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Abstract

In this report, we define criteria for choosing target-materials and for designaafpanically-
stable, short-diffusion-length, highly-permeable targets for generation of high intensity radioactive ion
beams(RIBs) for use anuclear physics and astrophysics reseafabhilities based onthe ISOL
principle. In addition, lists of refractotgarget-materials arprovided and examplesre given of a
number of successful targets, basedrm@se criteriathat have been fabricat@sd testedor use at
the Holifield Radioactive lon Beam Facility (HRIBF).
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1. Introduction

Many of the reactions fundamentally important in nuclphysics and astrophysics are
inaccessible to experimental study using stable-beam/stable-target combinations and therefore can only
be studied withaccelerated radioactiven beams(RIBs). The availability of RIBs offersunique
opportunities to further our knowledgdout the structure of theucleus,the stellarprocesseghat
power the universe and the processes responsible for blesmgntformation. As a consequence of
the world-wide interest in the potential benefitsusing RIBs for such researdacilities have been
built, funded for construction or proposed for construction in Asia, Europe and Alodtica;these
include the Holifield Radioactiveon Beam Facility(HRIBF) atthe OakRidge National Laboratory
(ORNL) [1]. Many of the facilities are based on the well-known Isotope Separator On-Line (ISOL) in
which radioactive nuclei arproduced by fusion-evaporation, spallation, or fissiaolear reactions
induced by high-energproton, deuteroniie, heavy-ion beams or neutrleams. These facilities
differ primarily in the ion beamased for production ahe radioactive specig®.g., p, d, *He or
“He, etc.) and the type (cyclotron, synchrotronlioear accelerator) amhaxmumenergycapablllty
of thelight-ion, production accelerator. (Productioeamenergies at existing ISOL facilities range
between 30 and 1000 MeV.)

Important experiments have been done with radioactive bear®Qoparticles/s orless,
however, broad successful programs in nuclear structure physics or nuclear astrophysicswiisearch
require much higher radioactive ido@am(RIB) intensities ranging up to intensitie®w used in
stable-beamexperiments. Maximum production rates are set by the reactwoss sections for
producingthe species of interest and thkactical limits of the primary beamtensity, in terms of
maximum permissible power-density-on-tartfett can beused without compromisintpe efficiency
of the ionsource orthe physical integrity of théarget. Sinceahe production rates and number of
radioisotopes (or nuclides) producedtrease significantly with primaripeamenergy, high-energy
primary beams are also highly desirable. Delay times due to diffusion-releasthértemnget-material
and effusive-flow otthe radioactive species to the isourceare the principaRIB intensity limiting
processes. Experimentallyuseful RIBs of very short-lived speciese often difficult togenerate,
since they must béiffused fromthe interior of the target-material, effusivefsansported to the
ionization chamber of theource, ionizedgxtracted, mass analyzed aaccelerated taesearch
energies in a time-span commensurate with their lifetimes. The speeds at whigirdbesses must
take place, impose stringent requirements on the selection of appropriate high-temperature, refractory
target-materials, the design of fast-release targets and vapor-transport systems, and the choice of high-
efficiency ion sources for RIB generation.

The ISOL/injection high-voltage platforsystem used dhe Holifield Radioactivdon Beam
Facility (HRIBF) for production, generation, isotope-separatiamd injection of radioactive ion
beams into the 25-MV Tandem post accelerator is illustrated schematically in Fig. 1. SRedMie
Tandem accelerator is a negative-ion accelerator, it is necessary to convert initially prstheams
to negative polarity prior to injection. An isometric drawing of a targegmrce used dahe HRIBF
is shown in Fig. 2, illustrating the position of the target and point of entry of the prodbetiominto
the target-material relative to the ionization chamber ofsth@ce. As notedhe target is close-
coupled to the ion source to minimize transport-time between diffusion release frargétanaterial
and the ionization chamber of tseurce. Figure 3 shows aoss-sectional view of a prototype
target/heat-sink system that housesténget-material; theystem is designed to remove a fraction of
the beam-deposited hefmom the target-materiahnd thereby permit an increase in the production
beam intensity.

2. Processes that affect RIB intensities

The principal meansvhereby shorthalf-life radioactive species arest betweeninitial
formation and utilization are associated viftle times required tdiffuse the species of interest from



the target-materiadnd to transporthem to the ionization chamber of teeurce inrelation to their
lifetimes.  The diffusion (solid-state) and surface adsorption/desorption procedspsnd
exponentially on the operational temperature of the targettiance. Therefore, it imcumbent to
choose highly refractorytarget-materials so that theeansport systentan be operated at high
temperatures to minimize delay timassociated with thesgrocesses. The diffusion and surface
adsorption processes are briefly described below.

2.1 Diffusion

Nuclear reaction produdpecies,embedded in a chemicallyissimilar target-material, are released
from the materialthrough a binary diffusion mechanism. Impurity atomsvacancies will move
throughthe solid until equilibrium isreached. The rate awhich the diffusion procesgakesplace
depends exponentially on the temperature for solid diffusion-couples. The néi tieither atoms

or vacancies is related to the gradient of concentratiofhy Fick’s first equation given by:
J=-D0n (2)

whereD is thediffusion coefficient. Knowledge oD is required toestimate the release rates of
particular species. In generBlmust be measured by techniqeesh as described Refs. 2and 3
or by ion implantation methods developged this purposg4-6]. FortunatelyJarge sets ofdata for
certain diffusion-couples are available from resources such as cited in Refs. 7-9. inp@aotation
technique, employed débhe HRIBF, is particularly useful for measuring diffusiorcoefficients for
candidate species/target-material combinations [5,6].

The time-dependentorm of Eq. 1 is known as Fick's second equatiorhe three-
dimensional form of this equation, which allows for creation of partglesy,z,tas well adoss of
particlesE(x,y,z,t) can be expressed in a Cartesian coordinate representation as follows:

on ¥?n  9°n 02

> DB®T+ ZH'- S(xy,zt) - E(x,y,zt) (2)

whereD is assumed to be independent of concentratlanar,cylindrical, and spherical geometry
targets will be used or are envisioned for use at the HRIBF.

Solutions to the respective time dependent forfaaf 2, appropriatefor the particular target-
material geometry,can befound either by separation ofariables,the use of Laplace orFourier
transformation techniques, or by standard numerical computational techniques or in combination. We
assumethat the cross-section is independent of productlmeam energy resulting in a uniform
distribution of species in the path of the beam. tRermore generalase,the distribution functiors
must be chosen to represent the actual distribution of the radioactive species within the target-material.
For a uniform distribution of particles such as assumed in the productiadiofctive species with a
primary ion beam of intensityparticles per second, the production rate de@sgygiven by

(x,t)=0oN; IL/V 3)
N; is the number of target nuclei per unit volumés the length of the targetaterial;o is thecross-
sectionfor production ofthe species of interest; alis the volume of the beam-target overlap

region.

For production of radioactive species with half-lifg, E is given by



E(x,t) =nA where A = 0.693/11, (4)
wheren is the concentration of radio-nuclei in the target material.

Solid-state diffusionFor solid-state diffusion, the diffusion coefficient is dependertheractivation
energyH, required to move the atoms or vacancies from sigtégand on the temperatufieof the
solid, according to:

D = Dyexp(=H,a/KT) )

wherek is Boltzmann’s constant arid, is a constant. D is related to the vibration frequency and
lattice parameters of the particular atom/crystal couple. Typical vidudisis processange between
10"° m’/s and 16° m’/s for target temperatures in the rangel873-2073 K. H, can be extricated
from experimental data by measuring the target temperature dependBnoe dfwith methods such
as described in Refs. 2 and 3 or by the use of ion implantation [4-6].

Liquid-statediffusion. In contrast to the case dififfusion within a solid targetthe diffusion
coefficient for particles in liquid targets is weakly dependent on the temperature according to

D= ad[\/8k/7nl\/l ]T3/ 2 (6)

wherea is thecoefficient of thermaéxpansion othe liquid target-material] is the diameteand M

the mass of the solute aton hastypical values of a fewtimes 1 m%s. Because of the fat¢hat

the process is only weaklgependent on the temperatdrethere is no particular gain achieved by
heating the materiaignificantly above itsmelting point other tharthrough reducing surface
desorptiontimes as will bediscussed later. As noted, diffusiopefficientsfor liquids are several
orders ofmagnitude larger than thoser their solid-state counterparts and therefore are especially
attractive for short-lived species; unfortunately, feglemental metals have theapor pressure
characteristics commensurate with these applications. tak® advantage of théast diffusion
properties of liquid-state targeeytecticalloys can be employed as a means of reducingntitng
points of refractory metals.

2.2 Vapor Transport

Time delays, associated with adsorption, which are excessively loatation to thdifetime
of the radioactivespeciescan result in significaribsses obeam intensity in an ISOfacility. The
residence time of a particle on a surface is given by the Frenkel equation:

T =Tgexp[~Hag/KT] (7)

whereH_, is the heat ohdsorption or enthalpy required to evapothgeatom or molecul&éom the
surface k is Boltzmann’s constanT; is the absolute temperature, andis the timerequired for a

single lattice vibration (~ I&— 10"s). Theheat ofadsorption increases with increasing chemistry
between theadsorbedatom and thesurface wherdghe adsorption takes place. Thiglue varies
widely depending upon the adsorbent/adsorbate combination.

The desorptionrate of atomger unitareadN’dt in thermal equilibriumwith a surface at
temperaturd is given by



dN' _ P(T)N'KT
ol exp[(AST - H,y) /KT] ®)

whereP(T) is the temperature-dependent probability that the particle will stick tsutffi@ce (sticking
coefficient), N’ is the number of atomadsorbed peunit area,h is Planck’s constant4S is the
change in entropy of the adsorbed particle; ldpds the heat of adsorption [10].

Since it is desirable tainimize theresidence times of atoms/molecules surfaces in the
target/ionsource,the choice of the materials of constructimm the vapor transport system of the
source isextremelyimportant. (For exampléhe timerequired for transport of particular species
can be reduced by selectively choosing the materials of constructithe f@por transport system or
coating surfaces such aa with low enthalpy of adsorptiomaterialssuch asRe[11].) This choice
should bemade after carefuhnalyses othe timerequired for transport othe species of interest
through the various available refractory materials thabptiens for constructinghe vapor transport
system. For exampleselection of the appropriateaterial from which to constructhe vapor-
transport-system for fast amdficient transport of a particularadioactive species can lpeade on a
time-dependenbasis by use diMonte Carlo simulation techniques @nalytical expressions which
include adsorption/desorption processes. The following time dependent exprestieniamber of
particlesN in a tubular volume of lengthand radiusa aftertime t hasbeenfound particularly useful
for this purpose [12]:

N = No exp{ -/} 9)
whereN, is thenumber of particles in the volume at titre 0. In Eq. 9,7 is given by
7= 3/4[N,1, exp{~H,/KT} + L/V] (10)

whereN, is the average number of bounces that the particle makes during passage throughthe tube;

is the timefor a singlelattice vibration (~10™° — 10'%); H, is the enthalpy oédsorptioniL is the
average distance a particle travels during passage through the tubésahd velocity of the particle

of massM. Figs. 4 and 5 display, respectivedystribution functions folAs, effusively transported

in eitherTaandIr or Retubes from the target reservoir to the ionization chamber of the electron-beam-
plasma ion sourcéEBPIS) used ahe HRIBF [13], ascalculated byuse ofthe MonteCarlo code
Effuse[14] and with Eq. 9.Reis clearlythe better choicéor short-lived speciesThe enthalpies of
adsorption were taken from Ref. 15.

3. Target-material Selection Criteria
3.1 Limiting Target Temperature Selection Criterion

Target-material selection begins by consideringpimgsical,chemical, andhermalproperties
of the target-material in relation to those of the prodpeicies. One of theprincipal problems lies in
the availability of target-materials that are sufficiently refractory so that they canideel to the
temperatures necessaryor fast release of the product species without excessive
vaporization/sublimation of the target-material itself. The choice of material is further restricted by the
requirement that the radioactivapecies be easilyliffused from the target-materiabnd readily
volatilized for subsequent transport to the ionization region of the sotilues, inthe idealcase, the
radioactive specieshould possesghysical ancchemicalproperties almost opposite to those of the
target-materialtself. For examplethe specieshould not formrefractory compounds within the



target-material, rapidly diffuse tthe surface,either in elemental ocompoundform, and upon
reaching thesurface, beeadily desorbed. These idealizedlifferences inchemicaland physical
properties of the target/species combination are not often realizable, parti¢atadyose lying
elements where their physical and chemical properties are often similar.

Since thediffusion coefficient D in a solid dependsexponentially on the operational
temperature of thearget, it is desirable theat the target to temperatureshégh as practical. The
upper limit to which any target can be operated depends on the vapor pressutargetheaterial or
composite target in relation to the sensitivity of the ionizapiorcess tgparticle density within the
ionization volume of the source. Thus, lingting temperatureof the target-material is defined as the
temperature at which theapor pressure begins tieleteriously affect the ionization efficiency of the
particular ion source used in the RIB generafioocess. Therefore, it ilmost essential tknow the
upper temperature limit to which the target material can be raised; thisseal#s as one difie most
important criteria for selecting a particular target-material. For example, the limiting vapor pressure is

~2.67 x 10? Pa for the EBPIS used athe HRIBF [13]. (This criterionhasbeen experimentally

verified for several successful targets the HRIBF.) However, the choice of high-limiting
temperature material alone does not guarantee fast, nor efficient, release of the species of interest from
the target. It ismperative that th@roduct species diffuse frothe target-materialithin its lifetime

and thus, the diffusion coefficient must beknown or experimental releasstudiesmade for the
particular target/species combination before reaching a definitive conclusion in the selection process.

As classic exam%]ﬁs of close-to-ideal target/radioactive spegiabinations, wecite cases
such as the production 8N throughthe *2C(d,n)*N reaction to fornthe 9aseou§2C13N molecule

or for the production of**0 throughthe respective reactiodC(*He,n}*O and **C(*He,n)*O to

form the gaseous and pseudo-nogié”*“so molecule. Analogously’S can be formed ir8iC or

SiQ, throu%hthe respectiveeactions,?®*SiCCHe,n)C’S and **SiO,(*He,ny°SQ, wherethe release
products,C*Sand**SQ, are both gaseous over a widige of temperatures. As an illustration of

how the selectiorprocess is effected, wiake SiC as an example. The vapor pressure/ersus
temperature foBiCis shown in Fig. 6, while Figs. 7 and 8, respectively, disgiaymal-equilibrium
compositions of the target-materi8iC, and the product speci€dSversus temperature. From such
analyses, the temperature limit of the target-material and thermal stability of the release product can be
assessed. Qhetwo targetoptions for producing anceleasing®s (i.e., SiC or Si0,), SiC is the

better choice since it can be operated up to 1933 K Bitlecan only be operated up to 1773 K. In
addition, the release produ@sS is almost chemically inednd is thermally stableverthe complete
operational range of the ion source, whef&@sis very chemically active and begins to decompose at

~ 1773 K.

Further examples dhe use ofthe vapor-pressureriterion for selecting target-materials with
high upper-limit operating temperaturagse displayed irFig. 9; ALO,, Y,0,, ZrO, and HfO,
compounds have either been used at the HRIBF or are candidates for use in generating’RiBs of
Thermal equilibriumcompositions of ALLO,, ZrO, and HfO, versus temperature areshown,
respectively, inFigs. 10-12; please notthat the temperatures athich these compounds begin to
dissociate complemetthose derived from vap@ressure data, displayed kig. 9, forthe EBPIS

[13] with alimiting operationalpressure of 2.6% 102 Pa. Fibrougargets of these materials, in

combination with the new kinetic ejection negative ion so{té¢ have been successfulmployed

at the HRIBF for the efficient release of the isotopds-§f7-19]. Further examples of the use of the
vapor pressure criterion the selection oJC, and ThC, target-material$or production of neutron-
rich radio-nuclei areshown in Fig. 13. Their complementary thermal-equilibrium compositions
versus temperature are shown, respectively, in Figs. 14&ndbviously, ThC, would be abetter
choice since it has a higher limiting temperature.

3.2 Other Target-Material Selection Considerations



Obviously, target-materials withhe highest percentage of the production nuclei are desirable
in order tomaximize theproductionrate of thespecies of interestStill other factorscomplicate the
choice of target-material, such as the presence ofdiahicnumber nuclethat donot contribute to
the production of the species of interest, $latv the productiorprojectiledown at afasterrateand,
thereby,generate more heat in the target thretessary because of their largkt/dx (stopping
powers). Forexample, in choosing particular target-materidior an application inwhich the
production element is common in a group of refractory compounds su@Haoaghe production of
isotopes withAlL,O,, Y,0,, ZrO, or HfO,, one mustake intoconsideration increases @E/dx with
atomic number Z, and the higher consequent target-temperattoesa given production-beam
intensity due to increases in beam-depoditeat. Heavynuclei mayalso produce unwanted, long-
lived radioactive by-product species that complicate the radioactive material-handling problem.

3.3 Target-materials

Table 1providesexamples of several candidate target-matef@alproduction of proton-rich
nucleithrough fusion-evaporation and fissimractions at &ow energyprimary beamRIB facility,
such asthe HRIBF; analogouslycandidate target-materialer the production ofproton-rich and
neutron-rich radioactive specighrough spallation offission reactions, produced with-GeV
protons, are listed in Table 2. A broad range of neutron-rich nuclei can be produced irtdiggitsn
such asJC,andThC, for the low-energy HRIBF awell asfor high-energy facilities.Although the
product species listefbr a given target-material in Tablesand 2 can beproduced through the
respective nuclear reactions, many of these targets have not yet been tested on-linalbatithet
species can be efficienttfiffused fromthe particular target-material because of unfavorable physical
and chemicalproperties of particular species/target-mater@hbinations. The list of reactions and
target materials is not comprehensiver is it intended tosuggestthat a particularproduction
reaction/target material combination is thest combinatiorfor production andelease of a given
species. In cases where the species of interest cannot be released from the target matrix, due to strong
chemical reactions alternative target-materials mustobeidered. Since the species of interest must
be expeditiously released frothe volume of the target-materialithin its lifetime through the
sensitive temperature dependefitfusion mechanismall other parameters beingqual, target-
materials with the highest limiting temperatures are the most desirable.

4.0 Target Design and Fabrication

Efforts are presently being directéowardthe design and fabrication afew concept targets
with the short diffusion lengthdigh-permeabilityproperties, andontrollable temperatures required
for meeting the RIB intensity needs for a wide-range of speciawifiear andastrophysics research
at ISOL-based facilities, including th¢RIBF. Thesenew conceptinclude theuse of low-density
target matrices, such as carbon-bonded-carbon-fiber (CBCFjetzulated-vitreous-carbon-fiber
(RVCF), to serve as the thermal conduit for transport of heat deposited in the matrix by the production
beam to groperly designed heat-sink andths plating matriXor the target-materiaitself. Since
short-lived particles must swiftly diffuse frothe target-material, theiffusion lengths must be short
(thin target-materials) and the target temperature must be as high as practicable.

4.1 Target Dimensional Design Criteria

The form of thediffusion equation(Eq. 2)can besolved forthe appropriate target geometry
(planar, cylindrical, ospherical) to derivaimple,analyticexpressionghat relate thelimensions of

the target-material with the diffusion timmehat will release ~70% of the species of interest within its
lifetime, providedthat thediffusion coefficient isknown atthe operating temperature of the target-



material. Expressions foroptimizing the targetthickness of planar, cylindrical, anspherical
geometry targets are given below:

A plate of thicknessx:

x(cm) = { D1} (11)
A rod of diameterd, :
d, (cm) 04.8{D1}¥?2 (12)
A sphere of diameted,:
d, = 27 D1}"? (13)

Thus, byengineering target-materidimensions according to these basic relations, one can
optimize the release rate of a particular radioactive species. Table 3 provides information for targets of
optimum thicknes$or the release of selectivelyhosenradioactivespecies. The respective release
rates of''F from atarget-materiasuch ZrO, cast in each of the three princig#ometries with
common dimensions in the direction of diffusion, are illustrated in Fig. 16. This philosoplmedras
followed in designing highlpermeabldibrous- andcomposite-targets as well as liquid-metabet
concepts for use in the HRIBF research programs as described below:

4.2 Target Matrices

Carbon matrices.Since only aew materials can bprocured infibrous form, it isdesirable to find
universal, low-density, highlypermeable matricesor their deposition. Their thicknesses are
determined by therescriptionsdictated byuse of Eqs. 11, 12, or 13lepending on the target-
material geometryor maximizing thediffusion-release of species in question wigerated at the
limiting temperature of the target-materiakurthermore, it idesirable that the matrix hawgood
thermal conductivity attributes so that the beam-deposited heat can be removed at a controlled rate with
properly designed heat-sink system so that, in combindtiertarget matrix can be operated at the
maximum allowable primary beam intensity as dictated by the temperature limitaGambon-
bonded-carbon fibers (CBCF) and reticulated-vitreous-carbon fibers (RVCF) offer highly permeable,
machinable, matricefor deposition ofgeneric target-materials onto theurrfaces. Still other as yet
untested materials, such a pitch-derived-carbon-foam (PDCF), are candidates for this apj@@jation

CBCF (0 ~10%p,) is made ofcylindrical fibers sintered together #ie points of intersection, while

RVCF (o ~ 2%p, and PDCF g ~ 10%p,) are continuous ligament structures. RVCF hgetrakai-

decahedral structure while PDCF is a spherical-void structure. These materials can be machined to the
geometry desiredior the particular target applicatiqurior to depositinghe specifiedthickness of
target-material onto the surface. In cases where the target-material and the matnenaidblly react

at elevated temperatures to fommlatile compoundsthe matrixmust be pre-coated withpotective
materialsuch asTa, W, Ir or Re to prevent theundesiredreaction process. Re is particularly
appealingfor this application because of itew adsorption-enthalpy properties felectro-negative
elements/molecules. These matrices amo be CVD/CVI (chemical-vapor-deposition/chemical-
vapor-infiltration) coatedvith refractory metalssuch asZr, Nb, Mo, Hf, Ta, W andRe to form
composite targets for producing proton-rich radio-nuclei for use at high-energy ISOL facilities.

Metal-foam matricesMethods have been developed for producing low-dengity $-10%p, metal

foamsthat have potentiaise as stand-aloriargets or as matricésr wicking liquid-metals into the
path of the production beam. The latter concept is particularly appéadipgoduction of short-lived



species because of the enhanced diffusion rates from liquid-phase targets. Fig. 17 d&pMysfa
Rhmetal foam  ~ 8%p,).

4.3 Coating Methods

Techniques are presently available that candsal to uniformly deposgipecified thicknesses
of the material imquestion ontdhe supportmatrix of choice. At this point in time, severtdrget
coating schemes are beinged orare under consideration for use for thpsirpose,they include:
chemicalvapor depositiofCVD); chemical vapor infiltration (CVI); chemical reactiordeposition
(CRD); physical vapor depositiofPVD); electrolytic deposition (ED), cathophoresis deposition
(CD), electrophoresis deposition (ED) and sol-gel coating (SGC).

5.0 Targets
5.1 Fibrous Targets

In a few cases, fibrousaterialswith small diametersre available. These materials include
AlLO,, SiQ, ScO,, TiO, Y,0,, ZrO, HfO,, TaO, and rare-eartloxides. Figures 1&nd 19,
respectively, display examples of Scanning Electron Micrographs (SEMshaif diameteSiO, and
HfO, fibrous materials that are candidaties the production ofcertain proton-rich species.AI% 2
ZrO, andHfO, fibrous materials have been successfulhgd to produce arefficiently releaseé’ %
for use or potential use in th¢éRIBF astrophysicsesearch progranfi7-19]. All of these candidate
target-materials have thin fiber diameters and are highly permeable as rdquitdgh release
efficiency.

5.2 Composite Targets

The examples of highly permeable targbtst were fabricated byise of one othe coating
processes described previouslie shown, respectively, inFigs. 20-23. Ascanning electron

micrograph (SEM) of a CBCF matrix CVD coated withprh of SiC for potentialuse athe HRIBF
for the generation of certain isotopesS#ndP is shown in Fig. 20. Figure 21 displaySBM of a
RVCF matrix electroplated with a thin layer|{&h) of Ni metal for potentialse athe HRIBF for the

generation of®Cu. This targethas beenusedon-line in low-intensity experiments arfidund to
efficiently release short-liveotopes ofCu [21]. In particular,the CVD processcan beused to
fabricate uniform deposits of a variety of refractory metals as well as other mdteriadéential use

for the spallation production gfroton-richnuclei with high-energy proton beams, as suggested in
Table 2. As an example of such composite refractory metal targets, a SEM of CVD of W on RVCF is
displayed inFig. 22. Chemical-reaction deposition (CRD) techniquelso aviable optionfor the
formation of thin-layer targets of certain materials. Fig. 23 displé§BSM of UC, deposited by this
techniquefor the production of neutron-rich species RIB applications. The UC, targethasbeen

tested on-line and found to efficiently release a wide spectrum of short-lived species [22].

5.3 Liquid-Metal Targets

Prototypeliquid-metal targets have besnccessfully used fahe production and release of
**Cu (1,,=3.2s) fromliquid Ni and analogously, fahe production and release BAs (1,,=912 s)

from liquid Ge at theHRIBF [21]. If we assum¢hatD = 3 x 10° n¥/s for **Cu in liquid Ni and

D =5 x 10° m/s for ®*As in liquid Ge, then optimum targethicknessex for planar-geometry
liquid-targets, that will release 70% of the species within their respdwlidives, can be calculated



from the expression for the diffusion length given by Eq. 1% r,/Dr1,,,/2), assuminghat targets
for these isotopebave an impermeableoundary athe interface between the receptaated the
liquid-metal. The respective valuefor thesetwo isotopesare x = ~154 um for *Cu/Ni and

X ~ 3350 um for ®*As/Ge Fig. 24illustrates a scenario in whidhe HRIBF productionbeam is

incident at ashallowangle with respect tthe plane of a horizontally mounted liquid-metal target-
material; the angle ishosen sahat both optimum production and fadiffusion release can occur
simultaneously. The use bduid-metal alloy targets significantly increases the numberaoflidate
liquid-metal target-materials. Table 4 provides a listing of such materials and optimum thicknesses for
the release of selected radio-nuclei.

6.0 Target/Heat-Sink Systems

The target/heat-sink assembly design must be optimized so that the particular target composite
matrix can be maintained at a prescribed temperature which is limited by the maxapanpressure
of the target-material that can be tolerategfore compromising the iosource efficiency and/or
destroyingthe targethrough sublimation/vaporizatigorocesses.Since the target-material lseated
by energy deposited in the target-material by the primary (production) beam, it is impibcttseme
fraction of this heat be removed by some meanthatashigh aspractical primaryion beam can be
utilized and so that the total target envelope can be heated independently and controlled at the desirable
temperature. This is a seriopsoblem thathas notbeen satisfactorily solvetb-datefor a wide
variety of primary beam intensities, targets, and target-materials. However, we are presently devoting
considerable effort to this problefor the presenHRIBF facility. An example of a target/heat-sink
system design, aget untested, for removindpeam-deposited hedtom highly permeableAl,O,
fibrous target during on-line operation ofhe HRIBF is illustrated inFig. 25. Target/heat-sink
systems are designed by use of the finite analyses programs such as ANSYS [23].
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Figure Captions

Fig. 1. ORNL 93-12227. A schematic illustration of the ISOL/high-voltage platiigjgation system
used for productiomegative-ion beargeneration, isotope separation amgction into the25-MV
Tandem electrostatic acceleratosed toaccelerateRIBs to research energies at the Holifield
Radioactive lon Beam Facility (HRIBF) [1].

Fig. 2. ORNL 99-0429 b. Anisometric of the target/ion soarcengementised athe HRIBF for
radioactive ion beam (RIB) generation. The ion source is an electron beam plasma io(ERRIS¢
patterned after the CERN-ISOLDE design [13].

Fig. 3. ORNL 99-04252. Crossectional view of a target/heat-sink system desigaeg@roduction
and fast release of fission product radioactive species.

Fig 4. Simulation oAseffusively transported in @a tube fromthe targetreservoir tothe ionization
chamber of the EBPIS source used at the HRIBF [13] as calculated witotte Carlo codeEffuse
[14] and by use of the analytical expression, Eq. 9.

Fig 5. Simulation oAseffusively transported in Re tube fromthe targetreservoir tothe ionization
chamber of the EBPIS source used at the HRIBF [13] as calculated witotte Carlo codeEffuse
[14] and by use of the analytical expression, Eq. 9.

Fig 6. Vaporpressure o5iC. SiC is a candidate target-materfak producing®’S and*P. The
target-material can be operated up to the limiting temperature set by the vapor pressure of the particular
ion source above whiclthe ionization efficiency of thesource is deleteriously affected. This

temperature is ~2.6¢ 10° Pa for the EBPIS used at the HRIBF [13].

Fig. 7. ORNL 99-04280A.Thermal equilibrium composition @iC as a function of temperature.
SiCis a candidate target-material for the product?&ihrough the reactiofiSiC¢He, n)*°SC.

Fig. 8. ORNL 99-04281A. Thermal equilibrium compositior€&as a function of tem&mratur@S
is the gaseous diffusion release carrieP8formed through the reactié?siC¢He, n)C*S

Fig. 9. Vapor pressure versugemperaturdor Al,O,, Y,O,, ZrO, andHfO,. These targets are
candidates for the generation of several proton-rich, radio nuclei and can be operated lipitmghe
temperatures set by theapor pressure ofhe particular ionsource above whichhe ionization

efficiency of the source is deleteriously affected. Taimperature is2.67 x 10 Pa for the EBPIS
used at the HRIBF [13].

Fig. 10. Thermal equilibrium composition Af,O, as a function of temperaturdote, the limiting
temperature of theompound is ~2173 K. Fibrous,0, target-materiahas beenused togenerate
useful intensities of ' for astrophysics research at the HRIBF [17,18].

Fig. 11. Thermal equilibrium composition &fO, as a function of temperatuiote, the compound
has a limiting temperature of ~2373 KeibrousZrO,, in combinatiorwith the new conceptkinetic
ejection negative ion source [1B3s been tested and found to be a viable candatgtet-material for
the generation of high-intensity"F RIBs for astrophysics research at the HRIBF [17,18].

Fig. 12. Thermal equilibrium composition dfifO, as a function of temperature Note, the
compound has émiting temperature of 2573 K. FibrousHfO,, in combination withthe new
concept, kinetic ejection negative ion source A&} beemsed togenerate intensities of '+ RIBs
for astrophysics research at the HRIBF [19].
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Fig. 13. Vaporpressures otJC, and ThC,. These targets are candidates the production of a
variety of neutron-richradio-nuclei and will be operated up to #maiting temperatureset by the
vapor pressure ahe particular iorsource above whickhe ionization efficiency of thsource is

deleteriously affected. This temperature is ~X@D? Pa for the EBPISs used at the HRIBF [13].

Fig. 14. Thermal equilibrium composition 0, as a function of temperatur&lC, hasbeen coated
onto RVCF to form fission targets for the efficient release of a wide variety of neutraadiohctive
species for potential use in the nuclear physics research program at the HRIBF [22].

Fig. 15. Thermal equilibrium composition BiiC, as a function of temperaturelhC, is a candidate
fission target-materiafor the production of neutron-rich radioactive spedmspotentialuse in the
nuclear physics research program at the HRIBF.

Fig. 16. Simulation of thediffusion release of'F from ZrO, from a planar geometry target of
thicknessc; from a cylindrical geometry target of diametigrand from a spherical geometry target of

diameterd, wherex, = d_ = d;; D is assumed to have valub= 2.2 x 10" n/s.

Fig. 17. Scanning Electron Micrograph (SEM) &h (p ~8% p,) metal foam for potentialuse a

spallation targefor high-energyiSOL facilities orfor wicking liquid-metal target-materials into the
paths of horizontally impinging production beams.

Fig. 18. Scanning Electron Micrograph (SEM)Se®, fibrous material for use in producirgand P
RIBs.

Fig. 19. Scanning Electron Micrograph (SEM) &ffO, fibrous material used to produce and
efficiently releasé” ¥ at the HRIBF [19].

Fig. 20. Scanning Electron Micrograph (SEM) of a carbon-bonded-carbon {BBCF) matrix
(fiber diameter: um) coated by chemical vapor infiltration (CVI) withn of SiC. The composite
target matrix is highly permeable and will be tested for the release of shorRlaveds isotopes.

Fig. 21. Scanning Electron Micrograph (SEM) of reticulated-vitreous-carbon-{lR®ICF) matrix
electroplated with ~ 3 uNi for potential use in generatiffCu.

Fig. 22. Scanning Electron Micrograph (SEM) of reticulated-vitreous-carbon-{R®ICF) matrix
CVD coated withw.

Fig. 23. Scanning Electron Micrograph (SEM) of reticulated-vitreous-carbon-{R®ICF) matrix
coated by sequential chemiceahctions to form ~14m (~ 1 g/cm) of UC, The composite target

matrix is highly permeable and efficiently releases a varietghott-lived, neutron-richhadioactive
species [22].

Fig. 24. Liquid-metal target scenario footentialuse ingenerating®Cu/liquid-Ni or *Asliquid-Ge
at theHRIBF. Thethickness ofthe liquid layer ischosen to diffusive-releagbe particular specie
within its lifetime while the impingement angt®r the productionbeam ischosen tooptimize the
interaction length so that the species of interest is optimally produced.

Fig. 25. Target/heat-sink scenario for removmegitfrom Al,O, fibrous target-materiafor potential
use in generating'¥ for the HRIBF astrophysics research program.
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Table 1. Candidate Targets for RIB Generation at the HRIBF

Limiting Temp. Release

Beam 1, Reaction Target Materials °C) Product
13v 9.97 m 12c(d,n3N C 2398 CN
140 70s 12c(BHe,nl40 C 2398 co
140 70s 14n(p,n)léo BN 1893 BO
150 2.0 m 12c@He,ni%0 C 2298 co
150 2.0 m 14N(d,n)lS0 BN 1983 BO
10c  19s 10B(p,n0c BN 1893 CN
10c  19s 9BeEBHe,2ni0c BeO 2473 co
11c 20m 11g(p,nilc BN 1893 CN
11c  20m 9Be@He2nilc BeO 2473 co
17r 64s 160(d,nl7F Al203,ZrOo,HfO2  2178,2373,2573 Fx.AIF
18 1.8 h 170(d,n)8F Alp03,2r0,HfO2  2173,2373,2573 Fx.AIF
18 1.8h 160(a,pn)l8F Al203,ZrOpHfO2  2178,2373,2573 Fx.AlF
177 6.4s 14NGAHenl’F BN 1893 BF
18 1.8 h 15N(4He,n)l8F BN 1893 BF
2INa 225 2 Mg(pa)2INa  mgo 1803 Na,NaO
2571 7.17 s 28siBHeapn)2®Al  ZrsSig 2273 Al
299  41s 28sid,np% SIiC,SiQp 1933,1773 P,ROy
29 41s 27AI1(3He,nP% AIB2,AIPO4 1923,1853 P,ROy
30p 25 m 30sjp,nBop SiC,SiCp 1933,1773 P,ROy
30p 25 m 27aI(4He,nB0p AIB2,AIPO4 1923,1853 P,ROy
30s 1.2s 28sjBHe,nB0s SiOp 1773 S.SQ
30s 1.2s 28siAHe,2npl0s  SiO2 1773 S.SG
30s 1.2s 28sjBHe,nB0s SiC 1933 CS
30s 1.2s 28sjHe,2np0s  sic 1933 CS
3ls 29s 28sj(He,nBls SiO2 1773 S,S0
3ls 29s 28sj@He,nBls SiC 1873 CS
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Table 1. Candidate Targets for RIB Generation at the HRIBF (continued)

) Limiting Temp.
Beam 1,,  Reaction Matarials o Treduc
33| 25s 325(d,nB3cl CaS,LaS,CeS 1773,1948,2033 CaCl,CeCl,LaCl
34c| 32 m 34s5(p,nP4cl CaS,LaS,CeS 1773,1948,2033 CaCl,CeCl,LaCl
36k 0.34s 0ca(pan)36K Ca0 1973 K,KO
37  13s “0ca(pp)3’K Ca0 1973 K,KO
38  75m “0Ca(dm)38 Ca0 1973 K,KO
S2Fre  8.28 h 92Cr(3He,3nP2Fe Cr203MnC2 2123 2923 FeO,FeOg,Fe
52re  8.28 h 90cr(BHe,nP2re Cr203MnCy  2123,2923 FeO,FeOg3,Fe
S5Fe 2.73Y 95Mn(p,n)®SFe MnC» 2923 Fe
S58cu  3.25 S8Ni(p,n)°8cu Ni 1573 Cu
63ca 31s 64zn(p,2nP3Ga Zno 1613 Ga
64ca 74s 64zn(p,nP4Ga Zno 1613 Ga
66Ga 95h ’0GeBHeap2nfbGa ZrsGe3Ge  ~2273,1433 Ga
67Ga  3.26 d '0Ge(m)67Ga ZrsGe3,Ge  ~2273,1433 Ga
67Ga  3.26 d '0Ge@Heapn)®/Ga  Zr5Ge3,Ge  ~2273,1433 Ga
68Ga 1.1 h 70Ge(p,2pn$8Ga Zr5Ge3,Ge  ~2273,1433 Ga
63ca 31s 63cu@He,3nP3ca Cu 1323 Ga
64ca 64s 63cu@He,2nf4Ga Cu 1323 Ga
69s 15m 70Ge(p,2n$9%s Zr5Ge3,Ge  ~2273,1433 As
70as 63 m 7OGe(p,nyOAs Zr5Ge3,Ge  ~2223,1433 As
1se 4.7 m 70GeBHe,2ny1se Zr5Gez,Ge  -2223,1433 Se
723¢ 8.4d 70Ge@He,2ny2Se Zr5Gez,Ge  ~2223,1433 Se
758y 1.62 s 76se(p,2nYoBr LaSe 1933 Br,LaBr
76y 16 h  76se(p,ny6Br LaSe 1933 Br,LaBr
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Table 2. Candidate Spallation and Fission Target Materials for
High-Energy (1-GeV) Proton Beam Facilities

Target Material Limiting Temp°K Product Species
BeO 2503 He o F
C 2240 He - N
AlLO, 1998 He - Si
SiC 1973 He o P
TiC 2323 He . V
Sc0; 2048 He— Ti
VC 2203 He . Cr
MnC, 2973 He _ Fe
Y0, 2223 He - F; Al Zr
Zr 2303 P . Nb
zrC 2648 P_ Nb: He- N
Zr0, 2323 He -~ F; Si~ Nb
Nb 2353 P - Mo
NbC 2493 He  N: P - Mo
Mo 2263 S . Tc
CeG 2663 He -~ N; Cu— Nd
CeG, 2173 He — O; Cu— Nd
HfO, 2473 He - Ta
Ta 2923 He - W
TaC 2613 He o W
w 3136 He . Re
WC 2753 He - Re
Re 2873 He - Os
ThC, 2923 He _ Pa
ucC, 2373 He - Np
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Table 3. Permissible Target Thicknesses

Species  T,,(S) I\-/lrgtgr?atd -l;f?)p' D (cn¥/s) X (um) d (um) d, (m)
F 64.5 ALO, 1973 1x 10t 2.5 3.8 5
BF 6588 ALO, 1973 1x 10t 25 38 50
*Cu 3.2 Ni 1633 32x 107 3.2 4.9 6.4
*Cu 3.2 Ni 1633 3% 10° 308 470.3 616
*As 912 Ge, 1423 5x 10° 6708 10250 13416
1%28n 40 U 1408 4 x 10°® 40 61 80
1%28n 40 Th, 1700 1x 10° 628 960 1256
1%28n 40 Th 2028 4x 10° 400 611 800
1%28n 40 Th, 2273 5x 10° 1404 2145 2808

Selected radioactive species diffused from:

Plates of thickness

Rods of diameted,
Spheres of diametel

Table 4. Liquid-Metal Alloys for Potential Use as RIB Targets
: Target Thickness ~ Target Temp.
Species T,,.(S) Target (um) (°K)
OLj 0.18 ThiZr 29.8 >1653
M 0.0087 ThZr 2.1 >1623
Be 13.8 ThiZr 261 >1623
Be 0.024 ThiZr 11 >1623
SIAr 0.015 V/Zr 8.5 >1538
4SAr 8.4 Th/Zr 204 >1623
BKr 0.19 VIZr 31 >1538
K 0.01 ThiZr 7 >1623
SN 0.05 V/Zr 15.5 >1538
Nj 0.9 Th/Zr 66.5 >1623
Ky 0.1 Th/Zr 22 >1623
9Kr 0.21 ThiZr 32 >1623
1035 7 Pt/Th 186 >1510
13451 1.04 ThiZr 71.5 >1623
210 ¢ 0.05 ThiZr 15.5 >1623
B2y 5 Th/Zr 157 >1623

*Assumed diffusion coefficient D: £ 10/cn?
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