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Radionuclides and The Global Fight
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O Stable and radioactive isotopes play critical roles in a variety of
technological applications important to modern society

v" Basic scientific research

v Nuclear Medicine

v" Oil Industry

v' National Security and HMS

v Power sources (e.g. nuclear batteries)
v" Tracers

v Many (other) commercial applications

[ Production of radioactive isotopes is either using a nuclear reactor or an
accelerator
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Estimated Cancer Deaths in the US in 2013 ~580000
The second most effective killer, after the heart diseases ...

Men Women
Lung & bronchus 28% 306.920 273.430 26% Lung & bronchus

Prostate 10% 14% Breast

Colon & rectum 9% 9% Colon & rectum
Pancreas 6% 7% Pancreas
Liver & intrahepatic 5% 5% Ovary
bile f:luot 4% Leukemia
Leukemia M 3%  Non-Hodgkin
Esophagus 4% lymphoma
Urinary bladder 4% 3% Uterine corpus
Non-Hodgkin 3% 2% Liver & intrahepatic
lymphoma bile duct
Kidney & renal pelvis 3% 2% S;::Qﬁther nervous

. o)
All other sites 24% 25%  All other sites

Source — American Cancer Society, 2013



Main cancer treatments

1 Surgery

. Chemo-, Bio- and Immuno-therapies
1 Transplantation

. Cancer vaccines, hyperthermia, etc.
1 Radiation therapy

v’ using particle accelerators - n, e-,p & HI (hadron)
v’ using radioisotopes



Why Radioisotopes are useful?

1 Diagnostic (imaging):

v tumors

v aneurysms (weak spots in blood vessel walls)

v irregular or inadequate blood flow to various tissues

v’ blood cell disorders and inadequate functioning of organs,
such as thyroid and pulmonary function deficiencies

1 Therapeutic:

v using radiation (o, f and Auger e-) to kill cancer cells (tumors)



Diagnostic - PET

emission of two 511-keV gamma rays following P+ decay
proton-rich nuclei

dotooters
short-lived: 18F, 11C, 13N, 150
£ \\/, generators: °8Ge/%8Ga, 82Sr/82Rb
S = long-lived: 44Sc, %4Cu, 7°Br, 86Y, 124|

©2000 How Stuff Works

18F PET-CT: to identify and localize high-risk coronary plaque
N.V.Joshi et al., The Lancet, http://dx.doi.org/10.1016/5S0140-6736(13)61754-7

10 November 2013 Last updated at 20:14 ET
Heart attack risk identified by new scan

By James Gallagher

Health and science reporter, BBC News
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Diagnostic — Gamma Cameras & SPECT

2D (Gamma cameras) & 3D (SPECT): using low energy gamma rays

Collimator

Photons

Collimator

.. but also novel detector technology for better
position resolution

99mTc (141 keV), 7Ga (185 keV),
11n (171 keV), 1231 (159 keV),
133Xe (81 keV), 201TI (70 keV)




Therapeutic

o emitters:

E=5-9 MeV; R=40-100 um (5-10 cell diameter);
LET 80-100 keV/um along the trace path

211At, 21zBi, 213Bi, 225AC

N

e A AN
f— emitters: Y e AN
E=50 keV-2 MeV; R=50 um—12mm; _ .. * .4 e
LET 0.2 keV/um N\ .
32p 89gy 90y 131 166Hq 177|( 186Re & B oparticles ™

Auger emitters:
E=10 eV-10 keV; R=5 — 500 nm;

LET 4-26 keV/um
111|n’ 123,125') 67Ga’ 193mPt

A. Kasis et al., J. Nucl Med. 46 (2005) 3s
s



’”Cu and *”Ga examples

6’Ga

3/2-

ERETER .
Stble *
&7

6571
243.63 d
162 mb, B*

&3Ni
100.11 a
31 mb, B~

(9) %"

67
ps/zefs/z Cu

allowed, but / forb.

b '-C 3 68 Ga 69Ga
3.26 1.13 h 60.108
B B 139 mb

~\

687n
18.75
19.2 mb

66z7n 677n
27.9 4.1

35 mb 153 mb

65cy
30.83
41 mb

64N

0.926
8.7 mb

3/2-

Cu
1]

~20 %3t N
5/2_ 3‘3zn:xr

vy Emission intensibes

per 100 disintegratons

% e R
Q = 5817 keV

93 keV

Tol

ENSDF

NuDat

DDEP

67Ga

39.2 (10)

38.81 (3)
(0.9 (9) %)

38.81 (3)

38.1(7)
(3.6 (20) %)

67Cu

16.1 (2)

16.1 (2)
(~20 %)

16.1 (2)




Matching Pairs

Diagnostic Pair Therapeutic
PmTc (SPECT) ™Tc/1%%Re  18%Re (B-)
123| (PET) 123|/131| 131| ([3_)
124| (SPECT) 124|/131| 131| ([3_)
1n (SPECT) e [ VA PV (B-)
86Y (PET) 86Y/90Y 90Y (B_)

some of the therapeutic radionuclidesemit y rays that can be used for
diagnostic (SPECT): 177Lu, 186188Re & most of the Auger emitters

b



Which are the best isotopes?

1 Nuclear Physics properties
v’ half-life
v’ decay energies & emission probabilities
v’ production and availability (cost)

1 Chemical, Biological and other properties

Targeted radionuclide therapy

VR
Target
Linker %
A

Receptor Radionuclide

Immunology Coordination Nuclear physics
Structural biology chemistry and
S radiochemistry



Nuclear Data needs

dcross sections for various production reactions —
neutrons, charged particles, photons
Jdecay data
v'important for cross-sections measurements
v'important for a specific medical application, e.g.
imaging, diagnostic, treatment, etc.
Jdata associated with atomic radiations produced in
radioactive decays - Auger, Coster-Kronig & super-
Coster-Kronig and other shake-off electrons



Decaz Data needs — cont.

u Q values — AME - new tables coming by the end of this year

) Lifetime (evaluated) — in most cases under control (except #mRe for
example), but there is no consistency (recipe) between different evaluations

) Emission energies & probabilities (y, f—,p+,0, EC, CE, Auger
electrons) and relevant spectra
v must know the decay scheme - Ex, J*, mult. (parent-daughter)
v'evaluated data: energies and emission probabilities & & (for y’s) -

usually several measurements, except for g.s. to g.s f decay — treatment
of discrepant data

v" CE data — usually from Brlcc, but when mult. are not known or E0?

v'derived data: atomic radiation, EC/B+ ratios, f—decay energies and
emission probabilities

; 12




3/2° TP3/2 0 1830

67Cu \ f
%pB-=100 32 <

Qp-=562 keV 3
T,,=9 ps 12 LA |
512y :

J Excellent NP properties: T, E, & <Ez_>
v’ therapeutic: p— emitter
v diagnostic (SPECT): 93 keV & 184 keV vy rays
v matching pair: ®*Cu(PET)/%’Cu
1 Well suited biological properties & well understood chemistry

300.2
208.9

394

184.5

185

<
d

9;3 91.3
o \O
[O%)

<

©

w

S~

N

VP1/2

B Hughes et al.J. Clin. Oncol. 18, 363 (2000)

. Main issues — production & cost
v’ availability is limited
v' $295/mCi DOE-NIDC -4 doses x 65 mCi = 260 mCi = S77K



67Cu production

Review Applied Radiation and Isotopes 70 (2012) 2377-2383

The production, separation, and use of ®’Cu for radioimmunotherapy:
A review

Nicholas A. Smith ** Delbert L. Bowers 2, David A. Ehst®

@ Chemical Sciences and Engineering Division, Argonne National Laboratory, Argonne, IL 60439, USA 67Zn (4 1%)
b Nuclear Engineering Division, Argonne National Laboratory, Argonne, IL 60439, USA 70 o
Zn (0.62%)

64NIli 0
#¥Gass | fiGass | $iGas, e 2Gas. Eie-mm Ni (0931))

9.304 h 0+ 3.2617 d 3/2- 67.71 m 14+ Stable 3/2- 21.14 m 14 Stable 3/2- 67
A=-63724 (3) A=-66878.9 (1.2) | A=-67085.7 (1.5) (WEMTXVSICINERIM A--68910.1 (1.2) [WESIFEINNTUN) —_— o~
B+=100% B+=100% Abndnc=60.108% (9) B-=100% Abndnc=39.892% (9) ) °

£€=0.41% (6)

YA $5Znsc | %Zns; $BZnss BZN .o 7°Zn(p OL)— ~14 mb
4

243.93 d §/2- Stable 0+ A7 ps 172- - 56.4 m 1/2- Stable 0+
ST A=-688 0. ex=93.312 1.3| A=-700 SN AR A=-69564.7 (1.9)

BieL0ts 7.73% (98) [ o un SR onenco-c1 (10) 64Ni((x’p) _ N25 m 3
$5CUss Bt W 55CUs7 | 9C Uss | $8CUse | 33CU 40

8Zn(p,2 25 mb
12.701 h 1+ ble 600 ns (6)- [SSlA0SmSlE 6. U v 2- 1.75 m 6- 30208 1+ 360 ns (13/2+) 85 m 3/2= p’ p
1

A il
A=-65424.1 (0.5) (WESFPLS Eex=1154.2  A==66250.1 (0.7 A=-6\ (1.2) || 2ex=121.26 A=-BBSEI.0 (16| Eex=2741.8 A=-65136.2 (1.4
+=61.5% (3) b 8 1T=100% =100 B 0% IT=6% (2) B-=100% IT=1004 B-=100%
-=38.5% (3) =148 (2) 68 ~
n — mb
. p . » . » ,
.
$iN1ss [Bf W N1, | 38N1ss | 3N1so | SEN1ao
167 ps 5/2- 1002 ¢ 1f2= ble §9 ps 172- | 25195 b 5/2- 54.6 h 0+ 13.3 s (9724 20 & 1= 270 ns 0+ 2980+
Bex=81.15  A==65512,3 (0.5 S 8 Eex=63.37  4==65125.2 (0.6 A=-66006.3 (1.4) [ Eex=1007.2 A==63M2.7 (2.9] Eex=1770.0 4==63463.8 (3.0
1T=100% B-=1008 NS 9 9 1T=1004 B-=100% B-=100% IT=1004 B-=100% IT=100% B-=100%




Isotopes Harvesting at FRIB

X kit New Preseparator
Stage 1

Wedge

Mass Slits or

Particle Tracking
------------- Stage 3 ~=-ee=---

E nfigured A1900

: Harvesting from mass-dispersive locations
. : : between separator segments. The further
: m : along the separator stages the higher the
. Manipulator : purity.

: . Harvesting from beam dump

: . water loop.

: I —— - Harvesting from inserts.

" = - O | . Jr—— - .

: e 4. =l I Drum :

i | ' High-power '

Lo 400kwW Beamdump

Production Target ! courtesy to Brad Sherrill, MSU

I T L



Selected Examples ...

“w

Mg-28 700 mCi/d Not likely 20 mCi/d 7 mCi/d

Si-32 .063 mCi/d, 23 0.1 mCi/w 0.01 mCi/d 1 mCi/y
mCi/y

Ti-44 10 mCi//y 0.1 mCi/w 0.1 mCi/y 0.1 mCi/y

Cu-67 2000 mCi/d 100 mCi/d 100 mCi/d 100 mCi/d

Mo-99 1500 mCi/d

+ Collection at slits might be available 1 week per year

* The neardump ratesare an approximate average of production from
favorable beamsonthe beam list. This production should be available around 40
days/year

# Thisassumes a 238U primary beam and would be available around 150
days/year. Higher yields would come from other primary beams, so the values
could be higher.

courtesy to Brad Sherrill, MSU



What do we need to know about °/Cu?

for production and dosimetry applicationsone needs to know absolute
(per decay) emission probabilities

v measure separately absolute y and -
3/2° 0

L, (%) = (S,/¢,) /(Sp/¢ep) 67cuo

X

K

k.

=

(—]
oY)
S~
[\)I
393.6
300.2
208.9

394

185

Q=562 keV 93 T,,=9us

h 184.5

0

v measure I;_jand use the decay scheme
, (%) =N x1(rel)

N =100 —Iﬁ_’o)/zlﬂ x(1+a,) (ally’sthat feed the gs)

67Zn

Need to know: I, (rel), Mult., MR (ICC) & I5_



Huo Junde, Huang Xiaolong, J.K. Tuli Nuclear Data Sheets 106, 159 (2005)

ENSDF & TOI99

3/z_ 00 61.83h
67
29Cusg 5[

Intensities: I(y+ce) per 100

parent decays

%B-=100
=561.7'% AL
v SF
o
S o
Ny o
Q. AN
.9, v,
} LRGN 2
1 Log ft SOY ~F v
— S X'
-1.1 =58 3/2- A 393.530
Sy
>V S
SO
=57 =5.2 3/2— N 184.577
22  =6.0 1/2- ] 93.311
=20 =6.3 5/2— y 0.0
67
302037

67Zn levels
Ejevel Ty Comments
00 stable
933115 1/2- 9.10 us 7 Ty from 1973Lel8.

184.5776 3/2-
393.5307 3/2-

B~ Radiations

Eg- Epye Iﬂ-’i Log ft Comments

(1682) 393530 =~1.1 =58 avER=51025
9-lglus (377.1) 184577 =57 =52 avEP=1213
stable (468.4) 93311 =22 =60 avER=1543

(561.7) ~20 ~63 avEB=1893

Iﬂ-: from 1953Eall.

L, Normalization: Based on a g.s. 3~ branching of =20% (1953Eal1) and 10% E2 for the 184y corresponding to the =0.34 4 derived from the ce data of 1966Fr12.

very precise ..., BUT

E“© Ejevel e MutE & a Comments
912665 184.577 701 M1+E2 40065 0.0838  a(K)exp=0.066 10(1969Li04)
a(K)=0.073 7; o(L)=0.0076 8
933115 93311 16.12 E2 0.873 a(K)exp=0.77 8(1966Fr12)
a(K)=0.751; a(L)=0.0920
184.577 10 184.577 48.73 M1+E2 0344 0.0180 13 a(K)exp=0.0156 10(1966Fr12)
o(K)=0.0158 11; a(LL)=0.00165 12
§: from a(K)exp+a(L1)exp=1.72x10-2 10(1966Fr12)-
208.951 10 393.530 0.1155 MI1+E2 -0.03421 0.00913 6 o(K)=0.00804 6; a(L)=0.00082

300.219 10 393.530
393.529 10 393.530

# For absolute intensity per 100 decays, multiply by 1.00.

@From 1978Mel0.

0.797 11 M1+E2 40208
0.220 8

9:-0.17 8 or -2.4 3 for M1+E2.



PHYSICAL REVIEW VOLUME 91, NUMBER 3 AUGUST 1, 1953

The Radioactivity of Cu®

HArry T. EASTERDAY
Radiation Laboratory, Department of Plysics, University of California, Berkeley, California
(Received March 4, 1953)

The g8 spectrum of Cu® is found to contain three groups with maximum energies and relative intensities
of 577 kev, 20 percent ; 484 kev, 35 percent; 395 kev, 45 percent. Conversion electrons from 92- and 182-kev
transitions were observed. These results and the absence of the 296-kev v ray indicate that the 8 transi-
tions go to the ground and first two excited states of the known Zn*® levels.

TasrE I. Beta and gamma rays of Cu?.

Transition energy Relative intensity
(kev) (percent) ft values
Beta 577 20 6.26 (I-forbidden)
18T 35 5.73
395 45 5.35
Gamma 92
182

no uncertainty — the quoted value is approximate!



Relative y—ray emission probabilities

PHYSICAL REVIEW C VOLUME 17, NUMBER 5 MAY 1978

Multiparticle configurations in the odd-neutron nuclei *'Ni and ’Zn populated by
decay of ®'Cu, ¥’Cu, and 9Gat

R. A. Meyer, A. L. Prindle, and William A. Myers*

Lawrence Livermore Laboratory, University of California, Livermore, California 94550

TABLE I. Energies and intensities of ¥ rays from de-
cay of ¥'Cu.

E, (AE,) L, (AL)

(keV) (v rays per 100 decays)?

91.266(5) 7.0(1)

93.311(5) 16.1(2)
184.577(10) 48,7(3)
208.951(10) 0.115(5)
300.219(10) 0.797(11)
393.529(10) 0.220(8)

*Based on 20% B~ feeding of the ground state (Ref. 20)
and by using 12% E2 (Ref. 20) for the 184-keV transition.



Ground-state to Ground-state p— branch

ENSDF ~20%
MIRD (NNDC)  20%
MIRD (med) 20%
NUDAT 20 (2)%
JEFF3.1 20 (2)%
ENDF/B-VII.1 20 (2)%




Experimental details — sources

Review Applied Radiation and Isotopes 70 (2012) 2377-2383

The production, separation, and use of ®’Cu for radioimmunotherapy:
A review

Nicholas A. Smith **, Delbert L. Bowers ¢, David A. Ehst®

4 Chemical Sciences and Engineering Division, Argonne National Laboratory, Argonne, IL 60439, USA
® Nuclear Engineering Division, Argonne National Laboratory, Argonne, IL 60439, USA

(1%7Cu production:®8Zn(y,p)@ 60 MeV bremsstrahlung at Rensselaer
Polytechnic Institute (RPI) LINAC; enriched ®8Zn target

Jchemical purification @ANL-CSE (N. Smith et al. ARI 70 (2012) 2392)

dsource preparation @ANL-PHY - several thin (~1uCi) open sources, as
well as sealed sources for relative measurements

v



Experimental details — cont.

Two independent series of measurements:
 y- and B-singles measurements using an analog (Canberra)
DAQ - measure separately absolutey and B-decay emission

probabilities
[ singles & B-y coincidence measurements using a digital DAQ

J High-resolution germanium detectors
v’ 2-cm2 x 1 cm LEPS (FWHM=0.5 keV at 122 keV)
v' 25% coaxial Ge (1.8 keV at 1332 keV)

] Passivated Implanted Planar Silicon (PIPS) detector p=¥§ ' = h
v' 500 um thick (singles) s
v" 1 mm thick (singles & coincidence)

é



Calibration — gammas

Counts

Counts

103

102

70.8/72.9

callibrated "mix" sources
LEPS

PR T [ T T
150

PR I T
250

PINE T I T S T W
350 450

50
Energy (keV)
| I T T T 1T
106} ':r e 243Am
Lx v N, S LEPS
9 [l
104
102t
100 L

.50.

1 1 1 1 1
150 250
Energy (keV)

absolute efficiency

residue

10°

10+

57'6OCO,85S|",88Y,109Cd,1135n,137CS,139CQ,203Hg, 241Am
calibrated by Eckert & Ziegler
243Am, 243Cm, 249Cf, 182Ta for relative efficiency

LEPS .
o mixed source

243
o Am source

h o o by s by oy s by oy e by s by oy by oy

100 200 300 400 500 600
E, (keV)

gamma-ray efficiency within 2%



Calibration — betas

B37Cs --- B spectrum

661keV-+y CE K line
L and M lines

1
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
100 200 300 400 500 600 700 800
E; (keV)
Ep max=435 keV
7/2— 00 395114 Intensities: I(y+ce) per
100 parent decays
’§§Ce83
%p-=100
Q-=580.411 N
o
5
‘;‘
w
Ep- Ig- Log ft \ &
4367  69.7  6.970 12+~ 145.440 1 85 pg
582.2  30.3 7.755 5/2+ 0.0

141
50PTgo

7/2+ 0.0

30.08 y Intensities: I(y+ce) per
100 parent decays
'35Css2 |
%B-=100
_ 7
0 =1175.63! n
Eg =514 keV g
= ol
B max € & Ty=2.552m
Ep- 1B Log ft \ s &
514.03 94.7 9.6251u 11/2— © § 661.659
<§?
0.00058 16.612u \1/2+ 283.50
1176 5.3 12.079 3/2+ 0.0
'$6Bag,
104 3 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T E
F Q — 3
; < % 243Cm CE
5 @ 8 Lr) .
L 'o\j- > L() i
103 3 (o 0] ; LO 3
g N Q D :
[ © N m Qal ]
% i o o N
g 10°F o NS 3
(&) : U
I /]
100 PR R TR TR NN TR T TN R NN WO TN R SR NN N1 | ||
0 50 100 150 200 250 300
Energy, keV



7Cu results - singles

relative y—ray intensities

LEPS

(k%\l/) present Meyer et al. 10° <=

185

209

93 33.5 (3) 33.1 (5)
91 1423 (14) 1437 (22) .

Mm

bl ‘| ||’

i“

El - il
185 100 100 3Sv 5 Ge
209 0243 (5) 0.236(10) “E
300 1.68 (3 1.64 (3 1
©) - [ YW th I
394 0-448 (11) 0.452 (1 7) 50 100 150 200 . (keV)ZSO 300 350 400

v’ consistent results between LEPS and HPGe

v’ very good agreement with R. Meyer et al. (LLNL)
R. A. Meyer et al., Phys. Rev. C17, 1822 (1978)



Experimental details - coincidences

v’ B~y coincidence measurements usinga digital DAQ
v v—and 8- singles in parallel using analog (Canberra) DAQ

same LEPSandHpGe GRETINA digitizer
13.8-mm diam. x 1 mm thick PIPS 100 MHz clock

I ' L -
| MC simulations |

1 1 1 1
400.0 600.0 800.0
Energy (keV)



141Ce - By coincidences

7/2— 00 39511 d In:;gsities: I(;H»ce)' per
145, (%) = cor x (S[Sycoin/8145y) /S[Ssin R
Q-=580.411 o
(p—y coincidences) g

Ep- Ig- Log ft

436.7  69.7  6.970 145.440 1.85 ns

¥
10°F \
E / prOmpt 582.2  30.3  7.755 5/2+ 0.0
41p,.
59* 782

41
10 ? 105EI

1 T T T T T T
141Ce PIPS — singles
coin

sl 104

: / “randoms”
102i

[ [
0 20 40 60 80 100 101k
(t -t,) (us) :

counts
[
[—]
|

103k

Counts

102

100 -I L 1 L 1 L 1 1 L
50 150 250 350 450 550
Energy

cor (e.g.)(epi/ep) = 1.030 (25)%  using | s, (%) = 48.29 (19)%

v



67Cu results - coincidences

32
"Cu \ e o9
%B=100 378 & S 394
10° = orompt 30 voOE 185
i / 12 ,,Sl 03
10* = 512"y vg 0
3 67Zn
5 10’
S [ “randoms”
- o/\ _
.| / |184\( (A’) - (Sﬁycoin/8184y) /SBsin
10 a
i | ! A ! | A ] ) | ] ) ] ] ] ] ] | ] ! !
0 20 40 60 80 100
(t -tg) (Us)

, (184 keV) = 44.2 (6)%
(p—y coincidences)



67Cu: measurements — cont.

PHYSICAL REVIEW C 92, 044330 (2015)

Precise absolute y-ray and f~-decay branching intensities in the decay of g;Cu

J. Chen,"" F. G. Kondev,"" I. Ahmad,”> M. P. Carpenter,’ J. P. Greene,” R. V. F. Janssens,” S. Zhu,? D. Ehst,' V. Makarashvili,'
D. Rotsch,! and N. A. Smith!

l18ay (%) = (Spycoin/€184y) /Spsin=44.2(6)% -> 48.7(3): 9.2% difference

67Cu
3/ 0.0
T,,=6183(12)h 108 . . . 3
1 ]
" 5 8 105 J
\3/2- a8 3935 B~ singles :
b, & o p2 104 ?
\ g 2 c ) ]
L, 3/ Y ° 1846 1 0ane 8 10 a
S: -
I \1/2' v Ve | 934 937us 10
3 10
52y y° 0.0
stable 100. PRI P SR B N TR IR
677N 100 200 300 400 500 600
Energy (keV)
lg_o= 27.4 (5)% - > ~20%: 37% difference
30

é



