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Abstract

Activation cross sections of the '**Tm(p,n)'*°Yb reaction were measured up to 18 MeV. The stacked-foil
activation technique and the high-resolution gamma-ray spectrometry were adopted to derive the cross
sections. The result is compared with previous experimental data and theoretical model calculation. Physical
yield of YD is derived from the measured cross sections and compared with those from other production

routes.
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1. Introduction

Ytterbium-169 (Ti. = 32.018 d) is a therapeutic radioisotope. It decays with emissions of Auger
electrons, X-rays and low energy gamma-rays. These decay properties of '°Yb are appropriate for
brachytherapy [1]. For practical use, the best process should be selected for its production among all possible
reactions. One of them is the neutron capture reaction on the stable ytterbium isotope '¥Yb, of which the
natural isotopic ratio is only 0.123%. Therefore, enriched '*Yb target material is required for this production
process. Another possibility to produce '°Yb is the use of charged-particle-induced reactions. Proton,
deuteron and alpha particles can be considered. We have decided to investigate systematically the production
of 'Yb via charged-particle-induced reactions. The reactions by deuteron- [2] and alpha-particle-induced
reactions on '®Tm, and the alpha-particle on "‘Er [3] have already been studied. In this work, as a part of
this systematic investigation of the '9°Yb production, we focused on the proton-induced reaction on '*Tm.

169Yb can be formed in the (p,n) reaction on the monoisotopic element '**Tm. Results of three previous
studies for the '*Tm(p,n)!®Yb reaction [4-6] are available in the EXFOR library [7]. However, there is a
large discrepancy among the available experimental data. To solve this problem, we have investigated the
excitation function of the '*Tm(p,n)!*Yb reaction up to 18 MeV. The resulted cross sections are presented

in this paper. The expected physical yield of '°Yb is also derived from the measured cross sections. The
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calculated yield is compared with those of the possible deuteron- and alpha-particle-induced reactions.

Production of '67:1Tm, as potential side products, was also investigated.

2. Experimental

The activation cross sections of the proton-induced reactions on 'Tm were measured. The experiment
was performed using the MGC-20E cyclotron at Institute for Nuclear Research (ATOMKI), Hungary. To
derive the activation cross sections, well-established methods, the stacked-foil activation technique and the
high-resolution gamma-ray spectrometry were adopted.

The target consisted of thin metallic foils of '**Tm (99.0% purity, Goodfellow Co., Ltd., UK) and "3Ti
(99.6% purity, Nilaco Corp., Japan). The ™'Ti foils were interleaved for degradation of the beam energy and
for assessment of beam parameters and target thicknesses. The original sizes and weights of the Tm and Ti
foils were measured for the average thicknesses before cutting them up. The average thicknesses of the Tm
and Ti foils were found to be 21.0 and 9.1 mg/cm?, respectively. The foils were cut into small pieces of 6 X
6 mm to fit a target holder. Sixteen sets of Tm-Ti-Ti foils were stacked into the target holder. The first Ti foil
in each set served as a catcher foil of the recoiled products from the previous Tm foil. The second Ti foil of
each set was used to monitor the beam parameters because its activity loss was considered to be compensated
by the reaction products recoiled from the first Ti foil.

The assembled target was irradiated for 30 min with an 18-MeV proton beam. The average beam
intensity was 210 nA measured by a Faraday cup. Energy degradation in the target was calculated using
stopping powers obtained from the SRIM code [8]. As the ''Tm is a monoisotopic element and the ®%170Yb
isotopes are stable, no ytterbium radio-contamination is expected at the used bombarding proton energy. The
possible high specific activity of '*Yb without the contamination is advantageous for practical use in
medicine.

Gamma-rays emitted from the irradiated foils were measured by an HPGe detector (Canberra) without
chemical separation. Each foil was measured three times after a cooling time of 1.8-134 days. The deadtime
during the measurements was kept below ~2%. The gamma-ray spectra were recorded by the software Genie-
2000 (Canberra) and analyzed by Gamma Studio (SEIKO EG&G). Nuclear data required for deduction of
cross sections were obtained from NuDat 2.8 [9], LiveChart [10] and QCalc [11]. The decay data used in the
data analysis are summarized in Table 1.

The "*Ti(p,x)*V monitor reaction was used to assess the beam parameters and to check the target
thicknesses. The cross sections of the monitor reaction were derived from the gamma-line at 983.53 keV (I,
= 99.98%) emitted with the decay of **V (T12 = 15.97 d) in every second Ti foil. The result was compared
with the two sets of the IAEA recommended values [12,13] in Fig. 1. The shape of our result is more
consistent with the older recommended data set [13]. The primary beam energy, which was initially derived
from the settings of the cyclotron parameters, was adjusted to 17.6 MeV. The average beam intensity,
measured on the Faraday cup like target holder without suppressor voltage, had to be reduced by 10% to 189

nA due to the effect of secondary electrons. With the modified beam parameters and the originally determined



average target thicknesses the cross section points of the monitor reaction were in perfect agreement with the
earlier recommended data [13] indicating a proper energy loss calculation throughout the whole layered target.

In the data analysis the modified beam parameters and the originally determined foil thicknesses were

adopted.
Table 1. Reaction and decay data for '°Yb production
Nuclide Half-life =~ Decay mode (%) Ey (keV) Iy (%) Contributing reaction  Q-value (MeV)

19eyh  32.02d & (100) 63.12 43.62(23) 169Tm(p,n) 17

177.21 22.28(11)

197.96 35.93(12)
168Tm 93.1d B~ (0.01) 184.30 18.15(16) 19T m(p,d) 5.8
e+B* (99.99) 198.25 54.49(16) 19T m(p,pn) -8.0

447.52 23.98(11)

815.99 50.95(16)
167Tm 9.25d £ (100) 207.80 42(8) 19Tm(p,t) 6.4
19T m(p,dn) -12.6
19T m(p,p2n) -14.9
19T m(p,3n)'"Yb(g) -17.6

asy 1597 d e+B* (100) 983.53 99.98(4) "UTi(p,x)
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Fig. 1. Excitation function of the "*Ti(p,x)**V monitor reaction compared with the recommended

values [12,13].



3. Results and discussion

The activation cross sections of the proton-induced reactions on '*Tm for production of '°Yb and co-
produced radionuclides, '67-1Tm, were determined up to 17.6 MeV. 'Tm could not be measured although
the threshold energy of its production reaction is 15.2 MeV. The cross sections are numerically presented in
Table 2 and graphically shown in Figs. 2-4. The results are compared with the experimental data published
earlier [4-6] and the result of theoretical model calculation in the TENDL-2019 library [14]. Physical yield
of '9Yb is deduced from the cross sections obtained in this work and shown in Fig. 5.

The estimated total uncertainty of the cross sections was 11.3-47.0% calculated as the square root of the
quadratic summation of each component. The considered propagating error sources are statistical uncertainty
(0.6-7.6%, except 17.7-41.5% for 'Tm), target thickness (1%), target purity (1%), beam intensity (10%),
detector efficiency (5%) and gamma-intensity (0.3-19.0%).

The uncertainty of the energy scale includes the initial uncertainty of the beam +0.2 MeV and uncertainty
from the energy loss calculation and straggling effect. The cumulative uncertainty in the last target foils

reached £0.8 MeV.

Table 2. Measured cross sections

Energy (MeV) 19T m(p,n)'*Yb (mb) 19T m(p,x)'*Tm (mb) 19T m(p,x)'*Tm (mb)
17.5+0.3 30.7 £3.8 19.9+2.2 2.05 +0.58
16.8 £0.3 41.7+£5.0 16.8 £1.9 1.47 £0.51
16.2 £0.4 445 +54 11.3+£1.3 1.23 +£0.58
15.5+0.4 51.1+6.1 6.97 £0.79
14.8 £0.4 63.8+7.6 4.02 £0.45
14.1 £0.4 71.4+8.1 1.68 +£0.19
13.3+0.4 95.1 £11.0 0.665 +0.079
12.5+0.4 126 +14 0.175 £0.024
11.7 £0.5 127 £15
10.8 £0.5 159 +18
9.9 £0.5 160 £18
8.9 £0.5 127 £15
7.9 £0.6 65.4+7.6
6.7 £0.7 16.4 £2.0

5.3+0.8 1.56 £0.18




3.1 The '®Tm(p,n)'°Yb reaction

In the analysis the 177.21-keV gamma-rays (I, = 22.28%) emitted with the '°Yb decay (T1» = 32.018
d) were used. The other strong gamma-rays at 63.12 (I, = 43.62%) and 197.96 keV (I, = 35.93%) were
unselected to avoid possible interference with X-rays and the 198.25-keV gamma-rays from the '%Tm decay.
The cross sections of the '*Tm(p,n)!®Yb reaction were derived from the measurements after an average
cooling time of 4.5 days. The result is shown in Fig. 2 in comparison with the previous experimental data [4—
6] and the TENDL-2019 data [14]. The peak amplitude of the data of Birattari et al. (1973) [4] is consistent
with our result. However, the data of Spahn et al. (2005) [5] are more scattered and show two times larger
amplitude and larger uncertainties than ours, which may be explained by the used thulium(III) oxide (Tm»0O3)
target material and the sedimentation target preparation method. With the data of Tarkanyi et al. (2012) [6]
only an acceptable agreement of tendency can be confirmed at higher energy, as their data points are above
the 24-MeV proton energy. The peak of the TENDL-2019 data show the similar amplitude with ours, however

its shape is different. The width of the curve is narrower and the maximum energy position is lower than ours.
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Fig. 2. Excitation function of the '*Tm(p,n)'*°Yb reaction with the previous data [4-6] and the
TENDL-2019 data [14].



3.2 The '®Tm(p,x)'**Tm reaction

The cross sections of the ' Tm(p,x)'*Tm reaction was determined from the measurements using the
gamma-rays of 815.99 keV (I, = 50.95%) from the decay of 'Tm (T = 93.1 d). The more intense gamma-
ray at 198.25 keV (I, = 54.49%) was unselected to avoid the interference with the 197.96-keV gamma-rays
from the 'Tm decay. Our result with the previous experimental data [6] and the TENDL-2019 data [14] is
shown in Fig. 3. The energy region of the previous data is higher than the particle energy in this experiment,
therefore the data points are not overlapped, but follow the tendency predicted by the TENDL-2019

calculation. However, the TENDL-2019 data underestimate our cross sections at low energies.
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Fig. 3. Cross sections of the '®Tm(p,x)'®®Tm reaction with the previous data [6] and the

TENDL-2019 data [14].



3.3 The '®Tm(p,x)'*’Tm reaction

167Tm can be formed in the (p,t), (p,dn) and (p,p2n) direct reactions and above 17.7 MeV also indirectly
by the decay of 1*7Yb. The gamma-rays at 207.80 keV (I, = 42%) emitted with the decay of '’Tm (T, =
9.25 d) were assessed for the irradiated foils. As the threshold energy of the '**Tm(p,3n)'"Yb reaction is 17.7
MeV a negligibly small contribution from the decay of '7Yb (T, = 17.5 min) can be expected only in the
first foil. The deduced cross sections of the '®Tm(p,x)'®’Tm reaction in this energy region is small and due
to the large uncertainty of the gamma-intensity data (19%) and low statistics of the photo-peak (17.7-41.5%),
the total uncertainty becomes large (28.3-47.0%).

The result is shown in Fig. 4 with the cumulative cross sections of the earlier study [6] and the TENDL-
2019 library [14]. The contribution from the decay of '67Yb at the higher energy region is much higher than

the direct production of '’Tm.
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Fig. 4. Excitation function of the '**Tm(p,x)'’Tm reaction with the previous data [6] and the

TENDL-2019 data [14].



3.4 Physical yield of 1°Yb

Physical yield of '*Yb in the '®Tm(p,n)'**Tm reaction was derived from the cross sections measured
in this work. The result is shown in Fig. 5 in comparison with the yields derived from the experimental cross
sections of the '°Tm(d,2n)'®Yb [2] and "Er(a.,x)'*°Yb reactions [3] measured previously by us. One can
conclude that a general PET proton cyclotron having an energy of around 18 MeV can be used to produce
169Yb. However, cyclotrons with the deuteron option are more preferable to produce 'Yb. Using chemical
separation, one can obtain '9°Yb without any radioactive impurities because the co-produced '*Yb and '7°Yb

are stable.
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Fig. 5. Physical yields of '°Yb deduced from the measured cross sections in this work and

previous studies on the '*Tm(d,2n)'°Yb [2] and "*Er(a.,x)'*°Yb reactions [3].



4. Summary

Activation cross sections were measured for proton-induced reactions on 'Tm up to 18 MeV. The
experiment was performed using the cyclotron at ATOMKI. The well-established methods, the stacked-foil
activation technique and the high-resolution gamma-ray spectrometry, were adopted. The measured
production cross sections of 'Yb and '671%Tm were compared with previous experimental data and
theoretical model calculation and general agreements were found. The physical yield was derived from the
19Tm(p,n)!*Yb reaction and compared with those of the 'Tm(d,2n)'°Yb and "*Er(a,x)'®Yb reactions.
The '“Tm(p,n)'*Yb reaction can provide '°Yb. The comparison also indicates that the deuteron-induced

reaction on '®Tm can provide the higher yield of '®°Yb than the other production routes.
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