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OUTLINE

 RBI Electrostatic accelerators

* lon beam analysis — reactions, scattering,
lonization,

* lon beam interactions - applications
hadron therapy|(MeV C ions)

- Staff, users, funding
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RBI electrostatic accelerators

lon beam interactions with material
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RBI electrostatic accelerators

High voltage terminal
(1.0 do 6.0 MV)

_________________________

o — °@ °<— ° Negative ion

. stripper SOUTCGS.
| Experimental Sputtering
-) chamber and RF

* lon source create continuous negative ion
beam, such as H-, Li-, C-, Si...

« MV potential attracts negative ions; in stripper channel
they change polarity; MV potential repulse positive ions to

the MeV energy

* lon beam is directed to the scattering chamber to perform
H I analySIS or |rrad|at|0n +* - " This project has received funding from the European Union’s Horizon 2020
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RBI electrostatic accelerators:
beam lines

- 1 MV Tandetron
6 MV EN Tandem
g i e
(& . /@

Ion sources:

11 alphatross (RF with Rb charge exchange)

&[5 - SNICS sputtering

51 - duoplasmatron (with Na exchange channel for He’)

E1 - PIXE/EBS/ERDA

E2 - in air

E3 - dual pbeam

E4 - dual beam (DiFU)

E5 - TOF ERDA @ - Ions only from Tandetron

E6 - capillary pbeam | ) () - Tons from Tandetron & EN Tandem
@

E7 - channeling PIXE/EBS
E8 - nuclear reactions - Ions from Tandetron or EN Tandem

E9 - heavy ion pbeam

I I I This project has received funding from the European Union’s Horizon 2020
ot research and innovation programme under grant agreement No 101008548
Th

Heavy lon Therapy Research Integration
23/05/2021 5



http://www.irb.hr/en/

RBI electrostatic accelerators:
beam lines
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lon beam interactions with material

'+ 2 um '
Depth vs. Y-Axis Main processes (listed in order of
- - -|  Importance):
ionization o
FOR——— == a) lonization of atoms and
“ molecules (scattering with
electrons)
: b) Scattering with atomic nuclei
g c) Nuclear reactions
-2 nm

Every process lead to one or more analytical
techniqgues: ION BEAM ANALYSIS, or it can be
used for MATERIALS MODIFICATION in target
through radiation damage and/or ion implantation

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548
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lon Beam Applications:

lon Beam Analysis & lon Beam M odification
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lon beam analysis

1. We understand the nature of

the physical processes that
occur during the ion beam
irradiation of material

2. By detection of products we
perform energy or mass
spectroscopy of interaction

products

)

3. Using 1 & 2 we extract a
guantitative information —
elemental analysis of
unknown sample / target

HITRI
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lonization

Nuclear l
reactions
Nuclear reaction —»
Elastic scattering of emission of reaction
incoming ion SAMPLE roduct (particle;
g P p
— Rutherford gamma ray) —» PIGE
backscattering and NRA techniques
spectrometry - RBS
‘\\ Energy loss of
incoming ions —
> Scanning
| transmission ion
4 microsopy - STIM
ION BEAM P— —n=y
<
Inner shell ionization Elastic scattering —
:PT;EE:;L?;:;?y recoil of target nuclei Elastic
— ERDA depth scattering

profiling technique

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548
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Electron Volts (eV)

e

IONIZATION of atoms & molecules

olo
]
i PIXE (Proton Induced X-ray
Emission) spectroscopy
Ntk
10 5p [Oil air particulate
55 [O] e MR R
2 4d [Niv.v] o »
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4 L Lines Ly Lines Ly Lines M Tine - : . .
0T ke e b }- hoo ’ ! y v e ™ From the observed x-ray intensities, elemental
___________________ 15 . .
I Figire . Remmeseriaii PIXE specia o e e avooms e e, COTICENrations in the sample exposed to the
H ITP‘W Excited atoms emit characteristic x-rays,
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IONIZATION of atoms & molecules

PIXE (Proton Induced X-ray
Emission) spectroscopy —in air

Simple external beam setup:

Robust Al foil exit window

No additional vacuum pump
Classical Si(Li) x-ray detector
Computer controlled XYZ table

= —— i Sampl

X-ray
detector
§

Heavy lon Therapy Research Integration

Exit foil

|\ |

Example:
Analysis of Roman silverware
found in area of Vinkovci

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548
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IONIZATION of atoms & molecules

MeV SIMS (Secondary lon Mass Spectroscopy)
Molecular ions are emitted from the target surface
when it is hit by MeV energy heavy ion

Protonated MeV ion
or deprotonated [~
molecules, etc. ]

<€, '.1 - %&
\ t, | /
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Infratrack @
~ B .5 nif @
Ultratrack =
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ELASTIC SCATTERING of beam ions and RECOILS of target nuclei

1300 1350 1400 1450 1500 1550 1600
NEPEPE BN EPEPENEr BN B S

R o nen MR "y e
simulated 1
RBS Rutherford Backscattering spectrometry Example: R — | '
Analysis of gilding g 150 .
M VyE, _ technology in 8 .0 _
o > X production of 1 _
m Vo By Recoiled ions ~ ancient metal 1 diﬁusionz@
> ERDA threads in textiles oo ™~
Vl
UZORAK
Scattered ions
- RBS

By detecting energy of scattered ion, while knowing
kinematics of Rutherford scattering, unknown mass
M of the target atom can be determined

1400 1450 1500 1550 1600
Energy (keV)
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ELASTIC SCATTERING of beam ions and RECOILS of target nuclei

1000

800+

TOF

600
400+

200-

ERDA (Elastic Recoil Detection Analysis)
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B — * all elements are resolved

E

Heavy ion beam —e.g. 20 MeV lodine ions
* sensitivity 101> /cm?
* 2 nm depth resolution, up to 500 nm probe depth

This project has received funding from the European Union’s Horizon 2020
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NUCLEAR REACTIONS
(detection of emitted particles)

. 4

NRA (Nuclear Reaction Analysis)

’

HITRI
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Irradiation of light elements by H or He

nuclei can induce nuclear reactions that

result in:

- Emission of particles — NRA
spectroscopy

- Gamma ray emission — PIGE
spectroscopy

NRA and PIGE - ideal for light nuclei
isotopes: H, He, Li, B, Be, etc.

T

n— O (RBS) _
particle spectrum

+~—— Si (RBS)

Reaction: 1'1B(p,n)®Be,
Q=8.582 MeV
Beam — 0.9 MeV protons

«— Ge (RBS)

A EE U

Example: Boron in optical
coatings

Dopants are changiing
optical properties —NRA +
PIXE imaging

. : B (NRA)

* * This project has received funding from the European Union’s Horizon 2020
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element Ey (keV) y-ray yield (counts/uCsr) x 10° reaction
1.7 MeV 2.4 MeV 3.1 MeV
NUCLEAR REACTIONS ¥ 729 ; : S TpnEe
(detection of gamma rays) e 86 260 001 e
g y Be 3562 - 0.02 2.5 °Be(p,a,y)¢Be
B 429 0.9 3.5 7.2 10B(p,0,7)"Be
718 - 0.12 1.3 19B(p,p,7)'°B
2125 - - 4.8 'B(p.,p,v)"'B
F 110 0.1 7.2 11.0 19F (p,p,7)°F
PIGE (Particle Induced 197 0.2 20.0 37.0 19F(p, p)19F
. . _ 19F , i 19F
Gamma EmISSIOn) 1236 3.0 54 (P.PY3.1)
1349 - 1.3 2.1 F(p,py41)*F
1357 i 1.4 4.2 PF(P.pys2)°F
Fe 19 19
fas 1459 : 0.9 3.9 Fo.pa)™F
35 19F 160
12804 & . 6129 2.6 67.0 95.0 (p.az1)
o Na 440 0.8 9.6 16.0 #*Na(p,py)*Na
10007 Na 1634 0.2 9.9 19.0 28Na(p,0,7)*°Ne
= 750, < [Mg 1369 0.1 0.9 5.1 23Mg(p,p,7)2*Mg
g \ . Al 844 - 0.1 2.3 27AI(p,p.y)27Al
= &'\w 1014 - 0.3 4.6 ZTAI(p,py)*"Al
250 UU j' Si 1779 - - 1.2 28Si(p,p1y)?8Si
L | P 1266 - 1.6 5.2 31p(p,p.y)3tP
oL, ; : , o J Cl 1219 - 0.2 1.5 %°Cl(p,p,y)*Cl
250 500 750 1000 1250 1500

y-ray energy (keV)
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NUCLEAR Microprobe

Imaging using scanning focused beam & lon Beam Analysis techniques

Object slits

Elemental micro-imaging

3 — 6 meters

Quadrupole
triplet

- lon (proton) beam is
focussed to 1 um spot size
- Itcan be scanned over 1 x 1

mm sample surface
HITP‘W - In vacuum & in air . o e
% | * * This project has received funding from the European Union’s Horizon 2020
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Applications relevant to hadron therapy (at RBI facility)
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lon stopping
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What we do with low energy C-ions ?

Calibration of microdosimeters
Irradiation of living cancer cells

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548
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Irradiation of cancer cells

O lon beam passes through the diamond membrane detector that is used: MeV ions VACUUM

 As a vacuum — air window -

« As a counter of ions that pass to the container of cancer cells | ‘
O Cells are grown in contaner with thin Mylar window where most of the cells grow. Diamond
0 Combination of chemotherapy and radiotherapy was explored (as it can Lnei;ncli;?ne

synergistically induce cancer cell death)

diamond
membrane cell container
with Mylar window

Lot
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Irradiation of cancer cells

0Gy 2Gy

15 r O These cancer cells grow in islands
% (left) while irradiated cells grow in

E very small islands (right) and more

% 70h cells die (detached cells)

£

=

The attachment of cells to Mylar (left) and
survival after 2 Gy proton irradiation (right)

This project has received funding from the European Union’s Horizon 2020
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Irradiation of cancer cells
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Cell survival (%)

Cell survival (%)
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y-rays

M0 Gy
“2,5Gy

control plC Cis plC CIS

protons

oGy
W2,5Gy

———control CIs

Control - untreated cells

pIC - cells where protein Toll-like receptor 3 is
activated and the consequence is cell death

CIS - Cisplatin, a well known
chemotherapeutic

pIC CIS - combined treatment of pIC and
cisplatin

What next?
- Microbeam irradiation of single cells

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548
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IBIC technique

microscopic imaging of charge transport in detectors

O IONS
-p, o, Li, C, O,..

I object slits
3

- focusing and scanning

O ION POSITION

guadrupole doublet
focusing lens

sample

= BB

=

® |ION RATE

- currents 0 - 106 p/s

Y

scan —
generator f\n
1L

I I I I o ‘ i
Heavy lon Therapy Research Integration

X | :
—1r

©® RANGE
- from 2 to 500 um

.} scCVD sample

Courtesy of CERN

A 4
protons
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IBIC Investigation of microdosimeters

400

200

00 01 02 03 04

AIDA-2020-RBI-2016-1 AIDA-2020-RBI-2016-2 S ximm)
IBIC characterization of single crystal diamond based Microbeam tests of silicon telescope for clynical
Shottky diodes for microdosimetry application, Claudio dosimetry, G. Magrin, Austron, Austria

Verona, ‘Tor Vergata’ University, Italy
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IBIC In air — CMS pixel detector

AIDA-2020-RBI-2018-1

Single event effects in CMS pixel ROC
W. Erdemann, PSI, Switzerland

The CMS (Compact Muon Solenoid)
inner barrel pixel detector has
integrated silicon pixels and readout
chip (ROC), where occasional
memory soft errors occur.

Total 48 million pixels in CMS
Minimum ionizing particles are
supposed to be responsible for SEU
in pixel readout chain (tested at PSI)

HITRI
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Long range Short range
6 MeV protons heavy ions — 16 MeV Cions
(chip alignment) (single event upsets)

This project has received funding from the European Union’s Horizon 2020
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Staff, users, funding...

...and sustainability in South East Europe society ?

I I I This project has received funding from the European Union’s Horizon 2020
Lo research and innovation programme under grant agreement No 101008548
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Staff

Scientists (5): Milko Jaksi¢, Stjepko Fazini¢, lva Bogdanovic
Radovié, Tonci Tadi¢, Zdravko Siketi¢

Postdocs (4): Iva BozZicevi¢, Georgios Provatas, Matea Krmpotic,
Mauricio Rodriguez

Professional associates (3): Donny Domagoj Cosic, Milan
Vicentijevi¢, Fares Boussahoul

Doctoral students (4): Marko Barac, Andreo Crnjac, Marko
Brajkovi¢, Toni Dunatov

Technicians (4): Zeljko Peri$a, Damir Spanja, Andro Kovagi¢,
Zvonko Kolar

+ Incoming and outgoing mobility
- Low salaries

+ international staff

+ attractive research subjects

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548

HITRI

Heavy lon Therapy Research Integration



http://www.irb.hr/en/

Attracting users

Strategy:

- To be equiped with all standard ion beam techniques
PIXE, RBS, ERDA, NRA, PIGE, STIM, IBIC, Channeling,... & microprobe !!

Funded access to beam lines:
Today: CERIC-ERIC consortium;
H2020 project RADIATE; IAEA CRP

- To have several unique end stations:
- High Resolution PIXE setup (APXS on Mars)
- Dual Beam Irradiation (EuroFusion)
- Dual microbeam (only in the world)
-  TOF ERDA (commercial applications)
- IBIC system (high energy physics)
- Micro MeV SIMS (forensics and cultural heritage)

HITRI
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Users

i . s
Foreign researchers at RBI accelerator facility: Foreign researchers at RBI accelerator facility:
2007 2017
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Projects

Projects 2010-2020

Funding: 1990-2009

European Union
European Regional
Development Fund CE Rlc O N N

o000 -

L

TOTAL AYIAEA 2020 | gomieeen RADIATE ¢:

2500 W 3 0 AI DA Infrastructure o000 -
A International Atomic Energy Agency Consortium cooe .

Beam time (on target):

3000

2000
ini i (7 . b
N Ministry of science {@) EUROfusion .o,\;hrzz
1500 N= N e
1 1 2\ | » — .
1000 Donatlon§ & internal L'MS,
constructions corerrcnrc
500 v and Sensing Devices
Tandetron
0 : : , . i'he NATO Science for Peace l\l[)l\
1995 2000 2005 2010 2015 2020 and decu riaj. ngl‘nmmc

innova

@f TAEA

International Atomic Energy Agency
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Future:

Structural funds project:
O-ZIP (just started)

HITRI

Heavy lon Therapy Research Integration

|\ |

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548



http://www.irb.hr/en/

Videos about practical IBA - at IAEA site

WEACg  NUCLEUS

(&) 1AEA | Accelerator Knowledge Portal -

Interactive Maps Accelerators for Heritage Training Materials « Useful Resources « Case Studies IBA Beamtime Workspaces = Quantum Training workshop

Home IBA methods - practical demonstrations
Physics Section

Radioisotope
Products and
Radiation Technology
Section
Help
How to Register
FAQ

Demonstration of PIXE experiment
Duration: 13:13 min

Language: English (with English subtities)

This video is showing all steps in performing PIXE experiments, lnch{

|
- Selection of samples and their mounting into the scattering chamb(

- Description of accelerator system, from the sputtering ion source t ‘
- Description of scattering chamber interior including detectors used]

of vacuum ions and proton beam |

|

- Acquisition of PIXE spectra for thin standards and unknown sample

|

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101008548
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Conclusions

Electrostatic accelerators (and associated beam lines) are

excelent instruments for:

- Education and training (nuclear physics, detectors,
electronics, vacuum technology, etc.)

- Basic research in physics

- Applied research in many interdisciplinary areas

- Commercial applications (analysis, irradiation)

HITRI
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This material was prepared and presented within the HITRIplus Heavy lon Therapy MasterClass school,
and it is intended for educational purposes to facilitate students; people interested to use any of the material for any other
purposes (such as other lectures, courses etc) are kindly requested to please contact the author Milko Jak$i¢ at jaksic@irb.hr
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