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Abstract facilities presently underway will allow new regions of
proton- and neutron-ricmuclei to be studied, providing

Widespread scientific intereshas developed in using €Xciting new research opportunities. ~Of course not all
accelerated Radioactive lon Beams (RIBs) fuuclear unstudied nuclei will prove to biaterestinghowever, much
physics, astrophysics, solid-state physicejapplied studies. of the new information on new interesting phenomena will
Two general methods can be used to produce RiBsrecoil come from nuclei studied with RIBs.
fragmentation methodand thelsotope-Separator-On-Line ~ Another extremely interesting reseamateafor RIBs is
(ISOL) method. The recoil-fragmentation method requireastrophysicsand in particulanucleosynthesis. Most of the
one accelerator, filters radioactive fragments produced fré¥@avynuclei in the universe haveeen produced in explosive
medium-energy heavy-ion beams incidentfoin targets, and Stellar events with short-time scak&sough nuclear reactions
is relatively well developedThis method hadeen pursued On unstable nuclei. It isnly with RIBs that these reaction
vigorously at several laboratorieshe ISOL method requires Processesan be studied in detail in the laboratory. ~ The
two acceleratorshas thepromise of lower energieandmore reaction network for explosive hydrogéurning, the rapid
intense beamsnd is in an earliestate of development. TheProton or RP process, is believed to have produced the proton
status, challengesand plans of théirst-generationISOL rich stable nuclei betweeoxygenand the iron region. The
acceleratedRIB facilities present]y operating or underﬁrst-generation ISOL facilities described timis paper will be
construction will be discussed. Theme facilitiesbased in uniquely positioned to produce these proton-rich unstable
part on atleast one existing acceleratand will produce nuclei for inverse-proton-reaction cross section measurements

limited RIB beam species, intensities, and energies. In general,RIBs can be obtained ko verydifferent
and complimentary methods: Throjectile Fragmentation,
|. INTRODUCTION PF, methodand thelsotope Separator Otine, ISOL,

method. The PR methogroduces RIBs inperipheral
collisions between heavy-ion projectileend light-target
nuclei. [1]  The incidentbeam is typically inthe 50 to

S . 200MeV/A range and theadioactive fragments recoil in a
This interest hased to the construction, development, a 9 9

. . . rward-angle cone with velocitiesimilar to that of the
proposed construction of firsand second-generation RIB . g

tacilities in Asia. E d NorthAmeri This int ¢ incoming beam. The PF method is fast, so short half-life
&tlc' : 'eg. n { S'?’ utrho pean t'f'o r metrlcz_at.iéﬁs IS N ergzs RIBs can be madanddoesnot suffer fromthe severdarget-
stems directly from the scientilic opportuni S ProvVIGe 1,0 am-ion-source chemistry constraintstiod ISOL method.

for nuclear, solid-state, and astrqphysics and applied reseafell over RiBsare produced ahigh energiesand the RIB
?ndh Fhe”fa?t th.‘slt the a;:rc]:ellera}[tl\cl)vn ;fRIE;S has become intensities,because othinner targets and small@rimary
echnically teasible over the jast wo decades. beam intensitiescan beseveral orders of magnitudewer

RIBs will greatly increase the number of nuclei availablﬁ]anthose from thdSOL method. The PR method requires
for study, particularly nuclei with extreme values of neutrg '

and proton number. Altogethehetweenthe proton and 5th one accelerator system.
neutron drip lines and théssion limits for heavy nuclei,
there are approximately 3000 particle-stable nuttlat can
be studied. Sommmformation exists on about 40% of these _
nuclei. Most of our nuclear structure information is from = 1ne ISOL method requireswo accelerator systems, a
nuclei nearbeta stability that were first produced with driver accelerator to produce radioactive atoms ataesta
accelerated light-ion stable beams incident on stable tardSt accelerator to accelerate these radioactive atoms to
and then wittheavy-ion beams, particularly heavy-ion fusioffn€rdies of interest. Thievo accelerators areoupled by a
reactions producing proton-rich nuclei. Much of the nuclel@'9et-ion sourceand mass separator. ~ This method is
information on neutron-rich nucleias obtained from reactor€duivalent to selecting a low-ener@yB from an on line

produced fission fragments. Thievelopment othe RIB isotope separataand accelerating thideam to energies of

A remarkable level of intereshas developed with
accelerated radioactive ion bearfRIBs) in ashort time.

II. ISOL METHOD
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TABLE 1. FIRST-GENERATION RIB FACILITIES USING THE ISOL METHOD

FACILITY DRIVER ACC POST ACC DONE COMMENTS

Louvain la Neuve 30MeV-p cycl K=110 cycl operating 4E8 pps 13N, 2E9pps 19Ne
ARENAS K=110, 70MeV-p cycl K=44 cycl 1996 0.2-0.8MeV/A

INS, Tokyo K=65, 40MeV-p cycl RT SCRFQ & IH Linacs 1996 RIBs<1.05MeV/A

HRIBF, ORNL K=100, 60MeV-p cycl 25MV tandem 1995 RIBs<5MEV/A for A<80
SPIRAL, GANIL cpl. K=400 HI cycls K=265 cycl 1998 heavy ion RIB production
EXCYT, Catania K=800 SC cycl 15MV tandem heavy ion RIB production
REX ISOLDE, CERN 1000MeV PS Booster RT RF, IH, 3-7gaps >1997 RIBs<2.0MeV/A, trap/EBIS inj
ISAC-1, TRIUMF 500MeV-p cyclotron RT RFQ & IH linacs RIBs<1.5MeV/A

interest. Agood example dfhe target-iorsourceand mass- target material and theffusionandsurface desorbtion in the
separator technology required for an ISBIB accelerator transport tub@nd ionsourcearesensitively dependent on the
facility is ISOLDE[2] at CERN. In fact, it was realized earlyhigh-temperature chemistry of the target material, ibam
by Hansen3] in 1977 that many of the intenséow-energy element,and construction materials. ThESOL method is
RIBs developed at ISOLDE, some tbem reaching 1x## also muchslower than the PFmethod, limitingRIBs to a
pps, could be accelerated to energies of interest for nuclealf-life of at least 100ms or longeHowever, forthe longer
and astrophysics. lived speciesthe ISOL method is capable of producing more
intense beams at energies needed for nudpactroscopy
and astrophysics studies.

lll. FIRST GENERATION ISOL FACILITIES

At least seven ISORIB facilities are eithenow funded
or nearly funded. These facilities calh beconsidered first-
generation facilitiesbecause theyall, in some way, are
limited, either byRIB species, RIRnergy, oRIB intensity.
These facilities are also casffectivesince they each build on
an existing driver accelerator, The facilities are listed in
Table 1 and discussed below:

q “c prooucTion
TARGET

Figure 1. ISOLDE high-temperature FEBIAD target-io
source for the production of RIBs by the ISOL method.

The crucial component for the ISOL method is the targe
ion source. Figure Showsthe ISOLDE high-temperature
FEBIAD target-ion source. Radioactive atoare produced
by bombarding thick targets with high-intensity beams
protons or other light ions. The resultirgdioactive atoms
will diffuse and desorb fromthe target material, Which

typically is a refractory ceramic in powder form which i ;‘,4
heated to over 2000°C.The radioactive atoms wilffuse ....,:-fjl"' /f/ﬂ
through a heated transpdubeinto the FEBIAD ion source .~ e

where theyare ionized by electrons from a heatathode Figure 2.
and accelerated to about 50keV. Following ionization a
acceleration, the desired mass can be separated wit}.\Sir
magnetic mass separator. vAry goodseparator, with a mass
resolution greatethan1/10,000, can separaobars from a | ; vain-la-Neuve Facility

single mass thus providing isotopically pure beams on target. Presently, theonly operating RIB facility is at

A significant disadvantage of th8OL method, isthat | o ,yain-la-Neuve wheré3N and 19Ne beams have been
the diffusion and desorbtion of the radioactive atoms from e o|erated for astrophysics research with intensities 0B4x10

Sketch of théouvain-la-Neuve facility which
oduced the first acceleratd8OL RIBs, 13N, used for
ulear astrophysics measurements.



and 2x18 pps, respectively [4]. The driver, CYCLONE 30, igjain ofnearly 2.5for 38 produced from3He bombardment
a compact H cyclotron designed to produce a 500ufgf a CaF powder target has been measured.

30MeV proton beam for PEiBotope productionThis beam
is transported, as shown in fig. 2, to a target located in a 3r = S

thick concrete shielding wall. Fé8N beams, a 50% enriched D e s
13¢, thick graphite-powder target is embedded into a graph

rod in good thermal contact with awater-cooled copper

cylinder. The resultingd3N activity from (p,n) reactions is g s [

extracted on line ad3N-14N gas molecules. The 170pA = Experimental Area
proton beam heatbe target t@bout 2300°C.The 13N-14N SIS IAS SIS SIS,

gas is transported to a single-stage ECR ion sdhetehas 2 ' e i
an 8% ionizationefficiency. The resulting!3N* ions are 7z |
mass analyzed, transported to a second cyclotron, axii 7B
injected, and accelerated with a 6% efficiency. r—é\f_/

An important problemhas been the separation of
evaporated3C from thel3N beam. This separation hiasen . S0-m Long Beam Line
achieved using théiigh intrinsic resolving power of the R
CYCLONE magnetic field.The 18Ne beam is produced with e
a liquid LiF target. Beams of11C and ®He are being 7 Z I TTTTT T,
developed. A 110-minute half-lifé8F beam is being /f/ lon Source g
developed using (p,n) reactions on enrichelfO water ///  Sionan =" ISOL é
following a batch procesgery similar to thatused for PET / é g
isotope production.The 18F is slowlyreleased into the ECR 7 ; Z
source as Cfgas. f ‘ Z

Thework at Louvain-la-Neuve will be extended with the é T i Z
ARENAS project which is now funded to construct a 25 / /%/
efficiency,K=44, 0.2 to 0.8MeV/Acyclotron post accelerator é ;
dedicated for astrophysics researchhis new cyclotron is A %
scheduled for completion in 19%6d will allow the K=110 777
CYCLONE to also be used as a driver fugher energy rigyre 3. Layout ofthe RT split-coaxialRFQand IH linac
protons and other light ion beams for RIB production. post accelerator system of the INS RIB facility.
INS Project, Tokyo HRIBF Project, ORNL

A RIB facility hasbeen constructed #ie Institute for The OakRidge Isochronous Cyclotron (ORI@nd the
Nuclear Studies of the University qf Tokyb] originally as a »5\y tandem accelerator are being reconfiguregrtovide
part of theJapanese Hadron Proje&lBs have been made 5, economic first-generatioRIB facility [6]. In the past
with beams from the existing K=68, 40MeV-proton cyclotrorpr|c served as an energy booster for stable heayeams
The new apparatus consists of EBOL system, &0m low-  from the tandem. FdRIBs, this processhasbeen reversed:
energy transportine, and a linaccomplex. Sl, ECR, and e tandem will be injected witRIBs produced byight-ion
FEBIAD target-ion sources have been developed. @#Rr|c peams.The tandem presently operates at 25MV, the
sophisticated two-stage mass separator with dipole magngthest electrostatic accelerator voltagettia world.  With
raised to different voltages to reduce backgrobadbeen gingle foil stripping, mass-80eams will be acceleratethove
built. A mass resolution of 1/9000 is expected. 5MeV/A for nuclear structure studie§he tandem is a DC

The post acceleratdinac, shown in fig. 3, consists of 8machine, so no bunching is required. There is no low
25MHz  Split CoaxiaRFQwhich is an extended version of &;g|qcity problem asvith linacs and itsimplicity, reliability,
successfully tested prototypeThe SCRFQ will accelerate gng peam quality,are unmatched. An unusual feature of
RIBs with Q/A>1/30 from 2 to 170keV/A with duty cycle i5ndems is thategative ions are requirddr injection, not
between 10and 30%. Theutput beam will be stripped to highly-charged positive ions.

Q/A>1/10 and accelerated to 1.05MeV/A with a 4-cavity, = The accelerators will beoupled by a RIBinjector,
51MHz inter d|g|tal H I|na(.:.. Thecavities WI|| be sepa.rated shown in fig. 4, consisting of an ISOLB§pe target-ion

by quadruple triplets providing large honzpntaid vertical source, mass separatoand chargexchange cell, all
acceptances. In order to utee RIBs efficiently, a pulsed mounted on a 300kV platform constructed in an existing
RIB sourcehas been developed tonatch the linac time gpielded room. The neutron fluence frime RIB target has
structure. A bunching electrode operating at 30@¢been peen estimated to be up to 1x&@cr? at one meter for 2kW
added 1mm from the exit aperture of a sReface ionization o heam for 2000 hoursThis fluence will destroy nearly all

i 3 41 . . . .
source. Tests wit#3Na, 39, and 4K beams pulsed at unshielded semiconductor devices. Consequently, a split
100Hz with 2ms pulses have been completed. A bunching



Figure 4. Recently completed HRIBF RIB injector which will mass analyse, charge exchange, and
inject negative RIBs at 300KV into the 25MV tandem accelerator.

platform system separated by shielding wall has been with 95MeV/A light-heavy ionsare significantly larger in
constructed. One platform will hold the target-ion source amgany caseghantarget fragmentation, spallation, afiskion
mechanical equipmenand the othewill hold all the cross sections for energetic protons; howeids,increase in
electronics. The first-stage mass separator gile a mass cross section may be mdateancompensated by a decrease in
resolution of 1/1000 at 50ke®ndwill select a mass to betarget thickness. Also, targpbwer density is a concern at
refocusedhrough a charge-exchange cell. The negative-itime planned intensities. The®sues of RIBproduction are
injection line is configured t@rovide a second stage masbeing studied at GANIL with a Caprice-type ECR source and
resolution greater than 1/10,000 at an energy of 350keV. new mass separator, SIRaThe initial measurementsave

The RIB injectorhasbeen tested with stable beams arlbeen made with  noble gas beams, both primary and
the remaining components have been ordered. In the sumradioactive, on a powder carbéarget. Yields of 1.0x1
of 1995, ORIC-produce®IBs fromthe new injector will be 78Kr10* 1.2x10 34Ar7* and 1.5x10° 18Ned* ions/s/puA
optimized. The firsRIBs should be accelerated through thbave been measured. GANIL will hatree speciahbility to
tandem in 1995 and scheduled experiments will start in 199ry the primarybeam species, in addition the target

material, so as to maximize the intensity of a particular RIB
SPIRAL Project, GANIL species.

As an extension to the existing high-energy fREility, RIBs will be accelerated in a compact K=265 cyclotron,
GANIL has been funded to develop RIB ISOL facility, CIME, presently under construction. Beam energiesvaily
SPIRAL [7]. RIBs will be produced with the 95MeVheavy from 2 to 25MeV/A depending atheir charge to mass ratio.
ion beams fronthe existingcoupled K=380 RT cyclotrons. Mass separation will be performed filre mosipart with
A new 14.5GHz ECR source on a 100kV injector h&@IME itself. RIB experiments will be done with the
increased the primargeam intensity to 3puA for ions up toextensive experimental areasdequipment at GANIL. The
Ar. A new rebunchebetweenthe maincyclotrons should SPIRAL project does not require any major civil construction.
increase this intensity further allowing a maximumeam The new cyclotron is scheduled for delivery late in 1996 and
power of 6kW. the first RIB experiments should start in 1998.

Radioactive atoms will be multiply ionized in a
permanent magnet EC$urce at 20k\andmass sorted with EXCYT Project, LNS Catania
a low resolution spectrometer. Theresgme debate on the The Laboratorio Nazionale del Sud is equipped
efficiency of light-heavyions for RIB production. The with a 15MV SMP tandem and a K=800 SC cyclotron. These
projectile fragmentation cross sections B production accelerators will be reconfigured to provide an ISOL RIB



facility, EXCYT.[8]

Radioactive atoms will be produced, iractivation activities oRIB production. A 60keV beam, from

a manner similar t&ANIL, using projectile fragmentation a variety of possibl@®n sources, will be delivered frothis
reactions withheavyion beams fronthe cyclotron. In order new building to either a 60keV experimenaaéa or the new
to increase both thenergyandintensity of beams from the post acceleratorThe first stage of this accelrator wibnsist

cyclotron, a new 14.5GH4,.4T, SC ECRsource foraxial

of a 35MHz RT CW RFQvhich will capture, bunch, and

injection is being constructed. Interfseavyion beamdrom pre-accelerate RIBs, with Q/A>1/30, from 2 to 150keV/A. A

the cyclotron may bdimited by the electrostaticleflector.

foil stripper will increase the Q/A ratio of theam to at least

Negative radioactive ion beams will be produced with a néM6 beforefurther acceleration in a second-st&@dHz RT

150kV RIB injector, similar to theHRIBF concept, and IH linac.

A switching magnet will delivebeam to three

injected into the 15MV tandem. Beams up to mass 40 will bgperimental areas including a recoil separator. Approval of

acceleratecabovethe Coulomb Barrier.
1994, the firstbeam at LNS was extracted frothe SC
cyclotron., 3nA of 30MeV/A8Ni 16+,

CERN ISOLDE/RAL Projects

OnDecember 22, the five-year plan containing this project is expected in 1995.

V. CONCLUSIONS

Accelerator-based nuclear physics, whichly a few

_An accelerator project REX ISOLDEasbeen approved decades ago moved, ipart, from light-ion to heavy-ion
to increase th¢SOLDE energy from 60keV to 2MeV/A.[9] peams, is now moving, ipart, from stable-heavy-ion to

The scheme directlproduces ions with Q/A>1/4.5 with noradioactive-heavy-ion

beams. The excitinghysics

stripping. ISOLDE presently uses 2uA of time-averageg@pportunities presented by acceleraRigs will lead to the
beam fromthe 1GeV PS Booster in 3x18 proton pulses at a construction of perhaps seven first-generation ISOL facilities.
0.4 to 0.8Hz rate. ISOLDE 1+ beams will be injected aThese first-generation facilitiesll use at least one existing

Penning ion trap whiclwill be used as an accumulatorgcceleratorand arecost effective.

However, thegre all

buncher to convert the DISOLDE output into 50Hz pulses. limited in some way with respect to what is technically
These pulses withen befedinto an EBIS acting as a charggeasible, either irRIB species, RIBntensity, orRIB energy.

state converter. About 100us wide pulses ftbeEBIS will

Eventually, at least one second-generation ISOL facility,

be injected into a 108MHimac complex verysimilar to the capable of producingnd accelerating almost almasses to
Heidelberg TSR high-intensity injectofThe linac consist of energies above the Coulomb barrier, should be developed.

a 4-rodRFQ for 10 to 500keV/A, a 1@rift tube IHlinac for

0.5 to 1.0MeV/A,and three’-gap resonators fol.0 to
2.0MeV/A. Thesystem will be pulsed at 50Hxith about a

5% RF duty cycle. The acceleratowvould be used for
experiments in nuclear astrophysics, polarization studies, zyjd
solid state applications. A building extension is under design
and much of theaccelerator equipment is funded. The
earliest possible beam will be in 1997.

ISOLDE is also heavily involved withRAL in
development of a high-power Radioactive lon Source Test
stand, RIST, as proof of principle for a very-high-power
second-generatiorRIB target-ion source.[10] Up to 100uA
of 800MeV protons fronthe ISIS spallation neutrasource
will be used. IntensRIBs will be produced with a thick Ta
target consisting of 25um disks with 25um spaangd a hot
tungsten surface ionization source. phototype target-ion
sourcehas been successfully tested at ISOLREh a 2uA
beam. High power test will be done at RAL.

TRIUMF ISAC-1 Proposal

A collaboration centered on ti&RIUMF high-intensity,
500MeV H- cyclotronhasconstructedandtested an on-line
mass separator TISOL, installed a single-stage ECR source,
and initiated an experimental physiggogram. Building on ¢
this experience, TRIUMF is proposing their nextfive-year
plan to build a facility, ISAC-1, to accelerat®IBs to
1.5MeV/A.[11] A 10uA beam from TRIUMF will produce
RIBs in a new heavily-shielddouilding extending into the
existing protonhall. This buildingwill houseall the high
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