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Abstract

An experiment of a-induced reactions on yttrium-89 was performed to investi-
gate the excitation functions of 3°Zr and “°Nb, which are suitable for immuno-
PET studies. The stacked-foil method, activation technique, and off-line ~-
ray spectrometry were used for this investigation. The excitation functions of
92m,91m,89m.89e N}, 887y and 90m-88e.8Tm87eY were also derived and compared
with earlier experimental and the TENDL-2017 data. Good agreements with
part of the previous studies were found.

Keywords: Yttrium, Alpha particle, Excitation function, Immuno-PET,

Zirconium-89, Niobium-90

1. Introduction

Recently, a novel technique called “immuno-PET” is attracting attentions
as a powerful tool in companion diagnostics, individualized treatments, and

efficient drug developments[l, 2, [3, [4]. As a radionuclide used for immuno-
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PET, 37r is highly expected due to its suitable physical half-life, the emitted
positrons’ energy and the developing labeling technique to an antibody[4l, 5l [6].
From the point of view of the radionuclide production, it is important to investi-
gate what reaction is the most efficient and how much activities can be obtained
by that reaction. There are several options to create 3°Zr such as 3Y(p,n),
89Y(d, 2n), 9Y(a,x), and ®**Sr(a,x) reactions. Although the Y (p,n) reac-
tion is promising for the 8°Zr production, it is worthwhile to investigate other
reactions using heavier particles.

The 3Y (o, x) reaction can simultaneously generate 8°Zr and “°Nb. Niobium-
90 is another expectable radionuclide for immuno-PET[7, 8]. To determine the
yields of #8Zr and “°Nb produced by using this reaction, the excitation func-
tion data are quite basic and important. Three previous experiments were
found for the 8Y(a, x)%Zr reaction[9] 10, 11], and five for the 7Y (a, x)%°Nb
reaction[9] [T0, 1T} 12 T3] in the EXFOR library[14]. However, there are discrep-
ancies among the experimental data of these excitation functions. This situation
causes high uncertainties in the evaluation of the yields. Therefore, we were mo-
tivated to investigate a-induced reactions on yttrium-89. The cross sections of
the radionuclides other than #9Zr and °°Nb were also measured and reported
in this paper. The results were compared with the earlier experimental data
and the theoretical calculations. The data from the TENDL-2017 library[15],
which is based on the TALYS code, were used as theoretical calculations for

systematic comparison.



2. Material and methods

The well-known stacked-foil technique, activation method, and off-line y-ray
spectrometry were adopted to measure the excitation functions for a-induced
reactions on yttrium-89. The experiment was performed at Nishina Center for

Accelerator-Based Science, RIKEN, Wako.

2.1. Target preparation

Three kinds of metallic foils were prepared; yttrium-89 (25 pm; 99% purity;
Goodfellow, UK), natural titanium (5 pm; 99.6% purity; Nilaco, Japan), and
aluminum-27 (5 pm; >99% purity; Nilaco, Japan) foils. The yttrium foil was
our main target to produce °Zr and °°Nb. The titanium and aluminum foils
were prepared for the monitor reactions and the energy degradation. The sizes
and weights of the foils were measured to confirm the thickness of each foil. The
deduced thicknesses were 24.2 pym for the yttrium foil, 5.1 um for the titanium
foil, and 5.5 pm for the aluminum foil. The three types of foils were cut to the
size of 1 cm x 1 cm and were stacked in a target holder, which also served as a

Faraday cup. The configuration of the stacked-foil target is listed in Table [T}



Table 1: Configuration of the stacked foils. The first foil was faced on the incident o beam.

Foil number  Foil element Foil number  Foil element

1 Y 31 Ti
2 Al 32 Ti
3 Y 33 Y
4 Al 34 Ti
5 Y 35 Ti
6 Al 36 Y
7 Y 37 Ti
8 Al 38 Ti
9 Y 39 Y
10 Al 40 Ti
11 Y 41 Ti
12 Al 42 Y
13 Y 43 Ti
14 Al 44 Ti
15 Y 45 Y
16 Al 46 Ti
17 Y 47 Ti
18 Al 48 Y
19 Y 49 Ti
20 Al 50 Ti
21 Y 51 Y
22 Al 52 Ti
23 Y 53 Ti
24 Al 54 Y
25 Y 55 Ti
26 Al 56 Ti
27 Y 57 Y
28 Ti 58 Ti
29 Ti 59 Ti
30 Y




2.2. Beam information

The stacked target was irradiated for 1 h with a 50.9+0.1-MeV alpha beam,
which was accelerated using the AVF cyclotron at RIKEN RI beam factory. The
incident energy of the alpha beam was measured by the time-of-flight (TOF)
measurement system[I6] and its energy degradation in the target was calculated
using the stopping powers of the foils. The stopping powers were obtained from
the SRIM code[I7]. The beam intensity was measured by the Faraday-cup-like
target holder. The beam energy degradation and intensity were verified using
the 27Al(a,x)??Na and "2*Ti(a, x)°!Cr monitor reactions in comparison with
the IAEA’s recommended cross sections. It was confirmed that cross sections of
the monitor reactions were consistent with the recommended values by adjusting
the beam intensity by —4% from the measured ones (see Fig. . The intensity

(198 pnA) was assumed to be constant in the stacked target.
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Figure 1: Measured cross sections for the 27 Al(a, x)22Na and "**Ti(a, x)?!Cr monitor reac-

tions compared with the IAEA’s recommended values.



2.3. Gamma-ray spectrometry

After the end of bombardment (EOB), the target was dismantled from
the target holder for the off-line y-ray spectrometry. High purity germanium
(HPGe) detectors (ORTEC GMX-25190-P and GMX30P4-70) were used for the
measurement. The detector efficiency was calibrated at each distance using the
standard '°2Eu source and mixed source, which contains *7%0Co, 35Sr, 3%y,
109Cd, 1338n, 137Cs, 139Ce, 203Hg, and 2*' Am. The energy-efficiency curve was
fitted using the following equation[18]:

5

Ine, = Zpi(lnE,y)i (1)

i=0
where p; is the fitting coeflicient, €, is the photo-peak efficiency of the detector,
and E, is the energy of the y-ray emitted from the radionuclide. The analysis
of the ~-line was performed using the software Gamma Studio (SEIKO EG&G).

The decay data for measured radionuclides, half-life, v-line energy, and in-
tensity were collected from NuDat2.7[19]. They are summarized in Table [2] with
Q-value and threshold energy, which were obtained using the Q-value calculator
(QCalc)[20].

Compensation of the recoil effect was taken into account by measuring the
target foil and its subsequent foil together (see Table . The dead time was
kept under 10% by adjusting the distances between the measured foil and the
HPGe detector.



Table 2: Reaction and decay data of measured radionuclides. Note that only the reactions with

the lowest threshold energy are listed.

Radionuclide Decay mode  Half-life E, (MeV) I, (%) Production routes Q-value (MeV) Threshold energy (MeV)
92mNbL  BH4EC: 100% 1015 d 934.44  99.15 89Y (v, n) 6.9 7.2
91mNY, IT: 96.6%  60.86d  1204.67 2.0 Y (a,2n) -14.8 15.5

BHHEC: 3.4%
DN, BH4EC: 100% 146h 141178 66.8 Y (a, 3n) -26.8 28.0
SImNB - BT4+EC: 100% 66 m 588 95.57 89Y (v, 4n) -36.9 38.6
89sNb  B+4+EC: 100% 2.03 h 1627.2 35 $9Y (a, 4n) -36.9 38.6
857y BHEC: 100% 7841 h 909.15  99.04 89Y (, tn) -23.4 2.5
Decay of $™2Nb
s8ezy EC: 100% 83.4d 392.87 9729 Y (a, t2n) -32.7 34.2
Somy IT: 100% 319 h 20253 97.3 Y (a,3He) -13.7 14.3
85y BH4EC: 100%  106.63d  898.042  93.7 89Y (@, om) -115 12,0
Decay of 88¢Zr
8Tmy IT: 98.43% 13.37h 380.79  78.05 89Y (o, a2n) -20.8 21.8
87 1.57%
878y B+4+EC: 100% 798h  484.805  89.8 89V (a, a2n) 208 21.8
Decay of 3™Y
22N; B+:100%  2.6018 y  1274.537  99.940 27Al(a, 2an) 225 25.9
S1Cr BH4EC: 100% 27.7025d  320.0824  9.910 TTi(a, ) 8.94 0.0
8 Ti(,m) -2.69 2.91
19Tj(q, 2n) -10.8 117
50Ti(a, 3n) 21.8 235




2.4. Cross-section derivation

To derive the cross sections using the measured v-line counts, the following

well known equation was used:

— AC
 nppe, (1 — e )e=Me (1 — =)

(2)

where ¢ is the cross section, A is the decay constant of each radionuclide, C' is
the «-line counts, ny is the atomic number areal density of the target, ¢ is the
beam intensity, € is the detector efficiency, I is the intensity of the ~-line, and
Ty, T., T, are the irradiation time, the cooling time, and the measurement
time, respectively.

The total relative uncertainty of the cross section was evaluated by the fol-

lowing root square mean:

Ao = \J(AC) + (Anr)? + (Ag) + (Ac,)? + (AL)? (3)

where AC, Anr, Ay, Ae,, and AL, are the relative uncertainty of C, nr, ¢, €4,
and I, respectively. Note that the uncertainties of the decay constant and times

were ignored due to their negligible contribution.

3. Results and Discussion

Activation cross sections for 11 radionuclides 92™91m,90,89m 89Ny, 89,8327y

and 90m:882.87m.878Y woere deduced. The results are listed in Table Bl and shown
in Fig. with the earlier experimental [9, [T0, 1Tl 12} [I3] and TENDL-2017
data|I5].

The total uncertainties of the derived cross sections were 7.2 to 24% including
statistical uncertainties in ~-line counts (0.2-23%) and systematic uncertainties
of the target thickness (1%), the alpha beam intensity (5%), the detector effi-
ciency (5%), and the v intensity (0.1-15%).
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3.1. Y (a,n)??™Nb

The cross sections of 92" Nb were derived using the v-line at 934.44 keV
(Th)2 = 10.15 d, I, = 99.15%) after 10 days of the cooling time. The derived
cross sections were compared with the earlier four experiments[9], 1], 12} [13]
and TENDL-2017 data[I5] and shown in Fig. [2l The tendency of the excitation
function is similar to the data by M. Shahid et al.[II] and the TENDL-2017
data, but the location of the peak around 16 MeV is different from each other.
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Figure 2: The cross sections of the 8°Y(a, n)?2™Nb reaction in comparison with the earlier

experiments[9), 11} [12] 3] and TENDL-2017 data[i5]
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3.2. Y (a, 2n)"™Nb

The excitation function of the 7Y (a, 2n)*'™Nb reaction was derived using
the 7-line at 1204.67 keV (T}, = 60.86 d, I, = 2.0%) after 10 days of the
cooling time. There is one previous experimental dataset[I1] for this reaction
and it is compared with the derived excitation function in Fig. |3|in addition to
the TENDL-2017 data[I5]. The tendency of the two experimental datasets is

consistent, but the cross section values in the low energy region were different.

The TENDL-2017 data considerably overestimates the experimental data.
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Figure 3: The cross sections of the 89Y (e, 2n)?™Nb reaction in comparison with the earlier

experiment[I1] and TENDL-2017 data[l5]
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3.8. 8Y(a, 3n)"°Nb

The cross sections of “Nb were derived from the y-line at 141.18 keV (T} /2=
14.6 h, I, = 92.7%) after 4 days of the cooling time. The metastable state
99mNb has a half-life of 18.81 s and decays to its ground state ?°6Nb by an IT
process. Therefore the derived cross sections were cumulative. The dead time
was 0.5-9%. The derived cumulative cross sections were compared with earlier
five experimental datasets[9) 10, [T, 12 13] and the TENDL 2017 library[I5].
The peak position of the excitation function seems to be consistent with the
previous three experiments[9) 11 [12], but our data are very scattered due to

the large background located in the low energy region of the spectrum.
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Figure 4: The cross sections of the 89Y(c, 3n)°°Nb reaction with the earlier experiments[d}

10, [T}, (12} [13] and TENDL-2017 data[I5)]
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3.4. 3Y(a, 4n)%"™mNb

The cross sections of 3™Nb were derived from the -line at 588 keV (T} /2=
66 m, I, = 95.57%). The cooling time was 2-3 hours and the dead time
was 5-7%. The cross sections of 3™Nb are shown in Fig. |5 with one earlier
experiment|[IT] and TENDL-2017 data[I5]. As in the previous sections, data re-
ported by Shahid et al.[T1] are somewhat higher than our data. The theoretical

data significantly overestimates the experimental data.
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Figure 5: The cross sections of the 89Y(o¢,4n)89mNb reaction in comparison with the earlier

experiment[II] and TENDL-2017[15]
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3.5. 39Y(a, 4n)%%Nb

The excitation function of the 3Y(a, 4n)8%8Nb reaction was derived using
the y-line at 1627.2 keV (T3, = 2.03 h, I, = 3.5%). The cooling time of 2-3
hours was taken and the dead time during this measurement was 5-6%. The
result is shown with two earlier experimental datasets[11] [13] and TENDL-2017
data[I5] in Fig. [fl The data above 46 MeV were newly obtained in this work.
The experimental data of Chaubey et al.[13] are considerably lower than our

data. The theoretical prediction overestimates the experimental data.
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Figure 6: The cross sections of the 39Y(«,4n)398Nb reaction in comparison with the earlier
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3.6. 3Y (o, x)8%Zr

The measurement was performed after the 10 days cooling time long enough
for complete decay of 3%¢™Nb and 89Zr to 898Zr. The cumulative cross sections
of 898Zr were derived using the ~-line at 909.15 keV (T, = 7841 h, I, =
99.04%). The dead time was 0.2-4% in this measurement.

There are three prior experimental datasets[9), 10, 1] for the cumulative
cross sections of 3%8Zr. The comparison with the experimental results and the
TENDL-2017 data[l5] are shown in Fig. Our measured data are consis-
tent with the Levkovski’s result]9], but the two other datasets are higher. The
TENDL-2017 data overestimate in the higher energy region.
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Figure 7: The cross sections of the 39Y (o, x)898Zr reaction in comparison with the earlier

experiments[9] [10} [1I] and TENDL-2017 datal[I5]
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3.7 3Y (a,x)%8Zr

The excitation function of the 89Y(a,x)3Zr reaction was derived using the
7y-line of 392.87 keV (T}, = 83.4d, I, = 97.29%). There are no contributions
from 88Nb since the threshold energy of the ®9Y(c, 4n)%¥Nb reaction is 51.7
MeV. The dead time was around 0.1% in this measurement after a cooling time
of more than 1 year. The derived cross sections are shown in Fig. [§] with one
earlier experiment dataset by M. Shahid et ol.[TI] and TENDL-2017 data[I5].
New data were presented above 47 MeV in this work. The theoretical prediction

soars in the high energy region compared with the present experimental values.

10
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3.8, 39Y (a, x)?0my

The cross sections of °™Y were derived after 2-3 hours of the cooling time
using the -line at 202.53 keV (T% /2 = 3.19 h, I, = 97.3%) with the dead time
of 5-6%. The result is shown in Fig. [9 with one earlier experiment[I1] and the
TENDL-2017 data[I5]. The measured cross sections present new data in the
high energy region. Data of Shahid et al.[11] show somewhat a higher tendency
than our experimental data. The TENDL-2017 data underestimate in the high

energy region.

12
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2.9. 39V (a,x)%58Y

The excitation function of the 89Y(«a, x)8%8Y reaction was derived from the
7-line at 898.042 keV (T, = 106.63 d, I, = 93.7%) after the 10-11 days
cooling time. The dead time of this measurement was between 0.2 to 4%. The
contribution from its parent radionuclide 88Zr (T} /2 = 83.4 d) can be estimated
as 0.3% at most due to the relatively small cross sections of 3¥Zr and was
neglected. However, the cumulation via decay of the very short lived isometric
states of 38Y is included. The derived cross sections are shown with three earlier
experiments and TENDL-2017 data in Fig. The present data are consistent
with the work by Levkovski[d] and the TENDL-2017 data above 37 MeV but

are smaller than other data in the low energy region.
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Figure 10: The cross sections of the 89Y(c, x)®88Y reaction in comparison with the earlier
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3.10. ¥Y (a, x)8™Y

The cross sections of the 89Y (a, x)3™™Y reaction were derived after 4 days of
cooling time using the y-line at 380.79 keV (T}, = 13.37 h, I, = 78.05%). The
dead time was 4-9% in this measurement. The derived cross sections are shown

in Fig. with one earlier study[IT]. The TENDL-2017 prediction is smaller

than the present result in the higher energy region.
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Figure 11: The excitation function of the ®9Y(a,x)8™™Y reaction in comparison with an
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3.11. 89Y(a, x)878Y

The ground state of 87Y decays with a half-life of 79.8 hours and emits the ~y-
ray at 484.805 keV (I, = 89.8%), which is used for the derivation of its excitation
function. The cooling time was taken from 10 to 11 days to wait for the decay
out of its isomeric state 8™Y. Therefore, the cross sections shown in Fig. are
cumulative. Note that no contribution from the decay of 8”Zr was expected since
the production of 87Zr is not possible at the applied particle energy. The dead
time in this measurement was 0.2-4%. There are three experimental datasets
for the cumulative cross sections of 378Y, which are plotted together in Fig.
The tendencies are almost consistent with each other. However, the present

data are larger than the others above 44 MeV.
175
@ This work
O M. Shahid etal. 2015 ;_{_4
1507 A N.L singh etal. 2000 }_{_{
I

V. N. Levkovski 1991 )—{—1
125 4 —— TENDL 2017 |

Cross section (mb)

30 35 40 45 50
Alpha energy (MeV)

Figure 12: The excitation function of the 89Y(a,x)®78Y reaction in comparison with the

earlier experiments[9} 10 [1T] and TENDL-2017 data[I5].

20



4. Conclusions

The excitation function measurement for a-induced reactions on yttrium-89
was performed up to 50 MeV. The main purpose of the study was to obtain
the data for the 89Zr and ?°Nb production, which are valuable for medical
application. The cross sections of other co-produced radionuclides were also de-
termined. Thus, the production cross sections of 92m:91m,90,89m,89%e N}, 89,8387y
90m,88g,8Tm.878Y were obtained. The obtained cross sections were compared with
the earlier experiments and TENDL-2017 library data. Our results were reason-
ably consistent with some of the previous studies. However, the peak position
of the excitation function of 3°Zr is still not found, and the data for the "°Nb
is very scattered. As a future investigation, it would be worthwhile to solve
these problems. To find the peak position for the 89Y(«,x)3°Zr reaction, the
a-induced reaction using over 50 MeV is needed. On the other hand, in order
to reduce the scattered data as seen in Fig. [] using the lower intensity beam

may be effective.
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