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Overview

1) The Marburg lon-Beam Therapy Centre (MIT)

2) RF-KO slow extraction at MIT

3) Tune ripple compensation (ongoing ...)
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The Marburg lon-Beam Therapy Centre

move36-marburg.de

T T

hammeskrause.de

maps.google.com
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The Marburg lon-Beam Therapy Centre

Beamlines Treatment rooms

Synchrotron

45° Beamline

Linac '

lon sources

mit-marburg.de

MIT 4
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Radiation therapy with ion beams

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

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

depth In water [mm]

lon beam: dFE Z2%e*n, 1 | 2mu?
. - 11 7 _— = — ¢ - n
Range defined by starting energy (“Bragg peak”). dr Areqmu? 2 T
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Kramer & Durante, Eur. Phys. J. D 60 (2010)



Radiation therapy with ion beams

Bethe formula :
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Stopping force rises strongly
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Heavier ions (*2C®*) have higher “biological effectiveness”.
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Radiation therapy with

Particle energy:

Standard maximum
irradiation depth ~ 30 cm.

~ 220 MeV forp
430 MeV/u for 2C®*

~ 23Tm forp
6.6 Tm for *2C®%

lon
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Dose delivery: Longitudinal distribution

Match depth-profile of target
by stacking of several beams
of different energies.

Remark:

Requires a dense
spectrum of energies
from the accelerator.

Depth-dose

100 —

Depth, mm
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Terasawa et al., Ann Intern Med. 151 (2009)
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Dose delivery: Lateral distribution

State-of-the-art: Raster scanning

Durante and Paganetti, 1)

Rep. Prog. Phya 70 (2016) Sequence of pencil-beams

of defined range.

—=7 2) “Paint” each iso-energetic slice of
| | ) the target using scanning magnets.
Scanning Magnets Tumor tissue
Raster scanning Optimum 3D tumour conformity
of dose-distribution.
” sumer Requires a high-quality ion beam
7/%/1’ T in pulses of ~ few seconds
I
/_ Stable pointing direction
/ ... Spot size
polfaces of dipol-magnets . _
... intensity
'last first
Haberer et al., NIM A 330 (1993) e ,'32:1
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The MIT Accelerator

Lazarev et al., Proc. of IPAC 2011
Scheeler et al. Proc. of IPAC 2016

i

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

Beam intensities:

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

per cycle

mit-marburg.de
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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
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The MIT Accelerator

Linear accelerator

RFQ (400 keV/u)
+

b SHTTTH IH structure (7 MeV/u)

then stripping to
p and C®

2 ECR ion sources

I (Supernanogan)

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

Synchrotron (6.6 Tm, 65 m circ.) High-energy beam transport

=

| &
i

Slow extraction (up to 8 s)
via RF-KO.

Maller et al., Proc. of PAC 2007
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Slow Extraction

Spill of ~ few seconds

B )

107 ... 1010
12C6+/ p

—]

o R - e
e = s g 5
= L Y < Sila

The irradiation system regards the entire
accelerator as an “ion source” providing a certain

particle type (p or 2C®*),
energy,

spot size, and

intensity (particles/s)

on command.
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Slow Extraction

Spill of ~ few seconds

Y i
< 2
~pes

Beam preparation
~few s and dumping

— ¥ 1

Rigidity

/tumor \ * / t
“Beam-On” phases
polfaces of dipol-magnets / /

t

last first
layer layer
Fin Fmax M I 7
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Slow extraction

B 0
ST

4 N
SV

Synchrotron:
65 m circumference
0.5...6.6Tm

6 Sectors: ...-S-F-M-D-M-0O-...
(2 quad families)

1296 2592 ~ 3888 = 51.84

Tune at flattop: Q, ~ 1.69

44 % ~  Slow extraction via 2/3
\ i}'?"' o2 , (/ (sextupole) resonance
IS e
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Slow extraction

(Transverse) RF-Knock-Out method:
Excite horizontal betatron motion

Horizontal RF-kicker electrode

~ in sync with horizontal particle tune.

Circulating

beam
/| /]
E(Y) Kicker
] : Electrode
—>

RF Amp. / /
T

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

particle emittance
grows towards
separatrix.

extraction
septum

Albrecht, PhD, 1996

extracted beam
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Slow extraction

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

Fixed optics during
extraction (Q, ~ 1.69).

Circulating
beam
/E(t) d Kicker
(I« Electrode
—»
@—b—ﬂ g
—»
RF Amp. / /
7T

RF-KO-exciter is a fast
element!
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Slow extraction

Extraction rate R

. ——

FHes TR

“Dynamic Intensity
Control” (DIC)

See also: Schoemers, NIM A 795 (2015) 92-99

Therapy Control System

rate at beam
outlet ICs. l

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

~~~~~

Feedback to KO amplifier power such that R - R

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

meas set

MIT/
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RF-KO Spectrum (1)

RF-KO spectrum is generated by random phase-shift keying (PSK).

3 parameters define the noise kicker spectrum: Serial
binary
A: Amplitude data

1

0 0 | 0 1

]

f,.  Main oscillator frequency
Af: Random PSK frequency BPSK =17~ f; +- T— -{/—T -

10 ¢ T T T T T ]

- Nom. KO spec. (arb.) =———

A g L L L L L L Ly ey RS

. 1l i
3
E
L1 1]
]
2
g

= 0.1 .

001 & S ' e 3 -

1.66 1l.68 1.7 1.72

Moise freq. [ rev. freq.

1.74

Phase changes

Circulating
beam
f,, Af A mw
\ | ﬂtz Kicker
4 :: Electrode
—>
RF Amp. / /
T

electric noise
field E(t)
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Spill rate (s™)

Spill quality

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

C%* (298 MeV/u), with DIC, 50 ps binning.

1)(108"""""""
T |2Cer (298 MeViu)

8x1071
6x1071
4x107

2107 |

UD12Ju0d/3p"1s8 0d1pul//isdny  ERFAE
ﬁ,m

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

H
3
o
z Chair: 0. Boine-Frankenheim, G. Franchetti
g— Secretary: I. De Caluwe
e
S International Advisory Committee
3
£ Mei Bai 2
a Massimo ~ Giovannozzi CERN
4‘4‘: Magdalena Gorska sl
° Sergey Ivanov IHEP
Sergei Nagaitsev  FNAL
Masahito  Tomizawa  KEK
Andreas Peters HIT
Dieter Prasuhn F2)
Thomas  Roser BNL
Kiyomi  Seiya FNAL
Stefan  Sorge [}
Peter Spiller Gsl
Frank Zimmermann CERN
GSI — # TECHNISCHE
7 E el BEAM
o evoaro: B HCleam @R B
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Spill quality: “Micro™- and “"Macro”-structure

1%10°%- A I |
i 1 12CP* (298 MeV/u) .
8x107 RENET IRTTAT L —_— . . .
~ ' | T RF-KO extraction combined with DIC
» - | |
o 0%107 ' - . e —~  provides very good “macro structure”
© ] FUnning average. - IOt'me scales%lg nto~ 10 ms
= 4x107] ¥ :vacro structure” I ¢ " )
7
2x107 on shorter times
] a “micro structure” remains.
(kHz ... MHz components).

Spikes in extraction rate
- can saturate ICs
- automatic beam dumps

Note:
time resolution of IC detectors
blurs structures below ~ 10 ... 100 ps!

Spill rate (s™)

2.3 2.32 2.34 2.36 2.38 4

Time (s) MI T

Marburger lonenstrahl-Therapiezentrum
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Macro structure with DIC

| | | 1 1 1 |

1x108

8x107

(@)]
X
RS
o

I\l

4x107-

Spill rate (s)

2x1074

12C8* (298 MeV/u)

running average [

"

... to spill modulation.

DIC can vary the spill rate on the ~ 10 ms scale.

<«<—  From spill stabilisation ...
7 | Actual treatment plan
210 50
9_
@
[72]
T
(4]
S
>
‘»
c
(O]
E
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Macro structure with DIC

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

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

Intensity [parts/s]

12x10

| Actual treatment plan

50

o
Controller Output (arb.)

:

O 1 I
ramp-Adown 1.6 1.8 2.2 2.4
[
126011
gy [1AEN Nl | I I . lln AI
s 1] M e Wv W "MV i % ﬂb
h ina:
2 840/ i | | Nﬂuh | More challenging:
§ 630- IC current (set point) h" \ Fast (~ 10 ms) ramps
5 / U\ﬂ DIC output from high to low intensity.
O 420- |C.current (meas.)
= 1
210- M I .%.. Jl ||!1‘ il b \1 T ||I L gibido b i) Benchmark plan to test
! '\WW AL _WW - FMWM ‘ ramping-down behaviour
5 o ' W I "Qﬁwa' ]‘ %& | f of extraction rate.
0 50 100 150 200 250 300 350 400
Time (ms) MI 7
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10 T T T T T ]
E Mo, KO spec, (arb,)] —— ]

RF-KO-Spectrum (lI)

Controlled @ runtime via DIC

Part of machine setup\
A:
f .

Amplitude
.. Main sine frequency
Af: Random PSK frequency

Amplitude (arb.)

0.1

0.01

1.68

Moise freq. [ rev. freq.

' ' ' ' P (150 MeV) —e—i
O E h ~1.687 1
or. tune Q, = 1. Possible optimisation
- strategy for f :
-.E 10 ] . .
= Highest extraction rate:
g Nl ) - f/f =0, [1]
But: is this really the
Rt E “best” extraction setting?
i | | v | | |

1562 1.64 1.66 1.68 1.7 1.72 1.74
KO centre freq. / rev. freq. MI 7 4

C. Krantz Slow Extraction at MIT | GSI Accelerator Seminar | Darmstadt, 25 Apr. 2019 25 BT DS R R R e



Macro structure: Optimal response to DIC

“Bad” machine setting

Bad micro structure
(more on that later ...)

Spill rate (s!)

“Good” machine setting

] Measurement (p, 100 MeV) 1 Measurem_ent (p; 100 MV}
g DIC set point i DIC sexpoink
4x10°~ 4x%109 T .
i | =5 i foIIows fallin
PSR I T e e I A AR AT | Rate decays 3x10°] cof mgt
: | ‘ slowly after o ] pronaptly
2)(109_-" .‘.sl __LI l!: 1l J \.I 1 | l |"' f ‘:I ‘| KO_RF Oﬁ = 2x109_- \/] ‘ l,;;, I“l] J,IJ i I “ | | .l | !
S F O TR - 1 W TN UV VAR Y SO O
y - ! ] Almost no
) Unwanted i :
1x10°3! 10 u ML 00 | L ] | : 1x10°9- extraction
] extraction A =
i ‘( i after|switch-off
O_I T T T II 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 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 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: RF-KO exciter spectrum
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Macro structure: Optimal response to DIC

'g 1(1)3 Exir. resonanlceg —— "Machine 'tune !
< Y Qs = 1.666..7 _
£ 1L P KO-RF spectrum aligned
é 0.1 /\ /\\ ....... Afe with machine tune
g \ 1 i ; (highest max. extr. rate) ...
1.64 1.66 1.68 1.7 1.72 1.74
RF-KO freq. / Revolution freq. + 1
5x10°- | 1 || . .
] Measurement (p, 100 MeV)
4x10°-] _ — DIC set point
— ... results in “bad”
©3%10° Rate-decays ramp-down behaviour!
% 1 I slowly after
= g , , KO-RF off
3 2x10° L 'i"r"i'ulm:p |i!'1'11"'l |l| |
i | ' / Unwanted
Ho extraction
O 1

T T T T T I T T T T I T T T T I
3400 3450 3500 3550 3600 3650 3700

NMIT 4
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Macro structure: Optimal response to DIC

= 100 | T | — ;
= Extr. resonance | — —— Machine tune
S 10 T O~ 1.687 B
2 KO-RF spectrum shifted
E) 0.1 towards sext. resonance ...
= . : i : : g
1.64 1.66 1.68 1.7 1.72 1.74
RF-KO freq. / Revolution freq. + 1
5x10°-
] Measurement (p, 100 MeV)
] DIC set point
4x10° - -
= 1 Rate|follows falling : “gO_Od" ramp-down
§3x109 —Tul | | | set point behaviour!
© ] | (L promptly
szmg_ e ]I|]I.H| l;,ll L R |
1x10°
0:|" LB B B L B L L L L L B IR

3400 3450 3500 3550 3600 3650 3700

MIT 4
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Macro structure: Optimal response to DIC

sep.

>

Explanation?

Before RF-KO:

(Relatively) low-emittance
beam

29 Marburger lonenstrahl-Therapiezentrum 4

C. Krantz Slow Extraction at MIT | GSI Accelerator Seminar | Darmstadt, 25 Apr. 2019



Macro structure: Optimal response to DIC

p—
(o]
o

T T |
Extr. resonance :

(O = 1.666..7

| ﬁz’lic??gg;““ -
Yol s e s,

1.64 1.66 1.68 1.7 1.72 1.74
RF-KO freq. / Revolution freq. + 1

—
o

[a—

=
e

Intensity (arb.)

sep.

> <

X sep.
A .

RF-KO spectrum centred on machine tune:

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

Marburger lonenstrahl-Therapiezentrum
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Macro structure: Optimal response to DIC

S . ~——'Machine 'tune !
S 10 O~ 1.687 .
>

E |

=

a

s

»

X sep. -
A :p 1.64 1.66 1.68 1.7 1.72 1.74
RF-KO freq. / Revolution freq. + 1
X sep.

RF-KO spectrum shifted towards extraction resonance:

- RF-KO excites large amplitudes preferentially.

NMIT Jx
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Macro structure: Optimal response to DIC

gl?g _Ext‘r. resonanlce ' _F—"Machine'tune
Tracking simulation 1: RF-KO @ machine tune — “Bad” setting B [mheseg .
1.64 1.66 1.68 1.7 1.72 1.74
Beam core is excited preferentially, large unstable halo. LA L
700 | g 0 ot : 700 4 i 700 5 ; : 700
] ‘ms (0 turns) : 1 mmm 25 ms (5x104 turns) ! 1 - 7‘5 ms (1 5><10 turns) : | === 400 ms (8x10° turns)
gop—— Fit (O turns) L 600 ! 8004 — 0tums ; 600
] 1 1 [ ]
500 i 5001 i 500—; - i 500
1 simulation: | | 25007 i = 4001 i e
3 : 4004 400 400
E4°° 1p (100 MeV) P 3 - i E™™
300— ! o 3004 ! o 3007 < o 3004
1 ] U ] 1 b
2004 | 200 i 200 + 200
4 1 ] 1 ] 1 ]
1007 i 1004 i 1004 r 1004
3 < - 1 4
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 40
X (mm) X (mm) X (mm) X (mm)
—~ 100 :
. . . ) € 10 Extr. resonance /g-j*\'l\g/lac?l?gémne I_
Tracking simulation 2: RF-KO @ extr. res. — “Good” setting 5 ) [0==Looc- SN o]
i i i “ " 1.64 166  1.68 1.7 172 174
Particles in halo are rapidly extracted, beam core “keeps shape”. B
S _ ; 700+ — : - _ _
707" g ms (0 turns) i T 150 ms (3x10° turns) i ] - 302t5 ms (6.5x10° tums) i 7907 e 475 ms (9.5%10° turns) i
6003 —— Fit(0 ms) ! 600 ! 6007 NS ' 6001 —— Oturns !
b 1 1 ] 1 ) 1
500 i 500 | ! 5003 i 500 i
, ] simulation: i o~ i = 4001 i = 0o :
E4%%9 (100 Mev) BV P B i £ E
300? E :300_; i :300E i ;3002 i
200+ i 200+ i 200 i 200 |
] 1 ] 1 ] 1 ) 1
1001 i 1004 | 1004 i 1004 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 40
X (mm) X (mm) X (mm) X (mm)
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Macro structure: Optimal response to DIC

RK-KO @ machine tune

- Strong hor. emittance growth (simulation).

RF-KO @ extr. resonance
- Weak hor. emittance growth (simulation).

~>100 ' . = r
= Extr. resonance ; ' _F——"Machine'tune o 10 Bixit: resonance: '  |——'"Machine'tune '
= 10 —1.666.75 fo ™\ O~ 1.687 . < 105 =1.666.. N o~1687 i
g I | O a | 7 e | i ]
L= \ | L i | \( \/ /é = i | ! \/ | /\
1.64 1.66 1.68 1.7 1:72 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
100 oty 100 Pt b b bt
]|+ horizontal | | [ 1!|* horizontal | | Simulation: |[ +
= 80+ = vertical o e { R < 804|= vertical p, 100 MeV | &
g ] I } : g § 2
= 01 ! s 5 s O — R
11 | r r . | | Q
= 40— | Simulation: | < 40 | F g
2 1 p, 100 MeV = 1 | | ks
© 11 < | : o= s 3 S
R 20— e e e e e e e e e e e - R 20—_.*-;--!--@---‘- ------ _——————— ST - O
11 ] | | o
0_-%'.' i - e " T - 0—--’—’- - | - i . —F— =1 '%
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 ¢
Time (s) Time (s)
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“Micro” structure

%103
] 1 12CP (298 MeViu)
8x1074 H T AT —
= 3 - |
= 6x107 AL LIl —
© 1 “Macro structure” |
= 4x107 5
= _
2 == -
2)(107- ‘ —
‘ E | I
oY = - | | Lm_
0 7S S 6. 8 10

Spill rate (s™)

| 2.32 |
Time (s)

2.34 2.36

sep.

Main suspect: Power supply ripple

- Hor. tune ripple
“Pulsing” of separatrix
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. 1x10% 44—
Micro structure : e e

FFT o

23 2.32 2.34 236 238

100.0

_ 12C6+ (298 I\/IeV/u) e e 5 3t s o A _ Time (s)
:mﬁq nXSOHZf ff§g j[ff]f C

s 1 'p“._E

£ 1 l||r :

% S ' .

=

< 1.0

0.1 ———rrrrrre— L —
0.001 0.01 0.1 1 10
Frequency (kHz)

NMIT Jx
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Micro structure

100.0—: 12(;,6’: I2I9I8”|I\I/I VI/ i '_'___'_ e e o AT "" '___'____'__'___'__'__'__' & Extraction from bunched beam.
3 ( i U) ';j::.synchrotron :
g | T metiond T (Adopted from
! foll f~ 480 Hz— GSl and HIT)
~ 10.04 |
o : — Better > kHz-scale
% : microstructure.
i®) mi
% i e.g. Sorge et al., Proc. IPAC 2018
e
< 1.0z 3
0.001 0.01 0.1 1 10
Frequency (kHz)
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Micro structure: Effect of RF-KO spectrum

“Bad” RF-KO setting

“Good” RF-KO setting

~~ 100 T : —~ 100 ; .
—% " _Extlr. resonanl‘f_j ' }‘\'Machme'mne '_ F:% 0 Extlr. resonanlce : ' |——'"Machine'tune [
S [Qus=1.666..7 i &~ 1.657 = 010 =1.666.. 0~ 1.687 )
5 01 /\ \ o A A o AP @ g o1l [ - Y AN Ve NE SN
RS \ | ik l ! \/ / k= 0.1 I Y If | |
1.64 1.66 1.68 17 1.72 174 1.64 1.66 1.68 1.7 172 1.74
RF-KO freq. / Revolution freq. + 1 RF-KO freq. / Revolution freq. + 1
Bad micro structure
] Measurement (p, 100 MeV) B Measurem_ent (p. 100 MeV)
i — DIC set point i DIC set point
4x10°- 4x10° - -
23x10°] ©3x10°]
3 i 8 i
<— AN =S 1
= 25100 IMATE I UL gl 1A M1 A4 | = 2 51.0° I MU0 MBEA IV ST L1/ 1) LA
o a6 SR AT %x O UV VU T
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 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 I | 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

Bad setting

—_
[
o

T 1 T
Extr. resonance :

[0, = 1.666..7

ya

—
<o

Intensity (arb.)

——"Machine'tune
NQN 1.687

I

0.1
i |
1.64 1.66 1.68 1.7 172 1.74
RF-KO freq. / Revolution freq. + 1

Ripple affects A
many particles.

X sep.

Intensity (arb.)

»

Good setting

—— 'Machine 'tune
Q ~ 1.687 N

[ oA @~

1.64 1.66 1.68 1.7 1.72 1.74
RF-KO freq. / Revolution freq. + 1

. X sep.
Ripple affects A :

few particles.

) '

3 '

’ '

’ '

’ '

& '

. H

'

o .
‘ 1 I ] |
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Micro structure: Effect of RF-KO spectrum

Bad setting

—
)
o

T o
Extr. resonance :
[0, = 1.666..7

ya

—
<o

Intensity (arb.)

=
p—

|

——"Machine'tune

\Q~ 1.687
-

I

1.64 1.66

1.68

RF-KO freq. / Revolution freq. + 1

Ripple affects

many particles.

X

. \
1.7 1.72 1.74
sep.
» X

Intensity (arb.)

»

Good setting

—— 'Machine 'tune
Q ~ 1.687

........ ." ay

1.64

1.66 1.68 1.7 1.72 1.74
RF-KO freq. / Revolution freq. + 1
X sep.

Ripple affects
few particles.

RF-KO near extr. res.
makes particles cross the
separatrix fast!

A

P
_____

i H
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’ ]
’ Ll
& '
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H
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Micro structure: Effect of RF-KO spectrum

Note: One can probably improve further using more elaborate RF-KO spectra!

Random phase-shift spectrum
(e.g. MIT, HIT, GSI)

e
_

Intensity (arb.)

1 4]
Serial
binary
data

1 0

1

]

Phase changes

—— 'Machine 'tune

| | H
Extr. resonance i

Qres -

1.666...

-------- arb\L

QN

1.687

3 m_

1.64

1.66

1.68

1.7

172

RF-KO freq. / Revolution freq. + 1

1.74

See also: F. Faber (PhD, TU DA/HIT), in prep.

“Dual-function” RF-KO spectrum

at HIMAC (NIRS):

e T e v oawe
=51.5 dBm 1.10000000 ™MHz SWT 150 ms Unit ¢Bm
«— Extraction Beam core |-
| res. excitation |
1AVE N /
.| A : i/
] /
| ¥

-100

i

Center 1.125 MHz

Date:

26.5EP.00

3:14:12

¥

Sl

5 kHz/

Span S50 kHz
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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:

Use measured spill signal
to stabilise the tune via
fast corrections of the
quadrupole fields.

(“noise cancellation”)

NMIT Jx
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Ripple compensation @ CNAO

Compensation system using an AccimRaToR |
Air Core Quadrupole (ACQ) magnet HEBT I
is used in production at the Hemer S e i

CNAO hadron therapy centre (Italy).

PI software control

Beam I ACQ Power Supply
/ 1ACQ
@ Cjﬂ; s <}
S | Kepco BOP 100-4M

j[onuo) Ajddng Jamog

ACQ
I ELECTRONICS ROOM
o Cracciolo et al., Proc IPAC 2011
2. 0.15 —
- 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]

fondazionecnao. it N " MI T
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Additional problem a MIT (and HIT)

” 107 | Actual treatment plan
Seen earlier: 12 ' . . 50
DIC may vary the spill rate on the ~ 10 ms scale!
9_
@
[2)
—  Possible ripple cancellation systems =
must be compatible with this %
wanted (but random) spill modulation! =
o=
[)
[

Controller Output (arb.)

A simple negative feedback loop
could be prone to in-fighting with the DIC

0
1

6 18 2 2.2 2.4
Time [s]
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Ripple compensation:

Power-grid harmonics

8 | | 1 L . .
_ 2.0x10% - kHz-scale microstructure is
0 5><108_ . dominated by (< 1 kHz)
| - power-grid harmonics ...
“]OXIOS B -
E 1 1 1 L1 111 1 1 L L1 1.1 II 1
25.0x107- b 297 P DIC only
' ' ot . 100 Hz
| : - ~ 300H
0 — e 320 250 Hz / ‘
0 PP S 6. 8 10 & 7 \
Tiie(8) e o 197 ice
B 0)(108 " ! | I .. S 10: (167 MeV/u) 200 Hz
= = & = 107 350 H
1 5)(108 _nx50-Hz comp. C e MeV/u) e 50 Hz 1:2 / 400 Hz
2 (H <12) < 51 N | e B0k
S 1.0x10 . _ :
= TN\ E ._'{_{. J [ | l_ (I AYAWAT h 0-
G 5.0<10 WYY POV Y 0,1 1
\ Frequency (kHz)
3.2 302 804 3\26\ 828
T
me (3) ldea:
Use this function (inverted) as forward-
correction for the machine tune!
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Ripple compensation: Power-grid harmonics

Pitfall: Power-grid frequency
Is actually not very stable ...
Need phase-locked function

—

generator.
24 Airguad Function Generator v.2.0@marn I (] |
Freq. (Hz): Rel. Ampl.: Phase (rad):

[s0 [*][0.1200 [s-0.60000 5O : Fo

[100 [+]|o.ss00 lslo17000 [FE : F1

[150 []|o.1700 ls]-0.23000 [5O : F2

|200 [z]]1.0000 |-]|o.00000 [0 : 3

[250 [:][o.s600 [s]-1.00000 & : Fa

[300 [=]|1.0000 |s]-0.08000  [5|& :Fs

[3s0 [=]Jo.2300 [El150000  FEE : Fe

{400 []|o.2s00 ]2 30000 lZE i F7

[as50 [+][1.0000 [Hfo.0oco0  [FO : 8

[s00 ]| 1.0000 |s]o.0o000  [5| : Fe

[s50 [ 1.0000 [dfo.00000 O : F10
|s00 ||| 1.0000 |-]|o.00000 B0 «F12
[6s0 2] 1.0000 [soooooe  [F0O : F12
[700 [£][1.0000 [Jo.oocoo  FO0 : F13
[7s0 [z 1.0000 |=]]0.00000 [0 : F14

Master Gain: Inc. (arb.J: Phase (rad): Inc. (rad}:

[-0.3550 []]o.0100 [=]-2.9632 []|o.0100 5
_..output | Enable PLL Base function:

Quit

Bode Corr. PLL Plotter 1

() Sawtooth
(*) Sine wave

() Step functian

Live TBS11u4 Display (C

=181 x|

; . ; — | < ACQ signal
Y I R N S e .
2 oA AN LA A AL A A -
) Continuous
PN SERERTRITE R EEE TR . phase_|ocking
| | ; of internal
. ; ; ; ; ; ,00-Hz* clock to
2.0e-02  -1.0e-02  0,0e+00  L.0e-02  2.0e-02 -Ari
e power-grid ref.
00103667, 1.02203 l
Signal 5 o 1_1
EE e # e@aa 7
Delta Phi = -0.003462 (averaged 0 x)
: I Ipower. grid -
20000 signal -
10000 —
-10000 -
-20000 1
0 :5 ]I.O ll5 20

18.9512, -26167.2

t (ms)
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A simple Air-Core Quadrupole magnet

N7 7
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A simple Air-Core Quadrupole magnet

Coil Current (At)

| —— Measured curreht (At)
T|l—— Ft:L=0.7mH,R=25Q [

04—+
100 1000 10000
f (Hz)

Can induce spill modulations
up to 10 kHz at all rigidities.
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Beam Response to ACQ

+ FFT of spill (ACQ OFF)
IC (50 ps bin) | e R SRt R R e IR

: — R
@ beam outlet Let 0 —ay . - 12C (167 MeV/u), ACQ OFF |[i=-+
:rli-' =4 1 - j:-'.i_ul_;-'.

Ji- 17 i1

st Suk
=
1

]
S b
i

le+06 —

]
1
|
|
1

= e gy =

Amplitude

S T R T

100000

10000 — g7

0.0001 0.001 0.01 0.1 1 10
Frequency (kHz)

ACQ OFF
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Beam Response to ACQ

+ FFT of spill (ACQ @ 30 Hz)
| i) R Tt AT M ARt IR

IC (50 ps bin)
@ beam outlet le+07

— 12C |1ET I"-"I:-:!"-.-".|"I..|:I ACG @ 30 Hz -:-'_!.-.:l

..__.lll._..
(] 1 ]

- III!Il
== = 1
11

le+06

T ——FF

ol P T e e e e
1 1 P11l 1 1 L T e Rl | 1

Amplitude

100000

T ==
L y =

10000 i| IJ. 0

0.0001 0.001 0.01 0.1 1 10
Frequency (kHz)

ACQ @ 30 Hz
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Beam Response to ACQ

+ FFT of splll (ACQ @ 378 Hz)

P— I:lﬁ'.u" ME"-.-"J"L.I:I ACG @ 378 Hz

' |||| .':' 1
r||| TATETT

IC (50 ps bin)
@ beam outlet 1e+07
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== ===z
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Beam Response to ACQ

+ FFT of spill (ACQ @ 978 Hz)

IC (50 us bin) | bR L BRI SRR LR
@ beam outlet le+07 —:\"s — 13 T MeWu] ACQ @ 978 Hz *‘
le+06 —
(] .
= -
£ 7
£ 1
E {]
s
100000 —
10000 —.
0.0001 0001 001 0.1 1 10
Frequency (kHz)
ACQ @ 978 Hz
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Beam Response to ACQ

_ + FFT of spill (ACQ @ 3078 Hz)
IC (50 ps bin) o‘.k LU b b e i

@ beam outlet 1e+07 98l ———  12C (167 MeV/u), ACO @ 3078 Hz
:r'i- R TR [ OGO U | Lot -.-I| i- -4 -'--'.IJI_:.; = .: -1 i.l.“.l S | .:.? I:l:lr
A ".'_".'Z "”""f:f:!""f_l"" rroTm-—a-proon
le+06 L
LY i
= i
= 4
£ i
5 1
E il
p> 5

100000

00001 0.001 0.01 0.1 1 10
Frequency (kHz)

ACQ @ 3078 Hz
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Beam Response to ACQ

+ FFT of spill (ACQ @ 8037 Hz)

|C (50 us bin) .:::.:.I : -|I|: | ] [ :I 1 11 || I 1 :::::!:I
@ beam outlet 1o+ 0Y 12C (167 MeWu] ACQ @ B037 Hz '

le+06 —

a = [

= -

£ 7

= il

E A

L
100000 —
10000 — ||| T T TT] |"ﬂ'|"|'|'||_|'

00001 0.001 0.01 0.1 1 10

Frequency (kHz)

ACQ @ 8037 Hz
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Beam Response to ACQ

le+07 | WM FFTIC1, ACQ on @ 3078 Hz o C8* (167 MeV/u)
T T 1111 || AcQlelso7sH:
g let06 o
2 3 Beam response is
o ol - - -
E 4 a single line at operating
100000 — frequency of ACQ
o +
mixing with existing
| . power-grid spectrum.
le+07 | W FFET I€1, ACQ oﬂ”_ E n 5 ACQOﬁ
q 7 T N . | | ! i g . ! | .
1 S ®! R L
4 | Lo ) 4 ~1 ool .
. & L E= ©|! =T g g n
w let06 == (=0 =1 i §i : E g i m I gp g i : g i B
ER SEOOBI[RELD ORDL obDyoRE|OROIRD] g
g ] tl fi|iE A T 8 ELdED T
=L e o o . [ o 1 T bl
i I [ i I o 1 I I
100000 o 1 bl I I . i Lo [
10000
Frequency (kHz)
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Does it work?

First tests (work in progress!)

1.1E+005

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

HODIC1 [Rate]

5.0E+007

1.0E+007

500

Time [s]

Data: lonisation chamber in extraction beam line. I 4
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Does it work?

First tests (work in progress!)

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

1.0E+007 -

500

Time [s]

N7 7

Data: lonisation chamber in extraction beam line. 4
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Does it work?

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]

N7 7

Marburger lonenstrahl-Therapiezentrum

Data: lonisation chamber in extraction beam line. 4
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Does it work?

Up to now:

12C¢* (167 MeV/u) + ACQ correction

Correction function is “hand-made”.

Operator programs signal generator while
observing the spill FFT.

Frequency (kHz)
0.1 1

o 8x10%] 12C8* (167 MeV/u)
56x10% DIC On,
&4%10%-ACQ Off
£ E
£ 2x10°

0

5] | | I
8 gﬂgs_; 12G8* (167 MeV/u)

a.4x10°% DIC On,
€ 2x10°1 ACQ On
< 0 |
0.01

pr———

0.1 1
Frequency (kHz)
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Does it work?

12C¢* (167 MeV/u) + ACQ correction

Histogram of IC measurements
(50 ps sampling)

I ; 12C5+ (167 MeV/u),
1000 ' No tune corr.
: . — With tune corr.
= ] : :4—: High peaks
= : : » decreased
5 O = I 1 by~50nA
E ] ' O ' Y n
= 10 2 L
kv, — ' C O ' '
= 1 @ LD : :
10 < ; O N : i
f =k L
I ; : :
1_| T T | T I: T T | T T T T |:\I -I ]I: T |
100 200 300 400 500
IC (nA)
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Outlook: Do we actually need the ACQ?

ldea:  Apply tune ripple correction directly to F-quad family
(- Injection into PSU control loop)

Power Supply

Accelerator Sum Amplifier Pl Controller

Controls =
R7 )
S Power
Electronics [IRCCT —1F-Quads|
oP2 \
Spill
IC (Outlet)
\
A
||so|atio+n Ampl.| Human Operator
(to be replaced by self-

Ti C tion|« = ; -
| DAC l«{Tune Correction] P s
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Outlook: Do we actually need the ACQ?

First tests: Seems to work equally well @ frequencies < 1 kHz ...

[E81BD Measure - (¥1.26, Release 22)

=181x]
Application  User  Help
6 3380626 T T T e e e
b | Proc | Expan
@zci2 T8 F 12 ACs = || 2. Currerts. c M |
Positir Pick

BBl 2iiilExp sp | oL |mMC BAMS | C5V i e
167.120 MeViu

Expett| 1. Cunent meastrement/Profile measurement  Event counting | 0T Level | OT Trend]| 84Ms | MEFI |

Sl struklure - E (== ES0F11137354 i zaom to fit

BLM

I~ s10BL1 (] Test -ais zoom to range

I 530BL1 = Test| Sesie Al ias

I~ S4DBL1 o= Tew —
52 GUI Analyze

[ HODSGI =W e Teq —

[ HODSC2 W E Te Fast diawing

[ HIDSCI  EBNF Text

[ HODSGH  BWEs e

[ VODSCI  emEm Teu||

=

Jv HOoDIC1 (=it T

[~ HODICZ .

[ HoDIc:  ewEoaee

™ HoDIC4 Clet T

[~ voDicT o

~IE Value-

€ Secandary curent [A]

F-Quad corr. ON ! F-Quad corr. OFF

¢~ Seconday chags pr.
integration time [C]

% Beam particle rate [s-1]

£~ Murbes of beam paticles
pi. inlegration time

HODIC1 [Rate]

=l =]

HODICT |

Marker-Pos. (s} [t-%%2 SIEEE

Integral 463E11 Particle/s B604E10

Meanvalue M 6.44E7 Sigma 1.11E7

Minimum 285E7 Maximum 1.19E8

Min. | M 0.46 Max. f M 1.84

Show mean value and sigma interval i

Reterences
Fiesze | LSV Espat

| ] DLE

15.12,2018 064809
[ 3380625 /1]
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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.

Adjustment of the RF-KO spectrum with resp. to tune and extraction resonance
improves macro- and micro-properties of the spill.

First experiments towards ripple cancellation using an ACQ are promising.
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