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Targeted Alpha Therapy (TAT)
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Metastatic castration-resistant prostate cancer （mCRPC）

J. Nucl. Med., 57, 1941-1944 (2016)

100 kBq/kg

6.4 MBq

7.4 GBq

177Lu

• Peritoneal carcinomatosis

• Liver metastases

• 177Lu-PSMA-617: increasing PSA, tumor progression in PET/CT

• 225Ac-PSMA-617: no relevant hematological toxity, PSA below measurable

xerostomia (spray substitution of saliva)

68Ga-PSMA-11 PET/CT

225Ac

>

Complete 

remission

PSA: prostate specific antigen, tumor marker

b
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Targeted Alpha Therapy (TAT)
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Metastatic castration-resistant prostate cancer （mCRPC）

100 kBq/kg

9-10 MBq

225Ac

227Th
223Ra

225Ac
213Bi

211At

J. Nucl. Med., 57, 1941-1944 (2016)



211At for TAT
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Nuclear Property Chemical Property

211Po
25 s/0.5 s

211At

7.2 h

207Pb

207Bi

32 y

α

α
58％ 42％

Halogen element

5B 6C 7N 8O 9F 10Ne

2He

13Al 14Si 15P 16S 17Cl 18Ar

31Ga 32Ge 33As 34Se 35Br 36Kr

49In 50Sn 51Sb 52Te 53I 54Xe

81Tl 82Pb 83Bi 84Po 85At 86Rn
Proper half-life 7.2 h
Synthesized by Accelerator

Limited Facilities
Speciation had never conducted

At-, At+, AtO+, AtO3-, AtO4- proposed



Objective
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211Rn/211At Generator Astatine Chemistry

211Po
25 s/0.5 s

211At

7.2 h

207Pb

207Bi

32 y

α

α
58％ 42％

5B 6C 7N 8O 9F 10Ne

2He

13Al 14Si 15P 16S 17Cl 18Ar

31Ga 32Ge 33As 34Se 35Br 36Kr

49In 50Sn 51Sb 52Te 53I 54Xe

81Tl 82Pb 83Bi 84Po 85At 86Rn
Proper half-life 7.2 h
Synthesized by Accelerator

Limited Facilities Unascertained & Challenging

Halogen element



211Rn/211At Generator Project
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209Bi(7Li, 5n)211Rn

211At

7.2 h

209Bi

212At 213At

211Rn
14.7 h

212Rn 213Rn 214Rn 215Rn 216Rn

Neutron number

209Bi(4He, 2n)211At

A
to

m
ic

 n
u

m
b

e
r

Advantage of generator

Twice longer half-life 

Radioactive equilibrium
Long distance transport

211At

211Rn
211Rn-At

Unique supplying method of 211At

211At for TAT is produced by different reaction 

instead of general production reaction



211Rn/211At Generator Project
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Concept of 211Rn/211At generator
⚫ R. M. Lambrecht, S. Mizadeh,  Int. J. Appl. Radiat. Isot.,  

36 (1985) 443-450.

Several projects have been conducted
⚫ E. Maeda, A. Yokoyama, et al., J. Radioanal. Nucl. 

Chem., 303 (2015) 1465.

⚫ J. P. Greene et al., J. Radioanal. Nucl. Chem. 305 (2015) 

943-946.

⚫ J. R. Crawford et al., Nucl. Med. Bio., 48 (2017) 31-35; 

Appl. Radiat. Isot. 122 (2017) 222-228.

Supported by JSPS KAKENHI 

JP2360013, JP15K04741, since 2011

Japan Society for the Promotion of Science
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J. Radioanal. Nucl. Chem. 304 (2015) 1077-1083

J. Radioanal. Nucl. Chem. 314 (2017) 1947-1965

J. Radioanal. Nucl. Chem. 323 (2020) 921-926

J. Radioanal. Nucl. Chem. 303 (2015) 1465-1468

J. Radioanal. Nucl. Chem. 318 (2018) 897-905

J. Radioanal. Nucl. Chem. 322 (2019) 2003-2009
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J. Radioanal. Nucl. Chem. 

304 (2015) 1077-1083

J. Radioanal. Nucl. Chem. 

314 (2017) 1947-1965

7Li(natPb,xn)nat-xAt 7Li(natSn,xn)nat-xI 7Li(209Bi,5n)211Rn

J. Radioanal. Nucl. Chem. 

323 (2020) 921-926

natPb, natSb, 209Bi Target (～ 1 mg・cm-2）

ion beam

10 mm Al foil 



211Rn/211At Generator System
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15 mm

20 mm

60 MeV 7Li3+    350 enA

He  105 kPa 20 L/min

Bi 116 mg/cm2

JAEA Tandem

Irradiation room
Cooled water

He gas

Havar foil 5mm

Electric reflector

Li beam

Bi

Melting point: 272 oC

Heat conductivity: 8.0 W m-1 K-1

Separation of 211Rn
Dry-chemistry＠QST

Wet-chemistry＠Kanazawa Univ.

Al  660 oC

237 W m-1 K-1

J. Radioanal. Nucl. Chem., 303, 1465-1468 (2015)

Production



211Rn/211At Generator System
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Chemical separation of Rn
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trap１

-10－0℃

Cold 

trap 2

Pumping

1 atm He 

20 sccm

T
e

s
t 

T
u

b
e

Bi target 

LN2:-195℃

g–ray 

monitor

2

g–ray 

monitor

3

g–ray 

monitor
１

Apparatus for Rn separation based on dry-distillation 

M.P.：272 oC

CdZnTe



211Rn/211At Generator System
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Operation of the apparatus for Rn separation 

M.P.：272 oC

15 min

High radionuclidic purity

Chemical separation of Rn



211Rn/211At Generator System
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Elution of At

Overall recovery yields (n=3)

35.2 ± 5.2 %

8.2 ± 2.7 %

1.3 ± 0.4 %

Fundamental technology for 
211Rn/211At generator based on dry-chemistry

Cold 

trap 2

LN2:-195℃

After 15 h
211Rn → 211At

Rn EthanolAt
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At (7.214 h)

     5870 keV

211g
Po (516 ms)

          7450 keV

a spectrum

5-20ml EtOH

0.20mm Ag

Evaporated to dryness

211Po

0.5 s

211At

7.2 h

207Pb

207Bi

32 y

α

α
42％ 58％

Glass vials 2 mL (1st)

2 mL (2nd) 

2 mL (3rd)

Ethanol easily elutes a large portion of 211At



Astatine Chemistry
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Separation and Purification
J. Radioanal. Nucl. Chem. 304 (2015) 1077-1083

1. Put sample

2. Fill N2 &  Seal

3. Heat for 20 mins
4. Cool test tube 10 mins

5. Take sample

6. Rinse with 1.8 ml H2O

Furnace
650℃

520℃

Test tube: f 18×180 mm

120 mm

Seal

Production
JAEA tandem accelerator
60 MeV 7Li + natPb, natSn

Dry distillation



Speciation：
TLC for standard iodine anions

Astatine Chemistry
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Thin Layer Chromatography (TLC)

Ethanol solution / IP

I At

8 cm

Absorbent

Silica gel plate 

(Merck Silica gel 60 F254)  

Solvent

EtOH：H2O＝1：1

Measurement: Imaging plate (IP)

～12 h

J. Radioanal. Nucl. Chem. 318 (2018) 897-905



Astatine Chemistry
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Thin Layer Chromatography (TLC)

Ethanol solution / IP
NaI NaIO3 NaIO4

IO4
-

(VII)

IO3
-

(V)

I-

(-I)

I At

Iodine aqueous sol. / Coloration

Rf=0.87

Rf=0.78

Rf=0.00

J. Radioanal. Nucl. Chem. 318 (2018) 897-905



Astatine Chemistry
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Thin Layer Chromatography (TLC)
J. Radioanal. Nucl. Chem. 318 (2018) 897-905

Ethanol sol. / IP Aqueous sol. / IP

43%

25%

18%

94%

3%

14%

24%

41%

35%

29%

19%

48%

22%

KIO4 Na2SO3 NH2NH2・H2O

At0 characterized 

by high volatility



Astatine Chemistry
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Thin Layer Chromatography (TLC)
J. Radioanal. Nucl. Chem. 322 (2019) 2003-2009

Production Mechanism
of Volatile At0(0)

← Reduction
by N2H4

Oxidation →
by H2O, silica

At-(-I) < At0(0) > AtO3
-(V) ≫ AtO4

-(VII)

At–(–I) ⇆ At0(0) ⇆ AtO3
–(V)

EtOH H2O



Analytical Method
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a-Scintillation Camera & TLC
M. Segawa et al., J. Radioanal. Nucl. Chem. 326 (2020) 773-778
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Thank you for your attention!
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