantlonglivedspecies,Captureinthe-2_ sodiuminsomeconcrete
isalsoaproblem,especiallyforbarehighmasstargetsinaccelerator/beamlineenclosures.Low
sodiumconcreteand/orconcretewithnaturaloradditiveboronconcentrationsof-0,I• byweight
caneachreducethe_Na productionbyanorderofmagnitude,

Radioactivityincoolingwaterisnota seriousprobleminanisolatedclosed-loopsystem;the
dominant8 sourcesthataccumulateareSHand?Be,thelatterofwhichisremovedintheion-
exchangesystemrequiredforcorrosioncontrol.Theshortlived8+emitters,quicklydominatedby
s:C,decayattherateofapproximatelyIdecadeperhour.

The -/-radiationfieldfromtheion-exchangeresinbedsmay bedominatedbycorrosionproductsor
evenrecoilspeciesfromthehighfieldcontainerwallsurface,butitrepresentsaverysmallfraction
oftheinducedradioactivity.

Radioactivationof air, mostly from spallationreactions in the nitrogenm_doxygen giving the short
live 8 + emitterscan be a problem, especially where interstitialspace in close proximity to highpower
productiont_getscontainsheatsourcesthatcandrivethermalconvectioncurrents.Chimneysaxe
veryefficientandeffectivedevicesformasstransponandcanrequiresubstantialandexpensive
ventilation facilitiesto preventuncontrolledradioactivityreleases, Radloactivatedair can pose two
problems of a lower thresholdthan the obvious one of personnelexposures, The first is the
backgroundproblemto experimentalequipmentin the experimentalareas, The second is the
backgroundinterferencewith cnviron.men_ andcontaminationegress monitoringat control
boundaries, The most satisfactorysolution to these problems is to suppressradioactivationof the air
at its source by eliminating the air from the vicinity of targets,

2.3 Radioactivity Contamination

The majordifferencebetween an ISL facility and existing high power facilities, such as the meson
factories, is the loose radioactivity contaminationproblem, In the meson factories loose
contaminationrepresents a very small fraction, of the order of I0 + or I0 'sof the ton radioactivity
production;mostofitisdeeplyburiedintargets,structuralcomponentsandshields,Evenin
accidentsthescenariosgettobeonlymarginallycredibleforreleasesgreaterthanI0"4orI0"3ofthe
totalinventory.Thustheclosestrelevantexperiencewiththehandlingoflooseradioactivityremains
withtheexistingon-lineionsourcesystemsuchasISOLDEtin).Thestepthatisenvisagedingoing
toanISLfacility,however,isafactorI0:whichprobablyrequiresa revolutionary,asdistinctfrom
evolutionary,approach to the anticipatedproblems.

Because the objective will be to release as much of the radioactivity induced in productiontargetsas
possible the design will need to accommodatethe anticipateddispositionof all species evolved, i,e,
we must understandat least the basis of surface physicst::), Fig, 7 shows the expected dwell times
for species adheringto surfaces with an adsorptionenergy QAat the various temperat_aresshown
parametrically,It is simplythe generalrelationfor themeandwell time,t,of anatomonthe
surface,

t ="re Q,.,vr
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wherer is of order10"t's,thetimefor a thermalatomto traversethe distanceof oneatomicsurface
layer without stickln_t.If it is bound by energyQ^ its dwell time is enhanced by the exponential
factorshown.ThebondingmechanismcanbeanythingfromvanderWaal'sforceat the low QAend
to molecularor chemicalbondingat thehighQAend, TheannotationonFig, 7 givesa fewsurface-
gascombinationsin therangeof theirdeterminedor expectedQAvalues. TheQ. valueswill in
generaldependon the existingcontaminationlayersalreadyon the surfaceandmaywell changeas
the surfacecontaminantsaredepositedor removed,Theonlygeneraltoolonehu availableto adjust
the surfaceconcentrationsisthe surfacetemperature,if aparticularelementalspeciesencounters
differentsurfaceswithdifferentadsorptionenergiesina vacuumsystemit will migratetowardthe one
withthehighestbondingenergy,therelativedistributionbeinginverselyproportionalto the dwell
timesanddirectlyproportionalto thesizeof the surfaceareas, ThereIs a secondconstraint,
however,namelythe time for equilibration,If, for example,a specieswereboundto a surfaceat
500* K with a bindingenergyof 30 kcalmole'1the meandwell time atanyonepointwouldbe 1
secondandif wewereattemptingto moveIt to a surfaceor a port that represented0.1% of the
contaminatedsurfacearea, the meanrelaxationtimefor thetransferwouldbe i000 seconds,- 15
minutes,Presumingthat thereceivingsurfaceor porthada muchhigherbondenergyor lower
temperaturesothat therewasnoreturn,the transferwouldgo at a rateof onedecadereductionfrom
thewarmersurfaceevery35 talnutes,a convetdentlyshorttransfertime. If thebondingenergywas
40 kcalmole.i the individualdwellperiodswouldincreueto about3 x 10' secondsandthe mean
transfertime, againfor 0,1% receivingsurfacefraction,wouldbe3 x 10_secondsi,e, 1year!
However,whenthe temperatureof the (de-)contaminatedsun'aceIsbroughtbackto room
temperature(300° K) the dwelltime of the speciesboundat30 kcalmoleIsnow - 7 x 10' seconds
andfor 40 calmolespecies,10taseconds.Giventhe4 x 10I' Bqtotal saturatedradioactivity
inventor3'froma typicaltargetunder100uA bombardmentthe contaminationlossratewouldappear
to bemanageableundersucha decontaminationregime,

The pointis thatraisingthe temperature- 200* C andextractingthe evaporatedspeciesintotraps
that can be isolated _,'ouldallow at least gross decontamination of the components of an ISL facility,
at least of those species that are the most susceptible to migration during transport to maintenance
facilities.

J

3, DESIGN REQL'IRE,_NTS - POSSIBLE SOLUTION

Although other conceptual designs are probablyfeasible, the most flexible approachwhere substantial
shields are requiredis from the top, especially wherehighly radioactivated components may require
some shielding for transport to hot-cell maintenancefacilities. Such _ approachimplies the
availabilityof a substantial(25 - 30 torme)crane for rapidaccess to the burigl componentsand the
ability to transportheavy shield flasks. Personnelaccess is then limited to elevations above a distance
set by the residual radioactivationconsideration. All components at beamline elevations are mounted
undertop-shieldedcolumns which are removed and transported with their components. All insertion
and installationoperationsmust be accomplished remotely, or at least at a disumce, putting a
considerableburdenon good mechanicaldesign. Whilepre-alignmentshould be used whenever
possible, the ability to at least monitor the positionof criticalcomponents is probablya practical
necessity. For close tolerance alignment, it is also probablynecessaryto k_p the alignmentdevices
near the critical components;this will probablyrequire"soft coupling"of the critical componentsto
their se_'ices and top shield plugs. The services connectionsare all made at the top of the removable
columns,of course,
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3.1 MonolithicShteldlSe¢ondar),VacuumSystem

Theapproximately4,4 m x 4,4 m x 3.6 m monolithicshieldinwhichtheproposedfacility is
imbeddedismostlymadeof'iron- approximately400 tonnes- asshowninplanviewin Fig, 8.
Figs.9a and9b showthelateralandlongitudinalverticalsections,a heavysecondaryvacuumt_k
groutedintoplaceusing,preferably,z water-saturatedsroutmadefroma limestonebasedallllrezate
andloadedwith about0,]% boronto suppresslonll termthermedneutronradtoacttvation,primarily
forultimatedisposal,This designessentied]yeliminatestheair radioactivationproblem,Thesizeof.
thissecondzr'vvacuumtankwill needto bebalancedbetweencost,notjustcapita)butedso
operationalcosts=u'isinllfrom moremusivecomponents,endfutureflexibilityendcontinllency.The
0,6 m widthof theslotsend0,4 m bottomc!eeu'ancefor theprimaryendsecondarybeamlinesshown
in Fill, 8 and9, appearto bereasonablebutbyno meansfirm. Becausethe differencein shieldcost
forsubstantiedtarllets,say259_removed,endcompletestoppinllisnot larlle, thebeamstopshouldbe
mountedcloseto the tarllet in the monolithicshield,Theseconder),channelslotisextendedback
be),o",,dthetargetprimarilyto allow the installationof cryo.vacuumpumptnllsystemasne_ the
tazllet-ionsourceassembliesas thermalheatloadswill edlowandla:lle ductsto the auxiliarysystems
for volatilespeciesmountedintheservicespaceabove,

The shieldinllrequiredoutsidethe tarlletblockcanbedestllnedfor minimumcost,with the possible
exceptionof minimizinllthe lenr,.hof the secondarychannel,Thatusuedlymeansstandazdconcrete;
the4._ nl thh.'knesswill tr_slate to 3_(). _00m _ total,muchof whichcouldprobablybeuseda.,_a
permanentinstallationwithoutsacrlflcinllfutureflexibilitysillnificantly,

3.2 Two-Staq[eVacuumSystem

Fig 10 showsanexpandedview of the secondarybeamchannelconceptualdesilln, Themostcritical
_pect of the proposedconceptualdesignisa two stallevacuumsystem.Thesecondeu3, vacuum
systemcontainedby the imbeddedvacuumtankshownin Fills, 8,9 and10iseli-weldedconstruction
in the vicinityof the beamplane. Thedemountableseedsat the topof theassembly=u'eell removed
far enoughfrom the t_llet thatgoodorllenicmaterielcanbe used. Thepumpinllsystemfor the
secondary,enclosuremustbecapableof opJy modestvacuum,say 10_ torr, Thisessentially
eliminatestheradioactivationof air endtheatmosphericmechanicalloadontheprima,'3' vacuum
system, It shouldalsoeliminatemostof theconvectiveheattransferfrom the primaryvacuum
system,aJIowinllbakinllof thewholeprima.n/systemat, say,200° C, for decontaminationpurposes,
Durinll operationthe tazllet-ion-source-secondarybea,"nchannelwouldoperateat unconstrained
temperatures;someof' thesecondarychannelmoreremotefrom the hottarlletshouldoperateat low
temperaturesfor cryollenicpumpinll/trappinllof radioactivecontamination.Thesecondarychannel
couldevenemploya modestdog-Jellformorecompletetrappinlof suchactivity,especiallyif it
couldbecombinedwith llrossisotopicbeamseparation,at theobviouscostof extendinllthe len_ of
thesecondaz_,beamchznnelbeyondthatshownin Fills, 8,9 and10.

Oneof themoreimportantcomponentsfor the primar7 containmentsystemaretheprimaz7 vacuum
seals,The "pillow"seedsemployedin the redeslllnof the PaulScherrerInstituteprimarybeam.lineJ';j
areproposedbecauseof theirsimplicityendtheir remoteinstallation/extractionfeatures,PSI uses
doublesealswith intermediatevacuumpumpingto obtain10" pressuredifferentials,in this
applicationwhichshouldrequireordy4 or _ decadesreductionin residuallla.spressurefrom the
secondaryvacuumandnoatmosphericmechanicalload,singlestagesealsshould,hopefully,be
adequate, Theseall-meta]sealsmusthowever,retaintheirintegritythroughthe 200° C temperature
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cyclingdescribedabove.ClearanceforInser_ion/removaJofthecomponentsandtheirshieldcolumns
may requiretheauxiliarybellows,asshowninFig.I0,toachieveenoughtraveloftheseals.

To decontaminateanyor all of the primaryvacuumsystem,the primaryvacuumsystemvalvesat the
exit from second_ vacuumenclosurewouldbeclosedbeforethe nearbyin-linecoldtrapswere
win'reed-up,The temperatureof the wholeprimarysystem,includingthe openvacuumvalvebetween
the targetion-sourcefacilityand the cryo/auxiliarypumpingsystemportwouldthen beraisedto 200°
C andheldforseveralhourstodistilloverallspeciesbelowacutoffsurfacebondingenergytothe
cryo-pumplng.a_d-trappingsystem.Attheendofthedecontaminationperlodthevacuumvalve
wouldbeclosedandthesystemreturnedtoroomtemperatureinpreparationforletlJngboththe
primaryandsecondaryvacuumsystemsuptoatmosphericpressure,probablysimultaneously,Ths
secondarybe_'n-linecomponenttobeservicedshouldnow notcontaincontaJnlnationsthatwouldbe
vulnerabletorelease,atleastduringtransport.

4. DEVELOP,_fE_ _QU[RE_NTS

Severalcriticalcomponentsandsystemdesignsmustbeperfectedanddemonstratedwith prototypes
beforebuildingevena _ll-scaleprototypeof suchanISL target, Two obviouscomponentsare the
"pillow" vacuumsealsandthe radiation-hardvacuumvalve,whichmusttoleratea temperatureswing
of at least2000C andstillmaintaintheirsealintegrity. Prooftestsof the conceptualregimeshould
bedoneby exposingtestplatesin anoperatingISOLtargetenvironmentof variousmaterialsand
removingthemto a temperaturecontrolleddistillationfacilln/similarto thatpropose.

Considerableconceptualdesignworkonthemechanicalinstallation,extractionand,particularly,
8JJgnrnentandalignmentmonitoringofthecomponentsandsystemsisrequired.Productionand
testingofproto_'pesofthemorecriticalcomponentsandsystemswouldalsobeprudent.
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TABLE hi: NUCLEON PROI)UCTION FROM
SO0MeV PROTONSON THICK TARGETS

C AI Cu Pb

Colliiion O.7611 O.751 O,704 0,691
Fraction

Cucade 1.20 1,18 1,04 O,?S
Protons

C_ade 0,?0 0.! I 0,92 0.97
Neulronl

Evap, 0.40 0,?6 O,SII 0,26
Protonl

Evap, 0,26 0.42 1.I12 S,il.1
Neulroni

Totals 2,S6 3. I? 4,.t6 7,8.t

TABLE Ib: E_RGY FItACTIONS FROM
S00MeV PROTONSON THICK TARGETS

C AI C_ Pb

CollJtion 0..14.1 0..127 0.41IS O.47.1
Enerl)

Caic Proton 0.336 0.290 0,228 0.1.16
K Energ)

Caic. Neu|ron O.158 O.159 O.143 O.157
K, EnerlD

E',',F Proton O.OOS 0.009 0.009 0.007
K, Enerly

Evip, Neutron 0,003 0,004 0,013 0.033
K. Energy

ToudSec, O,502 O,462 0,393 O,3.13
K, Enerty

Retidual 0,043 0,065 0.O92 0.122
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TABLE Ii: ANGULAR DISTRIBUTION PARAMETERS
100 MeV PROTONS ON THICK TARG£TS

C
,Y(O) AI Cu

mlidilil._ 0+64 Pb
1,1!+"_ Prolon' 0+_1_ O4S

II#i, 0++t0
pKE(0) ¢?+ 102'

llleltidjlm, 0,49 |_
_ito , proton' 0+-15 0+22

_ti 0,14
,I1" 51"

.¥ (0) ,ti_i _ 0.31 6!"
,#,,, proton_' O+J2 0,j2 0+)0

102' i 10'
.KE (Oi 120'

,¢irldlin _ O+17 i_J"
.O_*,' proton, O+!_ O,I !

Sito
I_'

?1+

TABLE llh _$E RATES FROM THICK TARGETS
100 iliA,$00 MeV PROTONS _MIIARD_

C
,y (0°_ AI Cu

iliitldtln + 031 Pb

Prolon" 0,.12 0.32 0,30
.Y iilO+)

lierldlln * 0 040
Proton'* O,GI9

0,0,_?
0,06_

,,¢, fO+*l cm_i'
1,9 !l I0 t'

O J2 _m 2+0t 10i_ 1,0 i 10_' 1,9 !t 10;+

•¢+ tfQO_) cm+l, 2.,I Ji |0 m

@ J: _m ,1,I x I0m _1+6x 10m 4,0 _ 10'"
'iltl _m+illi

1,.1x lO'o

@ J2 +m 2,1 x i0 ,0 9,0 _ I0'0 2,9 _ I0"
D,+(0't e,v i' 22

@ 32 cm 24 14
22

@32 cm J,6 4.2
Dt 4,7

Oy it' O.S
@ J2 +m O,ii 3,J

11,2
Di_" Oy .' 2;t

_"_'" @ J2 cm iS 28
D _s 33

i ,,,. O,Vm_' ;1
@ 32¢m 4 8
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TABLE IVz RKSIDLtALSL_IrACEDOSERATE_Otkl IRON
(for4 stI0' ema s'*C_de N_tron Flu_SatumledBombardment)

_) Period SurfKeDoseRm,,
GJS,h"'

0 146

| imr I|11

I d_ m

?d,ys is

cl¢ys 67

lao_ys 44

360 ¢sys

O
500 400 300 200 100 0

Ep

FII, I The resldueltreblellnd©umulmtlveprotonremctlonprobmbilltlesire shownmsmf.ncilon of
the remntnlnlprotonktneti¢enerJyIn ItOppJn|thicknesstlrlets or carbon,slL,mlm!m,
copperandleadbomhlirdmentby S00MeV incidentener|y protons,
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FiI, 2 Theyieldof lecond|ry¢ldlc_e andevlporatlonneutron!andprotonsfrom500 MeV
protonsstoppintin thickuu'leu of carbon,aluminum,copperandleadm'eshownu
imfulw distributionsfromtheprimaryprotonbeamdirection.TheyieldsareIntellrals
overbothprimm-y(stopplnll)andsecondc,'y(spectraJ)enerllle_.
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Fig, 3 Thesecondarynucleonkineticenergiesareshownasangulardislributionsfractinnsof"the
original500 MeV primaryprotonkineticenergyincidenton stoppingthicknesstargetsof
carbon,aluminum,copperandlead.
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,.500 MeV Proton Yield Forwcrd
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, Fig. 4a Showsthe cascadenucleonparticle yields in the forward direction from the log-linear
extrapolationof Fig. 2, as functionsof the target massnumber.

500 MeV K.E. Frcction Forword

I I

0 10 100 1C33
A

Fig, 4b Showsthe cascadenucleonkineticenergy fraction in the forward direction from the log-
linear extrapolationof Fig. 3, as functionsof the target massnumber.

236



o
, , ,i,,i,,, 0

......... i ..............1...... I I ....... J _ .....I o

I I 1 I I 1 o
o o o o o o o o
._ c,_ o 00 (.D _ c,,I

0
L'O

237



Mass Chai_ Yield

from Protons on 58Fe
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Fig. 6 Showsthe masschain yield distributionfrom protonreactionsof variousenergieswith
SFe, The estimatesare basedon the empirical fits of' reference[7] without renormalization
for the Z-distributionand varioussmall detailedcorrectionsin the range0,7 - 1.5.
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Fig,9 Showstheortholonalverticalsectionsalonttheprimaryandsecondarybeamcenterlines
of theproposedsecondaryvacuumtankembeddedina monolithicironshield.
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Fig. 10 An expandedlongitudinalsectionIdongthesecondarybeamchannelshowstheprimaryand
secondaryvacuumsystemsandgenericcomponentswith the servicesandaccessfrom
above. All componenUnearthebeamlinewouldbemountedbelowshieldcolumnsthat
wouldbeextractedwith theircaptivecomponents.
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Section11

Rtportjom Discussion Group on
Targets, ion Sources, and Mass Separators ISL

J.M. D°Aurla

GeneralObjectlve/PurposeoftheSession

The p_sent conceptualplanfor anISL facill_ is the w-called benchmarkfacility

_MF) describedin theISL whitepaper,Thisconceptualplan is a _nstversionof a high.
intensity,accelerated._toactive.bearn facility that _ts the desireds_fications ofan

ISL,Thisapproachis basedupona thick.targetISOLsystemcombinedwitha post-
accelerator,The purposeof thissectionof'the workshopwas to providea thoroughreview

of the technicalaspectsof the frontendof this proposedfacilitybyexpertsand gate.steal

observers,The specificgoals of this session were:
. To receiveadvice fromexpertsandinterestedobserverson technical aspectsof the

frontendof theISL (BMF),

. To discussidentifiedandunidentifiedproblemareasand questions,indicatingtheir
importanceandpriority,andproposingpathsto theirsolution.

. To indicateareasrequiringfurtherresearchand developmentstudies,

. Todevelop linesof communicationforprovidingassistancefor theORNLRIB
project,

The discussion included, butwas not limited to, problemsrelatedto targetsystems

(including realistic productionyields with protonsand heavyions);ion sources;extraction

systems;ion.beamelements(includingthemass-separatorsystems);isobaricseparators;

radiationeffects on materials;roboticand remote.handlingsystems;shieldingrequirements;
vacuumandpumping requirements;space,trmnpower,andcost requirements;andrelated

items, High-priorityresearchanddevelopmentprojectswereidentifiedfor furtherstudy.

An extensivelist of keyquestionsrelatedto specific technicalproblemswascirculated
priorto the workshopandservedasan initial focus of discussion.

Invi,ed Papers

Participantsin the workshopincludedscientistsandengineerswho haveexpertisein a
variety of specificareasof importanceto the finalISLproject.But these scientistsand
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engineers_so ne_ to_ aw_ of conceptsandtodealwithproblemsoutsidetheareasin

whichthey areexpert,Forthis reason,a seriesor invitedtam was _heduled to bringall
pa_cip_ts upto aboutthesame level of ex_rtise inkey areasof the front end,

the question-and.answerperiod followingRavn'stalk_d in subsequent

discussions,Ravnmade the following points:

, ISOLDE'ssuccess is due to collaborationamonglaboratories,and the ISLwould
_neflt froms_ar coUaborat/ons,

. Regularmeetingsandopen dl_u.ions amongexpertsshouldbe held.

. ISLscientistsdo not need to "retnventthewheel" butrathershould useavailable

technology,

• ISL'sexpected performancespeclticattonl shouldbe realistic,

Introduction

Theseries of questionsrelatedto the design_ operationof an ISLfacility that was

circulatedpriorto the workshopwas used as the startingpoint for discussion,Some of

thesequestions weredealtwithin the invited talks;forothers, individualswere askedto

provideshortdiscussionpapers,The worksessions consisted of shortpresentationson

pertinenttopics,followedbydiscussion,Someof thepresentersfollowedupbysubmitting

v,Tittenreports,whichate thecontributedpapersthatfollowthisworkingIP'oupreport,
Some of the presentations,however,arenot availablein writtenform,Key Illustrations
from those presentations and summariesof all thedi_ussions arcpresentedbelow, A

summ_ of the activitiesof this workingOoup is presentedat the end along with
recommendations.

Production of Radioisotopes

Comments

Nucleaz.physlcsresearchiscurrentlyexperiencingarapldiygrowinlhworldwide

interestintheuseofradioactive.ionbeams(RIBs).Thechallengesandtechnical

complexitiesinherentin thisresearchtr_e close cooperationn_ssary amongthe various
_ups interestedin producingand acceleratingradioactive.Ionbeams,

Thesuccess of ISOLDEis based in largemeasureon the collaborationsamong

participatinggroups;experimentersget deeplyinvolved indesign and operationissues.

Groupsat CERN,ORhn..,GAi.,IIL,Louvain-la.Neuve,GSI, and RALkeep in close
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contactand_et reiularlytodJ_ussproblems,At thesemeettnis,_e _N_he. onen

proposesolutionstoproblemsassociatedwiththe_uct/on andaccelerationof'high.

intensify,highlyradioactiveionbearns.

InNorthAmerica,TRIU_, LAMPF, ORNL,_d otherlabsshouldmeetoldento

solidifyideasabouttheISL.Such_etinBswouldprovideabasisforfUrthercooperation.

CERN hasaccumulated_ than20ye_ ofexp_enceinm'set/ion-wurce

technology.Thismso_e shouldbeexploitedfully,Repeddonisnotneededifsi,'nUar

developmentsor studieshave_ady beenbmulihtto_tion at anger institution,
The backsround_t_al in thelhentmreshouldal_ beread thoroullhiy,Whnthas

beendone previouslyshouldbe exploited,as shouJdall avzilabletalent,Cooperationin

NorthAmericanprojectsisesKndal_auu ot_ smallnumberorresearchersinvolvedin

thetwoonBoingprojects.

_PECC isaEuropeanorganizationwithn_mbersfromseveralcenters,The

co_ittee meetsperiodicallyto di_u. profess onprojectsandproposals,The stntteBy

beJnl|followed byI_ECC is tojoin Europeannuclearphysicistsaroundcentralfacilities

_RIBs,electronaccelerators,etc,), it compares,evaluates, and makesreco_ndations

basedonproposalssub.tied by the Europeanscientificcommunity,
The _PECC meetingsanddeliberatlonsduringthep.t yesuhave _n very

productive,Newcomerssuebeing involved,andtheN'UPE_ str,,¢turesoffersan

excellentmodelfor theISLcommunity,Thatcommunitymust wrestlewith thefact that one

acceleratorcannotprovidepartlclesto investigatethe whole _odlc table,The

developmentof facilitiesto Investigatepotentialisot_s must beevolutionary,Techniques

that_ alreadyavailablemustbebuiltupon.Asa result,wemaywantto redefinewhat

beamsan_desiredtint andhowtomakeu_ of exJstinlex_en_ facil/ties,Techniques

thatworknicelynowforspecificelementsshouldbepursuedfirst,leavin8otherbeamsfor
futuredevelopment,

Oncethebeamcapabilityis let, theuu'getandionsousemustbeNiece, Here,

NUPECChasdeveloped,_listofprioritiestoguidethereNarcher.NUPBCCrecommends

ch_sin8 combinationsthathave beendemonsu'atedexperimentally,Itslist of priorides

uses intensitiesfromthe ISOLDEhandbook,butit only goes upthroush 144Xe,This list

was derivedfl'omthedesiresandinterestsof the ISOLDEcustomer; the ISLc_unlty

wouldvery likelyproduceadifferentl/stofprioritiesforexpedmen_investigation,

To date,morethan600beamsof ionsortheelementsshowninbold/acetypeonthe
periodictable(seeFigure3inRavn'sinvitedpaper)havebeencrutedat I$OLDE.The

elementsthatcanbereleasedareOroupIA, GroupHA,noblega_s, halogens,Mn,Hf,
Pd,Cu,All, Au,Zn,Cd, Hg,Ga,Sn,Pb,As, Sb,Bi, Se,Ta, Po,andcertainmembers
or the ianthanideseries.
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thickt_|ets, the_ucd_ redo_ the_t _y inch 10.2of theprimary
_. Special_hnlquescanbeu_ toi_x therelease_m targets,suchastheuse
of'COorCO2 toenhancetherel_ of'Seby forming_Se compounds,

Thehalf-livesof quicklyd_a_nil i_opes liket ILl (8ms)dictatethe_ and
ieome_ of the_pt, ISOLJ:)E'syieldof thisisotopeis3_ [atomspersecond_r 1_ of

ancientprotonbe_], andit isbelievedthat,atbest,only111000of theatomyieldis
obtained,

Notargetor ton-sou:cosystemisuni_; thesystemmustbeopdn_ed foruch

ele_nt un_r congestion.T_ phy_calIffe_ of_ Ionto_ andtarot assemblyat
ISOLDEis about _e _k,

A ptc_ of anISOLOE.typetlrget/lonsourcewas shownby l_lv11.He thenshoweda

llstofelementsprovidedbyISO_E (_ Table2inhispa_).ThelistisverylhTdtedand

includes_ observedexperimentadlyatCILqN.Thex _s nmge_m ayieldof 241s
(20Na)tooneof aboutlOI0ts (121Cs),Thelistincludedonlyabout30beams.In

addition,?Beandcertainlanthlrddescanbe_uced, AIw, veryhil[llbeamintensitiesof
12ZCs(lOl2ts) have_n produced,butnoex_nlenterl hivefequest_thisbean1.

Theque_donof whether_l-__t_Ofl distributionisnearlyindependentOf

productionmeanswasdiscussed,ff basedon_ss-secdonl It/one,thatllserdonwouldbe

right;butotherfactorscomeintoplay,suchasre'getthickness_ release.Theproduction

of Rbbyvl_ousprojectileswasdiscussed(seeFigure24ofRavnpaper)._ile thereare
advantagesanddtsadvanmies Issocia_ withbothprotons andheavy ions u pmJ_dl.,
the._ is nota clearcase forany projectile_lng betterthanprotons,except forthe useof

heavyions to produceveryproton-richs_tes.

Thepossib_idesof usingneutronguidestodeliver1011neuu'onsper_ond tothe
t_getor of'using spalladonreactionsassourcesof fastneuu'onswere mentioned,

Problemsarise from immersinga am'let/ionsourcein a large(morethan1012n/cm2.s)

neuu'onflux,however,forexample,insulatorsfry,

. RadioisotopeProductionin ThickTargetswithHeavyIons

P. Brtcaultspoke aboutthe useof heavy ions for theproductionof RNB. He stressed

thatno mrsetor _masT ion beamcanbe useduniversally.Two approachescanbe used to

produceradio_dve.ion beamswith primaryheavy.ionbeams:proj_tJJe5'ag-mentattonand
the ISOLtechnique.Bothcan be usedwith hlgh-enerD,,heavy,ion beams,

Projectile_a_ntadon is a good productionmechanism.It involvesthc use of high-
energy,heavy-ionprojectilesincidenton a thinuu'get.The fragmentof interesthas a

moment.mcloseto thatof theprojectileand,therefore,hasa lowangularspread,The
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beamsof interestcanthenbeselectedforRIB usaje,A riSu._showedtheprojectile.

__ntstion _hemewithaheavy-ionpri_ be_ goingthroujhathintarilet.The

projectileis fnzSmentedandusedastheRill, Thetechniquecanproduceawidevarietyof
nuclei,The angulardistributionsof thefrss_nts _ sharplypeakedformass fra_ents,

Thebeamcanalsobestop_ inathickuu'getinanISOLfor them_ rele_ and
subsequent use, similarto ISOLDE,A testof thisISOLn_thod atGANILinvolves the use

of lightheavyions(12C) incidenton thick,high.atornlc-numbertargets.Thereaction

products_ thermallyreleasedPromthehigh.Ztargetmaterhfl(usuallyathillh

tem_rat_s), ionizedinanionsource(e.g,,anECR,asusedinOANiL), sadextracted
for_celerationtofinalenergies,

With theheavy-iontechnique,_lie is aproblem,butthescalefactorin thecross-
sectionisrelatedto thetotalcross.section.Veryfar fromstability,heavyionsmake

producelargeryieldsof radioactiveisotopesforreacceleraflon;12Cat84MeV/amuon

unmiumuu'getsproducesyieldsofsodiumthat_ higherthanthosefrom_MeV

protonsbyfactorsof $ tomorethan50,Similarly,12Cat84MeV/arnuonuraniumtargets
p_uces yieldsof potassiumthatcanbehigherthanthosefrom6(X)-MeVprotonsbya

factorof2 or3,Otheradvantai|esof high-energyheavyionsinclude:

. Thedistributionoffragmentsb_orr_senergyindependentaboveacertain
thresholdof theprojectile'stotalkineticenergy,

. The_ale factorinthecross-sectioniscloseto thetotalreactionC-ross-section,

. Theproductionof speciesveryfarfromstabilityisenhancedthroughtheuseof

heavyions,

. Thebestprojectile.target-fragmentcombinationcanbechosento optimizethe
productionrateof thedesiredspecies.Thistechniquecanbeusedtogetaround

basicproblems.(Forexample,s48Cabeamiseasierto makethana48Catarget.)

Theusefultargetthicknessdependson thehalf-lifeof'thereleaseof theproduct,

Oneproblemof heavyionsisthepowerdensityin thetarget,Thede.sited poweris

about] kW/cm3.Thetarsetcouldbedamagedif the_ ismadetoosmall(lessthana

fewmillimeters),TheOANIL targetsareheatedwithadepositedpowerof only0,6
kW/cm3,At L,ouvaJzl.la-Neuve,tarjetsareroutinelyrunwithabeampowerof 6 kW,

ahhoutihthe_ targetsarewatercooleddirecdy,Thisdesilinisfeasiblegiventhatthebeam

ener_ isonly30MeV.

To overcomethisproblem,thin-foiltargetscanIx used,or thetazgetcanbecooled,At
GANIL, l-ram-thickMgO targetdisksaremount_inacylindricalholderinwhichthey

are separatedbyabout 1mm andedge.cooled.
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Ravnmadethecommentthatforlight-projectile-fra_ntproducts,heavyionsmay
2or 3timesbetterthanprotonsasaprimarybeam,

'Me reactionbetw_nanMgOtargetanda28No_ producesbothprojectile

fragments(largely Ne isotopesof mass 18, 19,21, and 22) andutrgetfragments, For
projectilefragments,targetthicknessleadstoa 10_ energyloss.With the20Noeneru as

20MeV/u,theyieldrangesfrom2,8x 10.7to8 x 109withanefficiencyor a_ut 0,6%.

T, Antayaaskedif radiationproblemsfor hea_ ions _ less thanthosefromprotons,
The pup felt thatheavyionsproducedless ben radladonbutthatuu'get-handllng
difficultiesare the same.

Producingexotic_ms withtheprojec.lc._grnen_don-recoilmethodhssanumber
of advantages:

• Access to nucleiwith very shorthaft-lives

• Highcollectionlevel

• Relativelygoodselectivity

• Easyuu'l;etfabricadon

anda numberof disadv_tages:

• Very thinto.getbecauseof &p/p

. Verypoore_t_nce

• Veryhighmomentumspread

• Smallenergyr_ge

• Deceleration_d c_lingisdifficultwithoutintensityloss

• Meder_tebeun purity

• Very highenergyneeded(500 MeV pernucleonforuranium)

Producingexoticbeamswiththeonline.isotopic.sepandonmethodalsohu,s

advantages:
• Thick targets

• Highbeampurity

• Low energyspread
• Excellentbeamquality

• Accumulatedexperiencein targetdesign

anddisadvantages:

• Delay fromdiffusionanddesorption
• A post-acceleratorisneces_

• Elaborateuu'gethandlingneeded
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Target Heating from Beam Power

Will Talben presented results of using the LAHET computer code to study the energy

deposited in different thick targets by protons of different energies. See Figure I. Complete

details have been published in NIM (B70 (1992) 175).

A view graph of deposition features indicatea:

I. The LAHET code developed at ORNL is used to calculate total energy deposition.

These results agree well with an earlier CERN theoretical study, with the exception

of cases with tantalum or binary targets.

2, Bulk-density dependence is most important for predicting power deposition.

Predictions can be extended to targets larger than 20 cm and proton energies

exceeding 100 MeV.

3. Power deposition increases monotonically with proton energy,

4. The energy-deposition profile differs from the profiles found by Eaton et al.

LAHET distributions show that the beam becomes depleted in the central region and

blooms because of multiple scattering as it progresses down the length of the target.

At the emergent end of the target, the energy-deposition density profile becomes

relatively uniform, as expected.

See Figure 2 and Table 1.

Talbert described simulating cylindrical-geometry solid targets in a solid conductor.

Annular regions between an outer solid conductor and a water-cooled jacket are used to

exhaust He _,rough. This technique allows control of the target's temperature. Two

configurations were shown, one in axial view (the water.cooled jacket) and the other in

lateral view (the sodium heat pipe). See Figures 3 and 4.

These studies led to the following conclusions. Some targets can be cooled by radiation

losses at beam intensities of 10 t.tA (e.g., Ir, Nb, Ta, Ti, and Zr) to 100 }.tA(e.g., Ir).

Enhanced radiation cooling can be used to operate targets above these beam intensities.

Conductively cooled targets can be designed that permit 40 kW of energy deposition. The

following designs are under study:

1. A simple conductor with a helium-f'flled annulus

2. A sodium heat pipe with an outer, helium-gas-f'dled chamber to remove the heat

A number of specific details must be worked out for each target that would be used at a

high-intensity facility like ISL.
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High-Intensity Targets

Calculations similar to those by Talben at LANL are being performed by M. Nitschke

at LBL on a system consisting of radiatively cooled cylindrical targets with fins.

Early deposition was modeled with LAHET, the 3D code developed at ORNL, with a

beam that was assumed to be Gaussian. Most of the energy was distributed at the beam

entrance of the target. The beam was "wobbled" to give more-uniform distribution. The

longitudinal distribution profile is controlled by running fins along the length of the

cylinder so that the target temperature is more uniformly distributed. Experiments are being

planned to simulate heat transfer with electrons from a resistance-heated wire along the

axis. See Figures 5-10.

The possibility was raised that perhaps more time and money should be spent at various

labs to develop ion sources and targets that can survive the severe environments to which

they will be subjected. Certainly, attention should be given to increasing the ionization

efficiencies of ISOL sources so that the power deposited in the target can be reduced.

Ian Thorson indicated that at TRIUMF a lead target has been in use for a long time, and

experimental information is available for a 50-kW beam on a lead beamstop. LAHET could

be used to calculate its "temperature proftle," and the results could be compared with the

experimental particulars.

Radiation Effects

Given the high-production beam intensities being considered for an ISL facility,

radiation effects will obviously be important, both for the materials at the front end of the

ISL and in terms of the required shielding around the target. The expected radiation levels

are considered both in the invited talk of I. Thorson and also hi the brief report submitted

by R, Donohue (LBL) below. In addition, this topic was considered by others, and their
comments are summarized below.

Radiation Damage to Materials

M. Borden (LANL) provided information based upon experiences at the LAMPF

meson facility, which uses a proton beam with intensifies of the order of 2 mA (LA-UR-

92-1211). He recommends that all units in severe radiation fields be of welded

construction. Reliable materials include stainless steel, copper, aluminum (which gives less

residual activity), and Inconel.
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At LAMPF, beam stops and beam windows are subjected to up to 1022 protons/era2

with minimal problems. The performance of the LAMPF beam-entry window under

irradiation was reviewed. The double.walled fiat plate on the beam stop is made of Inconel

718 and has a lifetime of 17,500 h at an average beam intensity of 20 to 30 gA/cm 2

measured at the beam's center. It has been exposed to 1.3 x 1022 protons/cm 2 with

minimal problems.

A polycrystalline-graphite rotating target is used at the A-I and A.2 target stations at

LAMPF. The operating parameters for LAMPF targets are summarized in Table 2, The

targets at the LANSCE facility at Los Alamos is made of a tungsten alloy, Table 3 shows

the performance of LAMPF beam windows under irradiation.

The penetration of the beam into a copper be.ranstop at LAMPF was detailed along with

the beam-intensity distribution, Material damage was also characterized with an illustration

from an Argonne report, See Figures l I and 12.

Other aspects about materials that have to be considered include:

I. Transmutation effects:

• Swelling by helium bubble,¢and voids formed in metals by stopped alpha

particles

• Displacement-per-atom effects caused by helium; this effect can cause nickel in

iron to be displaced significantly

• Chemically active elements raising or lowering the surface energies and forming

stress fields around voids

2. Changes in alloying-element content (impurities) induced by the radiation, altering

phases and properties (e.g., vanadium is changed to chromium, nickel to iron, and

aluminum to silicon)

3. Mechanical-property alterations influenced by the collection of trans-mutants at

grain boundaries, flaws, crack tips, and precipitates

Classes of materials that should be examined for susceptibility to radiation damage are

given as follows:

1. Structural materials

• Aluminum and alloys

• Ferritic and martensitic steels (Fe and Fe-Cr-based)

• Stainless steels and high-alloy Fe-Ni-Cr materials

• Zirconium and alloys

• Vanadium and alloys

2. Target materials

• Lead-bismuth or liquid or solid lead
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, l--[Jgh-ZrefractoriesandMloys

• Uranium and alloys
• Thorium andothers

3. Barrierandcooling materials
• Ceramics

• Coatingsandcladdings

4. Advancedapplications

, Compositesfor enhancedracliationpeffom'mnceandNDE [nondestructive

examination](e.g.,MurnJnum-s_concarbide,silicon carbide-siliconcarbide,

andcarbon-carboncomposites)

Targets and containers that have survived about 1021 protons include beam stops,

LANSCE targets, and ion-production targets. Stainless steel, Cu, and Inconel materials

have been reliable. Aluminum gives less residual activity. A beam stop has survived 1 x

1023protons/era2 withnoobservableproblems.

Material performances under different temperature regimes were characterized as
follows:

Temperature Regimes Effects

(Tin is the melting temperature)

T < 0,3Tin No swelling or very low swelling

Embrittlement(lossofductility)

Hardening(affectingstrength)

Thermal creep not important

Transient irradiation creep possible

Hydrogen embrittlement possible

Helium effects possibly important

Irradiation-induced precipitation

Segregation minimal

Corrosion a minor concern

Fatigue and crack growth possible

0.3Tm < T < 0.55Tm Swelling

Thermal creep and irradiation creep

Hardening and embrittlement floss of ductility)

Fewer and less severe hydrogen effects than at low

temperatures

Hydrogen attack of material possible
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Helium effects important

Irradiation-induced effects and segregation

Corrosion

Fatigueandcrack growth

O.55Tm < T Less swelling, butrameffects and helium effects

may occur

Hardening less of a concern

Embrittlement by radiation-inducedsegregation and
helium

Low mechanicalstrength

Thenm] creep

High corrosion rates

H, Ravn stated that the typical ISOLDE targetwithstands 500 mA-h beforethe

elastomericO-ringsbreakdown, but somehardiercomponentsdo not breakdown until

1000m.A-h.Sintering,whichstartsataboutthesameexposureaselastomerbreakdown,

alsocausestargetloss.The targetslosetheirhighreleaseatabout500mA.h forsome

unknownreason.Evaporationofminorconstituentsorpowdersinteringmay bethecause.

The targetmustthenbediscarded.Aluminumoxidemay beabetterinsulatorthan

MACOR.

Thegeneralconclusionarrivedatbytheparticipantsisthata greatdealofinformationis

availableonthistopic,anditisnotaninsurmountableproblem.

Shielding Requirements

Radiationproblemsmay beexperiencedattheISL.Undertheassumedoperating

conditionsoftheISL,twotypesofneutronwillbeemitted:isotropic-evaporafionneutrons

andintranuclear-cascadeneutrons.

Type of Neutron Mean Free Path Tenth Value Layer

(g/cm2) (Thickness of Concrete)

Evaporation 30 30 em

Cascade 110 I m

Evaporation neutrons can be ignored in designing bulk shielding; but because they are

much more numerous than cascade neutrons, they may contribute significantly to radiation
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damage close to the targetcell. Toachieveoccupationalradiationlevels, about10 m of

concreteshieldingwill haveto beprovidedin theforwarddirectionof the beam, and8 to 9
m laterally[moundthe targetceU].

Examplesof theresidualactivityproducedare

• Target- kCi activitytensof lads perhourat 1 m

• Target cell afteroperation,without equipment- a few to tens of fads perhour,

Integrateddoses:

Location Dose (fads/y) Operation(h/y)

i

TargetCell ~109 8760

InstrumentCell 106 see J, Domingo et al,,

ISOLDE/SIN Proposal

Remote Handling

A key area of concern is how the fragile targetand ion-sourcesystems can be handled

given the high levelsof radioactivity involved. Thepossibilityof contaminationand the

question of personnel safety are of utmost importance.These topics have been touched on

to some extent in the invited talk by I. Thorson. In the work sessions, short reports were

given by H. L, Ravn on the ISOLDErobotsystem, E. Steineron vertical-accesstechniques

used at the meson facility in Switzerland (PSI), J, N, Herndon (ORNL)on the latest

robotics systems used in high radiation fields, and J. Vincent (TRIUMF) on a planned

upgrade to the TISOL facility that will incorporatenew handling systems. As pointed out

by several speakers, the major choice is between (1) a direct hardware, crane-based,

vertical- or horizontal-accesssystem or (2) a remote, robotic-manipulationsystem. The

virtues and vices of these approaches were part of the subsequent discussion.

The T/SOLUpgrade

TRIUMFis consideringupgradingits T/SOL faetlitytoaccommodatebeam intensities

>10 ta.A.Verticalaccess to components is the preferr_ approachfor targethandling,As

pan of theT/SOL upgrade, a hexagonal, iron,1.5-m shielding block was incorporatedin
the design. The shieldingcalculations were done with a code fromMoscow.

Hands-on maintenanceforthe presentT/SOL producesan exposureof 10mSv/hr; as a

result,the dose-out time is quite short.

TRIUMF uses thick targets (10 g/cm2) for meson productionat 150 I,tA and 500 MeV,

The techniques used there should and will be evaluatedfor use at TISOL(and ISL), At
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TISOL, present operations call for manhandling, and personnel doses must be kept to <30

mR per day, For the planned upgradeto TISOL, the design specifications call for a target

change in a period of a few hours, regardless of how high the radiation fields are, and an

ion-source change in about one day, These tasks will be accomplished with remote-

handling systems and within acceptable doses to personnel, Some strategies that should be
considered are:

. Incorporating decontamination and disposal in situ

• Operatingon an ion source on-deck

At TRIUMF, targethandlingis accomplishedby verticalaccess,andall workon the

targetsandionsourcesisperformedin a workingareathatis separatefrom the targetcell.

The 1985 proposalfor TISOL alsosoughtto usethis technique.The designphilosophyis

to replace the target/ion source as a unit except for the ECR, This strategy requiresa
redesign of all of the components,

A question arose about the use of robotics, Vincent has one, butdoes not like it very

much; they would like to have force feedback so that they would have the capability to

respond to some variant movements,

In high fields (on the order of kdlocuries), failure modes must be taken into
consideration,

Ravn voiced an opinion that shielding should not 'hug' the target.

In an ECR source, the SmCo magnets should last for years, but weak points do exist,

such as insulators and quartz tubing.

When modules axe removed, all systems should be valved off to avoid gases' escaping.

With vertical access, a hot cell can be installed above the shielding, and all operations

can be done as part of a confinement enclosure by going through the hot cell.

System Handling at the PSI Facility

At PSI, horizontal access was used to replace targets. These targets are not as

complicated as ISOL ion sources, but the latter could be treated as just another insert in the

beam area. Radiological protection is provided with a 4-m-thick iron shield. Covering the

iron with marble (inside) was suggested to protect people from the radiation resulting from
iron activation.

With the upgrading of PSI to I mA (from 200 to 300 l.tA),the beam line must be

redesigned, The spallation target was changed to lead instead of lead/bismuth because the

latter produced a lot of alpha activities, Self-aligning vertical inserts are used; when they axe

removed, they axe transferred to a remote handling cell with an overhead crane. No
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I manipulatorsareused;allservicingis doneina hotcell. Aircontrolis used to control the

dispersalof loose activities;to do this,shielding-blockjoints mustbe madenearlyairtight.

Thesystem hasseveralcrucialelements,includingvacuumseals (slidingpillow seals;
these werenotusedfor SINQoutof concernforuu'getleakage),A vacuumof I0"5Iztorr

has b_n achievedwith this system,Insertsareof a commondesign;allkindsof

complicatedtargets,collimators,etc.canbehungwithininserts.Suchinsertscanbelifted

intoacaskwithacraneandmovedtoahotcell.Oldcomponentshavebeendisposedofby

incorporatingalJbutthealuminumcomponentsintoaconcrete(shielding)block.
Toavoidalphaemittersin iSL, mateflalsof Z> 83shouldbeavoided.Uraniumtargets

launchtheoperationintoanotherlevelof hancRing.

Anotherconcernisbeamscatteringatwindows,particularlywitha tightlyfocused

beam(e.g., 3 ram), wherescatte_g may be significant.Perhapsa foil would be a good
solution.(Furtherdiscussionanddetailsof the PSI system can be foundin the Steiner

paper.)

RoboticsandIntelLigentSystems

J,Hemdon(ORNL)describedtheRISP(RoboticsandIntelligentSystemsProgram)

usedatOakRidgeandelsewheretohandlecomponentsinthehighradiationfieldsat

nuclearreactors,atdepositsofwasteproductsfromreactors,andinreprocessingplants.

Thegoalistoreducehumanrisk,andthesystemsemphasizemobility,manipulation

capability,andgoodcommunicationwiththecontrolsystem.Two approachesareused:

transferthehotobjecttoahotcell,wheretheworkisperformed,and/orbringthe

dexterous equipmentto thejob site.

The philosophy of the secondapproach is to open up the system and to workon it with

remotemanipulators.All such proceduresshouldfirstbe triedout on a mock.upof the

remotelymaintainedsystem becauseyoudo not want any surpriseswhenthe operation
counts.

A verydifferentapproach is used at the HartfordPurexCanyon, whereprocessing

equipment with levels 104 R_ is serviced,Here,acrane is used to removeequipmentto
anotherlocation. Equipmentwith remoteconnectorscreatesan absolutemaze, butit is
serviceablefromthe craneaccess.

Experienceshows that:

1. System flexibility is essential.

2. Maintenance tends not to be repetitive,structured,or planned.

3. Complex tasks can be performed.

4. Work-taskefficiency dependson:
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• Manipulationdexterity.

. Remote-_nsingfidelity,

. Human-rnachineinterface,

• Operatorskilllevels.

A fully remotedesignis essential to work._ efficiency,"Taskprovisions"need to be

de_ed, andmobileremoteoperationsrequiremorerobotics,

Such unitscanalso bequiteexpensive,dependinguponthe_s required,Clearly
definingthe_k ortasksthatwilibeperfom't_andrraxirniztngemciencym very

important.Thinkingaboutremote.handlingconceptsandinc__g thematthe

beginningofthedesignof thefacilityarealsoimportant.A furtherdiscussionongu/delines

forremotelymaintainedequipmentcanbefoundinORNL/YM-10864,Additional
commentsareindicatedinFigures13,14,and15.

Pa_cipantscounted thatit isimportanttobeabletorecoverfromfailures,The

planningof roboticorremotesystemsneedstotakeintoconsiderationwhattypesof
problemsmightariseandwhatcapabUidesneedtobebu/ltintothesystemtoallowthe

problemstoberectifiedwithoutincurringhuman_ologicalexpose,Also,thereisa

o'ade-offbetweenremovingequipmenttoa hotcell forhandl/ngvenus brinsing
manipulatorsto thejob site, andthatis the enormousquantitiesof concretethatmust be
handled,

The cost involved ina largeoverheadsystem is $2 to 3 million.Largehot ceUsmaybe

cheaper,Designingthebeam.lineequipmentfor remotehandlingalso involves addedcosts

thatmustnot beforgotten,The susceptibilitytoradiationdamageof thematerialsand
electronicsused in the manipulatorshasto be considered,ColorTV camerascan withstand
105to 106 R/h,butblackandwhiteTV that will survivea lifetimeof 109 Radscan often

suffice for this typeof'operation,

ISL shouldprobablyuse acombinationof'approaches(i,e,, v_cal access and

robotics),but in anyevent, it shoulduse amodularapproachto allow for the easy J

replacementof components,Whateverapproachis used,thedemandsof thatapproach

mustbetakenintoaccountin theplanning,design,andlayoutofthefacilityandits
equipmentfromthebeginning.

Robotics SystemsatISOLDE

H, L, Ravn(CERI_ brieflydescribedthe ISOLDEinduso'ial-robotsystemusedto

performsimpletasksand,inpanicul_,fordisposal,changing,storing,andsimplerepair

of thetargetsystem,TheISOLDEapproachusesdisposabletargetsandisonlygoodupto
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about10t._. Anindustrialrobotof thetypeusedforautospray.paintingremovesthe

targetsfordisposal,storage,or (occasionally)repairin a hotcell. The robothas six deip'ees

of freedomandoperateson 25 m of track.Nextyear,it will be replacedat a cost of

200,000 Sir withone of a simplerdesi_ (likean automaticdrillpress)thatwill be
controlledwitha simplersetof insu'ucflons.

Manhandl/nllis also usedfor simple,shortJobs.Thisapproachis probablyfloodonly
for systemsthatuse beamsof less thanI0 laA,The separatorh'ontend, for example,

requireshands-onmaintenance;it can be disconnec._edin 10rain,Theentire/_ontendis

enclosedinan aluminumcage thatcan beeasilydecontaminatedby hosingit down.Loose
activityis avoidedbyvalvingoff thetarget/ion.source-assemblyseparator.In addition,the

frontend (with the vacuumsystem)can be replacedas a module(forabout 200,000 SFr).

Forhiiher currents,a hotcell wouldbedesirableforthetargetcell (likeISIS),butthe

uu'jet/ton.sourceassembly mustbe ableto be removed.ISOLDEmakes45 assemblieseach
year.Theelastomersealson thevalvesarea weakpoint,buttheultimatelU'etinlof the

uu'set/ionsourceisnotmuchlonilerbecauseof theproblemsin materialsusedfortheuu'gez
orion source.

Whena tarlet runstops,the residualactivity is about2 R/h andremainsabout1.5 P./h

whenthe uu'lleVlonsourceis removed.Theactivitycouldcome froma combinationof

depositedradioactivematerialandactivation.
Beyond i0 laA,the maininsulatorand vacuumseals are causes of worry.

Thedesignof thefacilityshouldaccom_te completelyremoteremovalof'the

tin'gets,Strategiesandfactorstotakeintoconsiderationinplanrdngthefacillzyandits
designinclude:

. Avoidinglargeamountsof metal,

. Makingashell(reducetheairvolume).

. Planninltcarefullyforwastedisposal(treacherouswaters,especiallymixedwaste),

In regardto theplanningthat mustbe done for thedisposalof rsdioloiltcaiwasteand

mixedwaste,it wasnotedthattheISISfacilityattheRutherfordAppletonLaboratory
producesI gof 239puinthebeamstopeachyearatanoperatinglevelof 800MeV and
100n_.

Discussion

Participantscommentedthat:

. Verticalaccessto andhandlingof highlyactivetarietsisfeasible,includinlilthe
precisealignmentofthetargetandassociatedequipment.
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. Itisimportantthatthehandllnllapproachbeconsideredindesignsandplans_m

the beginning,

Other Topics

IonSo_es forISOL Devices

Fourtypesofionso_ei can_ consideredfortheISOL andpost-_celeration:low-

pressure,llaseous.dischLrlleIonwurces[_, BTO (1992)186;_, A236 (1985)];

surrace.thermoioni_tion_u_es [_M, A232 (1990)203];ECR Ionsources[NIM,BS8

(1991)252];andlaserionJmurces,

Forthisworkshop,P.Van DuppenconcentratedontheECR IonJm_e, A complete

discussioncanbefound_onil thecontributedpa_n, A plotofefficiencyagainst

pressurein theextractionrelton is present_ here,

20t ".

lot _._._t

[Oo. 10:_3
P(mbar)

An ECR sourceisquiteefficientfornobleliases:upto50%,Butps.pressu_

dependenceisworseforlightgases,

Questionsremainaboutsuchsources:

I, Whatistheefficiencyforhigherchargestates(>i)andfordifferentelements?

2, Can thegasload_m theheatedtargetsbehendJed,giventheden'mns_ted

pressure.de_ndence?

3. CanmetalsbeefficientlytoniC, andwhat Is the sdckAngtimeusociatedwith the

transfer_m thetargetto the ionizer?
i

Delay times, s_cldn!ltimes,andothereffectson emciencyneedto bemeasured,

Comments

OANIL has a small ECR for high ch_ge states: ithas a 70-ram cross.section and a

4_.mm length, The yield oz"neon beams from the GANqL ECR system is affected by trace

oxygencontamination.Nevertheless,a 7.mA beamof Ne4+ hasbeenextractedfrom the

ECR IV, If oneputsin anargonleak, Ar7+ endArg+ eweseenwith the be,am on; but the
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arson_sappears,andtheps load_m thetarletchanl_swhenthereisnobeam,This

resultis_en onbothsrnaJl.BCRandhu'ie-ECR_ types_ soun:es.
Theemcie_y of'asmtUB_ _e isa factorof 10lowerthanthatof'thelarl_ ECR

IV system,Thefieldconfigurationisnotoptimuminthesmallerso_e. Thissystemu_s

a lO-GHzradiofrequencyandhasaS-n_ exu'actionopenlns.The_leasetimeof l_j.,.6is

about1s,At present,thisconflluraflonisonlyseedfornobleSues,butwearestud_s)S

whathappenswhenotherspecieshitthewalls,Also,studies_ inpm_'essonbothtarset-
de_tion effects_ tnlnster.line.desoq)doneffectstofindoutwhathappenswhen
_acl_vespecieshhthewallsof theu'ansf'erUnesandtheionso_e,

T. Antayacounted thatanE_ ionlOUZ_canbeusedtoexu'actIonbern of'

n_t_s withtheuR of't supportps of'0 2atabout10"7ton'toeximct_taJlic oxidestnto
the_urce.

Laler IonSources

Back_und-rreecol]inearlaserlpeCtrOscopyisbelnldevelopedtostudyre&tctory
elements,tostud),shon,liv_ i_opes nearthedriplines,to_uce cleanerbeams,andto
offera widerchoiceof tarlets.At thispoint,Ftlrbanksconcentratedoniaser.remnantion
wu_es. Thelasersusedare:

Frequen_ (Ha) Po_r (ml)
Nd: YAG(IR, _en) 10.30 300. 1000
Excim_ (UV) i0- I00 --I_

Copper.vapor _ 5

(_en and yellow)

Threeconceptualdesi_sof ionsourceswerereviewS:theISOLDElaserionso_,
theL,euvenlaserionsource,andtheluer ablationandresonancetoniudonlaserionsource

(LARIS),whichinvolves alu jet, Therequirementsfora LAIUSIre:
_¢ted Oenwnzrrmed

HeLium-jeto'L'_s_ >50% 60-90%
efficiency

Time_uired <I0 s ,:1 s

ablation >$0% 90%

efficiency

Timer_uLred <i0 s

Resonanceionization I-I0_ !S_

efficiency
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Timer_u_ I0 ns I0 ns

fen.source,system l -I0R .

efficiency
Time r_u_ <20 s -

A morecompletere_ canbefoundin thecon_buted pa_n,

Thin TargetProductionSystem

Conslde.rar/onsa_ut Intelp'atedtKget-lonso_s _ that:
i, Rel/ableoperationof u_Set.ion sourceshasneverbeendemonstratedat I00 _A,

2, Cena/nele_nts _ notava/iable_ anintelratedtarget.ionsource,
3, The release_es of certainelementsfromthe.u'get areknownto be long.

4, Opdmlzationof the ion sourceis complicatedby the hi_.n_ation envlro_nt.

A helium.jet-fedionsourcehass short,_ccable delay_ of thereason products

that is largelyindependentof theelement;is remotelyi_al_cl from_ high.radiation

environmentandcan be moreMsilymainudnM,reused,andoptimized,And,it is

d_oupled fromthetarget,placings simplersystemin the beam. _ the otherhi,.nd,a

helium-jet.fedion sourcehasa thinuu'gellimitedto tensof mUU_ in thickness,Witha
!.mA proton_ forhelium.jet-systemproduction,yieldsareaboutathou_ tin_s
larier foraninteFated _8et.ion sourceoperatingat I00 IJ.A,A comparisonof transport

efficlenciesfavorsthe heliumjet forshorthalf.llves,

A two-yearstudyof the helium.jetconceptis curmndyunderwayat LAMPFandis
contend'stingon dL,'ec!detectiond_g the firstyearandon theion source andmass

sep_.tor duringthe second.

Pioneeringexpe_ents atLAMPFhavedemonsntedthattheheliumjetworksat
lov,'erbeamc_nts andachievess60%efficiencyforfissionandspltlla_onp_ucts,
Questionsstillremain,however,aboutwhetherthesys_mcanworkata full l.m.Acurrent

andaboutthelong.termreliabilityof thesystem,

The goals for thenexttwo years_ to show thatsheliumjet can ova'ateemciendy and
reliably in a i.mA _ton beam,tomeasureyields of specificnuclei, to d_onscate offllne

that a heliumjet can becoupledto anionsourceandachieveseed efficiency, toemphasize
ionizationof nonvolatileelements,to coupleanonlineheliumjet to anion sourceandmass

separutor,and to demonstratecoup]¢_performancewith short-livedradioisotopes,

A numberof observationsweR offered by theparticipants:
. Measuredflow ratesareshort.
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. lon._urcecouplingislimitedbyinnersurfaces,

. Ion.sourcecouplingwascharacteri_asbergitoIO%routine;_ked-up flow

stu_es havebeenperformed.

. Helium-jeteff'iciencieswerereputedtobe I/I0 thoseof otherso_es for elements
of m_urn volatility,althoughthisassertionwas debated.

. Couplingis arealissuebecausebacks_amin8 of theplasmamustbe avoided.

. A _um-current separa|oranda slit ion louse areneeded.

. Getting thebestpressurepossiblein theoptics systemis crucial,

, Clustersareneededforefficientoperationof themmsportsystem.

Completedetailsoftheprojectaregiveninthe contributedpaperby3,Wouu_rs,

MassSeparators

A brier rein on a new Rparatorsystemwas given by H, Wollnlk.'Theessential
elemen_ a_:

i. Ion-sourcematchingsystem

2. "Modest"mass sep_tor

3. H/gh.resolution"isobar"separatorwitha_tion at highpotential
4. Systemvelocitymatchedto l,,Ost.accelerator

EitheraLinearacceleratororasmallcyclotroncouldbeconsid_ foraccelerationafter

separation,

Duringthefollowingdiscussions,theproposalwasmadethatthefrontendortheISOL

deviceshouldbeoperatedatgroundandthebackendathi$hpotential(e.g.,300kV),

Futlu'¢De_'elopments

Single.lonProduction

The futu_ developmentsin ion productionwerereviewedby Ravn,andhe startedwith
the laserionsource. Itdi,-ectsa laserinto asmall tube. heatingthe contentsto 2(XX)°C.The

ionsproducedarestoredalongthetubeaxis,andtheydriftbecauseofa0.6-V8n!dient,

Pulsedionbeams20gswideareproduced,thelengthofthepulsereflectingthedrift

timethroughthetube.Thesedevicesproducealimitedfieldbecauseofthesmallvoltage.

Theuseofaheatedceramictubewouldmakealargerdriftfieldpossiblebutwouldaddto
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the energy spread. A pulsed electrode in front of the extractor, though, may be able to

compensate for that energy spread.

Another problem with this technique is that there is not a suitable laser light for all

elements. At this point, only about a 20% efficiency can be attained for all rare and alkaline

earths, alkalis, silver, tin, and cadmium.

Continuous-wave lasers have not yet been developed, and an R&D program to make

them reach an 80% efficiency may not be worthwhile. The best strategy might be to stick

with pulsed lasers.

The Kirchner approach uses a cooled-spot ion source. A variant is to use laser

desorption (ablation) instead of controlled heating, as is done at GSI.

The general subject of pulsed ion sources was discussed, and the possibility of new

parameters was raised. It is not inconceivable that lasers could be used to bunch beams,

and these beams could be matched to the accelerator input fTe_uencyor sent to storage

tings. Other possibilities might also exist.

Multiple-lon Production

ECRs offer an excellent possibility for producing ions, including multiply charged

ions. More studies are needed to measure their performances in terms of ¢lion as a function

of gas load and of sticking time ('_).Online systems exist at GANIL, TRIUMF, and

Louvain, and these should be used to make such measurements.

Direct injection into the high-plasma region is being studied at Grenoble. This direct

injection is accompanied by pumping at the sides of the plasma zone.

Bricault reported using pulsed rf power on an ECR source to increase the current by a

factor of 3 with a rather faithful following of the pulse in the output power. A width of

about 1 ms resulted. Between pulses, ions may reside in the source. Nitschke asked if it

might be possible to store ions in the ion source and then pulse them, and Alton suggested

using a cold spot and sputtering them off or ablating them with a laser.

Electromagnetic Traps for an ISL

Electromagnetic traps were suggested not for experiments but to manipulate ions prior

to experiments. The Penning trap was fh-stdevised in 1935; it uses an electromagnetic DC

magnetic field. The Paul trap, which was invented in 1956, uses an AC electric field.

Thousands of chemists now use the Paul trap for studies of ionized species. Normally,

they use it as an analytical tool, trapping and looking at 103 to 106 ions. Physicists, on the

other hand, have fewer than a hundred of these devices for research purposes, and they
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typicallyusethemforprecisemeasurementsofI to 103ions.As anexample,a Penning

trar,canbcusedtoseparate84Rbfrom84mRb.

AtCERN/ISOLDE, acoolingPenningtrapisfollowedbyacyclotron-resonance

Penningtrap(themeasurementtrap).Thecoolingisdonewithheliumgasatabout10-5

ton'.ButaPaultrapcanbcusedasafn'st-catchcrandbuncher.Trapscaneliminate

unwantedions(toIin105),eliminateunwantedmolecules(asisdonebychemists),and

ionizehighcharges(whichisdoneatEBITiz_MSI inStockholm).

CoolingtoaminusculephasespaceisdoneatMcOiU andCERN inatimerangeofI0

ms toI0 s.A pulseddump isnotrequired;thecapturedionscanbeleaked.Differentions

canbeejectedatdifferenttimes.Buttodothis,youfirstneedionsinthetrap!

Theinjectionandextractionofionsintoandoutoftrapsfollowthebasiccyclotron

principles,TestsatCERN showthat0.2%ofaDC beamcanbecollectedina2.5-cm

chemist'strap,and2% canbcbunched.Thephasespaceisproportionaltothedimensions

ofthetrap.An 8-cmtrapisbeingconstructedtoincreasethephasespacebyafactorof

7000withtheaimofcapturingalloftheISOLDE beam.

One provisoisthatthebeammustnotexceedthespace-chargelimit:

Trap size; 2.5 cm 8 cm 25 cm (feasible)

Choke level: 106 3 x 107 109

Swallow level: 104-105 3 x 105 to 3 x 106 107 to 108

Moore felt that traps should be considered useful for production rates greater than 106/s

and for times of 10 ms to 10 s. Furthermore, they could be used for precise beam

manipulation; indeed, they may be very versatile for dealing with high charge states.

Conclusions, Summary, and Recommendations

Key invited international experts presented an in-depth overview of the production of

high-intensity radioactive beams with various projectiles; a technical review of magnetic

mass separators, particularly for isobaric separation; and detailed estimates of expected

radiation fields, residual fields, and required shielding for the highest-intensity proton

beams being considered. Intense beams of high-energy protons are still considered the

projectile of choice for production purposes, and 100 la.Abeams are now considered
attainable.

A realistic conceptual design of a system was advanced to provide for the handling of

production targets and beam-line elements subjected to high radiation and beam power

while minimizing the release of contamination. The concept of using mass-separation

devices at high tensions (e.g., 300 keV) to compensate for ion-source drifts as well as to
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provide high-velocity ions for injection into post-accelerators was proposed for further

study.

The general conclusion was that the benchmark facility (BMF) does not have fatal flaws

in these areas. That laboratories openly cooperate and discuss issues was seen as

imperative, and realistic performance characteristics based upon known technology must

continue to be pursued.

The in-depth technical discussions cannot be adequately summarized here, but these
conclusions and recommendations on technical issues were reached:

• The concept of ISL as put forward in the BMF can be considered technically

feasible although optimization of certain aspects of the conceptual design do require

additional study.

, Experimental production yields are needed for both thick-target, heavy-ion

production and thin-target, high-energy-proton production to allow for proper

comparison with thick-target proton production.

• The operation of a thick-target-ISOL approach should be studied at high proton-

beam intensities (e.g., greater than I0 l.tA).

• Beam-heating and power-dissipation studies for proton-beam intensities

approaching 100 l.tA should be studied, particularly in off-line simulation studies.

• More systematic data are needed for both single- and multiple-ion ionization with an

ECR ion source because this capability could reduce the cost of the post-accelerator

system.

• Laser ion sources and pulsed sources are potentially very powerful for providing

radioisotopic-bearn purity; more studies are needed.

• An ISL facility must incorporate a philosophy of remote handling in the early

design stages, probably incorporating a combination of robotics and vertical-access,

remote-handling.

• Higher extraction energies from the front end might be realized if units of the mass

separator operated at high potential, but this novel idea re,quires demonstration of

principle.

• The establishment of interlaboratory working groups on such project areas is

strongly recommended; external funding is needed to make these operate.
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A TESTFACILITYFOR _IOA_ IONSO__TED BY

INTENSEBEAMS OF_OH ENERGYPROTONS

jR JBenne_I)T A BroomeO),C JDensharno),
W _lletly_Y,H O Pricea_,andD D Warner_

_ SERC,RutherfordAppletonLaboratory,Chilton,Didcot,Oxon,OX IiOXQ, UK
I:_SERC, DaresburyLaboratory,Datesbury,Warrington, Cheshire WA4 4AD, UK.

ABSTRACT

A proposal for a radioactive beam test.bedfaclllly at the Rutherford Appleton

L_orato_ Is clcscrtbecl.Thefacility _saimed at testing and ¢leveloplngtar-
get/ion source ,_echnolo&ywithproton beam lnten,ffrlesof up to IO01_A.

In essence we have two main ways of producing beams of radioactive nuclei. One
technique makes use cjf the forw.atd focussing of reaction products in peripheral
nuclear reactions at high energies, The second method involves a two step
process in which ra0ioactive nuclei are produced when a tarjet is bombarded with
an ener_}etic primary panicle beam and subsequently thermaIized, ionized and re-
accelerated to 5MeV/u to overcome the Coulomb barrier, The isotope separator
I$OLDE on the PS-Booster at CERN_l) is the most notable example of the first
stage of this process,

In principle the primary panicle beam ,_ ht be almost any projectile which will
initiate nuclear reactions. In practice, if :he aim is to produce intense beams
of secondary particles the favoured beams are i,ons.at >100 MeV/u or high energ_
protons _~IGeV). Before any choice of projecule Is made for a major facility It
is essential to show that one can realise the expected intensities from the tar.
get/ion source. In Europe a test bench to determine if heavy ions can be competi-
tive with high energy protons for the production of exotic nuclei has been set up

¢2} , '
at. GANIL . The use of hlgh energy protons is already well-roven at ISOLDE
where the intensities of the proton beams are of the order of l Po 3 _A. To reach
the inrensitles required of a future, major accelerated radioactive beam facility
would necessitate an increase in proton be_'n currents to some 100_A. In order to
achieve this increase, existing target technology has to be tested and developed
to accommodate the much increasedpowerinput.

Here we report briefly a description of a radioactive beam test bed facility to be
sited at IS'IS, the spalIation neutron source situated at the Rutherford-Appleton
Laboratory. ISIS is an in!ense, pulsed neutron source, which creates neutrons by

uranium or tantalum ta_'._et. Thethe proton-induced spallatlon of a depletedprimary proton beam has an intensity of 200uA and an energy of 800 meV. This
ideally matches the requirements of an intense, accelerated radioactive beam
facility.

THE TEST BEDFACKJTY

,, The test facili!y will consist of a suitable target capable of withstanding the 80
kW of power tmpatted by the ISIS beam with a system for transporting the radioac-
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tire ions from the target to an ion source, This is followed by an extraction
system and ion optics together with a suitable magnetic system for analysing the
mass of the panicles. Finally a variety of instrumentation for collection and

diagnostic purposes will _ set up for the radioactive species pr_uced. ThelayoutisshownschemattcaUyfigureI,

L, .......

_ llSA¢

.,tj

_ w _uMiit

amNaaaJ_e_vo_ W'f_ie;_aao_ ame_ 'qfl'p,tRa,,n_ _11_ nmmm_Im'Pit, r_ im_xl_ ?Jvwll?IwT_Im

The most cost.effectivelocationat ISIS for the testfacilityis the existing
targetstationof the s,pal!ationneutronsource,This allowsthe beam line
shielding,activeair ventdauonsystemetc to be used,Cruciallythe testrig
can be installedand used with ne interruptionof operationfor neutronproduc-
tion.This choiceof locationlimitsflexibilitybut the crucial,high power
targettestscanbecarriedout,

Fig 2 shows the test facility in the target station. The ISIS target is rolled
back on its trolley to allow the ion source target to move into position from
above througha plug in the shielding.The sourceis directlyabovethe target,
followedby an extractionelectrodeand electrostaticbendingand focusingto
bringthe beam throughtheshieldplu_to the top of thetarget,station,The path
throughtheplug has bendsforshleldmgpurposesto preventdirectlineof sight
from,thetarget,The beam thenpasses_'u'ousha 600 bendingmagnetto sepatate
theIonsof differentmass,The wholesystembeatsmany similaritiesto ISOLDE at
CERN. Indeed,the sourceand targetgeometrywillbe closelycopiedto ensure
goodperformancewithminimumdevelopment.

A new shield,plug willbe made forthe targetstation,Thisplugand thewhole
testfacilitywallbe moved in and out of the targetstationduringthe two weeks
shortshutdowns on ISIS,The equipmentwillbe designedfor easy,simpleand
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speedyexchanse,Experimentalrunswithprotonbeam on targetwillgenerdiy
of onlyone day durationeachshutdown,T'heimpacton theneutronbeam operation
will beminimal.

A "cold" tantalum target and ion source¢omb_ation has been chosenfor the in.
itial tests because it will rrdnirnisethe levels of activity and conta_nation.
Tantalum _gets producemainly light nuclides,suchas He, Li, Be and Na as well
as the rare em'ths,Except for He these elementswill condenseas the cool sur-
faces surroundingthe target and ion sourceand will not contaminatethe rest of
this facility, Small, but measurablequantitiesof the noble gases will be pro-
duced, These arethe beams which w{llbe measuredfirst,The tantalumtargetis
alsoone of the easiestto use at the high inputpower involved,sinceit is a
refractor),material,

TO,ONsou.. t _.I.MAL,NSUL.O_

|PtR,Ai. WATER CMANN§L--_

TRAN_F|R L|NE

BEAMEXIT WINDOW -_

'i iI ..............
i

_00mm _\

......SIAC_KOF 10,,,mINICI_ TANIAt,UM I_OK_

FIOUMII =,

TANTALUM FOIL ?ARGIT WiTH¢(_)LIO tRANIFIR IJNI

The coldtarletshown in fl_3 will consistof Ta foils,20prothick,formingastack20 cm ong witha packingfractionof-50%. At 1001aAbeam currentthepower
dissipatedwillbe no more than3.5kw percrnlengthof Ta. The simplesttarget
willhave loosediscsof Ta foilin a watercooledTa tube,and theheatfrom the
foilswillradiateto the wallsof the tube.The radioactiveproductswillinfuse
from thefoilsvia a transferlineto the ion source.A secondtargetforhi_her
power dissipationwillconsistof Ta foilscooledat theiredgesby weldingtnem
to theenclosingtube.Thesetargetswillbe heatedby theprotonbeam and,where
necessary,bypassinguheavycurrentthroughthetantalumtube.

These initialtestswill be followedby the constructionof "hot"target/ion
sources.Here allthe surfacesm contactwithradioactiveproductsmust be kept
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hot to prevent condensation,The Ta foils will be. welded into a gas tight Ta tube
which will couple to the ion source_ough a heated tube, The Ta tube will be
enclosedin an outer jacket destned to remove the heat but maintain the tube at
,-27_k. The temperaturesof the8 foils, tube and water will be monitored,Since
the water cooling the target will becomeactive when the target is bombazdedwith
rotons, the water will be a

dPeioniser current doubly contained,closed loop systemwithheatand exchanger,

The initialionsourcewillbe a,ctosecopy of thewellpiedplasmaionsourceon
ISOLDE, Once a targetwith a 'hot"body hasbeendevelopedfornon.gaseousions,
thenasimplersurfaceionizationsourcecanbeused.

The targetand ion sourceassemblywillbecomehighlyactiveunderbombardment,
They areattachedto thebottomof theshieldplugand thesystemisdesignedto
allow their removal from the target station on the main crane, The target assem.
bly will then be placed in a steel pot and remotely disconnected from the rest of
the test equipment, It will be allowed to cool in the pot before disposal by the
samerouteastheISIStargetsandusingthesameflasks.

e targetand ion sourceWillbe maintainedat highvoltagefrom a highvoltage
platform,Power willbe fed to the platformthroughan isolatingtransformer,
Monitoringand controlwill be via suitablelightlinks,Followingextraction

0 _, i .

,a600 sectormagnetwithIm bend radius,and willprovidea mass resolutionof l
m 500, assumin,g a Imm beam diameter at the object position and negligible energy
dispersion, ,A hnear Einzel lens in front of the magnet will give some focussing
inthedizectzonofthemagneticfield,

SUMMARY

The aim of the testfaci!ityis to establishflzstthat the radloacdveion
currentsare comparableto thoseof similarsources,such as at iSOLDE, at the
same.protoncurrenton targetand then to show thatthe radioactivebeam
intensztie_increasein proportionto theprotonbeam cur;,enton target,up to 100
uA (mean).The facih'tywillalsoallowan examinationof the problemsand
possiblesolutionsassociatedwith the pulsed,high currentdrainfrom the h!_h
volt_zesupplyon theion source.assembly,whichis causedby ionizationof me
surroundingairand secondaryerrusslonof particlesfrom surfacesby the proton
beam,resultinginseverevoltagefluctuations,

The test facilitywill be in, operationin 1994, Since the Benchmark
facilityc-_proposedin North Americahas the same parametersas thatproposed
in Europe_,4__tis hopedthattherewillbe a common programmeof research
anddevelopment.
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Designprinciplesfortargetstationsand methods ofremotehandling
at PSI

i eErichSteher
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Ab.tract: Two deuiEn concepts for t_let .tation, u,ed at PSl are shown_ The method of
the remote h_dlJng of activated element, i, de,cribed Lnd ,ome conclu,ion, with respect to
a radioactive beam facility are given.
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Target Stations

At PSi all elements in high.radiation areas can be tethered and transported into a specially
designed hot cell for repair or _sposal by means of an overhead crane For the rerttov_l of

elementswhichm'eknown tone.dmore.or.lessfrequentmaintenancewe havedesignedheavily

shieldedcasks,whichalloweasyand saferemovalof theelements,The systemsaredesigned
to thatany repairor removalcan be done with a minint_ of exposureto persormel,For

unforeseenproblemstheree_stta simple,trtnsportablepower mtniptdator,which can be

positioned in the proton chmmel, Proof that this is s good working concept which couJd
be used for IgL is the fact that we have after nearly 20 years of operation at 100 • 300 9A
dismantled two complete target stations and a beaan d_p with a total dote applied to all the
workerlofonly470 mgv (47Rein),theaveragedosebeing2,3rosymad themaximmn tingle
dote 30 roSy, The maximum radiation field of an activated element that wa,handled was 400
Sv/h,

iron shielding(r= 2,n)

target chamber .

proton be_ltt ,

target insert
..%

shielded cask
/

#

/
\. ." conical

\ connectors seal

,,<-

Figure 1: The fir,t version of the thick.target station at PSI The t_get insert is removed
horizontaUy.

Our first concept of the _arget station (1972.1990) contilted of a target vacuum chamber
that required the target structure to be inserted horit,ontslly (see Fig l) A cask, placed in
front of this target insert, is opened remotely and then it grabs the insert and retracts it, After
closing the shielding door, the whole cask with the target insert, ts moved to the service area

by crane. Only for a short time (_ 10 rain) Joel a person need to work directly at the target
station to unhook the power and cooling connettions at well a| to unscrew four bolts used to

make the vaccuum seal (a rubber gasket it used between insert flange and target chamber)
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The target vacuum chamber is connected to the vacuum system of the proton channel by
a conventional metal seal at the entrance side and by a conical seal at the exit (the latter

introduces a small controlled leak). This design worked well for currents up to 300 #A and
10-cm thick carbon targets.

It should be no serious problem to handle connections on the outside of the local
shielding. For frequent routine operations (like weekly target-ion source changes, as expected

for ISL) some improvements would have to be made. One such improvement would be to
install a "marble" cladding (._,20 cm of concrete enriched with calcimn carbonate) at the
entrance side of the target station to considerably reduce the radiation dose to personnel
unhooking the target insert. The loss of protons at the entrance should also be kept as small

as possible. This implies no entrance collimator to the target station and also no (or a well
shielded) window at this place.

Going to higher intensities, we had to redesign our target system. We followed the same

principles outlined above, but introduced the following improvements, which should also be
considered for ISL. I would like to mention that these improvementshave been in use at the

thin target station (with a 5-mm C target) since 1985 with operating currents of 100-500 #A.

power an_ coolin_ work area vacumn seal
_ds

............ . _.._,¢_

shielding . - ,,. _ _ ::2. ,_,
' __... : ",._ . i}! _, .... ,_ i: ' -:': m--:.

• -b'--"-t--I : :1711 I::: ...... _ L ' '

,b_ -t-! -- _l_i _$ ......... _ [ •

_, ,..... ! • • ,_-_-----1_! _. L: _ , --

:=.=__,,}' .. ,__ . i::_ii,, _- ......... '" .......
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' rs_". _",_bu_ ,'r-_r-___ __/• _._¢2_a'a _ _" ou___._ _a_ _ c_¢s_ _,_:ccCCnca'_ _:_-- -i/InOrtar

base plate

Figure 2: New design of the thick.target station at PSI. All the inserts are removed vertically.

The key ideas of the new concept are

, self-centering mounts;

making vacuum connections with "pillow seals";
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• increasedshieldingbetween placesof beam lossand the working area (important for

disconnectingthe elements);

• quick disconnectsforpower, water,and signalconnections(connectionsbetween work

area and elementsgoing through the localshielding);

, easy retractabilityofallthe elementsthat are directlyexposed to primary protonsand

that are designedto be maintainablein a hot cell.

The basicdesignisshown in figure2: A base plateof steel(25-30cm) isequipped with

the lower part of setf-centeringsupport stands(the counterpartsof the support stands are

attachedto the elements).The baseplateisheldinplaceon the floorby centeringpins'which

are preciselylocatedin the floor.The whole plateisadjusted to the correctheightby means

of threemachined ironplatesleavinga gap ofabout 2 cm between the baseplateand the floor,

This space isfilledwith mortar,to givean even floorloading.Iron shieldingblocksof about

2-m heightare positionedon top of the elements(magnets, vacuum chambers).

In order to get electricpower and coolingwater from the topsideofthe shieldingblocks

to the elements below,holesare drilledthrough theseironblocks.Copper rods and stainless

steeltubes carryingelectricpower and water,respectively,can be insert.edand engaged into

receptaclesattached on the top of the elements. These rods and tubes can be insertedor

removed from the top of the shieldingblockwithout ey_osing workers to intenseradiation.

The whole targetsetup issurrounded by a wallof concreteblocks(sidesand top). In

orderto preventactivatedairfrom leakingout,the jointsbetween the blocksare sealedusing

a radiation-resistantmortar. In addition,the roof issealedoffby means of a plasticfoil,6

insertedbetween two layersof concreteroofbeams. This sealingof the wallsalsopermits a

slightunderpressurein the proton channelto be maintained with onlya mJ.nJmurnamount of

airexpelledthrough the exhauststack.

An important part ofthe conceptisthe pillowseals;two versionsare shown in Figure 3:

compressed air vacuuan compressed air
I

vacuum ,[ vacutun

", /

/

sil**pl,' v,,r,_i,,,_ pillow seal c,,Jllbinod
of a pill,,w _,'ai with sh_rt bpll,,w,_

Figure :3: The two versions of pillow seals used at PSI,
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These sealsconsistessentiM.lyof an inflatableringmade out of stainJesssteelfoils.This

ringcan by insertedbetween two flanges.After applying pressure,the sealinflatesand upon

touchingthe flanges(which clearlyhave to be tieddown to withstand the mechanical force),

sealsthe connection.To remove the seM, the pressureisrelieved(evenvacuum may be ap-

plied)and the sealretracted.No clamping or unclamping isrequired,However, thistype of

sealleaksslightlyand an auxiliarywcuum has to be applied.Our presenttype of pillowseM

has been designedfora pressureof about 10 pTorr, but improvements could stillbe made.

The achievablepressuredepends alsoon the sizeand number ofsealsused as wellas on the

pumping speed.Itmust alsobe mentioned that radioactiveg_es createdinsidethe vacuum

system (such asthe breakageof a target)might leakout intothe surroundingregion.In this

respect,the safetyaspectsofthesesealshave to be investigated.

Remote Handling
To remove a highlyactivatedinsert,we use a shieldingcask thatcan be preciselypositioned

crane h,_f,k

, 'd i I'/ I

'q "<"""/f ....
er,,<<,,/,,iill>,',I l,[_,,

7" i ,, /Or.at irll_ pill
/

/ . /,

,' '- t in_,rl '/

i ,'I _. /t

/

l! 'II

'/,: I/I I//t i t 1t/I/Y 2)"/1i,,- / I?i ;'

Figure 4: Removal of an insert from the proton channel.

over the insert (see Fig. 4). The door of the cask can be opened remotely and the insert
retracted into the cask. After closing the door, the cask is lifted up by the overhead crane and

brought to the service area. This allows the rapid removal of the insert and replacement by a

spare unit, Ample cool.down time and the option to repair the insert is also made possible.
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In case of potential contamination hazard in the air gap located between the bottom of the

cask and the top part of the insert, a protective collar is used. The inserts are also put back

in place with an overhead crane and cask system. The PSI inserts are positioned to within

0.5 ram, given that a higher precision is not needed. However, we can measure the position

of the elements or support structures to within 0.01 mm so that, if required, the precision of
repositioning can be improved to 0.1 ram.

Vacuum Windows

Of special interest in the context of a radioactive beam facility is the use of a window. A

window that can withstand current densities of about 100/_A/cm 2 requires cooling. It usu-

ally is constructed as a double window with forced water cooling in between the two layers.

Figure 5: Effect of a 12-ram thick stainless steel window on the beam phase ellipse (top) and

on the beam spot size (bottom) of an 800-MeV proton beam at the place of the target. The

unaffected beam is shown in the left-hand part, the effect of the window in the right-hand

part of the picture.

Stainless steel is the preferred material for such windows. Since each layer of the window
is about 2 nun thick, the total thickness amounts to at least 4 1run. Such a window causes
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significant scattering of the primary beam and the window has to be placed where the effect
on the beam is kept minimal. This usually is at a focus position. However, at a focus the

current density is rather high and easily exceeds 100 pA/crn _. As an example I show in figure

5 the detrimental effect on the beam quality of two stainless steel double windows (one double

window at the exit of the proton channel, one at the entrance of the target chamber, located

one meter upstream from the target). The total thickness of the window assembly in this

example is 12 ram. I have asstuned that the beam diameter at the window is 1 cm, and the

distance from the window to the target is 1 m.

Other solutions for the decoupling of the vacuum chamber and the proton channel could

be considered such as a thin foil in the vacuum system for protection against a small leakage

of radioactivity and a fast valve located several meters upstream in case of a sudden pressure

surge. One could Mso think of a thick window immediately in front of the target and, in order

to reduce the power density, one would have to wobble the beam ("hollow beam"). Since

such windows require regular replacement, an efficient exchaztge procedure would have to be
worked out.

Conclusion'

There exists a lot of knowledge and experience in designing, operating, and handling of target

stations for proton beams of 600 to 800 MeV at intensity levels of 100 to 1000 #A. Several

design concepts of target stations and beam stops have been used. I think, therefore, that the

design of a target station for a radioactive beam facility that can be operated and maintained

at the intensity level of 100 pA is feasible. Much thought and innovation, however, has to be

put into the design of the target insert. One has to keep in mind, that no organic material,

probably not even glass, can be used withi_a a radius of 1.5 to 2 m from the target. It is

of utmost importance that the methods of the remote handling of the activated parts are

integrated into the design of the target station and of the target insert from the begin.ning.

Later adaptions are extremely difficult and costly - if possible at all.
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Considerations of the Low-VelociW
Stage of a Radioactive Beams Accelerator

W. L.Talbert
Los AlarnosNational Laboratory

Los Alamos, NM 87545

Abstract:Studiesofthelow-velocitystagesofa radioactivebeams
acceleratoraresummarized,highlightingthelimitationsofexisting
RFQ.technologywhen appliedtothespecificationsoftheIsoSpin
Laboratory.

1. Introduction

DuringJuneandSeptember,1992,visitsbyPeterOstroumovofthe
InstituteofNuclearResearchinMoscow,andA.LombardiandA.Pisentof
theLaboratoriNazionaildeLegnaro,respectively,toLosAlamosresulted
instudiestoevaluatethepossibilitiesofacceleratingradioactivebeams
providedbyanon-linemassseparatoraccordingtotheisoSpinLaboratory
(ISL)BenchmarkFacilityspecifications.I Thisreportsummarizesthe
findingsofthesestudies,includingnotonlythesystemsresultingfromthe
studiesbutalsotheconstraintsimposedby theISLspecificationsfor
acceleratorinput,whichare:

Massrange: I to240
Charge/massratio(q/A) I/1to1/240

(singly-chargedions)
Transmission > 90%
Input energy 1 keV/A
Input emittance (Ain) 1 _ mm-mrad.

2. InitialConsiderations

The first stage of the radioactive beams accelerator is generally
, presumed to be of the radiofrequency quadrupole (RFQ) type. 2,3 The ISL

transverse emittance specification provides a major constraint to intervane
voltage and frequency, given the ion input energy, according to the scaling
equation for the transverse focusing strength,

B$ = (q/A)(ot MAin)(eV/moC2)(2/(m+l)) 2, (1)
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where_P- (4_2+ B)/(4rc2-B),B isthetransversefocusingstrength,Am is
theinput a_ttance (= emittance),ot is thetransverse oscillation phase
advance, V is the intervane voltage, Xis the rf wavelength for the chosen
frequency, and m is the vane radial modulation factor.

Additional constraints are imposed by the attainable strength of the
surface electric field for focusing (q/A small is harder to focus than q/A
large), and the low input energy (1 keV/A- which makes rf de.focusing
strong). Most P,YQdesigns operate with a transverse focusing strength
value of 5 or more - a value of 3 is pushing the margins of the design, but
is adapted in these studies.

Two essential designs were considered by each visitor, one with prior
external bunching, and one with adiabatic bunching tn the RFQ, Because of
the very low intensity of the ion beams (compared to high-current proton
accelerators, for example) there is less benefit to adiabatic bunching, with
the consequence that omitting the long bunching section of the RFQ can be
considered.

3. Ostroumov Designs

The designsdevelopedby Ostrournovencompasstheconceptofthe
radioactivebeamsacceleratortoanenergyof1.5MeV/A. Forthe
purposesofthisreport,however,onlythefront-enddesign(withpre-
bunching)iscovered.

Withconventional2-caviW(roomtemperature)beam bunching,
followedbyRFQ accelerationinasuperconductingstructurehaving
inter_'anevoltageof300kV andoperatedata frequencyof25 MHz,
Osc'oumovobtainsaccelerationto10keV/AforA s120.The paramete.r:s
oftheRFO.arelistedinTableI,whichalsopresentsparametersforthe
otherdesignsdevelopedduringthesestudies.

OstroumovalsoconsideredthecouplingbetweenRFO_s,and
determinedthata matchingcavityisneededwithsufficientlylarge
longitudinalacceptancetoprovideforaverageenergymatching(mass-
dependent)andbunchphasespacerotation.

Indesigninga singleRFQ toprovideadiabaticbunchingand
accelerationto100keV/A,Ostroumovrequireda280-cei!RFQof length12
m, withthefirst150cellsbeingusedforbunchingand transverse
matching(parametersnotshowninTableI).

4. Lombardt and Pisent Designs

Lombardi and Plsent considered botha pre-bunched design and one
with adiabatic bunching. Their surface electric field assumption was more
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conservative than that of Ostroumov (140 keV vane voltage), and their
designs supported only ions with A <60, and acceleration to 4.2 keV/A
(i.e., only the first of the RFQ.structures).

The pre-bunched design included only one prebuncher, having more
transmission loss to match longitudinal acceptance than the Ostroumov 2-
cavity prebuncher. The parameters of the accelerator sections from both
designs are summarized in Table 1.

ii

Table i: Summary ofRFQ.design parameters

Patterer - Ostroumov .... Lombaxdt Lombardt

, , i,(Pre_b_cher)....,..,(Pre-buncher) (Adiabatic) .
Inputenergy, 1 1 1
.(keV/A) .....................
Output energy, 10 14.2 ..............4.2 ..............................
(keV!A).....

ii ) m,,,,ll i i i iifii i i ,, ,,,,, ,, ,,,.,.,=

Bunching Pre-buncher, Pre-buncher, ....Adiaba_c
2 cavities I cavity ...............: , , ............................

Mean bore 1.0 1.37 1.37

- i i IL L i ,, ,_radius_(cm)
_MOdulation,m 2.i.........................i.1 1,15...........

.......................................................................... : , ::: .........: :. ::::_:

Frequency, 25 10 I0

la2terva.ue ..............................300 140 ....................................................140 .....
voltage, (kV) ....
input phase 40 .................. 3'0_....... ........ ' ...........................................- - -40_ , - ,,, , ..................... :

Surface field, ~40 14.8 13.3
,(MV/m)
Transmission, '93.......................... 60 .............. 92.5 --

Length, (m) '" ................................0.67 4.21 .................... 9 35 .................... ........__ e

5. Conclusions

Both design approaches resulted in low-[_structures that could not
meet the original ISL specifications and, indeed, were pushing the margins
of current design (such as peak surface field) even for reduced input
specifications (such as mass range). As a result of these sn_dies, it is
recommended that (a) the ISL heavy-ion acceleration input specifications
be critically examined, and (b) further studies be commissioned to identify
possible approaches that could result in a broader mass coverage whlle
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optimizing the transmission and practicality (e.g., overall length) of the
low-_ stages.

In examining the input specifications, both studies recommended
that the input energy be increased as high as feasible, possibly to 2.5
keV/A, and that the input admRtance requirement be reduced through
improvements in mass separator ion source performance. Every factor of
two or so is needed. In addition, it may be required that the full ISL mass
range be accommodated by independent iow-_ sections, each tailored to a
portion of the mass range, but later feeding the following stages of the
accelerator.

While the issue of superconducting versus room temperature
structures was not explicitly addressed in these studies, it is clear that,
with the intense electric fields required for even the smaller mass ranges
in the designs, the superconducting option must be exan__ined closely, not
only for the RFQ,s,but for succeeding higher-energy structures.
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ION SO_CES FOR THE ISL-PROJECT

P. Van Duppen and M. Huyse

Ir_tituut root Kern- en Stralingsf_sika, K.U.Leuven

Celestiine_aan _OOD,B-500I Leuven, Belgium

"Over several decades now, ion sources have been used at on-line isotope

separator facilities producing radioactive beams of virtually speaking every element

from hydrogen to uranium, often with half lives down to a fraction of a second.'* One

might draw the conclusion from such a statement that the problem of ion sources for

the Isospin laboratory project is solved. THIS CONCLUSION IS WRONG, it is true

that in some cases ion sources having an efficiency as low as 10"4-10 -5 for a

particular short lived isotope, can give the opportunity to perform very interesting

studies (e.g.decay studies far off stability). However these catcher-ion-source-systems

(CISS) are of limited use for ISL.

In orderto obtainreliableyieldsand to evaluateinwhat directionR&D is

necessarywe must considereveryelement/isotopeindetail.We have nowadays a

fairlygoodunderstandingoflow-and medium pressuregaseousdischargeionsources

l),surface-ionizationsources2)and thermoionizingcavitiess)insucha way thatwe

can definewhat the performancesand limitationsoftheseionsourcesare.Detailed

informationon thesesourcescan be foundintheliterature(z'2"3proceedingsofthe

EMIS conferences4and reviewarticles_-e).For informationon laserionsources,we

refertothecontributionofW.B. Fairbanktothisworkshop.Inthiscontributionwe

willconcentrateon a fewtopicsconcerningElectronCyclotronResonance(ECR) ion

sources.

The firstECR ionsourceforefficientionizationoftraceelements(off-line)ina

low--chargestate,was developedby Bechtholdet al.T),A copy ofthissourceis
!

installedattheTISOL facility,wherethesourceiscoupledtoa thick-targetsystem

and variouslow-energyradioactivebeams areproduceds).A studyto couplean

ECR sourcewith a He--jetsystemwas initiatedin Grenoble0).For the Belgian

RadioactiveIon Beam facility,we developeda singlestageECR ionsourceforthe
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productionofenergeticradioactivebeamsofelementslikenitrogen,neon,carbon,

oxygen,...I0).Based on the experimentsperformedwith thesesingle---stage,

low-chargestateECR ionsourceswe candrawthefollowingconclusions:

I.High ionizationefilciencies(>20%)can beobtainedforcarbon,nitrogen,

oxygen,neon,argon,kryptonandxenonina I+ chargestate.

2. The ionizatione_ciencydropswhen goingto higherchargestates.

Unfortunatelyonlydataonsomespecificchargestatesareavailable(e.g.Ne+4:

4%_ Ar+7:~1%;Xe+4',7%) 11)

3.Forthelightelements,theI+. ' i n_omzato e_ciencydependsstronglyon the

pressureinsidethe ionsource(gasloadfrom the target).This pressure

dependencedisappearswhen goingto heaviermasses.For thehighercharge

statesthepressuredependencebecomesmorepronouncedandpersistsevenfor

theheavierelementsi0-11)

4.An atomthatenterstheionsourcemakesa largenumberofwallcollisions

beforebeingextractedasanion.Thiswasshownbydelay-timemeasurements

usinga calibratedleakfilledwithnitrogengasenrichedin15N.When closing

theleak,thecurrentatmass15droppedtohalfitsoriginalvalueaftermore

thanonehundredseconds.Furthermorethedelaytimewas dependingon the

partialnatural-nitrogengaspressureinthesource,evidencingtheexistenceof

anexchangereactionmechanismthatreleasedthetrapped15N atomsI0).

Recentlytestswereinitiatedat GANIL to getinformationon ionization

efficienciesofthehigh--chargestateECR ionsources12).Theseionsourcesareused

fortheproductionofintensemultiplychargedratablebeamsforinjectionin the

GANIL cyclotrons.lonizationefficienciesupto20%forAr+9 wereobtainedbutagain

dependedstronglyon thepressureinsidetheionsource.Many accelerator-based

facilitieshavesimilarECR ionsourcesfortheproductionofmultiplychargedions.

Unfortunately,thereisonlyverylittleinformationavailableon i)theionization

efflcienciesoftraceelementsofgaseousaswellasmetallicspeciesandonii)thedelay

timesofthesesources(numberofwallcollisions,stickingtimes).

Itisof utmostimportancetomeasurethesequantitiesindetail(preferentially

formany differentelements)usingtheexistingECR ionsourcesbeforestartinga

developmentprogramforthedesignandconstructionofa dedicatedECR sourcefor
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ISL, We need to get an understanding of the life of a single atom when it is converted

to a highly charged ion in an ECR source. This information will determine to a large

extent the choice that has to be made whether one starts from singly or multiply

charged ions for the post-accelerator system. A great deal of the necessary

information can be obtained from relatively simple measurements using calibrated leaks

filled with', i) noble gases to measure the ionization efficiency and the intrinsic delay

time of the source and ii) molecular gases from which the atomic components tend to

stick to surfaces (like N_, C02, CF_,..) to measure the ionization e_ciency and the

delaytimesfortheseelements.
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A Radioactive Ion Production R & D Program Using a
Helium-Jet Coupled Target Ion Source.

J. M. Wouters 1,W. L. Talbert 2, D. J. Vieiral, and The LAMPF He-Jet
Collaboration

llsotopeandNuclearChemistryDivision,Los AlamosNationalLaboratory,Los Alamos,
NM 87545,USA.

2MediumEnergyPhysicsDivision,Los AlamosNationalLaboratory,Los Alamos,NM
87545,USA.

Abstract. A brief outline of plans to test a He-jet fed mass separator at the
Los Alamos Meson Physics Facility (LAMPF) is described.

1. Introduction

With the encouragement of the ISL users' community, we are planning an R & D program

to develop a radioactive beam production technique complementary to the integrated target
ion source approach. The primary consideration leading to the decision to undertake such a

program is the potential resolution, using a He-jet coupled target ion source, of several

known problems with the integrated target ion source system. Among these problems are:

(1) the anticipated difficulties in operating an integrated target ion source at 100 _A, (2) the

unavailability or slow release properties of nonvolatile elements, and (3) the complication

of optimizing ion source operation in a high radiation environment. This article briefly

describes several potential advantages of the He-jet coupled target ion source system and

presents R & D plans to test such a system at LAMPF.

2. He-Jet Coupled Target Ion Source

Potential benefits of the He-jet coupled target ion source system over an integrated target

ion source approach include: (1) short, predictable delay times tbr most reaction products

that are largely element independent, (2) an ion source that is removed from a hostile

environment facilitating maintenance and operational optimization, and (3) placement of a

simple target system in the primary beam.

In order to highlight one of these areas, Figure 1 shows the fraction of recoils

transported versus the half-life of the reaction products for both the He-jet and integrated

target ion source systems. The He-jet calculation assumes a transport time, tc, for the

capillary and a sweep out time, ts, of the target chamber for a reaction product half-life of

tl/2. Transport of activity from the integrated target ion source system is calculated using a
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release time, tr, where this release time is described by either a straight exponential
dependence (Carraz et al. 1978) or a release derived from Fick's second diffusion equation

(Carraz et al. 1979) for a molten or solid target, respectively. The figure shows clearly

that for reaction products with slow release times, a He-jet coupled ion source system can

be several orders of magnitude more efficient for short-lived reaction products.

Fig. 1, Fraction of activity transported versus half.life for a He-.jet system compared to two types (solid or

liquid) of integrated target ion source systems,

3. An R & D Plan for the He-Jet at LAMPF

At LAMPF we are planning an R & D program in which a thin thorium metal or evaporated

uranium target (-10 mg/cm 2) will be placed in the primary 1-mA 800-MeV proton beam.

The high energy proton-induced fission products recoiling from the target will be collected

and transported by a ~20-m long He-jet system to a low radiation area. Plans now are

being made to follow a He skimmer chamber with a tape transport system that will be used

to move the activity to a 13-)'-ncoincidence detection station. The yields of selected 13-

delayed neutron emitters will be determined using their unique decay signature to separate
them from the plethora of other activity that is anticipated. Gross ),-ray spectroscopy will

also be used to determine the yields of selected less exotic products.

In a subsequent experiment, an ion source and mass separator will follow the He

skimmer box to establish yields through the entire target, He-jet, skimmer, ion source,

mass separator system. In preparation for this second experiment we are planning an
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extensive off-line program to study the coupling properties of a He-jet to an ion source.

Our plan is to first efficiently transport and ionize several Cs isotopes as a starting point and
then to develop a system for a refractory element that is not presently available with an

integrated target ion source system.
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THE ROLE OF CYCLOTRONS

AS PRIMARY AYe) SECONDARY

BEAM ACCELERATORS

Yves Jongen

ion Beam Applications s,a,
Chemin du Cyclotron, 2

B- 1348 Louvain-la.Neuve
Belgium

I. .ABSTRACT

Different kinds of accelerators can meet the specifications of the p_ary
accelerator of the ISL, Among those, positive and negative ion isochronous
cyclotrons are more specifically discussed, A fixed field, alternating gradient
ringacceleratorcouldrepresenta new,butstillunproven,alternative.

ForthesecondaD'accelerator,a highfield,superconductingcyclotroncould
covertherequiredenergyrange,providedthata chargetomass ratioof
1/10is availableforthe highestenergies,The main qualityof such a
cyclotronwouldbe itsflexibility,and the main disadvantagewouldbe a
transmissionprobablysmallerthanrequired.

2. LNTRODUCTION

Differentkindsof acceleratorscan be consideredforthe primaryand
secondary beam accelerationat the ISOSPIN laboratory.Linear
acceleratorsarethesubjectofanotherpresentationofthissession,and will
thereforebeexcludedfromthispresentation,

Synchrotronsdisplaycertainlyalsosome very desirablefeaturesin the
frameofthissubject,and shouldcertainlyalsobeconsideredascandidates.

However synchrotronswere alsoexcludedfrom thispresentation,mainly
becausetheexperienceoftheauthordoesnotextendtothoseaccelerators.
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3. THE PRIMARY ACCELERATOR FOR THE ISL :
design specifications and technical options.

The designspecificationsoftheISL areillustratedinTable1.

Table 1.

Acceptable De_rable

primary, projectile P p,d,3He
production
source energy. 2500MeV .-IGeV

intensity -i00ttA _ !00ttA

beam structure CW orpulsed CW

Table 1 : Design specifications for the ISL

whilethebasicdataforprotonsfrom400 MeV to1 GeV areillustratedin
Table2.

Table2.

_ _J III I] I II I II II1 I I I IIIIII1! II ]111Jl III I I I II i HUlll|lliHrUlllr11111111 II II II II III I .....

GENERAL DATA

Kinetic ene=_y MeV 400 500 600 700 800 900 I000

Total ene:_ MeV 1338,2 1438,2 1538,2 1638,2 1738,2 1838,2 1938,2

Beta 0,71 0,?6 0,79 0,82 0,84 0,86 0,88

Gamma I,43 i,53 I,64 I,75 I,85 I,96 2,07

Ma_netic T*m 3,18 3, 63 4,06 4,48 4,88 $,27 $,65
rigid/ty

..... 1 I I Jl I !11 I1_1111It TI I I [ L...... Ill [ ! _1 III!11111IIII I ..... I! I!111II I I II I [

Table 2 : Basic physical data for protons from 400 MeV to 1 GeV



The possibleoptionsforan acceleratormeetingsuchspecificationsare:

a, Isochronous cyclotronsusing eitherpositiveor negativeion
acceleration

Similarcyclotronshave been builtas meson lactoses(PSI,Triumf)and
havebeenoperatingformany yearswellabove100ttA.The technicalriskof
such projectsisthereforenegligible.Itshouldbe notedthatthe present
isochronoustechnologyallowstheaccelerationofbeam currentsinexcessof
I mA, Thiscurrentcapabilityisnotpresentlyconsideredas usableinthe
frameoftheISL concept,and one couldthereforeobjectthatthecyclotron
carriesacostpenaltyinexchangefora beam currentcapabilitywhichisnot
reallyneededbytheproject.

Very.largeisochronouscyclotronsare normallybuiltwith a fixedfield,
excludingthepossibilityofacceleratingotherparticles,orofchangingthe
energyifprotonsareaccelerated(H"accelerationallowsvariableextracted
energywitha fixedfleld).Doingsucha verylargecyclotronwitha variable
fieldistheoreticallypossible,butwouldprobablybeverydifficult,expensive
and would use a significantamount ofelectricalpower in the correction
coils,

b. The fixedfield,alternatinggradientringaccelerator,

This frequencymodulated,f_xedfieldring acceleratorwith alternating
_adientfocusinghasfrequentlybeendescribed,buthasneverbeenbuiltin
full.scaleversion.Itrepresentsan interesting,butyetunprovenalternative,

c. A fastcycling,high currentsynchrotron

Such cyclotronshavebeenbuiltattheRutherfordAppletonLaboratoryorat
theCERN, and have demonstratedthepossibilitytomeet essentiallythe
IS'_.specification,exceptforwhatconcernsthebeam structure,

Even so,theCERN ISOLDE experienceallowsthata verylow dutycycle
cansometimebeadvantageous.

d. A high currentprotonlinac

Thisalternativeisprobablybestrepresentedby LAMF, forwhichspecifica-
tionsexceedthoseoftheISL project.

e. Positiveion isochronouscyclotrons

Acceleratorsof this familyin this energy range are probablybest
exemplifiedby the ring cyclotronat Paul ScherrerInstitute(PSI)in
Switzerland,This590 MeV cyclotronwas completedin1974and has,since
then,reliablysuppliedintenseprotonbeams formeson production,Beam
intensitygrew withtime,and iscurrently300_A on adailybasis,
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The cyclotronR.F. system is currentlybeing upgraded to allowthe
accelerationofbeam currentsup to I rub.,The magnet systemconsistsof
eightseparatedsectormagnets,The main coilsuse 650 kW, stabilizedto
5xi0-6.The finetuningofthefieldisachievedby 16 pairsoftrimcoils,
using20 kW. The totalweightofthesteelis1960tons,and ofthecoils26
tons.The R,F,systemincludes4 singlegap cavities,eachfedby a 200 kW
amplifier,ensuringan energygain of2,2MeV/turn,An additionalfifth
cavity,operatingat threetimesthemain R.F.frequency,isused forflat.

i The beam isinjectedfrom a 70 MeV, separatedSectorinjectortoppng,
cyclotronabletoprovidemore than I mA ofbeam with excellentoptical
properties.The beam is i_ected in the ring by a combinationof
electromagneticandelectrostaticchannels,Beam extractioniscarriedby an
electrostaticdeflector,An excellentturnseparationisobtainedatextraction
thankstoexcellentbeam optics,a large_2.2MeV) energygainperturn,_d
carefultuningof the cyclotron,resultingin an impressive(99,98%)

C'extractionefficiency.At theend oftheconstrutlon,in 1974,thecostofthe
ringcyclotronwas estimatedat35millionSwissFrancs,

Based on the experienceofthe PSI ringcyclotron,some remarkscan be
made abouttheuseofasimilarcyclotronasprimaryacceleratorfortheISL,

• Variablemagnetic fieldand acceleratingfrequencieswould be
exceedinglydifflculttoachieveforsucha cyclotron.As a result,both
theparticleand extractionenergyshouldbefixed.

. Onlyonebeam extractionisprovided

- The PSI experienceshowsthatwithcarefultuning,essentially100%
efficiencycan be achievedboth for accelerationand extraction,
yieldingthelowestpossibleacceleratoractivationfora givenbeam
current,However, the tuning needed to reach such extraction
emcienciesiscriticaland the machineisnot forgivingin termsof
tuningand irkjectedbeam quality,

- Althoughin theory,directacceleration_orn an ion sourceisnot
excluded,actualdesignconsiderations(forinstancemechanical

designofthemagnets)favorstheuseofa separateinjectorcyclotron.

- The positiveioncyclotronissmaller,lighterand probablyaltogether
cheaperthan itsnegativeion counterpart,especiallyforhigher
energies.

- Due to the need forth_ highestflutter(tolimitthe amount of
spiralizationneeded)a zerofieldin thevalleysisdesirable,Also,a
largerturnseparationatextractionisachievediftheaveragefieldis
lower.Finally,with an optimizedcoildesign,themagnet power in
sucha cyclotroncanbereducedtoa fractionofthetotalbeam power,
Forthosethreeconsiderations,itistheauthor'sopinionthattheuse
ofsuperconductingcoilsisratherunattractiveforsuchcyclotrons.
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We haveevaluatedsome key parametersofpositiveioncyclotronsusedas
primar:/acceleratorsfortheISLasa functionoftheextractedbeam energy.

Table 3.

............ IIHI I --- I ........ _ • II ]J_.[[ III II _L I]If]II_L]_. " .-_ ]_ __][[_[ .................................................... I I II iiiiil|i - L__

Posz_zvz :oi_ c_c_.o_oN

K_net_c ene:_ry Nev 400 500 S00 900 1100 900 1000

H+ 8pi:al anqle to: deq. 44 48 52 $4 5? $9 61
Qs=O,3
if. swj:aqe f:Leld SexY=. ) Y 1 1 % 1 1 1 1
H+ svQ:aqe ftceld (cent:.) ?_ 0,7 O,(iS 0,(;1 0,$7 O,S4 0,$1 0,48
It+ ext=, av, .'rsd.'i,,.ll m 3,11i 3, S3 4,0( 4,48 4,IS 5,3"/ S, IIS
H. po:,e =ld_a m 3, 30 3, 03 4,26 4, |8 S, 08 5, 4"/ S, 85
g,_ f:eq_ency N._s 10,11 g, OT 9,3:3 t,|(; 0,1,'/ T, T2 7,32
II+ _,_.'LOhm. Tons 100S 1,44;9 303.5 2|$9 3404 4353 S214
R.r. powe= kW |3& T21. 001. l'/g SS5 1026 11.00
Coi_ es=_-_a_e HS 24,(£ 29,41 35 41, 45 48,84 ST,22 6(,£3

............. I -- ]-7 _ ] [................ ] lit It ..................... Illlll lit I Ilia L I lit] __

Table 3. : Some key parameters of positive ion cyclotrou u_ed
as prim_ beam accelerators for the ISL as a function
of beam energy',

The costestimatesinTable3,areexpressedin1992SUS, and arebasedon
an empiricalformuladevelopedbytheauthorfittingvariouselementsofthe
productioncostsofcyclotronsrangingfrom 10 to 30 MeV, The formulais
thereforeusedveryfarfromitsestablishedvalidityrangeand shouldbe
used withextremecaution,Thosecostsincludedirectcostsrelatedtothe

acceleratorand relatedsubsystems,includingthe manpower,but exclude
overheadsor contingencies,

f. Negative ion isochronous cyclotrons

Acceleratorsofthisfamilyare bestillustratedby the largecyclotronat
TRTUMF (Vancouver,Canada),This520MeV cyclotronwas alsocompleted
in1974and hasalso,sincethen,suppliedreliablyintenseprotonbeams for

t 'meson production,ARer severalyearsofimprovement,thebeam inenszty
reachesnow currently150 _, and plansare underway to boostthe
intensityto350 _A and toachievenegativeionextractionwithoutstripping
toinjectthebeam ina systemofsynchrotronstobe usedasa kaon factory,

The manet isprobablytheworld'slargestcyclotronmagnet,andismade of
4 large(radius= 7,8m),lowfield,separatedmagnetswitha cnrmnonpairof
circularcoils,The gapisverylarge(52cm)resultingina relativelylargecoil
power' 1270kW, _dtha stabilityof2xi0.7,55 pairsofcircularcoilsare
usedtofine-turnthefieldisochronismand use68 kW,

The acceleratingsystemusesa singleacceleratinggap,operatedatthe_ifth
harmonicoftheorbitalfrequency.
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Two sets of dee plates on the lower side, and two on the upper side are made
of separated panels and are fed by a total RF power of 1100 kW to achieve a
maximum dee to ground voltage of 85 kV.

The beam isinjectedaxiallyatthecenterofthecyclotronbyan electrostatic
inflector,The externalionsourceisbiasedat:300kV D.C,and thei_ected
beam istransportedtothecyclotroncenterbya 40 m beam line,

The beam is extractedby strippingthe I-I"ionsintoprotons.Multiple
extracted beams at different energies and with variable intensity ratios can
beob_inedand areactuallyroutinelyused.

The beautyoftheextractionby strippingisthatthee_ciencyisinherently
I00_,evenifthebeam qualityorthetu,'nseparationislessthat,perfect,

The H" cyclotronisthereforea more forgi_ngmachine intermsofbeam
opticalquality,However,thereisa pricetopayforthiseasierextraction.In
a negativeion cyclotron,some beam lossesby strippingare always
encounteredduringthe accelerationprocess,This strippingiscausedby
interactionswith theresidualgas in thecyclotronvacuum tank,Another
formofstrippingisalsopresentathigherenergies:a negativeionisloosely
bound and can be dissociatedby an extremelystrongelectricfield,The
equivalentofsucha fieldresultsfromthecombinationofthevelocityofthe
ionand the magneticfield(Lorentzforce),As a result,onlya verylow
magneticfieldcanbe used tobend highenergynegativeions,resultingin
cyclotronsofextremelylargesize,

Even so,ina practicalhighenergynegativeioncyclotron,theamount of
beam lostbystrippingcanhardlybereducedtolessthanI.-5%ofthebeam
intensity,resultingina si_cant machineactivation,

The constructioncostoftheTriumfcyclotronwas estimatedat12 M Can $
in 1974,Itisnotclear,however,thatany clearconclusioncan be drawn
fromthecomparisonofthisfigurewiththebudgetestimatedfortheP,S,I,

r ringcyclotroncompletedapproximatelyat the same time,becausethe
accountingmethodsareprobablynotsimilaronbothprojects.

The experienceoftheTrium.fmachine can be used tomake some genera]
remarks about a negativeion isochronouscyclotronused as p_ary
acceleratorfortheISL.

- in such a largecyclotron,practicalreasonsdictatea fixedmagnetic
fieldand a fixedfrequency,Accelerationisthereforerestrictedtoa

singleparticle(normallyH'),However,thanks to the stripping
extraction,variableenergyextractionispossible,as wellasmultiple
extractionsatdifferentenergiesand currents.

- The cyclotronis easierto tune than a positiveion machine,less

criticaland lessdemandingintermsofi_ectedbeam opticalquality,
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- However,a significantamount ofben lossesisunavoidableduring
acceleration,leadingon thelongterm toa significantactivationof
themachine.

- Low energyi_ectionispossible,suppressingtheneedofan injector
cyclotron.

- Electromagneticstrippingrequiresthe use of lower and lower
magneticfieldswithincreasingenergy,As a result,such a cyclotron
tendstobecomeverylarge,heavyand expensive,especiallyathigher
energies,

- Due to the low fieldreq_rements, superconductivityseems
tmattractivefora highenergy,negativeionisochronouscyclotron.

We have evaluatedinTable4 some ofthekey parametersofnegativeion
cyclotronsused as primaryacceleratorsfortheISL,as a _ction of the
maximum beam energy,The remarksand restrictionsaboutthevalidityof
thecostestimationsofTable3 applyob_douslyhere.

Table4,

;--]_ "_;;.... '' _ ._ .... . . _-. .... _ .....___ 1- 1111111 ..... . II! -- J_ ----I_ ; 1111111111111 iiii ilL.

/_:'.rvz zoH
CYCLOTRCN

K_nett= energy MeV 400 SO0 600 ?00 I00 900 1000

H- 8p_=al sngle fez deq. 56 |0 63 |S 67 |9 70
Q=,,O.3
X- hL11 field T 0,46 0,SO 0,S2 0, 4"/ 0,43 0,4 0,37

M- Ivoraqo field T 0,S3 0,46 0,42 0,38 0,35 0,32 0,3
(ext;=.)
H- ivo=eqe =_eZd T O,3T 0,3 0,25 0,== O, lg 0,16 0,14
(aentr.)
X- el=:. lv_ Jrid_.| m 6 ?,83 9,79 11,11 14,11 li,46 11,95

H- pole rsdlul m 6o2 ?,83 g,?9 11,8| 14, 11 li,4t lt, gS
H" _req_ehCy Mh| S, 62 4, S8 3, 03 ), a4 =, 12 =, 47 2, 1|

H" tZUX / Sector Weber 9,08 12,32 1E,78 21,92 2?,?4 34,33 41,6(
lector re_urn 8rf. t sq. m 5,05 4,84 g,32 1a,lt 15,4a 19,0? 23,15
1.0?
lictor et. v_dth et R m S, 2 t, S6 t, 2 i, t| 11,82 :1.3,I 15, t8
IMI
_urn _id. width I 0,97 I,04 i,14 l,a2 I,3 I,38 I,46

H- _h_ Toni 2363 3724 5889 8801 12|0S 174|5 a3S62

R.r. power kW 977 1233 1542 Zt?a as23 3594 2986
Coi_: eit_.a_:e MS 2S,32 32,21 42,';1! SiS, IS 74,4'7 94,1)7 124,9;1

-_ ._ _......_i; _ ] _.. " ..... -; --- ]-- ..,_ -] _ ..... llilllUl _ LllJ- III L__. L.........J[J]l]___ -

Table 4. : Key parameters of nes[atlve Ion I=ochronous
cyclotrons used as primary accelerators for the ISL as
a Nnction of maximum be_ eners"y,

To illustratethevery largesizeofnegativeioncyclotrons,Fig,1 showsthe
conceptualviewofthemagnetofa 600MeV, negativeioncyclotron,
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g. The FFAG.

The fixed field, alternating gradient ring accelerator could represent a new,
alternative technical option for the primary accelerator of the ISL. The
FFAG can be described as a ring accelerator where the field is fixed and the
frequency is modulated to track the increase in orbital frequency of the ions
from i_ection to extraction. The axial focusing is obtained, like in an
isochronous cyclotron, by azimuthally alternating high and low field

' n d 'reg_o s, and by spiralling the field boun aries, In order to reduce the radial
extent of the ring, the injection and extraction trajectories are much closer
thanwhat theywouldbe inan isochronousringcyclotron.As a result,the
fieldrisesstronglywith radius,and the revolutionfrequencyoftheions
increaseswith increasingenergy,The accelerationsystem is therefore
frequencymodulated,and usesthephasefocusingprinciple,as usedinthe
synchrocyclotron,However,unliketheclassicalsynchrocyclotron,thephase
stablere$onistherisingpartofthesinewave.

Inordertostayaway fromdangerousresonancesthebetatronfrequencies,
QR and Qz remainquitefixedintoa saferegionduringacceleration,either

by keepingtheflutterand thespiralangleconstant(thisrequires,then,
variablegap magnets)or,iffixedgap magnetsarepreferred,by matching

theflutterand thespiralangletoobtainquiteconstantaxialfocusing,

The tableS illustratespossibleparametersfora conceptualFFAG that
wouldaccelerateprotonsfromI00MeV up toan energyofIGeV,
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TABLE 5.

- _ l, -- i _ ,,,,l i ,i i Ill I I I I llll __ ,, , ,, ,,,

F.F.A.G.

INJECT. EXTRAC .

Kinetic energy MeV I00 I000

Total energy MeV 1038,2 1938,2

Beta 0,43 0, 88

Gamma I,11 2,07

Magnetic rigidity T*m I,48 5, 65

Radius m 4, 65 5, 65

Average field T 0, 32 1

Field index 5,85 5, 85

Hill to valle7 azim. 0,32 1
ratio

Flutter 2, 63 0,25

Spiral angle for Qz = de_. 65 82
4.15

Approx. Qr 2,63 2, 63

Orbital freq. Mhz 4,4 7,4

Total weight Tons 57 0

R.F. power kW 400

Cost estimate MS 15,28

Table 5 : Proposed parameters for a conceptual 1 GeV FFAG.

The magnet described in Table 5 is illustrated in Figure 2.
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The repetitionrateof such an acceleratorisdictatedby the available
acceleratingvoltage.A repetitionfrequencyof1000hz wouldrequirea total
accelerationvoltageof300 kV. Such a totalacceleratingvoltageper turn
representsan interestingchallengefora frequencymodulatedsystem,but
couldbeachievedbytheuseofmultiplecavities.

i

In thatcase,an averagecurrentof100ttAcorrespondsto6x1011protons
perpulse.

The circulatingcurrentat i GeV wouldbe 730 mA and,ifwe assume a
phasebucketof60°,thepeak beam currentinthebucketwould be 4.4A,
Whilethismay soundlikean extremelyhighcurrent,speciallyfora low
emittancebeam,one can remark thatthe spacechargeforcesassociated
withsucha beam atI GeV areactuallysmallerthanina 5mA beam at30
KeV (thislastvalueis routinelyused in the injectionsystem of H"
cyclotrons)and the expectedspacechargeinducedtune shiftwould be
negligible.One couldhoweversuspectthatotherkindsofcollectiveeffects
similartobeam breakup instabilitiescouldappear.

Insuchan accelerator,a 10% timewindow inthecyclecouldbeobtainedfor
injectionby providinga smallisochronousregionattheinnerradiusofthe
ring,By thisway,theinjectedbeam couldcleartheinjectionseptumand be
storedand accumulatedon an orbitlocateda few centimetersoutsidethe
injectionradius.

The injectedbeam couldbe providedby a separateisochronouscyclotron,
providingpulsesof I mA at 100 MeV. Approximately500 turnsstorage
wouldbenecessaryintheFFAG beforestartingtheFM acceleration.

The extractionat I GeV couldbe achievedina singleturnmode using
kickermagnets.Alternatively,onecouldthinkofa slowextractionusinga
stillundefinedresonancescheme.

Compared toan isochronouscyclotron,theadvantageofsucha FFAG would
bethefollowing:

- Due tothesmallerradialextentofthemagnet,theweightand the
costoftheFFAG canbe much lowerthanforan isochronouscyclotron
ofsimilarenergy.

- The magnettuningislesscritical.

- The fieldbeingnon isochronous,theaccelerationofotherlightions
likedeuterons,alpha particles,3He2* couldbe possiblewith an

appropriatemodificationofthefrequencyprogram.
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The disadvantagesoftheFFAG, comparedtoan isochronouscyclotronare:

- The accelerationiscyclic,and notC,W..The intensityistherefore
lower than in an isochronouscyclotron,but largerthan in a
conventionalsynchrocyclotron.,thankstothelargerinjectionenergy,
An averageintensityof 100 ttAseems feasiblefrom spacecharge
considerations.

- Unlessa slowextractionmethodisdevised,theextractedbeam duty
cyclewouldbeverylow,witha repetitionrateof100-1000hz.

- The R.F.system,ha_ingtoachievea wide frequencysweep witha
high energy gain per turn representsa significanttechnical
challenge.

. The injectionand extractionsystemshave neverbeen studiedin
detailand are probablymore complex than in an isochronous
cyclotron,However, the provisionof an isochronousregionat
injectionseemspossibleand the extractionmethods developedfor
synchrotrons(eitherfastorslow)shouldapplyalsohere.

- Last but notleast,no "fullscale"FFAG was everbuilt,but only
electronmodels (MidwesternUniversitiesResearch Association-

MURA, attheUniversityofWisconsinatMadison).
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h. The cyclotron as secondary accelerator for the ISL.

The specificationsofthe post-acceleratorforthe ISL are summa_zed in
Table6.

TABLE 6.

Design specifications for the ISL

Acceptabie Desirable

Energyrange 0.2toi0MeV/amu

Energy.resolution <1% <0,1%

Mass Range Ito240

Z Range Ito96

Transmission _ 80_ _ 90%

(notincluding
stripping)

Intensity _ 1011part./s < 1012/part./s
(atpeakofobserved
mass distribution)

RNB _-4 x i038(s-Icm"2) >4 x 1038(s'Icm'2)
ProductionLuminosity

Emittance --1_.mm.mrad < 1_.mrn.mrad
(normalized)

Table 6 : Design specifications for the ISL post accelerator.

Here again,differentaccelerationoptionscanbeconsidered:

- A C.W. linac(probablysuperconducting),ora combinationoflinacs
separatedby strippers,would probablyofferthe best possible
transmission,and a veryhighbeam quality.However,theflexibility
requiredbytheprojectmay bemore difficulttoachieve.
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- A smallsynchrotronis probablya very flexibleand very light
accelerator,However, due to the very long path strippinglosses
would probablybe _acceptable,Also the shortduty cycleof a
synchrotronat injectiondoesnotmatch the essentiallycontinuous
natureoftheradioactiveionbeam source,and some kind ofstorage
devicewouldbeneededtomake thesynchrotronusableinthiscase.

. The isochronouscyclotronisprobablythemost attractiveaccelerator
intermsofflexibility:themagneticfield,theaccelerating_equency
and theharmonicnumber can be variedin orderto match a wide

range of experimentalneeds,The very largemagnetic rigidities
requiredby the heaviestbeams indicatethat a superconducting
cyclotronwould probablybe desirable,However,_he globalbeam
transmissionsachievedin today'ssuperconductingcyclotrondo not
meet theISL specifications.Lower field,separatedsectorcyclotrons
asusedatGANIL (France)haveachievedhighertransmission.There
ishoweverno physicalbasispreventinghigh fieldsuperconducting
cyclotronstoachieveveryhighbeam transmissions,

The maximum energyachievablefora givencyclotronmagnet sizeisgiven
by thefollowingformula:

(E/m)= 47.94(Bp)2(Qlm)2

E/m inMeV/amu

Bp inTesla.rneter

the term 47,94(Bp)2 iscalledtheK.factorofthecyclotronmagnet and is
expressedinMeV,

The largestsuperconductingcyclotronsbuilttodayhave a K-factorof1200
MeV, correspondingtoa magneticrigidityof6T-m,

Ifsucha cyclotronwas builtas a postaccelerator,a Q/m of1/10wouldbe
neededtoreach10MeV/amu,

Anotherimportantformulaina cyclotronrelatestheorbitalfrequencyofthe
ionstothemagneticfield:

fMhz = 15,26 Q/m BTesla

Using thoseformulas,we can buildtheoperatingdiagramoftheproposed
cyclotron,
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SOME ASPECTS OF LINACS AS APPLIEDTO THE iSL BENCHMARK FACILITY

K.W, SHEPARD

Arsonn¢ National Laboratory, Argonne, lllinoL_60430

Introduction

_is paper considers several aspects of using llnacs in a radioactive beam facility in
terms of the Isospin Laboratory (ISL) Benchmark Facility (BMF) plan, described in the
1991 white paper for a posslble radloactive.beam laboratory [1], The BMF is outIlned
schematically in Fig. I. Re intention is not to review comprehensively the application of
llnacs to an ISL facility, but to compare in outline fo_ several linac options for such a
facility. Particular emphasis is given to the use of superconducting rf technolo_ for the
secondarybeamaccelerator.

In what follows, first a possible normally,conductlng llght-lon llnac for a primary
beam acceleratorisbrieflyoutlined.Men theperformanceandcostoftwooptionsfora
secondarybeam acceleratorarecompared:arecentdesignforanormal-conductlngcw llnac,
andan ATLAS-typesuperconductinglinac.Finally,some oftheproblemswhichmay be
encounteredattheentranceofasecondarybeam linacarediscussed.

! have included cost estimates with some reluctance and only because it is impossible
to comparetechnicaloptionswithoutsomediscussionof costs, Although an effort hasbeen
made to indicatethe sourcesand assumptionsunderlyingcostestimates,pleasenote that
anycostsmentionedmustbe consideredas 'ball-park'numbersusefulfor only the most
rudimentaryplanning. Even for elementsof the BMF whichcanbe modeledon existing
linacs,costcomparisonsbetweendifferent institutionscan be difficult to make, Cost
estimatesfor elementsbasedon untesteddesignsor futuretechnical developmentare
necessarily highlyspeculative.

Primary Beam Llnac

As hasbeenpointedout elsewhereat thisworkshop[2], oneoption for a primary
beam for ISL wouldbe to usea 200 MV linacdesignedfor a chargeto massratio of 1/2,
Sucha linacwouldpermit theuseof a varietyof fully strippedlight ions(He=',=H',,,,, N)
for a spallation source. The particular llnac discussed would deliver 100 MeV per nucleon
ions at a 2% duty factor and a pulse rate of 100 Hz, and provide 100 KW of beam power.
An ion iinac of this size, or larger machines providing substantially more voltage, is
commercially available at a cost of roughly 10¢ per volt for the linac itself, including rf and
vacuum systems, but not including the ion source or building and utility costs [3]. Such a
linac could also be used as the injector for a 500. 1000 MeV proton synchrotron for a
higher energy spallation source as discussed in the BMF plan.

Another possible option for the primary beam option could be a superconducting
linac. The most nearly comparable existing machine may be the CEBAF electron linac, for
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whichcurrentconstructioncostsare also roughly10¢per volt [4], assumingan operating
gradientof 5 MY/m, Althoughno largesuperconductingproton linachasyet been built,
acceleratingstructuresfor the necessaryvelocityrange have been developed and show
excellentperformanceinsingle-resonatortests[5]. IfCEBAForsirrdlarfacilitiesproveable
to operate at accelerating gradients substantially in excess of 5 MV/m, then the
superconductingoption for a primarybeam acceleratorcouldbecome advantageous,

_ondary BeamAccelerator

Thesecondarybeamacceleratordefinedforthe benchmarkfacilityisstraightforward
afterthe firststripping.Wewill referto thisportionof themachine,withener_,greater
than100keV/u,asthesecondarybeamlinac.Forthe]tnac,severaloptionscurrentlyexist
whichcanmoreorlesssatisfythespecifications[1]. Moredifficultproblemsarepresented
bythe initialsectionof thesecondaryaccelerator.We will referto thisportion,where
energylessthan100keV/u,asthesecondarybeaminjector,Thedifficultieswithdesigning
the injectorresultprimarilyfromrequiringat the sametime a normalizedtransverse
acceptanceof upto l fr,ram. rm'ad,chargestate as lowas 1/238, and a finalbeam energy
spread6E/E s 10":sor better[1].

We proceedbystartingwiththe lessspeculativeport/onof the machineandcompare
twooptionsforthesecondaryltnac:anATL.AS.typesuperconductingltnac[6] andarecent
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designfor a room-temperature,normally,conductinglinac basedon interdigital H.tD)e
acceleratingstructures[7].

SuperconductingLInac

The high effective shunt impedanceof superconductinglow-velocityacceleratinl_
structuresnot onlyprovidesfor cost-effective_ linac operation,but alsoenablesdesign
optionswhichcanprovideexceptionalbeamqualityandoperationalflexibility. Sincethe
cavitygeometryis not sostronglyconstrainedby theneedto minimizerf losses,for heavy-
Ion linacsthe followingdesignchoicesare typical:

1. Drift.tubes of large aperture provideexceptionaltransverseacceptanceand
excellenttransmission.

i

2. Very shortresonantcavitiescanbeused,whichintrinsicallyprovidebroadvelocity
acceptance(typicallya factorof tworangein velocity).Byoperatingsuchshortcavitiesin

PL-1OO LINAC CONCEPTUAL LAYOUT
,--'TT"I . I _- I![W - ill/ Ilili II - i " i-_ii ] !_i "-]][.- IlL. '-ILl ................... _'_- i_ _i_,_-_ i I -IIH _ Iill II 'H

Fig, 2, Linacssuitable for u light-ionprimarybeamare commerciallyavailable. Shownis
the layoutof a 100MV protonlinac(courtesyofAccSyslnc,),
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an independentlyphued array,onegainsoperationalflexibilitynot
onlyin beingableto varythe linacvelocityprofile,but, moregenerally,inachievinlla high
degreeof controloverionsttudtnalphasespacewhich,as is discussedbelow,hasenabled
heavy.ionbeamsof unprecedentedquality.

In whatfollows,we takeasrepresentativeof SCltnacstheATLAS acceleratorwhich
tstypicalof thetechnologyandtsthelargestoftheseveralsuperconductingheavy-ionlinacs
currentlyin operation[8], ATLAS ispresentlyco_8ured to ac_lerate ions as heavyas
uranium(Q/A m 1/10) from energiesof 35 keV/u to 6 MeV/u andabove:ATLAS could
be usedwithoutmodificationasthe BMF secondarybeam lina¢from35 keV/u on,

Normally<onducllnilIH.ali'UeiureLinae

For a normally.conductingltnacfor radioactivebeams,themostattractiveoptionat
thistimesee_ tobe a llnacbaaedon]H.stru_ures [9]. Thedesigndl_uued hereisbated
onveryhighshunt.impedancestructuresrecentlydevelopedspecificallyfor radioactivebeam
application[7]. in particular,effortwasdevotedtoobtaininga capabilityfor _ operation
and good transverseacceptance. The velocityrangesused in Table I below in fact
correspondto the 5 differentIH-structuresdevelo_d by the Moscowgroup [?].

Comparisonof LlnaeParametersand Pe_rmanee

Table l showssomebasicparametersof the two Ilnacdesigns,each evaluatedat
severaldifferent particlevelocities,Linear acceleratorsbeingmodularandextendablein
fairlysmall increments,we normalizeall parametersto the amountof linac required to
producea given amount, I MV, of effective acceleratingpotential. This enables,for
example,scalingthe linacdesignto accommodatedifferent¢harllestates.

Table IA. Someparametersfor theATLAS ltuperconductingionltnac[6, 10]. Seetextfor
details.

L ,,,,, N , ,, ,,, ,,,I!1i.......... = ..........

_ Velocity/c ,016 ,024 ,050 ,086 , .ll0
.............. ii i i]]]i = .... ii _ . w - __L..-

_ rf frequent 7 48,5 MHz 48,5 97 97 97i I ii i1 ] iii II ...... _ 1[ ................

Length / MV _ cm/MV 62 69 62 62_JJ III!il_ ..... H "_ HI J I ._ _ [ .... [11111111111

Power / MY ' 13,S KW/MV 9.5 11,5 7.6 7.6
I1 ilia j i Ilia I [ iiii ]__1 iiii[lllli _ i LI _[ L[ll T • .L. J___

|

Cost/My 390KSlMV 290 240 180 IS0' _ I I I .......

'Based on the ATLAS refrigeration efficiency of roughly I KW per watt: an up.to-date
systemcould nearlydouble the efficiency, reducing the power requirement shown by nearly
a factoroftwo,
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Theparameters_,,lo_ areasfollows:

rf frequency,operattn8frequencyof the acceleratingstructure,not the bunch
frequencywhichis usuallya sub-ha_ordc

_nith / MV - 'realestate'lenjthof Unacrequiredtoproduce1 MV of effective
scceleratin8 _tential: a p_-llcle of eharje 0 jairu enerily GE-Q. 1 MeV in
traversin8this Jenjth,

Power/ MV- total'wall.plus'electricalpowerrequiredtooperatetheaboveI MV
lenjthof linac.

Cost / MV. equipmentcostfor the Iinacequipmentonly, includln8cryoBenic
refrijeration,rf,andvacuumsystems,butnotlncludinjanybulldinjorutilitycosts,
or anyelementsprecedtn8or followtn8the Unacproper. See_rther discussion
below.

ForthesuperconductinJltr,ac,thecostflares arebasedonconstructionexperience
withA_S, normalizedto 1985dollars.Costsfortherd linacdesired bytheMoscow
8roupare moredifficulttoestimate,Thecostfl_res shownarethose8fvenby H, Kdein
and R. Muller in 1985for a similarIH linacdesijn [11],and presumablyreflectsthe
constructionexperienceat MuNch_d Gel,

TableIB • Someparametersfornormally-conductin8ion linacbasedon IH structures[7,
11 See text foran ex danationof thecostestimates.

_- _ .[ I_ ..... INIIIIIIIIi _-- II _ II iiiiii iii Ill [_ __ _ L

rf frequen 27 MHz " 2? 54 108 108

_nEth / MV 74cm/MV 100 59 58 . 63_ .... - _ IIII ___ : ................. _--- _g._ -- " j j_ ]If Illll _ : ? : I!lfl

pow,er_ MV 5,T KWIMV 13.9 15.2 16.7 17.7-- _ ...... " ---. I INI --: " --. III -- I IIIJJ IITnllJJ 1 : --- "i I ---_ __ -- {ILE_ III ..............

Costt MV - 210KI!MV __210 ..... • __ -
-- r il i Hill llUllI - I I IH ............

A strikingfeature of the above tables is howsimilar In cost, len8th, and operating
power the twovery differenttechnicaloptlomare. Performancecharacteristics,however,

discussedbelow,favorthesu_rcondu_in8option.

Output Beam Characteristics

Althou8hthepublishedrequlrementzfor theBMFspectf_onlytheenergyresolution
of thesecondar'#beam.for manyexperimentsthelonaitudinalernlttance,or time.eneriw
spreadis a moreimportantparameter.At ATLAS,whereflme.of-fliahttechniqueshave
proventobean importanttool,thelonaltudlnalemtttancehasbeen_ to bein the
ranie 10 to 20ft. keV.nsecfora numberofdifferentbeams[6]. Suchbeamqualitywill he
hardto producein a normal!y-conductinillnac.Forthe]H ltnacdesianedby the Moscow
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group,data given in reference ['7]implysubstantiallylargervalues of longitudinal emlttance,
perhaps as great as 400 _. keV. nsec.

For thesuperconductinglinacs,outputenergycanbe variedeasilyandcontinuously
with no degradationof beam. In an IH.structurel!nac,outputener_ can be variedby
reducingthe rf levelin the finalstructure,ingeneralthebeamemlttancewouldingeneral
be substantiallydegradedin thistechnique.

_ndar'y BeamInjector

_e desiredspecificationsfor an ISL seconda_beaminclude:
Energyresolution 0.1%
Charge / Mass down to 1/240
Emlttance(normalized) I_. m.m,mrad

Severaldesignshavebeenpresentedfor an RFQ injectionsection[7, 12]designed
for Q/A of 1/60. A recent designalso appearsto provide the desired(very large)
transverseacceptance[7]. CW operation,however,remalruto be demonstratedfor these
designs,whichare pushingstate.of-the.artfor _ field level.

Althoughveryhighrf electricfield gradientshavebeen obtainedin testsof short
superconductingRFQ structures[1.'1],applicationof thistechnolojytoa BMF injectorwould
not be straightforward.This is becausethe requirementof large transverseacceptance
dictatesa large beamaperturefor the injector. This in turn forcesthe useof a low rf
frequencyto obtain an efficient acceleratingstructure. A fundamentalproblemwith
superconductingaccelerating structures,particularly for heavy-ion applications, is
maintainingsufficientstructuralrigidity to enable rf phasecontrol in the presenceof
microphonic.inducedphasenoise[14]. At thepresenttime, 50 MHz seemsto be thelower
limit of frequencyfor phase-controllablesuperconductingstructures[14, 15],probablytoo
highu frequencyfor a superconductingRFQ injectorstructurewhichcan satisfyall the
previouslymentionedrequirements.

Given the difficultyof producingsufficientelectricfield in an RFQ structure,it is
surprisingthat all the designspresentedto date includean adiabatic bunchingsection
(producingno acceleration)that occupiesas muchashalf the RFQ structure. Use of a
separatebunchingsystemto directlyinjecta moreefficientRFQ ndghtprovean attractive
designchoicefor the followingreasons:

1.Severalexistingsystemsusegridded-gapordouble.driftbunchingsystemsthatcan
bunchmorethan80% of theentrancedcbeamandwhichhaveproventobe straightforward
to useandcost.effective.

2. A properlydesignedgriddedgapor doubledrift bunchingsystemwill produce
substantiallybetter (smaller) longitudinalemittancethan an RFQ adiabatic bunching
section.
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3. With a separatebunchingsystem,thebunchfrequencycanhechosenindependent.
iy of the acceleratingstructurefrequencyor canevenbe varied for different beamsand
applications.

Conclusions

A variety of proven iinac options exist for a primarybeam linac, and for more than
90% of any secondary beam linac for an ISL facility. For the secondary beam, a
superconducting Itnac presently offers the best beam quality, energy variability, and
flexibility in terms both of system operation and upgradeoptions. Normally-conducting IH.
structures at the present time probablyprovide lower costs at very low velocities (say below
250 keY/u).

The most problematicarea is the secondarybeam injector, At present,a low-
frequencyRFQ sectionseemsto be the bestchoiceand severaldesignsfor suchRFQ
sectionshavebeenpublished.Howevernodesignhasevencomecloseto meetingall the
desiredgoalsfor the ISL BMF, nor is likely to in the immediatefuture. To facilitate
machinedevelopmentinthisarea,itwouldbehelpfulto moreclearlyestablishrequirements
andtradeoffsconcerningthe variousbeamparameters.The followingare suggested:

1. The ISL DesignSpecificationshot:ldincludea goalfor longitudinalernittanceof
the secondarybeam, and notjust energyresolution,as is now the case, If time-of.flight
techniquesare to be availableat ISL,,thena longitudinalemtttancebelow,say,40n. keV.-
nsecwouldbe desirable.

2. For designof the secondarybeaminjector,it wouldbe helpful if guidelineswere
developed for the tradeoff required between transverse acceptance and initial charge state.
Possiblymore than one injectorsectionmightbe desirablefor ISL, to handle the various

r 'and sometimes conflicting eqmrements,
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Section111

Reportjgom Discussion Group on Accelerators---
Primary and Secondary

J. M, N_tschl_

l

Introduction

The ISL White Paper (WP) offers many options in the choice of primary and

secondary accelerators, and existing facilities (such as ISIS, PSI, LAMPF, TPAUMF,

ATLAS, ISOLDE, and Louvain) can serve as models in selecting a configuration. Wtth

the Benchmark Facility of the WF'as a startingpoint, the ISL concept has now been

expanded in several ways, some of which are shown in Fig. 1.

Three target stations are desired to ensure uninterrupted RNB delivery and the use of

a variety of targets and ion sources:

• The first target station could be dedicated to conventional targets and ion sources
similar to those used at ISOLDE.

• The second station could house both laser- and surface ion sources because they

are mechanically similar.

• The third station could be designed specifically for targets coupled to ECR
sources.

In addition, two separators are foreseen: (1) a general-purpose separator (GPS) for the

ECR source operating at a constant E/g of 10 keV/g and (2) a high-resolution separator

(HRS) for the first two stations operating with a constant ion energy of-100 keV. The

first RFQ would only be needed for the HRS branch to boost the energy from 1 or

2 keV/g to~10 keV/g.

Primary Accelerator

Insights were sought on the operating and capital costs associated with different

approaches to producing the primary beam (i.e., different kinds of cyclotrons,

synchrotrons, and LINACs).

A 600-MeV sector-focused cyclotron for protons (about 10 m in diameter with an

internal ion source and a total RF power of about 300 kW) costs about $35 million
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withouttheinfrastructure.Theoperatingcostwasestimatedtobe$4to5million,This

cost is aboutanorder of magnitudeless than, for example, LAMPF;however,a newer
LINACdesign could reduce the operatingcost significantly. Theredid not seem to be

much differencein price between normal-conductingand superconductingLINACs.

Based on CEBAF cavities, costs of .0.1 SN werequoted, which would bring the price of
a 600-MeV LiNAC to $60 million.

The costs for a fixed-field altemating-grad/ent(FFAG)machine anda rapid-cycling

synchrotronneed to be looked at, Blosser suggestedconsideringa K = 1200 cyclotronto
producea primary beam of 600-MeV deuterons.

No conclusions werearrivedat for a preferredapproach,andno requirementwas set

for variableenergyalthough the opinion was voiced that the primary-beam current must

be variable between i and 100gA. The primaryacceleratorshould be located at a site

that has experience with the selected type of device.

The optimal primary-beamenergy was discussed. The ISOLDE group hasclaimed

that, for certainnuclei farfromstability, an orderof magnitudeincrease in yield can be

expected when going from600 to 1000MeV in the primary-proton.beamenergy. If cost

werenot an issue, the optimal protonenergywould probablybe -1.5 OeV,

Little attentionhas previouslybeen paid to the requiredbeam quality of the primary

beam. However,calculations have shown that it will be difficult to cool the centerregion

of the target, and it has been suggested that a hollow primarybeam be used. Itcan be

producedfroma conventional beamwith quasi-Gaussian intensity distribution through

the use of a "wobbler." This schemerequiresa good transverseprimary beam ernittance

of only a few _ mm-rm'adians. No particularlystringentrequirementsarc needed for the

longitudinal emittance. A hollow beam wouldalso have otheradvantages,as discussed
in Section II.

The macroscopicduty factor of the primarybeam can have a strongeffect on the

design of the frontend of the postaccelcrator. Extremeduty factors (i.e., -10"6 at the

Booster-ISOLDEat CERN) requirepulsed-extractionpower suppliesfor the ion

source(s), Intermediateduty factorstypical for fast-cycling synchrotrons,FFAOs, or

pulsed LINACs invite furtherstudies. The least complications areanticipated with a
continuous wave (CW)beam structure.

The role of light ions as primarybeamswas discussed. A 10-pgA 12C bemn of 100
MeV/g was said to be equivalent to a 100-gAproton beamat 500 MeV. However,it

should be borne in mind that any comparison of protons andlight ions as primary beams

must depend on the nuclide being produced. Light-ion intensities werepointed out to be,

in general, one or two ordersof magnitude lowerthan protonbeams, and the power
densities in many target and windowmaterials may exceed present technological limits.
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Secondary Accelerator

Thecharacteristicsof the ion sources,in particularthe q/A ratioof theproducedions,

have a profoundeffect on thedesign of the postaccelerator.ECR sources arepresently

the onlycontenderforthe efficientproductionof highly chargedions.
The considerationof ECRs startedwith a discussionaboutthe emittances (ECR

emtttancesbetween a few tens and800 n mm-mradianshave been quoted)andincluded

statementsthat theperformanceof ECRshas notbeen well characterized.ECRs,

therefore,have greatpotentialfor R&D, Using ECRsfor volatile productswas suggested
becauseit would allow isolating the targetfrom the intenseradiationby a transferline

fromthe targetthroughshielding.

Purportedly,ATLAS now injectsat a q/A of 0.1, and OANILis basingits RNB
projecton q/A =0.15 for A a 100;if suchhighq/A ratioscan be achievedroutinelyand

efficiently, the first _Q can be bypassed. For the second RFQ, the problem of htgh

emittance can be handled more easily (see below).

Beam Purity

The question of beam puritywas addressed in somedetail. Themost extreme

demand came from astrophysics with impurity levels of <10"5, for example in the case of
19F.

Beam purity is affected by several machineparameters: primary beam characteristics,

target matrix and temperature, selective Ionization (including photoionizationby lasers),

chemical processes in the target and ion source (i.e., the formation of chemical

compounds), physical and chemical separation steps (i.e., condensation and

fractionation), electromagnetic analysis, stripping, and more. To obtain the required

beam purity, several of these processes will have to be employed concurrently.

Shortly after the workshop, a new idea for additional beam purification was proposed

by M. Nitschke. In that concept, a gas-filled separator would be used to obtain Z

selection within a chain of isobars that previously had been separated by a conventional

isotope separator. The basic idea is that the mean magnetic rigidity of an ion moving in a
magnetic field is given approximately by Bp ,, const. A Z"1/3. It follows that the relative

change in bending radius is related to the relative difference in Z via 8pip - -0.33 8Z,/Z.

A gas-filled separatorcould, for example, be installed in one the stripper regions where
ion energies are I to 2 MeV/l.t. Whether the unavoidableemittance deteriorations

introduced by the gas and the windows can be tolerated must be investigated.
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Two types ofacceleratorswere consideredforpostacceleratlon--RFQsand

cyclotrons,

IfECR sourceswithhighmetalefficiency(238U30+)canbedeveloped,acyclotron

withK = 600,withnostripping,producingI0MeV/p U 30+or50MeV/p O s+,andwith

single.turnextractionforgoodbeamqualitymightbeanattractivesolutionforpost-

acceleration,

Conversely,RFQs andLINACs havebeenusedsuccessfullyfortheefficient

accelerationofheavyionsinthepast.However,RFQ focusingrequirementsmake it

difficulttoachievelargeacceptancesforlowionvelocitiesandlowq/Aratios,

Specifically,withpresenttechnologies,238UI.atIkeV/pprobablycouldnotbefocused

inthefirstRFQ,

H,Schneiderpointedoutthat,withB asthefocusingcoefficientforanalternating

gradient field, the Matthieu equt)tiondefines the stability regime:

q;  Xvq ;L,vB=:_ _ ,i _

MC 2a2 Mc 2

If q/_tc2 is too low, B will be lessened and will have to be compensated for with

increased V and _.. A B of less than about 3 will be underfocusing; and a B in the region

of 4 to 8 would be desirable. Thus, reasonable designs should aim at B = 4, but not

below, A V must be chosen that is as high as possible (,.-2x Kilpatrick); at 25 MHz, it

can go to 13 MV/m, As a point of reference, RFQl at Chalk River National Laboratory

is designed for 1.8 Kilpatrick. Frequencies as low as 10 Ml-Izmay have to be considered,

Using an RFQ with no modulation was suggested for focusing the be_.

It was also suggested that a 10-T superconducting solenoid could be used for

focusing, but it would take a big developmental step to do that in practice, Clearly, the

RFQ was identifiedasneedingamajorR&D effort.

To achieveaconstantinputvelocity(e.g.,2keV/_)forthefistRFQ, ithastobeput

onahigh-voltageplatform(e,g.,380kV),Also,arod-structureRFQ withrodsfloating

onHV potentialwassuggested.Superconductingstructurescouldalsobeputona HV

platform.Theliquid.heliumtransfermay presentaproblem;however,CRYEBIS, for

example,hasaliquid-heliumsystemgoinguptomorethan100kV. H.Schneiderfrom

TRIUMF discussedhow highvoltagecouldbeputon thevanesofanRFQ. H,Wollnik

andR,Mooresuggestedfloatingallorpansofthemassseparatorsandkeepingthetarget

atgroundpotential.Thiswouldsimplifymany designproblemsinthehigh-radiation
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field nearthetarget, The efficacy of putting theRFQon a l-IVplatformwas debated
becauseRFQ focusingis independentof injectionvelocity. Clearly, detailsof the

potentialdistributionsalong the frontend of the ISL complexhaveto be lookedat
further.

W. Talbertreportedon a studyatLAMPFof an initialLINACstagefor the ISLby P,
Oscroumov,A. Lombard/,andA. Pisent. Theyconcludedthata factorof 2 or 3 in input
energy(2 to 3 keV/_) and areductionin the u'ansverseacceptance,_pe,cificationswould

helpa lot. TheLANL studyalso indicatesthat a massrangeof 6 to 240 is extremeand
thatdifferentfront endsmay be neededford/fferentmass ranges, Their feeling is that the

maximum q/A thatcan be accomplishedat this time is probablyi/60. Going beyondthis

value wouldrequireR&D and new te_:hnology.Some would say that even 1/60 is

pushingthe technologytoo farandmay not work. Japaneseresearchershave evidently
achieved1/30, yielding 1,5 MeV/p,for238U and5.0 MeV/p.for a mass of 80,

Anotherpointof concernwas the dutyfactor(DF) thatcanbe achievedwith RFQs.

ChalkPAverhasanoperatingCW RFQ. The Japanesegrouphas a split-coaxRFQ thatis
expectedto operateat 30%DF forq/A = 1/30 and an energygain from2 to 170 keV/_.
TRIUMFhas anRFQdesignforq/A ,, 1/60 andan energygain of 0.8 to 60 keV/_

operatingat 25 Mhz. Therewas generala_ement thatit will be difficult to findan RFQ

design that simultaneously satisfies the demandsfor CW operation,low input velocity,

low q/A, and reasonableacceptance. The latterpoint also has to be addressedfromthe
I

ion-source side, wherereducedemittances would benefit the entirepostaccelerator

design. P. Pauldiscussed the design of superconductingRFQs, which would inherently
have a 100% dutyfactor.

After the Workshop,we learned fromA. Schempp aboutthe development of a room.

temperature"spiral RFQ"at Oesellschaftfur SchwerionenForschungfor Xe1+. It has an
energygain of 2.4 to 20 keV/g and is claimed to be able to operatein the CWmode. The

prototypeis ,4m long and operatesat 27 Mhz.

Substitutinga cyclotron for the RFQand the high-resolutionspectrometerwould

combine the function of the mass separatorand the accelerator. H. Blosserestimated that

a K = 600 cyclotron would be required.

LINACs

SuperconductingLINACs would be possible above 100 keV/g. Such devices have

verygood energyresolution, but need developmentefforts for lowerenergies. To make
use of the excellent energyresolution, it might be worthwhileconsidering whethera
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LINAC couldbeusedforisobaricmassselectionwhencombinedwithahlgh.resolution

spectrometer,

A weakpointinthepreviousISLBenchmarkFacilitywasintensitylossescausedby

snipping,Forveryheavyions,thesecanamounttomorethananorderofmagnitude.

Theconceptofa"chargestateenforcer"presentedbyF,Selphand0._bner could

greatlyreducesuchlosses.

The nextpointin the discussiondealtwith longitudinaleminancesof post-

acceleratingstructures.Forexample, at ATLAS,becausethe longitudinalbeam

emlmmceisverygood(3toI0nkeV-ns),theexperimentersshouldbepolledtoseewhat

the _ulrements for the ISL are. Itseems that tens of keV-ns at_ = 10.4 are
achievable.

RFQscan provide50 to 60 keV-ns,whichwas reportedfor a designby P.
Ostroumov,Moscow. However,the adiabaticbunchingin an RFQdoes not conserve

longitudinalphase space. Independentbunchingmight be a solutionbecause it would

allow selecting independentbunchingproperties(frequency,for example).
It was stressedat seve_ occasionsthat the transmissionthroughall ion-optical

deviceshas to be ashighas possible(typically>90%) to avoid beam losses and
radioactivecontamination.

I.-Y. Leereportedon the use of a storageringfor_s. Forbeam currentsof

_106/s, internaltargetexperimentswill give higherluminositiesthan single-pass

experimentsIx.causeof multiple targeto'aversals.Consideringthe many attractive

featuresof storagerings,theirpotentialfor the ISL shouldbe furtherexplored. The
Europeansapparentlyhave builta 10-MeV/l.tstoragering for as Htdeas $750,000.

BeamParameters

The energydesired for the postacceleratorencompassesenergiesappropriatefor

experimentsin astrophysicsthroughthe coulombbarrierandbeyond. Some participants
arguedforenergiesup to I00 MeV/l.t, It was, however,pointedout that this overlapsthe

rangein whichprojectile-fragmentationfacilitiesoperatesuccessfully,anda moremodest
energyvs mass profileemergedin thediscussions:

30MeV/l_uptoA = 60

20MeV/_uptoA = 150

I0MeV/_uptoA = 240
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LINACscanalwaysbe addedto. If a lower-enersyLINACwere ins_led at the

beginning,it could be upgradedata laterdateto accommodatea higherrangeof energy
to meet experimental needs. However,some arguedthatone shouldaim for-30 MeV/i.t

rightfrom thebeginning.
An energyresolution of less than0.1% wouldbe neededfor reactionsof 10 MeV/A

or iFeater. Forseveralotherexpeflments, I% would besufficient. Re as_physicists
would like an absoluteenergy_soludon of s; 15keV and an ener_.calibration accuracy
of I to 2 keV.

Severalexperimentswerepropo_ for heavyRNBs, coning that themass ranl|e
needs to So up to A - 240.

Muchattentionwas pLidto theactualexecutionof experimentsandthe _u_

beam-spotsizes, divergences,andbeam halos. This translatesinto the need for u'ansverse

emittancesless than(andperhapsverymuch less than) l _ mm.rm'adlan.To manipulate

the longitudinalemittance,a buncher/debuncherat the exit of the postacceleratormay be

obllgator'y.Theeliminationof beamhalos demandsfurtherstudy. Two kindsof beam

nructuresare desired,CWfor coincidenceexperimentsand 100.ns mlcropulsespacing

for time-of-flight studies.

After discussingmany technicaldetails, the generalobservationwas made that,

comparedto conventionalheavy ion accelerators,the ISL will _uire greatlyincreased

rellabili_ of allof its componentsbecauseof itscomplexity.
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The "Cl_rse State Enro_er" ReviJltld

K.E.C}.L,6bner

SekttonPhysik0UniversltttM0nchen,8046 Garchlng0Germany,

and_ Alamo, NationalLaborato_, I__,,Alamo,, NM 8"/_4"/,USA

1, General concept of the charge j_te enbrcer

For higher accelerationefficiency theaccelerationof heavy ionsto higher energies

:1,1MeV/u is usuallydonein 2 (or more)steps,in thesecond(and higher)accelerationstepa

hlilhchargestate is uud. The problemis thatthestrippinllprocessyieldsnot just onecharge

statebut a spectpJmof charjJestates.However,sinceonly ionsof onechargestatecan usually

be accelerated,thiscorrespondsto t considerablei_ of' intensitywhich isespeciallybad for

rsdi_ctive ionbeams,wheretheintensitiesarevery low m belle with.

The general ideaof the "chargestateenforcer"first proposedby JohnO. Cramer [i]
is the tollowtntl: ]or,, with low chargestate(Qstart u 1) of intermediateenergy (e.g. 0.1 or

!

i MeV/u) strike8 thinstrippertoil (C.foil Z 3 t_&/cm2)yieldinga spectrumof chargestates
(equilibrium charileslatedistribution).Partt,:lesof'onechargestate(Qeel_,Qslart)areselected

andsent to the next accelerationstep. Ions with otherchargestates(Q"Qsei) are forcedto

recirculate back to the stripperfoil and thestripping and subsequentselection proceAsis

repeatedagainandagainuntil "nearly811"particleshavethewantedchargestateandare sent

on to thenexta¢celerstt_)nstep.

This ida, hasbeenpublishedby J.Ct.Cromer[1] end laterby Franzkeel el. [2] and

V.P. Kukhttnet el. [3], but t(_my knowledgesuch8 systemhasnotbeenbuilt.

Very recently the equilibrium charge stale distributionsof ions with Z=4 to Z=Q2

emer_lni_from a car_n foil have been publishedby Shtma et el. [4]. According to this

compilationonehasthe followJn8 situation:For light ionse.J. 160approximately50% of'the

ionsare found in themostabundantchargestatefor E/u • 0.02 to 3 MeV/u. But Forheavier

ionsthesituation is much worse.Already for Br-isotopesonly 22 % of' the ionsare in the

most abundantchargestatefor E/u = 0.01 to 3 MeV/u. And for all heavierspecies(Zr to U)

only approximately20 _ of' the ionsareto be foundin themostabundantchargestalefor E/u

,, 0.01 [o 3 MeV/u. This meansone loses,, 80 % of theoriginal heavyion intensitywith one

strippingprocessand,,, 96 % with two strippingprocesses.These hIBhintensitylosseslead

one to think aboutwaysof decreasin_theselosses.One possibility is the ab_ve mentioned

chargeslateenforcer.
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i1.Dbtlnllutthlngtwoproblems

For thereali_ttunof a chargestateenforceronehastodistinguishtwoproblems:

1,)Thephysicaldifficultiescausingthedegradationor thebeamqualitydueto

a)enerrj stm_linli andenergylossesinthestripper
b) smallanglescatteringin thestr/p_r

2,)Technicaldifficultiesassociatedwithselectingtheionsof wantedchargestateQsel,

In this contributiononly the physicaldifficulties arediscussed,whereas a possible technical

realizationaddressinltthesecondproblemisdiscussedbyFrankSelphinhiscontribution.

lil, PhysicaldllTIcultluwithcarbon.railstripper
a) [ne_ IonH in2t,Uli/cm*C.rolb

A mediummassnucleus_3_Xewithan enerjy of I MeV/u (dE/dx- Bral_ maxi-

mum)losesina 3,ulVcm2 carbonfoil(whichisnecessarytoreachthemaximumintensityof'

themostabundantcharl;estateforheavyions)
Eloss= 0,224MeVaccordingto Nonhcliff'e.Schi]ling[_]and
E!oss- 0.212MeV accordingto Ziegler[6]

(Elossisof'courselessforltt;hterionsandhigherforheavierions),

Sincetherelativefractionof'ionswithQselafterN turnsis 11(N,z) = ! - (l-z) N

with refraction of' ions tn most abundantchargestate (with equilibriumchargestale
dijtribution)oneobtainswithz=O.2andN=`7: tl= 0.'790andeneri;ydifferencesof'theions

(dependinghowoftentheyhavepassedthestripperfoil)of'1.26MeV,

T'nie,enerl_yloss is less at 0.1 MeV/u. For132Xe andcarbon stripperfoil 3/,jg/cm2
Eioss= 0,068MeV accordingtoNonhcliffe-Schillingand

E!oss= 0,110MeV accordingtoZlegler.

Thisisalsoveryhigh.Thisyieldsfor 7 turnsanenergydifferenceof 0.66MeV (accordingto
Zietler),

A possiblesolutionto thisproblem(alreadydiscussedby Franzkeetal, [2]) maybe

theaccelerationof'thectrculatint]ionsin the ring [2] to compensateaftereachturnfor the

averageenergylossin thestripperfoil, To achievethisfor all ion_,the ionswith different

chargestatesmustpassthehighfrequencyaccelerationgapatcertainphasepointsof thehigh

frequency,which should be possible in principle(see [2]). Thisshouldalso reducethe energy
spreadof'the ions due to energystragiilingand foil thicknessnonuniformities.How well this

canbeachievedshouldbecalculatedquantitatively.
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b) Small angle s_:attertngin 3 _cm 2 C-toll=

For i MeV/u 132Xe ions passing a 3 ,ug/cm 2 carbon foil, a half-width angle al/2 due

to multiple scattering is calculated to be: a|/2 = 0.12 mrad or al_ = 0,10 mrad according to

Sigmund and Wtnterbon [7] using the Thomas.Fermi or Lenz-Jensen screening potential,

respectively. For O,iMeV/u 132Xe ions ctl_ = 1.13 or 0.95 mrad are obtained for one passof

theC-foil, respectively,

It should be pointed out that the multtpl__cattering distributions have longer tails than

Gausstan distributions (see fig, 5 of Slgmund and Winterbon), and depending on the actual

situation such small angle multiple scatteringmay yield a considerabletransmissionloss

(cf. e.g. Dollinger andMaier.Komor [8]).

IV. Physicaldifficulties with = gasstripper

A gasstripperhasthe followingi_ in comparisonto a foil stripper:

(1) Gasstripperscanbeverythin

(2) Thereare no problems with irradiationdamage,lifetime,

thickness changes of the stripper over time.

However, there is also one main disadvan_g¢ of gas strippers in comparison to foil strippers:

The mean charge states are lower, for heavy ions =50 % lower than for solid material,

Until now mainly N2-gas has been used as stripper gas. For N2-gas and C-foils the

stopping power (dE/dx) and the small angle scattering are very similar, only a reduced

thicknessof the gas stripper could help to decreasethe energy lossand the small angle

scattering,

How low one can go in thickness of the gas stripper is not well known, since the gas

thicknessesto obtain equilibrium charge state distribution are not well determined, In

principleonecouldusea verythin gasstripperwhich is below theequilibriumcondition,but

then the energy straggling can be expected to be relatively high, since the energy loss depends

on the effective charge state of the ions,
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V.Conclusions

In addition to the realization problems for the selection of ions with one charge state

(which is certainly not simple and cheap) the introduction of the charge state enforcer yields a

high degradation of the beam quality. For 1 MeV/u heavy ions the energy loss is the main

problem which may be compensated by appropriate acceleration of the ions with charge states
Q I" Qsel for each turn.

For 0.1 MeV/u heavy ions, both the variation in energy loss and small angle scattering

are expected to yield problems.

With a thin gas stripper the realization of a recirculating stripper system may be

possible. However, it is certainly necessary to investigate the whole acceleration process and

how the transmission is influenced by the degradation of the beam quality caused by the

charge state enforcer and whether the pulsed beam structure behind the charge state enforcer

can be properly accepted by the following acceleration steps.

It should also be investigated whether it would be possible (and simpler) to send the

other charge states back to the ion source or the "target", in front of the ion source to increase

the intensity of the radioactive ion beam, if the half-life of the specific isotope is long enough.
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Storage Rings at ISL

D. M. Moltz

Lawrence Berkeley Laboratory

The idea of using a storage ring to perform many of the proposed

physics experiments at Isospin Laboratory is extremely meritorious. The

physics list is a subset of the ideas presented in many meetings and symposia.

These ideas include reaction dynamics, high-spin gamma-ray studies, atomic

physics, nuclear astrophysics, production of exotic nuclei, and atomic mass

measurements. Except for this last experiment, operation of the ring would

be in a traditional manner ( a brief explanation of the alternative operation is

given below ). The technology necessary to construct such a ring exists and

could easily be built and tested at a current low-energy physics installation.

The primary drawback to such a system is the high cost of such an accelerator.

The scientific payback, however, is large. The primary ad_ _tage is that large

luminosities can be had for relatively low primary beam intensities. Of

course this feature presupposes an internal cold-cluster gas target ( these exist

essentially as off-the-shelf commercial items ) is installed in the ring. By

utilizing particle or gamma-ray detector arrays around the target position, one

can perform essentially all of the normal reaction and high-spin

measurements. The ring also has an often overlooked advantage necessary

for these measurements- it spreads the enormous background from the beam

radioactive decay products over an enormous area, thereby significantly

redudng the gamma background below what could ever be achieved for the

same luminosity in a fixed target experiment.

Utilization of this storage ring as a mass measuring device would

require its operation at the transition energy ( the point where the flight path

is the same for all mass particles within an isobar ). This point is, however,

an unstable operating condition. Thus the number of orbits which can be

achieved is unknown. Since the mass determination is made via a simple

time-of-flight measurement, increasing the number of orbits increases the

mass precision which would be achievable. It is important to note that

although the precision of this type of mass measurement cannot compete

with that obtained via Penning traps, the long cooling and purification times

limit this technique to activities with half-lives > 1 second. Thus the

proposed method would be preferred near the drip lines.
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Magnetic Ring for Stripping Enhancement

Frank Selph

Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720

Introduction.

A ring designed to recycle ions through a stripping medium offers the
possibility for increasingoutput of the desired charge state by up to 4x. This could be a
very important componentof a Radioactive Nuclear Beam Facility. In order for such a
ring to work effectively it must satisfy certain design conditions. These include
achromaticity at the stripper, a dispersedregion for an extraction magnet, and a number
of first and higher order optics constraints which are necessaryto insure that the beam
emittance is not degraded unduly by the ring. An example is given of a candidate design
of a stripping ring.

Statement of the Problem.

To take an example of stripping, U ions at 1 Mev in a carbon foil yield 20% in
the most abundant charge state, q-39. The 2o spread in charge states is about 5 (1). If the
most abundant charge state is extracted, and the rest are recycled through the stripper,
after 10 turns we can expect about 90% of the injected beam to be extracted in the
desired charge state (2). Although storage of a beam for ten turns is a trivial
accomplishment for a storage ring, we shall see that this imposes stringent conditions in
a stripping ring, in order to preserve beam quality.

The use of a stripping ring as an "enforcer" of the most abundant charge is an
attractive idea, which has been studied by several authors (2,3,4). The main difference
between this type of ring and a conventional storage ring is the need to accommodate very
large momentum spreads - on the order of +/-15% if the full capability is to be realized.

Designing a ring to accommodate such large momentum spreads is not a simple task. First-
order storage ring optics can be used to arrive at a basic design concept, but then a
careful study of higher order aberrations must be made.

Design Goals.

1. At the stripper location the ring must be dispersion free, or doubly achromatic, ie fix
and _x _ must be zero [ r/x is defined by the relation Ax ,, r/x(Ap/p) ]. This insures that,
to first order, ions with different momentum will return to the same position at the
stripper.

2. The value of I'/x in one of the ring straight sections should be on the order of 1 m, so
that an extraction magnet which operates only on the most abundant charge state can be
located there. If r/x is much smaller, the installation of the extraction magnet will be
difficult. If rtx is much larger, the required apertures in adjacent magnets ( which must
accept all charge states) will become unacceptably large.
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3. The tune of the ring, both horizontal (Ux) and vertical (Vy) should be integral or half-
integral.Thisisso thatwhen theincomingbeam isfocusedon a follstripper(for
example), the recirculating beam will remain focused on the same spot. The tolerance in
thetunemust be heldtoa fractionof I%. If thetunevariesfrom integralor halfintegral
by more than this there will be considerable spreading, which will translate into emittance
growth in the extracted beam. In a storage ring, integral and half-integral tunes are
avoided as any instability will be enhanced, leading to a beam blowup. In the stripping
ring, as we expect ions will remain for only 10 revolutions at most, this will not be a
problem.

4. A serioussecond-ordereffect which will degradeperformance if it is not corrected, is
due to the circumstancethat quadrupolesfocus particles with different momenta at
different distances.In a ring this producesa tune shift as a function of momentum and is

known as chromaticity, Cx or Cy, defined as:

Cx,y = 6Vx,y/(6p/p).

For conservationof emittance both Cx and Cy should be zero, This will insure that the
tune will be preserved for off-momentum pat:ticles,

Stripping Ring Design

As a minimum, the ring must have dipole magnetswhich bend through 360o,
Four 900 magnetscan make a compact ring, with edgesproviding vertical focusing, and
quadrupoies to produce linear achromaticity, asshown in ref 4. To achieve the integral or
half-integral tune, however, additional quadrupoles are required, This is necessaryto
allow some tuning range, as the focusing effect of fixed magnet edges cannot be
predicted with sufficient precision.The quadrupolesused to produce dispersionless
straight sectionscannot be tuned,

Further, to correct the secondorder chromaticity requires two setsof sextupoles.
They are only effective where there is dispersion in the ring, Dipole edgescan be curved
to provide a sextupole component, but to provide a tuning range some adjustable
sextupolemagnets will be necessary.

To illustrate thesepoints, a candidate design for a stripping ring is shown in
Fig. I. Six 600 dipolesare used.The beam rigidity, after stripping, is taken as l T-re.
Of the six straight sections,3 are achromatic and 3 have dispersion.The dispersionis
controlled in each straight sectionby two quadrupoles(QSF). An extraction magnet is

placed in one of the straight sections,where ux = 0.84 m. This magnet bendsthe beam
vertically, so that in a downstreamstraight section it enters a vertical septum magnet
where the beam is deflected so as to clear the dipole yoke. This two-magnet extraction
schemegreatly reducesthe strength required for the first extraction magnet, so that it can
be more compact.

The tune of this ring is Vx-2, Uy=]. This tune is achieved primarily by the
focusing action of the dipoles and the(_SF quadrupoles.The additional quadrupole sets
Q I and Q2 are used to provide a tuning range,

One set of sextupolesis achieved by making the QSF quadrupoles also sextupoles,
In fact, they would have two sets of windings so that the quadrupole and sextupole fields
can be treated independently. This is simply to save space;it would be equally valid to
place independent sextupole magnetsadjacent to thesequadrupoles.The other necessary
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set o£ sextupole corrections is made by curving the dipole edgesadjacent to the dispersed
regions, with someadditional tuning range provided by poleface windings.

The stripper, which could be either foil or gas, is placed in one of the
dispersionlessstraight sections.The injected incoming beam is taken into the ring through
the yoke of a dipole, at an angle sothat after stripping it has the proper ring orbit, The
extracted beam is shown exiting the ring by being guided over the yoke of this magnet.
There are other possibilitiesfor the extraction arrangement, depending on the overall
facility layout.
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__rCoreSuperconductingCyclotronsand ProducUonof _s
K.Subotic, Institute of Nuclear SciencesVmca. POB522

i i 001 Beograd, Yugoslavla

Access to spectt'tcnuclidereg/onsfor the expertmenUtlstudy of exoticdomainsof
nuclear matter dependssu'onlW on the status of the beamsavn.Llableat a parucular RNB
facRlCy'.One of the most L,uportant requirements is suff/ctent Intensity plus high quality and
purlty for a w/de rar_e of ion beams sp_ the chart of nuclides. The two most effective
methods for producing RNBs are PF and ISOL, These are actually the kinematic reverse of
each other, and there/ore m many cases the cross sections are _. However, the ISOL
luminosity. In the cue of a protonbeam,bl h/i_herthan In the PF method, due to the hiilher
respective tarlet thtckneas and primary beam Intensity. These two methods have
complementary character/sties for producm_l Rh'Bs from all reglons of the chart of nuclides
[I], The advantages of the PF method are: short separatJon time, simple production targets,
low radloactWe load. high product collection emclency, and reliable operation, The mare
disadvantages are: low intensity of prlma_ heavy ion beam, high enerlpes of secondary
beams, poor em/ttance, moderate beam purity, large enerw spread, and unavoidable
intensity losses at decelerauon or ccoLtnB. The mare d/sadvanta_es of the ISOL method are:
low ylelds for certa/n d_cult elements, losses due to rad/oactive decay of secondary ions
during tLme delays caused by d/fluslon and deadsorpUon, heavy radioactive load, and need
for post acceleraUon. The advantages are: hli_hy/aids of secondary beaxns of exotic nuclides,
hiih purity and small em/ttartce o[ secondary ton beams and convenient energies and
IntensitJes of the beam aRer acceleration. There hu been more rapid development m the
construction of facLluesproWdmti _ilh eneqB secondary herons produced by projecule
fragmentaUon than there has In the I$OL type facility [2}. The ISOL method is stror_ly
recommended, however, because of better mtenstues and beam qual/ties w/th respect to
expertmentsJ requLrements for secondary reacUons[ I}.

Yields from heavy ion reactions to produce isotopes near the beta stabUtty line are
s/x orders of magn/tude lower than those observed from high enerl_ proton react/ons, This
sltuauon is dramatically changed for isotopes rat fi'om stab|I/ty, where heavy.ion.induced
compound nucleus reactions are the ordy means for producing such nuclei. In particular, it
has been found that acUntde and group VII elements, as weU as the more e_:otic isotopes of
groups 4A, 5A. and 6A are best produced in heavy-lon reactions, Refractory elements,
elementsthat form refractorycompounds,and noblemeUdsare "dlSlcult to produce"nuclei
for the ISOL method, requLrtn_the use of the Inel|'IclentHe jet and IGISOLtechrUques. FIe I
UlusU'ates the status of the beam_ ava_able at ectstmg product/on ISOL facll/ties, showU_
that almost 40% of the elements (enclosed by the thick line m Fig. I} cannot be produced by
the ISOLmethod m a _t_factory wW dueto their Inconve_ent thermochemlcsdpropertiesor
lowproduct/oncross-|ections.

Design of a PJCBfacLIRywlUchcould mteiplte both productionoptions seemsto
be extremely desCable. An' core superconducti_ cyclotrons that use a superconducting
main coil and _ttve multipole superconductir_ flutter con/l_urstion to ensure ion bendtr_
and focusing durtr_ acceleraUonmay be basiccomponentsof this fac_ty. The desJln of air
core superconducting cyclotrons is dJscussed elsewhere 13,41, and only Its mare
characteristics will be sumn'uu'izedhere.

The prominent features of an air core design are mutualJy independent current
set_L_n_sIn the superconducting mare coil and multipole flutter cord_uration, The l/rotting
phenomena that characterize iron core designs, such as the focusing lira/t, stop band limit
and resonance IL_ts are here controlled by Independent coil _ttinKs [51. The maximum

363



achievable enerl[y depenck only on the field symmetry, i,e,. mult/polaflty of the active flutter
conflgurauon. The m_um enerKyfor protonsas a funcUonof the field Wrmuetrynumber
N Is lwen byT/A - 931.5 [{N-1,5}"I/2 -ll MeV, F|I[, 2 |howe a spherical maln coU(b), which
is characteristic of this desllln approach, provid_ the Isochronous mqFleUc field {el ['ora
proton enerty of 120 MeV at an extmcuon radius of 0.4 m. Flg. 2c shows the associated
frequencies of radial and ax_ osc[llaUonsand related proton phase slip, An additional
charactensUc of an air core superconducUnj cyclotron design ts the use of mdependently.
powered main coU sect/one to produce the isochronous mallnetlc cyclotron field, The four
mdependent main coU sections enable production of _chronous mNinetic fields for the
whole energy range up to 120 MeVfor protons without use of correctif_ coUs,

A sh'nllar des/fin, with an Increase In mulUpole order of the flutter conjuration
and in the number of mdependent main coLlsections makes It possible to achieve hil[her
energies, Four.fold field symmetry ensures bendint[ and focusing of 400 MeV protons and of
400 MeV/nucleon Z/A = 0,5 heavy tons at an ex_actlon radius of 2.5 m and current density
of 30 kA/cmc in the strall]ht edge flutter configuration, A I Gev proton and Z/A - 0.5
machme requa'es 8-fold field symmetry and an ext.,.acuon radius of 5,5 m, Spu'alml[ of the
flutter configurations up to 40 dqrees helps to avoid a negative curvature of particle orbits
that may mtroduce an mtolerable lnclmat/on of the particle orbits at mtersections with
suit/pole field edges, In this case, the sveral[e field may be raised to the level of 2,5 T,
leading to a substantial reducuon of extraction radii,

Htllh flutter produces htgh axial frequencies, ensuring efficient _ansmlMion of
requU'ed driver beam intensities, The respective second stslie features, such as the
accelerating/deceleratlnl[ characteristics of cyclotrons and their accelerator mass
spectrometric capabLIlUes are discussed elsewhere [8,?], Note that mass resolutions are of
the order of R = 4nh, where n Is the number of orbits executed and h Is the operational
harmonic number of the RF field employed, and s machine executing 1000 turns at h ,, ?
may resolve masses d_'enr_ in one part in 30,000, Using air core superconducting
cyclotrons as the basic elements, the construct/on of a ht|h.performance mulUpurpoM RNB
facility that migrates the [SOL and PF method of producUon of exotic nuclides may be
accomplished as shown schematically In F/g, 3,
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AcceleratorComplex for Unstable Ilea_ st INS

M, To_zawa, $, _, M. Dot,T, Kamylmla,K. Ni_, N. TokudaandM, Yoshizawa

Institute/or Nuclrar Study, University of To.o,
Mldo_.cho, Tanashi.shi, Tokyo 188, Japan

1, Introduction

The construction of the prototype facility of the Exottc._na in proposed japan Ha_on

Project(_P) [1,21s_ed _ [992 at _S[3_], The p_oN of this facility is to studyv_ou.stechmcalproblemsof theExotic_na andtoperformexpe_nui wJLhrespecttonucle_MclUu_
physicswithunstablenucleibeam,'l'.e proto_ facLUt_wWbeconsmJctedi_ theexistinllbutJdtn;

at thepresent['_Scampus,Its_he_dc clJalFa..misshowninFlj 1, Unstablenucleipr_uced by
bomb_dJnla thicklarjet with40 MeV protonbeam( 10taA)fromthee_stinll SFcyclotron
ionizedin iJleIonsources(positivesurfaceionization,ECRor _B_ _), _s ImalyzedbyaniSOL (M,/,,_'_45_), _d _sponM tothefollowtnj_celemtorcomplex,Theacceleratorcomplex

consistsof an5CRFQ(splitcoaxialRFQ) lindanrd ([nterdJ|i_ H type)ltnac, Unstablenuclei
fromthe ISOL withanenertyof 2 keV/uandach&je to ma_sratio(q/M')Diter thim1/30acceleratedupto |70keV/uby the$CRFQ.Thebeamk charleexchtnledbyt stripperuptoaq/M
8reaterthan I110,andls furtheracceleratedupto 1MeV/u bythe_ linac, Theoutputeneri_'is
variableoveramnsefrom 170keV/uto I MeV/u bymntn$Se ff powerandphue fedintothe
ltnac,The constructionof the acceleratorswill becompleteddurin8thefiscalyear 1994,In this
paper,thepresentstatusof theacceleratorcomplexisdescribedwithemphasisonadesiinofthe IH
ltnac,

Fti. I Layoutof theprototypefacLlllyat INS.

2, SCRFQ
An RFQhas_ merit thatit canaccelerateadc beamatverylowenerr/with hil;t_tr_smission

efficiency,In thecaseof acceleratintthebeamwith_smallq/M. theRFQmustbeoperatedat a low

ff frequency,The split.coa_ structurekeepsthesize of thecavity small,comparedwith other
!tructuressuchas a four vine IU:Q,In 1984,the developmentof t S_Q was startedat INS. _is
SCRFQhasthe followin8 featureS[4,.q],(I) Modulatedv.tneelectrodes _ used to ilenerate idealacceleratingtndfocusinl;fields, (2) By employinlla multi module cavity sn'ucmre,vane electrodes
ire supportedpreciselyand_y at severalpointswith sterns,

In 1989, a 25,5 MHz-prototypemodel was constructedto obta/n the know.how for pra¢_i,.:al
use after studies wtth a cold m_el and a protonaceelera_ll model working at 50 MHz [6,7],
The structureof th,e prototypemodel is i]lustrttedin F18,2.Tl_eprototypemodel consists of three.
module cavities wsth 2,1 m in totallengthand0,9 m in innerdieter, and acceleratesions with a
q/_. ilreaterthan i_0 from! to 45,4 keY/u, Destsn promoters of theprototypemodelate the same
ts mose of the J'HPm_hineexcept the min_um qlM(,,l/60), The modulatedvanes were machined
by _o.dirne,nsiona/Cu_8 :echnique,Thetrtnsverser_us _ atthe vanetip is constant at the mean
apenure r_|us ro_,9458 cm, In hijh power tests, an ir_tervtnevoltaije of 114 kV, (which
is hilher than the desi8n voltage of 109,3 kV for q/Mml/30 ions), wM acJlievedby feedinll an n"pe_ powerof75kW underapulseoperation(repetitionrate150H,)withadutyfactorof9_
Accelerationtestswe_ performedbyusin8threeionspeciesN2*,N _d Ne*,Thetransmission

C'effl_encyobtainedwithaN* beamisbetterthan80% at interv_evoltases(normalizedbythe
desiSnvalue)hisherthan1,2._ta_Isoftheseresultsaredescribedm ref,[9J.
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Theprotegemodelwillbeextendedtoan8,5-m,170.keV/umachineforpracticaluse,Re

followlnllimprovementsorchanleswillbeedone[iO],(I)Thecouplingrings(seeFill,2)willberemovedtonBducethefrequencys_Lftduetothel_a]heating,Itwasco_d thatthemech_cal

stnmut7oftheetectroaescanbekeptwithoutthem,Theflowrateofcoolingwater,about300I/rrdnnow,will_ increased,By theseimprovements,theo_rationathigherdutyfactor(30%) will

exacted,(2)TheinjectionenergyischangedfromIkeV/uto2keV/uinordertomakethe_amtranspor_tionfrom_ I$OLeasler,(3)Inordertoachieveh|llherbeamtransmission,thevariable.

91'lleome_ofthevanetipwillbeemployedforthelow.enerrypart(thev_esaremachinedbythree-dimensional.cutt/ngtechnique),andthep1'=rogeome_ forthehilhenergypan(bytwo.
dixnensiona].cu_lltechnlque),
ParametersoftheSCRFQ forpracticalusearelistedinTableI,FinaldesignoftheSCRFQ is

nowcompleted,

........irablei M_am ormescReQ, \II l _1 --_ ......... II II II ii iii ilmlii _L_ .... J III II

_rp.m.mass rm_ U 1_.0
_ O,wt_ Z0%
mlIellWn_m _...1000
niDmlltilI0imdiin¢l lout) 0 Snmm, mrld
ioi'_+nel lm+111_¢e[Owl) 3? S_IklV++u
_k _ame_r _ 0 | m

+ IIM_ tlMiUI 0 tl4+111t(Ira \_'- Slimm,,.-,,,,, +m, !+. })I
mlu,m+m+ power 11t0kW .e,zp...... x.. Cop, mems,

_+im_lliOn 9t% +-- i.,Or,lOntlHVWsl
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Fig. 2 S_ct_Lreof theproto_e SCRFQ.
3, ]H Llnac

With _cre_ing beamenerg),,theaccelerationby the RFQ becomeslessefficient.'TheD-!LLnacissuitablefor thepostacceleratorof'the$CR.FQ,sincetheshunt_podznceof theD4LLnacin
theenerryrzngerequiredmourfaczlityish.tiherthanthoseof otherL[nacssuchu anAlv_z type,
ThebeamfromtheSCR..CQischarle.exchanlledbya stripper,andinjuredLntoan_ 13nac,The1}t
Lin,chasthe followingchaxacteristics,(1) it acceleratestheheavyions_'omlowenergy(170keV/u).
(2) Synchronousphaseisselectedas-25delltoassurethestablelongitu_nzlmotionin spiteof'the
s_onll o'ansverseripdefocusinsforcein the acceleradnllgaps.(3) To obtainhtlh acceleration
e_ciency,an.n modezsadoptedasanaccelerationsu'ucr'_,andnommsvenefocusinlelementis
_sudJedinthedrifttubes,(4_)The IH Linacisd3vzdedintofourtanks,Transversefocusingelemenu

placedbemeenranks,(5) Outputenerlyiscondnuousiyvariedinthe I]-!linac,Theparameters
of [hedesigned[H _ac _ listedinTable2,

Theresonanttt'equenc)'of the IH linacis chosento_ twiceashilh asthatof theSCRFQ.Its
longitudinzlacceptanceishairof thatwiththe s_e becluencyas theSCR.FQ.The lenltthofdrift
s_es whe_ magneticqu_pole Ixipletszreplacedshouldbeasshortu possibletokeepthephase
spread in thesespacessmall. In the presentdeslln, the lenllth of the drift spacesis
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takentobe48 crn.Figures3 (A)and(B)showthecalculatedresultsoftheenergyandphase
oscUiatinns.Inthecalculation,thelongitudinalemirtanceattheentranceoftank.Iischosentobe200
nkeV/u.degwhichisnearlytheetimeslargerthanthepredictedbeamernittancefromtheSC_Q
Figures3(C)and(D)showthecalculated

transverse beam envelopes. The transverse ,---,
andionglmdinalemit_cesoftheinputbeam
arechosentobe0.6nmm,_d (normalized) -

and 200 n keV/u.deg, respectively. The _'a
_nsverse emitmnceof the unstablenuclei is O.g
small, estimated to be less than 0.in 0,!
mm._ad at the exit of the ISOL[II]. But an _ o,0
acceptancelarger th_ this value is required.
considering the emittance growth at the -0.!
charge stripper, or the possibility for the -0J

' accelerationofthestable.nucleibeamsfrom I00

otherionsources;The acceptanceof1.7n '_I 60

mm.mrad is achievedby settingthe bore ) 0
radiusof quadrupolemagnetsat 20 ram. -6o
Strongfieldgradients(about5 kG/cm at

are_u_d for -_?maximum)ancIcompact sizes
the quadrup.olemagnets to be placedin the 48
cm longd_ft spaces. Now these quadrupole '_' 10
magnetsand theirhousingare being designed _ 0
onthebasisofcalcuiadonusingthecomputer -10
codesPOISSON_d TRIM. " -|0

The output ene,rgy ofthe IH linaccanbe
continuouslyvanedby tuningtherfpower II0
andphaseineach_, Itsva.dationofoutput_ i0
energiesresultsfromseparatingthelidlinac_ 0
into severaltanks. Figure4 shows theoutput 10
energy'anditsspreadasa functionofthegap I,, -
voltage.Theoutputenergyiscontinuously -BO
variablefrom 170 to I{)46keVlu, For 0 l | $ 4 15 6

example,if ace_n energyintherangefrom Axial Olstsn©, (m)
471to 721keV/u_sneeded,thegapvoltage
ofta_.3isvariedwithoutoperatingtank.4, Fig,3 Calculatedbeamprofiles,
Theenergyspread(dT/T)Is_-6% exceptat
theexitOftank.I,Itsspread,however,can ==,......_._.,__,___._......._..,._.......,_
be made smaller by adjusung the rf phase as _J Tankl lTink3 Tank3 Tank4 ,-
well asthegapvoltagel • i

" fi /Thestructureoffourtanksisdifferentfrom _ ,,o, i ,,o
thatofordinary H_linacs,that is, axial length i

of the four tanksis shonerthanor nearthe ! u

diameterneededforresonantfrequencyof51 ,r....f ,, ,N
MHz.Toestimatetheresonantcharacterisucs,

equivalent circuit analysis was performed. In u' ,, ,,i ,,thisanalys,s,thecapacitance_d inductance "'kf
for accelerating cells and end cells were e.,, .__ _ ',
approximatelyobtained. Theanalysis predicts ' \ i, \!hatdiametersoffour5IMHz-tanksarekept
inthesamesize(134cm) by adjustingthe u _' _s
radiusofthedrifttubesofeachtankm the _ :

rangeof2-.4cm,,.andbY.sadjustingthesizesof [ o._io-01,.....................................,.oo,,,.o":o,,....=,.o.............os _ "
magneticflux!nauces, Predictedeffective Normalised Gap Voltaic
shunt.impedancesareshown inTable2
togetherwithmaximum peakp,owers,The Fig,4 Outputenergyanditsspread
viewofthedesignedIH linacIsshownm asafunctionofnormalized
Fig,5,Low powertestsusingamodelwill gapvoltage,
beperformedduringthis fiscal year.
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Fig. 5 View of the designed IH linac.

4. Charge Stripper and Beam Matching between SCRFQ and IH linac
Beam accelerated up to the energy of 170 keV/u by the SCRFQ is charge-exchanged by a stripper

placed downstream of the SCRFQ, in order to increase the acceleration efficiency of the following IH
linac. A carbon thin foil will be used as a stripper because of the easiness of the construction. For
the beam of a low velocity, energy loss and its spread due to passing through the foil can not be
neglected. Therefore very thin foil (5-10)_g/cm _-)must be used as a stripper. The transverse
errdtt&nce growth due to the multiple scattering depends on the beam size at the stripper position as
well as the thickness of the foil. Therefore the stripper's placed just behind the exit of SCRFQ
where beam sizes of both x-tad y-dh'ections are small. Col sidex ng the charge state dismbudon after
passage through the carbon foil, a transmission efficiency is expected to be 30-50% for the ions with
mass less than 30[ 12].

A buncher is necessary for the matching of lon_tudinal phase spac_ between the SCRFQ and the IH
linac, The correction of energy loss in the stripper as weLlas rebunching of the beam is performed in
this buncher. The resonant frequency for the buncher, the same frequency (2S.SMHz) as the
SCRFQ, should be chosen to obtain better matching condition, since it reduces the effect of an
aberration [13]. As a candidate for the buncher, a spiral cavity is proposed to kee_) the size of the
resonator small. The mechanical stability and the resonant characteristics are now being investigated.
Two sets of magnetic quadrupole doublets are placed for the u'ansverse matching, A length of
about 3 m is taken for matckings.
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THE ORNL RADIOACTIVE ION BEAM PROJECT* t!
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INTRODUCTION

On June 30, 1992, the Holifleld Heavy Ion ResearchFacility(HHIRF) wasshutclownas

an operatingnationalusers'facilityfor heavyion physicsresearchandbecamea

constructionprojectto reconfigurethe existingacceleratorsystemanddevelopa first-

generationradioactiveion beam (RIB) facility.1 Duringits 11 yearsof operation,the

HHIRF had over600 users,of which200 weregraduatestudents.Duringthistime,

nearly39,000 hoursof beamweredeliveredas beam-on-targetfor nuclear,atomic,and

appliedresearch. Table 1 liststhe heavy ion beamsthat were providedforscheduled

experiments.Alltogether,69 differentIsotopesfrom36 differentelementswere

acceleratedforscheduledexperiments.Mostbeamswereproducedwithonlythe 25-

MV tandem accelerator;however,for the mostenergeticbeamsandthe heaviestions,

theOak Ridge IsochronousCyclotron(ORIC) wasusedas an energy booster.This

paperwillbrieflyreviewthe conceptof the ORNL RIB projectanddescribethe progress

beingmade onthe varioushardwarecomponentsandphysicsfactorsrequiredto

produceRIBswith the HHIRF acceleratorsystem.

_ResearchSp0nsored'by the U.S. Departmentof EnergyundercontractNo. DE-AC05-
84OR21400 withMartin MariettaEnergySystems,inc.
aMichiganStateUniversity,EastLansing,Michigan48824
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Figure1 showsthe planned layoutof the RIB facilityaftercompletionof this

reconfiguration.Inthe past,ORIC servedas an energyboosterfor stableheavyIons

producedby thetandemaccelerator.To produceRIBs,thisprocesswillsimplybe

reversed: the tandemacceleratorwillbe InjectedwithradioactiveheavyIonsproduced

byORIC. in thiscase,thetwoacceleratorswillbe coupledby a newtandemInjector

consistingof an ISOLDE-typethick-targetIon-sourceassembly,Smassseparator,and

charge-exchangecanal,allmountedon a 300-kV high-voltage(HV) platformsystemIn

the existingshieldedroomC111. LightionsfromORIC, usingan internaltonsource,

willproducenegativeradioactiveheavy Ionsfor tandemInjection.Once acceleratedby

thetandem accelerator,the RIBscanbe usedfor experimentswiththe existingbeam

line systemandexperimentalapparatus.The RIBfacilitycan be quicklyand

inexpensivelyconstructedbecausebothaccelerators,the beamlines,and the

experimentalapparatusall exist. In addition,the originalORIC vault,roomC109, and

the experimentalarea to housethe newRIB injector,roomC111, were originally

designedwithshieldingfora 75-MeV, 1-mA protonbeam. No civilconstructionIs

required. Figure1 alsoshowsthe newrecoilmassseparator,3whichhasbeen ordered

from DANFYSIKandthe new"gammahall"additionto housethe recoilmassseparator.

Thismajorpiece of experimentalequipmentwillbe an importantpartof the overallRIB

capabilityat ORNL.

The processforproducingRIBswith the HHIRF acceleratorsystemIssummarized

quantitativelyfora generic"verygoodcase" in Fig.2. The processstartswithORIC as

the primaryaccelerator,forwhichithasbeen assumedthat eventually2.0 kW of H or

He beamwillbe extracted. Forthe calculationof Fig.2, 30-MeV protonsare extracted,

giving67 _ or 4 x 1014primaryprotonspersecond. The initialoperationof ORIC for

RIB productionIs scheduledfor0.5 kW of extractedbeampower. These protonswillbe
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acceleratedonto the HV platformandstoppedIn a thick target. Fora goodcase, with

an isotopicallypure elementaltarget,aboutone radioactiveatomcan be producedfor

each 1000Incidentprotons,giving4 x 1011radioactiveatomspersecond. This

productionrateassumesnodecay, targetrelease,or surfacestickinglosses. On

average,these radioactiveatomscan be positivelyionizedwitha 30% efficiency,mass

analyzedwith a 50% efficiency,andchargeexchangedwith a 30% efficiency,giving

2 x 101oof negativeradioactiveionspersecondoutof the RIB Injector.Radioactive

Ionsbelowmass80 can be acceleratedinthe tandemacceleratoronaveragewitha

20% totalefficiency,giving4 x 109ionspersecondas beam-on-targetfora goodcase

underidealconditions.To summarize,the lossInIntensitybetweenthe ORIC beam

andthe RIB beamwillbe a factorof 100,000;a factorof 1000 to make radioactive

atoms,andthen,on average,anotherfactorof 100 todeliverthese radioactiveatomsas

beam-on-target.The remainderof thispaperwilldiscuss,In detail,the hardwareand

physicsaspectsofthisprocess,startingwithORIC.

THE PRIMARYACCELERATOR,ORIC

The k ,,,100 ORIC was designedfor the accelerationof bothlight and heavyionsand

wasusedInitiallyfor Intenselight.ionbeamexperimentsinthe firstyearsafter Its

completioninthe early 1960s. Inthe early1970s,the physicsprogramchangedand

ORIC was usedmostlyfor heavyionacceleration. Inthe early 1980s, the facility

changedandORIC was usedmostlyas an energyboosterforthe tandemaccelerator.

ORIC was originallydesignedto accelerate1 mA of 65-MeV protons.Thus,OR!C isan

Idealdriverforthe intenseltght-lonprimarybeamsneededto produceRIBs. Table2

liststhe mainparametersof thecyclotron.
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The presentextractionefficiencyfrom ORIC withthe internallight-ionsource Isquite low

and developmentworkwillbe requiredto Increasethisefficiencyso that2.0 kW of

beamcanbe extractedwithacceptableactivationlevelsinthe presentES&Hclimate.

The keyto highextractionefficiencyIs Intense,well-centered,separatedorbitsinthe

ORIC centralregionsothat unextractablebeamcan be removedwithslitsat energies

belowthe activationthresholds.ThisIs notthe case withthe presentcentralregion

conflgurationbecauseORIC wasdesignedwithoutthe aid ofcomputercodesto

optimizecentralregiondesign. Activation,in general,has notbeenan ImportantIssue

withlow-energyheavy-ionacceleration.

Figure3 showsa newcentralregionconfigurationfor ORIC optimizedto obtainIntense

well-centeredseparatedorbitsfora k - 80 H_ beam. The majorchangefromthe

presentdesignis the decreaseof the sourcedistanceto the pullerface from2.7 cmto

1.0cm whichwillincreasethe electricfieldat the ionsourceslit,and hencebeam

intensity.Orbitstudieshaveshownthata startingtime of 20oin RF phasebeforepeak

voltageisthe optimumchoiceto decreaseorbitcenterspreadand maximizeintensity.

A rangeof orbits± 10° inRF phasearoundthiscentralorbitwillhave goodcentering

andgoodverticalfocusingto givesingle-turnhigh-efficiencyextraction,Over the next

year,thiscentralregiondesignwillbe implementedwithphaseselectio_slitsto

decreaseextractionlosses.

Figure4 showsthe reconfiguredbeamlineto transporthigh-intensitylight-ionbeams

fromORIC to the newRIB injector.Thislinewillbe assembledfrom mostlyexisting

components,includingaluminumbeampipe,aluminumvacuumchambers,andcarbon

scrapersto minimizeactivation.The linewilluseexistingcryopumps,quadrupoles,anda

horizontalbendingmagnet. A newverticalbendingmagnetwillbendthe beamupwards
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by 13° to changee!evatlonfromthe ORIC beamllnelevelof 48 Inchesto the RIB beam

linelevelof 87 inches.

HIGH-VOLTAGEPLATFORMSYSTEMFOR THE RIB INJECTOR

The HV platformsystemforthe RIB InjectorIs ratherccmplicatedfor tworeasons. The

firstreasontsIllustratedwithFigs.5 and6, Figure5 showsthe roundbeam, waist.to.

waistbeamtransportsystemof the tandemaccelerator.4The acceleratingvoltageof

the existingInjectorwas chosento be ratherhigh,operatingbetween 150 and500 kV,

in orderto obtaingoodbeambunchingand goodtransittime factorsfortandembeam

Injectionintothe 60RF phaseacceptanceof ORIC. The subsequentoptimizationof the

beamtransportsystemintoandthroughthe low-energyaccelerationtubewas basedon

thishigh-injectionvoltage. In particular,the focallengthof the effectiveentrancelensof

the fringingelectricfieldof the low-energytube Is fourtimesthe ratioof the Injection

voltageto the tubeelectricfieldgradient. ThistubeentrancelensIs a strongeffect, as

shownin Fig.5, andthe designof thetandemacceleratorrequiresa beamwaistnear

thetube entrance.With a singlelenspositionedbetweenthe 900injectormassanalyzer

magnetimageandthe tubeentrance,thisconstraintimposeslimitsonthe ratioof

Injectorand terminalpotential.To understandthese limits,measurementsof relat!ve

tandemtransmissionefficiencywere madeas a functionof injectorvoltageforseveral

differentbeams. The resultsare plottedin Fig.6 for bothgas andfoilstrlppingcases.

The tandemtransmissionefficiencyremainsrelativelyhighwith200-keV injection.The

RIB injectorvoltagewillbe specifiedat 300 kV andprobablywilloperateat 250 kV.

The secondreasonforthe complicatedRIB-injectorHV-platformsystemis Illustrated

withFig.7, takenfromRef. 5, whichshowsradiationdamageto semiconductordevices

as a functionof bothneutronfluenceandtotalIonizingdose. The squaresin Fig.7
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showthe thresholdlevel fordamage and the assumed destructionlevel. The neutron

fluencefromthe RIBtargetcan be estimated fromHETC6 calculationswhichshowthat

upto 0,07 fastneutronscan be producedfromeach80-MeV protonstoppingIn = mass

70-regiontarget. Thisneutronyieldcorrespondsto an unshleldedneutronfluenceof

about1 x 1015n/ca= one meterfromthe target-Ionsourcefora 3,3I.tAbeam for 2000

hours, inaddition,Fulmeret =1._'directlymeasuredthe radiationlevel inroom (311i as

a functionof energyforbothprotonandalphabeamstoppingInvariousthicktarget

materials, Extrapolationof theseresultsindicates a totalmaximumdose of up to 1 x 107

radsper2000 hoursof operationone meterfromthe target-Ionsource. Clearly,all

unshleldedsemiconductordevicesnearthe target-ionsourcecouldbe destroyedIn one

year,2000 hours,of operationat fullIntensity,

The HV platformsystemforthe RIBInjectorwhichsolvesthese twoproblemsis shown

in Figs.8, 9, and 10, The system IsspaceconstrainedinroomC1t 1. Two platforms

witha commonpowersupplywillbe used. One platform,the sourceplatform,will

supportmostof the mechanicalequipment,Includingthe target-ionsourceandbeam

transport.The secondplatform,the instrumentationplatform,willsupportmost of the

electricalapparatus,Includingallpowersupplle the twoplatformswillbe separated

by a concreteshieldingwall,butconnectedelectricallybytwoHV conduits.The eRIC

light-ionbeamwillenterthesourceplatformthroughone300-kV accelerationtube and

RIBswillexitthrough a second300-kVtube, Onthe sourceplatform,the eRIC light-

ionbeamwillenterthe target-Ionsourceat platform-plus-sourcevoltagethrougha

smaller50-kV accelerationtubeandRIBswillexitthe target,.Ionsourcethrougha

second50-kV accelerationtube. Two motor-generatorsetswillprovidepoweronthe

Instrumentationplatformat thetwovoltagelevels;platformvoltageandplatform-plus-

target-Ion-sourcevoltage. Cablesat the twovoltagelevelswillbe runbetweenthe

platformsinthe twoHV conduits.

31_0



Figure 10 glvel an endviewof the Instrumentationplatformshowingthe common high.

voltagepowersupplyforthe lyltem. The powersupplyhangsfromthe callingto

conservespaca and hal two stan..J_:a voltagemultipliertrack anda filterstackto

reduce nolle andripple. I|obado malt separationof ionsInthe negativeIonInjection

linewillbe requiredand maybe Ilmlte¢lbythe Injectorvoltagestability,The power

supplystabilityhal been ipeolfl/d to be 1/25,000for noiseanddppleand 1/10,000 for

driftover s one-hourperiod. The RiBInjectorandothernewequipment,exceptforthe

ORIC beam line,willbeoperatedbythe tandemcontrolsystem,

CALCULATEDRADIOACTIVEATOM YIELD ESTIMATES

The high-voltageplatformsystemcreatesthe environmentforthe productionof RIBs

withthe target-ionsourceassembly, The firstfactortnthisproductionprocessIsthe

thick-targetradioactive-atomyieldperIncidentORIC beam ion, To reducethe

uncertaintyinthisfactor,detailedproductioncrosssections Inthe mus-70 regionhave

beencalculatedwithboththe HETC P.odes forprotonbeams only,andwiththe PACE

codes forbothhydrogenand heliumbeams. Where poMIble, these resultshavebeen

comparedwithmeasuredvalues, The fourmainconclusionsfromthismass 70

productioncross-sectionstudyare listedbelow:

1, PACE andHETC calculatedcrosssectionsusuallyagree withlna factoroftwo,

2, PACEand HETC calculated cross sectionsusuallyagree with measuredvalues

withina factorof two orthree.

3. A few calculatedcrossso.ions disagreestronglywith measuredvalues,
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4. Inmost uses, the productioncrou sectionforan Importantspecificbeam

shouldicemeasured.

The HETC (:odealso gives yield estimatesof all residualmdloactlveatomsfromboth

compoundandspoliationprocesses, Figures11 and 12summarizethe resultsof such

calculationsfor?OGe,the molt proton-richGe Isotope,end7aGe,the most neutron.rich

Ge Isotope. Figure11 givesyieldsper 1000 Incidentprotonsat 40, §0, and60 MeV,

stoppingin a thickpure70Getarget. Manyof theseyieldsare nearor aboveone

radioactiveatomper 1000 Incidentprotons. In addition,some residualy!eldsfar from

thetargetnucleus,suchas e4Ga,dependstronglyonenergy. These yieldsare foran

lsotopicallyandelementallypure ?oGetarget, The proposedZrsGe3materialfor Ge

targetswouldreducetheseyieldsby abouta factorof three. Less than 100%

lsotoptcallypure?oGewouldalso reducetheseyields, Inanycase, at theseproton

energies,the highestyieldsforthe molt proton-richnucleiseem to be producedwiththe

simple(p,xn) reactions. Figure11 showsthat manyrlldioactlvebeams can be made

froma singletargetmaterial. Figure12 showsa similarHETC calculationfor60-MeV

protonsstoppingin ?aGe. The patternof radioactiveatomproductionisdifferent

becausethe pathto thevalleyof betastabilityIs reachedby neutronemission,not

protonemission. Again,the (p, xn) yieldsare largest. It is possible,as shownIn

Fig.12, thata few proton.richRIBs (:anbe made If a suitabletarget isotopeIs available.

Thesame HETC calculationsgive informationon boththe promptand residual

radioactivityfromthetargetbombardment.Forexample,the calculationshownin

Fig. i2 estimates71 promptneutronsper 1000 Incidentprotons.Figure 13 showsthe

buildup anddecayof delayed-gammaradiationfroma Zrs 70Ge3targetbombarded

with2.0 kW of 43.MeV protonsforfivedays. The targetmaterialIs about1 mm thick,
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corralpondtngto a 7-MeV energylos. Duringthetimethe beamI=onthe target,the

promptgamin8 andneutron=wouldproducea radiationfieldIn the orderof 10,000

rim/hour at onemeter. Afterbombardment,the rselduldactivitywouldbe about20

curies,correspondingto an unshleldedradiationlevelof _ut 20 ram/hourone meter

fromthe target. Afterabouta week,the targetrsdlatlonlevelwoulddecay byaboutIt

factorof ton, ThisIs an _prool_le, butmanaooable,rosldualrelation levelfromthe

targetmaterial.

TARGET.iON SOURCE DEVELOPMENT

The tandemacoeleratormustbe injectedwithnegativeIons. Thisfactbothcomplicates

andprovide=uniqueopportunitiesforthe ORNL RIB project, Table 1 lists the beams for

scheduledexperimentsfromthe HHIRF tandemtmaelsratoroverthe lastde_e. At

the presenttime,a tandem _lerator maybe theonlyexistingtechnologywhlohcan

providebothfocusingandaocelsrettonforheavybeam=at ionlaura= energieswith

charge-to.male ratioslees thanabout1t50.

Beamsof negativelyionizedatomsand moleculesfortandem Injectioncan be made

withat leasttwodifferentmethods.Allnegative.ionbeamscan be producedby palstng

a low-energypositive-ionbeamthrougha Lior CI vaporcharge-exchangecanal. This

is it two.stepmethod. However,someatomsand moleculal withhighelectronaffinities

can be madedirectlyin a one-stepprocela duringemissionfroma low-work.function

surface. Twotarget.ionsourcesbaled on thesetwo methodsIre presentlybeing

pursuedvigorously.The firstof these,the"Mark.l" target-Ionsource,is shownin

Figs.14 and 15, and Is similarto the ISOLDE FEBIADtarget-ionsourceassembly.

Figure14showsdetailsof thetargetchamberand ionizationchamber. The ORIC beam

willstopinaboutonecubiccentimeteroftargetmaterial. The targetmaterielwillbe
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refractory,probablyinpo_er form,andmay N heated up to 3000° K. Radioactive

vaporswill diffuseto the surfaceof thepo_er particles,deeorbfromthese surfaces,

and lffuei intothe ionizationchamber, Surftoe trickingof rldtolctlve Itoma can be a

majorlouroe of timedilly, io the vaportrlnlpOrt tube will11tobe hilled. The target

temperaturewillbe _ntroIled IN:lependlntlyof the helltd cathodewed forelectron

production. Poiltlvi lonef_m thlt FEBIADlourol willbe ¢hlrgl-exehtnged on the

sourceplatform.

Figure15 eho_ the membly houllng the tlrget.lon louroe of Fig, !4. Thll lltembly

hall been designedforremotelnttalletlon, Boththe eli=doll andwaterfeeehroughl

wiltbe of i qulok-citlconni=type withIn lctUtted bellowsto disconnectthe ORIC

beam line, The lllembly will be politioned on ptnl and willrollbackon Unlit btlartnge

with a quickvacuumdl_nnecl to the RIB extractionIntulltOr. 8hurters willclose

remotelyon both the eRIC Inputportand the RIB outputport. The target.Ioniouroe

la!embly tl thin poelttonedto be liftedup remotelylind placedtnI shieldingcask.

Much ofthe englneerlr_ forthissourcehal beencompletedandcomponentl are being

fabriclted.

Thedetaileddesignof the secondtarget-ionsourcehasjuststarted, Thissourcewillbe

based ondirectsurfacenegativeIonization,willbe e multi.cusp.fieldplume.sputter

source,and willbe similarIn conceptto the negative-ionsourcespresentlyused for

stabletlesvy-lontandem_elerator beams,|) The conceptIs shownIn Fig. 16. A Ca.

richplasma willbe created In a multi.cuspmagnetic-fieldchamberwithhotwalls,

Ra_ioactivevaporsfromthetargetwill_ndinee on a cooledP..Jlthodemade of low

sputteringmaterial, The Ca-richplasmaIncidentonthe cathodewillbothlowerthe

surfaceworkfunction,and directlysputtercondensedatomsandmoleculesinto
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negativelone.Negative.lon_ame ofeuohelementsal F, Cl,Dr,O, $, andSe should

bepossible.

Usingeettm|teclotfioto_oo fornegative,Ionprodu_ionforthose_ esthetic,the

maximumoverallotfiotonoyforoonvertlngradioactivearomatn thetargetmaterialto

aoooioratodbeamontargetforexperimentaluseIs estimatedtnTable$ andlaa stmp!o

mealuroof them_tommertt,Bothmethoclsfornogattvoion formationare Included,

Forthistal:)lo,dtro_eurfa_ negativeIonizationofflolonolooworeestimatedfromthe

Lengmulr-_harelationfora _Bs eurfaoeionizeroperatedat 1370K,givinga 2.36.eV

wo_ function,Efltotenoieeusingtheoharge-exohingemethoderetheproductoftwo

factorl: theeffioienoyforpositiveionizationandtheeffl_enc:yforoonverlionofpositive

tonegativetone.ThepoeltiveIonefliciondalwereestimatedby_ltng the probability

fore!earon-lmpactionizationof theelementinClUeetionto thatofoalolumwhichhasa

30%measuredeffio!ency,!0 Theefftolenclaeforeequentialchargeexchangearebaled

onmeasuredrelulte, Inadclltton,a 80%loll factorhal beenIno!ucledto aoeountfor

transportIoetel, Thetranlmieatonefficiencythroughthetandema_eleratorIswell

understoodendbaledon in-houseexperience,Theaverageoverallconverelon

efficiencyfromradioactiveatomstobeamontargetIsabout!% andvarieswidely,

dependingontheelement.Table3doesnotincludeanydecay,targetrelease,or

surfacestickingIoMee. ThIN logicscanbeeubetantlel,

UNISORRELEASEMEASUREMENTS

Deoay,targetrelease,andeurfimestickingIouee _n bestudiedat ORNL

independentlyofproducingRIBsbyusingtheUNISORon-lineIsotopeeeparator,In

particular,foranyradioactiveIsotopethatwillbea_eleratedasa RIB,thereexistsa

stableisotopethatcan be acceleratedwiththetandema_eleretor. Experimentshave
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startedin whichstable isotopesofthe elementswhichare plannedforfutureRIBsare

Implantedin thicktargetmaterialswhichcould producetheseRIBs, The chemistryand

physl_ of the subsequentthermaldiffusion,desorptton,end Ionizationcan be studied

andoptimizedwithoutactualproductionof RIBs. The UNISOR FEBIADionsourceand

the Mlrk.i FEBIADIonlource are |lmllar withsimilarorigins.11 The UNISOR and the

RIBproj_ iontourcas hive differentarrangementsof targetmaterial,butdiffu|lonand

surfacedesorpttonare common to both.

Figure17 showsthe resultsfromImplantingBr tn a ZrsGe3 cermettarget whichhas a

meltingpointnear2300=C. The targethad i diameterof g ram, a thicknessof 1 ram,

andwas mountedinthe UNISOR FEBIADtarget-ionsource, Afterpassingthrougha

thinTa window,the incidentBrbeam fromthe tandem hadan energyof 183 MeV, This

energygivesan implantationdepthof t 5,6 i_m,whichcorrespondsapproximatelyto the

averageparticlesize of e ZrsGe3powdertarget, AsshownIn Fig, 17, there is no mass-

7i)outputcurrentabovebackgroundfromthe UNISOR mass separatorwithoutan

Incident7sBrbeam, Immediatelyafter the beamIrradiatesthe target,mass-79 currentis

measuredand reachesan equilibriumof 4,5 x 10-10A, Whenthe 7eBrbeam ts turned

off,the mass-Tgcurrentdecaysto zero. Thismeasuredreleaseprofilegives

informationon boththe total releasetime andtotalreleaseefficiency.The releasetime

is the totalaccumulatedtimefordiffusion,desorption,effusion,ionization,andbeam

transportthroughthe separator,and Isdefinedto bethe time requiredto release50% of

thesteady-statsbeam Intensity.ForBr,thisreleasetime was measuredto be seven

seconds. The releaseefficiencyisdefinedas the ratioof the 7SBrbeam currentoutof

the mass separatorto the 7QBrbeamcurrentintothetargetnormalizedto the expected

79Broutputcurrent,whichwas scaledto a measuredKrbeamusinga standardgas

leak. Iftherewere nodecay,targetrelease,or surfacestickinglosses,the release

efficiencywouldbe 100%. The releaseefficiencyfor7SBrfromZr3Ge3was 61%; that is
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61% of the Brwas releasedand wasavailable forionizationin the UNISOR mass

separator. Half of thisBrwasreleasedwithinsevensecondsof its production.

Table 4 summarizessomemeasuredreleaseresultsusingthis technique. Foreach line

inthetable, two measurementsweremadewiththe massseparatortunedatthe listed

beammass. One measurementwas withthe beamof interestand the second

measurementwas witha differentbeam masswithidenticalpowerto measurebeam-

inducedbackground.Oneproblemwiththe UNISOR FEBIADtarget-ionsourceIsthat

the targettemperatureandelectronionizingcurrentare bothcontrolledwiththe same

heatingcurrent. The UNISOR targetoperatesat about1700 K whichis substantially

lowerthanthe expectedMark-Itargettemperature.The UNISOR massseparator

systemmay be reconfiguredto allowinstallationof the Mark-Itarget-ionsourceto

overcomethis limitationandto allowthesemeasurementsonthe actualdevicethat will

be used foron-lineRIBproduction.

MASS SELECTION AND RIB BEAMLINES

The target-ionsource assembly will produce a positive-ionbeam with many different

elements, molecules, isotopes,and charge states. Some selection will occur because

of physics and chemistry factors; however, in general, this beam needs to be filtered to

produce an isotoplcallypure beam on target with a two- or three-stage magnetic-mass-

separator system. The first stage of the mass-separationprocess will select a single

isotopic mass chain and will occur before the charge-exchangecell on the source HV

platform. Figure 18 sl'_owsthe horizontal beam envelope and stretchedvertical beam

envelope calculated for the Mark-I target-ion source emittance through the first-stage

massseparator. Four quadrupole singlet lenses and a multipole correctionelement will

focus a round beam (x = y + 0.2 ram, x'= y' = 20 mrad) from the target-ion source into a
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horizontalwaistwitha totalwidthof 0.05 mm at the objectslitof a 155° symmetricsplit

poledipolemagnetwitha 5-cmgap,56-cm radius,and21° edge angles. Inthe

horizontalplaneinthe centerof thisdipolemagnet,the beamwillbe parallel,whereasin

the verticalplane,a waistwillbe formed. Assumingnoaberrations,the objectbeam

spotwillbe transportedwithunitmagnificationto the Imageslitswithabout1.0-m

dispersion,givingan expectedmassresolutiongreaterthan1/1000.

A singleisobaricmasschainwillbeselectedandrefocusedby an electrostatic

quadrupole-tripletlensintoa roundbeamfor transportthrougha 12-cm-long,8-ram-

diameter,charge-exchangecell. The negative-ionoutputbeamwillbe refocusedby,

anotherquadrupole-tripletlensintothe entranceof the300-kV tube to acceleratethe

beam-to-groundpotential.

The secondstageof the massseparatorwill be partof the negative-ionInjection line

fromthe high-voltagesourceplatformto the tandemaccelerator.A horizontalview of

thisbeam lineis shownin Fig.19 anda verticalview is shownin Fig.1. Originally,this

beam linewasdesignedconceptuallyonlyto transportions. The line is 23 m longwith

a 650horizontalbeamand a 90° verticalbend directlybelowthe tandemaccelerator.

Injectionwillbe accomplishedby mergingthe RIBthroughthe de-energized,existing

mass-analyzerinjectormagnet. Lookingdownfromthe tandem injectionline,therewill

be twoinjectors' the existingInjectorforstableheavyionbeamsanda new injectorfor

radioactiveheavy-ionbeamsproducedby ORIC. The negative-ionInjectionlinewillbe

optimizedandreconfigured,as needed,to be a second-stagemassseparator. Under

certainconditions,the energy-analyzingsystemof thetandemacceleratorwillprovidea

secondor perhapsthirdstage for massseparation.
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THE HHIRF TANDEM AS A RIB ACCELERATOR

In many ways,tandem acceleratorsare ideal to produceRIBsfor experimentaluse.

Tandemacceleratorscombinesimplicityand easeof operationwith low beamenergy

spreadand beam emlttancesof lessthan1.0 _ mm.mrad. Tandemacceleratorsare dc

deviceswhichprovidethe propertime matchingto the target-ionsource. More

Importantly,tandem acceleratorsarethe onlyexistingprovensolutionto acceleratelow.

charge-state,high-massionsat lowinjectionvoltages. The HHIRF 25-MV tandemcan

accelerateall ionswith massesupto 80 withsingle-foilor single-gasstrippingto

energiesabovethe Coulombbarrierfor nuclearstructurestudies. Withdoublestripping,

and the correspondingbeam intensityloss,massesupto the rareearthscan be

acceleratedoverthe Coulombbarrier. Forveryheavybeams,a postacceleratorwould

be requiredfornuclearstructurephysics;however,thesevery heavybeamswouldbe

available at lowerenergiesforastrophysicsandappliedresearch.

Withgasstripping,the beam-transportsystemof the tandemacceleratoritselfcan be

usedas a secondor perhapsthird-stagemassseparator. In particular,the beam

energy-analyzer90omagnetshownin Fig.5 hasa dispersionof 3.35 m. Figure20

showsa directbeamprofilemeasurementat the imageplaneof thismagnet. The data

onthe left isthe beamcurrentmeasuredon a singleslitwitha 63.3-MeV 1sO2+beam.

Subequilibriumgasstrippingwas usedandthe terminalpotentialwasstabilizedwith a

generatingvoltmeter.The functiononthe rightisthe derivativeof a functionalfitto the

data onthe left and isan approximationto the actualbeam profile. The observed

FWHM of the beamonthe energy-analyzermagnetfocalplane is0.27 ram. Thiswidth

correspondsto a mass-resolvingpowerof onepart in 12,400. This mass-resolving

powercouldperhapsbe increasedby a factorof two byusingmoreof the available

apertureof the energy-analyzermagnet. Thisresolvingpowerimprovementwould
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requirethe add!tlonof quadrupoles,and possiblymultlpolecorrectors,in boththe

entranceandexit linesof the energy-analyzermagnet. The measuredemittanceofthis

1602+beam is lessthan0.5 1¢mm.mradandthe energyspreadIssmall. The excellent

beamqualityfromthe HHIRF tandemaccelerator,coupledwithits fine beamtransport

system,may provide,withgasstripping,the necessarymassresolvingpowerfor Isobar

selection.With foilstripping,the beamenergyspreadmay be toolarge to separate

isobars.

CONCLUSIONSAND SCHEDULE

Almostall hardwarerequiredto reconflgurethe HHIRF acceleratorsystemto produce

radioactivebeams is nowbeingdesignedandalmostallphysicsfactorsfor the process

are beingstudied. It is hopedthat aboutone yearafter thisconferenceRIBswillbe

producedby ORIC withthe new RIB injectorandacceleratedto 300 kV. Thesebeams

willbe usedto studyand optimizeRIB productionandmaybe usedfor low-energyRIB

experiments.Aboutoneanda halfyears later,inthe first halfof 1995, RIBsshouldbe

Injectedintothe tandem,accelerated,andusedforthe firstexperimentsrequiringhigh

beam energies.
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Table1. HHIRFbeamsprovidedforscheduledexperiments.

BEAM MAXIMUMENERGY MODE* BEAM MAXIMUMENERGY MODE"
(MeV) (MeV)

: .......... [[ [ [_ [ [ [[ [[ [o I [[ [,[[[ - [[[r [ [[[ [ [ [ _ ..... , .........................

1H 25 T 52Cr 230 T
6LI** 70 T SeFe 890 T,C
7Li 128 T,C SSNI 1010 T,C
¢Be 158 C 6ONI 228 T

lOB 168 C e3Cu 189 T
11B 169 T,C ssCu 290 T
12C 300 T,C e4Ni*° 290 T
13C'* 67 T 7oGe !54 T
160 405 T,C 74Ge 306 T
170- 381 C 76Ge 305 T
180** 356 T,C 70Br 1000 C
19F 190 T $1Br 604 C
23Na 117 T 74Se 164 T
24Mg 200 T,C 76Se 169 T
2SMg 132 T 78Se 320 T
26Mg" 200 T eOSe 285 T
27AI 196 T O2Se 315 T
2oSI 333 T,C OOZr 500 T
2gSj 150 T g3Nb 276 T
3osi 264 T lOTAg 374 T
31p 136 T lOOAg 733 C
32S 725 T,C 116Cd** 499 C
34S** 170 T 112Sn," 570 C
36S'" 165 T 11eSn'" 684 T,C
35CI 703 T,C 117Sn 845 T
37CI 187 T 12°Sn 240 T
4OCa 601 C 1271 399 T
44Ca'" 205 T 148Nd** 700 C
4eCa'* 200 T lS°Nd'" 760 C
4SSc 200 T lSOSm'" 701 C
46T1'* 280 T 166Gd'" 885 C
4OTi 581 T,C lOTAu 591 T
4flTi*" 235 T 208pb 982 C
SOTl" 250 T 235U 119 T
slV 216 T

-- _ : _ [I I _ I !ll!l Illllllll . Illlllll II } . II

• T = Tandem alone; C = Coupled mode.
•' BeamprovidedwithseparatedIsotopeprobesample.
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Table2, OakRidgeIsochronousCyclotron(ORIC)parameters.
i lr ..... _!]_!IILlll ! _Jlllnlllll_ll ! "':-" . : ................... : ............. ' ..............

!

BendingLimit(ME/q2) 100
FocusingLimit(ME/q) 85
MagnetSystem

Polefacediameter 193cm
Numberofcompactsectors 3
Maximumspiralangle 30"
Minimumgap/maximumfield 7.6 In/23,8kG
Maximumgap/m!nimumfield 28. In/t3.2kG
MatnCoilConductor 250 turnsAI
MainCotlPowerSupply 5000 A-350 V
THincoils 10 pairs
Harmoniccoils 4 palmpervalley
Weight 210 tons

RFSystem
Configuration Single180°dee toground
Maximumvoltagepergap 70 kV
MaximumRFpower 200 kW
Frequencyrange 6.7-20.1 MHz

VacuumSystem
Operatingpressure 1 x 10-eTorr
Pumps Two80._mollDP

One50-cmollDP
One50-cmcryopump

InternalIonSource ColdcathodePenning
ExtractionChannel

One60 cmlong,70 kV/cm,electrontaticdeflector
One25cmlong,3 kG,5000A, coaxial,septummagnet
One100cm long,6.5 kG,3000A-3000A, compensated
iron,magneticchannel

_ [ II _ II _. II IIII I II I UIIIIIIII II III I I " . J III -
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Table3. Estimatedoverallefficiencyfromatomsto acceleratedbeam.a

....._"_ ...................... Negative Positive .....Negative.........Tandem.....
Electron ion ion Ion Transport Overall
Affinity Production Efficiency Efficiency Efficiency Efficiency

Element (eV1 ..... MothoclO (%Id..........., (%)o %)f......... , ,,l:.... ,,, ('/,),..........
He 0,08b CE 2.4 1.5 80 G 0,01
Li 0,62 CE 14 9 80 (3 0,50
Be 0.19b CE 9,3 3 70 GI 0,i 0
B 0.28 CE 1! 12 60 (3 0,40
C 1.27 CE 8,9 42 47 G 0.88
N <0
O 1.46 CE 8,5 45 35 G 0,67
F 3,40 $1 100 32 (2 16,0

Ne <0
Na 0,55 CE 27 5 30G 0,20

,o0,46 CE 25 14 28G 0,49
St 1,39 CE 19 60 28 G 1.60
P 0,74 CE 15 70 26 G 1,37
S 2,08 SI 15.8 26 Q 2,05
CI 3.62 $1 100 25 G 12,5
Ar <0
K 0,50 CE 42 1,_ 24 G 0,09

Ca 0,04 CE 30 0.4 23 G 0,01
8c <0
Ti 0.2 CE 29 4 21 (3 0.12
V 0.5 CE 31 10 21 G 0,33
Cr 0.66 CE 31 10 21 G 0,33
Mn <0
Fe 0.25 CE 27 6 11 F 0,09
Co 0.70 CE 28 12 10 F 0.17
Ni 1,15 CE 29 60 11 F 0,96
Cu 1,23 CE 30 60 9.5 F 0,86
Zn <0
Ga 0,3 CE 40 7 9.0 F 0,13
Ge 1.20 CE 31 62 8.6 F 0,83
As 0,80 CE 26 75 8.5 F 0,83
Se 2,02 CE 26 75 8.2 F 0,80
Br 3,36 SI !00 8.2 F 4,10
Kr <0
Rb 0,49 CE 64 0.8 8.0 F 0,02

aExclucUngdecayandtargetreleaselosses. ............. ' ............. -
bMetastablestate,

aSI denotesdirectsurfaceionization,CE denoteschargeexchange.
dScaledas disouued Inthetext.
eMeasu,'edefficlerK:les.

fF orG clef;oresgasorfoilstrippinginthetandemterminal.
glncludesanadditional50% reductionto accountfortransportlossestothe tandemaccelerator.
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Table 4, Summaryof releue tlrnestI_2 and releaseefficlencles11.
............... II III ! kr!llll I II I[I I_ _ ..... _-__J1 I I _'- I1 ......................... -- II I I I II I ITnlfr!l I''! ........... -- '_=!

implantation Target
pro!ec't!!e_ _.... Ener_v..(_ev) .......MaterlRI............Ranae !_! ...............,¢ll) ...... ._._?/o_.....

3sCI 162 Zrs$13 26.3 13 87

?BAs 209 ZrsGe3 18,3 39 24

79Br 183 ZrsGe3 15.6 7 61

eSe 20g ZreGea 18,0 40 5

78Se 183 ZrsGe3 15.0 25 27
--, ....... __ ........................... II...... I II IHI l ......... = _ ....... II II Ill I IIIII ]_ =" __ _[11[11 J_ IIIIII
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ORNL-DWG92-15732

HHIRF,FOR EXOTIC BB_

ORICACCELERATOR _ J 4 X 1014PROTONB/8
"-,,../! (e7

I
1011ATOM8/8

THICKTARGET I I
4X

' Ii'! I
I

N'ION80URCE I I 30%EFFICIENT
I i
I I
I I

I ,...i I
MASSSEPARATOR I /\ I .%L088

I ............ I
I I e X 1010POE.ION8/8
i I

CHARGEEXCHANGE I I I 1 30%EFFICIENT
L.- .-J

2 X1010NEO.ION8/8

TANDEMACCELERATOR 20%TOTALTRAN8.

4X 10tt ION8/8
(0.8pnA)

Fig,2, SummaryoftheORNLRIBconceptwithaverageefflclenale=fore"very
goodcase"RIBproducedwtth67i._of30-MeVprotons,About10-8 oftheprlmary
beamor0,6pnAofRIBswouldbeproducedasbeamontargetunderIdealconditions.
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ORNL-DWG92- 15725

Fig. 3. The oentralray trajectoryfor the firstsix turns superimpose¢lon the
electrtcfieldequipotentlallinesfor an optlmlzeclORIC centralregionfor a K = 75 H_
beam.
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ORNL.DWG 92.15734

Fig, 5. Beamtransportsystemof the HHIRF 25..MVfolded tandem accelerator,The effectiveentrance lensof the low.energyanOhigh energyaccelerationtubesare
shown. With gas stripping,the 90° energy-analyzermagneican be useclto separate
isobars.
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ORNL-DWG 92-15735

TANDEM INJECTION VOLTAGE STUDIES

1.8
O

110 MeV 1605+ (G)
¢ 1.6 110 MeV 1605+(G)

290 MeV58Ni13+(F)

_ 1,4

1.2 205 MeV45Sc7+ (G)

_-- 1.0

_ 0.8"

300 MeV107Ag14+(F)

0.6 140 MeV58Ni6+(G)

140 MeV58Ni6+ (G)
I,IJ
>

0.4 PRESENT
uJ OPERATING
I¢ INJECTION

0.2 VOLTAGE

,,,,==, HIe i iii iii i 11ii i iii ......... _---_'-'_L,.__ _1111._ I II I I HI -- -• | !,

0 100 200 300

INJECTION ENERGY (KeV)

Fig. 6. Measuredrelativetransmissionefficiencythroughthetandemaccelerator
forvariousgasandfoilstrippedbeamsas a functionof injectionenergy.
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ORNL-DWG92-15745

Fig, 18. Conceptforthe secondORNL RIBtarget-ionsource. Negativeionswill
be made directly by plasma sputteringcondensed radioactivevapors from a colO
cathode. The plasmawillbe containedwitha multl-cuspfield in a chamberwithhot
walls.
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ORNL-DWO91-12903

t (rain)
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Fig. 17. Releaseprofileusingthe UNISOR FEBIADtarget-ionsourceandmass
separator, A 79Brbeamwas implantedin a Zr(5)Ge(3) target, About76% of the 79Br
wasavailablefor ionizationwitha releasetimeof sevenseconds.
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ORNL-DWG 92-15746

Fig. 18. Horizontal view and stretched vertical view of the beam envelope from
the Mark.I target-ion source through the first-stage mass separator on the HV source
platform, The envelopes were calculated to thirdorder with the computer code GIOS.
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ORNL-DWG 92-15748

63.3 MeV 1602+ BEAM PROFILE
200- , ....................................- ,.........,

I

Integral Measurement
(One Sllt)

m
150

<
Derivative of Fit to 30

"-" 5%-g5% Integral Measurement-0.52 mm

100
E

ZO

FWHM =

50 0.27 mm

10

FWTM =
5% 0.62 mm _

0 0
0 10 20 30 0 10 20 30

Beam Position (0.052 mm/Dlvlslon)

Fig.20 Beamprofilemeasurementatthe Imagepositionof the energy-analyzing
magnetof the 25-MVtandemaccelerator.The functiononthe leftwas measuredwitha
single slit for a 63.3-MeV 1602. beam with the terminalpotential stabilizedwith a
generatingvoltmeter,The functionon the rightis the derivativeof a functionalfitto the
measured data on the left and is an approximationto the actual beam profile. The
observed FWHM of 0.27 mm correspondsto a mass resolvingpowerof one part in
12,400.
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Concluding Remarks
R F. Casten, Chairman, ISL Steering Committee

417



ConcludingRemarks*

R.F.Casten

Chairman,ISL SteeringCommittee

The following are some brief remarks and reflections on the Workshop and

an indication of our plans and directions to continue th_ process that was begun
in earnest here.

I would liketo startby expressingmy gratitude,on behalfof the ISL

SteeringCommittee,toalltheparticipantsforcomingbut,more importantly,for

youractiveroleintheobvioussuccessoftheWorkshop. Thiswas,indeed,inthe

truestsense of the word, a real Workshop, a gathering that stressed

communication,give.and-take,and exchange of ideas. I was very much

impressedby the frank and open nature of both the formal and informal

discussions.We wereveryfortunatetohavean abundanceofexpertsinmany key

areasrelatedtoRNBs--includingprimaryand post-acceleration,targetsand ion

sources,front-endlow energyion beam acceleration,isotope/isobarseparation,

instrumentationforexperiments,and so on. Itisevidentthatyou preparedin

advanceby relatingyourexpertisetotheneedsand goalsoftheISL. Earlyinthe

conferencethiswas vividlyclearin the invitedtalks. The speakersmade

extensiveeffortstodealseriouslywiththeISL concept,as outlinedintheWhite

Paper, publishedin the Fall of 1991, without cringingfrom suggesting

modificationstothem. Itwas equallyevidentinthesessionsofthethreeworking

groupsin which an awesome amount of expertknowledge,experience,and

forethoughtwas brought to bear on the issuessurroundingthe production,

extraction,and accelerationofRNBs and theiruseina trulyimpressivearrayof

experimentsspanning many scientificdisciplinesranging from atomic and

materialsscience,throughnuclearphysicsto astrophysics.Once again,we on

theSteeringCommitteeareverygratefulforyoureffortson behalfoftheISL.

*Basedon concludingremarksatthecloseoftheWorkshop.
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As a resultof the talks and discussions,an imposing amount of

informationhas been aired.Itwillneed digestingand assimilating.Many new

ideaswere presented,many optionsdebated,many difficultiesstudied.Some

solutionsto technicalissueswere achieved. In othercases,itis clearthat

solutions(sometimesmultiple)existand willnot presentseriousproblems.In

othercases,thereisa clearneed forfurtherwork,forin-depthstudyofdifferent

scenarios,ofthefeasibilityofvariousschemes,and,insome cases,suchas target

heating/ionsourcework,much room forinnovativeR&D. Indeed,some R&D is

alreadyunderway,as witnessedby theISL participationintherecently-approved

RAL high-intensitytarget/ionsourcetestbedfacilitywhichwillprovide100t_Aof

protonbeam on thicktargets.R&D ofa differentsortisdevelopinginearnestin

theareaofinstrumentationforexperiments,fosteredand motivatedinpartby the

need to preparefor experimentsat the first-generationRIB facilityunder

constructionatOak Ridgenow.

One ofthemost importantaspectsoftheWorkshop,and one where many

new realizationssurfaced,was inunderstandingtherelationbetweenthescience

tobedoneand theoutputspecificationsoftheISL.Itisclearthatdifferentscience

putsdifferentdemands on thefacility.Moreover,thisrelationshipofscienceto

specificationsiscomplexand multi-dimensional.Some experimentswillrequire

r 'thehighestRNB energiespractical,but notforallmasses. Otherswill eqmre

theheaviestnucleibutcan toleratelowerbeam energies.Differentexperiments,

entailingdifferentcombinationsofbeam mass,energyand intensity,willhave

varyingbeam purityand/oremittancerequirements.And, fortunately,thereare

also some experiments that are much less demanding in almost every

specification.

Particularlyimportantin thisWoi,kshop were the in-depthinteractions

between the machine experts and those interestedin carryingout ISL

experiments.Itisthroughsuchinteractionsthatimpracticaloroverlygrandiose

schemes can be temperedwith realityand thescopeofcurrentand foreseeable

technology.Thesetwo groupshave,sometimes,differentapproaches,needs,and

philosophies:communicationbetween them,which we triedto fosterhere,is

critical,symbiotic,and effective.
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Thiscomplexmanifoldofscienceandtechnicalrequirementsneedstobe well

understood.Thiswork willbegreatlyaidedbytheeffortsofthisWorkshop,andthe

proceedingswillbe an invaluableresource.One ofthesummariesofthisWorkshop,

byDaveVieira,thatappearselsewhereintheseproceedings,attemptstoaddressthese

issues,reflectingsome oftheviewpointsand consensusthatbegantoemergefrom

thisWorkshop. By consideringtheneedsofdifferentclassesofexperiments,and

groupsofscientists,he developsa tablethatoffersan updateds!Immaryofsome of

the"base"and "desired"outputspecificationsfortheISL. Inaddition,theSteering

Committeeispreparinga new surveyquestionnaire,tobe senttothenearly450

members of theISL USERS Group,thatwillpollour community to geta more

quantitativefeelingfortheinterestsand prioritiesofitsmembers. We willpublish

theresultsofthissurveyinasubsequentISLnewsletter.Inthisway,itishopedthat

a clearerpicturewillemerge of what sciencecan be done with what beam

characteristicsand what isforeclosedby lessambitiousspecifications.Out ofthis

processwe hope willemerge a consensuson what the most excitingscience

possibilitiesareand what theyrequirefrom thefacility.We need toknow and

understand,asclearlyand quantitativelyaspossible,ouroptionsand thelong-term

consequencesofdecisionsthatneed tobe made rathersoon.

The establishmentofembryonicworkinggroups,inthe areasoftarget/ion

sources,acceleration,and detectionand instrumentation,priorto the workshop,

alongwith theirintensework duringit,providesa base to continueintothe

future.The momentum and communicationachievedhereneedstobemaintained.

To thisend,theSteeringCommitteeisestablishingthreeworkinggroupsthatwill

focuson the most criticalareaswhere work,study,and R&D ismost urgently

required. Other areas will not be neglected, but these working groups reflect the

perceived technical priorities. Each will be convened by a member of the Steering

Committee but, following initial establishment, will be encouraged to develop

themodesofoperationand contactbestsuitedtoitscharge,toselectchairpersons,

and tocontinuean activestudyoftheirareas.

The table below summarizes the working groups and liststheir

conveners.Anyone interestedin workingin particularareasshouldcontactthe

appropriateconvener(orany othermember oftheSteeringCommittee)assoonas

possibleastheeffortsofthisWorkshopwillcontinueactivelyand inearnestsoas

nottolosethemomentum thathasclearlybeen established

Ofcourse,theareaslistedseparatelyinthetablearenottrulyindependentand

theworkinggroupswillmaintaincontactand collaboration.As appropriate,theywill

issuereports,some ofwhichmay bepresentedinsubsequentISLUSERS Groupnews-
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Table: ISL Technical Working Groupe

.............. .......... _ ...... _ j,,ll,, , eL ,,,n,r/_rn,,L _ ,, _: .......... _i ,, J,,,, , ,_,, .......

WorkingGroup Convener

- ........ 2 ................ . .............. ,iiiljirlli, l IIIl __ II fill- :77 J fill, I _i,i_]--- i I ,llllII Jill .... ,i,,[,,_,[

TargetsandionSources Dave Vieira(LAMPF)

John D'Auria(TRIUMF)

Front-endRNB AccelerationSystems Mike Nitachke(LBL)

ExperimentalInstrumentation

& DetectionEquipment CartDavids(ANL)

_ _ L_ :_ ---- _T liT .... [ ....... ............ I__ ............... -_ ................. ............. ; _ _L

letters,andfutureworkshops,eitherbroadly-basedasinthepresentcase,orfocusedon

specificareas,may beplanned.We willalsoexplorefundingscenariosfortheWorking

Groupsand forotherISL R&D sinceitisclearthatsuchwork willrequiretangible
resources.

IIIIIIIIIIIIIIIIIIIIIIIUIIIII|I||||I

A workshop of thistype entailsextensiveplanningand preparationby

many people,most significantlyby the participantsto whom I have already

expressedourgratitude.Here I wouldliketoexpressappreciationtoa number of

specificpeopleand organizationswho contributedinimportantways.

First, we are grateful to the Local Organizing Co_ttee, especially Ken

Ca_ter, Carrel Bingham, David Olsen, Gerald Alton, and I.-Y. Lee for helping

with the detailed planning for a Workshop that ran very smoothly.

Secondly, as all the participants are keenly aware, we are greatly indebted

to the expert secretarial and administrative help we received. I cite especially
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Appendix A:

Program fir the Workshop on the Production and Use of
Intense Radioac6ve Beams at the Iso_pin Laboratory

Wednesday,October7, 1992 (B, Sherrlll,presidingmorning)

(E, Zganjar,presidingafternoon)

8:30 Welcome, Jim Ball, Physics DivisionDirector,ORNL

R.F. Casten, Chairman,ISL SteeringCo_ttee

8:50 Production of High Intensity Radioactive Beams. H, Ravn

9:50 Isobaric MassSeparators. H. Wollnik
10:40 CoffeeBreak

l l:lO RadiationProblems• I, T_rsot,

12:00 Lunch

13:15 Cyclic Accelerators. Y, Jon&en

14:05 Linear Accelerotors. K, Shepard
14:55 Coffee

1._:2_TheOak RldlleRIB Facility. D+Olsetm

16:15 PrototyplealExpmnL_,:NuclearA_trophyslcs- .4,C_.ampagtle

Thursday,October8, 1_2 (C. Davids,presidingmorning)

8:30 ProlotyptcalExpmnl_.'HIIIh Spins. C,Baktash

9:10 PrototypiealExpmnts.:NuclearReactions.F. Becche,i

_:50 Prototypl_l Expmnls,:Proton,Richl_ucle!- J. Hard)'
10:30 CoffeeBreak

10:50 PrototyptcalExpnmts.:Neutron.RichNuclei- K.L.Krmz

11:30 Prototypl_l ExpnmlJ.'.Mater!sisScience- H. Haas
12:10 Lunch

13:30 WorkingGroups (Seeattachedschedule.)
16:(X)CoffeeBreak

16:30 ShortReportfromWorklnllGroupsandGeneralDiscussion

19:30 ISL UsersMeetinil(GardenPlazaHotel) R, F. Casten,presiding



Friday,October 9, i_2

8:30 Working Groups (See attachedschedule,)
10:30 Coffee Break

I1:00 Working Groups (See attachedschedule.)
12:00 Lunch

12:45 Tour of Oak Ridge Facility (for those interested)

13:30 Working Groups (See attachedschedule,)
15:30 Coffee Break

16:00 Working Groups (See attached_chedule.)

Saturday,October 10, 1992 (R. F, Casten, presiding)

8:30 Reportof Working Groups
10:45 Coffee Break

11:00 General Discussion

DISCUSSION GROUPS

Theaimof thediscussiongroupsis to exploreindepththeconceptualplanforthe ISLFacilityasoutlined
in the ISL WhitePaperandto considerthe beam requirementsandexperimentalequipmentneededto
properlyutilizesuchafacility. Thetopicslistedareonlyprovidedasstartingpointsforthesediscussions.
andthepeoplelistedhave agreedto initiatethediscussions,Othersareencouragedto participateinthese
discussions,

Combined Session Dlsctmion Groups A & B

Thursday, October 8 (Chair:D'Auria)

Ravn: ExpectedElements& intensities

Bricault: Heavy Ions for RNB Production

Talbert, Nltschke: High Intensity Tattlers

Thorsen, Borden, Donahue: Radiationand Materials

VanDuppen: Ion Sourcu

Shepard, Jongen, Schneider: Post-Ace: Cyclotrons vs. LINACs

Nitschke, et al,: Goal: lOOeh,(?)Duty Cycle Post-Ace.
Goal: l(_)c_(?)Transmission

Goal: Accelerationof A < 240 (7)

StrippingSchemes,q=1 vs. q>1
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Friday,October9 (Chair:Nitst.'hke)

GroupLeaders: ISL Sp_trlcattons:Revisions,Additions

Ravn,Vm_uppe,ta,Moore: FutureDevelopments
L

Ravn,Vm_uppetl,Moore: HigherEnergies,Identificationof ProblemAreas,
;)

Identificationof R&D 'lMpJcs

Dl_msJon Group A Target Ion Sources and Mass Separation

Friday, October 9 (Chair:D'Auria)

Steitter,Vim'era,Ward: Robotics& RemoteHandling

½'outer._,' Thin Target& He.jet Approach
Fairbataks: Laser Ion Sources

!*'ollnik,Ravn. D'Auria: Operational Parameters for ISOL/Isobar Separator

Discussion Group B Accelerators: Primary and Secondary

Friday, October 9 (Chair:Nitschke)

Clark: A 600 MeV Primary Beam Cyclotron
Discussion of LINACs for RNB Accel.

Paul: SC Cavities at Stony Brook

Discussion of Low-J3,iow.q/A Structures

Talhert: Initial LINAC Ace. Stages for the ISL

Tomi:awa: SC.RFQ & Interdtgital H-Structures

Schneider: A LINAC Solution

LeeYoung: Storage Rings

12Jbner/Selph:Charge State Enforcer
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DiscussionGroup C Experiments with Radioactive Beams

Thursday, October 8

13:30.16:30 Experimental Problems Associated with RNB Experimen_s

& Major Equipment Needed for the ISL (Chair: Vieira)

Huyse: Special Experimental Problems Associated with RNBs

$arantites: Utility of Gamma, Charged.Particle, and Neutron 4n Arrays to RNB

Experiments

Da_ ids: The Next Generation E x B Recoil Separators for RNII Experiments

Sherriil: A Large Solid Angle Magnetic Spectrometer for Inverse Kinematic
Reactions

Molt:: A Storage Ring for Low.Energy RNII Experiments

Open Discussion

Friday, October 9

8:30.10:15 Nuclear Astrophysics (Chair: Wiescher)

Boyd: A Provocative R.Process Experiment Using the ISL

K@peler: S.Proce_ Studies with Radioactive Targets and RNBs

Goerres: Rp.Process Measurements with Hlgh.lntenslty RNBs

Open Discussion

10:45 - 12:15 High Spin and Prompt.Gamma Experiments (Chair: Garrett)

Ahmad: High Spin Physics Experiments with the ISL

Lee' High Spin. RNB Experiments in Neutron.Rich Nuclei

Casten: BE2 Measurements via Coulomb Excitation with RNBs

Open Discussion

13:3(I- 15:30 Nuclear Structure (Chair: Lee)

Wilhelmy: Experimental Search for New Regions of Shape Isomers Using RNBs

Gregorich: Application of High.Intensity RNBs in the Heavy Element Region

Sherrill: Reactions with Exotic RNBs Close to the Drip Lines

Open Discussion

16:00.17:40 Weak Interaction and Materials Science Experiments (Chair: Vieira)

Sprouse: The Next Generation of Atomic Parity Nonconservatton Experiments

Requiring High.Intensity (unaccelerated) RNBs

Gai: Search for Weak Parity.Violating, Charged.Particle Decays Using

High.lntenstty RNBs

Sawicki: Materials Science Experiments Using the ISL

Open Discussion
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