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ABSTRACT

Radioactive isotopes avgdely used inmanyresearchields. In some applications they
are used as tracers aftdiffusion or after activation in thematerial itselfthrough nuclear
reactions. For research in solid stabggics, theon implantation technique the mosfflexible
and convenient method to introduttee radioactive isotopes in theaterials to be studied,
since it allowshe control of theon dose, the impintationdepth and the isotopic purity. The
on-line coupling ofisotope separators to particle accelerators, as is the case of the ISOLDE
facility at CERN, allows the obtention of a wide range bigh purity short lived isotopes.
Currently, the most stringehmitation for some applications ihe low accelerationnergy of
60 keV of the ISOLDBEeam. In this communicationshort review of the curremipplications
of the radioactivebeamsfor research insolid state physics at ISOLDE isdone. The
development of a post-accelerafacility for MeV radioactive ions is introduced and the
advantages of energetic radioactive beams are discussed.
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1. Introduction

The increased application of nuclear techniques to research irssabghysicsappeared
in the last decadesiostly as a result aothe conversion and upgrading well-established
nuclear physic®riented laboratories. Relevamtamples of this conversicare the electron
storagerings whichare progressively beingsed as synchrotron radiation sourddere than
20 of suchfacilities existaround the worlgroviding sharp and intense synchrotron radiation
beamsfor studies inphysics, biology, chemistry and crystallography [[he Van de Graaf
acceleratorswhich are nowadayactively used in surface, near surface and ftim analysis,
are representative of another typen@dchines whicloccupy a relevant position in solidate
research. Protons, Hand D ion beamsaccelerated to energies of a few Maké commonly
applied to characterizthe crystalline qualitythe depthprofile andthe lattice site location of
implanted impurities [2]. Althouglthe first applications of radioactive isotopesdolid state
physics started long ago in the late twenties, with the first radio tracer diffusion experiment [3],
the first “industrial” mass separator for radioactive ion beams was developed for the Manhattan
projectonly inthe late fourties [4]. At theame time, investigators tte Bell Labsproposed
the use of ion doping techniques to process silicon based transistors [5].

Neutron activationusing nucleareactorshas proved to be aesasy way of obtaining
radioactive isotopes, with the advantagebeing accessible tgroups working indifferent
research areas. In this way, radioactive isotopes could be obtairtbd nmaterials to be
analyzed by neutron irradiation of previously introduced impurities, or by direct implantation of
the radioactive specieBoth methods wersuccessfullyused in wearing studies and they are
today routinely used on materials hardness difflision studies [6]. These arenly a few
examples of fundamental scientiamd technological ideabat led to the current status and

interests of applied research with radioactive ion beams.



More sophisticatedechniquesthat rely on specificproperties of excitechuclei were
introduced in solid state research in the late sixties. The so 8dilpdrfine Interactions” (HI)
techniques, which have beeeveloped to investigatihe nuclearstructurephenomena, are
used today to study the interaction rafclear moments withthe local fields in materials.
Mossbauer Effect (ME) [7], Perturbeghgular Correlations (PAC) [8], Nuclear Orientation

(NO) [9] and thep-Nuclear Magnetic Resonanc@-NMR) [10] are examples of such

techniques. Their applications, however, are restricted by the limited number of adequate probe
isotopes, particularly, ioff-line experimentsinspite ofthat, asmall number ofappropriate
nuclei, with halflives ofthe order ofseveralhours, stimulated new experiments oriented for
studies of impurity doping of metals asdmiconductors [11, 12]. As a relevaxample of
such new applications, surfagysics should be mentioned ase of the mosbriginal
development, combiningltra high vacuumconditions and the PAC techniqueadioactive
nuclei are deposite@nto thetop surface or between a two-laystructure growrfin situ”,
making possible t@robe thefields onthese sites and thenpurity mobility in surfaces and
interfaces of metallic and semiconductor multilayer structures [13].

The relevance of such methods has beeh expressed during the lageéars with the
establishment of sevenatoposals and letters of intent for the introductiomeamforcement of
solid statephysics inthe working program of radioactiveeam facilitiesaround the world,
from whichISOLDE/CERN (Isotope Separator On-Line/ Europ&aganization for Nuclear
Research) at Geneva [ 14, 15], Isospin Laboratory at Oak Ridge [16], ISAC-1/TRIUMF
exotic beams facility atVancouver [17] and the SPIRAL/GANIL €paratorand Post-
accelerator 0On-line Produced Radioactive lonigcility at Caen [18] can be mentioned. The
success of nuclear solgtatephysicsresearch dependsavily onthe availability of abroad
range of appropriate radioactive isotopes and on an adesprapge pregration. The on-line

production of radioactive isotopes is tieehnicalapproach that bedulfills the first of these



requirements, being iteost relevanexamplethe ISOLDEfacility at CERN. Thecombination
of a big variety of isotopically clearadioactive ion beams witthe possibility to implant the
isotopes on-lineattracted anincreasing number ofroups to present projects materials
research at CERN. The second requirement, i.e., the adesguapdepreparation, will have a
new approach with the recent approval of a project for post-acceleration.pdste
acceleration of the radioactivens until severaMeV/u was first prposed at ISOLDE for
nuclear and astrophysics studies [19]. Such beanlis provide new exotic nuclear
configurations, essential to understdhd process takinglace inthe explosive stellar events
that led to nucleosynthesis. The nuclear sditéte community can als@rofit from this
powerful tool. High energyradioactive ion beams will allow to expldibhe advantage of
selectivelydeeperimplantations in a unique wafat combinesthe simultaneous modification
of materials with a powerfidet ofnuclear characterization techniques looking thi dopant
sites and its interactions with point defects and impurities at the atomic level.

In this paper weinclude ashort survey ofthe principal features of theon-line isotope
production and separation in the ISOLEd€Ility at CERN. Specialattention isgiven to the
recently approved radioactive idreampost-accelerator project. A review of tpencipal
nuclear solidstatetechniques is given and ifature physics applications witlenergetic ion

beams are introduced.



2. The ISOLDE facility at CERN

2.1. The isotope production

At ISOLDE radioactivenucleiare produced througspallation, fission or fragmentation
reactions in thickargets by arexternal 1 Ge\protonbeam fromCERN’s PS-Booster [14].
The target products areaporized and extracted through a trandifex into aselective ion
source. The extractadnsare accelerated to 60 keV and thierent masseare separated by
analyzing magnets. The ISOLDEgroup developed different advancetrget-ion source
combinationsthat allow the use of radioactive isotopes frabout 70elements [20]. Two
different masseparators aravailable.The firstone, theGeneralPurpose Separator (GPS),
provides mass separation with a resolving powe&N¥£ 2400. It is designed to provide up to
threesimultaneous beams, within a maasge of £+ 15%gelivered tothe beam lines in the
experimental hall (fig.1). The second mass separtteriigh Resolution Separator (HRS), is
being equipped wititwo bending magnets achieving routinely AW = 10,000 with a

maximum resolution of more than 30,000 for special purposes.

2.2. The post-acceleration of radioactive beams

Different projects for energetic radioactive ibramsare currently used around the world
[21]. The ISOLDE approacbonciliatesthe large know-how for the production of radioactive
beams with a lovweostradio frequency quadrupole (RFQ) acceleratiorac [19]. Before the
injection intothe RFQ, theprimary ISOLDE beam isprocessed inwo steps,transforming a
continuous (1+peam in bunches with a high e¢ga to mass ratid-irst, the ISOLDEbeam

will be continuously injected into a Pennitrgp. After accumulation foabout 20ms, bunches



are transferred to an Electr@2amlon Source (EBIS). Bguccessive ionization a charge to
mass ratio larger than 1/4.5 is obtained in about 1&0Theoutputions are then extracted
to a voltage of about 1 to 2 k&hd the desired charge to mass ratio is selectetipoje
magnets and injected in a special lowrent RFQ accelerator. After the RFQ acceleration to
0.5MeV/u, dinearaccelerator based on an Interdigitabtductureand three 7-gap resonators
provides beams with variable energgtween 0.8MeV/u an@.0 MeV/u. An efficiency of
about 10% is expectedssentiallydue to the EBISonization efficiencyFor investigations in
solid state physics, lovenergies between 1 and 10 MeV / A can be obtaiRedenergies
below 1 MeV/A, a low charged iobeam(4+) coming out from the EBIS will beinjected
through an electrostaticigh voltage acceleration lens. Tlamplesare mounted in digh

voltage platform at a variable potential between 0 and -200kV.

3. Nuclear Solid State physics at ISOLDE

3.1. Present status

The high intensityand wide range of radioactive isotopes have made 1SOihBktieal
facility for solid statephysicists using radioactivity in theiesearch. In fig. Zare shown the
elementdor which there are radioactive isotopes adequatesdwoeral techniques already used
in experiments atSOLDE. Currently about 35% o#ll the beam time igledicated to thsolid
statephysics program, whicktartedduring theseventies with some pioneer experiments, in
which the shortlived *'"Cd and***Cd isotopes werénplantedinto non cubic metals [22].
Since therthe major effort ofthe solid statephysicsprogram has beethe study oimpurities

in semiconductors [23].



Diffusion studies of radioactive tracers atél today an importantool at ISOLDE, being
currently used to study the anomalalifusion of low concentrations of gold in amorphous
silicon [24]. Due to the 60 ke\beam energythe isotopes areanplanted to aathershallow
depth. Thesamplesare then submitted to isocronahnealing andhe analysis is done by
removing layers fronthe implanted surface, usingputtering techniques, and counting the
radiation intensity.

A whole spectrum of more modern techniquesich are being used at ISOLDE is
essentially divided intbwo groups: thevell-established “nuclear” arttie most recent “tracer”

techniques. With nuclear techniques likeg., Emission ChannelingeC), ME, PAC andf3-

NMR spectroscopy, the radioactiveiclei are used adocal probes of the structural or
electronic environment in metals and semiconductors, including surfaces and interfaces.
In EC experimentghe lattice site of radioactivauclei implanted in single crystalline

materials is determined by measuring the angular distribution of the emitted pautj@&se))

[25]. In order to decrease timaplanteddose angiccumulation time, particle detection is done
usingtwo dimensionalposition sensitiveletectorswhich provide veryreliable measurements
of theemission channeling/blockingatterns. One of thgpecificadvantages of this technique
is a very lowminimum implanted dose, of the order of em? abouttwo orders of
magnitude belowthe doses used byonventional channelingbased on Rutherford
backscattering. As an example, it is worthwhile to meniti@nlattice location studies of Li in

intrinsic and compoundemiconductors of the shdited a-emitter®Li, after implantation of

doses even below @m? [26].
The PAC and MEhyperfine techniquesepresent the most widespread use of radioactive
isotopes forsolid state research at ISOLDHhese techniques amensitive tothe local

environment otheimplanted radioactiverobe,providing information orthe defect structure,



dynamicsand electronic configuration at the atori@eel. PAC and MErely onthe interaction

of thenuclear quadrupole or magnetic momentshef probe with the electrield gradient
(EFG) or magneticyperfine field atthe probe’s location. In particular, the EFG provides
information on the local charge density distribution and actdiagexprint of a specific defect
trapped by the probeuclei. At ISOLDE several ME experiments have bperformed with
thefirst excitedstate of*°Sn, obtained either by thiecay ofthe longlived ***Sb or the short
lived **In isotopes. Studies of the structuamd electronic states dfmpurity-vacancy
complexes inlll-V semiconductors and, moreecently, studies of Sb doping of Si-based
semiconductors such as SiGe alloys l@@mgpursuit at ISOLDE [15, 27]. Theensitivity of
the PAC technique, contrary to the Méssbauer effedssentiallytemperature independent
and a wider range of probe nuclei can be used [8, 12]. At ISOLDE, the PAC techrbqing is
applied tothe study of @echnologically relevant problem of impurity-impurity interactions in
semiconductors. The trapping of hydrogen at p-typpurities inlll-V semiconductors is
being studied usingthe representativé''™"Cd probe [28]. The recent introduction and

development at ISOLDE of thé-¢ PAC technique enlargesignificantlythe number ofprobe
nuclei. Isotopeswith highly converted cascade#accessible tathe traditionaly-y PAC
technique, such d8"™g and’®As / *Ge [29] are nowavailable, providing nevpossibilities
for studying defects in compound semiconductors and n-tymeurities in intrinsic
semiconductors. Further, with tlom-line coupling ofthe éy spectrometer to the ISOLDE
beam linethe shortived isaopes'*'Ba/*'Cs, "Kr/"Br and®*"Kr/®Kr can, also, be used [30,
31].

Essentially, providingimilar information agshe ME and PAC techniqueB;NMR works
with isotopes of thdight alkaline Li, Naand Mg elements. Thg-NMR technique habeen

used at ISOLDE for a long time, essentially, in nucleaysics studies. Recently the



quadrupole moment dfLi (“halo” nucleus) has been measured WBNMR measurements
after implantation of'Li in LINbO3 [32]. A first proposal of-NMR studies ofmplanted Li in

ZnSe compound semiconductor was recently approved at ISOLDE [33].

The new “tracer” techniqguesombinethe standard electrical or opticaleasurements,
commonlyused in semiconductor physics, with the use of radioactive isotopes. firstas
demonstrated with the identification of the Degvel TransienSpectroscopy (DLTSgignals
from Au and Pt implanted Sithat when the radioactivedecay involvesthe chemical
transmutation of the dopant, thiearical and opticaproperties of the semiconductosl
change in time witlthe characteristiime constant of the radioactivdecay [34]. Currently,
Hall effect [35], DLTS, Capacitance-Voltageneasurements [36] and Photoluminescence
Spectroscopy [37] use radioactive isotopes to overcome #miad “blindness” othe non-
radioactive versions, in studies of the electrical activatiommetrities in intrinsic andI-VI

compound semiconductors [38].

3.2. Perspectives with the availability of energetic radioactive beams

The availability of energetic radioactive ion beamgens new perspectives at ISOLDE.
Due to the preserntbeam energy of 6&eV the probe atoms ardecalised someens of
nanometers below the surface afi@plantation.For studies of defects in semiconductors,
higher energies would be necessaryotmalisethe radioactive isotopes deeper in thek, that
is, outside the surface defects and space charge regimargygthe energy oftheions in the
0.1-10 MeV range, implartian profiles can bg@roducedwith a resulting locaprobe atom
concentration of about 910" cmi®, instead of the current 1010 cmi®. Phenomenghat
arehighly sensitive tahe influence ofthe Fermi level, such as passivatiorechanismslue to

the trapping omobile impurities or defectgan be studied in this way. The radioactiracer



experiments will also profit with deepenplantations since in this wayne should bable to
avoid the precipitation of sommpurities tothe surface [15]. The closdcinity of the surface

to theimplanted region is, also, ironglimiting factor when comparinglata fromdifferent
techniques, whichresensitive to differentepths. The most straightforward case is the DLTS
technique, which will havehe radioactive isotopes deeper in #ensitive region of the
Schottky diode.

Nowadays, théon implantation technology with energetic ion beams became an essential
tool on semiconductor processing for electronic devices. Nields of research are
represented by théechnological processes where defeats intentionally produced, at
selected depths, by ioamplantation and usefr a controlledstabilization ofthe properties of
semiconductors [5, 15, 39]. The adequate control of the “defgiheering” technologiesill
need a deeper understanding of phgsics involvingsuch defects, and this is @eal field of
future researchwhich combinesenergetic radioactive ion beams withe presently well
established nuclear techniques.

The future applications of radioactive idieamsare not restricted t@eemiconductor
physics. Radioactive ion beams are currently being applied to studirdlctureand defects of
technologically relevant oxides [40, 41]. The itweam material modification is being
progressively extended to photonics, opening new waybkealoping of a largeariety of
photo sensitive materials. Waveguides and quantwells are being produced by the
implantation of photo-activenpurities at selectedepths in differensubstratematerialslike
LINbO3, and ALO; [42]. Thestability of the dopants in suciaterialsrepresents today a big
challenge, both for technological and fundamergasons, and represents an additifiell of
research thatan be addressed by thembination ofthe nuclear techniques with energetic

radioactive ion beams.
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3. Conclusions

The interface between nuclear and sdtdte physics has always been a feryeound for
discovering new phenomena and attractive applications. During the lpsardthe usefulness

of radioactive isotopes applied to solid stalysics has been graduatcognized, and a large
set ofnuclear characterization methods can be used nowadays. The success ofsolidlear
state researcltlearly depends today omwo factors: abig variety of intense beams of
radioactive isotopes from the appropriate elemevtigsh canonly be achieved in on-line mass
separators, and on an adequséenplepreparationwhich will be achievedwith the post-
acceleration of radioactive idreams.The combination of thesictors will allow the use of
complementary techniques, which revealetha past to be the mofstitful way to approach
the problems in solictatephysics. Inthe near future, at ISOLDE, theell established nuclear
solid statetechniques will be combined with energetic radioactive ion beams providing new

and unique tools for the characterization of materials.
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