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Abstract

In a systematic study of light charged particle induced nuclear reactions we investigated the excitation functions of deuteron
induced nuclear reactions on natural lutetium targets. Experimental excitation functions up to 50 MeV on high purity "™ Lu
were determined using the standard stacked foil activation technique. High resolution off-line gamma-ray spectrometry was
applied to assess the activity of each foil. From the measured activity direct and/or cumulative elemental cross-section data
for production of 71172173175 171172173, 174¢176m177m.177¢] 1y and 19°YD radioisotopes were determined. The experimental
data were compared to results of the TALYS theoretical code taken from the TENDL databases and results of our calcula-
tions using the ALICE-IPPE-D and the EMPIRE-D codes. No earlier experimental data were found in the literature. Thick

target yields for the investigated radionuclides were calculated from the measured excitation functions.

Keywords Lutetium target - Deuteron irradiation - Hf, Lu and YDb radioisotopes - Cross section - Theoretical model

calculation - Physical yield

Introduction

Presently, the proton induced reactions play major role in
different applications due to simpler production of high
energy/intensity proton beams, to low stopping-power, and
to the relatively high cross sections of the reactions. The sec-
ond most important light charged particle is deuteron, due
to simple production of high intensity beam, the moderate
stopping compared to heavier particles, relatively high cross
sections, and to production of high intensity neutrons via
break up. The activation cross sections of deuteron induced
reactions are important for a wide variety of applications:
isotope production, accelerator technology and material
studies, thin layer activation (TLA) for wear studies.

> F. Ditroi
ditroi @atomki.hu

1" TInstitute for Nuclear Research (ATOMKI), Debrecen,
Hungary

Cyclotron Laboratory, Vrije Universiteit Brussel (VUB),
Brussels, Belgium

Institute for Physics and Power Engineering, Obninsk,
Russian Federation

A few decades ago the status of the database for deuteron
induced reactions was relatively poor compared to that was
available for proton induced reactions, and the quality of the
theoretical descriptions was, even after several attempts for
improvement, far from being acceptable. Therefore, we have
started systematic study of activation cross sections of deu-
teron induced reactions in a broad international cooperation.
The already reported, peer reviewed, investigations include
around 640 reactions induced on 61 target elements: Be, B,
C, N, Ne, Mg, Al Si, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Ga, Ge, K1, Sr, Y, Zr, Nb, Mo, Rh, Pd, Ag, Cd, In, Sn, Sb,
Te, Xe, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm,
Yb, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl and Pb. A signifi-
cant part of the cross section data was reported for the first
time. A systematic comparison with the results calculated
with theoretical models allows conclusions on the predictiv-
ity of the different codes (ALICE-IPPE, EMPIRE, GNASH,
TALYS, PHITS). The database was especially poorly popu-
lated for rare earths, due to more limited applications (com-
pared to metals) and to the more complicated target prepara-
tion. In the present work we report on cross section data on
natural lutetium (missing in our rare earth list), for which no
experimental data are available in the literature.
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Preliminary results were presented in the RANC-2016
conference [1]. The activation cross section data for produc-
tion of '”?Hf on natural hafnium were published in our paper
investigating production routes of the !"?Hf/!”*Lu generator
and '°Yb [2].

Experiment and data evaluation
Target preparation

Due to limited beam time only one stack was prepared con-
taining 25 high purity lutetium foils (Goodfellow) with natu-
ral isotopic composition and nominal thickness of 110 um
interleaved with 27 pym aluminum beam monitor foils
(Goodfellow). The aluminum foils were evenly distributed
in the stacks to cover the full energy range. The number of
target atoms was determined by measuring the surface and
weight of the individual foils.

Irradiation

The stacks were irradiated at the Cyclone 90 cyclotron of
Université Catholique in Louvain la Neuve (LLN) Belgium
using our standard Faraday-cup type target holder. Irradia-
tion took place with a constant 100 nA beam current for
40 min. The primary beam energy was determined by the
settings of the cyclotron. Both the beam energy and intensity
were corrected on the basis of the detailed re-measured and
analyzed excitation function of the "*Al(d,x)****Na moni-
tor reactions compared to the latest recommended values
[3]. The recoil fragments from the Al targets were corrected
by 22?*Na activities measured in the Lu samples positioned

behind Al in the stack (“corrected" in Fig. 1), but the results
without recoil correction are also presented for compari-
son (“uncorrected" in Fig. 1). As can be seen in Fig. 1 for
the 2’ Al(d,x)**Na monitor reaction, the agreement is very
good over the whole energy range without any correction in
energy or beam current. The main parameters of the experi-
ment and the methods of data evaluations with references
are summarized in Table 1.

The activity produced in the target and monitor foils was
measured non-destructively (without chemical separation)
at VUB-Brussels cyclotron laboratory with a high resolu-
tion off-line HPGe gamma-ray spectrometer coupled to a
Canberra-GENIE acquisition system. The evaluation of the
measured spectra and the determination of the net counts in
the gamma-ray peaks were made by the peak fitting algo-
rithm included in the GENIE software package and by the
interactive Forgamma software [4]. The irradiated foils
were measured at three different times after the EOB (End
of Bombardment). The first acquisition started 7.4 h after
the EOB due to the initial high activity and transport from
the irradiation to the measurement site.

Direct and/or cumulative elemental cross section data
were determined from the measured activity of the reaction
products. Some of the radionuclides formed are the result
of cumulative processes where decay of parent nuclides or
metastable state contributes to the production process. The
used nuclear data (half-lives and gamma branching ratios),
the possible contributing reactions and their Q-values are
shown in Table 2. The listed Q-values refer to formation
of the ground state. The energy degradation as a function
of penetration of the bombarding particles in the stack was
determined by a stopping calculation and based on incident
energy according to the monitor reaction. The uncertainty
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Table 1 Main parameters of the experiment and the methods of data evaluation

Data evaluation

Experiment
Incident particle Deuteron
Method Stacked foil

Target stack and thicknesses 25 blocks of Lu (110.42 um), Al

(26.96 um)

Number of target foils 25

Accelerator Cyclone 90 cyclotron of Université
Catholique in Louvain la Neuve
(LLN) Belgium

Primary energy 50 MeV

Irradiation time 40 min

Beam current 110.42 nA

Monitor reaction, [recommended 27Al(d,x)22’24Na [10]

values]

Monitor target and thickness Al (26.96 um)

Genie 2000 [5], Forgamma [4]

Faraday cup (preliminary)
Fitted monitor reaction (final) [6]

NUDAT 2.7 [7]

Gamma spectra evaluation

Determination of beam intensity
Decay data

Reaction Q-values Q-value calculator [8]
Andersen-Ziegler (preliminary) [9]

Fitted monitor reaction (final) [10]

Determination of beam energy

Cumulative effects of possible
uncertainties

Uncertainty of energy

Cross sections Elemental cross section
Sum in quadrature of all individual
contributions [11]

Physical yield [12, 13]

Uncertainty of cross sections
Yield

ALICE-IPPE-D [14], EMPIRE-II-D
[15], TALYS 1.9 in (TENDL-
2017, 2019) [16, 17]

Theory

Detector HPGe
y-spectra measurements 3 series
Cooling times (h) 7.4-12.5, 44.3-54.5 and 290.5-486.0

on each experimental cross section data point was estimated
by taking the square root of the sum in quadrature of all
individual contributing error components, supposing equal
sensitivities for the linearly contributing different parameters
appearing in the formula: counting statistics 1-18%, detector
efficiency 5-7%, gamma intensities 1-3%, effective target
thickness 5% and beam current 7%. The contributions on the
uncertainties of non-linear parameters were neglected (time,
half-life, etc.). Taking into account the cumulative effects of
possible uncertainties of the primary incident energy, of the
thickness and homogeneity of the different targets and of
the energy straggling the uncertainty on the median energy
in each foil varies between +0.3 and + 1.1 MeV from the
first to the last.

Model calculations

The updated ALICE-IPPE-D [14] and EMPIRE-D [15]
codes were used to analyse the experimental results. As
described in detail in our earlier publications, Tarkényi et al.
[19] and Hermanne et al. [20], these modified codes were
developed to assure a better description of deuteron induced
reactions. In the standard versions of the codes a simulation
of direct (d,p) and (d,t) phenomena is included through an
energy dependent enhancement factor for the correspond-
ing transitions. The parameters were taken as described in

Belgya et al. [21]. The theoretical data from the TENDL-
2017, Koning 2017 [22] and the TENDL-2019 [17] libraries
(based on the modified TALYS 1.9 code, Koning 2017 [23]
and standard input parameters) was also used for a com-
parison. For most activation products also the values for
the TENDL-2015, calculated with an earlier TALYS version
are shown in order to demonstrate only marginal differences
between them.

Results
Cross sections

The cross sections for all the reactions studied are shown in
Figs.2,3,4,5,6,7,8,9, 10, 11, 12 and 13 and the numerical
values are collected in Tables 3, 4 and 5. For completeness
we have included also the cross section data for production
of '"?Hf, measured in present study and reported earlier in
[2]. Although all activation products except !’’Lu are formed
in reactions on both stable Lu isotopes, remarkable surplus
of '"Lu over '"%Lu (97.4/2.6) results in dominance of the
reactions on '"’Lu and in presence of a single peak in the
measured excitation functions.
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Table 2 Decay characteristics
of the investigated activation
products (primary evaluation

peaks are bold) [8, 18]

@ Springer

Nuclide decay E (level) Half-life E, (keV) L (%) Contributing reaction Q-value (keV)
15 70d 343.40 84.0 15Lu(d,2n) —3690.83
e: 100% 433.0 1.44 1781 u(d,3n) —9978.8
13yt 23.6h 123.675 83 5L u(d,4n) —18,903.3
e: 100% 139.635 127 176 u(d,5n) —25,191.3

296.974 339

311.239 10.7
12Hf 1.87y 114.061 2.6 5Lu(d,5n) —25,984.2
e: 100% 125.812 11.3 178 u(d,6n) —32,272.2
Myt 12.1h 347.20 6(150%) 175 u(d,6n) —35,026.4

662.20 10(266%) 176 u(d, 7n) —41,314.4
177mp y 160.44 d 105.3589 124 7$Lu(d,p) 4848.324
B-: 78.60% 1129498  21.9

128.5027 15.6
IT: 21.4% 153.2842 17.0
970.1750 keV 174.3988 12.7

204.1050 13.9

2083662 574

228.4838  37.1

281.7868 14.2

319.0210 10.5

327.6829 18.1

378.5036  29.9

413.6637 17.5

418.5388  21.72
1778 y 6.647d 112.9498 6.23 7Lu(d,p) 4848.324
B-: 100% 208.3662 10.41 177m 4 decay
176mp 3.635h 88.361 8.9 SLu(d,p) 4063.404
B-: 100% 176Lu(d,pn) —2224.566
123.014 keV
174g 33ly 1241.847 5.14 SLu(d,p2n) —9891.27
e: 100% 176 u(d,p3n) —16,179.24

174m1 1 decay

By 137y 78.63 11.9 SLu(d,p3n) —-16,651.87
e: 100% 100.724 5.24 76 u(d,p4n) —-22,939.84

272.105 21.2 3Hf decay —18,903.3
21 6.70 d 181.525 20.6 SLu(d,p4n) —24,868.12
e: 100% 203.433 5.02 176 u(d,p5n) —31,156.1

697.300 6.1

810.064 16.6

900.724 29.8

912.079 153

1093.63 63
7Ly 8.24d 667.422 112 SLu(d,p5) —31,847.03
e: 100% 739.793 48.7 176Lu(d,p6) —38,135.0
THf decay —35,026.4

19y 32.018d 109.77924  17.39 75Lu(d,2p6n) —44,658.15
e: 100% 130.52293  11.38 176 u(d,2p7n) —50,946.12

17721307  22.28 199HF decay —-51,883.5

197.95675  35.93 1%Ly decay 47,7335

307.73586  10.05
Reduce Q-values for emission of clustered particles: pn—d+2.2 MeV, p2n—t+85 MeV,

2pn—>3He+7.7 MeV, 2p2n — a+28.3 MeV
The Q-values shown in Table 1 refer to formation of the ground state. Decrease Q-values for isomeric

states with level energy of the isomer
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Table 2 (continued)

Abundance of isotopes in natural Lu: '°Lu-97.401%, '7°Lu-2.599%
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"3t u(d,x)"”’Hf reaction

The radionuclide " Hf has a long, 70-day half-life and
only one intense gamma-line at E, =343.4 keV (I,=84%).
SHf is produced directly in (d,xn) reactions. Data are
shown in Fig. 2 together with the result of TALYS cal-
culation taken from TENDL-2017, -2019 data libraries
(marginally difference with TENDL-2015) and results of
ALICE-D and EMPIRE-D calculations. Our experimental
data points fit well on the TENDL curves, except the maxi-
mum. Both EMPIRE and ALICE fail to give an acceptable
approximation.

Deuteron energy (MeV)

"3t u(d,x)’3Hf reaction

The radionuclide '"*Hf (T,,,=23.6 h) can be produced
directly in (d,xn) reactions. This radionuclide has several
intense independent gamma-lines. The cross sections were
determined by using the E, =123.7 keV (I,=83%) gamma-
line considered to be interference free and confirmed by the
results of the other three intense gamma-lines (Iy > 10%).
Data are shown in Fig. 3 together with the result of the
TALYS, ALICE-D and EMPIRE-D calculations. Some
energy shifts of the two TENDL predictions can be observed
but the prediction of the energy dependent behavior and

@ Springer
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Fig.4 Experimental and theo- 1600
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maximum cross section value are good. The ALICE-D and
EMPIRE-D codes overestimate almost twice the experimen-
tal data.

"3t u(d,x)'”?Hf reaction

The long-lived '7*Lu (1.87 y) radioisotope is produced via
175 u(d,5n) and '"®Lu(d,6n) reactions. The cross sections
were determined by using the most abundant 125.81 keV
line among the few strong gamma lines. Comparing with
TENDL predictions the agreement in magnitude is good,
but the excitation functions (the 2017 and 2019 results are
marginally different from the 2015 values) are shifted sys-
tematically by 2-3 MeV to the low energy (Fig. 4). The

@ Springer
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ALICE-D and EMPIRE-D codes overestimate the experi-
ment twice at the maximum, and the ALICE-D predictions
are shifted to lower energy.

"3t u(d,x)"’"Hf reaction

The measured cross sections of !”! Lu (12.1 h) are based on
the 347.20 keV (6% per decay) gamma-line. The absolute
intensities of gamma-lines following the decay of '"'Hf are
still under question. The gamma-ray intensities of this reac-
tion product available in different references are all relative.
The latest recommendation found in the Nuclear Data Sheets
[24] says that the relative intensities (see Table 2) should be
multiplied by 0.055 to get absolute intensities if one makes
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— Systematics
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an assumption that the ground state of Lu is not fed by -
decay. According to the present data the ground state is fed
by 0.007% B*-decay, hence the multiplication factor should
be a little less.

We have used factor of 0.04 (see values in Table 2) in the
cross section evaluation process (which can be corrected
according to new valuations in the future) to get a similar
difference between our values and the EMPIRE prediction
(good threshold) as for A B (Fig. 12), where the contribu-
tion of parent '"'Hf is dominating. The multiplication factor
has been normalized to 100% for the 469.3 keV y-line. The
TENDL and ALICE-D curves are shifted to lower energy
(Fig. 5). There is large difference in magnitude between the

Deuteron energy (MeV)

theoretical data sets near the maximum. Our experimental
data can be adapted when more precise decay data are agreed
on, but with the present values our experimental results are
between the EMPIRE-D and the ALICE-D calculations.

3t u(d,x)"’’™Lu and "*'Lu(d,x)'”79Lu reactions

The """™Lu (160.44 d, 23/2-, IT: 21.4%) and '7"2Lu (6.647
d) states are produced only via the 7®Lu(d,p) reaction but
results are expressed for "™'Lu. For calculation of the cross
section of the !”™Lu the highest energy (lowest back-
ground) independent y-line (418.5388 keV) was used, but
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under our measuring circumstances only poor statistics
could be obtained (Fig. 6).

The '"7$Lu was identified through its 208.3662 keV
y-line. This line is also present in the p~ decay of ""™Lu,
but its contribution can be neglected due to the low cross
section for its production and the low activity because
of its long half-life. Although, in principle the measured
cross sections for '"’$Lu are cumulative, the formation
through the limited IT (24.1%) of the low induced activ-
ity '""™Lu is negligible under our measuring conditions
(cooling time for measurement of ground state is short
compared to the long-half-life of metastable state) (Fig. 7).

@ Springer
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The underestimation of the !”’™Lu experimental data
by the standard EMPIRE-D and ALICE-D prediction is
very significant, while the TENDL is about 40% lower. It
is remarkable that the ALICE-D and EMPIRE-D can give
an acceptable prediction for the (d,p) reaction leading to
177¢Lu while the predicted values of the TENDL libraries
are significantly lower (Figs. 6, 7).

"t y(d,x)"7®™Lu reaction

The cross sections for formation of "®™Lu, (3.635 h,
99.905% p~, 17) were obtained through its 88.361 keV
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y-line (Fig. 8). The contribution from same energy y-line
of the quasi-stable 7%¢Lu (3.76 x 10'° y) can be neglected
and it is also the case for the low abundance y-line with
similar energy of 7"™Lu (160.44 d, 88.4 keV, 0.037%).
As for the previous reaction the TENDL data for the pro-
cess where emission of a proton is involved, are very low
(Fig. 8). The best approximation is given by the ALICE-
D. In Fig. 8 also the results of systematics based on the
TENDL-2011 on-line library, which was involved in the
FENDL-3 database, is presented. This prediction gives
also a good approximation of the experimental data, espe-
cially from the point of view of the maximum value.

"3t u(d,x)"7%9Lu reaction

The '*Lu has two long-lived states, the '7*™Lu (142 d, (6-)
IT: 99.38%) metastable state and the '7*Lu (3.31 y) ground
state. We obtained cross section data for direct production
of the ground state (Fig. 9). Taking into account the pre-
dicted cross sections for formation of !7*™Lu, the decay data
and the time of the irradiation and the measurements of the
1742] u spectra (see Table 1), the contribution from the decay
of the metastable state is very low compared with the actual
uncertainties, but the experimental curve was corrected with
it. Agreement with the TENDL results is acceptable, but in
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case of ALICE-D and EMPIRE-D the underestimation is
significant (Fig. 9).

"3t u(d,x)"”3Lu reaction

The 'Lu (1.37 y) is produced directly and through the
decay of its !"3Hf parent (23.6 h). We measured cumula-
tive production cross section of !”3Lu from spectra collected
after nearly complete decay of the parent. We deduce cross
section data also for direct production by subtracting the
contribution of the 7*Hf decay (Fig. 10). The magnitudes of
theoretical results are very different both for the direct and
for the cumulative production (Fig. 10), only the ALICE-D
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Deuteron energy (MeV)

direct prediction agrees very well with our experimental data

corrected for the !7°Hf decay.

"3t u(d,x)'”?Lu reaction

The ground-state of '"*Lu (6.70 d) is produced directly,
through the decay of its short-lived metastable state (3.7 min,
IT: 100%) and through the decay of its long-lived '"?Hf par-
ent (1.87 y, e: 100%). The cross sections were measured
from spectra measured a few hours after EOB, in which the
effect of decay of '"?Hf for production of "*Lu is very low,
but has been taken into account. The measured cumulative
cross sections for the direct production cross section (m+ g)
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Table3 Cross sections of E dE 'HF, direct "2H, direct 3H, direct SH, direct

on lutetium for production of c do c do c do c do

IHEI2H¢ 13Hf and 'SHE

radionuclei MeV mb
49.4 0.3 388.7 46.5 531.2 63.6 306.5 36.6 44.1 5.4
48.2 0.3 310.4 37.1 567.1 68.2 330.0 39.4 46.1 5.6
46.9 0.3 231.5 27.7 641.4 76.8 354.0 422 48.6 5.9
45.6 0.4 149.9 18.0 649.0 71.7 3754 44.8 49.3 6.0
44.3 0.4 87.6 10.6 686.6 82.2 403.8 48.2 51.7 6.2
43.0 0.4 40.0 4.9 706.5 85.1 453.5 54.1 55.5 6.7
41.6 0.4 13.8 1.9 696.7 85.0 503.1 60.0 58.3 7.0
40.2 0.5 2.7 0.6 596.4 71.3 559.4 66.7 60.6 7.3
38.7 0.5 505.5 62.2 624.3 74.4 62.8 7.6
37.2 0.5 428.6 553 762.8 90.9 70.9 8.5
35.7 0.5 266.8 34.9 843.3 100.5 74.9 9.0
34.1 0.6 150.4 19.9 923.9 110.1 81.1 9.7
32.5 0.6 60.2 114 978.1 116.6 85.8 10.3
30.8 0.6 4.2 2.2 927.5 110.6 91.3 10.9
29.0 0.7 809.1 96.5 103.5 12.4
27.2 0.7 585.5 69.8 114.5 13.7
253 0.8 3454 41.2 137.3 16.4
23.2 0.8 97.6 11.7 161.1 19.2
21.1 0.9 6.5 0.8 202.0 24.1
18.7 0.9 0.3 0.1 291.2 34.7
16.2 1.0 450.4 53.7
13.4 1.0 499.4 59.5
10.0 1.1 150.1 17.9
5.7 1.2 2.6 0.3

are shown in Fig. 11. The agreement with description of the
theoretical codes is moderate, but disagreement especially
in shape and energy shift of the effective threshold can be
noted, especially the TALYS calculations are more consist-
ent with our experimental data than the both other codes.

"3t u(d,x)"'Lu(cum) reaction

The cross sections for cumulative production of the ground-
state of '"'Lu (8.24 d) are shown in Fig. 12. It includes the
direct production, the decay of the short lived isomeric state
(79 s, IT: 100%) and the decay of the '"'Hf parent (12.1 h,
€: 100%). The TENDL-2017, 2019 (and TENDL-2015 with
slightly larger values above 43 MeV) and ALICE-D cumula-
tive data are shifted to lower energy because of the contri-
bution of '7'Hf that already showed this difference between
experiment and theory (Fig. 5). The '7'Hf contribution has
not been subtracted because of the uncertain intensity data of
I7THf. The shape, the effective threshold and the magnitude
of the results of the different theoretical codes differ signifi-
cantly. The best agreement is seen with the prediction of the
EMPIRE-D code.

"3t u(d,x)'%°Yb reaction

The practical threshold of 36 MeV indicates that clustered
emission is involved in formation of '°Yb and that in the
investigated energy range (up to 50 MeV) the predominant
reaction is "™Lu(d,axn) (see Table 2). The experimental
data are significantly higher than the TENDL-2017, 2019
prediction, as well as significantly lower compared to
ALICE-D and EMPIRE-D (Fig. 13).

Integral yields

Integral yields were calculated from excitation functions
constructed by an analytical fit to our experimental cross
section data points (Fig. 14). The so-called physical inte-
gral yield [12]. Otuka [13] was calculated (yield at EOB
for an instantaneous irradiation, i.e. no decay corrections).
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Table 4 Cross sections of E dE I 1y oym 1720049y, 1730 4. cum 1731 4. direct 174g] 11 direct

deuteron induced reactions direct

on lutetium for production of

17Hm+g)p y 172m+2)] 4y 173y and c do c do c do c do c do

17421 i radionuclei
MeV mb
49.4 0.3 372 44 814 9.8 531.0 65.4 212.6 53.2 73.8 1.6
48.2 0.3 296 35 72.6 8.8 562.3 67.2 219.4 56.8
46.9 0.3 216 26 61.8 7.4 556.6 70.8 192.2 58.3 159.0 22
45.6 0.4 144 17 54.0 6.6 571.7 70.6 193.0 61.1 100.3 0.0
443 0.4 84 10 43.0 53 595.6 71.1 182.8 64.5 130.2 1.3
43.0 0.4 40 5 34.1 4.1 627.0 75.2 164.8 70.7 188.1 1.7
41.6 0.4 15 2 25.6 33 654.2 78.1 143.3 77.0 164.0 1.9
40.2 0.5 4.7 0.6 19.2 2.6 695.0 83.8 128.4 84.7 147.1 2.3
38.7 0.5 1.2 0.2 13.6 2.0 750.3 90.1 118.9 93.9 135.3 2.2
37.2 0.5 0.14 0.08 9.2 1.2 899.6 107.8 128.4 114.4 175.9 2.4
35.7 0.5 0.22 0.08 6.1 1.0 948.7 113.5 97.1 125.7 157.8 2.8
34.1 0.6 4.5 0.6 1008.7 120.4 76.6 137.3 154.4 2.6
32.5 0.6 2.7 0.4 1044.3 124.8 58.4 145.1 159.2 2.8
30.8 0.6 2.6 0.9 965.7 115.4 31.3 137.4 114.4 2.9
29.0 0.7 0.7 0.1 831.4 99.4 16.4 119.8 83.4 2.1
27.2 0.7 0.7 0.2 585.6 70.1 90.7 32
25.3 0.8 0.5 0.2 342.5 40.9 51.6 22
23.2 0.8 0.5 0.1 97.3 11.7 31.0 2.8
21.1 0.9 0.3 0.2 114 1.7 35.5 33
18.7 0.9 2 1

Review of production options of '77Lu, "7°Hf
and "72Hf with charged particle nuclear
reactions

The new experimental data provide a basis for improved model
calculations and for optimization various charged particle pro-
duction routes. Concerning applications in nuclear medicine
among the investigated radioisotopes the ""Lu (variety of
therapeutic procedures, theranostic), !”®™Lu (in SPECT, to
image the distribution of lutetium), !”Hf for nuclear-medical
investigations and for off-line chemical studies of Group IV
homologs, 1241721 y (radionuclide generator for industrial
radiotracer applications and for pre-clinical bio-distribution
studies), 'Yb (brachytherapy, as an alternative to '>I) have
established practical applications. In the following chapters we
compare the production yields of the deuteron induced reac-
tions with other charged particle production routes. Of course
for production of the above mentioned radioisotopes many
other parameters should be taken into account.

77Ly production
Non-charged particle production routes

The widely used, non-charged particle production routes use
nuclear reactors and high intensity gamma sources [25]. In

@ Springer

case of 70Yb(n,y)-""Yb-!""Lu indirect route the product has
high specific activity and it is close to carrier free. In case of
direct production '"’Lu(n,y)!”’Lu the product is not carrier
free, but may still be produced in very high specific activ-
ity. By using the "™Hf(y,x) !”’Lu reaction via high energy
bremsstrahlung photons hundreds of mCi of '""Lu activity
can be obtained on targets from 10 g enriched hafnium-oxide
[26].

Charged particle induced reactions

The production yields of "Yb(d,x)!""Lu, "Hf(p,x)'""Lu,
natHf(d,x)!""Lu, "Lu(p,x) "Lu, "Lu(d,x)!"”’Lu and
"atyb(a,x)!7'Lu routes are collected together for compari-
son (Fig. 15), The calculated integral yields are based on
experimental data in the literature except ""Lu(p,x) where
experimental data are missing therefore the TENDL-2019
data were used

The production yield of "Yb(d,x)!”’Lu reaction is based
on experimental data reported by Manenti [27], Hermanne
[28], Tarkanyi [29] and Tarkanyi [30], Khandaker [31], the
"Hf(p,x) on [32], the "Hf(d,x) on [33], "™Lu(d,x) [this
work] and the "™'Yb(a,x) on [34, 35].

As it is seen from Fig. 15, the best way to produce '7'Lu is
the Yb +d reaction, if a high energy accelerator is available.
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Table 5 Cross sections. of E dE 176my 1 - direct 17y - direct 17781y, cum 19vh cum
deuteron induced reactions
on lutetium for production of c do c do c do c do
176my ) 177mp 4 1778 4 and
169y} radionuclei (MeV) mb
494 0.3 32.0 4.5 1.86 0.31 15.9 1.9
48.2 0.3 17.1 34 2.26 0.34 15.2 1.8
46.9 0.3 31.7 4.2 2.25 0.35 13.3 1.6
45.6 0.4 23.5 33 2.37 0.34 10.9 1.3
443 0.4 22.0 29 2.81 0.37 9.3 1.1
43.0 0.4 20.7 2.8 2.60 0.34 6.2 0.7
41.6 0.4 223 32 2.77 0.79 4.2 0.5
40.2 0.5 414 5.1 2.86 0.74 2.4 0.3
38.7 0.5 41.6 52 2.09 0.27 1.7 0.3
37.2 0.5 42.5 52 3.20 0.69
35.7 0.5 46.6 5.8 2.25 0.31 0.3 0.1
34.1 0.6 51.6 6.3 2.75 0.36
325 0.6 55.1 6.7 3.26 0.43
30.8 0.6 20.1 2.8 3.50 0.45
29.0 0.7 41.0 5.1 0.38 0.15 5.26 1.13
27.2 0.7 37.6 4.6 4.86 1.02
25.3 0.8 48.5 59 0.32 0.12 291 0.35
23.2 0.8 50.1 6.0 0.35 0.05
21.1 0.9 58.5 7.0 0.25 0.08
18.7 0.9 69.6 8.3 1.16 0.37
16.2 1.0 86.1 10.3
134 1.0 100.2 12.0 1.32 0.30
10.0 1.1 52.8 6.4 0.91 0.24
5.7 1.2 54 0.7 0.60 0.17
Fig. 14 Integral thick target 1.E+03 prror
yields for the formation of the . 173HF
investigated radioisotopes of 1.E+02 17306
hafnium, lutetium and ytterbium 175Hf 1Tne
as a function of incident energy 1.E+01 ¢ 171m+gLu
O qEe0p |7 2met e
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a 1.E01 | :;::::: ar —  173Lu, dir
3 1E02 |1
=
_‘_f; 1.E-03 ,
_% 1E04 1 ,’w' 172m#gLu
o 1.E-05 175Hf ,,' ’~
177gLu |' N
1.E-06 1 1740 !
1.E-07 Tt ’l ‘ L : :
0 10 20 30 40 50 60

Deuteron energy (MeV)

@ Springer



1418

Journal of Radioanalytical and Nuclear Chemistry (2020) 324:1405-1421

1.E+01

Fig. 15 Integral yields for pro-
duction of '""Lu
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Lu+d this work

1.E-06
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Lu+d this work

= = Yb+alpha

In the case of a compact cyclotron with deuteron energies
not higher than 10 MeV the Lu+d reaction (this work) gives
an acceptable alternative.

75Hf production

The '7>Hf can be produced via (p,xn) and (d,xn) reaction
on "™Lu or on enriched "Lu(97.41%) and '"°Lu(2.59%) or
on (a,xn) reaction on "Yb. Experimental data are available
for "*Lu(p,x)!">Hf [36] (only cross section), "*Lu(d,x)' "> Hf
(this work) and "Yb(a,xn)!”Hf [34] reactions (Fig. 16).
The product in all cases is no carrier added, in case of
SLu(p,n) reaction the product is of high specific activitz.
By using natural Lu target the deuteron route is much more

1.E+01

20 30 40 50 60 70
Particle energy (MeV)

productive. By using highly enriched targets the yield of the
7L u(p,2n) is higher. Comparing the proton and deuteron
induced reactions on Lu one can conclude that the deuteron
reaction has much higher cross sections, but at higher ener-
gies, which excludes compact cyclotrons with deuteron
option under 10 MeV.

724f production

We have compared the charged particle production routes
for !7?Hf/'""*Lu generator in our previous paper [2]. Here we
reproduce the figure of production yields completed with
Lu +d reaction. In accordance with Fig. 17 in the low energy
range the Yb+ a, at high energies the Lu + p reactions are

Fig. 16 Integral yields for pro-
duction of > Hf
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Lu+d this work

172Hf production yields

Fig. 17 Integral yields for pro-
duction of '7?Hf
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the more productive routes. The calculated integral yields
are based on experimental data Tarkanyi 2017 [37], Michel
2002 [38], Titarenko 2011 [39].

Summary and conclusions

In the frame of a systematic study of activation cross sections
of deuteron induced reactions we report experimental cross
sections for the "™ Lu(d,x) 71172173175y, 171172.173,174g,176
m.177m.177¢] 1y and 1°Yb reactions up to 50 MeV. No earlier
experimental data were found in the literature. The experi-
mental data were compared with the results of a priori model
calculations performed with the EMPIRE-D, ALICE-IPPE-
D and TALYS codes (available in TENDL-2015, TENDL-
2017 and TENDL-2019 on-line libraries) using reference
input parameters. The descriptions of the shape and the
absolute values of the excitation functions by the theoreti-
cal calculations is only partly successful, especially observed
energy shifts, shape and magnitude disagreements underline
the importance of the experimental data. There are only mar-
ginal differences on data of predictions of the applied latest
versions.

Concerning the use of deuteron induced nuclear reactions
for production of medically relevant ’"Lu, >Hf and "*Hf,
in case of !"’Lu the product is carrier added. Yield calcu-
lations based on excitation functions for production of the
17SHF show that the "'Lu +d yield is the highest comparing
to "™Lu+p and Yb+ « routes, but in the case of enriched
176y target the proton induced reaction gives higher yield.
By comparing the production routes of '"Hf via Lu+p,
Lu+d, Yb+a, Ta+p and W +p reactions up to 70 MeV,

20 30 40 50 60 70 80
Particle energy (MeV)

we clearly see that the Lu+d yields are also high and at
higher energies almost as high as those for the Lu + p route.
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