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Introduction
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Figure 1. Color-coded periodic table with current or potential applications of each element in diagnostic and/or therapeutic
radiopharmaceuticals.”™"* Periodic table reproduced by permission of International Union of Pure and Applied Chemistry. Copyright © 2018
International Union of Pure and Applied Chemistry.

T.l. Kostelnik et al., Chem. Rev. 119 (2019) 902
https://doi.org/10.1021/acs.chemrev.8b00294
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Table 1. List of radioisotopes developed for application studies at RIBF since 2002,
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* RIKEN supplies a wide variety of EAeE o= =
radioisotopes for both
applications and research.

* As shown in the list, numerous S o E TEE TS
Rls and their corresponding e e =
production reactions are
available.

H. Haba, Proceedings of the 2020 Symposium o Dr. Haba, Tue _S3 B, 2026/02/17

Nuclear Data, (2021) 36. 17:20
https://doi.org/10.11484/jaea-conf-2021-001 )
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Need for reaction comparison

 All feasible reactions must
be examined to choose the
most efficient production
route.
* Maximizing production yield

* Minimizing production cost
and radionuclidic impurities

|

Comparison of "Cr(p,x)>?6Mn (dashed)

|

and "V(o,x)>%6Mn reactions (solid)
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[ Systematic cross-section measurements are required. J
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Method

* We perform cross section
measurements using the well-
established methods.

 Stacked-foil activation technique
* y-ray spectrometry

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp 5
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Highly accurate and precise measurement of excitation functions

Stacked-foil activation technique
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Irradiated foils
= y-ray spectrometry with Ge detector

DAQ Station
T. Watanabe et al., Proc. PASJ2017, WEPQ91.

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp

/ Advantages of the facility \

* TOF system
e Faraday-cup like target holders
e 8x80rl1l0x10mm
targets
* HPGe detectors
e (Calibration sources
* Projectiles
* 30-MeV protons
e 24-MeV deuterons
* 50-MeV a

k e 70-MeV 7L /

Slide courtesy of
Dr. Haba (RIKEN)
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Systematic excitation function measurements (1)

No. Reactions References
¢ 30-MeV p, 24-MeV d, ; Tl ) Y, 54 404647 405 Khandaker et al., Nucl. Instr. and Meth. B 296, 14
. (2013).
50-MeV «q, and 70-MeV ’Li — R (d, )0V, 24 4G 46, Khandaker et al.. AIP Conf. Proc. 1508, 433 (2013),
e > 450 excitation functions 3 "rewx®eesence, Sessn, fer, Fre R
4
5

Khandaker et al., Nucl. Instr. and Meth. B 316, 33
natZr( X §0g,911,92m,95m 959,96 N[ 1y 957y 874,68

SGIN 997p 57088y Murakami et al., Appl. Radiat. Isot. 90, 149 (2014).
nath(d x)169 170,171,172,173,174m,174,176m 1T7gLu

Sunway Univ 169,475,177y Khandaker et al., Nucl. Instr. and Meth. B 335, 8 (2014).
Khandaker et al., J. Radioanal. Nucl. Chem. 302, 759
nat, 62,65 64, 60g+m 59 i 1
M. U. Khandaker ° culdx)"7zn, "Cu, ""7Co, "Fe  (2014)
7 0 Zn(d x)“ 57Ga Sii*GCo Khandaker et al., Nucl. Instr. and Meth. B 346, 8 (2015).
Umaru Musa 7) AR AU, Khandaker et al.. Nucl. Instr. and Meth. B 362. 151
8 195m 1’9 Pt, 190(g+m1+0085m2)192(g+m1)194m|r (2015)
1 . -
Yar'adua Univ. ) Usman et al., Nual. instr and Meih. B 368, 112 (2016),
10 Takécs et al., Nucl. Instr. and Meth. B 375, 60 (20186).
A. R. Usman 11 Takacs et al., Nucl. Instr. and Meth. B 383, 213 (2016).
12 Ditréi et al., Nucl. Instr. and Meth. B 385, 1 (2016).
13 natCu(a( x)66 67Ga\ 65Zn DLss 5“Co Usman et al., Appl. Radiat. Isot. 114, 104 (2016).
. - nath o, X 117m1131108n
HOkkaldo Unlv. 14 117mg116m115m11£‘l1r;|5‘|)21ir1r|1111110mg109m 108mg|n Dltrél et aI,AppI Radlat |SOt 118, 266 (2016)
. 9.111mcy
M . Al ka Wa et a | . 57 52,2401 . nats 51~ ... nat, 66,67
) . 15 AlX)TENa QXY TCr TCU(@X)TTGA,  rokscs et al., Nucl. Instr. and Meth. B 397, 33 (2017).
Fukushima Med. Univ. 16 Saito et al., Appl. Radiat. Isot. 125, 23 (2017).
H 17 "i(a,x)" 45Cr By, 43K 35,346 48G%m 47856 Jsman et al,, Nucl, Instr. and Meth. B 399, 34 (2017).
N. U konr K. WaSh Iya ma,~ 18 27Al(c| x)24Na Khandaker et al., EPJ Web Conf. 146, 11029 (2017).
1 1 i Ukon et al., Nucl. Instr. and Meth. B 426, 13 (2018).
Sa Ita ma U niv. Aikawa et al., Nucl. Instr. and Meth. B 426, 18 (2018).

Aikawa et al., Nucl. Instr. and Meth. B 427, 91 (2018).
Ditr6i et al., Nucl. Instr. and Meth. B 436, 119 (2018) .
Aikawa et al., Nucl. Instr. and Meth. B 436, 217 (2018).

S. Ebata

ATOMKI

natlr(u m,g,194,193m,g,192,191m, gAu ) .
! 291 195mpt 1949,194m,1929,190g, 1ss|r Takacs et al., Appl. Radiat. Isot. 136, 133 (20']8).

&)
S. Ta kacs F. D|tr0| Usman et al., AIP Conf. Proc. 1958, 020020 (2018).
’ : Murata et al., Appl. Radiat. Isot. 144, 47 (2019).
and S. Zoltan Rtp g (a,x) 1109107 108, 104G 1”9””’"'05’"'0591039Ag Aikawa et al., Nucl, Instr. and Meth. B 449, 99 (2019).
"a‘N|(q x)sszn 5Co. 57Ni: "a‘Tl(cx x)"GSc sicr, 48y Corniani et aI., J. Radioanal. Nucl. Chem. 320, 813 .
T Slide courtesy of
IAEA natyp(a,x)! 01121 0 TATZTISTIIG) y 199 Saito et al., Nucl. Instr. and Meth. B 453, 15 (2019). y
Y (ox)zr, ®Nb Murata et al., Nucl. Instr. and Meth. B 458, 21 (2019).
nat 176,177,178 175,176,177,1789,1809,1829,183
N. Otsuka Ry s virom toom. 1914 T, Takacs etal, Nucl. Instr. and Meth. B 459, 50 (2019). Dr. Haba ( RIKEN )
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Systematic excitation function measurements (2)

¢ 30-MeV p, 24-MeV d,

50-MeV a, and 70-MeV 7Li =
e > 450 excitation functions

Sunway Univ.

M. U. Khandaker
Umaru Musa
Yar'adua Univ.

A. R. Usman

Hokkaido Univ.
M. Aikawa et al.

Fukushima Med. Univ.
N. Ukon, K. Washiyama

Saitama Univ.
S. Ebata

ATOMKI
S. Takacs, F. Ditrdi,
and S. Zoltdn

IAEA
N. Otsuka

No.

32

Reactions

References

RRtE p(a,x) POy b, 10016616 BB TOA T

Saito et al., Appl. Radiat. Isot. 154, 108874 (2019).

159Tb(d,x)1 57,159Dy, 160Tb

Ichinkhorloo et al., Nucl. Instr. and Meth. B 461, 102
(2019).

Usman et al.,, Nucl. Instr. and Meth. B 469, 42 (2020).

7UTm, né“tEr(d,)_(l" K Er

Khandaker et al., Nucl. Instr. and Meth. B 470, 1 (2020).

36 Zn(d,x)*>55768Gg 036569m7 8oy Bco Tsoodol et al., Appl. Radiat. Isot. 159, 109095 (2020).
37 T T m(p,x) Vb, " Tm Saito et al. Nucl. Instr. and Meth. B 471, 13 (3020},

38 Sakaguchi et al., Nucl. Instr. and Meth. B 472, 59 (2020).
39 NatNj(ar,x)°75481.80C y 82 Takéacs et al., Nucl. Instr. and Meth. B 479, 125 (2020).
40 S¢(d,x)**4Tj, Mm 0465 ¢ Tsoodol et al., Appl. Radiat. Isot. 168, 109448 (2020).
41 "aTij(a,x)*'Cr,**Sc Usman et al., EPJ Web Conf. 239, 01011 (2020).

42 41pr(d x)"*114Nd, “pr,"°Ce Aikawa et al_ Nucl_Instr. and Meth. B 498 23 (2021).
43 natGd(ﬂ,X)155’157'159Dy,153’155'156Q'160’161Tb,153Gd ég%i;}](;’]OHOO et al., Nucl. Instr. and Meth. B 499, 46

44 Sakaguchi et al., Appl. Radiat. Isot. 176, 109826 (2021).
45 "Sbi(a,x) "Te,  Takécs etal., Nucl. Instr. and Meth. B 505, 24 (2021).

118m,120m 1228y

Aikawa et al., Nucl. Instr. and Meth. B 508, 29 (2021).

Aikawa et al., Nucl. Instr. and Meth. B 515, 1 (2022).

Aikawa et al., Appl. Radiat. Isot. 187, 110345 (2022).

Ebata et al, Nucl. Instr. and Meth. B 530, 18 (2022).

Huang et al., Nucl. Instr. and Meth. B 530, 23 (2022).

196m2,195,194, 193,192,151 oy 19Tp¢ 1921901 Gantuymur et al., Appl. Radiat. Isot. 192, 110621 (2023).

Ichinkhorloo et al., Nucl. Instr. and Meth. B 636, 30
(2023).

nat 185,18:
"W(a,x)'®>
1889,1869,1849,183g

Ukon et al., Nucl. Instr. and Meth. B 5§39, 95 (2023).

Aikawa et al., Nucl. Instr. and Meth. B 543, 165093

nat, 185,183m,183g 1889,186g,184m,1849,183g
54 Re(d,x) Os, Re (2023).
55 natTa(G X)131,182m,132g,133,1s4m,1s4gRe 1739,13291-3 Takacs et al., Nucl. Instr. and Meth. B 543, 165127
’ ’ (2023).
56 4S5 ¢(p,x)H9HmAsge 4544Tj Ditréi et al., Radiat. Phys. Chem. 218, 111572 (2024).
57 455¢(01,x) 8V, 45T, 4T46m944m 44,4395 ¢ 4342 Aikawa et al., Nucl. Instr. and Meth. B 550, 165315
...... ; S ’ (2024).
58 "ACr(a,x)°%Fe, °2>*Mn, **°'Cr, Vv Ukon et al., Nucl. Instr. and Meth. B 552, 165348 (2024).
59 "a‘Cu(7Li X)GB’GSGG s7,ssGa sgm,sszn Aikawa et al., Nucl. Instr. and Meth. B 554, 165441
S S i ; ’ (2024).
- natpt(q,x)zﬁum,zﬂug,

199m,1s1m,1s1g,195m,195g,1szhg 197m,197g,195mpy 195m.'i‘§5g|r Otuka et al., Eur. Phys. J. A 60, 195 (2024).
1

na(Re(q’x)1 90g,1 8991,849 oo
"=9Re

Gantumur et al., Appl. Radiat. Isot. 213, 111486 (2024).

natzp(p,x)%'Cu, 626569mzyy SiCq 6667.68G,

Khandaker et al., Radiat. Phys. Chem. 226, 112272
(2025).

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp
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* 1%Yb (T,/, =32.0d) is an
Auger electron and X-ray
emitter and can be used for
brachytherapy.

Driving stepper ' Asymmetric Partially-shielded 1$°Yb e

motors(s) central gear RSBT source

Adams et al., Medical Physics 47 (2020) 6430.
https://doi.org/10.1002/mp.14533

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp
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Charged-particle-induced reactions for 1°°Yb

* There are several charged-
particle-induced reactions to
produce the medical RI 1%°Yb.

° 169Tm(p,n)169Yb
o 169Tm(d,2n)1%9Yb
e 169Tm(a,x)1%°Yb
° natEr(a’X)l69yb

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp
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Previous studies

169Tm(p'n)169Yb
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Our results

N
169Tm(p,n)%°Yb "% Tm(p,n)" v
@ATOMKI Birattari (1973) &
Spahn (2005) & |
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2 Thiswork e
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S 100
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1400
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@RIKEN
(To be submitted)

= N.L.Singh et al.(1930)
+ J.Sau et al (1968)
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M. Saito et al., Nucl. Instrum. Methods B 471 (2020) 13
M. Saito et al., Appl. Radiat. Isot. 154 (2019) 108874
M. Saito et al., Appl. Radiat. Isot. 125 (2017) 23
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_ Hermanne et al. 2009 —a—
@RIKEN

TENDL2015 - - - -
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Thick target yields

* Using the measured cross 5 |
sections, physical thick
target yields (MBq/uAh)
were derived and compared.

Physical yield (MBg/uAh)
w

* The best route can be

" Physical yield of "°%YD |

..... 189Tm(d,2n) [2]
......... "aEr(o,x) [3]

—— 1%97m(p,n) This work |

discussed based on the 0.

Energy (MeV)

o0

derived yields.

best for %9Yb production.

[ The %9Tm(d,2n)®°Yb reaction is the

|

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp
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Medical application of Astatine-211

One-pal thres-component gouble elfck fabeling

* Astatine-211 (T,/, =7.22 h) is an s

. o e’[:‘i M [ g TSu#*
o emitter and attracts many g aolt ey SO nea .“*;]:J
i Ll ] . = M ".'
researchers because of “oe LY Decaborate-
. ) ¥ = Et,NH trastuzumab M atlabeled trastuzumab
effectiveness in therapy. (atastoumab |

Tl'-l.‘ﬂ-ll.lll.ll'ﬂ!l}

AR s e

Weak therapautic El!e-l:mru TS S0

offect therapy

Fujiki et al., Chem. Sci. 10 (2019) 1936
https://doi.org/10.1039/C85C047478B

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp 14
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Production of 211Rn via the 29°Bi+’Li reaction

+ 211Rn (T, ,, = 14.6 h) is
expected to be a generator.

* One possible production
reaction, the
209Bj(”Li,5n)%1Rn reaction,
was investigated.

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 1200
[72]
o O present study
Rn210 | Rn21l > 1000
Q
800 X Meyer et al.

600 =—HIVAP

AN
ﬁ/gfﬁﬁmﬁi%

Po207 [“poz10 [* o211
h 138d 500ms
. Q
Long: 124 Q
lived 35 40
6 Pb207
I table

45 50 55 60
B/ MeV

Fig.3 Excitation function of the zqui(TLi, 5n)2]'R|1 reaction. Circle
marks indicate results from the S

present study, whereas crosses

sses are
results from [6]. Data are compared with a solid line calculated with
the use of the HIVAP code in logarithmic scale in the upper figure
and in linear scale in the bottom figure

Maeda et al., J. Radioanal. Nucl. Chem. 323 (2020) 921.
https://doi.org/10.1007/s10967-019-06990-z

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp
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Production cross sections of 211Rn and 41%Rn

 Production cross sections of

211Rn and 219Rn were
determined.

1000 -

800

ction (mb)

600 -

400 -

Cross sel

200

0

209B;i(7Lj,5n)211Rn

X Meyer (1980)
O Dasgupta (2004)
A Maeda (2020)

® This work (#1)
O This work (#2)

* The measured cross sections are

slightly deviated from those of

previous studies.

700

30 40

50

60

70

209Bi(7Lj,6n)21%Rn
O Dasgupta (2004) a
_. 500~ & Maeda (2020)
€ ® This work (#1)
= 400 - O This work (#2) o
“ 300 -
g
o Yay
200 -
100
&4
0
40 45 50 55 60 65 70
Energy (MeV)
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Experiments by our group (2025-2026)

Reaction Authors Date Remark
1 Ce+a Ebata et al. 2025/2
2 Ho+a Tornyi et al. 2025/2 Accepted in EPJ/A
3 Nb+a Huang et al. 2025/2 Published (10.1016/j.cjph.2025.11.038)
4 Rh+a Ditroi et al. 2025/2 Published (10.1140/epja/s10050-025-01670-x)
5 Fe+Li Aikawa et al. 2025/3
6 V+Li Aikawa et al. 2025/3
7 Ag+li Aikawa et al. 2025/4
8 Zr+li Aikawa et al. 2025/4
9 Sr+d Nambu et al. 2025/6
10 Au+a Damdinsuren et al. 2025/9
11 Fe+a Aikawa et al. 2025/9 Published (10.1016/j.apradiso.2026.112460)
12 Mg+a Aikawa et al. 2025/9 Submitted to NIM/B
13 Ra+p Nambu et al. 2025/10
14 Ho+d Ukon et al. 2026/2
15 Pb+d Bold et al. 2026/2

Masayuki AIKAWA — aikawa@sci.hokudai.ac.jp
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Collaborators (for experiments in 2025-2026)

H. Huang, D. Ichinkhorloo, H. Chiba Hokkaido University, Japan

H. Haba, A. Nambu RIKEN, Japan
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