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Isotope production for medical usage using fast neutron reactions
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Summary. 99Mo was produced by the 100Mo(n, 2n)99Mo re-
action using 14-MeV neutrons from the D(3H, n)4He reaction
at Fusion Neutronics Source Facility (FNS) at JAEA.

A target of titanium oxide gel with molybdenum oxide
was irradiated and used as the 99mTc/99Mo generator.

The growth curve of 99mTc in the titanium gel target and
the elution curve of 99mTc from the 99Mo/99mTc generator
were obtained.

1. Introduction
99mTc is the most important radioisotope used in nuclear
medicine. The present global demand for 99Mo is about
450 TBq/week which is mostly produced by using only five
nuclear reactors in Canada, Belgium, France, Netherlands
and South Africa. In 2007, the unanticipated closure of a nu-
clear reactor in Canada for five weeks reinforced concerns
about a reliable long-term supply of 99Mo. Note that the re-
actors mentioned above range in age from 42 to 51 years.
Also another problem is that 95–99% of all 99Mo is pro-
duced by the irradiation of highly enriched uranium tar-
gets. In order to guarantee safe and reliable supply of 99Mo,
IAEA recommends the use of the 98Mo(n, γ )99Mo reaction.
In JAEA, fundamental research of the 98Mo(n, γ )99Mo reac-
tion was carried out [1] and there are also plans to produce
99Mo at the JMTR, one of the research reactors of JAEA.
Recently, two of the present authors proposed a new route to
produce 99Mo by the 100Mo(n, 2n)99Mo reaction [2], which
has the following characteristic features. First, the reac-
tion cross section is large, about 1.5 barn at 12 < En <

17 MeV [3], which is 10 times larger than the thermal-
neutron capture cross section of 98Mo [4] (see Fig. 1). Sec-
ond, the cross sections of the (n, α), (n, n p), and (n, p) re-
actions are less than a few mb at En = 14-MeV (see Fig. 1).
Third, a large amount of 100Mo target materials can be used,
compared to that for proton beam irradiation on 100Mo.
Fourth, intense neutrons with energies of 12–17 MeV are al-
ready available. In the present work we irradiated a target
of titanium oxide gel with molybdenum oxide for 6 hours at
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Fig. 1. Excitation functions of 100Mo isotope with fast neutrons ob-
tained from JENDL-3.3. An arrow shows energy region of neutrons
from the FNS.

Fusion Neutronics Source Facility (FNS) [5] at JAEA. The
neutron flux was about 1012 n/cm2 s and 107 n/cm2 s at the
target position.

Technetium-99m ions separated from 99Mo were ob-
tained from the tentative 99mTc/99Mo generator which is
made from a mixture of titanium gel with molybdenum
oxide irradiated with fast neutrons. Monroy-Guzman [6] re-
ported that the 99mTc/99Mo generator was made from tita-
nium oxide gel with molybdenum oxide which was irradi-
ated with thermal neutrons at a reactor. We tried to make
a 99mTc/99Mo generator from titanium oxide gel with molyb-
denum which irradiated with 14-MeV neutrons.

2. Experimental

2.1 Target preparation

1 ml of Titanium(IV) tetrabutoxide (Ti[O(CH2)3CH3]4 and
0.1-mol of Ammonium molybdate (NH4)2MoO4 were dis-
solved with 10-ml n-Butyl alcohol. In this n-Butyl alcohol
solution, 1-ml of 0.1-N HNO3 was dropped slowly while
stirring the solution. Soon after dropping the 0.1 N−HNO3,
Butyl titanate began to precipitate. The precipitation, which
was Butyl titanium oxide including molybdenum oxide, was
washed thoroughly with acetone, and then separated by cen-
trifuge. After drying, the titanium gel powder was pressed
into a ∅= 10-mm pellet weighting 500-mg which included
about 30-mg of molybdenum. The pellet was used as a fast
neutron irradiation target. A 0.1-mm thick of Niobium foils
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with ∅= 10-mm were positioned in front and behind each
pellet as neutron flux monitors.

2.2 Irradiation at FNS

A titanium gel target was irradiated with 14-MeV neutrons
at the Fusion Neutronics Source (FNS) facility in JAEA,
Tokai. The FNS facility is an intense D-T neutron source for
the fusion neutronics studies related to a D-T fueled reac-
tor. Since the first D-T neutron production in 1981, which
was one of the most intense D-T neutron sources, several ex-
perimental programs have been conducted to support ITER
design activity. Two beam lines at FNS, the 0◦ beam line
and the 80◦ beam line generate 14-MeV neutrons at rate
of 7.2×1012 n/s and 2×1011 n/s, respectively. This experi-
ment was performed at the 80◦beam line. The target was
placed 10 cm from the neutron source, and was irradiated for
6 h. The averaged neutron flux of the target position calcu-
lated by a Niobium flux monitor was 2.5×107 n/s.

2.3 Gamma ray measurements

After 18 h cooling, gamma rays from the titanium gel target
were measured with a Ge detector for 15 min. The irradi-
ated titanium target was dissolved by 2-ml of pure water and
the eluted solution was filtrated and dried. Then gamma ray
measurements of elution samples were carried out.

2.4 Growth curve and elution curve

In order to obtain growth curve of 143-keV gamma rays
emitted from 99mTc, gamma ray measurements of the tita-
nium gel were taken every 10 000 s for about 30 h after the
titanium gel was washed with water to remove 99mTc. Then
the titanium gel was put in a glass tube. The inner diameter
of the glass tube was 5-mm. The titanium gel was retained
with quartz wool at the bottom end. Pure water was poured
to the titanium gel column to make an elution curve of 99mTc.
Every 5 drops of eluent solution were collected on stainless
steel plates, and dried for gamma ray measurements. The
average volume of 5 drops was 0.27-ml.

3. Results and discussions

The gamma spectra obtained from the irradiated titanium
oxide gel with molybdenum is shown in Fig. 2. In this spec-
trum, Gamma rays emitted from 99mTc and 99Mo can be ob-
served. A gamma peak at 143-keV is assigned to 99mTc and
those at 181, 366, 736 and 778-keV to 99Mo. Other gamma
rays are emitted from Sc isotopes which are produced by the
reaction with Ti isotopes. Gamma rays of 175, 983, 1037
and 1312-keV were emitted from 48Sc, 159-keV from 47Sc
and 889 and 1120-keV from 46Sc. Scandium isotopes de-
tected in this spectrum were produced by the 48Ti(n, p)48Sc,
47Ti(n, p)47Sc, 46Ti(n, p)46Sc reactions.

Fig. 3 shows a gamma spectrum obtained from the dried
elution of the titanium gel target. In this spectrum, mainly
143-keV gamma rays from 99mTc were observed. No gamma
peak of Sc isotopes can be seen in this spectrum. Some small
peaks of 99Mo, such as those of 181, 366, 739 and 778-keV,
however were also observed. This means some molybdenum

Fig. 2. Gamma ray spectrum obtained from the titanium oxide gel with
molybdenum oxide target irradiated with 14-MeV neutron beam at the
FNS. Gamma rays emitted from 99mTc and 99Mo can be observed.
A gamma peak at 143-keV is assigned to 99mTc and those at 181,
366, 736 and 778-keV to 99Mo. Gamma rays of 175, 983, 1037 and
1312-keV were emitted from 48Sc, 159-keV from 47Sc and 889 and
1120-keV from 46Sc.

Fig. 3. Gamma ray spectrum obtained from the elution of the titanium
oxide gel with molybdenum oxide target. Only 143-keV gamma ray
from 99mTc was mainly observed. Other gamma rays of 181, 366, 736
and 778-keV were assigned to 99Mo.

isotopes leaked from the titanium gel. However this problem
could be improved by attaching a small Al2O3 column at the
end of the titanium gel column directly. Mo isotopes leaked
from the titanium gel column will be efficiently adsorbed
into the Al2O3 column, then, only technetium isotopes can
pass though both columns.

After the titanium gel was washed with water in order to
remove 99mTc, gamma ray measurements of the titanium gel
were carried out for about 30 h. The growth curve of the in-
tensity of 143-keV gamma rays was obtained (see Fig. 4).
The observed gamma ray intensities of 99mTc are shown by
closed circles. Two theoretical growth curved are also shown
in Fig. 4.

The theoretical curves are obtained from the following
equation.

N1 = λ1 N0

(
e−λ1 t

λ2 −λ1

+ e−λ2 t

λ2 −λ1

)
+ N0

1 e−λ2 t (1)

where N and λ represent number of atoms and decay con-
stants, and subscript 0 and 1 denote 99Mo and 99mTc, respec-
tively, N0

1 the number of atoms of 99mTc at t = 0.
The solid line is obtained by assuming that no 99mTc

at the titanium gel was washed with water (N0
1 e−λ2 t = 0 at

t = 0).
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Fig. 4. Growth curve of 143-keV gamma ray from 99mTc in the titanium
oxide gel with molybdenum oxide which was washed by water. Closed
circles show counting rates of 143-keV gamma rays from 99mTc. The
solid line shows theoretical growth curve of 143-keV gamma rays with
assuming 99mTc = 0 at t = 0. The broken line shows theoretical growth
curve of 143-keV gamma rays, assuming half value of 99mTc remained
in the titanium gel at t = 0.

Fig. 5. Elution curve of 99mTc from titanium oxide gel with molybde-
num oxide column. The 143-keV gamma ray intensity of 99mTc from
each fraction was plotted. Each fraction contains 5 drops which is
about 0.27-ml.

The broken line is obtained by assuming that half number
of 99mTc of maximum value were remained at t = 0.

Observed results are agreed with the broken line than the
solid line. This means after water rinsing, about half of 99mTc
were still remained in the titanium gel in this conditions.

The elution curve of 99mTc obtained from the titanium
oxide gel with molybdenum oxide is shown in Fig. 5. Five
fragment samples were made and gamma ray measurements
were carried out. Each fragment contains 5 drops which is
about 0.27-ml. The obtained intensities of 143-keV gamma
rays from 99mTc were plotted in Fig. 5. This result shows

more than 80% 99mTc were collected from first 3 fractions
which contained 0.81 ml.

4. Summary

In this study, 99Mo was effectively produced by the
100Mo(n, 2n)99Mo reaction using 14-MeV neutrons from
the FNS facility at JAEA. A target of titanium oxide gel
with molybdenum oxide was irradiated and used as the
99mTc/99Mo generator. From the titanium oxide gel genera-
tor, 99mTc was separated from Mo target. Although some of
99Mo was found in the 99mTc fraction, this leakage can be
prevented by using an AlO2 column. Recent developments
of large scale fast neutron sources, such as IFMIF [7] and
SPRIL-2 [8], will encourage the production of 99mTc by the
100Mo(n, 2n)99Mo reaction.
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