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Karl Johnston




Overview
e (Very brief) Introduction to ISOLDE...

e (even shorter) “flash” of some recent nuclear physics
highlights.

e “Applied” programme at ISOLDE: Solid state physics,
biophysics.

e Techniques and materials:
e Radiotracer Diffusion
e Optical studies in semiconductors
e Emission Channelling
e Mossbauer spectroscopy using 57Mn/57Fe
e Perturbed angular correlation and 3-NMR for biophysics
e MEDICIS



Accelerators at CERN
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ISOLDE / 50 y Experience

ISOLDE today offers the
largest range of available
isotopes of any ISOL facility 196
worldwide. :
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Radioactive isotopes for solid state physics? Why & How??

Radiation: very easy to detect........

The radioactive isotopes (“probes”) act as “spies” transmitting
Information with atomic resolution via their decay.

e Adds extra dimension to “normal spectroscopies” e.g.
optical / electrical characterisation of semiconductors

* Provides extremely local probe which can be applied to
variety of systems

A facility providing a large variety of radioactive
Isotope (if possible, isotopically clean)

12921 9c

You need




ISOLDE table of elements

iohization dlschaie

0@ F

I- EITEE © @O © 0 000wl

O @'@@@@0 colid sate.
® Ho0 © 000
¥ oo

6




Applying radioactivity to solid state physics

Nuclear probes Interactions Methods

DLTS
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“APPLICATIONS”

( Biology/Medicine 2%

University Hospitals
Universities
Research Institutes

Materials research 10%



Solid state physics @ ISOLDE: Diverse community

Solid State physics:
Semiconductors,
Metals

Materials scientists:
High Tc
Superconductors,
Multiferroic materials

Biophysics:
structural properties &
role of heavy metals in
proteins, DNA.

T 32

SSP collaborations




Radiotracer technique
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Diffusion of 112Ag in CdTe
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(H. Wolf et al., Phys. Rev. Lett. 94 (2005) 125901)



Model
Deviation from stoichiometry [A C] =[Ca’i ]'[VCd ]

Initial state of the crystal Te rich

AC <0
Highly mobile Cd interstitials
Highly mobile Ag dopant (interstitial) 104
Source of Cd interstitials during diffusion AC>0 AC<0 AC>0
e 107
o .‘.
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»  Ag dopants images the profile of the intrinsic defects



Also seen from metal layers (Cu)

Diffusion withdCi Gy éanyedtr 0 (BB0 K

1014
UIAg in CdTe ® without metal Iay(ler
_ 10" ® with metal layer
= 30 nm Cu layer
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= ° / ®
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Metal layers can initialize uphill diffusion

(H. Wolf et al., Appl. Phys. Lett. 100 (2012) Consequences for contacts to
171915) semiconductors?



On-line diffusion chamber at ISOLDE
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Photoluminescence Characterisation of
Semiconductors

v One of the principal techniques in semiconductor research.
v" High Spectral resolution

v Non-destructive

v No need for contacts

v’ Very sensitive (can probe ppb)

v’ Relatively flexible and straightforward

v’ Can be extended to include external perturbations.

X Not quantitative

X Low concentrations may be more optically efficient

X Lack of chemical information (except for some rare cases
where isotope shifts are observed)




Optical Spectroscopy of Semiconductors: ZnO
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Radiotracer PL has allowed for the full classification of
the dominant impurities in ZnO
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Radio PL allows for the subtle chemical
identification of luminescence through
different decay chains.

Has allowed for the identification of
neutral and ionised donors [1, 2],
complexed impurities [3], “double
donor” centres [2, 4], and
isoelectronic centres [5].

K. Johnston et al Phys Rev B 73 165212 (2006).

K. Johnston et al Phys Rev B 83 125205 (2011).

J Cullen et al Appl. Phys. Lett. 102 192110 (2013)
J. Cullen et al Phys Rev B 87 165202 (2013)

J. Cullen et al J. Appl Phys (2013)



Emission Channeling of decay particles, on single crystals
(B, B*, c.e., a)...Iattice location of impurities in crystals

particle yield 'T
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What do you need to do Emission Channeling

Si PAD electron detectors
5um kapton

2um SiO2
0.3mm p (B) implant
Readout Lines

Contact Paolyimide Insulstol  fom other Pads
Metal 2 Metal L

Via ketall - Metal2
gt Iinplant 1002 pm
Bulk
* Lmplant -
i 3000 A n (P) inhplant

5000 A Al cover

Position- Good energy resolution —3 keV
sensitive Large pad — 1.4x1.4 mm2
detector Dead / unbonded channels
Leakage current limiting depletion
15keV << E(e") << 300 keV
Readout - 200Hz ... 5 kHz




Lattice location study of implanted 27Mg (13min) : AIN

Experiment
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....and good for publicity
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Hyperfine Interactions with Mossbauer spectroscopy
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Local information....

Isomer Shift
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Magnetic hf. splitting of >’Fe: Sextet
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Motivation .....

GaP |
GaAs |

Gasb |
InP_|
InAs |

g

ZnSe |
ZnTe |

10 100 1000
Curie temperature (K)

Fig. 3. Computed values of the Curie temper-
ature T_ for various p-type semiconductors
containing 5% of Mn and 3.5 < 10?2 holes per
cm?,

Dietl et al, Science 287 (2000) 1019

Is it possible to
create magnetic
semiconductors
that work at room
temperature?
Such devices have

been demonstrated
at low temperatures
but not yet ina

range warm enough
for spintronics

applications.




Fe: ZnO a ferromagnetic

semiconductor?
(no!)

6 fold spectrum: characteristic of magnetic
structure (at room temperature!!!).

Results in an external magnetic field show
that the spectrum shown to be a

slowly relaxing paramagnetic system .

Gunnlaugsson et al (APL 97 142501 2010)

After high-dose implantations, precipitates of
Fe-lll are formed. These form clusters yielding
misleading information about the nature of
magnetism in ZnO (as reported by many groups
over the last number of years).

Gunnlaugsson et al APL 100 042109 (2012)
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New 120m? lab...completion ~ sometime ...2014
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Biophysics at ISOLDE: Radioisotopes for Probing Biomolecular Functionality
in Living Matter

PAC isotopes used for biophysics at ISOLDE:

parent half-life decay isomer half-life (ns)
6271 9.186(13) h EC/* 62y 4.57(18)
99Mo 65.94(1) h 8- W 3.61(7)
imCd 48.54(5) min IT nicd 85.0(7)
11[p 2.8049(1) days EC nicd 85.0(7)
HiAg 7.45(1) days - nicd 85.0(7)
133Ba 10.52(13) years EC 133Cs 6.27(2)
160Th 72.3(2) days B~ 160Dy 2.02(1)
1B1f 42.39(6) days - 181T4 10.8(1)
) ooy 42.6(2) min IT 199 g 2.45(2)
) 2"Pb 67.2(3) min IT 204ph 265(10)
isotopes that have only been used for the sum-p
147N 10.98(1) days - 147Pm 2.50(5)
1526y 13.542(10) years EC 152Sm 1.428(7)

Hemmingsen et al. Chem. Rev., 2004, 104: 4027

Suitable isotopes exist for probing toxicology in bio-systems: Pb, Cd and Hg

No implantations: collect activity in ice = chemistry



PAC Spectroscopy

"inCd decar St Angular correlation of y-rays
48 min I =11/2
v1 (150 keV)
hd =32 11 e mrng
B4.5 ns I=5/2 Det 2 - Det 1
v2 (247 ke) .:. —l L .:.
L I = 1/2 ,.-‘ ...... __..a".l

| ; P : | Lm ™ - Angular correlation of y-rays is a property of the
L\q_--"'“*m_--"'

'\-\. o .-"

nuclear decay
+ The distance from the center to the curve gives the

probability of emission of y in that direction

SESERERRE AR FYRAR L) * Coincidence count rate depends on the angle
between detectors

[wwwiuni-leipzig.de)




PAC Spectroscopy

"'"Cd decay scheme Perturbed angular correlation of y-rays:
48 min L =11/2 the influence of extra-nuclear fields
" I=41 5/2
84.5 ns r 1=5/2 i
vz (247 keV) M3 1 — 4 30
X Iy = 1/2
! I=4%1/2
E T : _
a1 HFI causes precession of the nuclear spin

Rotation of the angular correlation

Information about w1, w7 and w3
(the finger print of the local charge distribution)

I I I T &4
TERAR

(wiwwuni-leipzig.de)




Chemical shift / ppm

Metal lon Binding Site Structure:
Fast inter-conversion between
species

11imCd-PAC

13Cd-NMR

Matzapetakis et al. J. Am. Chem. Soc. 2002, 124: 8042; Lee et al.
Angew. Chem., 2006, 45: 2864; Peacock et al. Proc. Nat. Acad.
Sci. 2008, 105: 16566



Elements in Human Body

Human body:

* 6.7°10%7 atoms
* 99% 4 major elements:

O (43kg), C (16kg), H (7kg), N (1.8kg)
* 1% 21 other elements:

(Ca:1kg, Mg:19g, Fe:3-5g, Zn:3g,

Cu: 300mg)




Elements in Human Body

28

Be

12

Mg

3B

48

58

5B

7B

—— 88—

1B

2B

5A

Q =

15

20
Ca

21

Sc

22

Ti

4F

L)

Cr

25

Mn

26
Fe

Co

%
Ni

il

Cu

)

Zn

a3

As

k)
Se

3
Kr

39

Y

40

Zr

41

Nb

A

Mo

43

Tc

44
Ru

45

Rh

46

Pd

47

Ag

Cd

45

51
Sb

52
Te

)

o4
Xe

56
Ba

57-71

72

Hf

73
Ta

T4

75

Re

78

7
Ir

T8

Pt

i)

Au

80

Hg

81

Tl

Bi

83

a4
Po

At

85

&6
Rn

Ra

£9-103

104
Rf

105

Db

™
Sg

107

Bh

108
Hs

1.0.9
Mt

110
Ds

11

Rg

112

Cn

Uut

113

114

115

Uup

T
Uuh

ITH
Uus

18
Uuo

Lanthanides

Actinides

57

La

58

Ce

59

Pr

&0

Nd

B1
Pm

B3

Eu

B4

Gd

63

Th

66
Dy

&7

Ho

68
Er

B9

Tm

7o
Yb

71
Lu

89

Ac

"90.'
Th

a1
Pa

92

e
Np

96
Cm

a7

Bk

Cf

a8

99

Es

100
Fm

101

Md

102
No

103
Lr

Natural elements




Elements in Human Body
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2012 — first (and successful) 3tMg*

B-NMR experiment applied to soft condensed matter

: _ L Differential pumping and drop
*IMg*implanted into an ionic liquid (EMIM-AC): pounted @ COLLAPS experiment

<
S
>
=
]
S
£
>
0
@
(e

3870 3875 3880 3885 3890 3895 3
RF frequency (kHz)

Monika Stachura, University of Copenhagen; Magdalena Kow4
CERN, Geneva,; Alexander Gottberg, CSIC, Madrid; Klaus Bla
Planck Institute for Nuclear Physics, Heidelberg; Gerda Neyen
Leuven University, (Leuven); Rainer Neugart, Mainz Universit
(Mainz); Deyan Yordanov, Max Planck Institute for Nuclear Ph
Heidelberg; Mark Bissell, Leuven University, (Leuven); Kim Kr
Planck Institute for Nuclear Physics, Heidelberg




The VITO project

(Versatile lon-polarized Techniques Online)

Cern.ch/vito



ASPIC =» ViTO Upgrade

ASPIC




Physics at ViTO

COLLAPS beam line




Radioisotopes for targeted alpha therapy

Radfo- Advantage Problem
nuclide

Tb-149 4.12  Known (bio)chemistry Availability

Pb-212 10.6 sl el Release of daughter?

(recycled from U-fuel 228Th)

Known (bio)chemistry

Bi-212 1.01 P b ity Short half-life
. : . Short half-life
Bi-213 0.76 Known (bio)chemistry Availability
At-211 /.22 Half-life Challenging (bio)chemistry
Half-life Only for bone metastases
fapsas EUS Availability (similar chemistry to Ca)
_[i ?
Ac-225 240 Half-life Release of daughters:

Known (bio)chemistry Availability



Terbium: a unique element for nuclear medicine




In practice (at the moment)

i. Collection at ISOLDE iv. Injection into mouse v. PET/SPECT imaging and
ISOLDE e tumor treatment
—)a 4

proton beam
1.4 GeV

013 M a-HIBA JELS M a-HIBA

Activityf%)

Eluate volume [ml]



A 2 B = C v

All very nice, but: how to have a

more regular source of beam for
these kinds of experiments? (once a

year not enough)
9019z v




h=a:ci%

Irradiation |

Online separation

Chemical separation

TARGET + FRONT-END

\ MASS SEPARATOR

(Medical Isotopes Collected at ISOLDE)
Augusto et al Appl. Sci. 2014, 4, 265-281

Preparation

IREADIATION POINT

Shuttle System




Ground breaking Sept 4t 2013
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Field of Radiation | Chemical elements Half lives

Application

PET p* Alkaline earth 10°s min.
I N N OVAT I V E Halogen Hours

SPECT ¥ :
I S OT O P E S Lanthanide Days
IAT o Transition metals Months
Beta therapy -
Auger therapy e
Interview with Steve Myers EN
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Summary

Unique information — be it chemical or local — which is only
achievable using radioactive implantations/probes.

Ability to profit from the large range of beams available at
ISOLDE (especially now with online and offline
setups)....imagination (and sometimes money) the only
limitation.

Can go beyond the “standard” isotopes used ... e.g. **In, *’Co.

Many new developments underway e.g. B-NMR for biophysics
and new dedicated offline labs.
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Advantages and Limitations of PAC Spectroscopy for
biophysics

Advantages:

« Characterisation of structure
and dynamics at the PAC
probe site (including rotational
correlation times)

« High sensitivity to structural
changes

« Small amount of PAC probe needed
(in principle about 1 pmol)

« Different physical states

(crystals, surfaces, solutions, in vivo...)

« Mechanically stable, allowing for
stirring, flow, ...

Limitations:

« Suitable PAC isotopes do not exist for
all elements

« PAC isotope must bind strongly to
the molecule of interest

« Spectral parameters do not uniquely
determine structure

« After effects can cause problems (in
particular for EC). (*In)

« Production of PAC-isotopes

Hemmingsen et al. Chem. Rev., 2004, 104: 4027; Hemmingsen and Butz, in "Application of Physical
Methods to Inorganic and Bioinorganic Chemistry" 2007, Ed. R.A. Scott, Wiley
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