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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



Medical application of Astatine-211

• Astatine-211 (T1/2 = 7.22 h) is an alpha emitter and attracts 
many researchers because of effectiveness in therapy.

アスタチン-211の実用的な標識法の開発, RIKEN
https://www.riken.jp/press/2019/20190118_3/index.html



Production of 211At

• Cross sections for 211At (T1/2 = 7.22 h) production via the 
209Bi(α,2n)211At reaction were measured by several groups.

• The incident energy should be less than 29 MeV to avoid 
production of 210At (T1/2 = 8.1 h, ε+β+: 99.825%, →210Po 
(T1/2 = 138 d)).

Alfarano et al., J. Phys.: Conf. Ser. 41 (2006) 115.

Eth = 28.4 MeVEth = 20.6 MeV



Production of 211Rn via the 209Bi+7Li reaction

• Unfortunately, the half-life of 211At (T1/2 = 7.22 h) is too 
short to deliver.

• 211Rn (T1/2 = 14.6 h) is expected to be a generator.
• One possible production reaction, the 209Bi(7Li,5n)211Rn 

reaction, was investigated.

Maeda et al., J. Radioanal. Nucl. Chem. 323 (2020) 921.



Production cross sections of 211Rn and 210Rn

• Production cross sections of 211Rn and 210Rn were 
determined.

• The measured cross sections are slightly deviated from 
those of previous studies.

Eth = 35.9 MeV Eth = 43.3 MeV



Another alpha emitter: 149Tb (T1/2 = 4.1 h, Iα = 16.7%)

• Is 144Sm(7Li,2n)149Tb reaction available for production?

NuDat 3.0, https://www.nndc.bnl.gov/nudat3/



Monitor reactions

• Monitor reactions play an important role to determine 
projectile energy to produce required amounts of RI of 
interest under constraints to minimize impurities.

Monitor Reactions 2017,
https://www-nds.iaea.org/medical/monitor_reactions.html



Monitor reactions

• Cross section values recommended by IAEA are used to 
assess experimental parameters, such as beam intensity 
(amplitude), projectile energy (peak position) and target 
thicknesses (shape).

Main targets
Monitor targets

projectile

𝐸′ ൐ 𝐸′′ ൐ 𝐸′′’ 𝐸′𝐸′′𝐸′′′
Reliability of the parameters 

can be confirmed.



Purpose

• There are no monitor reactions for lithium-induced reactions.
• We performed cross section measurements of 7Li-induced 

reactions on natCu and natTi.

Monitor reactions published by IAEA

AlphaDeuteronProton

27Al(α,x)22,24Na
natTi(α,x)51Cr

natCu(α,x)66,67Ga,65Zn

27Al(d,x)22,24Na
natTi(d,x)48V,46Sc

natFe(d,x)56Co
natNi(d,x)61Cu,56,58Co

natCu(d,x)62,63,65Zn

27Al(p,x)22,24Na
natTi(p,x)48V,46Sc

natNi(p,x)57Ni
natCu(p,x)62,63,65Zn,56,58Co

natMo(p,x)96m+gTc



Method

• We performed cross section measurements using the 
following well-established methods at RIKEN.
– Stacked-foil activation technique
– γ-ray spectrometry



Experiments of Cu targets

• Experiments were conducted at the RIKEN AVF cyclotron
• Three stacked targets were irradiated with 71.6-MeV 7Li 

beams.
#3 (TTY)#2 (σ)#1 (σ)

71.6 ± 0.4 MeVEnergy

309 ± 15 nA321 ± 16 nA314 ± 16 nAIntensity

1800 s3600 s3600 sPeriod

8 Cu foils17 sets of 
Ti-Al-Cu-Al foils

17 sets of 
Cu-Al-Ti-Al foilsTarget

21.5 ± 0.2 mg/cm24.49 ± 0.04 mg/cm2natCu

2.34 ± 0.02  mg/cm2natTi

1.21 ± 0.01 mg/cm227Al



Activation cross sections

• Cross sections to form 69,68Ge, 67,66Ga, and 69m,65Zn derived 
from the two experiments are consistent.



Result: Ge radioisotopes

• Production cross sections of 69,68Ga were derived.

NuDat 3.0

Problems
69Ge: Large Iγ uncertainty (36(4)%)
68Ge: Low statistics

(T1/2 = 271 d, Iγ = 3.22(3)%)



Result: Ga radioisotopes

• Production cross sections of 67,66Ga were derived.

NuDat 3.0



Result: Zn radioisotopes

• Production cross sections of 69m,65Zn were derived.

NuDat 3.0

Problems
69mZn: Low σ



Comparison of thick target yields

• Experimental physical thick target yields of 69,68Ge, 67,66Ga 
and 69m,65Zn were determined and compared with the 
calculated ones using the measured cross sections.

• The consistencies could be found.



Possible monitor reactions with Cu targets

• The three reactions, natCu(7Li,x)66,67Ga, 65Zn, may be 
appropriate for the monitor reactions.

• Another reaction, natCu(7Li,x)69Ge, can be added.

SuggestionMonitor reactions published by IAEA

7LiAlphaDeuteronProton

natCu(7Li,x)66,67Ga,65Zn
27Al(α,x)22,24Na

natTi(α,x)51Cr
natCu(α,x)66,67Ga,65Zn

27Al(d,x)22,24Na
natTi(d,x)48V,46Sc

natFe(d,x)56Co
natNi(d,x)61Cu,56,58Co
natCu(d,x)62,63,65Zn

27Al(p,x)22,24Na
natTi(p,x)48V,46Sc

natNi(p,x)57Ni
natCu(p,x)62,63,65Zn,56,58Co

natMo(p,x)96m+gTc



Compilation to EXFOR E2785

ENTRY            E2785   20240722                                 E278500000001 
SUBENT        E2785001   20240722                                 E278500100001 
BIB                 12         25                                 E278500100002 
TITLE      Activation cross sections of 7Li-induced reactions on  E278500100003 

natCu for monitor reactions                            E278500100004 
AUTHOR     (M.Aikawa, S.Goto, D.Gantumur, D.Ichinkhorloo, N.Ukon, E278500100005 

N.Otuka, S.Takacs, H.Haba)                            E278500100006 
INSTITUTE  (2JPNHOK,3MGLNUM,2JPNFMU,3ZZZIAE,3HUNDEB,2JPNIPC)      E278500100007 
REFERENCE  (J,NIM/B,554,165441,2024)                              E278500100008 
INC-SOURCE Beam intensity: 314 and 321 nA for cross sections and  E278500100009 

309 nA for thick target yields                         E278500100010 
SAMPLE     - Chemical-form of target is element.                  E278500100011 

- Physical-form of target is solid.                    E278500100012 
- Target-thickness: 4.49 mg/cm2 for cross sections and E278500100013 
21.5 mg/cm2 for thick target yields                  E278500100014 

METHOD     (ACTIV) Irradiated for 60 min for cross sections and   E278500100015 
30 min for thick target yields                 E278500100016 

(GSPEC)                                                E278500100017 
FACILITY   (ISOCY,2JPNIPC)                                        E278500100018 
DETECTOR   (HPGE)                                                 E278500100019 
ERR-ANALYS (ERR-1) beam intensity                                 E278500100020 

(ERR-2,0.1,11.) gamma ray intensity (0.1-11%)          E278500100021 
(ERR-3) detector efficiency                            E278500100022 
(ERR-4) target thickness                               E278500100023 
(ERR-S,0.5,37.) counting statistics (0.5-37%)          E278500100024 

FLAG       (1.) Result using stacked target no. 1                 E278500100025 
(2.) Result using stacked target no. 2                 E278500100026 

HISTORY    (20240623C) MA                                         E278500100027 
ENDBIB              25          0                                 E278500100028 
COMMON               3          3                                 E278500100029 
ERR-1      ERR-3      ERR-4                                       E278500100030 
PER-CENT   PER-CENT PER-CENT E278500100031 
5.         5.         1.                                         E278500100032 
ENDCOMMON            3          0                                 E278500100033 
ENDSUBENT           32          0                                 E278500199999 



Experiments of Ti targets

• Experiments were conducted at the RIKEN AVF cyclotron
• Three stacked targets were irradiated with 71.6-MeV 7Li 

beams.
#3 (TTY)#2 (σ)#1 (σ)

71.6 ± 0.4 MeVEnergy

309 ± 15 nA321 ± 16 nA314 ± 16 nAIntensity

1800 s3600 s3600 sPeriod

7 Ti foils17 sets of 
Ti-Al-Cu-Al foils

17 sets of 
Cu-Al-Ti-Al foilsTarget

22.7 ± 0.2 mg/cm22.34 ± 0.02  mg/cm2natTi

4.49 ± 0.04 mg/cm2natCu

1.21 ± 0.01 mg/cm227Al



Activation cross sections

• Cross sections to form 54,52gMn, 51,49,48Cr, 48V, and 48,47,46Sc 
derived from the two experiment are consistent.



Result: Mn radioisotopes

• Production cross sections of 54,52gMn were derived.

NuDat 3.0



Result: Cr radioisotopes

• Production cross sections of 51,49,48Cr were derived.

NuDat 3.0

Problems
49Cr: Low σ and short T1/2 (42.3 min) 
48Cr: Low σ



Result: V radioisotopes

• Production cross sections of 48V were derived.

NuDat 3.0

Problems
48V: Unknown effect of secondary 
particles at low energy region



Comparison of thick target yields

• Experimental physical thick target yields of 54,52gMn, 51Cr, 48V, 
and 48,47,46Sc were determined and compared with the 
calculated ones using the measured cross sections.

• The consistencies could be found.



Possible monitor reactions with Ti targets

• The three reaction, natTi(7Li,x)54,52gMn, 51Cr, may be 
appropriate for the monitor reactions.

SuggestionMonitor reactions published by IAEA

7LiAlphaDeuteronProton

natTi(7Li,x)54,52gMn,51Cr
natCu(7Li,x)66,67Ga,65Zn

27Al(α,x)22,24Na
natTi(α,x)51Cr

natCu(α,x)66,67Ga,65Zn

27Al(d,x)22,24Na
natTi(d,x)48V,46Sc

natFe(d,x)56Co
natNi(d,x)61Cu,56,58Co
natCu(d,x)62,63,65Zn

27Al(p,x)22,24Na
natTi(p,x)48V,46Sc

natNi(p,x)57Ni
natCu(p,x)62,63,65Zn,56,58Co

natMo(p,x)96m+gTc



Compilation to EXFOR E2798 (Prelim.E151)

ENTRY            E2798   20241125                                 E279800000001 
SUBENT        E2798001   20241125                                 E279800100001 
BIB                 12         22                                 E279800100002 
TITLE      Activation cross sections of 7Li-induced reactions on  E279800100003 

natTi: Implications for monitor reactions              E279800100004 
AUTHOR     (M.Aikawa, S.Goto, D.Gantumur, D.Ichinkhorloo, N.Ukon, E279800100005 

N.Otuka, S.Takacs, H.Haba)                            E279800100006 
INSTITUTE  (2JPNHOK,3MGLNUM,2JPNFMU,3ZZZIAE,3HUNDEB,2JPNIPC)      E279800100007 
REFERENCE  (J,NIM/B,559,165579,2025)                              E279800100008 
INC-SOURCE Beam intensity: 314, 321, and 309 nA, respectively.    E279800100009 
SAMPLE     - Chemical-form of target is element.                  E279800100010 

- Physical-form of target is solid.                    E279800100011 
- Target-thickness is 2.34 mg/cm2.                     E279800100012 

METHOD     (ACTIV) Irradiated for 60, 60, and 30 min.,            E279800100013 
respectively.                                  E279800100014 

(GSPEC)                                                E279800100015 
FACILITY   (ISOCY,2JPNIPC) AVF cyclotron                          E279800100016 
DETECTOR   (HPGE)                                                 E279800100017 
ERR-ANALYS (ERR-1) target thickness                               E279800100018 

(ERR-2) detector efficiency                            E279800100019 
(ERR-3) current integration by Faraday cups            E279800100020 
(ERR-4,,3.6) gamma-ray intensity (<3.6%)               E279800100021 

FLAG       (1.) Result using stacked target no. 1                 E279800100022 
(2.) Result using stacked target no. 2                 E279800100023 

HISTORY    (20241124C) MA                                         E279800100024 
ENDBIB              22          0                                 E279800100025 
COMMON               3          3                                 E279800100026 
ERR-1      ERR-2      ERR-3                                       E279800100027 
PER-CENT   PER-CENT PER-CENT E279800100028 
1.         5.         5.                                         E279800100029 
ENDCOMMON            3          0                                 E279800100030 
ENDSUBENT           29          0                                 E279800199999 
SUBENT        E2798002   20241125                                 E279800200001 
BIB                  4          4                                 E279800200002 
REACTION   (22-TI-0(3-LI-7,X)25-MN-54,,SIG)                       E279800200003 
DECAY-DATA (25-MN-54,312.20D,DG,834.8,0.999760)                   E279800200004 
ERR-ANALYS (ERR-T) Total uncertainty                              E279800200005 
STATUS     (TABLE,,M.Aikawa+,J,NIM/B,559,165579,2025) Tables 4-5  E279800200006 



Summary

• There are no monitor reactions for lithium-induced reactions.
• We performed to measure cross sections of 7Li-induced 

reactions on natCu and natTi to discuss possible monitor 
reactions.

• We found several possible reactions,
– natTi(7Li,x)54,52gMn,51Cr
– natCu(7Li,x)66,67Ga,65Zn

• We will accumulate their data and study other possible 
targets, e.g., 27Al, natNi, and natFe.
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