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 The method for obtaining accurate information of light- 
charged-particle-induced reaction cross sections has 
generated significant interest in the nuclear data community 
because these reactions are being increasingly used in 
nuclear medicine, accelerator and nuclear technology, and 
the testing of nuclear reaction theories. Recently, we 
investigated deuteron-induced reaction cross sections from 
various target elements because measured data of the (d,x) 
processes are limited compared to those of (p,x) processes. 
A survey of literature shows that several investigations have 
been conducted for the natYb(d,x) reactions leading to 
various applications. As an example, the production of the 
177Lu radionuclide via the natYb(d,x) reaction finds 
applications in  internal radiotheraphy and imaging 
procedures 1,2). Its half-life is long enough to allow 
sophisticated preparation (e.g., shipping, labelling, 
purification etc.) for use without any significant loss of 
activity. 177Lu can be produced in principle in several ways. 
Currently, a large scale production of 177Lu is in practice by 
using only the high flux nuclear reactor via the direct 
176Lu(n,)177Lu or indirect 176Yb(n,)177Yb177Lu routes 
followed by a complex separation procedure of 177Lu from 
the Yb isotopes 3). On the other hand, the carrier-free 177Lu 
is available in the charged-particle irradiations on various 
targets, though its activity is relatively lower than those in 
the reactor productions. However, it may be possible to 
overcome this deficiency with recent high-power 
accelerator technologies, which enable large scale and 
on-site productions of 177Lu leading to its various practical 
applications. 
  The objective of the present study was to report the latest 
cross sections of the 
natYb(d,x)169,170,171,172,173,174m,174,176m,177gLu and 169,175,177Yb  
reactions that were measured with a high precision over the 
energy range of 2–24 MeV using the AVF cyclotron facility 
of the RIKEN RI Beam Factory, Wako, Japan. Details on 
the irradiation technique, radioactivity determination, and 
data evaluation procedures are available in Ref.4). Owing to 
the space limitation of this report, we present only the 
natYb(d,x)177gLu cross sections and the deduced yield in Figs. 
1 and 2, respectively. Measured cross sections with an 
overall uncertainty of about 12.8% are listed in Ref.4). The 
cross-sections were normalized by using the natTi(d,x)48V 
monitor cross sections recommended by IAEA. Measured 
data were critically compared with the available literature 
data, and an overall good agreement was found. However, 
only partial agreements were obtained with the data 
extracted from the TENDL-2013 library based on the 
TALYS code. 
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The deduced thick-target yields indicate that a low amount 
of no-carrier-added radioactivity of 177gLu (2.4 MBq/A-h) 
could be obtained by irradiating an enriched 176Yb target 
with 11-MeV deuteron energy from a cyclotron. 

0 5 10 15 20 25 30
0

50

100

150

200

250

300

350

400
 TENDL-2013 (177gLu+177Yb)
 TENDL-2013 (177gLu+177Yb+177mLu-21.4%)
 TENDL-2011 (177Yb) Ignatyuk

176Yb(d,x)177gLu-Cum

Deuteron Energy (MeV)

C
ro

ss
 S

ec
tio

n 
(m

b)

 

 

 Hermanne et al., '06
 Manenti et al., '11
 Tarkanyi et al., '13
 This work

 

Fig. 1. Excitation function of the natYb(d,x)177gLu reaction. 
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Fig. 2. Physical thick target yields for the 
169g+m,170g+m,171g+m,172g+m,177gLu and 175g+mYb radionuclides. 
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Excitation function of the natHf(α,x)182gTa reaction:
Cyclotron production of a long-lived γ-ray emitter 182gTa

M. Murakami,∗1,∗2 H. Haba,∗1 and H. Kudo∗2

We previously investigated the production of 179Ta
(T1/2 = 1.82 y) in the proton- and deuteron-induced
reactions on natHf1,2) for basic chemical studies of
the 105th element Db, which must be conducted at a
single-atom scale. Although the long half-life of 179Ta
is convenient for such the chemical experiments, the
decay characteristics of 179Ta are less suitable: 179Ta
does not emit any γ ray in its EC decay, and it must
be traced by measuring the characteristic X rays of
Hf, which are often interfared by X or γ rays of other
nuclides.

Another long-lived Ta isotope, 182gTa (T1/2 = 114.74
d), is a γ-emitting isotope, and it has also been used as
a radiotracer to explore the chemical behavior of Ta.
182gTa is usually produced by the 181Ta(nth,γ) reaction
with a high cross section of 20.5 ± 0.5 b.3) However, the
182gTa radiotracer produced in this way is undesirable
for basic studies of Db, because it is obtained with a
macro amount of the target material of Ta.

Very recently, Tárkányi et al. measured the cross
sections of W, Ta, and Hf isotopes in the natHf(α,x)
reactions up to 40 MeV.4) As shown in Fig. 1,
they reported that the excitation function for the
natHf(α,x)182gTa reaction increased with the beam en-
ergy. Because the 182gTa tracer with high specific ra-
dioactivity can be obtained with this reaction, we fur-
ther studied the production of 182gTa in this reaction.

The excitation functions were measured by a
stacked-foil activation technique. 11 pairs of thin
metallic foils of natHf (97% chemical purity, 23 µm
thickness) and natCu (99.9% chemical purity, 9 µm
thickness) were stacked in an alternating sequence.
The natCu foils were used for monitoring the beam
current and energy by measuring the well-established
natCu(α,x)67Ga excitation function.5) The size of the
all foils was 15 × 15 mm2. The stack was bombarded
by a 50-MeV α beam supplied by the AVF cyclotron
for 31 min. The beam was collimated within 9 mm in
diameter and the average beam current was 0.23 µA.
After the bombardment and the proper cooling du-
ration, each foil was subjected to γ-ray spectrometry
with a Ge detector.

The production cross sections were derived by the
well-known activation formula.6) The beam energies
in the individual target foils were calculated with the
SRIM-2008 program.7) The experimental cross sec-
tions were compared with the calculated ones by the
TALYS-1.6 code.8)

In this work, independent cross sections were
∗1 RIKEN Nishina Center
∗2 Department of Chemistry, Niigata University

obtained for the natHf(α,x)176,177,178W, 178,183Ta,
179m2,181Hf reactions, while cumulative ones were ob-
tained for natHf(α,x)175,176,177,182gTa, 175Hf. The mea-
sured cross sections of the natHf(α,x)182gTa reaction
are shown in Fig. 1 along with the calculated ones. The
cross sections in the energy range of 41–50 MeV were
measured for the first time. The excitation function
exhibits the maximum cross section of 8.3 ± 0.3 mb
at 41.5 ± 1.2 MeV. The data of Tárkányi et al.4) are
consistent with the present data at ≥30.7 MeV, while
that at 27.6 ± 0.7 MeV (0.2 ± 0.3 mb) is much smaller
than the present one of 1.60 ± 0.08 mb at 27.2 ± 1.6
MeV. The cross sections calculated by the TALYS-1.6
code8) show systematically lower values with a similar
shape of the excitation function.

The physical thick-target yield was deduced from the
measured cross sections and the calculated stopping
power by the SRIM-2008 program.7) The deduced yield
of 182gTa was 5.2 kBq/µAh at 50 MeV.
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Fig. 1. Excitation function of the natHf(α,x)182gTa reac-

tion. Dashed curves indicate the individual reaction

channels evaluated by the TALYS-1.6 code.8)
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