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Radiation therapy with tenbeams photon beams

Depth dose profiles
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— photons 21 MeV
—12C 270 MeV/u
— protons 148 MeV/u

varian.com

relative dose

Primary (multi-MeV) photon consumed
in a (somwhat localised) e.m. shower
in a single interaction.

Kramer & Durante, Eur. Phys. J. D 60 (2010)
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depth in water [mm!]

High-energy X-rays:
Depth dose deposition defined by attenuation and surface escape.

wikimedia.org
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Radiation therapy with ion beams

Depth dose profiles Primary ion deposits energy
—— (mainly) by multiple ionisation.
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Radiation therapy with ion beams

“Bragg” stopping
behaviour

can be used to
spare healthy tissue
during irradation.

Eaton et al., Front. Oncol. 5 (2015) 261

High-energy X-rays:
Depth dose deposition defined by attenuation and surface escape.

lon beam:
Range sharply defined by starting energy (“Bragg peak”).

NMIT 4
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Radiation therapy with ion beams

Bethe formula (ll) :
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Stopping force rises strongly
with projectile nuclear charge!
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Heavier ions (*2C®*) are characterised by higher biological effectiveness
compared to protons (and photons).
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Dose delivery techniques

The techniques used for dose delivery define the required
properties of the ion beam.

What kind of accelerator do we need for ion beam therapy?

MIT 4
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Dose delivery techniques

Particle energy:

Wz 1 &5 T ¢ ¢ I L B £ & F % E

30 cm are the de-facto 10 _____ _____ _____ Protcmen _____ _____ ______ _____ _____ _____ _____
standard maximum T IR A - P
specified irradiation depth. . & 4 B % & : € £ ¢ a4 5 % & ¥ g

R [cm H,0!
&
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~ 220 MeV forp
430 MeV/u for 2C®*

~ 23Tm forp o 151:1 i zuia 25;0 i 3ciﬂ i 3530 E&Eiﬂ tfio i
6.6 Tm for 12C®* E [MeV/ul

Remark: Today, cyclotrons (available commercially) provide only p beams for therapy.

All 2C¢*-enabled facilities use (larger) ion synchrotrons.

NMIT 4
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Dose delivery techniques: Lateral distribution

Old method: Collimation + filtering

Durante and Paganetti,
Rep. Prog. Phys. 79 (2016)

1) Create a homogeneous field from
Wobbler method sTiRceeRaRyHose the ion beam (wobbling).

2) Collimate to match the transverse
profile of the target.

3) Moderate parts of the field to
match the far-side depth profile.

Multi Leaf

Collimator
Compensating Filter

ollimator

Advantages: Well-established in conventional
(X-ray) radiotherapy.

Requirements on beam quality
(profile, pointing, time-structure)
are relaxed.

Disadvantage: Regions of unnecessary dose
at beam-facing side of tumour!

NMIT 4
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Dose delivery techniques: Lateral distribution

Durante and Paganetti,
Rep. Prog. Phys. 79 (2016)

Z %
o 3
% —

| | R

Scanning Magnets

Raster scanning

Tumor tissue

State-of-the-art: Raster scanning

1) Use sequence of fine pencil-beams
of sharply defined range.

2) “Paint” each iso-energetic slice of
the target using actively-controlled
scanning magnets.

Advantage: Optimum 3D tumour conformity

of dose-distribution.

Requires a high-quality ion beam
t in pulses of ~ few seconds duration:
/ ‘/ umor
7/%1 =1 — Stable pointing direction
- — Stable spot size
/ — Stable intensity
polfaces of dipol-magnets /
la'st ﬁtrst
layer layer
Haberer et al., NIM A 330 (1993) Emin Ermax I T 4
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Dose delivery technigues:

Particle energy (revisited):

Depth-profile of the target
region is matched by
stacking of several beams
of different energies.

~ 48 ...220 MeV forp
88 ... 430 MeVlu for *2C®*

~ 1.0..23Tm forp
3.0...6.6Tm for 12C6*

The scanning method requires a dense
spectrum of ion energies to be available
from the accelerator.

/

polfaces of dipol-magnets

100

Longitudinal distribution

tumor

7

last first
layer layer

Emin Emax

Depth-dose

Depth, mm

M77T
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The MIT Accelerator

Rohdjel} et al., Proc. of PAC 2009
Lazarev et al., Proc. of IPAC 2011

RF-linac + synchrotron by Scheeler et al. Proc. of IPAC 2016
Siemens/Danfysik (built 2008 — 2009)

Commissioned to clinical application by MIT + HIT in 2015

Similar to HIT accelerator and
PIMMS-types (CNAO, MedAustron).

Prototype of SPHIC machine in Shanghai (in op. 2014).

MIT 4
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The MIT Accelerator

Linear accelerator

RFQ (400 keV/u)
+

BHTTTH IH structure (7 MeV/u)

then stripping to
p and C®

2 ECR ion sources
1 (Pantechnik Supernanogan)

H.,*: ~700 pA
C* . ~140 pA
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The MIT Accelerator

Synchrotron (6.6 Tm, 65 m circ.)

Slow extraction 1 —8 s

Magiller et al., Proc. of PAC 2007

NM77T
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The MIT Accelerator

4 treatment rooms:
3 x horizontal,

1 x 45°-vertical.

Pencil-beam scanning

dose delivery systems.

/

polfaces of dipol-magnets

Haberer et al., NIM A 330 (1993)

tumor

NM77T
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The MIT Accelerator

2 x 290 rigidities: - .
Protons: 48 - 221 MeV
126+ 88 — 430 MeVl/u

Stored beam intensities:

Protons: 4-10% - 2-10'° parts.
12Co+: 107 - 8-108 parts.

per cycle

mit-marburg.de

“Dynamic Intensity Control”

NM77T
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Beam Extraction from a Therapy Synchrotron

Spill of ~ few seconds

W) AT s 3 T
L SEUE . <
S - e oL
~ T -
Lo -

107 ... 100
12C6+/ p

Towards the irradiation system, the accelerator
acts like an ion source, providing a certain

particle type (p or 2C*%"),
energy,

spot size, and

intensity (particles/s)

on command.

MIT 4
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Beam Extraction from a Therapy Synchrotron

Spill of ~ few seconds

L N

107 ... 100
126+ | D '

Beam preparation

~fews and dumping \

Rigidity

For a raster-scanning irradiation

t
system, a stable beam must be available \ * /

over a period of ~ few seconds. “Beam-On” phases

— Slow extraction

MIT 4
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Beam Extraction from a Therapy Synchrotron

Basic principle of slow extraction

2.00

1) Choose machine working point
next to a horizontal resonance.

(Most often a 3"-order resonance
Is used.)

Q-v

1.00

NMIT 4
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Beam Extraction from a Therapy Synchrotron

Basic principle of slow extraction

2.00

1) Choose machine working point
next to a horizontal resonance.

(Most often a 3"-order resonance
Is used.)

2) Slowly “move” the horizontal
particle tunes into resonance.

Q-v

1.00

NMIT 4
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Beam Extraction from a Therapy Synchrotron

Basic principle of slow extraction

2.00

1) Choose machine working point
next to a horizontal resonance.

(Most often a 3"-order resonance
Is used.)

2) Slowly “move” the horizontal
particle tunes into resonance.

3) Particle tunes are distributed
along Q, axis

(due to e.g. chromaticity or
space charge ...).

Q-v

- In a perfect world:
Particles could be destabilised
“one-by-one”.

1.00

NMIT 4
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Beam Extraction from a Therapy Synchrotron

------- b Basic principle of slow extraction

1) Choose machine working point
next to a horizontal resonance.

(Most often a 3"-order resonance
Is used.)

betatron oscillation

2) Slowly “move” the horizontal
particle tunes into resonance.
closed orbit (imperfect)

3) Particle tunes are distributed
‘ along Q, axis
(due to e.g. chromaticity or
space charge ...).

design orbit
el. septum

Mane et al., Rep. Prog. Phys. 68 (2005)

M 1 ~ In a perfect world:
' Particles could be destabilised
“one-by-one”.

4) Catch (most of) the unstable orbits
In an extraction septum.

Marburger lonenstrahl-Therapiezentrum
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C. Krantz Techniques for Slow Extraction | IAP-Seminar | Frankurt, 30 Nov. 2018 22



Beam Extraction from a Therapy Synchrotron

The 3"-order resonance can be
excited by sextupole magnets

(available anyway for chromaticity
correction)

As the width of the 3"-order stop band
Is amplitude-dependent:

Low betatron amplitudes — stable.

High amplitudes — Sync with 3"-order perturbation, destabilised.

Fixed points and size of separatrix depend on distance tune—resonance.

NMIT 4
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Beam Extraction from a Therapy Synchrotron

There are two methods of slowly “feeding” the resonance:

(1) Change betatron tune of
extraction the low-amplitude particles.

Separatrix septum

shrinks around
stable particle
distribution.

Examples:
Slow quadrupole ramp

— changes linear focussing.

s Slow acceleration
extracted beam (using cavities, induction cores,
stochastic noise)

o,

Albrecht, PhD, 1996 — changes particle momenta.

— changes particle tunes via
chromaticity.

NMIT 4
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Beam Extraction from a Therapy Synchrotron

There are two methods for slowly “feeding” the resonance:

(2) Excite horizontal betatron motion
of stable particles

Horizontal RF-kicker electrode

~ Iin sync with horizontal particle tune.

Circulating

beam
/| /]
E(t) Kicker
| : Electrode
o

RF Amp. / /
T

“Transverse RF-Knock-Out”
(RF-KO) technique.

Used e.g. at the MIT, HIT, and
HIMAC therapy synchrotrons.

Horizontal envelope
grows towards

separatrix. extraction

septum

extracted beam

Albrecht, PhD, 1996

N7 7

:
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The MIT extraction system

,J &

A\
&
Q:.“}

\\\ Synchrotron:

65 m circumference

S 0.5...6.6 Tm

.:’;:;r; .
12967~ 2592 3888 5184 64.80 6 Sectors:
s (m) {f.,_, ...-S-F-M-D-M-O-...
& (2 quad families)
'l
Ot.s:' . .. .
N 4 Multiturn injection at 7 MeV/u
(]
-P’r . M H
/.Aﬁi«’“"__m,.. ]:'\’eg(‘/ Ramp to final E: ~0.2...0.9s
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The MIT extraction system

> p: 48 ... 221 MeV
2o 88 ... 430 MeV/u

Fixed optics during
extraction (Q, ~ 1.69).

Circulating Slow extraction via 2/3
Transverse  beam resonance (Q_. = 1.666...).

RF-KO kicker
=\ (“KO-exciter”) Kicker

\ =
Py =4l

Eleeliode Transverse beam
excitation by RF-KO kicker.

— Can control the
extraction rate on
short time scales!

MIT 4
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The MIT extraction system

Extraction rate R

“Dynamic Intensity Control”

Transverse
RF-KO kicker
(“KO-exciter”)

""""""

Feedback to KO amplifier power such that R - R

meas set

Therapy Control System
does on-line measurements
of particle rate at

beam outlet (ICs).

Intensity-Controlled Rasterscan Technique, Haberer et al., GSI, NIM A 1993

MIT/

C. Krantz
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Dynamic Intensity Control

“Dynamic Intensity Control” (DIC) System — nearly identical to the equivalent system at HIT.
(cf. C. Schomers, NIM A 795 (2015) 92)

— Automatically stabilises (average!) extraction rate at given set-point.

: .
a5 10"l Limit of ICs, must not be exceeded -
3 3|
.. 28
s Z 27 i
8 2t 5
> 2
E 15 } -‘é’ 1 |
-t £ 150
O =il
05} . 0
without DIC
0 1 1 i { i i i i i i i _50
-1 1 2 3 4 5 6 -1 0 1 2 3 4 5 6
time [s] time [s]

Schoemers, NIM A 795 (2015) 92-99

NMIT 4
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Spill quality

Spill contributed by MIT to the 2016 “Slow Extraction Workshop”:

C®* (298 MeV/u), with DIC, 50 ps binning (IC at beam outlet)

EERE >
= g
2 §
3 %
1 X 1 08 1 1 1 |‘ I 1 1 1 1 1 1 1 1 1 EL ‘é
1 ‘12.C6iT (298 MeV/u) [ 8 &
4 | ! | ‘ ! L a =)
[ ‘ e =8
8x107] | = i e-
ICO A }‘ r é' . 4 “ " E
— 6 X 1 07_ | z Chair: O. Boine-Frankenheim, G. Franchetti =
@ | | 2 Secretary: |. De Caluwe a
"é E ru n n | n g ave rag e = .!é, International Advisory Committee %
. I~ =5 Mei Bai F2)
S 4)( 1 07_ = 2 M:;simo Glac:vannozzi CERN OgJ
- — A B L Magdalena Gérska GSI "
o § Sergey Ivanov IHEP —
U) - - Sergei Nagaitsev FNAL
7 - = Masahito Tomizawa KEK
And Pet HIT
2x10" | B Dieter Ezsbeal  F2l
7 | & | B Thomas Roser BNL
- | ! ! 1 - Kiyomi Seiya FNAL
o | } ! L Stefan Sorge GSI
Pete! Spill GSI
O_j [ | [ B Freanl: Z::-l::ermann CERN
d 1 ] I T T 1 ] l T 1 ' 1
ESI ¥ | . TECHNISCHE
O 2 6 8 1 0 FAR '@i“”z X RING. W‘FAL DARmSTART
Time (s)
. . . b hl-Th i
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Spill rate (s)

{1 12C% (298 MeY/u))

i
| "‘ ‘I
running average:

~“Macro structure”

Spill rate (s™)

RF-KO extraction combined with DIC

provides very good “macro structure”
(time scales down to ~ 10 ms),

cannot change much about

the spill “micro structure”

(kHz ... MHz components).

Note:

At therapy accelerators, the time
resolution of IC detectors

blurs structures below ~ 100 ps!

T

23 232

2.34 2.36
Time (s)

2.38
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Macro structure

100

50

1x1084————"—————1— ' — : .- ]
1| 12Ce* (298 MeV/u) | It — From spill rate stabilisation ...
8x107_ | l 1 T }
;“ M N 7 Y I O At | |
2 ex10- PRI 1 s
"('u' - (J d a(e
= 7] N
';-). 410 ] — } Schoemers, NIM A 795 (2015) 92—-99
2x107 “ " 3 $10 . .
: i e s ] / measured rate
o e —— ‘ set point _
0 2 4 6 8 0 20 Wl
Time (s) T ‘ -_lu
: f N
S I
E 1+ ‘ H‘ | ‘F IRIE
5 % k ! WU‘ Jm ui ﬁ‘ ‘ f |
. . £ WY wa *”LH W VLY ﬂq)
.. to spill rate modulation. —> : W
DIC can vary the spill rate on the ~ 10 ms scale. Jwﬂ\[\w\h\mwm 1o
~  Allows for more time-efficient irradiation 08 07 | 09 1
(while still on-line monitoring the dose delivery). tivia [s]
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Macro structure }

| Actual treatment plan

12 x 10

The Marburg system uses DIC-modulation
heavily.
Irradiation plans may include jumps in 2
the extraction rate by up 33 x E
(in both directions!). "

>

:‘é

2

IS

(1).6 1:8

50

Controller Output (arb.)

2 2.2 24

M77T
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Macro structure

The Marburg system uses DIC-modulation
heavily.

Irradiation plans may include jumps in
the extraction rate by up 33 x
(in both directions!).

Ramping-up the extraction rate
is relatively easy ...

12x10

| Actual treatment plan

Intensity [parts/s]

50

(@)
Controller Output (arb.)

ramp-Adown (1).6
12604 i [

NiE N | |N1 | Ll Ein lln AI [y
AT i
g L L L

2 ooy iSRS | "vﬂuhh \
é 6301 —C current (set point) U" P
E / ~ current (meas.) \ﬂ DIG. outpu
0 |C.current.(meas.) |
T ||I bk ikt b 4}

el

:Z: MM l .M;H. .Jl ||‘ ol b d \1 .

0 50 100 150 200 50

Time (ms)

300 350 400

2.2 24

More challenging:

Fast (~ 10 ms) ramps
from high to low intensity.

(—

Benchmark plan to test
ramping-down behaviour
of extraction rate.
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Macro structure: Optimal response to DIC

Good machine setting

Bad machine setting

5x10°- 5x10°- T |
] Measurem_ent (p; 100 Mav) ] —— Measurement (p, 100 MeV)
- DIC sehpaint 7 DIC set point
4x10%- T ] 4)'(109__ i
w3100 £3x10°
3 ] g i
=S 1 — LI
= o AL AL TUIUAL BEL Ak LIV BEA LML = 2 | 01 O
%2X10 1 | Ll IV --|- TR %2"10 VA |'r"'|'||!|'l1r'p|||1|"l Il
1x10°- 1x10°-
0_-| T T T T I T T T T I T T T T I T T T T I | T T T I T T T T I 0_-| 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 I
3400 3450 3500 3550 3600 3650 3700 3400 3450 3500 3550 3600 3650 3700
time (ms) time (ms)
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Macro structure: Optimal response to DIC

Good machine setting Bad machine setting

Bad micro structure
(come to that later ...)

5x10°- | 5x10°- l | TR | |
] gﬁ:asurem_ent (p; 100 Mav) ] —— Measurement (p, 100 MeV)
set point ] :
2x10°] : . 4x10°d DIC set point
= Rate|follows falling = i
23X10° 3 | | | | setpomt  =3X1°IHH i |
% ] promptly % : | | | Rate decays
E2x109—- V| ‘ 1 l“” J..l 1 L .l ALY . szlog_-. LIMIEN) :l.l L; | J l.! (|l l ‘ ‘;I I| SIOWIy
2 AW VT O T U VP = i |Ir'1'||!|'1r'p|||1|‘| |‘|"I|[‘1'|
- | | Almost no - | | Unwanted
1)(109—-' __eXt_raCtlon 1)(109—-"' B I ! | i [ | eXtraCtion
i after|switch-off i ‘(
0_-| T T T T I T T T T I T T T T i T T T T i I T T T I T T T T I 0_-I T T T T i T T T T i T T T T I T T T T II T T T T I T T T T I
3400 3450 3500 3550 3600 3650 3700 3400 3450 3500 3550 3600 3650 3700
time (ms) time (ms)
Only difference between the two measurements:
RF-KO exciter noise spectrum I
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Macro structure: Optimal response to DIC

KO exciter noise is generated by random phase-shift keying (PSK).

. . . 1
3 parameters define the noise kicker spectrum: Serial [ |
binary
A: Amplitude data
f,. Main sine frequency
BPSK -

Af: Random PSK frequency

Only A is controlled dynamically at run-time (via DIC)!

VYWY

Phase changes

10 T | T T | ]
Nom. KO spec. (arb.) =—— ]
A bt e g e e
i Circulating
beam
—_ 1lp - fO’ Af A y y
'-% \ E(Y) Kicker
o ) Electrode
T —»{
= +—>
= —>
-:EE 01 b i RF Amp. / /
T
electric noise
field E(t)
0.01 | o A 5 L -
166 168 17 1.72 1.74
Moise freq. [ rev. freq. MI 7 4
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Macro structure: Optimal response to DIC

KO exciter noise is generated by random phase-shift keying (PSK).
3 parameters define the noise kicker spectrum:

A: Amplitude

f,. Main sine frequency

Af: Random PSK frequency

T I i
p (150 MeV) —e— Measure beam loss rate
100 + - -

hor. tune Q, = 1.687 : while sweeping f, over
| the betatron frequency:

_ RF-KO spectrum
] becomes visible

— Highest extraction rate:

fO/frev:Qh[l:I

Extraction rate 1/t (arb.)

0.1

l1.62 1.64 1.66 1.68 1.7 1.72 1.74

KO centre freq. / rev. freq.
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Macro structure: Optimal response to DIC

—~ 100 | I | — |
= 0 Extr. resonance ! —— Machine tune
ol Q.o = 1.666...7 . _
= L . Intuitively, one might thus choose
5 01 /\/\\ ....... Af to align the KO noise spectrum
g \ 1 i ; with the machine tune ...
1.64 1.66 1.68 1.7 1.72 1.74
RF-KO freq. / Revolution freq. + 1
Bad micro structure
(come to that later ...)
5X109—_ [ I: I I . .
] Measurement (p, 100 MeV)
4x109—: . — DIC set point
—~ : ... however, this results
<3x10°41 | in the “bad” ramp-down
s ] il Rate decays behaviour!
= 0 0 0 R slowl
2 2x10" :
ysqgad L / U:nwan_ted
i extraction
0_-I""i'"'i""l""l""l""l
3400 3450 3500 3550 3600 3650 3700
time (ms) ” 'IT
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Macro structure: Optimal response to DIC

| | H
Extr. resonance :

; —— '"Machine 'tune
fo\ O~ 1.687 .

=
[—

Intensity (arb.)

1.64 1.66 1.68 1.7 1.72 1.74

5 i — -
RF-KO freq. / Revolution freq. + 1 A much better result is

obtained if the spectral
maximum is shifted
towards the 5/3 resonance.

5x10%+
] Measurement (p, 100 MeV)
] DIC set point
4x109—_- - -
o Rate follows falling
U'.l .
‘0';3"109 S | ' ' ' ' set pomnt
© ] | (L promptly
= 0] u 1 MAEL U LA LI L tht |
:%2X10 WH! ]]l Al j“ ||F1W
1X109—:' | : I I |
: | L
O_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 I T T T T I

3400 3450 3500 3550 3600 3650 3700

MIT 4
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Macro structure: Optimal response to DIC

sep.

>

Explanation?

Before RF-KO:

Low-emittance ion beam

Marburger lonenstrahl-Therapiezentrum 4
41 p
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Macro structure: Optimal response to DIC

% 1(1)8 Fthl‘. resonanlcei fl “*\-'Machigg 'tune '_
= : Ores = 1.666... < O~ 1.687
8 o1 Nm . ........ Af /_A\ /A}\/\_
X' sep. e AR S / | \/ L\ |
A ; 1.64 1.66 1.68 17 172 1.74
RF-KO freq. / Revolution freq. + 1
X sep.

Noise spectrum detuned towards extraction resonance:

- RF-KO excites large amplitudes preferentially. M I T 4

Marburger lonenstrahl-Therapiezentrum
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Macro structure: Optimal response to DIC

p—
(o]
o

T T |
Extr. resonance :

(O = 1.666..7

— "Machine'tune

N~l.687 -
i Na l WS
LV W

1.64 1.66 1.68 Lot 1.72 1.74
RF-KO freq. / Revolution freq. + 1

—
o

[a—

=
e

Intensity (arb.)

sep.

> <

X sep.
A .

Noise spectrum centred on machine tune:

- RF-KO excites low amplitudes preferentially. MI T 4
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Macro structure: Optimal response to DIC

Tracking simulation 1: KO centre freq. detuned — “Good” setting

Intensity (arb.)

Particles in halo are rapidly extracted, beam core “keeps shape”.

100 Ext}. resonan‘ce ' ——Machinetune !
1010, = 1.666... /% 0~ 1.687 5
1E { ;
1.64 1.66 1.68 1.7 1.72 1.74

RF-KO freq. / Revolution freq. + 1

40

40

= . 700 7007 - —E j : =
7005 = 0 ms (0 turns) : 1 . 150 ms (3x10° turns) | i 1 - 302t5 ms (6.3x10"tums) i Lt ] wmm 475 ms (9.5%10° turns) i
6003~ Fit(Q ms) ! 500_ —— Otumns I 6004—  urns ! 600— —— 0turns . !
) 1 1 E 1 1
500 i 500- i 5004 :r 500 | i
1 simulation: i o L | 400 | = |
— 400 — 400 4007 - — 400
3001 | ! o 3007 A o 3003— : . 300 !
il ! 3 1 ] 1 1 1
200- i 200 ; 200 i 200 i
i 1 Z 1 ] 1 ] 1
100 i 1001 i 1004 | 100 i
0—E : Q_E — : O—E | : 0_5 i
-30 20 -10 0 10 20 30 40 -30 -20 -10 0 10 20 30 40 -30 -20 =10 0 10 20 30 40 -30 -20 -10 0 10 20 30
X (mm) X (mm) X (mm) X (mm)
. . % 1(1)8 _Extlr, resonanlce "_F—TMachine'tune '_
Tracking simulation 2: KO centre freq. = machine tune — “Bad” setting  z | [®=7"%% o
g /\ ﬁ Loapdnrf m
e 01 \ ! L bl { d /
Beam core is excited preferentially, large unstable halo. Ly L6 LEE L3 3 L
. 26 RF-KO frea. / Revolution frea. + 1
700, 700 : - — : s .
{m== 0 ms (0 turns) i 1 mmm 25 ms (5x104 turns) ! ] - 75 ms|(1.5x%10° turns) i ] = 400 ms (8x10° turns)
gog1——Fit (O turns) : 600 ! 6004——— 0 turns : ; 600- |
] H 1 ] 1 ]
500 i 5001 i 5003 i 500
1 simulation: | | 2007 i = 4004 i ]
] - - 4003 4007 — 400
E40% 00 Mev) POE i E 3 | E
3007 L 3007 ; =300 + =300
1 ] 1 ] 1 b
200- i 200 ] 200 + 200
4 1 ] 1 ] 1 ]
1007 i 1004 i 1004 r 100
5] ] ] ] 1 ]
0= I 0- I 0- I E
-30 20 -10 0 10 20 30 40 -30 -20 -10 0 10 20 30 40 -30 -20 -10 0 10 20 30 40 -30 -20 =10 0 10 20 30
X (mm) X (mm) X (mm) X (mm)
. . . b hl-Th i
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Macro structure: Optimal response to DIC

Noise centre freq. “detuned”

- Sim. shows weak horizontal emittance growth.

——"Machine 'tune !

Ext}. resonan[ce :
O~ 1.687 n

1019 =1.666... AN

Intensity (arb.)

0.1 —N
1.64 1.66 1.68 1.7 1,72 1.74
RF-KO freq. / Revolution freq. + 1

100 t——— b e L L
» horizontal Simulation: |f
= 804+ = vertical : p, 100 MeV |}
< I B
g 60 e -
| L
B Sl o st s o ; PO il
O q | = | .I T | l. T T T T .l__
0 0.1 0.2 0.3 0.4 0.5

Time (s)

Krantz, Proc. of IPAC 2018, pp. 1084

e
)
<

Intensity (arb.)

Noise centre freq. = machine tune
—  Strong horizontal emittance growth.

——"Machine tune
NQ ~1.687 2
vl

1.66 1.68 17 172
RF-KO freq. / Revolution freq. + 1

Extlr. resonanlce
[ O, = 1.666...

[S—
—_— O
|

E

1.64 1.74

100 . I L PR T [ TR T T 1 [ T T T I L TR I+ ¢
1!|* horizontal | |
5 809 [= vertical I {
E 11 [
= 403 | Simulation:
s 11 5 | p, 100 MeV
R 20_:_,;_.___________._________;___.__._._._._._._
OE_F'.' — | IR s E T T A ? R
0 0.1 0.2 0.3 0.4 0.5
Time (s)

M77T
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Spill rate (s)

Mlcro structure

1x1024
8x1 07{
6x1 07—5
4%x1074

2x107-

o}

‘ :I 1 1

{ A 12C6+ (298 Me /u)
O

| ] |

/ “Macro structure”

O -
1x1084—

-
-
|||||

DIC combined with RF-KO extraction
—  provides very good “macro structure”

(time scales down to ~ 10 ms),

— cannot change much about
the spill “micro structure”

5 ) —— I (kHz ... MHz components).
8x1071 -
= 6x107-
= 11 Note:
= 4x107d N At therapy accelerators, the time
=3 W resolution of IC detectors
@ i blurs structures below ~ 100 ps!
2x107- ) HS:
0- | B
23 2.32 2.34 2.36 2.38
Time (s) M I 7 4
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Micro structure

Major source of spill micro structure:
Power supply ripple

- Machine tune ripple Example: Sensitivity of SPS spill to
power supply ripples
- “Pulsing” of separatrix [Prieto et al., Proc. of IPAC 2018]
X sep. 10
A = |

107 -

| Hg, i |

10!

] —e— OQF-A=10ppm
—8— LSE-A=50ppm
10 1 —a— MB- A = 40 ppm

6x 10! 10? 2 x 10? 3x10% 4x10?
f[Hz]

Figure 3: Transfer function for focusing quadrupoles (blue),
extraction sextupoles (orange) and main bends (green).

NMIT 4
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1)(108"""""""""

Micro structure o e e e e e

8x107

FFT S0

w10 b 1y

Spill rate (s™)

2x1071

-

e B T e B 1 S o W B M
12C6+ (298 I\/IeV/u) e o e e

100.0

L
=)
(@

Amplitude (arb.)

-
o

01— T -
0.001 0.01 0.1 1 10
Frequency (kHz)

NMIT 4
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Micro structure

100.09— 12 '6+' L ot '_'___'_ b '-__'-'_______::_':::____::_____:'____'-__';__'__'__'__! = The MIT synchrotron uses
= C (298.,Mew “) synchrotron f  extraction from bunched beam.
; ‘motion [
J .~ 480 Hz : |
- Adopted from previous
8 3 GSl and HIT experiments:
m -
qJ =
S 1 - Better > kHz-scale
ol 1 microstructure.
E 1.0+ i [Forck et al., Proc. of EPAC 2000]
0.001 0.01 0.1 1 10
Frequency (kHz)
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Micro structure: Effect of synchrotron motion

Original observation at SIS18:

No bunching With bunching
Bunching during slow extraction smooths £w Time ﬁ% Time
. : Al 2 t4 profile Y 28 4 profile
the spill on the > kHz time scale. Stripped | £ Stripped
band B band
o 12C6 (300 MeV/u)
99 § — —F— | |
300 U,=0 kV ﬂ -
250 -
=00 056 10 15 20 =25 ” I‘
1150 Il ' | |
8100 - r ‘ MI ||' | | f| ‘I 1 || I" L
g 50 - |1 M ] Wy L | A
= ;O ‘m.ll rh__JlI L \J ull*l‘k*d ]lldl‘hJ L.I'\J" 'Lll".f'J l:' WL |ﬂ|kh'w|l‘ f
i | U_ =2 kV > , > 2
ER | AP/p N p. Ap/p N
= 60 ia.
| Wy
05 10 15 20 25
s 0 tTC =] [M |; | [\ ” * || | “|| a) An ensemble of particles that has been
20 L r'HW’f b IW H‘ ﬁ H destabilised by a separatrix ripple moves
) w Iy L WL v A j b W'“’f *W towards the septum coherently.
0 4 6 8 10 12 14 . . . o
time [ms] b) Sync. oscillation changes the individual

particles tune after destabilisation, leading
to broadening of the packet.

NMIT 4
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Micro structure: Effect of synchrotron motion

Tracking simulation (MIT)

Momentum deviation of extracted

Longitudinal phase of extracted particles particles:
relative to bunching rf: -0.002 ~0.001 0 0.001 0.002
1600 __! N !_—'IBDD
-0.5 g 0.5 1 | mmm Entire spill (0.01 - 0.49 5) :
40— 1] 400 1400 3| === Bucket height : £ 1400
_. 1 | 1 : E T I 1 E
: ' : [ 12003 : : £ 1200
1 : ' : I : : E
300 . D - L 300 100031 L F 1000
b . A g | : E
e : & 8003 i i 800
o | 3 . . IF
% 200 | 200 “ 6003 i Simulation: "M E 600
& : ] ' p (100 MeV) | IE
| | | |
100 : 100 E : 10° part. 1 E
! 20 : over 10° turns. | 200
0 0 ~0.002  -0.001 0 0.001 0.002
-05 0 0.5 dp/p
Rel. long. phase dI / C AtMIT. Q, ~1.7, Q_ =1.666...
- Very sharp micro-bunching of extracted ~ We need dQ < 0 to get close to resonance.
beam — Due to chromaticity (£ ~ —1): dp/p > 0 is preferred.

(invisible in therapy application)

M77T
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Micro structure: Effect of sync

Tracking simulation (MIT)

Longitudinal phase of extracted particles
relative to bunching rf:

-0.5
400 —

| =
on

T | LT T

400

—_—— o

300

[N ]
=
]

pog log gy

200

100 100

Rel. long. phase dl/ C

- Very sharp micro-bunching of extracted
beam
(invisible in therapy application)

Nrotron motion

Measurement at SIS18 (Forck et al.):
_Example: Ni>** at 600 MeV/u

fogram i

s of

' ' '

th = in

— logical pulse

acc

o
ez

T T 2 12

T A

® ® @
, beam— logical pulse

st T | r:.J |I 4 '

=]

(=]

- in
T

2

TDC (B) Beam current TDC(A)

o

05 1 18 2 25 3 35 1

RF phase [27 rad]

(Courtesy of P. Forck)

y_4 N N N |
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Micro structure: Effect of RF-KO spectrum

Good machine setting

Bad machine setting

~ 100 : : = r :
'c% i Extr. resonance | __ |——Machine'tune [ 'g % Extr. resonance | |_=—Machine tune I
= [Ores = 1.666... Q~1.687 B = 10, =1.666.~ NQM 1.687 1
E 1| i : i 7] E 1 - } : /\ i
5 o1 _\ m ......... A - AR A AP /\_ B o1 /\ /\\ Afied Af -\ AF /AA
RS T S | L\ | A \ I Lol | \/ /é
1.64 1.66 1.68 1.7 172 1.74 1.64 1.66 1.68 1.7 .72 1.74
RF-KO freq. / Revolution freq. + 1 RF-KO freq. / Revolution freq. + 1
Bad micro structure
5x10°~ 5x10° l l L) | |
i gﬁ:asuremgnt (p; 100 MeV) ] Measurement (p, 100 MeV)
. SEEpoint 7 —— DIC set point
4x10°+ I T 4)'(109—_ P
= g Rate follows falling iy i
& 3 2 ] Rate decays
g : plomptly s - | y
L% | | nul '|I l il I'_l | ll F' F‘ I l.% - I'| |ITI1'I|!|'|1'IF|||1I‘ 1
- - Almost no . _ Un ted
8] extraction 0] __ nwante
ERlho - L3107 extraction
i after [switch-off ) ‘(
0_-| T T T T I T T T T I T T T T I T T T T I I T T T I T T T T I 0_-| 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 I
3400 3450 3500 3550 3600 3650 3700 3400 3450 3500 3550 3600 3650 3700
time (ms) time (ms)
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Micro structure: Effect of RF-KO spectrum

Good machine setting Bad machine setting
;: i —— Machine 'tune [ E 100 Extr. resonanlceé '_F——"Machine'tune !
< 10 0~ 1.687 o S 10 5 T 666, fo "\ O~ 1.687 7
g 1 ; 7] %: 1 |- h i /\ i
5 _\ E _ S | 4 - i 5 /\ H\il-AF Af Af %
= 0.1 T ! ! m A= 01 \ 1 A ! \/ /

66 1.68 L 1.72 1.74 1.64 1.66 1.68 17 l72 1.74

1.64 1.
RF-KO freq. / Revolution freq. + 1

RF-KO freq. / Revolution freq. + 1

X' _ X sep.
Ripple affects A . Ripple affects A :
few particles. many particles.

Marburger lonenstrahl-Therapiezentrum
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Micro structure: Effect of RF-KO spectrum

Good machine setting Bad machine setting

;: 100 ——'Machine'tune ' g 100 Extr. resonance | ——— Machine'tune
= 10 0~ 1.687 ) = 10 =1.666.~ fo ™\ O~ 1.687 )
g 1 . g ot L o B
5 o %
8 o _\ - L AP\ AR 1 g o1 /\ A AL LA @
= T | ! m L= \ ! Lol | \{ \/ /é
1.64 1.66 1.68 1.7 1.2 1.74 1.64 1.66 1.68 1.7 1.72 1.74
RF-KO freq. / Revolution freq. + 1 RF-KO freq. / Revolution freq. + 1
. X sep. _ X sep.
Ripple affects A ; Ripple affects A :
few particles. g many particles.

_______
_________

' . N H
' N _ Y ! H
N S
— X - : : > X
g
. N . '
' . . I !
H . . A !
. '
H N :
< N .

Need to make sure
particle move across the
separatrix fast!
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Micro structure: Effect of RF-KO spectrum

Work in progress: What can we gain by using more “elaborate” noise spectra?

~ 100 , .
E 10 Extr. resonance | [ \lga‘:ll“gg;mne 1 0o 0 ] 0 ]
o) ~ — % 13 T Serial
z | _Qres 1.666... I S;ncry |
E lata
5 o1 _\ m Fo AL e A N i
L= 1T R ! mﬂ AV AN AWAWAWAAWANNAWAA
164 166 168 17 172 174 \ UL] V'V TU \/ﬂ/f\/ A
RF-KO ﬁ‘eq / Revolution freq. + ] Phase changes
X sep.
Circulating
beam
f,Af A
\ Kicker
] Electrode
[ »
—l 5
I 4
RF Amp. / /
7T
electric noise
field E(t)
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Micro structure: Effect of RF-KO spectrum

Work in progress: What can we gain by using more “elaborate” noise spectra?

Dual-function RF-KO spectrum at HIMAC

NIRS, J):
Presently under ( )
iInvestigation at HIT. @, OO T LT kM wan w00
-51.5 dBm 1.1uuunﬁnn MHz SHT 150 ms Unit : dBm
= Extraction Beam core H
X sep. «] res. freq. excitation |
A ) 1AV6 N / 154
A : /l/
N

ﬂ
ol bt LE M

Center 1.125 MHz 5 kHz, Span S0 kHz

Date: 26.5EP.00 3:14:12

A. Noda, NIM A 492 (2002) pp. 253

Marburger lonenstrahl-Therapiezentrum
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Micro structure: Ripple compensation

How to get rid of the separatrix ripple?

1) Get better power supplies.

—  Expensive!
— People have tried ...

2) Active tune correction:
Feed-back measured spill
signal to a fast correction
magnet.

(“noise cancellation”)

NMIT 4
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Micro structure: Ripple compensation

Compensation system using an AccimRaToR |
Alr Core_ Quadrup_ole (ACQ) magnet . |
is used in production at the et e
CNAO hadron therapy centre (Italy). L'# | | — 1
Beam I §
I 2
- o
Beam I ACQ Power Supply §.

Kepco BOP 100-4M

ACQ
I ELECTRONICS ROOM
o Cracciolo et al., Proc IPAC 2011
2. 0.15 —
S ACQ feedback
o
o loop on
o
®
& 0.05 -
.ﬁ
D T T 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time [s]

i =

fondazionecnao.it M MI T

C. Krantz Techniques for Slow Extraction | IAP-Seminar | Frankurt, 30 Nov. 2018 59 e



Micro structure: Ripple compensation

An air core quad for MIT (and HIT) ...
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Micro structure: Ripple compensation

E—— | .. ' I |2, -. " . | | ——

Coil Current (At)

1| —e— Mea-sured curreht (At) e
TIl—— Bt L=07mH R=25G [
100 1000 10000

f (Hz)

Can induce noticeable tune modulations (~ 107)
up to 10 kHz even at highest rigidities.

5Q. ~ 1 &
Yo 4m f
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Micro structure: Ripple compensation

R L e T -
1.5x10% "
1.OX10%

Spill rate (s 1)

h
o
X
)
-

Would expect significant improvement
even when cancelling only the

most dominant (< 1 kHz)

power-grid harmonics ...

N
o

u—
(S}
w
Ao
()
w
)
=~
w
.
(@)
w
Ao
co
CDI (@) |
F g

126+
nx 50-Hz comp. C (167 MGV/U)

(n_ <12)

—
&)

—_
(]

Amplitude (arb.)

100 Hz

12Ce+
(167 MeV/u)

90 Hz

\

0

250 Hz

1

DIC only
300 Hz

/

350 Hz

400 Hz
/ / 600 Hz

Frequency (kHz)
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Micro structure: Ripple compensation

First tests (work in progress!)

1206+ (167 MeV/u), RF-KO with DIC

HODIC1 [Rate]

Data: lonisation chamber in extraction beam line. I 4

63 Marburger lonenstrahl-Therapiezentrum
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Micro structure: Ripple compensation

First tests (work in progress!)

12Ce* (167 MeV/u), RF-KO with DIC + ACQ correction

M7 7T

Data: lonisation chamber in extraction beam line. 4

64 Marburger lonenstrahl-Therapiezentrum
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Micro structure: Ripple compensation

First tests (work in progress!)

1.2E+008
1.1E+008
1.0E+008
9.0E+007
4.0E+007
7.0E+007

E.0E+007

)
©
1
=
o
[a]
=]
I

5.0E+007

4.0E+007

3.0E+007

2.0E+007

1.0E+007

0.0E+000

0.00 0.50 1.00 50 250 3.50 4,50 500
Time [s]

M7 7T

Marburger lonenstrahl-Therapiezentrum

Data: lonisation chamber in extraction beam line. 4

C. Krantz Techniques for Slow Extraction | IAP-Seminar | Frankurt, 30 Nov. 2018 65



Micro structure: Ripple compensation

-out

celled

n

Components ca

5 power grid harmonics

included in

corre

Qtion function.
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e s e i i S e B B
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Micro structure: Ripple compensation

5 power grid harmonics
included in correction function.

Components cancelled-out
by ACQ modulation.

N I I R e S T -

aooooo—i—D-lC-—p-!]é -H e —i 800000 ch On . - —i
ACQH B N I e Z 0 ACQ On B R I e
N N O N 6 | R T HEE
$ -t Notes: i
2 | [ IEEEL] BN N [ NN N T
o004 |1l 1) Uptonow, correction T —
= b L functions are feed-forward | 1 i i E
1 EEEE] B and “hand made”. I

- - Il EHEE I
- (not production-ready!) T I—

2) Need function generator = L

that is phase-locked
to the power-grid. 0.1 1
Frequency (kHz) fequency (kHz)

NM77T
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Micro structure: Ripple compensation

Marburg (MIT): 12C% (167 MeV/u)

8000—_ ] ‘ ‘
- ]
I
ki I m RF-KO+DIC |
s i — + ACQcorr.
] 1 —- Poisson
6000—_

[8))]
o
o
o

w
o
o
o

Likelihood (arb.)
o
o
(]
o
III|III|III|II

_I_I_I_[
0 1000 2000 3000 4000 5000 6000 7000 8000

N (part. / 50 ys bin)

MIT 4
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Micro structure: Ripple compensation

Marburg (MIT): 12C% (167 MeV/u) Heidelberg (HIT): p (64 MeV)

8000 5 " ‘ ‘ mean

m RF-KO+DIC | 1000
— + ACQcaorr.
—- Poisson

N [ p (64 MeV)
A |m RF-KO + DIC |
"""" " |— + ACQcorr. |

]

i 1

7000 — !
] !

1

6000

[8))]
o
o
o

100

w
o
o
o

Likelihood (arb.)
S
=]
III|III|III|II
Probability

10

e e i

L R 1=
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Micro structure: Ripple compensation

Tune ripple compensation by
air core quadrupole?

First results look promising.
System needs to be automated:

- Self-learing correction function?

—  Direct inverse feedback (CNAO)?

If successful: Needs to be certified for
clinical application!

Work in progress
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Summary

Slow extraction is a key technology at ion synchrotrons for radiation therapy.

Transverse RF-KO excitation, combined with Dynamic Intensity Control
provides excellent spill macro-structure.

Careful adaptation of the RF-KO spectrum to the machine tune and extraction
resonance improves macro- and micro-properties of the spill.

First experiments towards ripple cancellation using a fast air-core quadrupole
magnet have been conducted at the MIT and HIT synchrotrons.
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Thank You for Your Attention.
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