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Introduction

• Many radionuclides are used for diagnosis and therapy.
– Diagnosis

‣ positron emitters for PET
‣ gamma emitters for SPECT

– Therapy
‣ beta, alpha, and Auger electron emitters

T.I. Kostelnik et al., Chem. Rev. 119 (2019) 902



99mTc Single photon emission computed tomography (SPECT)

• Radiopharmaceuticals with 99mTc are injected to patients.
• The radiopharmaeuticals concentrate on specific parts, e.g., 

tumores.
• 140-keV  rays emitted from the decay of 99mTc can be 

detected.
• The location of the concentration

can be recognized from outside of
the patient body. 

SPECT, Wikipedia



SPECT imaging

• 140-keV  rays emitted from the radiopharmaeuticals with 
99mTc were detected for imaging.

Kuniaki Ogasawara et al., "99mTc-Bicisate and 99mTc-HMPAO SPECT Imaging in Early 
Spontaneous Reperfusion of Cerebral Embolism", Am. J. Neuroradiol. 20 (1999) 626.

CT

No blood enough 
reached

99mTc SPECT Imaging 

Stroke, Wikiwand, 
http://www.wikiwand.com/en/Stroke



99mTc/99Mo supply

• The half-life of 99mTc is 6 hours.
• Its parent 99Mo (T1/2 = 66 h) is more appropriate to deliver.
• In Japan, all amounts required for ~900,000 scans/year are 

imported.

S. Takacs et al., "Reexamination of cross sections of the 100Mo(p,2n)99mTc 
reaction", Nucl. Instrum. Methods B 347 (2015) 26.



99Mo production route other than U fission

• Production reactions of 99Mo from stable nuclei.

97Mo

96Nb

98Tc
99Tc

(T1/2=6 h)
100Tc 101Tc

97Mo 98Mo
99Mo

(T1/2=66 h)
100Mo

96Nb 97Nb 98Nb 99Nb

95Zr 96Zr 97Zr 98Zr

Stable nuclei

Unstable nuclei

N

(n,2n)
(,n)

(n,)

(,n)
[+(,p)99Nb(-)]

Z



96Zr(,n)99Mo reaction

• One of the reactions to produce 99Mo is the 96Zr(,n)99Mo 
reaction.

• Cross sections had been studied in two earlier experiments.

Large discrepancy
(~50%)

n

z
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We performed experiments.



Method

• We used the well-established methods for the cross section 
measurements.
– Stacked-foil activation technique
– -ray spectrometry



Experimental setup

• The two targets consisted of natZr (96Zr: 2.8%) and natTi foils.
• The targets were irradiated by 51 and 29 MeV -beams 

with 200 nA for 2 hours at RIKEN AVF cyclotron.

RIKEN AVF cyclotron Zr/Ti foils Target holder



Experimental conditions

• Experimental conditions were changed in two experiments.

#1 (2017/10) #2 (2017/12)
Energy 51.0 MeV 28.9 MeV

Intensity 203.6 pnA 205.0 pnA
Period 7200 s 7200 s

natZr
13.3 mg/cm2

20.5 m
99.2 % purity

6.75 mg/cm2

10.4 m
99.2 % purity

natTi
2.3 mg/cm2

5.3 m
99.6 % purity

2.4 mg/cm2

5.4 m
99.6 % purity



natTi(,x)51Cr monitor reaction

• Cross sections derived in our experiments were compared 
with the IAEA recommended values.

• The monitor cross sections could be reproduced.
• No corrections are required for the beam and targets.



Result: 96Zr(,n)99Mo reaction

• The two results are very similar to each other, but different 
from the previous studies.

The peak position is different from 
previous data, but similar to theory.

The amplitude is higher 
than other data.

Positive for 99Mo production



Paper and entry

• The paper was published and compiled into EXFOR.



44Ti/44Sc generator

• 44gSc (T1/2 = 3.97 h, +: 94.3%) can be used for PET.
• Its parent 44Ti (T1/2 = 59.1 y, : 100%) is expected to be a 

generator.



Scandium and titanium radioisotopes

• 44gSc (T1/2 = 3.97 h, +: 94.3%)
– Emitted positrons (Eave: 632 keV) can be used for PET.

• 44Ti (T1/2 = 59.1 y, : 100%)
– Generator of 44gSc.
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Proton- and deuteron-induced reactions on 45Sc

• The literature data of proton- and deuteron-induced 
reactions found in the EXFOR library were scattered or few.



Our experimental results

• We performed two experiments to measure the cross 
sections.

proton deuteron
Beam 51.0 MeV, 195 nA, 3600 s 24.3 MeV, 180 nA, 1800 s
45Sc 102 μm, 99 % purity 25.8/250 μm, 99.9% purity
natTi 4.97 μm, 99.6 % purity 20.2 μm, 99.6 % purity



Physical thick target yield

• The physical thick target yield of 44Ti in the 45Sc(p,2n)44Ti 
reaction was derived using the measured cross sections.

• The yield was ~1 MBq/C (3.6 kBq/μAh) at the incident 
energy of 30 MeV.



Activity required for 18F-FDG scan

• The required activity for the PET scan is 74-370 MBq, which 
depends on the weight of each patient.



Possible beam intensity at J-PARC

• The possible beam intensity of a 30-MeV proton beam at J-
PARC is more than 50 mA.



Possible activity

• If we can use a 30-MeV proton beam of 50 mA for 3 h, the 
produced activity of ~525 MBq is expected.



Paper and entry



211Rn/211At generator

• 211At (T1/2 = 7.22 h) is an alpha emitter and can be used for 
therapy.

• Its parent 211Rn (T1/2 = 14.6 h) can be a generator. 



209Bi(7Li,5n)211Rn reaction

Cross section (#1) Cross section (#2) Yield
Beam 71.9 MeV, 147 nA, 3600 s 71.9 MeV, 147 nA, 3420 s 71.2 MeV, 142 nA, 1200 s

209Bi 7.34 mg/cm2, 100 % 
purity

5.72 mg/cm2, 100 % 
purity

1062 mg/cm2, 100% 
purity

27Al 8.04 μm, 99 % purity 17.7 μm, 99 % purity 10 μm, 99 % purity



Summary

• To discuss production of radioisotopes for generators, 
nuclear data, e.g. cross sections and yields, are necessary.

• We systematically measure experimental cross sections 
using stacked-foil activation technique and gamma-ray 
spectrometry. 

• Activation cross sections for some generators were 
measured.
– 99Mo/99mTc
– 44Ti/44Sc
– 211Rn/211At
– 68Ge/68Ga
– 140Nd/140Pr
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