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Yttrium-88 (T, = 106.6d, I, = 0.2% and I;;c = 99.8%) is used in mixed gamma efficiency
calibration standards and also as a substitute for °°Y to quantify the biodistribution of
Y-pharmaceuticals in animals. Yttrium-88 and strontium-85 as gamma emitting radiotracers
were produced via "SrCOj;(p, xn) and "**RbCI(p, xn) nuclear processes at AMIRS, with 18
and 15 MeV protons, respectively, at a current of 20 uA for 10 hours. The deposition of
1at§rCO; on the Cu backing was carried out by means of the sedimentation method. Yt-
trium-88 was separated in a 92 + 5% radiochemical yield using the precipitation technique by
precipitating "Sr as SrSO, (strontium-85 as a tracer) while radioyttrium passed through the
filter paper. Also, a theoretical study of the nuclear reaction cross-sections for proton and
deuteron induced reactions on "*Sr and "2tRb for the production of 33Y and 85Sr, respectively,
was performed using the EMPIRE (version 3.1 Rivoli), TALYS-1.26 codes and the

TENDL-2010 database.
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INTRODUCTION

Yttrium belongs to group IIIB of the periodic ta-
ble. It has an atomic radius of 2.3 A (1 A=10"""m) and
its electronegativity is 1.22 [1]. Several isotopes of yt-
trium can be produced in the cyclotron, such as: 3°Y
(Ty= 14.7h, 1y, =34%, Eg, 1, = 1.2MeV),¥Y (T, =
=79.8h, I =99.8%, E, =388.5keV —82.1% and £, =
= 484.8 keV —89.7%, and ¥Y (T}, = 106.6 d, Iy, =
=0.2%, Igc = 99.8%, E, = 898 keV —92.7%, and E, =
1836 keV —99.4%), using a variety of nuclear reactions
with particle energies between 5 and 70 MeV [1-4]. The
longer-lived 3%Y is used in mixed gamma-efficiency
calibration standards and also as a substitute for the
chemical yield determination of *°Y [1, 4]. Its mode of
decay is predominantly by means of electron capture
and the decay emissions include strong y-rays[2, 5].

In cyclotron production of radionuclides, reac-
tion cross-section data play an important role. One
needs the full excitation function of the nuclear pro-
cess to be able to calculate the yield with reasonable
accuracy. Another important point is the number of
competing reaction channels [6].

* Corresponding author; e-mail: m.nferadi@srbiau.ac.ir

There are three principal routes of producing #Y
in cyclotrons: (1) the bombardment of strontium with
protons or deuterons, i. e., $¥Sr(p, n) or #8Sr(d, 2n)-re-
actions [2, 4], (2) a- or *He-induced nuclear reactions
on rubidium, i. e., the *’Rb(*He, 2n)®Y, and ¥ Rb(*He,
n)8Y processes [7, 8], and (3) the ¥Zr/3%Y generator,
i. e., the 3Y(p, 2n)3¥Zr—88Y, 89Y(d, 3n)%Zr—%Y,
natMo(p, x)38Zr—88Y, and "Sr(cr, xn)3¥Zr—*¥Y reac-
tions [9-12].

Several methods, such as co-precipitation
[13],the electrochemical approach [14, 15], ion ex-
change chromatography [2, 16, 17], filtration [ 18], and
liquid-liquid extraction [2, 19, 20], have been used in
an attempt to separate radioyttrium from Sr-based tar-
gets. Purification methods using ion-exchange resin,
the electrochemical approach and co-precipitation in-
corporate difficult and time consuming steps. The
maximum reported yield for Y purification has been
around 90% [13, 15].

The aim of this work was to produce *¥Y by coat-
ing "'SrCOj; via the sedimentation method, on a pure
copper backing, with sufficient stability at high-power
beam bombardment. Also, a much simpler separation
technique was developed to achieve higher yields than
via the previously reported methods. Accordingly,
radioyttrium was separated from "'SrCO; using a
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novel precipitation process in which SrSO, was pre-
cipitated and filtered.

MATERIALS AND METHODS
Excitation function

In brief, TALYS-1.26 is the latest version of the
TALYS code that simulates nuclear reactions involving
gammas, neutrons, protons, deuterons, tritons, *He, and
a-particles in the incident energy range of 1keV to
200 MeV for target nuclides with a mass 12 and above
[21]. TENDL (TALYS-based evaluated nuclear data li-
brary) is a nuclear data library which provides the output
of the TALYS nuclear model code system for direct use
in both basic physics and applications. TALYS is a com-
puter code system for the analysis and prediction of nu-
clear reactions [22]. The third version, TENDL-2010, is
based on both default and adjusted TALYSS calculations
and data from other sources [21]. The EMPIRE (version
3.1 Rivoli), the latest version of the EMPIRE code, is a
modular system of nuclear reaction codes comprised of
various nuclear models and designed for calculations
over abroad range of energies and incident particles. The
system can be used for theoretical investigations of nu-
clear reactions, as well as for nuclear data evaluation. A
projectile can be a photon or a nucleon, light or heavy
ion. The energy range starts just above the resonance re-
gion when neutron projectiles are concerned, extending
up to a few hundred MeV heavy ion-induced reactions
[23]. The code accounts for major nuclear reaction mod-
els, such as the optical one, Coupled Channels and
DWBA (ECIS06), Coupled Channels’ Soft-Rotator
(OPTMAN), Multi-step Direct (ORION+TRISTAN),
NVWY Multi-step Compound, exciton model
(PCROSS and DEGAS), hybrid Monte Carlo simulation
(DDHMS), as well as for the full featured
Hauser—Feshbach model, including the optical model for
fission. The heavy ion fusion cross-section can be calcu-
lated within this simplified coupled channels approach
(CCFUS) [23].

Calculation of required target
thickness and theoretical yield

To obtain optimum physical dimensions of the
target such as thickness, some estimation on the basis of
the SRIM code (the stopping and range of ions in mat-
ter) was made [24, 25]. The recommended thickness of
the target is 927 um for 90° geometry. To minimize the
thickness of the carbonate strontium layer and increase
heat transfer, a 6° geometry is preferred, in which case a
96.89 um SrCO; layer is recommended.

Nuclear reaction cross-section data are needed
in radioisotope production programs mainly for the
optimization of production routes, i. e., to maximize
the yield of the desired product and minimize the

yields of radioactive impurities. From a given excita-
tion function, the expected yield of the product for a
certain energy range, i. e., target thickness, can be cal-
culated using the expression [6]

NH 7 dE !
Y ==L (- (J E)dE (1
(I-e )gl o) o(E)dE (1)

M

where Y is the activity (in Bq) of the product, N — the
Avogadro number, H —the enrichment (or isotopic abun-
dance) of the target nuclide, M — the mass number of the
target element, 7 — the projectile current, d£/d(px), the
stopping power, o(E) —the cross-section at energy £, A —
the decay constant of the product, and ¢ — the time of irra-
diation. The calculated yield value represents the maxi-
mum yield that can be expected from a given nuclear pro-
cess. It should be pointed out that the non-isotopic
impurities produced can be removed by chemical separa-
tions, whereas the level of isotopic impurities can be sup-
pressed only by using enriched isotopes as target material
and/or by a careful selection of the particle energy range
effective in the target [6, 20].

Target preparation of "'SrCO;

A "SrCO; (Aldrich, 99.995%) thick layer was
deposited on the elliptical copper backing (11.69 ¢cm?
surface area) by means of the sedimentation method
[26]. To prepare the target, a particular home-made sys-
tem consisting of two plates (19-10° cm?) made of tef-
lon was constructed. The upper plate contains an ellipti-
cal window of 11.69 cm?. The copper backing is fixed
between these two plates; the upper part is sealed by an
O-ring fitted window. The window’s geometrical shape
determines the actual target coating area. In this
method, ethyl cellulose (C,,H43O;;, Aldrich) was
added to strontium carbonate. Then a suspension mixed
in water-free acetone was obtained by stirring. The
SrCO; suspension solution was stirred for 3-4 minutes
and immediately upon that loaded into the cylinder of
the upper disk. The window was covered by a teflon
plate with a small hole. At room temperature, the solu-
tion (acetone) evaporated slowly through the hole after
approximately 24 hours [20, 27]. Optimum conditions
of target preparation were obtained through several re-
peated experiments with different amounts of ethyl cel-
lulose and acetone. The best amount of ethyl cellulose is
that of approximately 35% of strontium carbonate. A
concentration of 52.4 mg/mL strontium carbonate in ac-
etone solution is optimized.

Cyclotron production of **Sr for
tracer studies

In order to develop the separation of 3%Y from ei-
ther "SrCO;, it was necessary to add ®Sr as a tracer to
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Figure 1. Possible routes of cyclotron production of ¥y
and %Sr in this work

the Sr target. According to fig. 1 [28], the best produc-
tion routes of *®Y and #3Sr via proton beams are 3Sr(p,
n)%Y and 83Rb(p, n)¥Sr, respectively.

In order to produce strontium-85, the deposition
of natural rubidium chloride on a copper backing was
carried out via the sedimentation method. 520 mg
RbCI (Aldrich, 99.99%), 208 mg ethyl cellulose (EC)
and 4 mL acetone were used to prepare a layer of en-
riched rubidium chloride over a 11.69 cm? area and
with a thickness of 62.2 mg/cm? [29]. The coated natu-
ral RbCl was introduced into the target holder and
bombarded at the AMIRS (Agricultural, Medical and
Industrial Research School) with 15 MeV protons at a
current of 20 pA for 10 hours.

According to the method of Banerjee et al. [30],
itis possible to separate Y from the bulk of the Sr target
material by solvent extraction, using 0.1 M HC1O, and
0.004 M 18-crown-6 in nitrobenzene. The irradiated
natural rubidium chloride-deposited target on the cop-
per backing was dissolved with a liquid flow-through
a stripper in an acetonic system with 100 mL acetone.
The obtained solution was evaporated to near dryness
and the residue dissolved in concentrated HCI (10
mL). Then, the obtained solution was filtrated with
Whatman-41 filter paper in order to remove the ethyl
cellulose (paste). In the solvent extraction experiment,
a filtrate solution was used for loading. 5 mL of or-
ganic solution — 0.004 M 18-crown-6 (Aldrich,
>99.5%) in nitrobenzene and 30 mL of aqueous
perchloric acid (HCIO,) solution containing SrCl, and
RbCl, were placed in a 100 mL separatory funnel,
shaken for 15 minutes, and allowed to settle for 30
minutes. The rubidium extracted into the organic
phase and strontium remained in the aqueous phase
(washes 6 times, 5 x 6 mL). The characteristic y-ray
used for the identification of 83Sr (7}, = 64.9 d) was
514 keV.

Irradiation and Y/Sr
radiochemical separation

The coated natural SrCO; was introduced into
the target holder and bombarded with 18 MeV protons
at a current of 20 pA for 10 hours. AMIRS operate a
Cyclone-30 (IBA, Belgium). To protect the target ma-
terial from reaching excessively high temperatures
during irradiation, a jet of cooling water flows across
the back of the copper backing in direct contact with it,
so that the heat is removed efficiently from the back-
ing. In order to improve thermal conductivity, the cop-
per backing is indented with grooves at the back. No
direct cooling is applied over the front of the deposited
target [20, 31].

Sulfuric acid readily forms a solid sulfate with Sr
during the chemical reaction (SrCl,(aq) + H,SO,(aq)
=SrS0,(s) + 2HCl(aq), K ,((SrSO,) = 3.44-107), con-
stituting a reliable precipitating agent for separating
yttrium from strontium. Sulfuric acid was gradually
added to the YCI,/SrCl, solution under heating and
stirring conditions, so as to increase the formation of
Sr precipitation. Afterwards, the solution/precipita-
tion was loaded on to a chimney supporting a
Whatman-42 filter paper and filtered under vacuum.
The majority of 3¥Y went through the filter paper and
the residue was efficiently eluted with H,SO,. Finally,
the solution containing radioyttrium was evaporated
to dryness and reconstituted with HCI [32].

RESULTS AND DISCUSSION
Calculation of the excitation function

In this study, excitation functions of the pro-
ton-induced reactions of #Y and 3°Sr were calculated
using EMPIRE (version 3.1 Rivoli) and ALICE/ASH
[33], TALYS-1.26 nuclear codes and the TENDL-2010
database and then compared to existing data. The codes
were used simultaneously, so as to increase the accu-
racy of the calculations.

Excitation function of "Sr(p, xn)®Y and
88Sr(p, n)®Y reactions

The evaluation of the calculated results with
TALY'S-1.26 showed that the best range of energy, one
favoring the "Sr(p, xn)*¥Y reaction, is from 16 to 6
MeV (see fig. 2). For this reaction, two cross-section
measurements exist in literature: the experimental data
reported by Michel et al. [34], and Kettern ef al. [5].
There is a relatively good agreement between the nu-
clear computer codes. According to the EMPIRE (ver-
sion 3.1 Rivoli) and TALY'S-1.26 codes, the maximum
excitation function for a "Sr(p, xn)*®Y reaction is
782mb (1b=102*m?)and 815.12 mb atE,=14MeV,
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Figure 2. Excitation function of the "*'Sr(p, x) reaction by
TALYS-1.26 code

respectively. As shown in fig. 3(a), the data from refs.
[5] and [34] exhibit lower values than nuclear model
calculations of the codes. Also, to produce *¥Y with
enriched strontium, Sachdev et al. [35] obtained nine-
teen data points up to 85 MeV, demonstrated to be the
maximum cross-section of 960 mb at 15 MeV. Later,
Levkovskij [36] and van der Meulen et al. [3] reported
the maximum cross-section of 1070 and 894.78 mb at
E,=12.8 MeV and 12.5 MeV, respectively. Theoreti-
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Figure 3. Excitation function of (a) "Sr(p, xn)**Y, and
(b) SSSr(p, n)*®Y reactions by EMPIRE (version 3.1
Rivoli), ALICE/ASH, and TALYS-1.26 codes, the
TENDL-2010 database and experimental data. The level
density parameter (a) is equal to a = A/y. The default
value of y is 9

cal yttrium-88 production cross-sections for 3¥Sr(p,
n)38Y reactions have been illustrated in fig. 3(b).

Excitation function of the
"Sr(d, xn)**Y reaction

Figure 4 shows a comparison between calcu-
lated cross-sections of the 3Sr(d, xn)®¥Y reaction. Up
to now, no experimental data for this reaction were to
be found in literature, meaning that nuclear model cal-
culations might have an important role in finding the
maximum excitation function of the said reaction. The
bestrange of incident energy was assumed to be that of
25to 10 MeV, and according to the EMPIRE (version
3.1 Rivoli) and TALYS-1.26 codes, the maximum
cross-section for this reaction is 850 mb and 8§71 mb at
E; =17 MeV, respectively.
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Figure 4. Excitation function of "Sr(d, xn)*®Y by EM-
PIRE (version 3.1 Rivoli), ALICE/ASH, and TALYS-1.26
codes, TENDL-2010 database and experimental data

Excitation function of "Rb(p, xn)**Sr and
5Rb(p, n)**Sr reactions

Natural rubidium consists of **Rb (72.16%) and
87Rb (27.84%). The natural rubidium target can be
used to produce ¥Sr throughout accelerator proton
bombardment. According to code results, the benefi-
cial energy range of the proton particle to produce 83Sr
from "Rb target is 16 MeV to 7 MeV. The results of
nuclear model calculations by the three codes with
measurements by Sakamoto ef al. [37] and Buthelezi
et al. [38] are shown in fig. 5(a). There is a relatively
good agreement between the codes up to 13 MeV,
whereas the results from refs. [37] and [38] exhibit
lower values than the codes. Using the 3Rb(p, n)®Sr
reaction to produce 3°Zr, the best range of incident en-
ergy was assumed to be 15 MeV to 7 MeV. The maxi-
mum cross section by the EMPIRE (version 3.1
Rivoli) code is 798 mb (E,= 10.5 MeV), see fig. 5(b).
For this reaction, two cross-section measurements ex-
ist in literature. Experimental data reported by
Kastleiner et al. [39] and Levkovskij [36].
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Figure 5. Excitation function of (a) "“Rb(p, xn)**Sr and (b)
SSRb(p, n)*Sr reactions by EMPIRE (version 3.1 Rivoli),
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base, and experimental data

Radiochemical separation

In order to develop the Y/Sr radiochemical sepa-
ration, it was necessary to add ®Sr and ¥382™Rb as
tracers to the Sr- and Rb-targets, respectively [2]. The
production of #*Sr and 8-82m83Rb is carried out via the
"aiRb(p, xn)*Sr and "*Kr(p, xn)¥-82mE3RD reactions
with 15 and 26.5 MeV protons, respectively [40]. The
y-ray spectrum of 83Sr after radiochemical separation
is presented in fig. 6. Yields of about 1.14 MBq ®Sr
per pAh were experimentally obtained.
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Figure 6. HPGe spectrum of 5Sr after radiochemical
separation; nother peaks have been detected in the
y-spectrum

Figure 7. Non-destructive y-ray spectrum of proton-ir-
radiated "'SrCO;, taken 18 day after the end of bom-
bardment (EOB)
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Figure 8. HPGe spectrum of radiochemically separated
radioyttrium radionuclides, taken 19 day after the end of
bombardment; no other peaks have been detected in the
y-spectrum

The total of the irradiated strontium carbon-
ate-deposited target on the copper backing was dis-
solved with a liquid flow-through stripper in an
acetonic system with 50 mL acetone. The obtained so-
lution was evaporated to near dryness and the residue
dissolved in 12 M HCI (10 mL). Then, the obtained so-
lution was filtrated with a Whatman-41 filter paper, so
as to remove ethyl cellulose. A filtrate solution was
used for loading in the precipitation technique.

The separation of Yttrium from Sr was done by
the precipitation method. The dissimilarity magni-
tudes of solubility product equilibrium constants for
strontium sulfate and yttrium sulfate allow an efficient
and rapid separation of Y from Sr by precipitating Sr as
SrSO,. The 2 M H,SO, was the acid condition of
choice to precipitate Sr with an approximate 92 + 5%
overall yield efficiency over 30-40 minutes [32]. The
filtration procedure reported by Avila-Rodriguez et al.
[18] is faster and simpler, but the separation yield in
that case less than 90%.
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Table 1. Cyclotron production methods of ®*Y

Reaction Beam energy [MeV] Target enrichment Yield at EOB [MBq/iAh] Reference
"Sr(p, xn)**Y 149 "SrC05 (99.99%) 1.75 [5]
20—54 MISrCl, (99.99%) 1.6 [3]
166 MSrCO;5 (99.99%) 1.02 [2]

188 MSrCO; (99.99%) 1.326 This work

8Sr(p, n)*Y 188 $3rC0; (99.99%) 1.605 (extrapolated) This work

"iSr(d, xn)**Y 25510 MSrCO;5 (99.99%) 2.915 (theoretical) This work

3r(d, 2n)**Y 25-510 SRbCI (99.99%) 3.53 (theoretical) This work
"“Rb(c, n)**Y 265 "RbCI (99.99%) 0.06 [2]
26-55 MRbCI (99.99%) 0.08 [41]
S (a, xn)*Zr—%Y 26->20 "SrCO; (99.99%) 8.2 [41]
"Mo(p, x)**Zr—*Y 800 Mo foil (99%) 0.116-0.049 [9]

Chemical and radiochemical
purity control

The solutions from the separation of Y from Srin
non-radioactivity tests were analysed by ICP-AES.
The amount of Sr impurity detected for 2 M H,SO,
was 8.2 ppm. The results demonstrate that increasing
H,SO, molarity diminishes Sr impurity. However, the
separation yield for yttrium enhanced when the acid
molarity increased and reached a maximum value of
97% at 2 M acid concentration [32].

Radionuclidic purity control

The identification and assay of gamma ray-emit-
ting radionuclides was carried out using y-ray spec-
troscopy with a high purity germanium (HPGe) detec-
tor (Canberra™ model GC1020-7500SL). As shown
in fig. 7, there is impurity in the 8Sr tracer in the dis-
solved sample. After separation (fig. 8), the obtained
radioyttrium purity was more than 99%. Yields of
about 1.326 MBq *¥Y per nAh were experimentally
obtained. The theoretical thick target for "'SrCO;(p,
xn)*8Y and #8SrCO,(p, n)¥Y reactions gives a yield of
2.482 and 3.008 MBq/pAh, respectively. An overview
of some of the methods for the production of 83Y is
given in tab. 1.

CONCLUSION

Cyclotron production of 3%Y at the AMIRS was
performed via the "SrCO5(p, xn)®¥Y reaction, with 18
MeV protons at a current of 20 pA for 10 hours. The
deposition of "SrCO; on Cu backing was carried out
by means of the sedimentation method. Yttrium-88
was separated in a 92 £ 5% radiochemical yield, using
the precipitation technique by precipitating "Sr as
SrSO,, while radioyttrium passed through the filter
paper. This quick method, lasting less than 1 hour, is
suitable for the purification of radioyttrium. Also,

strontium-85 as a gamma emitting radiotracer was
produced by irradiation of sedimented "™RbCl.
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Munag EH®EPAUNU, Maxaun CAJIETU, ®atemex BOJTYPUHOBUH

MNPOU3BOIIBA Y AKHEIEPATOPY U HYKIEAPHA CBOJCTBA
PAIUOOBEIEXNBAYA UTPUJYMA-88

Urpujym-88 (T, =106.6 d, 15, =0.2% nlgc = 99.8 %) KOPUCTH Ce y MEMIOBUTHM CTaHapUMa 3a
KanuOpanujy ramMa e(puKacHOCTH, a TaKohe u Kao 3ameHa 3a uTpujyM-90 y onpebuBamy dnoguctpudyimje
ATPpUjyMCKHX (papMalieyTUKajla y KUBOTHHA. PagmoobenesknBaun uTpujym-88 U CTPOHIUjYM-85, rama
EeMUTEepH, MPOM3BOJC Ce MOCPEACTBOM HykineapHux peakuuja "SrCO;(p, xn) m "'RbCl(p, xn) Ha
aknenepatopy AMIRS, ca nporonnma enepruja og 18 MeV u 15 MeV, pecnektuBHO, ipu cTpyju o 20 pA'y
Toky 10 gacosa. [lenonoBame "'SrCO Ha GakapHy MOIIOTY U3BPIIEHO j€ CENMMEHTATHOHNM TTIOCTYITKOM.
Wtpujym-88 cenmapupa je off CTpOHIHjyMa Kao 92 + 5% pafuoXeMujCcKy IPUHOC, IPEIMIUTALIjOM "St y
Bupy SrSO,. Takobe, ynorpe6om nporpama EMPIRE (Bep3nja 3.1 Pusonn), TALYS-1.26 n 6a3e noparaka
TENDL-2010, npoyueHu cy npecely 3a HykjieapHe HHTepaKIyje n3a3BaHe IPOTOHUMA U IeyTEePOHIMA Ha
natSr y MRb pagu MPOU3BOELE UTPHjyMa-88 U CTPOHIU]yMa-85, pECIIEKTUBHO.

Kmwyune peuu: iipouzsoorba y axyeaepaitiopy, utipujym-88, ciiporyujym-83, ipeyuiiuitiayuona
wexnuxa, EMPIRE iipozpam




