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ABSTRACT 

currently, the major produaiapl soufces of 
radioisowp a~ either aging-or almad, or both. 
Tbeuseofradianuclldes innuclearmedicbeis 
grawingandcbanging,bothmtermsofthenlrmbet 
of nuclear medicine pweduns beiig performed ad 
in the rapidly expanding range of pmaxims ad 
radioisotopes- Alargeandvarieddemasldis 
forecast, ad the APT WOuIdbe an ideal facility to 
SatisQthatdEmaDd. 

I. INTRoDmm 

Thevalueofradioisotopes toboththemedical 
and mdustlial fid4i.S is immeose. In the us., CaE 
out of every three hospital patients mdergoes a 
procedure invdving the use of fadioisatopes: over 12 
mil l ionnucleatmedicine~acecaniedout 
annually at a co6t of $7 to $10 billion per yea 
(A&lsteinandMannin& 1995). Radionuclides have 
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clmenlly, the major production solpces of 
radioimmpes ae either aging or almad, or both. 
They cannabe aepenaedupan for future radioisotope 
supplies. sopge of the'se facilities ale major 
suppliers of reseaKh nuclides, and their ShUtQwn 
will effect the 6utuie position of the U.S. in tbe 
nuclearmedicbfieki. Evenatfacilitiesinamat 
opetation, Inany isotopes =not pnaucea at all 02 
only m adiscontinuous fashion because they im not 
eccmmidyviable. 

The U.S. Instilute of Medicine and the U.S. 
Department of Energy WE), in response to 
congressionalindusbialandmconcerns,bave 
mvestigatedoverthepastsedyearsthe 
demand for radioisotopes. lwir-reports OollCJuded 
that the preseotproduction facilities aleaging aod 
thatimeaSed&mmds forexisting radioisotopaxi 
for new, promising r a d i m  would fequife new 
ptoduaionEacilities.TbeCommiaeeonBianedical 
Isotopes condudedthat a stand-alone M t y  is not 
ecOIlOmicaUy justitid as a source of r a d i o i i  
whether such a facility wexe a reactDc or 81 
accekam and Manning, 1995). 
Howevex,,isotopespmduadatafacilityinoperation 

inaemental cust and be moce cost effective. 
primarily for other purpom would incur only 



Representatives from the Medical University of 
south ctnolina, the university of south cardina, 
~ A l a m O S N a t i o l r a ~ , a n d W e s t i n g b o u s e  
savannah River compsny proposed that the highly 
v e r s a E i l e ~ p r o f o n n r r p b r a t r r ~ t b e A F r  
planned fortbe s a d  R h r  sines AiLen, sc, 
may be SUitaMe for the p.oduction of radidsotopes 
forlluckarmedicine. Tbe Medical university of 
south cardioa was &ed to take the lead in 
evaluating ibe capbWes ofthe APT Eacility for 
medicaliSOtopepro&lccioqindudingmedical 
i s o t o p e u s a g e a o d n e e d s , ~ t ~ a d m a r L e t  
fonxasts. 'IbestudywastoevaIuatealloftheassets 
of the APT p g m m  for the ptoduction of mfdicauy 
useful isotopes, with the production of industrial 
i s o t o p e s a a w -  on. 

Aprime- * OftheAPrEaCili tyfor 
radioisotope production is that the accelezatot Would 
be a source of large quantities of both neutrons ad 
very hi& energy ploton% and thus could supply 
large quantities of radiobtopes previously pmduced 
only in accelerators or only in ze8ctacs. S e v d  
isoropes poduced at bighe€ enetgies ale CaLSidezed 
potentially useful for medical and other applications 
andthereisamewedinterestin theiravailability. 
Production costs for medical radioisotop ace a 
ctitical Eactor. The DOE would be funding the 
designand- 'on of the APT facility for 
tritium production, but the entire capacity of the 
APT might not be Rquiced af&r the initial 
proauctionstages. TbeAPTfepmSmtsanideal 
Eacility to produoe I d i ca I  isotqpes in sipilicmt 
quanw. 

IL CURRENT MEDICAL AppLIcATIoNS FQR 
RADIOISOTOPES 

T b e r e a l e ~ m a j o r m e d i c a l u s e s o f  
radioisotqes dhgmdc imaging, therapy with 
both sealed (- therapy) and unsealed (e 
mediche) soutces, and medical supply sterilization. 
Research programs in imaging apd thet.apy also 
requiresupplies ofriuiioiipes, some of which 8;[: 

notavailable. cuczently in use 5 1 ~ :  
pmduced by wkar zeactas $nd relatively low 
energy- 

. .  

' I E e m o s t w i d e l y u s e d ~  * inclinical 
nuclear medicine today is Te99m, the decay daughter 
of Mo-99. Supplied to hospitals and clinics as a 
generator system. Mo-99 decays with a 66 hour half- 
lifetoTc-!Bm,andisextractedregularlyforuse as a 

is to fission U-235 in a reactcx and chemicaly 
~ t h e M o - 9 9 f i s s i i p r o d u c t .  Thisisotope 
also could be pduced by neutron capture on 

diagnostic tool. The traditional production apppoach 

. .  Tablel. Frequeotiyusedni&mtop. 

MediCalIsobope Est. % of 

T~-99m(heart,bOne, Reactor 64% 
kidney, lung, brain, e.) 
Tl-201(beart,annOrs, ACce- 18% 
*.I 
1-131 (thyroid, adrenals. Reaam 8% 
MOAB) 
Xe133 (lung) Reactor 5% 
In-111 (infection, AccZhmr 3% 
tumcr, MOAB) 
Ga-67(iinfection, AcceleedEor 15% 

0.5% 
-09 
other Reador 

Dail p -- 

In a Smau but gmwing nllmber of nucleix 
medic ine~ t s ,~ t fonemi t t i ng rad io i so topes  
n proauced daily for a Limited scope of clinical 
applications. The inaeasing role for these isotopes 
indetectingmd monitoring tumots, along with 
pVf3lefficacvindetr g the viability of beart 
muscle and deaxtbg seizure foci, as well as 
i % a x m e l y ~ ~ ~ h a v e l e d t o t h e ~  
rapid growth of this imaging subspecialty. The high 

* 



cost of positnm emisfbn t o m ~ y  (PET) - 
(Le. cametss) and the limited availability of positron 
emitting isotopesin thepasthaveclntailedtbe use d 
these poteariauy very baeficw radioisotopes. 
Recently, maior radiopbarmaceu4cal - m a m & t m m  
have begun devebping a number of regional 
distriition sites in the U.S. which will facilitate 
delivery of these very sIxnt-Iived isotopes to most 
 metropolitan^ This,combmed with newly 
developed- deeector capabilities for gamma 
camexas which will allow tbem to image positrons, 
means that posihron emitting isotopes have the 
poteatial to became much greater contributors to 
c h i c a l e - .  

while single-photon &tting I.adioisotopes ae 
ubiquitously available and cost-effective, some ae 
significantly limited in their availability thus 
impeding the pm&e of nuclear medicine. 1-131 is 
both a gamma and beta e, comeqmtly its use 
resultsinasignificantmdiatkmdosetopatients. I- 
123isamuchmore fiwcnWegammaemitterbut its 
expense ami availability sevezely reslrain its use in 

chemistry for binding to a number of co- 
including monoclonal antibodies, but it is very 
expensive. Xe133 is used to image gas exchange in 
the ltmgs, but its energy and proton flux result in 
aude images. Kr-8lm or Xe-127 would be much 
bettermiiojhmmcmticals if they could be proauced 
costeffectvelyand made available to tbe nation as a 
whole. 

clinical practice. Likewh, In-111 has very EdvoraMe 

while tedmetium is an idealgammaemittet far 
imaging, has a low radiation dose, and is widely 
available in msonabk costs, it is limited by its 
chemistry. ' havedifiicultybinding 
technetium to biologically active metabolites, 
witbout altering tfreirbiodhibution. New generator 
s y s t e m s w h i c h o w l d p r o d u c e a n ~ ~  
totechnetunn - butwithmore_favaablechemistry 
w o u l d b e e x t r e m e a y ~  

Nuclear medicine clinics @ex radioisotope 
therapy using zmsealed SOUNXS of P-35 1-131 and Sr- 
89. Injection of P-32 into the awommal cavity is 
used to treat women with ovarian ami uterine 

mjection into the orbit is used far 
treatmentof olhrmelawma 1-131 is usedalmost 
daily for ablating h w  'gthymidglandsad 
treating thymid amcer. During the past few years, 

extensive maligmncies to help ameliorate the pain of 
bonemetastases. 

Sr-89 has been f ~ ~ t h l y  arlministered topatientswith 

The radioisotopes p f e v i d y  discussed as well 
as others, ate typically produced in a zleactod or an 
amleatar. The most commonly proauced 

radrolsotopesarelistedbebw(Tables2and3)aswell 
as key supply-hited radi-ticals (Table 4). 

. .  

Table 2. 

M+99R~-99m 
1-131 
Xe-133 
c0-60 
P-32 
Sr-89 

Table 3. 

& 
F-18 (pn? sr-82nu?-82 
Tl-201 Xe-127 
In-111 
E123 
Ga-67 
RMYKr-8llll 
Y-87 

Table4. 

Sr-82 (Rb-82 GeneaWx) $28,OOO/mo 

E123 SWdose, ifavailable 
Rb-81 (Kr-8lm gas) Not Available 

In-111 (Mom, peptides) $48o/Qse 

III. NEW APPLICATIONS AND PROMISING 
RAD1- 

Theuseofixuhd&s * innuclearmedicineis 
currently growingaadchauging, both intenns of tfre 
numbex of Nrlplr mediche pcedum being 
perfarmed aod m the mpidly expanding range of 

locations formare rapid spld ixunate diagno& with 
subsequent improvements in patient therapy. 
Biologicallyactivecompormdsthat can act as cacder 
molecules desigped to llxognb specific organs oc 
diseases ame being investigated. carrier molecules, 
such as moDocloDal antibodk ad peptides, may be 
labeled with a singlephoton emitting or a positm 

andusedindiagmsticor emitting K 3 t l m m p  
tbeaapeuticappWati~. Radiootopes with special 
c o m b i i  of photon energy, specific activity, 
half-life, and & a n i d  pqmties are being sought 
andtested.The~t0fcancerarotherdiseases 
in a bcalized marmet witbut a f f d g  nearby 
tissues or organs is an important alea of nudear 
medicinethatiscanmandm ' g  much resead~ 
attention. This holds the promise of ILoI1sIpgic81 
thempeutic piucdms with radianuclides leading to 

u s e d . s ' -  . .  
c L 2 z z & t h g  parti*- 

. .  



fewersidee&xts and potentially both a longer ad 
better quality of life. 

Diagwsticnnrbwmedicinehasseenmany 
changes since tbe e d h t  t&miqm invdving P-32 
and 1-131. Scintillation 
~andsdntillationcamerapallusberedinnew 
phases in diagno& history. The 
radiapharmaceuticalpbase,inparcicularthe 
introducbon - ofthe M0-99mc-99111 g-, ~ 8 s  the 
real catalyst for the &rowth of nuclear medicine 

for use with PET ot m y ,  1995). 
s i n g l e - m  e.missh codnputed tomography 
(SPECT) are being thoroughly investigated. For the 
lastdeCadetherehasbeencY3dbbk llsafchad 
in~estigatiOn Of F-18 tasged to deoxyglucose @DG), 
free fatty acids, hormones, and ne- -m. 
For SinglePhotMI emitters, the most pmis i ig  
broed-based nuclides for SPECT ~lce Ru-97, In-111, 
1-13, and pb-203, because of their unique chemical 
properties. For PET, Co-55, Cu-62, Ga-68, and & 
124 s untested but potentially valuable isotopes 
(SrivaStaV% 19%). 

Currently, there is a strong focus on the 
development of new radiophamurceuticals for 
radidmmunothetapy 0 directed against 
~ ~ e s i n m o s t o r ~ o f t h e b o d y .  rmpomnt 

being restedinclinicaltrialsfor d i e f o f  bomxanr 
pain, cancer treatment using m o n 0 C l o n a l a m  

applications (Fafabee, 1997). 

. .  

new therapeutic applications of radioisotopes ae 

biood-bw studies, brain tumor treatment, and other 

Bmchytheqy (short range or close pximity 
-) is d v h g  a lot of attention 
foritshighlyfoasedtkmpeutic&~ A b  
f a d i ~ a u r e n t l y l l S e d a s W ~ i m p b n t  
"seeds"placedinornearhrmorsincludePd-103,E 
125, Ir-19 and Au-1% (Adelstein and Manning, 
1995). 'Ihe ability to treat gmx in a bcalized 
manner without affecting nearby tissues or organs is 
an important ima of nuclear medicine that will 
continue to receive much d in id  attention. 

. .  

The aualgesic treatmeot of bone metasMses in 
CaDCet patieats with i s a n a m t h a t i s  

lung. prostate. breast, and a variety of other cancm 
ane one of the most painful and debibting side 
effeds of c8Dcet. wben tumors metctstasrze * f f a m  
rheir primary site into bone, the Subsequeplt damage 
causes unrelenting pain as it presses on aajacent 
nerves. RadmmMe - therapyhasbe€alshownto 
relieve this pain and i m p v e  quality of life for many 
patients. Presently, there is collsjdefable interest in 
using P-32, Sr-89, Sn-l17m, Re186 and Sm-153 as 
potential radbauive agents for the treatment of this 

anreotlyexpendingfapidly. Bonememmesffam 

inaslaable bone pain (Silbestdn, 1993). Wben 
theseradioisotopes areuseQ"pain~oftenoccrps 
inapproxlmatel - y24weeksandlastsseveralweeks 
tomoaclrswithresponsesseenin60-80%of 
patiem$ depxalg  ontbeexmtofdisease and stage 
thepthtistreated"(stmfil&1994). Althoughtk 
majority ofisocope use is curremay aoalgesicd not 
-these- - alest iubeing 
nsea&edfortheirtherapeuticpotential. 'Ibese 
isotopes could be p b x d  at the AFT facility by 
placing their tatgets in tbeappmpme - locationofthe 
neutN)nflux- -gthetlmgstentarget. Auof 
these- would be used more extensively 
if they were m ~ e  readily available. 

cardiovasliatdiseaseisthemostcanrm<H1 
Cause of death in the U.S. In this disease, phsue 
builds up on the inside of blood vesseiS and impedes 
blood flow. In the heart this leads to angina, 
occlusionofthevessels,anddearh. Intheother 
vessels oftbe body it leads to a variety of problems, 
including strokes, hypertension, and the loss of 
limbs. Earlytreatmentof~diseasehasbeen 
Eacilitated by balloon angioplasty, where a thin 
catheter is inseaed into the diseased vessel and a 
ballo&tpasSedoverit.,This balloon, wheo Mated, 
expands to the size of the vessel and squashes ot 
disujm the plaque. UnfWma&Jy, in a large 
percatage of these cases the vessel rsocchdes 
within a matter of months (restenosrs .) and tbe 
procedure must be repeatedot the patient mast have a 
surgical bypass. A numbex of cedmiques involve 
inserting tubes, called stents, to fill the vessel aod 
keepitfromcksing. Whilethisredncestherated 
restenosis, the rate is stillhigh due to the growth a€ 
new tissue into the stent. Recently, wry exciting 
researcbhasshoam that Nnning a mdiom3ive sowe 
through the stent or coating the steat with a t a t  
emittingradioisotope slows the growth of occluding 
tissue, greatiyfeduciugthe rate of ixxmous &the 
need for open beart, bypass surgery with its atmdant 
risks ( N i i  1997). 

An alta of interest for potentiauy useful 
radioisotopes is the devd- of new gexmatm 
thatparallelthechacmsh 'csoftheMo-99/ro99m 
generatorsystem, InatypicaIgerieretarsystem,tbe 
short-lived aaughter nuclide is regulary eluted fiual 
the longex-livedparent The regular awrihbility of 
the short half-life my ov- the problem 
ofrepetitive groduction, time, ad distance hm tbe 
supplieq it also mhimkes the absorbed radiation 
dose to the patient (Ice, 1995). Although Te99m 
has excellent physical properties, its cbemhy can 
interferewiththedesiredtherapy. ' l k m i s a  
possibility that another gemmtor system could 
pvidebetterchemicalreactivityandbiig. 



The following (.Table 5) is a list of selected 
radioactivenucdidegeneratorsystems locatedthrough 
asearchofboththeliterahmandexistingdatabases. 
sewon of potential geImaols was based on 
s e d  factors, including whether the parent has a 

to eluting a reamably - dwbetberthe 
half-I& appoplrate --- 
daughm emission has a high enough flux (i.e. a 
short haW-life) md an enetgy level that can be 
df3eCkdffoeimaging. Thechemwyof these  
isotopesisalsoof great m- for they need to be 
capable of binding to a cauier molecule that is of 
interest to the medical community (Ice, 1995). 

W.FUTUREMARKETDEMAND 

Mo-99 md Co-60, typically reacta-pnduced 
nuclides, dominate the r a d i o i i j ~  market flable 6) 

souses for Mo-99 (MDS Nordion of Canada, Sandia 
National Laboratory, HFR at Petten in the 
Netberlands, the IRE in Belgium, and the AEC of 
south Atxca) but all of these ale based on aging 
facilitiesthatcarmotbedepadeduponforM~99 
pfodwhbeyoodthenexttenyears. MDsNordion 
p m  tobuikltwonewreactars, but the problemof a 
sde supplier andno domestic supplier for the U.S. 
is not alleviated. With a projected annual growth 
rate of 5-1096 anda ladr of aepeodable suppliers in 
the future, amahetpotential for the production of 
Me99  is evident It is estimated that MDS 
Nodion,thedominantsupplierofMo-99and~, 
makesabOut$S million a year in Mo-99 sales aod 
about $35 million a year in Co-60 sales(Adema 
1994). Although Co-60 has many applications in 
the industrial fi& it is ptedbed to have a 
sisnificant imease farmedical use in fume years, . Thefuture primarily fa esuipleent - 
marketvalueofCo-60, With’BneSthakdannual 
gnwvthrate(1o-#)%)whichisev~greateathanthat 

andareexpectedtocontinuetoinaeasein~in 
future years. Thereare or will be s e d  production 

.. . 

of Mo-99, is very Promising (Andersen, 1994). 

Table 6. Worldwide Radioisotope Market Share By 
MajmRroduds(Andersen,1~). 

JhmLmlw 
1992 
1994: 

$75 million to $100 million 
$92 million to $112 million 

h!Mkmas 
1992 1994 

Me99 34% 42% 
co-60 409b 31% 
others 26% 27% 

several other - have estaMished 
medicalrrmrketstIlatshwldcontiwetogFow 
throughhcmuedusageandnewapplications. In- 
111, wbicbisaLeadywidelyuseddiagmwa * y, is 
the only isotope fur whid Norton Haberman of the 
DoEantk@aw a subsrantial haease in &miud 
(H&ama& 1997). In-111 is 
prnmising &to lhe eanission of Auger elecmns. 
Tbeseelecaons, withewagies in the eV range, have 
ashortbutletbalpenetratonrangemtissues. Mnch 

hvdving In-111 f a  iUU@g ad 
radiohnrmplotheraw is in progress apld likely to 
result m 8n imeased market value. TI-201, the 
major - - -e- 
that is second only to Tc-% in volume of mprlirnl 
use, also has a promising fum. Its wholesale 
market value in 1992 was over $30 million. 
Although Tc-99m might be replacing it in some 
diagndc appations, tbeae ae many new 
thesapeutic applications that should inaease its 
demand. 

1-123 and Xe-127 a~ botb lmderutilized in tbe 
U.S. Although E123 continues to be an important 

research (at a high radioiifornuclearmedlcme 
price ‘anti low availability)), Xe-127 is not &y 
usedmtheU.S.dwtothetheofasuj@er. Tbey 
botb represent potential sou~ces of meme for a new 

isotopes; E123 and Xe-127 would most likely see 811 
hwxease in macket demand if they wae available in 
the us. 

. .  

facility. TheAPTfacilityc0uldproducebotb 

Sr-82 and Ir-192 fepstmt radioisotopes with a 
anentnimrift.antmedicalmarket~md811 
imeasingmarlcetpotentialforthefuture. Sr-8Zin 
panicah, was estimated to have an annual growth 
rateof 50-10096 due to the expeaed health insurance 
-ts far pmcedms usmg this isotope 
(Anderses 1994). Rb-82, prcdwxd from the st- 
8ZRb-82 geoenrtor, could see a huge haease in 
demandifitbecanesusefdforSPECT. There= 
not many producers of Sr-82 because of the high 
energy protons reqaired for production. Sr-82 could 
produce s i w t  revenue for the APT fhdity, 
since few other W t i e s  are able to produce it. Ir- 
192isaLsowidelyusedbecanse dits  many medical 
andindustrialapplications. Ithasbeenpcdimltbat 
its warldwde * demandwillhwre8seduetolmtapped 
international markets (Andersen, 19941, and that 
many new medical applications, such as 
btachytherapy implant stxds and vascdac 
llxwhmpy, 8pe g0illgtoincaeasethemar)retdeanand 
of Ir-192. 

Therapeutic- - repesenth 
fastest growing s e v t  of the medical isotope 
market. Manypeopleppedidthatthispartoftbe 



&wil l  s\apass that of the diagnostic segment 
when FDA approval of the new radioactive drugs is 
obmined (Anaerses 1994). Many of the wclides 
being studied for tbek tbeaapeutic q d i t k  have tbe 
potential to see a substantial inaease in de;mni 
because of the 1.6 million new ~plcet 

diagmed earh year in the U.S. (Adelstein ad 
Manning, 1995). As an example, bo- 
pauiation~maybeindicatedmabout 350,000 
cancerpatients per year in the U.S. Accding to 
Suresh Srivastava, "ifme assumes a5096 use in this 
group of patients for tream;lent using 
~ t b e t h e t M a i v i t y ~  
(average two per yeat per patient) 
may mnge from 1.4 x 103 Ci for Sr-89 (4 mCi per 
admhhmion), to 5.25 x 103 Ci for Sn-117m (15 
m~iper-m), a ~ l d  to about 2.5 x 104 c i  
for Sm-153 (at 1 m C i  per admh&au bn)" 
(SriVastaV& 1996). The lequhed volumes of these 
mdi- clearly indicates a fuhue market 
potential. 

The following table (Table 7) was included in 
t h e A r t h l l r A n d e r s e n ~ t o t h e D o E  Through 
surveys, mtemiews, andmearch, annual gmwtb rabe 
estimates wue developed that I.epresent a mnstnsus 
view of the fuaae direction of the 
market. Tbe1994demaDdfiguresl-€pwfsthe 
approximatemidpointoftheitestimated range of the 
womwidemarketfortheisotopeslisted(Andersen, 
1994). 

Table 7. World Demand (Anderseq 1994). 

1994cKxws~ Esr. 
Auwal 

Medine 
Mdywenum-99 43,000 5.1096 
Iodine- 125 2- 34% 
Xe~n-133 2300 34% 
Iodine-131 2000 545% 
Cesium-137 1,700 545% 
cobalt-6o(medlcal) 1,500 10-2096 
strontium-82 1,400 50. 
100% 
others 4,200 4-5% 

TotalMedicine 59,000 

Industrv 
cobalt-6o(industria) 30,m 
Iridium-192 4,500 
californium-252 1,600 
TlitiUm LOO0 
Gewanium-68 500 
others 1,700 

5% 

34% 
545% 
56% 
34% 
34% 
4-5% 

Total- 

Total - 
Ma&& 

39,300 

1,100 
500 
2100 

3,700 

102,Ooo 5% 

4% 

2-3% 
545% 
23% 

3% 

'Ihere m numy differing opinions as to tbe 
~gro~of tbemedica l i so topemarket  me 
Fkmm schod of Business at Tulane Univezsity 
and the Levy Rosenblum Institute plloaucea a 
business plan f a  the Fast Flux Test Facility in 
September of 1993. They pmjeaed a global 
Wholetslk? market (m isotopes, not 

eod produas) of close to $1 
billion by 2002, which represents a IO-fold inmase 

because of therapeutic 
~ t i c a l s )  (Adelstein and Manning, 1995). 
Howper, not all olwenners have been qui& so 
optimistic. Land&EkuonOw~andKEevansalso 
projecta substantial growth but they note that such 
gmwth could only occur with FDA approval of a 
largenrrmberofdi~t ica ls tbatthatnowin 
the nsealdlor clinical testing phase (Adelstein ad 
Manning, 1995). With so many of these 
--possessing such great promise, 
it seems very likely that many will develop a 
substantialmarketgrowtll. Arthur Andgsen & co., 
in an isotope madret report pppared for the DOE, 
jxedk&dareasonaMearmualgrowthrateof 5%for 
thetotalfadi~market(Andersenl994). This 
p m h o - , - -  'w considering 
thatsameisotopes,suchasSr-82,ateBqKdedto 
seeasmuch hsa5&100% inaease in growth rate. 

V Y  

V. lXASIBJLlTY OF THE APT F A m  FOR 
RADIOISoTopE PRODUCTION 

Tbe APT linearproton accekamrdesign has a 
bigb anrent (100 mA) at an ene%y of about 1.7 

rritiumeachyear. Tbeaccehatorwillpoduoea 
cunthmwave (cw) proton beam and accele28te it 
i n a s e r i e s o f n w w n t e m p a m e  
acdeahn  structures to 217 MeV.- 
beamis then acde&edto 1.7 GeV in a Series of 

Gev. T b e f a c i l i t y i s ~ t o p . o d n c e - 3 k g o f  

--superoonductmg cavities. Tbeprotolrs 
Strike tungstedl and lead targets to poduce @e 
quantities of neutmns through a spallation process. 
lllespallationprocessproducesfopryto sixty high 
energy neutrons per incident ptoton to transnu& 
helium-3 to tritium. 



resultingfiromtbeprotanfluxfield~only H-1 
Ihe APT pwides several locations for isotope 

pddonasaconsequenceofthetritiumprodudion 
scheme (Figure 1). Some isotopes may be emxted 
firom light water and heavy water cooling systems 
and €ium the spent tungsten target rods with 11Obesrm 
path modificatii(w1s. With varying tkgnxs of miwr 
modification, the appommity to generate an e m  Tbe second cooling system is the h v y  wakx 
richer variety of artificially produced mclides is (D20) system used to cod the tungsm 0 
presented. AdvantagecanbetaLenoftheinteBse spuatimtarga. Becausethissystemisexposedto 
proton beam, which varies over a wide energy range, botbproconsaxineuaons,becausethe- 
d t k  rich IJmmnflux field m the tafgemanket nucleus is &mdant, and because the lurrlLtp. 
aRa. In~~andimpactsontr i t improduct ion plodakmmodelingfefleustbe pipe Wall  matetials, 
would be smaU aod mtdbble. Full SC& thenuclideproductionprofilespansH-1 through- 

neutron flux in the target assembly or by taking mass radionuclides available for harvesting. 'Ibe 
occasional packets of protons from the main beam quantities of these isotopes aze quite small, however, 
would have an impact of much less than 1%. whidlwouldprobablyprechdetheirprocessing~ 

aauaiuse. Tbeproductionofisotopesintbese 
'Ihe Savannah River Site already has most of the coolant systems assumes the use of pule light and 

built-in infrastructure tohandle.€mxs%ad heavy water anddoesnot consider theaddition of any 

to Ne-21. The most inteaeshing isotope bere is F-18, 

with cyclotron FoQlction. In addition, F-18 has a 
very sbat half-life (1.8 h) so it would be of 

but production is too low to wammt COmpetitioIl 

mpatam2 only very near the production site. 

production of isotopes using eitber aportion of the 70 and e-70. This makes many interesting low- 

distribute radioisotopes and to dispclse of radioactive chemicals ascorrosion inhibitors (for example) or 8s 
waste. Real estate, expert&, and support systems intentional target nuclides (i.e. "doping" or 
far isotoge extraaion and purBcation ae already "spiking"). Either adding a COrZ06iOL1 inbibitor or pH 
available on-site; only the dedimed equipment ad buffeljog agent, or adding an intentional taqet 
buildings would need to be added Even moce nuclide in the cooling $hid would greally extend the 
importantly, APT can produce many isotopes (now nuclideprofiksofeachoftbesecodingsystemsaod 
produces by fission) through the use of non-f&on couldbedone in such amannet as to haveminimal 
methods thus greatly reduciog the volume and andmmllabk impgcton tritiumproduction. 
activity of the waste stream and, of -, avoiding 
theuseoffissilematerial. Also, the design model specifies that the 

tungsten will be clad; the ccmcqml design leqat 
(CDR) COntaiDs no estimate for the development of 
micmmds o m  the opemhal life of the target 
rods. N u c l e a r ~ ~ ~ & ~ e X p e r i e m e w o u l d U  
however, that at least some of the gaseous ar highly 

possibilities for the pmdmbn of medical and soluble Spauation poduas could leach into the 

available at thee diff- eaesgks and high would extend the list of avaihMe nuclides beyad 
inwty. Neutron fluxes at high intemsities are also atomicmass70. Someoftheseradioisotopes,such 

harvesting by-pmduc& of the tritium pfoductim multiplegramquantities. Nraclidesnearthemassof 
scheme and by inserting targets m several possible ironllesultfromirradiation of the piping system; 
locations in tk wxekram or m the targ&lanket most of these masses will mnah in the pipe walls. 
Eacility, some of which have little or 110 impact on 'Ihe L C s m E R  model llsed to predict these 
the tritium production. nuclide profiles ;rssumes the tungsten and heavy 

Waterarehomogeneousymixedanddoesnot inrhult.. 
The two cooling water systems m possible anynuclidesthatwouM be present due to the use of 

locations for the production of wdioisoto Pes as by- d d d h g  materials. 'kae is some potential for a 
products of the tritium produaion schenae (without significant extraction of these nuclides Bor 
af€e&g the tritium production rate or process). commercial utilization. Research is 4XImntly being 
There is, however, a si- coflcem regarding done at Los Alamos Natioual Labocdtay to process 
isotopic yield. The first cooling system is the light individual radioisotopes out of a mix- of many 
watersystem used to cool the proton beam entrance isotopes. In 10-15 years, techniques may be 
window.Theexpomea~~1isabout13cmby144 developed to efficiently process radioisotopes for 

medkalandiDdustrialIlse. 
persecand T h e c 1 m m t ~ ~ p u r e H @ 8 s  
coolant and, consequently, the nuclide population 

VI. ISOTOPE PRODUCTION 
PERTURBATION 

Tbe APT design provides a wide variety of 

indusaialisotopes. proton fluxes ale potentiauy heavy wateacoding system in snail mounts. This 

available. Production possibilities are provided by a~Hf-172andTa-179,mexpededtobe avaihMe in 

an, and the totalpton flux is6.24 x 1017 p r o t a n s  

'Ihe blanket region slows neutrons to tbeamal 



energies by collision and sc8ttering. Some furtbex 
neutrcmproductiontalcespbcebyspaUation,thus 
producing anothe€spectnrmofisotopes analogous to 
t h e ~ p r o d u c t s p e c t n r m o b m i n e d ~ t b e  
tmgstentargets. 'IheManketassanblyiscodedby 
light water which runs through aluminum piping. 
suane of the isotopes should mi- or recdl 
through the allmlinumpiping walls mto t& cooling 
water aad thus become available fop extraion h m  
thecoolant. 

W. ISOTOPE PRODUCTION WITH 
PERTURBATION 

?be proton energies potentially available for 
APT fall into three ranges (Table 8), each 
corresponding with a diffizwt physical location for 
extractionoftheprotonsfromthemainbeam. The 
mjedorandpulseshapingRFQwillproduceproton 
currentsof-1OOmAatanenergyof-6.7MeVin a 
cw mode. After a suffiient numbex of RF cavities 
the beam will have rrrrhrrl an energy of 20 MeV. 
This is ample ewqy to overcome the coolombic 
bzmier between a target nucleus ijnd an incoming 
proton, thus enaMing most proton absorption 
reactioos and (P,n) exchange reactions. The 
absorption - * inthiseoergyrangetendto 
yield only one particle ora gamma photon as aresult 
oftheabsotption. DesignchangestoEadlitatethis 
would include a dimling or switdhg magnet oc 
RF-kickes in the beam path to allow switching 
occasionalperkegofprotonstoacadioouclide 
proddontarget. Becauseofthelowprotanenergy, 
a &eater at this location wouId be smaller aod 
requirelesspowertbanadiverterfiatherdownmam. 
This region would pdwe nuclides similar to those 
produced by the lajrgercyclotrons now in use, but 
potentially at bighex prodmion rates, &pding on 
the rate at whicb packets ae switckd out of the 

Without more deiaikd knwledge of the design 
of the targethlanket assembly, it is assumed that the 
easiestandmost likely location to situate targm for 
n e u t m n - w  reactions (Table 10) would be to 
mcohporatetubes in the iead blanket and allow the 
mechanical insertion, positioning, and extraction of 
maplufactured targm ("rabbits? while the beam is 
on-line. Chain driven rabbit systems 8e commonly 
used in nuclear fe4Kmls allowing Bccess for target 
insertion without shutting down the fhcility, but in 
the APT the system W m k i  probably be 
pneumatically driven. The removal of neutrons will 

the tritium pmducth by only a small 
amount a target volume of 360 an3 
and alead blanket volume of 3.57 x 107 em3 the 
impact of one target on tritium p'oducticln would be 
muchlesSthanO.l% (basedonapurelyvolumetric 
ratio). Thetargetsizeusedinthisexampleis atube 

n3e highesteneagy protons (1.7 Gev) would be 
the ones entering tbe target bhnket assembly 
throughthebeameal~window. Tbeeasiestway 
touseprotons to produce isotopes heat? Wouldbe to 
addanintentjdtarg~nuclidetothecoolingwater 
forthebeamentrancewindow. Impactontritium 
productionherewould be a minimum because many 
of the light spauation plndwts would pmduce 
neuQoIls which Could be utilized for tritium 
pl-odukction. 

Additionally, it might be possible to use 
scatted potms (400 MeV) in the targetMankt 
assembly that femahl after the proton beam scrilres 
thetungstentarga Tbeseprotonswouldbeuseless 
forspa l ia t ionofmgstenbuts t i l l~ewugh  
for proton absorption or charge exchange Ee8cb;oDs. 
Target nuclide that preferably absorb protom over 
neutronswouldbebestforthis~que. Alistof 
some of the radioisotopes that couMbe pDauced by 
proton i n d u c e d e a t  one of rbe three energies 
or by scattered protons is shown m Table 9. 

of length 45'cm anddianwer3.2 cm, similar to a 
Citichem target for Mo-99 pmduction (If the 
targetcontainedfiss i le~suchas the uranium 
targets at sandia National Labommy, they woukl 
produce~sodmacQla l lyboost t&t r i t ium 
Yiela). 

-lEe next most feasible location of targets fu 
neutronitl'adiation wouldbe m or mar the decmpkx. 
Again, a "mbbit" system which moves targets into 
and out of a tube while the APT is on-line is 
envisioned Theimpactontritiumpodudionby 
mtmducing a target material for the production of 
medicalisofopesisexpeaedtobeverysmall. For 
example,considertbe~onofforatimes tbe 
entire, c~lfzent U.S. need for Mw99 by the neotron 
irradiation ofMwp8. This amounts to about 12 OOO 
C i  or about 25 mg per week of Mo-99. Using the 
nux in the lateral -k (1.7 x 1013 n/d S) 8~ 



anexample,itwouldtakeabout184gofM0-98 (13 
bgoss-secbon a )toprovidetheneededM0-99at 1.3 
GeV beam operation levels. These caEculatlons - 8 e  
made using thin-film assumptions and ignuring 
decayduring bombardment since about m30% of 
the seved kilograms of He-3 m the target/blanket 
assembly isinthedecoupb, we caa use about 2 kg 
asan estimate of the He3 mass (5330 b czoss- 
seuion) which would mean that a 184 g Me98 
target in the dean+ would have a 6.7 parts per 
million (6.7 x 

10-6) effeu on the tritium production, based on 
lnmwopkaoss-sectionratios. sinceabout3696 
of total production takesplace in the clLXX3U*, the 

(nonhamogegeousdisttibUti0u)eff~shouldbeless 
than one & of magnitude in their conttibutioo. 
Since all other isotope pmduc€icnls would be lower 
than this particular case, medical isotope production 

productionprocess. 

0- impad Will  be on tbe &Of 2.5 parts per 
million. Even in the worst case, geometric 

in the APT by the in-on of targets for neumn 
bombardmeacanbeseenasbeingtransparenttothe 

d o n  with the ApT 
P-32 14 d P-31+ neutron 
Sr-8uRb-82 26dlmin fission product 
Sr-89 51 d fLssion 

Sr-90 BY fission 
Y-90 64d Y-89 + neutron 
M0-99/Tc-!Bm 66 Id6 h U-235 fissim 

Mo-98 + neutron 
Sn-117m 14 d Sn-116 + neutron 

y-89 (&PI 

r-131 8d Xe-131 (&P) 
Xe133 5d Cs-133 (ntp) 
Sm-153 46d Sm-152+ neutron 
k-192 74 d - Ir-191+neut.mIl 
AU-198 2.7 d Au-197 + neutron 
VIIL CONCLUSIONS 

With its high beam current and energy, the AFT 
facility would be highly capable of producing 
radioisotopes in Sigllmant quantities thus assuring 
the U.S. a reliable supply of diagnostic, thespeutic, 
andresearchmedicalnuclides. TheAPTcapabiities 

production could comfortably meet for radmmye 
presentmaxketneedsandhavethecapabilitytoadap 
to dynamic marLetnpnwuls of the future including 
the likely rapid expamion of numeams existing 
markets as well as unforeseen new isotope markets. 
A caitical motivation face of medical r a d i w  
production with APT is the aging of the existing, 
rare U.S. plodmkm facilitia apld the increasingly 

I .  

Tbe APT design lends itself to the productiao of 
f a d i ~ a t s e v ~ p r o t o n e n e r g e s a n d i n t b e  
neuaonflwr. Mo-99,dDminaeintheradioisotope 
m a r k e t , c o u l d b e ~ w i t h ~ ~ p r o f o n o r  
neuaooreactlons.otbeahigh~radioisotopes, 
including P-32, c0-60, 1-131, -133, and TI-201, 
c o u k l a l s o b e ~  ~ I n o r e a i t i d l y ,  
APTproductioncapabUiescouldsupply nlrmerous 
isotopes aprently in high dunad but with low 
availability &e to pwmt hadeqae pmdwion 
capabilities. such isotopes include Rb-81, sr-82, 

pmmisiq isotopes aitical for improved dia@o& 
and therapy of numecous pgressive, debilitating 
dkeases m set to emezge fnw on-going resear& 
These inclwle Ga-67, Sr-89, Y-90, Sm-153, and Re 
186. The APT f a c i l i t y d d  also play 811 important 
econamic and diagno6tic d e  as a regional PET 
isotope (e.g. F-18) pmduca. The AlpT facility 
design clearly has the potential flexib~ty to assm 
the u.s.'s am- prominence in mprlt-nl 
diagnostics, therapy,' and reseach for its own 
citizens'benetit as well as worbKk - applicationsof 
such~advancenrents .  

h-111, 1-123, and Xe127. othet new aod 

Very p d m h u y  market pmjeuiom of APT 
production revenues f a  nxdical m 3 i o i i  mqp 
fnw $50 to $400 m i l h d y ~ .  nus, isotope 
productionmight make a significant contriblltioll to 
the m s  estimated opefat@ costs of $150 
millidyear. Because the Savannah Riw Site 
already has most of the built-in infrasbucaae to 

andtodispose -process,~sbip- 
of mdioaak WBSte, additional capital mV- 
wauMbelimitedtod$100milliontoenaMe 
isotOpepmktionanddistributionintheAPT 
facility. Tbe addition of a $100 million isotope 
production facility would be a smaU investment to 
secuce a future supply of radiokmpes. The United 
states gov- has the oppommity to 
simul-y meet the dekuse! Deeds far tritium 
andgainmoresuppoaforthecoostructionoftbe 
ApTfacility by meeting thehealth care Deeds of our 
society. 

As aresult of this review of the isotope macket 
and the amclusion that the APT is a viable facility 
to supply mazket needs, tinlkx studies ae 
m t o b e t c e r d e f i o e a p o t e n t i a l i s a o p e  
program at the AFT W t y .  WorkslqS with 
knowkdgeabk nuclear medicine Iksadms ad 
cluuclans should be held to better review and identify 
those isotopeswith the most potential after the year 

. .  

. . .  

http://Ir-191+neut.mIl


2005. A rmye degiled physics study of the 
perturtrationson fritiumproduaion and its impadon 
plantopemths isneeded ifthe APT facility is to be 
consideredforisotopeproduction. Inabditioq 
fUlilMXshdyiSrequiredtOdet theviabilityof 
pfodwiq short-lived isotopes for regional PET 

* 

centers. 
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Table5. N e w a n d p m m k i n g g ~ s y s t e m .  

-52 8.3 h m-52m 21.1 min 378 4rr SpauatiOnofFe 

Y-87 80.3 h Sr-87m 2.8 h 388 rr spauationof 

Cd-107 6.5 h Ag-1Mm 44.3 S 93 rr SpaUatiwofCd 
Ag-1 1 1 7 5  d Cd-lllm 49 min 150 rr SpaUationofCd 
Sn-113 115 d In-113m 1.7 h 393 rr SpaUationof 

(3-115 22  d In-11Sm 4.5 h 340 n- -- 
Hg-194 1.3 yr Awl94 1.6 d 328 EC spauationof 

Bf-77 57.0 h Se77m 17.4 s 162 l" SpaUationofBr 

Y-89or2r 

natural Sn 

by -114 
Xe-123 1.85 h E123 13.1 h 159 EC fission 

lm.lfal Hs 
ornaturalpb 

Table 8. proton energies potentially available fmm APT for isotope production. 

<40 MeV protonabsorption- F-18,'1-123, T1-201 - 
40-217 MeV WP), @,PI, and (p,W reactions Sr-82, Xe127, Sm-153 

@a) charge exchange mctions 

1.7GeVpmton spallation In-111.1-131, Ir-192 
spiking or doping the coolant 

. 



Table9. RadioisotopesthatcouldbepduaxI byprotMlinducedreactiooS. 

Y-90 64d 
M0-99lTc-99111 66W6h 

M-103 

In-1 11 

17 d 

3d  

Ga-67 3.3 d G-69 @Pa) (6096) 

Y-87ISr-87m 80 hn.8 h y-89 (p*PN 
a - 6 7  (pa) (4%) 

spawion of zr-90 
Sr-87 (pa) 7% 
Sr-88 (pa) 83% 
a -91  @2P) 
spallation of Ru 
Mo-100 @,p) 
Me100 (pa) Em99 Wb99 decays 
with a half-life of 15 seconds to Mo-991 
U-238 (pfission) 
w @*PI 
spallation on Ag 

h-113 @*@) (4%) 
spallation of Sn 
spallation of Sn 

(pa) (1%) 

spallation of Xe or Cs . 
Xe132 (pa) (27%) 
spallation of Xe or Cs 
spauation of Ba 
Sm-154 @,p) (23%) 

Cd-111 (pa) (13%) 

1-127 (P lph)  

Ir-193 @p) (63%) 

Tl-203 @,@I) (29%) 
Hg-201 (pa) (1396) 

Sn- 1 17m 
1-123 
1-125 

14 d 
13h 
60d 

1-131 8 d  

Xe-133 
Sm-153 
k-192 
TI-201 

5 d  
46d 
74 d 
73 h 
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75 keV 6.7 1.7GeV p-32 
20-40 MeV 

aL&Y 
product& 
F-18 
V-48 
Fe-55 
co-55 
CO-57 
CU-6 1 
cu-64 
Zn-62 
Ga-67 
Ge68 

Br-75 

AS-73 
AS-74 

Rb-81 
Y-87 
Y-88 
Zr-89 
Mo-99 

'Tc-99m 
In1111 
1-123 
1-124 
a-139 
W-178 
Ta-179 
Hg-19Sm 

Bi-205 
Bi-206 

T1-201 

uitium 
processing 

40-217 MeV L u ! s  
prOt0n-m 

Jg&yCJ& - 
Be-7 5r-82 
Na-22 Pd-103 
Mg-28 1n-1 11 
Fe-52 Xe-127 

Br-77 Ir-192 
Sr-82 
Tc95m 
Tc-96 
Ru-97 
xe-122 
Xe-127 
Ba-128 
Sm-153 

Cu-67 1-131 

Pb-203 
At-211 

5c-47 
c0-60 
5r-89 
Y-90 
m0-99 
Pd-103 
Rh-105 

1-125 
1-131 

Sn=l17m 

Sm-153 
Re1186 
Re-188 

Bi-213 

h- 192 
Au-198 

Isotopes listed in bold typeare of 
particular interest and are 
discussed further in the report, 
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