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Nuclear reaction / Excitation function / The method was developed to produce about 1 GBq quan-
Isomeric cross section ratio / Integral yield / Production / tities of #Y [4]. In the meantime, the longer-live&Y
Quality control (T2 =10664d, Iz =0.2%, EC=99.8%, E, = 898 keV

(92.7%) andE, = 1836 keV (994%)) has also gained some
attention with respect to the development of novel chemical
Summary. Excitation functions were measured by the syntheses and investigation of slow metabolic processes, es-
stacked-foil technique fof*Sr(p, xn)***"™9%Y reactions from  pecially in animal experiments. The aim of this work was
threshold up to 25MeV. From the measured cross secCtherefore to improve the known production methodof
tions integral yields of®Y, ®™Y and ®®Y were calculated. o4 g develop a method for the production®®f in no-

The optimum energy range for the production BY is . . : .
E,— 14— 9MeV; the ®Y yield amounts to 1'5MBq carrier-added form. The radionuclid® has hitherto been

(47.3uCi/pA-h) and the®’Y and #™Y impurities to 2.0 and produced in no-carrier-added form onlia the spallation
4.4%, respectively. The isomeric cross section ratio for theProcess, mainly at the Los Alamos National Laboratory,
pair ™9 was determined as a function of incident proton USA. We describe its production at a small-sized cyclotron.
energy and the results are discussed in terms of the spins of

the two isomeric states involved. Medium scale production of

both Y and *Y has been carried out more than 15 times 2, Study of "®Sr (p, xn)®#™9Y processes

each using the g, n) reaction. In the former case 386 ] ) o

enriched ®SrCO, was used as target material, and in the 2.1 Experimental techniques pertaining to cross

latter "*SrCQ;. The method of separation of radioyttrium has section measurements

been improved. After coprecipitation with (@H);, cation-

i i 87m,
exchange HPLC was applied to isolate radioyttrium from thegr?ss _secctl:lqnihfor t?e Iprmtatlohn .&Y alnd d th WeLet .
carrier lanthanum. The radionuclidic and chemical purities eterminecvia the activation technique. In oraer 1o obtain

of the products were good. Batch yields &Y and %Y alarge boo]y of da’;afrom a few irradiations, the conventional
amounted to about.83GBq and 35 MBg, respectively. stacked-foil technique [cf. 5,6] was used.

The thin samples of SrCQrequired for these measure-
ments were prepareda a special sedimentation method
described earlier [3]. A suspension of very fine strontium
carbonate powder in water-free acetone (about 50 mg car-
The radionuclide®®Y (T, =64.1h, I, =100%, E;- =  bonate per mL acetone) was obtained by mixing and stirring.
2.3MeV) is one of the widely used therapeutic nuclides. Additionally, cellulose nitrate was added in concentration of
However, it is not suitable for imaging. A general solu- 3%—5% with respect to the metal carbonate. About 200
tion to this problem has been to substitdt¥ by ay-or  of the suspension was then transferred to the sedimentation
B*-emitting yttrium radioisotope. In a few studi€gY device placed in a desiccator. The suspension evaporated
(T2 =798 h, EC=99.8%, E, = 3885keV (821%) and  slowly at room temperature. After 2—3 hours the device was
E, =4848keV (897%)) in combination with Single Pho- opened carefully and the homogeneous and mechanically
ton Emission Computed Tomography (SPECT) was usedstable deposit on a 38m thick Cu-backing ¢ = 13 mm)

It is produced eithenia the ®Sr(p, 2n) reaction [cf. 1]  was removed. The surface of the deposit was covered with
or the ®*Rb(x, 2n) process [cf. 2]. The positron emitting a 25um thick Al foil. The prepared sample was then used
8Y (Ti, =147h, 14+ =33%, E;+ = 1.2 MeV), however, for irradiation.
has proved to be more useful because of the possibility of Several stacks, each consisting of about 5 samples and
imaging via Positron Emission Tomography (PET). For its a few monitor foils, were irradiated at the Julich compact
production several nuclear processes were considered amgclotron CV 28 at a beam current of about 100 nA. The
the reactior?®Sr(p, n)*Y was found to be most suitable [3], irradiation time in each case was 60 min. One stack was
partly because it could be used at a small-sized cyclotronirradiated at the PSI in Villigen (Switzerland) for.77n
- at a beam current of 40 nA. The beam currents were de-
* Author for correspondence (E-mail: s.m.qaim@fz-juelich.de).  terminedvia the monitor reaction§*Cu(p, xn)®2¢3Zn and
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naTi( p, xn)*8V [7]. The primary proton energies used at the the well-known activation formula. The overall uncertain-
CV 28 were: 120+0.2, 160+0.2 and 200+ 0.2 MeV. ties in the cross section values were obtained by taking the
The primary proton energy at the PSI injector was045  square root of the sum of the squares of individual uncertain-
0.2 MeV. It was degraded in the stack so that the calcu-ties. The individual uncertainties (in %) considered were as
lated energy on the first sample amounted to62BeV. follows:

We determined the effective energia a ratio of moni- _ arget thicknessj.e. number of nuclei in the target
tor reactions [cf. 6]. The two energy values agreed within (~ 2%)

+0.4 MeV. The energy degradation in each stack was cal-_ Inhomogeneity in target thickness 6%)

culated using a program based on the tables given by Bombarding beam intensity{(10%)

Williamsonet al. [8]. , , — Detector efficiency and sample-detector geometr§¢o)
The activity of each sample and monitor foil was meas-_ pask area analysis-(5%)

ured non-destructivelyia y-ray spectrometry. For this pur- ) . . i

pose a 145 chHPGe-detector coupled to an Ortec 4 K For the“_atSr(p, xn)-reactions investigated the typical overall

MCA Plug-in Card was used. The card was connected to akncertainty was 13%.

IBM-compatible PC-AT. The peak area analysis was carrie .

out using EG&G Ortec software (Gamma Vision 5.00). Irra-dz'2 Cross section data

diated samples were counted at a distance of at least 10 cithe measured cross sections of tH&r(p, xn)-reactions

from the detector. The detector counting efficiency at vari-and their uncertainties are given in Table 2. All values de-

ous distances was determined using standard sources (errseribe elemental cross sections, they refer to Sr of natural

< 3%) obtained from the PTB Braunschweig and Amer-isotopic composition. The data up to.88/1eV were meas-

sham International. ured at the CV 28 and those in the higher energy region
The count rates were converted to decay rates by corat the PSI injector. A few energy points between 10 and

recting for they-ray intensities and the efficiency of the 19 MeV were covered at both the cyclotrons to ascertain the

detector. The decay data of the radioactive products inveszonsistency in the data.

tigated in this work were taken from [9] and are listed The measured cross sections are shown as a function

in Table 1. The cross sections were then calculated usingf proton energy in Fig. 1. The formation &Y starts at

Tablel. Decay data of the product nuclei

studied:. Radionuclide Ty Mode of decay (%) E, [keV] 1, [%0]
sy 79.8h EC (99.8) 388.5 82.1
B+ (0.2) 484.8 89.7
srmy 13.4h IT (99.7) 380.8 79.3
EC (0.3)
sy 106.6d EC (99.8) 898.0 93.7
B+ (0.2) 1836.1 99.2

a: Taken from [9].

Table2. Cross sections for the formation

of some radioisotopes of yttrium in proton Cross sectiow [mb]
induced nuclear reactions 6¥Sr. E, [MeV] Accelerator "Sr(p, n)*Y "Sr(p, xn)¥Y  "Sr(p, xn)¥mY

25.6+0.5 PSI 43+7 601+ 78 354446

23.0+05 PSI 64+10 615+80 323+42

20.2+0.5 PSI 142422 537+ 70 298+ 39

18.8+0.3 CV 28 143+ 22 433+56 312+41

17.94+0.3 CV 28 2104+33 479+62 333+43

17.74+0.6 PSI 392+62 286+ 37 139+ 18

16.44+0.3 CV 28 326+51 296+ 38

15.84+0.6 PSI 502+ 79 72+9

152+0.3 CV 28 606495 152+ 20 94412

14.44+0.3 CV 28 642+-101 72+9 54+7

14.34+0.6 PSI 553+ 87 57+7

13.3+0.3 CV 28 657+103

12.84+0.6 PSI 4245

1244+0.3 CV 28 662498 33+4 36+5

10.94+0.3 CV 28 6124+-96 40+5 37+£5

10.84+0.3 CV 28 524483 34+4 28+4

10.6+0.7 PSI 26+ 3

10.24+0.3 CV 28 585+92 33+4 34+4
9.0+04 CV 28 5104+80 35+5 29+4
84+04 CV 28 412+73 2443 25+3
7.1+04 CV 28 325+51 23+3 18+2
6.6+0.5 CV 28 15+ 34 17+£2 14+2

45+05 Cv 28 29+5 5+1 3+0.5
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Fig. 1. Excitation functions of*Sr(p, xn)-processes leading to the for-
mation of 88Y, &Y and &™Y. The solid lines are eye-guides. The
shaded area gives a suitable energy range for the producti®¥.of

a threshold energy of about®MeV and reaches a max-
imum cross section of 662 mb at .42MeV. The shape of
the curve shows that it is formedia the ®Sr(p, n)®8Y reac-
tion. The curves for the formation &f"Y and®’Y suggest

that possibly two components are involved, up to 13 MeV

the®Sr(p, n) reaction and thereafter a sum®®&r(p, n) and
8Sr(p, 2n) reactions.

2.3 Comparison of present data with theliterature
data

The formation of Y in proton induced reactions on
ntSr occurs onlyvia the %Sr(p, n) reaction. Thus, from

Regarding the formation of'™9Y, complete datasets
for the two contributing reactionsjz. 8 Sr(p, n)¥™% and
8Sr(p, 2n)¥"™9Y, have not been reported. THSr (p, n)®'Y
reaction was investigated by Blasstral. [10] up to 8 MeV
and Levkovskii [11] up to 18 MeV. Thé’Sr(p, n)¥™Y
reaction was studied only by Levkovskii up to 30 MeV.
The %Sr(p, 2n)¥™9%Y process was investigated by Lev-
kovskii [11] and by Sachdest al. [12] over the energy range
up to about 33 MeV. From all those measurements, however,
it is not possible to deduce the elemental cross section for the
formation of®”™9Y; hence a comparison with our data is not
possible.

2.4 Calculated yields of yttrium isotopes

The yields of yttrium radioisotopes at end of bombardment
(EOB) formedyvia the "™Sr(p, xn) processes were calcu-
lated from the experimentally measured excitation function
curves given in Fig. 1 and the stopping powef¥8r. An ir-
radiation time of one hour and a beam current pfXlwere
assumed. The calculated integral yields are shown in Fig. 3
as a function of proton energy.

2.5 Optimum conditions for the production of %Y

Because of its long half-life the radionuclid®y (T, =
1066 d) could be produced covering the whole energy range
from threshold up to 25 MeV; the shorter-livétly (T, =

79.8 h) and®™Y (T, =13.4 h) would decay out completely
after about 40 days. However, if application 8¥ is de-
sired soon after EOB, then the contamination fréivi has

to be reducedia a selection of the energy range effective

the elemental cross section given in this work, we couldin the target. From the excitation functions and yield curves

also deduce the real cross section of fi8r(p, n)®Y

given above it is evident that the optimum energy range for

reaction. Previously three groups studied this reactionthe production of®Y is E, = 14— 9 MeV. Over this en-

Blaser et al. [10] up to 8 MeV, Levkovskii [11] up to
30 MeV and Sachdewt al. [12] over the energy range of

ergy range the thick target yield &Y amounts to 175 MBq
(47.3 1Ci)/nA-h and the levels of th&Y and® ™Y impuri-

7 to 85 MeV. Our measurements agree with the results ofies to 2.0 and 4%, respectively.

Blaseret al. and Sachdeet al. up to 15 MeV and provide

amore dgtalled data set around the maximum of the '<'ax0|ta26 | someric cross section data
tion function. Our values also agree with the Levkovskii data
except around the maximum and above 22 MeV where th&he isomeric pairf’™9Y has interesting spin states. The

latter are too high (Fig. 2).

3 AL | T T T T

10" p E

10° b s,
—_ * 3
Qo
E
c 1 I
9 10" b _
5 ] E
g 3
(2]
a i o Blaseretal. [10]
° 10°F « Sachdevetal [12] o
O E & Levkovskii [11] E

® This work
10'1 PR ST T T AN TN SN TN W [N TN TN SN TN AN TN ST TN S AN T TR SN TN NN TN WY T
0 5 10 15 20 25 30

Proton energy [MeV]

Fig.2. Excitation function of theé®Sr(p, n)®8Y reaction. The smooth
curve is an eye-guide through our data points.
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Fig. 3. Calculated integral yields of some radioisotopes of yttriien
the "™'Sr(p, xn)-processes shown as a function of the projectile energy.
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[T T T T T 20L HCI. This solution is then diluted with 200L of 1 M
12l 92" % 4540 ] a-hydroxyisobutyric acidg-HIB), pH 4.6, 100.L of water
- 99.7 % 1 and 15QuL of 1 M NH,OH solution. As earlier [cf. 4] the

120 0 798h -

| radioyttrium is separated from the carrier La by means of
i cation-exchange chromatography but now using an Aminex
A9 column (column length= 200 mm, & = 10 mm) and

| 0.5M «-HIB (pH 4.6) as the eluting agent at 70. This

- separation involves high performance liquid chromatogra-
phy (HPLC) and the whole separation apparatus is remotely
| controlled in a lead cell. The eluate from the column is evap-
- orated to dryness and tleHIB-complex is destroyed with
perchloric acid. The residue is finally dissolved il M

HCI. The final solution is ready for radiolabelling work.
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Proton energy [MeV] The production of bott#®Y and ®Y using the new sep-
Fig. 4. Isomeric cross section ratie.{/a,) for the isomeric paif™™sy aration methodology has now been carried out more than
in the "Sr(p, xn)-process as a function of the projectile energy. The 15 times each. In a typical run covering the energy range
curve is an eye-guide. E, = 16— 10 MeV and irradiation at fA for 4 h, the batch
yield of 88Y (at EOB) amounted to.3 GBq (95 mCi). The
. . . ) ] . yield has thus been increased by a factor of about three com-
The cross section ratias/og) determined in this work is  pared to the earlier report [4]. F&#Y production the irradi-
shown in Fig. 4 as a function of proton energy. The ratio isation conditions were the same but the irradiation time was
relatively small at low incident particle energies due to theg . The typical batch yield oBY (at EOB) was 35 MBq

high spin of the metastable state. With the increasing enyg 96 mCi). These practical yields amount to about 60% of
ergy the ratio increases and attains a value of about 1.0 ghe respective theoretical values.

10.0 MeV. Above 10 MeV the ratio decreases and reaches Tne radionuclidic quality control was dongéa y-ray
a minimum value of about 0.5 at Z2MeV. Thereafter it  gpectrometry. I8 samples the level &fY and®™™Y impu-

tends to remain constant. This changing trend is attributed tities amounted to 2.0 and4®6 at EOB, respectively. These
the competition betweerp(n)- and (o, 2n)-reactions, both  \ajyes are exactly the same as those expected from the exci-
of which contribute to the formation of the two isomeric ation functions (see Sect. 2.5). The radionuclidic impurities
states. found in ®Y were the same as described earlier [4,
87may amounted to< 3%.
. . The chemical purity of the product was checkea
86 88
3. Medium-scale production of Y and Y ICP-MS analysis of the sample after complete decay of
3.1 Irradiation and chemical separation the rgdiogctive. .species. The amounts of the suspected
o i chemical impurities were found to be: Fe32g/mL), Sr

The target used féfY productionvia the®Sr(p, n) reaction (2.6 ng/mL), Y (< 0.02ngmL) and La  0.01 ng/mL).
on #SrCQ, pellet has been described [4]. The same systempe product was therefore of high chemical purity.
with a slight modification was now employed for the produc- oy the separation 8#Y, recently an electrolytic method
tion of 88Y;n|nstead of enriche@SrCQ, the target material a5 als0 been described [14]. It appears to be elegant and
used was?SrCQ;. About 300 mg SrCQwas pressed into  the separation yield oY is slightly better than in our
a pellet of 13 mm diameter and placed into a groove in a taryork. However, the batch yield achieved in that work [14] is
get holder made of aluminium. The groove was closed byot s high as in this work. Furthermore, in the electrolytic
a sliding Al lid. This sliding lid allowed an easy removal of 1 athod [14] so far only the Sr-impurity level has been de-
the pellet from the groove after irradiation. The target fittediermined & 0.1 ppm). It needs to be demonstrated whether
in & 4z-water cooled target head [cf. 13]. Irradiations were the electrolytic method the level of other inactive im-
done at the Julich compact cyclotron CV 28 at beam Cu”e”t‘burities is as low as in the coprecipitatjamation-exchange

of about 5uA. The primary proton energy used was either chromatography, used in this laboratory.
19 or 20 MeV.

The method for separation of radioyttrium was essen-
tially the same as described earlier [4]. However, severah. Conclusion
optimisation steps have been introduced. In short, they cone
sist of the following.

After dissolution of the target material in.8dmL hy-
drochloric acid, 8 mL water containing 2 mg La(lll) carrier

rom the cross section and yield data presented in this
work it is concluded that botffY and®Y can be produced
on a medium scale using the,(n) reaction at a small-

. . : sized cyclotron. If larger amounts of the two radionuclides
are added. Thereafter (@H); is pre_C|p|tated by agdmg_ are needed, high current target development would be
some drops of concentrated ammonia, whereby radloyttrlunpn andatory

is quantitatively coprecipitated. After centrifugation the so-

|Uti0_n is kept for recovery of the ?nriChe?_dsch (but _ Acknowledgment. We thank the crews of the Compact Cyclotron CV
not in case of*SrCQ;) and the precipitate is dissolved in 28 and the accelerator at PSI for irradiations and the “Zentralabteilung
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fur Chemische Analysen (ZCH)” of the Forschungszentrum Jilich for
ICP-MS analysis of the yttrium-86 sample. Part of this work was done

under the COST Action No. D 18004 (Lanthanides in Therapy).
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