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Mass yields of fission fragments
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Understanding fission yields of 236U
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Fission is “lazy”

T. Ichikawa et al. PRC 86, 024610 (2012)

A nuclear chain reaction
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Cross Section (barns)

Uncontrolled
chain reaction
of fast-neutron
induced fission

~25 kg of 93% 235U

A single-pulse neutron source

235U(n,f) cross-section as function of energy
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A controlled nuclear chain reaction

using thermal neutron induced fission
Fission Fragment!

Fission Fmiment '

e

Nautron

U-235

1. Moderate neutrons
2. Control neutron losses

k = multiplication factor = (neutrons produced in one generation) /
(neutrons produced in previous generation)

Prompt neutron kinetics
Prompt neutron lifetime 1, is the average time between the
birth of prompt fission neutrons and their final absorption.

Assumptions:
-No delayed neutrons

-Infinite reactor, multiplication factor k.= k

(k-1),

dn k-1

time |N(t) —=—>n=n(t)=n(0)e ™
dt 7,
0 n _ 7,
Time constant _|T = ——
T kn k-1
5 k2N Exponential decrease (k<1)
Tp or exponential growth (k>1)
3t k3n . o
p cf. demographic projections for Germany
Fertility: 1.5 child/women -> k=0.75

T=25 years / (1-0.75) =100 years



Prompt neutron kinetics
p = Ts + 1q = Slowing down time + diffusion time
In thermal reactors: 15 << 14, .8. 1,= 14
T4 = A, /vV =10 cm/ (2000m/s)
T, = 79 = 50 psec

T

Example: step of reactivity from k=1.000 to k=1.001

-6
k() » T= i =50'1_03 =0.05sec
k-1 10

t

[ () = nye®®
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“Prompt” control is not possible!

Chernobyl: a criticality accident




Delayed neutron emission from fission products

I B Possible precursors
n T8r
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B= percentaIge of delayed neutrons average emis\‘sion time

e

235 | - - : : 1
ﬁ ‘ Vo Vd Tdelayed = _Zi ﬁiri ~12sec
Ther | 0.0067 | 2.490 | 2.473 | 0.01668 B

Neutron lifetime,
taking into account delayed neutrons

Fission  Absorp. Delayed s poorp.
emission
Fraction (1-): ‘—T,, .
Fraction f: T — e W
H »
Delayed neutron lifetime e T, :

k= I(prompt + kdelayed =1= (1_ﬂ) + ﬂ
= (1_ ﬂ)z-p + ﬁ(Tdelayed + Tp) ~ ﬂrdelayed = 0.0SSEC

Now for step from k=1.000 to k=1.001

T=Bgelayed/ (K-1)= 80 seconds



Reactor response to a step of reactivity
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L. Mathieu et al. JINST 7, P08029 (2012).




Thermal neutron induced fission

Fission products

Nuclear decay heat
Fukushima 2 and 3: 784 MWe, 2300 MWth
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Fukushima: a loss-of-coolant accident

TAGS measurements to understand decay heat

1.(1) « t (MeV/tission)

H : analysisscontaminants |
E!k\' « 1 expenimental data

0.7

=+ EEM ENDF/8-VII
—: EEM ENDF/B-VII + TAGS
» ; Tobsas compilation

L

Cooling time (s)

A. Algora et al. PRL 105, 202501 (2010).
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Thermal neutron induced fission

:I Fission products

Thomson 1910: parabola mass spectrograph

Electric field parallel to magnetic field

Ton
source

Mugneticand  Screen or l ;o
s ‘ /
electrical field  photoplate

Figure 1.5 Parabola mass SN trograph constructed by ). ], Thomson (1910} with a disc harge tube as
on source, a superimposed electical held and a magnetic field onented parallel to «t for ion separation
and a photoplate for jon detection. (H. Kienitz (ed.), Massenspektrometrie (1968), Verlag Chemie
Weinheim. Reproduced by permission of Wiley-VCH, )

1912: Neon consists of two isotopes with mass 20 and 22
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The LOHENGRIN fission fragment separator

mass-separated fission fragments, AA/A = 3E-4 — 3E-3

up to 1“05 per second, T,,, 2 microsec. AE/E = 1E-3 - 1E-2

lonization giiamber
in focalplane -~ RED magnet flux 5.5-:101* n./cm?/s
Exin ( Rl r-EICondenser few mg fission target
A | Elq separation :
@ G [ e Several 1012 fissions/s
\\: 3 | Actinide target -
N W !
\\\ ] Source trolley
N |
s p——
-
-
2 = 2 =
mvé/ryg=qE M V% rmagn =qVv B

Evin/Q=E/2rg mv/q=Brnagn

P. Armbruster et al., Nucl. Instr. Meth. 139 (1976) 213.

The LOHENGRIN fission fragment spectrometer
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Nuclear waste transmutation

Not fission is responsible for the nuclear waste problem,

but neutron capture (producing Pu + MA) !

00 5
! Radiotoxicity after 1000 years
" | ma+
FP N
% I MA + Plutonium
5 Plutonium FP
g Wi recycting
o f Spent Fuel
T | No reprocesisng
G W I
q>) i . Minor actinides (MA)
=]
% Uramum Ore ( m|ne 8 Fission Products (FP)
x

T|me (vears)

Pu has a high energetic potential.

Nuclear data for “energy”

+ Fission cross-sections

* Absorption cross-sections

+ Scattering cross-sections

* Fission yields

+ Beta-delayed neutron emitters
* Neutron poisons

* Prompt gamma ray emission

+ Delayed gamma ray emission
* Beta spectra

+ etc.

Nuclear data for applications require moderately

exotic beams and medium precision (~1%) but
excellent accuracy and reliability.



Fission vield measurements
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00 F Martin et al., Nucl Data Sheets 119, 328 (2014).

The importance of error correlations




HLi production in thermal neutron induced fission?

I 235) 4+ n = || + 225Ac¢ I
A 235 + 1 = 11 + 225
4 92 + 0 = 3 + 89

AM (MeV)  40.919 8.071  40.728 21.639
Q (MeV) = (40.919 + 8.071) — (40.728 + 21.639) = -13.4

Light
fragment
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HLi production in thermal neutron induced fission?

I 235U + n > 11Li + 134Te + 91Rb I
A 235 + 1 = 11 + 134 + 91
VA 92 + 0 = 3 + b2 + 37

AM (MeV)  40.919 8.071  40.728 -82.536 -77.745
Q (MeV) = (40.919 + 8.071) — (40.728 — 82.536 — 77.745) = +168.5

O
© O-

Detection of rare ternary particles
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Particle accelerators in the Universe

10° = :
£ Fluxes of Cosmic Rays
10! (1 particle per msecond)
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Radiocarbon dating

/7N
@ o

C+p

\_—_/

® @

Mol “C = 10" Mol"'C

Mol “C = 10" Mol"'C \(D

» Cosmic radiation > spallation neutrons > “N(n,p)'“C reactions
* Living organisms: equilibrium with atmospheric 14C/12C ratio
* After death: 1%C/*?C decreases due to “C decay (T,,=5370)
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Problem: measure C* at ppt level without interference from
N*, 12CH,* 13CH", 28Si**, 12C160*+, 42Ca**™, SoFetttt .,
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Multistep-Separation in Accelerator Mass Spectrometry

1. Negative ion formation 14N anions do not exist
2. Acceleration and stripping breakup of molecules
. . 1 Ly 2
3. Z-selective ion detector db 2
o P
Mass Collision cell Mass
spectrometer at 0.5-10 MV spectrometer
12CH,- l4c IH 12c
o> &> &> o>
BCH-  lc- g €L
-
lTon source with sample Ion detector

6 MV tandem: the “working horse” for AMS

ETH Zurich, Laboratory for lon Beam Physics
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0.6 MV TANDY: the “working pony” for AMS

" . . \ ] )
G Magnet ' »{
£ Gas lonization 3
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lonization Chamber

Routine measurements of: 1°Be, 41Ca, 129|, 236U, Pu, etc.
longer-lived than 1“C: geology, cosmochronology,...

ETH Zurich, Laboratory for lon Beam Physics

MICADAS (Mini-radioCArbon-DAting-System). 0.2 MV AMS

2.3 x 3 m? “tabletop”

Routine measurements of: 14C

ETH Zurich, Laboratory for lon Beam Physics
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MUCADAS (MICRO-radioCArbon-DAting-System): 45 kV AMS

wogrek fedemT

H.A. Synal et al., Nucl. Instr. Meth. B294 (2013) 349. **

Today over 100 AMS facilities world-wide!
ETH Zurich, Laboratory for lon Beam Physics
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AMS measurements
at Arizona, Oxford
and Zurich.
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P.E. Damon et al., Nature 337 (1989) 611.

20



Lt

IC de POLLUTION

. Max. 50
'J
—

w:*¢$ $ $¢$¢$$

o e

4 (1)
) PRELOR) AL L TRE ] STRLERT FELE |
0 4 8 12 15 20 2

S. Szidat et al., Geophys. Res. Lett. 34 (2007) L05820.

PM o/ (PMos *PM ) (%15

M.R. Alfarra et al., Environ. Sci. Technol. 41 (2007) 5770.

’
.

Aerosol composition in Swiss alpine valleys

s

AR EAT SAS ~

-
£

kn7h

_JJ

UL

dalz o

f—o;—um@

u*‘-.'t)
-
I L
. - " 0

21



A'™C

Asian haze: biomass burning contributes !

200

0

-800 -

-1000

Biomass/biofuel

0 { g [BHotSHo
gl =

Shdk canbon
and 0ganac caroen

Organic cwbon

= BAOGENIC
T B IONS
FOSSIL-FUEL
COMBUSTION
.
Decayed ‘.‘

Impacts on health and clamate 8

Radiocarbon

S. Szidat,

Science 323 (2009) 470.
0. Gustafsson et al.,
Science 323 (2009) 495.

Fossil fuel

28-Jan  11-Feb 25Feb 11-Mar 25-Mar 08-Apr 22-Apr

Questions in solid state physics
(in particular semiconductors)

* How does a dopant modify the properties (optical,

electrical, magnetic)?

* What is the preferred lattice position of a dopant,

depending on implantation, annealing, etc.?

* What is the local electrical and magnetic environment

at this position?
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Photoluminescence spectroscopy

Malics = Indimct Leeooep

SANTS &
gMes
& HeCd Loser |
£ ‘ Nd:YAGI

Ge-
Detect

CCD-
or Camera

1///y

g ryostat
Monochromator ' Q

Sample

Collection physics

Collection chamber
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Post-collection processing and spectroscopy

4 |

Transport to :
offline labs.. Ovens to repair crystal damage Chemistry (especially for biophysics)

PL measurements of 111Ag>111Cd implanted in GaN

direct identification of the Cd and Ag PL bands in GaN

energy (eV)
345 320 298 270 245 230 185 170 145

l, 3 ag +""Cd, T ~748d Y —
_J e T 60 eV, 3%10" em” . l ] g J

T, =1273K thmin N, %
?\" T £ fit:,,%= (7.61£0.27)d |

4 . Ag_

P g i fit: t,,/%= (7.60 £0.21) d |

2
o 4
"J 0 10 20 30 40 50 60 70

time (d)

ONLY ONE Ag or Cd
atoms are involved

as0 50 €50 800 sl
wavedergth (nm)

A. Stotzler et al., Physica B 273/274 (1999) 144
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67Cu for nuclear solid state physics

simulation for displaced S sites

0% g6 v ae
0 2 tiit ange

* Lattice location of Cu in Si
studied by emission channeling

* 5 samples with each 5 min
implantation of ¢’Cu (ca. 100
ppm doping)

U. Wahl et al., Phys. Rev. Lett. 84 (2000) 1495.

Be doping of GaN

GaN is awide band gap (3.39 eV) semiconductor with many
applications:

* high-performance blue LEDs

* long-lifetime blue/violet laser diodes (Blu-ray Disc)
* UV detectors

» high-speed field effect transistors

present p-type doping with Mg (208 meV acceptor
activation energy) might be replaced by Be (90-250 meV)

25



Be doping of GaN

Calculated total energy surfaces for Be interstitials in GaN
C.G. Van De Walle and J. Neugebauer, J. Appl. Phys. 95 (2004) 3851.

15453
first B~
EC patterns
using 'Be

On-line emission channeling

Vacuum chamber

Position-

sensitive
detector

Goniometer
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Nuclear resonance fluorescence

Free Nucleus

v
<—-®"\/\/>
ER

No Resonance

Emission Absorption
Nucleus in £ £
excited state ——
@ ° N\ l&
«— Y > Y E,=Er-Eq
Er VA Y4

Nucleus in ﬁ Eg \ 4 y,

ground state
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Recoilless nuclear resonance fluorescence

M>>m

Emission Absorption

Nucleus in
excited state e Ee \ Ee —_—

b > Y E,=E %
AVAYS AN

Nucleus in
ground state 6 Eg L J EQ

28



Mossbauer effect

1957 discovery of recoilless nuclear resonance
1961 Nobel Prize in Physics

Application of the Mdssbauer effect

Interactions between the nucleus and its
surrounding electrons...

v

/

14.4 keV o ‘
S Hyperfine interactions

Missbauer transiion .\ AE=10% eV

4

...causing changes in the nuclear
(and electronic) energy levels.

29



Mossbauer spectroscopy

Collimator Detector B 128 12 ze
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Lransmisgion

STFe Mossbauer
Spectrum of a
50 Euro Bill

Constituents area-/%
o Iron 48
Magnetite 36

S"Fe Mossbauer Spectra of
Corrosion Products

FesOu'f >B-FeOOH
a-Fe, 0,
1-Fe, 0, |
| >7-FeOOH
a-FeOOH!| ' I | l ‘ l o

Philipp Gutlich (Univ. Mainz)
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Mars Rover

Intensity —»

Mossbauer
Spectrometer

Nuclear method proofs water was on Mars

Mossbauer Spectrum of Clovis (200 - 220K)

wn
1

-
1

@ Hematite
® Silicate
® CGoethite

Nanophase-oxide
(Goethite ?)

Velocity —»

Goethite contains
hydroxyl (OH) as a
part of its structure.

- water

32



Emission M6ssbauer spectroscopy at ISOLDE

5’Mn (1.5 m) 5Co (272 d)

B- /EC
E,=l44keV ' ©
(100 ns) l AE ~ 109 eV T
E=E,(1+v/c)
Source 57Fe (sample)

Detector

5’Mn vs. ®’Co: 260000 times higher specific activity
Much lower concentration of source atoms

Study of truly dilute impurities at sub ppm-level

N i

/ o)
Incoming 60 keV
7Mn* Beam

L
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Promising semiconductors

Fig. 3. Lormpulad values c
atare 7. for varoes p - -
rutomm;, 5% of Mi and % Is it IJOSSIb'C to

S create magnetic

o semiconductors
Inlnleln ; that work at room
F [ ] ! ' ' ' Wlde band gap temperature?
semiconductors Such devices have
SUgENY (ZNnO, not cocaine) been demonstrated

Dietl et al, Science 28
)

at low temperatures
but not yet ina
range warm enough
for spintronics
applications.

Mn/Fe implanted into ZnO

Only paramagnetism observed
(precipitation of metal impurities?).

Relative emission {arb. unit)

Ll

42 9 8 3 0 3 6 8 12 H.P. Gunnlaugsson et al.
Velacity (mm/s) Appl Phys Lett 97, 1 (2010)



Solid-state physics with nuclear probes

Blocking

P oo .
‘@ | purs |
SOLID STATE

. i SN _ ‘ PHYSICS at
o) [Dimusion| | 1=owr

AR R *Semiconductor
RN ‘Surtace

*Slo, Molecular
*Magnetic materials

p. L \,‘e g ip” “Metals
l PL N AN N : - “Superconductors
- ’ '

Doris Forkel-Wirth, Rep. Prog. Phys. 62 (1999) 527.

RIBs for nuclear solid state physics

* (radioactive) ion implantation allows doping of nearly any
matrix, irrespective of solubility, chemical
compatibility, diffusion coefficient,... = universal

* specific elements/isotopes are required
= often not “easy” elements

* generally longer-lived isotopes closer to stability
= less challenging for target/ion source
= can be populated by decay of “easy” beam
= can sometimes be implanted in parallel to other

experiment with ISOLDE GPS

* implantation energy often less important (recaoil
implantation possible)

* emission channeling needs small beam focus

* beam purity required to limit implantation damage
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Periodic table of ISOLDE beams

Isotopes of

this element
used for

solid state

physics

or life science

RIBs for materials science



High sensitivity wear measurements

Radioactive Labeling

on the Cylinder Wall 2
Piston Ring 2 CMM
Detector (TLD) <
2
2 TLD
é . N
Thin Layer 0 1 2 (um)
Difference Depth in Material
method
l Oil Sump Implantation
SA profile
<
Concentration :;
Measurement S
Method 3
Detector (CMM) § . .
? 9 1 2 (pm)
M. Hoffmann et al., Nucl. Instr. Meth. B183 (2001) 419. Depth in Material

P. Fehsenfeld et al., Nucl. Phys. A701 (2002) 235c.

‘Be for wear analysis

Material |Density] Wear rate |Implant.depth in pm at beam energy of:

g/cm3 um/lO6 cyc. |60 keV 260 keV1.2 MeV 6 MeV 15 MeV
UHMWPE] 0.97 50 0.36 1.1 2.9 13 43
Ti 452 0.17 0.56 15 6.1 18
CoCrMo 8.28 0.11 0.39 1.1 4.1 12
Alumina 3.1 0.15 0.20 0.59 1.6 6.7 21
Zirconia 55 0.15 0.48 1.3 53 16

»
mlii

In-vivo use: ~10° cycles/year
Simulator runs: (2-10)+10° cycles

Required dose:  some pnA per cm?® (e.g. ball of 22-28 mm diameter)

‘Be is the optimum radiotracer for tribology!



The Nuclear Medicine Alphabet

... SPECT

“.Camera

i
: n,

- A PET-
\ o Scanner

&/
60‘ '

Auger-e'

The Tordesillas meridian

llL ‘IJUII.I.I"!\I .)lll
c——
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The Tordesillas meridian of radioisotope production

A
Z | proton number

G H : H 4 )
28 2028 50 82 126 neutron number N

Gamma camera and SPECT

-

Camera

== =7 /
2D: planar scan 3D: SPECT: Single Photon Emission
Computer Tomography

E,> 60keV
E, < 300 keV
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Ideal gamma ray energy for SPECT

20%

[EY
Ul
X

N
10% / \

Detectable fraction

0% -ttt

0 100 200 300 400 500
Photon energy (keV)

9mTc: ideal for SPECT and gamma cameras

1.15-10"°a

2B
a 018

* IT with 89% 140.5 keV gammaray, T,, =6 h

* decays to quasi-stable daughter

« 9mTc fed in 88% of B- decays of ®®Mo, T,, =66 h
* produces nearly carrier-free product

600
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99Mo/®MTc generator

90m-Te Physical Doclly s

BOM-TE In 0 Gonernlor e

GOM-TE In 0 GUnorior se—"
(oltod avery 12 hours)

Transient
radioactive
equilibrium

99m-Tc Activity

A

0 2 4 3 8 10
. Time (Days)
* simple
* reliable
* portable
* self-shielded

Positron Emission Tomography




PET isotopes

Radio- Half- | Intensity B* E mean Range
nuclide | life (h) €0)) (MeV) (mm)

C-11 0.34 99.8 0.39

N-13 0.17 99.8 0.49 1.8
0O-15 0.03 99.9 0.74 3.2
F-18 1.83 96.7 0.25 0.7
Ga-68 1.13 89.1 0.83 3.8
Rb-82 0.02 95.4 3.38 20

O
' )
® ..
: > ~ »
5 L )
9mTc-MDP planar ~ 9mTe-MDP SPECT 18F- PET

Even-Sapir E et al., J Nucl Med 2006; 47:287.
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Cumulative use of diagnostic isotopes in Europe

W 99mTc
W 201TI
m 1311
m 123
W PET

H Other

http://www.nupecc.org/npmed/npmed2014.pdf

& 2188.274 gp 4 ¢¢
~. 1780.71 513 ns

e 0 stable




90Y-SPECT

90Y-SRECT

P ’ai

Th. Carlier et al., EINMMI Research 2013;3:11

Development of pharmaceuticals
e —N

o C} O} D} E]

approval [granted
%0 A7 13 L5 12 10
substances
i i 3 _ 1 - _ _ 10 1 12 1;y
Screening in vitro tests tests with humans
animal exp. toxicity wanted effect comparison
side effects with standard

20-80 healthy 100-300 patients x00-x000 patients
volunteers
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Survival curve

18 °
2
o
2 08 A ° ® *—|
>
» 0.6 &
s
§ 04 —| eTreated &
g
® 0.2 — aControl
Lo
0 ‘ ‘ ‘ A
0 1 2 3 4

Time

* medium survival time, median survival time, survival benefit
* shows final benefit but not detailed mechanism

* more information from bio-distribution studies
* preferentially on-line with suitable radiotracers
and small animal SPECT or PET

1=Vl =V Small animal
et il e " e imaging




New generation of small animal SPECT

Pivel 1 i
2% Multiplicity 1 events y \
: 5Co A%
il ) :
i J CZT
“'I ] ‘-vlulyl“_:u 250 300 350 300 450 500
Emergy (keV) L
133g 5 i
L 5
LaB r3: Ce r http:/ /spect-ct.com/
NKI-AvL
L systematic biodistribution studies
| with different radiotracers become
possible with dedicated small
P T e ae s s s muw animal SPECT

» Multi-lsotope SPECT

123) 11N 2017
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Lu Tm Dy Sm Comparison

In Yb Y GdPm Ce of the
100.00 - bio-distribution
of different
- _ tumor seeking
n 41 Octreotldel tracers
8 10.00 e labeled with
< 1= radio-lanthanides,
5 FDTF’A-mab : 225AC and lll|n
2 100 .\'ﬁk R free chelates:
g [Citrate| ~—|EDTMP — Citrate
o) C EDTMP
= \\ specific tracers:
= 0.10 — Octreotide
and
\Ee]
Linker:
b Aminobenzyl-DTPA

80 85 90 95 100 105
ionic radius in [pm]

G.J.Beyer, Hyperfine
Interactions 129 (2000) 529.

Cancer and efficiency of treatments

At time of diagnosis Primary With Total
tumor | metastases

Diagnosed 58% 42% 100%
Cured by:

Surgery 22%

Radiation therapy 12%

Surgery+radiation therapy 6%

All other treatments and 5%
combinations incl.

chemotherapy

Fraction cured 69% 12% 45%

Over one million deaths per year from cancer in EU.
= improve early diagnosis
= improve systemic treatments
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Mammary Carcinoma
Survival time since diagnhosis of metastases

! Results for 6 time periods
data from tumor centre Munich
n = 9228

Survival

1980-1984
1985-1989
1990-1994
1995-1999
2000-2003

ﬂﬂ Klinik und Poliklinik far Strahlentherapie und Radiologische Onkologie P rOf M (0] I IS

Comparison of Therapies

Tumor-
cells Macroscopic tumors: 2 5mm (> 107 cells)
1010l Microscopic tumors: <5mm (1 - 107 cells)

108 | A I A | 6chemoth.

cycles
6
() Che
104 | % v
Q ) 1o L A
% Cell kill after Chemotherapy: wh
2 <z . . 102
102 | only about 3 logarithmic steps
(ordinate) 0=
O 1 1 1 | 1 | ! -

0 1 2 3 4 5 6 mc;nth

(Molls, TU Minchen; according to Tannock: Lancet 1998, Nature 2006)

m Klinik und Poliklinik fir Strahlentherapie und Radiologische Onkologie P rof. M O I IS
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Targeted therapies

&
)

Effect

Acceptable
side effects

Dose

@

——Therapeutic effect

--- Side effects

Effect

Paracelsus (1493-1541) Acceptable
“QII things are poigon, and side effect
nothing is without poigon; =

; , ose
onlp the boge permits something  gojeciivite targeting is essential
not to be poisonous. to widen the therapeutic window!

Learning from history
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The principle of targeted therapies

« “attractive” vector > high uptake by the target
* transportable

* good in-vivo stability

* warriors “not visible”

« delayed uptake > suitable half-life
* limited space > high specific activity
* optimum arms $

Immunology approach
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Multidisciplinary collaboration
to fight cancer

!arge! -

Linker '?
\
Receptor Radionuclide
Immunology Coordination Nuclear physics
Structural biology chemistry and

radiochemistry

Nuclear medicine and medical physics

Structural Formula of DOTA-TOC/TATE

Q

.
N A N
o \_',_./
0]
0 \'\. NH,
DOTA-TATE
1,4,7,10-tetraazacyclododecantetraacetate
M1y 90y
Ga 177Lu ICso (YM) =1.6 = 0.4 nM
®Ga *VBi Helmut Maecke, EANM-2007.

3| Yoiversasspital
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Male
36 years of age

Small cell pancreatic
neuroendocrine
tumour

Liver metastases

Ki-67 index 10-15%
(liver biopsy)

4 cycles with 77Lu-

octreotate and
capecitabine

Partial remission

1st therapy 4t therapy

Roelf Valkema, EANM-2008.

Lymphoma therapy: RITUXIMAB+77Lu
E.B., 1941 (m): UPN 6

FDG PET  '7Lu-Scan  'SFDG PET
5  J

. .f ? i
e Still
) in
(o ‘ | CR
“ ‘ » ¢ ’:. \ .
1.9.2002 13.9.2002 15.11.2002 15.9.2009

F. Forrer et al., J Nucl Med 2013;54:1045.
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The rising star
for therapy

Radiopharmaceuticals for targeted therapy: clinical use

Brain: Lymphoma:
: in® (%Y-mab
%Y.mab ,131-mab (1), 21At-mab (1), 23Bi-pept.(I) éee‘)’(ig’r‘@) ((13ff_r'22b;’

Betalutin® (’7Lu-mab,
1)

Thyroid: 131/

Bone metastases:
Metastron® (*°SrCl,),

Quadramet® (153Sm- Leukemia, myeloma:

90Y-mab, 213Bi-mab (Il)

EDTMP) 225
Xofigo® (2RaCl,) Ac-mab
AN
Melamoma:
Neuroblastoma: . 213Bj-mab(l)
131-MIBG .
Pancreas: Breast:
90y-mab (il) 90Y-mab, 0Y-pept.
Lung (SCLC):
Neuroendocrine = 177 u-mab (I1)
(GEP-NET): Sl _ _
Lutathera® (\"’Lu-pept., . A (0" Liver (HCC):
1) i e\ G Theraspheres and
0Y-peptide R SIRspheres (*°Y),
- i oo 166Ho-microspheres
Ovary: Colon et rectum: Prostate: Kidneys (RCC): 188Re-Lipiodol

0Y/A77Lu-mab  31-mab (Il) 77 Lu-mab (11) °0Y/17Lu-mab (1)



Radionuclides for RIT and PRRT

Radio- [Half- |E mean Ey (B.R.) | Range
nuclide |life (keV) (keV) .
cross-fire

) Estab-
Y-90 64 h 934 B 12 mm lished
1-131 8days 182 B 364 (82%) 3 mm isotopes
Lu-177 7days 134 208 (10%) 2 mm Emerging
113 (6%0) isotopes
Th-161 7days 1548 75(10%) 2 mm
5,17,40 e 1-30 pm
R&D
Th-149 41h 3967 a  165,. 25 um isotopes:
Ge-71 1ldays 8 e - 1.7 pym supply-
limited!
Er-165 103h 53 ¢ - o6pm VW
localized

Modern, better targeted bioconjugates require shorter-range
radiation = need for adequate (R&D) radioisotope supply.

Isotopes for targeted alpha therapy

MY | AcR | A Ac21S § Aci0 | AcDtF | AcIR | AN | AC0 | Asadt | Asam Az om
B L 1) az ars OMm [eve we s nope xm =™ L 10w 12 oo
- = | o nom g
oo opmn e | 0N ™ = - | - =g
= IR Ai‘l‘lﬂ [ [ .l- — - P A :- .:...' . .-
" As 21 Ma21d | BaZsa | Ma21n | Aedi0 | Ra2i7 | Ra2iy | Me1d | Aa2) | Ro221y Ma2e2 ] Ms22) &Fl
» D o anml Rd0y PO [t ham| 0 M0 Wow ) . N "naa amu
i o Dol iagll N g .K- g Nrism
-~ .- B e - RS
R 17 ek i S P L T Il 2 A i bl - e
2104 Frain Frat F210 | B2 | Fr2is | Frame | AT | Fr2d | Frs | P20 | A2
[ 1% ne SB35 Jesen oo | OO0 s | UMD Wet | wmiom| 20w LAET) A%m
0 ) san 1 4.
B e w b
* o ot - s i i" ,é':m ‘L‘nH':-'
Aa 1o | fn 212 | Fn3 | Anaid N5 | Fndd | Bai7 | Aa21e | An A An
o | B LI RELEE TR e | Bh | AN | M il ol Said
e Y SRS d onmnnin |onm LA -
s S ot i (Tl T il A . |tem P |90 P &)
ALY AR | AR1d | A ?Ml!l ARe | ANy | AN AL
T Al bad LA : o ms T e | WA - 08m ane
T e ool Lewel oy = | R Pp— L
ol PO Sl - S R | il LS i
Po 208 | Po209 Fo211 | PoR1l | Po213 | Pu2W | Polili | PFeli6 | Po217 | Po 28
206 o Nl SO A2ur 1Bus | 17O 015 1801 306 ™
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o figme FALTES U IOE | an L WD doge e P
- %30
: 2T m 1D
i ] = 138
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Astatine: a chemical hybrid — halogen/metalloid

Astatine (bio-)chemistry ?
) B l“,

in vivo

73 MBq 211At-ch81C6

y camera images with 77-92 keV X-rays
M. Zalutsky et al., J. Nucl. Med. 49 (2008) 30.

o in vitro
S.H. Cunningham et al., Br. J. Cancer 77 (1998) 2061.
S.H.L. Frost et al., Cancer 116 (2010) 1101.
J. Champion et al., J. Chem. Phys. A114 (2010) 576.

Toend acdany ) Toav wik Ty
8 e a-p e >

in silico
J. Champion et al., PCCP 13 (2011) 14984.
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Atomic spectroscopy of astatine

Author Year Method IP (eV)
Finkelnburg et al1? 1950  Extrapolation 9,5(2)
Varshni et al" 1953  Extrapolation 10.4
Finkelnburg et al.'? 1955  Extrapolation 9.2(4)

Kiser et al.® 1960  Extrapolation 95

Mitin et al' 2006  HF 9.24

Chang et al.’® 2010  MCDF, up-shift 9.35(1)

Hot cavity lon source [— Extractor Dipole magnet

¢
L
1%y
@ Protons O Target material . Reaction products . lons
S. Rothe et al., Nature Comm. 4 (2013) 1835.
Atomic spectroscopy of astatine
a
a b c d e » ,,,,,,,_,.m.,....~»
. - 3 l ' .l
= : TH 108 oot i ”“ '
ol RNy ' ”
el el ¢ W-U’wwu L
§ a g .‘ul;:u_ Twmo 152% l N mm '
g
i LSRR CY . G RN A RSC Ry e
g s i u.nl; ....”000“00&“0.0
Lt g- g 7,268 onr ' ¢ e .,-".‘".‘
- X i 67,457 o 5 nmaull . i
g £ i :: -.90:59.;?‘;'3.‘9000090‘0"0“?
;_ # .".'. T = 4 a8 w s
" E 46.254 e AR QI YO, 1
o6~ J=32
wwem IP(AY) = 9.317510(8) eV
J-a2
EfNE
1 |
& -C oo
Je02

S. Rothe et al., Nature Comm. 4 (2013) 1835.
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Theranostics

, —Therapeutic effect
- =Side effects

Effect

Acceptable
side effects

-l

Dose

Accurate dosimetry is essential for optimum use

of the therapeutic window.

Theranostics

AN

Effect

Acceptable
side effects

Accurate dosimetry is essential for optimum use

of the therapeutic window.
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Terbium: a unique element for nuclear medicine

Frequent overexpression of
folate receptor in cancer of:
sovaries
scervix uteri
*lung
*kidney
*brain
scolon
*breast .
sleukemia Folic Acid |

400 meg
SUSPLEMENT

folic acid = vitamine B9

C. Muller, Curr. Pharmaceut. Design 2012;18:1058.
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Tumor Targeting Agent for Th-Coordination
Chemical Structure with 3 Functionalities

albumin binder
folic acid HO._.O Q. _.OH P |
0 i w19 \T 0 ]
S N--"\/\,r” N e Ao~
L n _A&I H oi |i H H
HN N7 > 5
Py J \_\'u
HaNT NN Ny —\ﬁ:.\ ..................................
P o
Tbh-folate : & _n N/l\f
P oomito
. P NN
Chracteristics: I i
L . : O
==) stable coordination of Th-isotopes { Tb-DOTA o

g prolonged blood circulation time

Production of °Tb, 152Th and 1°°Tb at ISOLDE

Mea &5 MUMibar
145 143 130 131 152

radioactive ion beams
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Theranostics with terbium isotopes

PET SPECT SPECT

@ " "‘-a‘ @ " "1“ FARL SCHERRER IWET TLT '-l'
_) 9o _) L LT-E:' NEUTRONS
FOR SCENC

IS528 Collaboration: C. Miiller et al., J. Nucl. Med. 2012;53:1951.

Preclinical study with lymphoma mouse model
100 1 \
90 T

149

|5MBq Th, 5 ug mab |

80 T L\

o |
50 T
40 1

| 300 pg mab, cold

|| 5 pg mab, cold |

% of survived mice

0+

0 20 40 60 80 100 120
Survival time, days

G.J. Beyer et al., Eur J Nucl Med Molec Imaging 2004:31;547.



www.cern.ch/medicis-promed
bzaicin :

Prome MIDICES-PROMID! Innovats based PGSR —————
ke tranaport and procinical studies Saw Farsonotad
Treatment

Raciohotope beams
from 2015 on

= B g T@E

e d e, |

- S D
o .S 2 Mass purtfication targeting overian imagng 13CPETalded
4 |

[:E m— . st medical eyclotrons cancer hadreokhersey

14 PhD positions open until 31st July

ESE) @ CERN(CH) Isotope molecule break-up (o RFQ

ESR2 (eCERN(CH) Focility development and safety

ESHY @CERN(CH) Fast injection & charge breeding of isotope

o www.cern.ch/medicis-promed

ESIL @Graphene Nat'l Inst{UK) Graphene coating oo foil

sotope prod targst
ESES @Matx univi DE) Laser lon Source for isotope beam -
purificaton ‘

ESHO @ Advanced Accelerator Application( FR) Mass

soparntion for isofopes produoed ot evelotron

ESIY ¢ilnstituto Sup Tecuioof PT) Uraniom nusoffber isotope s (CHmGeneva Unaverssty Hospatal(CH) Ovanan eancer
prod targets Liitnodal fimaging

FSI @ Dastitute Sup Teeslool PT) Radioplinrmaceutical foe
DNA targeting

ESMG @ONAOUIT) 1C PET Alded hudron fhweags

S0 (CH2 Jor Livassane Undversity Hospatal(CH)
Radiomumunatherapy and maging of ovarian eancet
FSI (CH3 e Genwva Umaversaty Hesgutal(CH) Robotic
ESILo @ Lemer Pax({FR) Container teebmology for ssotope ! i 3)ey b s

witrgery for iternal radiothernpy

ESR15 (CHy )@ Swiss Fod lnst Tech Laosnnne EPFL (CH)

Rimodal Radioplarmaceationl synthests for evaninn eaneer

dispateliing
ESI0 @Rt Uity Lenversi BE) Mass separnted imedecular

Do
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Paracelsus (1493-1541) 500 years later:

“MMany have gaid of Alchemp, “Many have said of nuclear physics,
that it is for the making of gold that it is for the making of gold and
and gilber. Jfor me such i not silver isotopes (plus Ca, Ni, No, etc.).

the aim, but to congider only For me such is not the only aim, but

twhat birtue and potwer map lie also to consider what virtue and

in medicines.” power may lie in it for medicine.”
(Coiwardes)
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