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Abstract:

lon beam therapy facilities are mostly based on synchrotrons and different slow
extraction methods are used to produce a "DC-like" beam feeding the raster scan
systems to apply the pre-planned dose distributions to the patients. At HIT the RF
knockout method developed by HIMAC in Japan was installed and continuously
enhanced since the patient treatment started in 2009. Several steps like the "Dynamic
Intensity Control" based on feedback mechanism will be reviewed. In addition, the
developments at other ion beam facilities - CNAO in Italy, MIT in Marburg and
MedAustron in Austria - will be described, partly based on the Betatron method
proposed in the PIMMS study twenty years ago. The experiences after more than ten
years of operation as well as the next development steps planned within the EU funded
IFAST initiative will be reported.
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* Introduction
* A short view back into history
* Alittle bit of slow extraction theory

RF-KO system at HIT, Intensity feedback loop (“DIC”)
and further enhancements under investigation

* Betatron core implementation at CNAO including
extensions

* Comparison
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Introduction - The Heidelberg lonbeam Therapy facility

Dedicated Accelerator complex for ?Q% Three ECR
. %  |on Sources
tumor treatment with: Treatment Place
. d H b to 230 with Gantry i
p and He beams up to i

MeV/u
« Cbeams up to 430 MeV/u
[higher energies for experiments]

Two Horizontal \
Treatment Places

Patient treatment started in 2009
(Gantry: 2012)

Currently ~ 700 patients/year 'y
(> 600 patients in 2020) Room fo i

Total: > 6500 patients treated cxperiments. High Energy Soarm L (HEBT)
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Introduction - The Heidelberg lonbeam Therapy facility
Patients @ HIT

Long-term
Statistics
O D O H DI A D DD S O OO0 0NN DD O O 0D
B A A A A A A A A A A A AL A Al A A A A A Y Y
2009 | 2010 | 2011 2012 2013 2014 |2015 2016 2017 2018 2019 2020
14 214 435 570 637 676 723 690 628 668 719 489*
J * bis 30.09.2020
<77 |
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Introduction - Dose delivery by raster scan method

e At HIT the raster scan
method is used

e Tumor isirradiated slice-
by-slice and spot-by-
spot

e Scanning process needs
~milliseconds per spot

e Beam spill of several
seconds is needed

* Position and intensity is
measured, the scanning
velocity is adapted

magnetic deflectors ion beam tumor
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Introduction — the beam “wish list”

* Beam position: £ 0.5 mm

* Beam spot: 2D-Gaussian £ 15% FWHM

* Intensity:

,well-tempered”

 triggered extraction for breath hold dose delivery

 spill pause function

 dynamic intensity control ~ 1 ms

* higher intensities: ~10%? (p), ~10%° (C) per spill for
radiosurgery and multi-energy and/or breath hold
dose delivery

|
HIT( )
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Introduction — Challenges for a medical application

» Medical application!
» High reliability
> Integration into the medical product
» Risk management

» Be faster — and keep the accuracy!

—>Check before any new implementation:
v' Beam position and width
v 2D dose homogeneity (radiographic films)
v 3D dose distribution (patient plan verification)
v No. of interlocks during treatment

UK
HIT | HD)
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* Introduction
* A short view back into history
* Alittle bit of slow extraction theory

T * RF-KO system at HIT, Intensity feedback loop (“DIC”)
I_ and further enhancements under investigation

* Betatron core implementation at CNAO including
extensions

* Comparison
 Acknowledgements
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A view back into history — SI1S18 in the 90ies

100 e — :

Early measurements done at
time average SIS18 using the CCC detector

1 with high current Neon beams
showing strong spill
modulations by power supply
ripples (before major modi-

short time later) —
Max/Avg. > 6!

Slow extraction method: fast
quadrupole —driving the beam
in the 3™ order resonance

power spectrum [arb.u] particle current [nA]

frequency [kHz]

fications by Breitenberger et al.
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A view back into history — SIS18 in the 90ies
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Figure 1: Typical time structure of a spill extracted by tune varia-
tion without bunching (top) and improvement by a 2 kV bunching
voltage (bottom). The full spill-signal of the 300 MeV/u C%*
beam is drawn in the insert.
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Figure 2: Fourier transformation of of the signals displayed in
Fig.1 averaged over 10 Spills: without bunching (top) and with
bunching (bottom).
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* Introduction
* A short view back into history
* Alittle bit of slow extraction theory

T * RF-KO system at HIT, Intensity feedback loop (“DIC”)
I_ and further enhancements under investigation

* Betatron core implementation at CNAO including
extensions

* Comparison
 Acknowledgements
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A little bit of theory - introduction

Slow extraction methods:
** Moving the resonance

» Probably the first method ever used. The tune of the machine is

changed by a quadrupole so as to move the resonance across
the beam. (“not recommended”) = A -

** Moving the beam
» Constant ion optics in the synchrotron

» Amplitude driven, constant separatrix = the beam is excited by
transverse stochastic noise, so that its betatron amplitudes
grow. (“quick to respond”) - B —

> Momentum-driven = the beam is accelerated towards the

stationary resonance e.g. by a betatron core (“having a large

inductance it is not ultra-fast to respond”) = C -
17/
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A little bit of theory - introduction

Betatron Betatrof . : Betatron
amplitude amplitude ] ' amplitude
o Unstable ! U Unstable

~ E . Unstable
: ' region region

- *
"~ region
MNbving ™ «

resonance g’

Induction Amplitude growth ;
acceleration due to RF-KO

—
Dp

Separatrix view Steinbach diagrams
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A little bit of theory — RF-KO method

(Transverse) RF-Knock-Out method:

Excite horizontal betatron motion particle emittance
grows towards T
i ki separatrix. ki
Horizontal RF-kicker electrode X septum

~ in sync with horizontal particle tune.

Circulating
beam

E (t) Kicker

: | Electrode

RF Amp.

N
extracted beam

Albrecht, PhD, 1996
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A little bit of theory — betatron core extraction

AV(E/7) A Spill

Stable
region

Normalized
amplitude, A

Spill slowly gains
momentum from
the betatron core

Waiting beam moving
into resonance

=

Action of betatron core
1

>
dN/dA4 Ores Ap/p or x or Oy

Fig. 3: An example of a Steinbach diagram for a momentum-driven slow extraction

17 |
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A little bit of theory — betatron core extraction

z Particles on

. Electrostatic
Waiting beam Resonance separafrices

septum

(
\
:

.
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A little bit of theory — betatron core extraction

Sense of betatron
core acceleration

77 ;

AEnergy, AE A Sense of RF empty Resonance line for zero
bucket acceleration amplitude ions
> N\ 77— » PHASE
Amplitude /

Resonance
region
—
\ Resonance line for

Beam ions

i delberg lon-Beam Therapy Gentre

max. amplitude ions

Fig. 26: Empty-bucket channelling

Beam ions

The bridge analogy
to empty-bucket channelling
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CERN: Medical machine study

Precision beams for| hadron therapy
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* A short view back into history
* Alittle bit of slow extraction theory

T * RF-KO system at HIT, Intensity feedback loop (“DIC”)
L and further enhancements under investigation

* Betatron core implementation at CNAO including
extensions
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RF-KO system at HIT — mechanical installation

Exciter plates
at injection
section
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RF-KO system at HIT — RF amplifier & control

Rausch- Kicker
quelle [ W
tud
ke
X—— = >
‘ =
Frequenz- _‘
generator
TTL-Puls
Strahl
UK
1T, HD
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RF-KO system at HIT — signal generation in detalil

. . | DCU ]
Flowchart of signal generation: e
| DDS-Click mtiet | ! i
* DCU sets parameters i Pt S |_|_
generated by the data Rl
supply model R »’?@“{&“{';Z?X*S'S Frequenspelarun

. . . WAy

* Direct Digital Synthesizer —

« qe ; o - : Voltage an!m]]ed

providing a Pseudo random e Byl

binary phase shift keying R T
(PRBPSK) signal e

* Power amplifier . mw_,eim
e Passive electronic elements 1 """""""""""""""""
in the tunnel
Phasen-
urakehrtrafo
500 Watt
77 ;
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RF-KO system at HIT — used frequency spectrum

Excitation method: Pseudo random binary phase shift keying (PRBPSK)

Exemplary excitation signal Excitation spectrum
i 100000, 0 7 :
i ¥l
§ ' x W
3 10000
5 0
o w
& 3]
3 =

Time

o i (b4 e
Vko(t) = Vko - sin (2”.fc-f ¥ ¢shift) 100 :

224

226 228 2.

Frequency [MHz]

ge|iwJad ‘6T0Z M3IS “49qed 4 :wou4

(b' T 0, ”randnmso's
shift shift B Biundom > 0.5
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Counts [1]

Ratio [1]

Typical spill with RF-KO extraction (2008)
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| | 3
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1 | 0 1 3 (@)
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Time [s] oo

Spill structure measurements after synchrotron/HEBT commissioning
in 2007 / 2008 using an ionization chamber
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Motivation for enhancements

x10°

O

(Y2

(@]
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. . . 3

357 e Typical spill structure achieved 3

5 threshold with RF knock-out. ©

.

o 29T * Ideally as high as possible ‘z
g <
8 2f >
%‘1 ol e Reality: Scanning velocity is 3
g lower than desired. vy
CE i
=

05| e Spill-quality is essential for the &2
treatment time! Spikes (above |3

©

(o)

0 ’ - - : - ' threshold) lead to interlocks!
-1 0 1 2 3 4 5 6

time [s]

Review of spill structure enhancements at HIT and other medical facilities / Andreas Peters (HIT) / GSI Accelerator Seminar

:

N

5
\/



Motivation for enhancements

Therapy works fine — why do we need higher performance?

Reasons for the reduction of individual treatment time are:

* Higher patient comfort
(locally immobilized!)

* More patients can be treated

{7
* Economic facility operation | «M‘Q’
* Higher dose conformity |
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Intensity feedback loop - principle

* Use intensity signal
* Add feedback loop

* Position and intensity is
measured, the scanning
velocity and the intensity
is adapted

* Coupling the medical
product with the
industrial product
accelerator

>

magnefic deflectors ion beam

Therapy-
Control-
System

*

Emin

tumor

Emux
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Intensity feedback loop - principle

RF-KO exciter

* Use intensity signal
* Add feedback loop

e Position and intensity is
measured, the scanning
velocity and the intensity
is adapted

* Coupling the medical
product with the
industrial product
accelerator

17T 4

i el berg lon-Beam Therapy Gentre

Review of spill structure enhancements at HIT and other medical facilities / Andreas Peters (HIT) / GSI Accelerator Seminar

HD



Intensity feedback loop — technical realization

y‘\j patient | |
k actual value intensity Therapy-Control Unit
' TCU)
T — (
IC Q ( ( ( other beam actual, peference
O targets —

Dynamic Intensity
Controller

circulating
beam

. correction signal |

] RF-KO exciter
amplifier control unit

{
IN
N

-

~

i
£
g
L
O

Review of spill structure enhancements at HIT and other medical facilities / Andreas Peters (HIT) / GSI Accelerator Seminar

S 66-26 (STOZ) S6L V ININ “[B 39 SI2WOYS )



Intensity controller details

 PID controller

. "P" for a fast response

. "I'" for no remaining control deviation

. "D" optional and currently deactivated
 PID-parameters as a function of (ion, energy, intensity)

. = 5000 combinations

. 1% was defined in commissioning, than interpolated and tested

* Additional features:
. Mechanism to mitigate intensity overshoot
. "Early abort" — controller realizes when synchrotron is empty

UK
717 H[J
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Results of the feedback loop implementation

7
X 1D I T T T T T ¢ Spi” Shape
31 /g/ — With feedback
/3(-/ — Without feedback
@
w2t . — Reference value
E — Controller output
= =
: : . . .
£ £ + Higher average intensity
- 50 & (15%))
D- E . . .
g & ° Fasterirradiation
S ¢ Less machine tuning
1 1 1 L | A 50

U}I

-1 1 2 3 4 5
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Typical dose distribution (one slice)

 Example of dose distribution 1
of one slice shows high
intensity dynamics

* Lowest particle fluence
determines intensity for
whole slice

target particle dose

e Fixed intensity: irradiation
time per raster point can
vary by a factor of 2000!

17
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Further Upgrade: Intensity-modulated spill
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Challenges and limitations

Limits of the feedback loop due to dead times
. Signal detection, ionization chamber ~ 150us

. Particle excitation
. Latencies in digital transmission

Irradiating too fast
leads to interlocks and must
be avoided!

Reference value pattern
must be defined in an
intelligent way!

717
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HIT RF-KO system enhancements — Summary

* Dynamic Intensity Control system completely implemented, used in
standard operation of the HIT facility

* Available for all combinations of beam parameters provided by the HIT
accelerator

* Detailed safety aspects implemented with regard to risk management
of the therapy facility

* Intensity variation on a millisecond scale according to the patient-
specific pattern

e Overall patient treatment time was reduced by 10%!

77 UK
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RF-KO system at HIT — upgrade investigations

Excitation method: Dual frequency modulation (FM)

Exemplary excitation signal Frequency modulation
: 1.0, ; ; 7
: oof 3 & 5|12
Simulations £, H M | w | M H m >
inspired by é m m w [ g
g F ol ;
HIMAC '
papers 1 a2l 1 @ OV F A
Time
V high — .uw : S !
Vio(t) = KO | sin fiow + Mf 27t | %% 22 2.25 2.26 227 2.28 2.29
2 T,-wﬂ,,, Frequency [MHz]
igh + fiow _ Srigh — fiow
% Fin fhlgh flo + flugh .ﬁon t| 27t
2 T.\'uv'm'p

t € (0, Toveep/2)

17

Heidel berg lon-Beam Therapy Gentre: T\

Review of spill structure enhancements at HIT and other medical facilities / Andreas Peters (HIT) / GSI Accelerator Seminar

ge|iwJad ‘6T0Z M3IS “49qed 4 :wou4

UK
HD)



RF-KO system at HIT — upgrade investigations

Excitation method: Dual frequency modulation (FM)
Excitation spectrum

Exemplary excitation signal
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RF-KO system at HIT — upgrade investigations

Excitation method:Extended frequency modulation (FM)

Exemplary excitation signal

Simulations
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RF-KO system at HIT — upgrade investigations

Excitation method:Extended frequency modulation (FM)
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RF-KO system at HIT — upgrade investigations
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RF-KO system at HIT — upgrade investigations
Extraction rate distribution of PRBPSK and

Experiments extended FM
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RF-KO system at HIT — EU sponsored initiative

I.FAST - Innovation Fostering in Accelerator Science

and Tech nﬂlogy (official start:15t May 2021)

Task 5.3: Improvement of Resonant slow EXtraction spill quality (REX)

* Mitigate intensity fluctuations of slowly extracted beam from synchrotrons
by means of detailed parameter simulations, related experimental
verifications, and active beam control.

* Produce a prototype of improved hardware for power supply control to
achieve a current stability in the range of Al /I < 10°®.

* Design and produce a high-performance RF-amplifier with versatile control
for knock-out extraction.

* Main proposer: Peter Forck, GSI and HIT, MIT, CNAO, MedAustron,

|
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. Review of spill structure enhancements at HIT and other medical facilities / Andreas Peters (HIT) / GSI Accelerator Seminar

17D CERN,SEEIIST; Companies: Barthel, Bergoz UK)



Further enhancements under investigation - MEB

(1) More and more ACS components get
obsolete, new DCU generation necessary | B IES #3

(2) New functionalities for higher efficiency " IES #1 =S #2
of the facility needed — so-called

“multiple energy operation” (in German:

MEB) scheme —> This will cause higher ‘ .
complexity of the ACS, but a huge Cycle time
potential for shortening irradiation times. | B ES #3 reduction

Bipal IES #2 .
(3) For the RF-KO system at HIT the new IES using post-
acceleration scheme is nearly acceleration

transparent, no major changes necessary,

only adjustment of parameter settings.
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* Introduction
* A short view back into history
* Alittle bit of slow extraction theory

T * RF-KO system at HIT, Intensity feedback loop (“DIC”)
I_ and further enhancements under investigation

e Betatron core implementation at CNAO including
extensions

* Comparison
 Acknowledgements
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Betatron core at CNAO

17
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Beam

''''''

Steel core

trajectory

Betatron coil

v h
Power \+
Supply
Length (/) [m] 1.5
Internal radius (7;) [m] 0.08
External radius () [m] 0.75
Area of a section perpendicular to the magnetic field lines (S) [mn’] 1.005
Lamination thickness [mm] 0.5
Steel density [kg/m’] 7870
Steel mass (m;) [kg] 2.062 x 104‘

Magnetic flux line
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Betatron core at CNAO

RF-Channeling spill smoothening

Change Spot Sizes!!!

Spill shape > Re-commissionina
Max Peak to Mean in a Spill
only by ;
betraton core 1. 18
. =16
extraction @ 14
' ’ T ew ! ; 12
1 g 10 —e— RF-Channelin
g % ‘ Wlth RF ' § 8 +E;.:ence "
& % channeling & s
. S 4
2
%0 2 a4 6 8 10 12
...and Wlth RF i Averaging time (ms)
Channelmg - ”mm h|| o J T En:62.4 MeV - F,: 1.33 MHz.
; : e ; AF,,115kHz — 1500V
Negligible losses
A A. De Franco,
77 i Spill time structure (50kHz) C. Schmitzer
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Betatron core at CNAO

High Fr‘quency Ripple Injection

Inject a large ripple with a frequency higher than the one you are interested in

7HH!;N‘lfdHln.‘,llmll«..”‘ll:i“i\.. i Air core quadrupole

'; A A

The amount of extracted beam I ‘ “
depends only on the betatron, ‘

|

homegeneous spill is obtained. ‘ 1}
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Betatron core at CNAO

Adding more and more Ripple compensation
active systems leads to

. Integration time 100 us (10 kHz data)
beam smoothening, but

-
o

3

<

PR : N 100 ms : >
operation is getting 5 > ., Emptr bucket+HFRI c
more complex! : No compensation f - o
] I )

= { | m

(ACQ active in real o | =
: ; )
operation?) "SREGERREAEGEEFEGAEEEREEAS Q
5 2.5 LD

. s Empty bucket 2 Empty bucket + ACQ feedback o
Behavior at CNAO and o

) ’ " o

Medaustron different L - 1 3

. 15 i l
due to diverse power M ' =
H I .o 0 O
supplies! “YESUAREARGLI0A24BfE30E38 | "FERIARRGEGEGANIABREIGEI
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Betatron core at CNAO

The betatron core
reaction speed is
lower (upper
right) than RF-KO,
therefore
dynamic intensity
control is severely
restricted 2
usage of clever
sorting algorithm.

17

Intensity modulation

Subdivide slice in classes and re-sort
in order to treat spots with increasing
intensity.

nly Slow-

Critical
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RF-KO |mplemented at CNAO

As an \

’a. - The exciter installed in the CNAO
alternative to “ / 4 . synchrotron — commissioning is still
the betatron onaoin
core CNAO going.

build its own

inside the
vacuum
chamber
showing
exciter
plates.
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* Introduction
* A short view back into history
* Alittle bit of slow extraction theory

T * RF-KO system at HIT, Intensity feedback loop (“DIC”)
I_ and further enhancements under investigation

* Betatron core implementation at CNAO including
extensions

* Comparison
 Acknowledgements
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CO m pa ri SO n (my personal view)

Property RF-KO system Betatron core system

Mechanics and space needed Simple /< 1m Heavy /> 1.5m

System costs moderate high

Spill quality /with extensions  Good / excellent Moderate / good

Feedback compatibility Excellent Poor (Bandwidth too small)

Multiple energy operation

Compatible compatible difficult - impossible

UK
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Thank you for e /Ale
your attention! Weihnacht!

Thanks to the following persons providing material for this talk:
Christian Schomers et al. (HIT), Peter Forck et al. (GSI),
Fiona Faber (TU Darmstadt), Claude Krantz et al. (MIT, now GSlI),
Koji Noda (HIMAC), Marco Pullia et al. (CNAO), Phil Bryant (CERN)
and others
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Slow Extraction Workshops

uaIaju03/ap1s8-odipul/fisdny %

2016: GSI, Darmstadt, Germany,
https://indico.gsi.de/event/4496/

SLowW
EXTRACTION
WORKSHOP

1-3 June 2016, Darmstadtium, (TU) Darmstadt, Germany

96bp=piju0zAd-Aeidsiqad

2017: CERN, Geneva, Switzerland, WL S
https://indico.cern.ch/event/639766/ o S .

9-11 November 2017, CERN, Geneva, Switzerland
International Brganising Commitice

2019: Fermilab, Batavia, USA,
https://indico.fnal.gov/event/20260/
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