6.1 Introduction
Cyclotrons are generally used for the prepara-
tion of neutron-deficient radionuclides, which
decay mostly by S° emission or electron
capture (EC), which are used for diagnostic
applications (IAEA 2009). However, these pro-
duction facilities are also sometimes used for
the production of therapeutic a emitting and
B —emitting radionuclides. In some instances,
Auger- and Conversion electron-emitting (CE)
therapeutic radioisotopes are also reactor-
produced, but in general, the large majority
of radioisotopes used for therapy are reactor-
produced. Because of the power requirements,
operational costs, and in general focused oper-
ations, cyclotron production of radionuclides is
generally more expensive compared with those
produced by reactor irradiation. With reactors,
the general operation is not affected by target
insertion and radiation, and usually many dif-
ferent experiments and irradiations are con-
currently conducted. However, higher specific
activities (SA) are generally available from the
accelerator production routes, and no-carrier-
added products (NCA) can often be obtained
because the atomic number, Z, usually changes
(Fig. 6.1).

As summarized in Table 6.1, a variety of
accelerator-produced radioisotopes are of current
interest for targeted therapy.

© Springer India 2016

6.2 Accelerators

for Radionuclide Production

The use of accelerators for production of medical
radionuclides requires the delivery of charged parti-
cle beams which have two primary characteristics,
since they must both have sufficient energy to induce
the desired nuclear reaction and sufficient beam cur-
rent to provide practical product yields. The basic
characteristics of a medical cyclotron, for instance,
include an ion source for ion production, an accel-
eration chamber for ion acceleration, a magnet to
contain the ions on a circular path, and finally a strip-
per to “extract” the ions from the accelerator and
direct on the target (Fig. 6.2). The extracted beam
can be appropriately tuned to focus on a target or a
few targets in separated beam stops simultaneously,
since the beam can be focused within the accelerator
itself or can be focused on a target station which is
located exterior to the accelerator. The targets can
consist of a solid, liquid, or gas (IAEA 2009).
When an energetic-charged particle passes
through any material, there is a definite probabil-
ity to interact with nucleus of atoms along its
path. The particle may be scattered off the nucleus
or, if the energy is high enough when collision
occurs, may combine to form a compound
nucleus which will then decompose through one
of the several possible pathways, leading to the
formation of the product radionuclide. Another
important and often challenging requirement is
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Fig. 6.1 Examples of
particle reactions where Z
changes and radioisotopic
products can be separated
from target atoms by

traditional methods Incident Target
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Reactor production of radioisotopes

Z changes - permitting separation of
product atoms from target atoms

Change in Z

neutron nucleus Process Example atomic number
O U-235 — Sr-90 Multiple
— Fission products
> [n.p], Zn-67 — Cu-67 -2
O\’ [n,a],

[n,np], Ni-67 — Co-57 -1

— Q=
Betadecay Yb-177 — Lu-177 +1
product

Table 6.1 Key examples of accelerator-produced thera-
peutic radionuclides

Principle
Product emission Key examples
Nuclide Type Half-Life | Production route
Actinium-225| Alpha 10days | Thorium
Astatine-211 | Alpha | 7.21h
Copper-67 | Beta 2.58 days | ™Zn/*Zn(p,2p)*Cu
0Zn(p,)*’Cu
Gallium-67 | Auger |3.26 days | %Zn(p,2n)*’Cu
%7Zn(d,2n)*’Cu
Cu(a,2n)’Cu
Indium-111 | Auger |2.8days |''"'"Cd(p,n)'''In
112Cd(p,2n)'M'In
Radium-223 | Alpha 11.4 days | Thorium
Rhenium-186 | Beta 3.78 days | "W(p,n)'*Re
186W(d,2n)'*Re
Tin-117m |CE 13.6 days | "Sb(p,xn)!'"™Sn

the availability of efficient chemical methods for
separation of the microscopic levels of the radio-
nuclide products from the macroscopic target
levels, which in turn must often be recovered for
recycling for subsequent irradiation.

6.2.1 Calculation

of Production Yield

The rate of radionuclide production is dependent on
a number of factors, including the magnitude of the
reaction cross section (i.e., probability of capture) as

a function of energy; the incident particle energy;
the thickness of the target in atoms per cm?, which
will determine the exit particle energy; and the flux
of incoming particles. In the simplest case, where
the cross section is assumed to be constant, the rate
of production is given by the equation:

R=n,Ioc 6.1)
where:

R is the number of nuclei formed per second.

ny is the target thickness in nuclei/cm?.

I is the incident particle flux per second and is
related to the beam current.

o is the reaction cross section, or probability of
interaction, expressed in cm? and is a function
of energy.

The cross section is always a function of
energy, and hence Eq. (6.1) becomes modified as:
Ey
olE
R=nl | o(E) 4
» dE /dX
i 6.2)

E is the energy of the incident particles.
x is the distance travelled by the particle.

’]1 is the integral from the initial energy to the final

E

i

energy of the incident particle along its path.



6.2 Accelerators for Radionuclide Production

n7

Fig. 6.2 Medical cyclotron, (a) internal view. (b) Medical cyclotron at RMC, India

As the charged particles passes through the
target material, energy is lost due to interac-
tions with the target electrons which is repre-
sented in the above equation by the term dE/dx
(also called the “stopping power”).Returning
to the expression for the cross section, it is evi-
dent that n; is given by the following
expression:

px
=P (6.3)
A

where:

ny is the target thickness in nuclei/cm?.

p is the density in g/cm’.

x is the distance the particle travels through the
material.

€ is Avogadro’s number.

Aris the atomic weight of the target material in grams.

If the target material is a compound rather than a
pure element, then the number of nuclei per unit
area is given by the following expression:

A (6.4)

where:

N is the number of target nuclei per gram.
F, is the fractional isotopic abundance.

C is the concentration by weight.

A, is the atomic mass number of nucleus A.

The above equations illustrate that it is not
always possible to eliminate the radionuclidic
impurities in the product during radionuclide
production using cyclotrons. This occurs even
when using the highest isotopic target enrich-
ment and the most precise energy selection,
resulting from incident particle energy depletion
with initiation of secondary nuclear reactions
which is increased with higher-energy incident
particles.

6.2.2 Saturation Factor
Radionuclide product decay begins as soon as they
have formed, which leads to the following expres-
sion, where the overall rate of production becomes:
E
¢ E
L j—a( ) 4k —an
dr , dE /dX

(6.5)
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where:

A is the decay constant and is equal to In 2/7,.

t is the irradiation time in seconds.

N is the number of radioactive nuclei in the
target.

The term dE/dx in the above expression is often
referred to as the total stopping power. At a par-
ticular energy E, it can be represented as S{(E) in
units of MeV -cm?- g~! and is given by the follow-
ing expression:

dE
S N\E)=— 6.6
where:
dE is the differential loss in energy.
dx is the differential distance travelled by the

particle.

The loss of energy, dE, in MeV of the particle
is then given by:

dE =S, (E ) pdx (6.7)

where p is the density of the material in units of
g/cm?, and the thickness of the target? pdx (in g/
cm?) can be expressed as a function of dE:

dE

P ()

(6.8)

If this equation is integrated to include the stopping
power to account for energy loss during the transit
of the particle through the target material and assum-
ing that the beam current is the same as the particle
flux (which is true only for particles with a charge of
+1), then the yield of a nuclear reaction is given by:

EI
Yiop = M(1 _eih) _[GT (E )d—E
A, : S, (E)
’ (6.9)
The radionuclide production rate is of course
affected by the radioactive decay of the resulting
radionuclide product. For short-lived nuclides,
the competing reaction rates, production, and
decay will achieve equilibrium at sufficiently
long bombardment times since the rate of decay
is proportional to the number of radionuclide
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present. The (1 — ¢™*) term is often referred to as
the saturation factor and accounts for the compe-
tition of the production of nuclei due to the par-
ticle reaction and the radioactive decay of the
nuclei that have been produced. For an infinitely
long irradiation, the saturation factor (I — e™)
tends to the value 1.

6.3  Key Accelerator-Produced
Therapeutic Radionuclides
6.3.1 Actinum-225 and Radium-223

The accelerator production route which involves
irradiation of natural 2**Th targets with medium-
energy protons (Fig. 6.3) appears to be an attrac-
tive route in terms of yield and cost-effectiveness.

Actinium-225 is of great interest for therapy
as well as a generator parent for the availability
of 21*Bi (Apostolidis et al 2005; Miederer et al
2008; Scheinberg and McDevitt 2011). The
scope of availing 2*Ac as well as 2*Bi for ?*Th is
schematically depicted in Fig. 6.4.

Chemical isolation of Ra from irradiated
metallic Th was performed by a gas-chemical
method (Zhuikov et al. 2011). For *»Ac and
23Ra processing following irradiation of "™Th
targets using 800 MeV protons, solvent extrac-
tion with ethyl acetate has been used (Weidner
et al. 2012). A method for purification of **Ac
from irradiated *°Ra-targets consisting of a first
extraction chromatography for separating 2*Ac
from ??Ra and other Ra-isotopes and a second
extraction chromatography for separating 2*Ac
from 2°Po and '°Pb has been reported. The
finally purified Ac can be used in the prepara-
tion of radiopharmaceuticals (Turlera et al.
2013). This separation scheme is shown in
Figs. 6.5 and 6.6.

Radium-223 has recently emerged as a key
agent for bone pain palliation in castration-
resistant metastatic cancer from prostate can-
cer and is discussed in detail in Chap. 12.
An?"Ac/?Ra extraction generator based on
selective extraction of *2Ra from a solution of
chlorinated cobalt dicarbollide and polyethyl-
ene glycol in a polar diluent from a solution of
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Fig. 6.3 Proton-induced reactions for the production of >*Th

a mineral acid and a complexing agent has been
proposed. Radium is stripped to any appropri-
ate aqueous solution on adding TBP into the
extractant (Weidner et al. 2012). A number of
additional radiochemical separations approaches
for the isolation of ***Ra from ?*’Th have been
reported (Henricksen et al. 2001; Horowitz and
Bond 2003; Boll et al. 2005; Kirby 1969). While
the isolation of high purity ?**Ra and **"Th from
27Ac chemically appears to be straightforward,
it is mechanically complex due to intense alpha
and gamma radiation which produces reactive
species (solvated electrons, hydroperoxide ions,
atomic hydrogen, and free hydroxyl) that can
cause the radiation damage to the ion exchang-
ers and solvents and interfere with radiochemical
separations.

6.3.2 Astatine-211

The radiotherapeutic potential of a-emitting
2MAs (Ty,=7.21 h) (see Chap. 3) has been rec-
ognized for over 30 years (Smit et al. 1973).
Astatine in a halogen and the branched pathway
for 2!'As decay is illustrated in Fig. 6.7. The 7.2 h
half-life is sufficient to permit multistep syn-
thetic procedures and is also sufficiently long to
accommodate for the pharmacokinetics of a wide
variety of potential cell-specific targeting agents.

The halogen chemistry of astatine is diverse and
permits radiolabeling of a wide range of mol-
ecules. It is possible to exploit both its metallic
characteristics (Milesz et al. 1989; Yordanov
et al. 2000) and its halogen properties for the syn-
thesis of 2!!At-labeled molecules. Astatine-211
decays either directly by a-decay to 2’Bi (42 %),
followed by EC decay to stable 2’Pb, or by EC
decay to 2''"Po (58 %), followed by a-emission
to stable 27Pb. The o particles have a range of
only 55-80 pm in biological soft tissue, which
represents only a few cell diameters. The high
mean LET value of about 100 keV/um is close to
the optimum value for a high RBE to maximize
the lethal damage (Zalutsky and Bigner 1996).
The ?!'"Po daughter emits 77-92-keV X-rays that
provide a valuable means for tissue tracking 2! At
by SPECT imaging (Johnson et al. 1995). With
regard to radiation protection issues, 2!'As is easy
to handle, since a particles represent more than
99 % of the radiation energy (Larsen et al. 1999).

Spallation reactions can be useful for ?!'At
production either directly or indirectly through
the decay of 2!'Rn, but the required high par-
ticle energies between 160 and 660 MeV and
limited beam intensity, in addition to the exten-
sive required separation procedures, emerged as
major impediments for the use of this strategy
for routine production required to meet expected
clinical demands (Kirby 1985). Currently, the
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Fig. 6.4 Availability of **Ac as well as 2'*Bi from ™. (a) Master **Th/**Ac generator, (b) sub ?>Ac/?'*Bi generator

most commonly used method for producing 2!At  terms of cost-effectiveness and precludes the need
is the bombardment of natural bismuth, usually for chemical recovery for its subsequent use, its
in metallic form, with « particles (Zalutsky and poor thermal conductivity (7.97 W-K-!-m™") and
Pruszynski 2011). Although the use of natural low melting point (272 °C) necessitates adequate
bismuth constitutes an ideal target material in target cooling at high current production runs.
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The purity of 2''At required for research and
clinical studies is influenced by the radiochemi-
cal procedures adapted for the recovery of 2!'At
from the bismuth cyclotron target. Although a
variety of methods have been reported for 2!'At
recovery (Eberle 1985), the most common
method involves dry distillation or acid treatment
of the target followed by solvent extraction. The
most commonly utilized approach for separating
2IAt from bismuth cyclotron targets is dry

235U
71X 108y
21T > 221pg
26h 32x10%y
227AC - 227Th
22y 18.7d
223Ra
11.7d

Fig.6.5 Decay scheme for **Ra

a 226Ra(p, 2n)225Ac

Elution of 225A¢
In2 M HCI.

1.Dissolution of proton
irradiated RacCl, target.
2.Adjustment of acidity

0.01M HCI

R’

226Ra, Pb, Po etc

distillation at a temperature range of 650-800 °C
for 30 min using a flow of carrier gas such as
nitrogen (Lidegren 2001) or argon (Zalutsky
1996) in a quartz vessel. After volatilization from
the cyclotron target, 2''At can be trapped using
silica columns (Friedman et al. 1977), bubbler
traps (Lindgren 2001), and capillary tubing cryo-
traps (Lambrecht and Mirzadeh 1985). The sol-
vent extraction procedure consists of dissolution
of target using concentrated HNOj; followed by
extraction of 2'At into either butyl or isopropyl
ether (Yordanov et al. 2004). Another approach
reported is based on dissolution of the Bi,0O; tar-
get in concentrated perchloric acid followed by
solid-liquid extraction employing thiosemicar-
bazide incorporated onto Amberlite IRC-50 resin
(Roy et al. 2004).

6.3.3 Copper-67

The production yields of ’Cu in a nuclear reactor
by the Zn(p,n)*’Cu reaction (vide ante) are low
because of a low neutron capture cross section,
even when high-energy neutrons are available.
Accelerator production is the preferred approach
to obtain both the high specific activity and high
activity levels of ®’Cu which are required for

RaCO,

RaC1,
synthesis

Ra-226
recovery Pellet
reconditioning pressing
Reprocessing Ag-target
Ac-Ra Sep. / welding
\ Cyclotron
irradiation

Fig. 6.6 Production and separation of ?>’Ac by proton irradiation of *°Ra target
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a 211t
EC (58 %) ,6.87 MeV (58%)
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EC
Y 207mph
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b 211p¢ EC 211pg c At Decay
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5 7.21h
211g; 207
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Fig. 6.7 Simplified decay scheme of >''At
Table 6.2 Principal nuclear reactions for ¢Cu 6871
production
Cross section (6) in ':5
Particle Nuclear reaction | mb g'\:
P %Zn(p.2p)’Cu | 6 (E,=30...85
MeV)
24.8 (E,=130...425 657 _ o p)
MeV) n 67cy <« 68zp
Zn(p,a)*’Cu 15 (E,=16 MeV)
o #Ni(o,p)®’Cu 34 (E,=22 MeV) —
o
n 7Zn(n,p)*’Cu 1.07 3
e—y S7Zn(y,p)"Cu | 11 (E,=22 MeV)
(photonuclear
reaction) 64N
Fig.6.8 Summary of key cyclotron production routes for “’Cu
clinical applications, and several particle in spite of this effort, very few “Cu-labeled

reactions have been evaluated (Table. 6.2) as
shown in Fig. 6.3. Because of broad interest in
the availability of ’Cu, a wide variety of produc-
tion and processing methods have been evaluated
as described in the following sections. However,

radiopharmaceuticals have been developed and
evaluated in clinical trials (Fig. 6.8).

Cyclotron production of ¢’Cu is performed by
irradiating "*Zn or enriched %8Zn with protons or o
particles, and the most typical production route of
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7Cu has been the high-energy proton irradiation
of natural zinc targets particles (Schwarzbach
et al. 1995; Dasgupta et al. 1991; Mirzadeh
et al. 1986). Copper-67 has been produced in the
United States with high-energy accelerators at
the Brookhaven (BNL) and Los Alamos (LANL)
National Laboratories. Since 1994, the Center for
Radiopharmaceutical Science at the Paul Scherrer
Institute (PSI) in Switzerland has undertaken the
production of ¢’Cu with a 72-MeV accelerator
to meet their own requirement (Knogler et al.
2007). The ®Zn(p,2p)*’Cu nuclear reaction pro-
duces ’Cu of low yields and requires an efficient
separation procedures to remove radioactive con-
taminants, which include %*Zn, ¢’Ga, %Zn, *Co,
%Co, and YNi.

The Zn(p,0)*’Cu reaction using 30-MeV
alpha particles is promising owing to the produc-
tion of minimal impurity levels and the accessi-
bility of this reaction. Of the several options
tabulated, the photonuclear reaction cross section
is by an order of magnitude higher than the cor-
responding value for the (n,p) path. The photo-
nuclear %Zn(n,p)®’Cu method is also attractive in
view of a relatively low cost of electron accelera-
tors and their low running expenses in compari-
son with heavy particle accelerators. In this
method,  linear  accelerators  generating
30-60 MeV electrons were allowed to focus on a
convertor plate such as tungsten or tantalum to
produce photons with a similar energy range
(Starovoitova et al. 2014). One of the major hur-
dles of this method of production using natural
zinc target is the coproduction of ®Zn and %Zn
which decay to stable copper, thereby reducing
the ’Cu-specific activity. The *Zn(y,d)**Cu side
reaction is also problematic and leads to produc-
tion of the *Cu (T,, 1=12.7 h) radionuclide
impurity, which can be reduced by allowing suf-
ficient cooling time. The use of enriched targets
is preferred in most of the production schemes
summarized in Table 6.2 in order to achieve
higher levels radionuclidic purity.

Because of methods which are well estab-
lished for copper chemistry, several separation
processes described below have been evaluated
for purification of cyclotron-produced ¢Cu,
which are based on differences in the physical

and chemical properties of Zn and Cu. These
strategies involve initial removal of the bulk zinc
matrix followed by a secondary ion-exchange
step as a final cleanup procedure.

6.3.3.1 lon Exchange

A number multistep sequential ion-exchange
chromatographic techniques using a variety of
ion-exchange resins such as dithizone-
impregnated resin, Bio-Rad AG-1 MP-1,
Dowex-1, Bio-Rad AG-50W, and Chelex-100
have been used to separate *Cu from irradiated
Zn (Mausner et al. 1998; Dolley et al. 2006;
Jamriska et al. 1995; Mushtaq et al. 1990; Shikata
1964; Yagi and Kondo 1978; Katabuchi et al.
2008; Polak et al. 1986; Schwarzbach et al.
1995). The method used at BNL for the produc-
tion, chemical separation, and purification of
7Cu obtained by the (n,p) path uses zinc oxide
targets (Mausner et al. 1998). The target used for
reactor irradiation consists of a 40-g pressed pel-
let of ZnO as well as enriched “ZnO powder in a
quartz ampoule. After irradiation, the target is
cooled, dissolved in concentrated HCI, evapo-
rated to dryness, and reconstituted with 0.5-M
sodium acetate buffer maintained at pH 3.27. The
solution is then passed through a chromato-
graphic column containing Chelex-100 (100-
200 mesh), where the “’Cu remains adsorbed and
the bulk of the Zn passes through the column.
After washing the column with 0.001 N HC1, Cu
is eluted with 12 N HCI. Gallium and Fe are sep-
arated from Cu by passing this solution through a
chromatographic column containing a cation
exchange resin (Bio-Rad AG50W-X8, 100-
200 mesh), where the impurities are adsorbed.
The column is then washed with 10 N HCI. For
final purification, the washing and the effluents
are collected, and the combined fractions are
loaded onto a chromatographic column contain-
ing an anion exchange column (Bio-Rad AGI-
X8, 100-200 mesh). A 4.5 N HCI rinse removes
any Co isotopes which are collected and dis-
carded as radioactive waste, and the ®’Cu is finally
eluted with 3 N HCL In order to perform
radiolabeling, the “’Cu solution is evaporated to
dryness and reconstituted with 0.1 N HCI
(Mausner et al. 1998).
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6.3.3.2 Electrodeposition

The use of an electrolytic technique is another
strategy for processing and recovery of ¢Cu
(Mirzadeh et al. 1986). After irradiation, the tar-
get is dissolved in 10 mL of a 10:1 mixture of
conc. HCI and conc. HNO;. Following evapo-
ration to near dryness the residue dissolved in
1 M H,SO,. The volume of solution is adjusted
withl M H,SO, to maintain an~2 M concentra-
tion of Zn**. The solution is then transferred to the
electrolysis cell provided with a rotating Pt elec-
trode. Under a constant potential of 2.1 V for 2 h,
Cu is electroplated on the rotating (~1500 rpm)
Pt electrode. The original electrolyte is removed
and replaced with a second electrolyte (20 mL of
0.1 M ZnSO, and 1 M H,SO,,) without discon-
necting the circuit. The polarities of the circuit
are reversed and electrolysis is carried out for
5-10 min to dissolve the Cu from the Pt electrode.
The electrolysis is repeated to electrodeposit Cu
back onto the Pt cathode for an additional 2 h.
Finally, the Pt cathode is removed and immersed
in 2 mL of 3-M HNO; to recover the “’Cu. For
final purification, the solution containing ¢’Cu
is evaporated to near dryness, reconstituted
with 1 mL of 1.8-M HCI and passed through an
anion exchange column (MP-I, 100-200 mesh,
3 x40 mm, prewashed with 1.8 M HCI) wherein
all anionic impurities get trapped. The column is
then washed with an additional 4 mL of 1.8 M
HCI. The eluates are combined, and the total
volume is adjusted to 5 mL with the addition of
water (Mirzadeh et al. 1986),

6.3.3.3 Liquid-Liquid Extraction

The most commonly used procedure for recovery
of ¥Cu by liquid-liquid extraction (Dasgupta
etal. 1991; Stoll et al. 2002) consists of a primary
extraction using 0.01 % dithizone in CCI, con-
tacting a 0.5 M HCI layer containing the dis-
solved target. This solvent extraction is repeated
four times to obtain the ¥Cu of desired purity.
The 9’Cu is then back extracted from the organic
fraction with 7.2 M HCI and H,0,. The aqueous
back extracted layers are combined and contacted
with isopropyl ether to remove Ga. Finally, the
solution is passed through an anion exchange col-
umn to remove Ni, Mn, Cr, and Co isotopes.
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6.3.3.4 Sublimation

This method exploits the low sublimation tem-
perature and pressure of Zn compared to Cu
(Mausner et al. 1998). Typically, the irradiated
zinc target is placed in a sublimation assembly
and heated at a temperature of ~800 °C in which
zinc sublimes leaving the copper behind. Final
purification is performed using ion-exchange
chromatographic technique.

6.3.4 Gallium-67

Gallium-67 (T,,=3.26 d) decays by 100 % by
electron capture and emits y radiation with ener-
gies of 93.3 keV (37 %), 184.6 keV(20.4 %),
and 300.2 keV(16.6 %). In addition to its use
for diagnostic applications, interest in the effec-
tiveness of Auger emissions from ’Ga for some
specific therapeutic applications has also been
reported. Gallium-67 can be reactor-produced
(Chap. 5), and the most common ¢’Ga cyclotron
production methods include (Fig. 6.9) proton
irradiation of isotopically enriched ®*Zn targets
by the %®Zn(p,2n)*’Ga nuclear reaction (Little
and Lagunas-Solar 1983). Deuteron irradiation
has also been reported on isotopically enriched
677n targets by the Zn(d,2n)*’Ga nuclear reac-
tion (Gul 2001) and a-particle irradiation by
the *Zn(a,n)*Ga or *Cu(w,2n)%’Ga reaction
has been reported (Naidoo and Van der Walt
2001; Martin and Osso 2013).

(o,,n)

sizn —————> oo (@2n)

65Cy

(d,2n)

672n

Fig. 6.9 Cyclotron methods for production of ¥’Ga


http://dx.doi.org/10.1007/978-81-322-2607-9_5

6.3 Key Accelerator-Produced Therapeutic Radionuclides

Separation of pure gallium radioisotopes
produced by cyclotrons—and also produced
in nuclear reactors—from the target material
and target holder (Zn and Cu, respectively) can
be achieved by ion exchange (Aardaneh and
Shirazi 2005; El-Azony et al. 2003; Massaoud
et al. 2008). Recovery of gallium from aque-
ous solutions is commonly achieved by chemi-
cal precipitation (Sadeghi and Mokhtari 2010),
complexation (Dumortier et al. 2005) and ion
exchange (Massaoud et al. 2008). Each of these
separation techniques of course has its merits and
limitations for practical application. The radio-
chemical processing followed for the separation
of 9Ga available from the %Zn(p,2n)’Ga reac-
tion involves dissolution of the irradiated target
in 10 M HCl with subsequent passage of the solu-
tion through a cation exchange resin (AG 50 W,H*
form, mesh 200—400) which is preconditioned
with 9 M HCI (Jalilian et al. 2009). The column
is washed with 9 M HCl and ¢’Ga eluted with 6 M
HCl solution. The ’Ga obtained from this column
is purified by passing through an anion exchange
column (AG1X8 Clform,100-200 mesh) pre-
treated with 6 M HCI1 where in “’Ga is adsorbed.
The %’Ga is then eluted as ¥’GaCl; using 2 M HCI.

6.3.5 Indium-111

Indium-111 (7,,=2.8 d) decays by electron
capture (EC 100 %) with emission of y rays of
173 and 247 keV (89 % and 95 % abundance,
respectively). As discussed earlier, these gamma
emissions are accompanied by total internal con-
versions of about 10 % and 6 % (see Chap. 4),
respectively. Therapeutic interest in !''In has
resulted from the use of !''In-labeled peptides
for targeted therapy, utilizing the Auger electrons
(see Chap. 9). Commercial production involves
irradiation of natural cadmium targets with ener-
getic protons according to the Cd(p,n)!!'In
or "2Cd(p,2n)!!"In reactions, and both remain
the most widely used ''In production methods
(Zaitseva et al. 1990). When production of !!!In
is carried out by bombarding Cd targets with
protons, the !In activity at the end of bombard-
ment (EOB) contains radionuclidic contaminates
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which include '*In (t,=4.3 h), "*"In(t,,=4.9 h),
and "“"In (t,,=4.9d). The first two radionuclides
of indium have relatively short half-lives and
hence cooling for 24 h after EOB is required to
significantly reduce the levels of these contami-
nates (Lahiri et al. 2013).

Radiochemical separation of !!'In from the
irradiated target can be performed using a wide
variety of techniques such as coprecipitation with
Fe(OH); (Neirincks 1971), ion exchange (Das
et al. 1996; Das et al. 1997), extraction chroma-
tography (Levin et al. 1974; Sharma and Smith
1981; Horwitz et al. 1997), thermo-
chromatography (Novgorodov et al. 1984;
Schomakher et al. 1988), use of cation exchange
resin (Das et al. 1997; Brown and Beets 1972;
Nelson and Michelson 1966; Chattopadhyay
et al. 1997), coprecipitation with La(OH);
(Filoosofov et al. 2001), liquid-liquid extraction
using Cyanex923 (Guptna et al. 2004), liquid—
liquid distribution of ion associates of tetrabro-
moindate (II) with quaternary ammonium
counter ions (Yamamoto and Matsumoto 1977),
using organophosphorus compounds as extract-
ants (Rajeh and Subramanian 1994), extraction
chromatography using liquid anion exchanger
(Horwitz et al. 1995), and solid phase extraction
(Horwitz and Dietz 1990; Horwitz et al. 1991;
Inoue et al. 1994). Each of these techniques has
its own advantages and disadvantages. Liquid—
liquid extraction (LLE) (Zheng et al. 1993; Paiva
2001; Horwitz et al. 1993) and ion-exchange
chromatography (IEC) are widely used for radio-
chemical separation of ''In (Das et al. 1997,
Rajeh and Subramainan 1994; Horwitz et al.
1995; 1991; Horwitz et al. 1997; Ham 1995).

6.3.6 Rhenium-186

Although 6Re is often reactor-produced, when
HSA is required, accelerator production is arising
as the preferred production route because of the
unique capability of NCA production. High
activity levels of NCA 36Re can be produced
using cyclotrons (Shigeat et al. 1996; Zhang et al.
1999) by the 8W(p,n)'%Re and '*W(d,2n)'*Re
nuclear reactions. However, because of the low
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cross section for the '3W(p,n)!*Re reaction, pro-
duction of high activity levels of '*Re using low-
energy cyclotrons is a difficult proposition. On
the other hand, the '®*W(d,2n)'*Re reaction is
more favorable due to the larger cross section
(Zhang et al. 2001). The measurement of '*Re
production yields by this approach has shown
that it is more effective to use a deuteron beam
(12.8 MeV) rather than the proton beam
(16.5 MeV) for production. In this method the
186W metal target was used dissolved in 30 %
H,0, and 1 M NaOH after irradiation with heat-
ing. After concentration to near dryness, it was
reconstituted with a HCI solution, the pH of
which was adjusted to 3—4 and loaded on an acid
alumina column. The '®Re was then eluted from
the column with saline.

6.4 Tin-117m

In addition to the expected benefits of AE for
therapy, the benefits of conversion electrons (CE)
have also been widely recognized and ''"™Sn rep-
resents one key example. The production of NCA
"mSp can be carried out in an accelerator using a
number of possible nuclear reactions (Ermolaev
et al. 2009). Using the ">™In(a,pn)''"™Sn reaction
over the energy range of 45-20 MeV, a relatively
pure product can be obtained, however, in very
small yields. Natural antimony can be used to
produce !''"mSn following the "Sb(p,xn)!!"™Sn
reaction over the energy range of 38-60 MeV
(Mausner et al. 1998). This process, with a cross
section of 5 mb, was found enough to produce
therapeutic quantities of '"’™Sn with high specific
activity. Subsequently, the method was upgraded
to undertake larger-scale production of NCA
7mSn with high purity and high specific activity,
using targets based on natural or enriched Sb. The
thick targets of Sb or Sb-Ti intermetallic com-
pounds are used for irradiation. Chemical recov-
ery of '"mSn was carried out by solvent extraction
with dibutyl ether followed by chromatographic
purification on silica gel column. Using these
methods, the production of !''"™Sn with specific
activity of about ~1000 Ci/g with high radionu-
clidic purity is reported (Ermolaev et al. 2009).

6 Accelerator-Produced Therapeutic Radionuclides

6.5 Summary

Particle accelerators, and in particular cyclotrons,
continue to play an integral role for the production
of a variety of neutron-deficient therapeutic radio-
isotopes. The prominent role played by the cyclo-
trons for the production of therapeutic radionuclides
dictates that a holistic consideration should be
given to all governing factors while selecting a
method. Coalescing the target preparation, cyclo-
tron irradiation of target, and radiochemical separa-
tion science is the art of radionuclide production.
Persistent efforts are on to uncover new ways to
improve the production yields and minimize radio-
active contaminants. While the use of enriched tar-
get material constitutes a successful paradigm to
obtain high-specific-activity radionuclide of inter-
est and good radiopurity, it is necessary to recycle
the expensive enriched target material to defray the
target cost over many production runs. The interest
and availability of alpha-emitting radioisotopes is
rapidly increasing, and it is also expected that a
variety of other accelerator-produced therapeutic
radioisotopes will continue to be evaluated for their
potential role for therapy.
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