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Micro-spill activities at GSI
R. Singh, P. Forck, T. Milosic and S. Sorge

Feb 8!, 2021

I-FAST-REX Kick-off meeting
Feb 8th, 2021

» Beam instrumentation for micro-spill observations
» Recent observations: Effect of extraction settings & beam settings on spill via transit time
» Summary: Slow extraction “transfer function” , feedback and other topics
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GSI Heavy lon Synchrotron SIS18 (Bp=18 T-m): Overview

BN a2
acceleration

1 —92(ptoU)

Circumference

216 m

Injection type

Hor. multi-turn

Energy range

11 MeV/u — 2 GeV/u

Ramp duration

0.1 - 15s

Acc. RF

0.8 — 5 MHz

Harmonic

4

Bunching factor

0.4 — 0.08

Tune h/v

4.29/3.27

Trans. size 6,/ G,

~ 10 /5 mm at inj.

electron cooling 10/

q\8

W A

: .On> SI1S18 = booster for SIS-100

» Third order resonance - Quad
driven and knock-out extraction
—> coasting and bunched beams

» Variety of fixed target
experiments with detector times
from 100 ps to 100 ns
—> upto 20s spills

R. Singh, February 8, 2021
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Overview on Detectors for slow Extraction

Partlcle detectors for ions of 1 GeV/u A 1cm? t,,
Standard Detectors: U=92 . —_—
» Energy loss in gas (IC): i '||'| SCL
min: |SeC ~ 1 pA [;] )___1'||| i?ri?te d
max: .= 1 pA o CCC
» Sec. e—emission: E
min: I, = 1 pA 5 OF .
» Particle counting: =
max: r ~ 5.100 1/s 9 '||'|
g - “
Z, Dlamond\ ; L I
p=1 <€ ; >\ “
Non-Standard Detectors: T \5 - — ?l S IO T E
> Cryogenic Current Comparator; 10 10 10° 10 10" 10 10

min: I, ~ 2 nA Particles per second

» Diamond counter (e.g. at HADES):

max: r = 3-107 1/s in overlapping areas led to well understood

detectors

R. Singh, February 8, 2021
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Calibrated against each other - Comparisons
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Example of Scintillator Counter i
Detector: Plastic Scintillator of 75 x 75 mm?2 and 1 mm thickness

made of BC 400 (emission 4., = 420 nm, pulse width = 3 ns + cable dispersion)

Shield -
Scintillator
Housing / LED |
. e \‘ ! —=1 . |
: L light :
Base PMT | , X
: S z guide
| @L ) "{:{;'—\
BC400
1” Photomultiplier Scintillator
Photonis XP2972 75 X 75 mm?
gain: 10° 1 mm thickness
active base

rise time 1.9 ns
max. average count rate 3-5-106 1/s

Standard detector
combination mounted at
15 locations at HEBT

Advantage of particle counting:
» single particle detection

> 100 ps time resolution = could be directly compared to particle simulation
» no noise or background

SN
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Standard Scintillator Electronic and Data Acquisition T

Analog and digital chain:

Housing

Shield
/ LED

Base

PMT |

=

Scintillator
|

light
guide

X

long cable ~ 50...300 m

300 MHz discriminator

T>rrr>»rown
< -4

250 MHz scaler

g Struck 3820
U VME

128 channels

Example: Analog pulses from a plastic scintillator
with 200 m cable for 300 MeV/u Kr beam

11-Aug-01
23:49:27

‘Hamp1(2)
A
177 #
<1%/50% N
inside 4015
2
20 ns
200 mY

Parallel digitalization of:
» Scintillators, lonization Chambers, SEM-detectors

> anX detector from experiment e.g. diamond from
HADES

Entire cycle stored with min. sample time T, =1 ps
Various online analysis tools

R. Singh, February 8, 2021
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Spill measurement and characterization i

T,, :Readout/Meas. resolution= 11 us
Tpn - Characterization resolution = 11 ms

Tspiy - Time of extraction = 3 s

Statistical moments in Tp;,

1.0 1.5

Mean, MaX, Std . deV. time frc:IT extra’c]tlon start £;)1
1 2 3

0 ‘ ‘ ‘ ‘ ' 70 ' ‘ ‘ ‘ - 70 : : : : :

ol Npean=606 Std. (63)=885 | | Nygn=11.06 0y =12.8 | Npew=1207 0y ==103

N, = 62.0 . =60.0 Nj oy = 57.0
2 40t @ 40} ' 1 @ 40}
S 30| § sl 1 | é sl

20 2010 20+

Loy 10 W M 10}

10 Ton Lot 1016 LOIS 1020 Lo22 1%70 h To72 1274 1o 1278 1280 128 1.070 1702 1704 1706 1408 1410 1.712

time from extraction start (s) time from extraction start (s) time from extraction start (s)
T
E5SN
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Spill measurement and characterization

B\

Example: C®* at 300 MeV/u, recorded spills in consecutive cycles with same parameters

5
o

i)
=]

Quad. scan, un-bunched beam

— average of 6 spills
- color: individual spills
Nmean(gwj\;_%o |

f } 9 é\é_\“\h :
R4

s
[#]

-
[4)]

€
Q

n
Q
|
.:.&%~
e
-
|

average counts (20 us readout)

1.0

0.8

0.6 [ : ot

A : °n4ﬂ\'\- J
0.4 : A ;

duty factor F (20 us readout)

ratlo max/average (20 us readout)
=
o

1
© o
w

/ N (=N Nran(t)
00.0 ))))) 0 j5‘ - .1.10. - .1.I5l - 2I0 B I2.5“<ﬁ ° B 0:5 1:0 1:5 2:0 .
time from start extraction [sl time from start extraction [s]
Readout T, = 20 ps and Tp;,
Determination of:
> Nmean = (N)
> r= Nmax/ Nmean
relevant for experiments - Easier interpretation
Nmeanz 2
> F= =M

Nmean2 +0'N2 B (NZ)

called duty factor (PIMMS) - Underlying distribution
Poisson Distribution (N) = o y?

R. Singh, February 8t, 2021 7

0'2 y 1 1 1 1
2.5 0.0 0.5 1.0 1.5 2.0 2.5
time from start extraction [s]

Observation for quad. scan:
» individual spills have comparable r and F
» rand F are not constant
» r~10and F~0.5
far from Poisson limit - fluctuations

Source of fluctuations?
Microspill quality: One number per spill?

SN
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Spill measurement and characterization i

BN\ WS T L maw /RS ™
Bi®* at 300 MeV/u, quad. scan, un-bunched beam (detector Scmtlllator)
10°

o “,"' UL A —— Duty factor —  First hahc
0.8 i/ i — Poisson Limit 10| — Second half ||
T, = 10 u’;a,t,, Tbm 10 ms .
5 0.6 | 2 102/
2 .f' 8
2 0.4 ; GEJ 1031
. 3
(] —_
& o4
0.2 1071
107°¢
0002 04 o6 08 10 12 14 ' ' ' '
. . . . . . N 1 2 3 4
time from extraction start [s] Z‘ |:r|n = =¥ LZU ‘XIAH 10 Frelqouency [I-T(z)] 10
n=I\)
Time Domain JParseval's Theorem | Frequency Domain
» Duty factor calcuzlated in tr;e chosen interval 1 bin » Fyy is equivalent to “DC power” over
as p— _ Nmea _ (W) Total power
Nmeanz + O'NZ (NZ) (N)
- N — . . 9 .
> Poisson duty factor Fpyisson = T— Yel » 10- 30% of power in main’s harmonics
_ _ o ] f=n-150 Hz for f > 20 Hz
» Evolution of F during the spill is visible, weighted
Fi(N » Broadband = noisy beam response u
duty factor, Fyy = Zic=1 PN )i 3 ., y P P
Yh=1{N)g to “shoulder” at ~ 3 kHz
SN
GSI-IFAST
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Bunched Beam Observation on sub-ns Time Scale i
Measurement technique: . |
) . . . = ' i i
> Particle arrival is measured with respect to the <o, fogical pulse ™
phase of the acc. frequency f,.. 2 o5}
> Particle arrival with respect to each other 2 i
o Abeam A A j\
© s
Analog and digital chain: § o , | J\
rf master o R v v . v
oscillator ousing . | uD Sciniator @'\, beam— fogical puise o
Base | PMT | il I el @ T,, ' T
—] | guide el ; ‘
= 0 == I = L L L ==
05 1 14 2 25 3 34 4
long cable ~ 50...300 m RF phase [27 rad]
100000 1
300 MHz discriminator o] oy
Time-to-digital converter o oo - 11sov
- ‘_FDC_: Caen V1290N 3 oo 96 =0.08
TI11]|C time interval counter i |
5 / )
VME | c [ (M E > resolution o;,s~ 50 ps | N
N » double hit discrimination 5 ns Phace diference itk RF (21 ]
G » Max. count rate ~ 3e6 Bi®8*+ at 300 MeV/u, quad. scan, plot
from 10 spills of 3e5 particles each
ESN
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Particle arrival intervals

O
A

W TN MY/ TRESET T

Bi%8* at 300 MeV/u, quad. scan, bunched beam (detector : Scintillator)
Histogram of arrival time with respect to RF

fis=3.62 MHz = RF period is 277 ns

Cavity Voltage= 0V

Cavity Voltage= 275 V

—_
N

100000 { 1.2 : 250
— 0V - 50 g
S0000 1 275V e S =
S 2
— 1130V Bos 0 gos )
| © = i~ 150
@ 60000 E 3
= B 30 0.6
= % 0.6 2 100
[e] =
Q40000 26 =0.08 § ’ 5 204
2 04E )
o E 02 .
20000 1 Eoo w EB%
=02
0.0 0
0 e/ N 0.0 _ 0 00 02 04 06 08 10
: ‘ . - 0.0 0.2 0.4 0.6 0.8 1.0 Phase with respect to RF [27 rad]
02 04 06 0.8 Phase with respect to RF [27 rad]
Phase difference with RF [27 rad]
Histogram of time between successive particle arrival
or Cavity Voltage= 0 V _ Cavity Voltage= 275 V
1.25 600 1.25
15000 1 oV — -
275V = -
5 1.00 = 100 1500
— 1130V |2 3
g 4003
& 10000 g0 = 0.75
£ Mean o > 1000
3 £ 0.50 £0.50
© 3 200 3
5000 g 0.5 . 500
W | ) :
‘ 1
0 L_.J U D e S S S _A - 000, 2 YR s 10 0005 2 i 6 8 10 0
7 1 p 3 t Particle Intervals [in units of rf period = 277 ns] Particle Intervals [in units of rf period = 277 ns]
Particle Intervals [in units of RF period]
SN
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Slow Extraction by Tune Ramp (Quad driven) g

RV T e N

Horizontal phage space at electrostatic septum
L x Quad. tune ramp
l T ““““‘\““;‘7“‘\““““‘
Agiable T shrinkage of A¢sapie . Qn< Q.
ele.-stat. septum by tune ramp W | for low current
Q, () > 4+1/3 e R
€0 ()= 0 2 Qens
thickness ¢ Q..-43 ]
> 0.00 m=======; -
extr. O X j j
channel » N ) L
P . 0.03 5 3
Py .
= 2 2
Qm - Qres EQ 2
- Astable X S X ?

— transit time T,

last spiral step Xstep
after 3 turns

Ions’ tune spread by chromaticity

Sextupoles: Create non-linear fields
Ion’s amplitude growth per turn < T a6 & Xgep

AQ _ , Ap_ . _4 Typical values: S = (0.08+0.04) m-2
Q ¢ p 1.0-(5-107) Abbreviation: S = (k,L),
Amplitude of normalized integrated sextupole field

i SN
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Slow Extraction by Tune Ramp (Quad driven) O

h‘i
Horizonta P ase Space at electrostatic septum
H X Quad. tune ramp
Agiable T shrinkage of Ag;apie o Q< Qres
ele.-stat. septum by tune ramp W | for low current
Q. () >4+1/3 e R
. €0 (t)— 0 2 Qe
thickness Q i _
5> 0.00 m=======,
extr. X
channel

\ A
& N -0.03 e
\0
A

®

®
®

@ ‘ unintended stable area

B variation typically due to

Y 3 — quad/sextupole PS ripple
TN y | transit time T, i
last spiral step Xgq, 5 Quad
after 3 turns €o Sextupole
Astable X\
Ions’ tune spread by chromaticity S

ﬂzf-%=—1.o-(5~10—4)

Q 6Astable X 2Astable

SQm‘ ‘

- SN
R. Singh, February 8, 2021 12 GSI-IFAST



Extraction settings and transit time (Quad driven)

“h
Steinbach diagram Phase space ,
4 AT, | :
. —tr Agtable T shrinkage of Ag;,p1e
B }Tranwt time spread ele.-stat. septum by tune ramp
0, (1) —>4+1/3
e El. Septum «— "
Large S Smal | S -— thickness €00
Unstable extr. : N
Stable phase-space channel é & .
e ‘J,“...-""""avl‘ea fluctuations o unintended stable area
=N (A ] B °-- o variation typically due to
Stable ™\ | 445 Beam Y T quad/sextupole PS ripple
- L > €o- transit time 7},
] Do E Q Ap Q W—J transit
«p» ¢ € Q last spiral step x,,,
— after 3 turns

» [For smaller sextupole strength: Tune ramp starts close to resonance to obtain the same spill length

> Sextupole fields has quadratic amplitude dependence, i.e. For smaller S and A - larger Transit
time and smaller spiral step

> Small €, could result from smaller S and/or transverse emittance (A) - related parameters

i . . : 1 Ae
> Qualitatively: Transit time distribution broader if we start close to resonance T, « — AT}, jg
€Q €
L. Badano et al., "Proton-ion medical machine study S. Sorge et al., “"Measurements and Simulations of the R. Singh et al., ““Smoothing of the slowly extracted
(PIMMS) part I", CERN/PS/ 99-010 (DI), Geneva (1999). Spill Quality of Slowly Extracted Beams from the SIS-18 coasting beam from a synchrotron™,
Synchrotron”, J. Phys.: Conf. Ser. 1067 052003, (2018). https://arxiv.org/abs/1904.09195 (2019).
PIMMS Report part 1
ESN
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Extraction settings and transit time distribution (Quad driven) 3

e

B\ 9 S T T 7 RS ™
Transit time distribution: Dependence on sextupole strength § & distance to resonance €y(t)
e. T, i = . (Sorep(t : . e s
transit = Teransit ( o(t)) 1turn ~1 psin SIS-18 Histogram of transittime T,
(k,L).=0.03 m? 1500 ‘ ‘ ‘ ‘ I -2
Small S 30007 = — (k,L),=0.03 m
S K
Ay Small S = 0.03 m-2 5 — (k,L),=0.1m*
extr. o . E
| : 1000 i
beam £
1]
stable g Large S = 0.1 m
8 500+ 1
beam 2
—> _ . s I mall S =0.03 m?2]
S€q (1) 18505 20405 30405 40405  Sc405 VI
t . /tumns 0 200 400 600 800 1000
Large S 3000 — ,(kzuf‘o'lmé, — ttransit“ums
A .
extr. £ Large S = 0.1 m2 Result:
beam @ 2000+ | : ) i
5 > T,.ansit Varies during extraction
ts)table £ oo > Lower S = saturation reached earlier
eam .
Seg i Ap> > Lower S = larger mean T, (Ttr)

R. Singh, February 8t, 2021

T 1et05 20405 3e+05 40405 50405

textra(:lion /turns

14

» Lower S = larger spread of T,,,,,.;(AT¢r)

SN
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Effect of transit time (Quad driven)

o .
BN . T . moaow S
A
m ‘ \ I
E Astable shrinkage of Agqpie
> ele.-stat. septum by tune ramp
8 Q,, 1) —>4+1/3
thlckness €0
- > 2
extr. X
Time channel 0 N
A— ® .
Ttr ® C() nVO| ution e unlntended stable area
— L. o--¥_ variation typically due to
%) Transit time spread AT,, 5 quad/sextupole PS ripple
% R i transit time T,m,,s,-,
o last spiral step x,,
o after 3 turns
>
Large S
Time A,
onlv delav! extr.
A niy aelay: B beam
T,
) tr
c |e— stable
S beam
Seg (1) Ap
- >

SN
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Effect of transit time (Quad driven) @,

R. Singh, February 8t, 2021

Time

16

“h
B\ 4 N T MW |/ TEEE0 T
A

) A

2 Small S

c

S Aﬂ

8 extr.

be;m
i Ti > stable
A — _ Ime beam >
Ter ® Convolution 5_(>t) Ap
oy g €

2 Transit time spread AT,, ¢

-

8 At smaller sextupole strength, tune ramp
starts closer to resonance (small €,) (to
maintain spill length)

ﬂ B Sextupole strength (S ), Emittance (4) and
distance to resonance (€;) are NOT

8 Ttr Delay and smoothing! independent parameters

3 Transit time mean and spread are inversely

@)

proportional to distance to resonance(€;)

Low pass filtering, f.,: «< 1/AT;,

SN
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Sextupole Strength Variation: Experiments

“h
Experiment: Ari8*, 300 MeV/u 100
1.0 : : : ‘ [ S=0.03m?2
- - — S$=0.10m=2
= +-*5=0.03m? = [0
= ogl|® *S=010m2 Readout Tp, = 10 s Z 107 — $=0.18m?2
o V.or ' , = S L
= e ec-osmz| andTpip=10ms >
.§ % 10
. 8 10
o [0}
5 >
< B
g ] g 10"
o 3
i'@q
0.0 0.5 1.0 15 2.0 102 103 L
time from extraction start [s] Frequency [Hz]
Further lowering sextupole leads to beam losses, 15 -
. . — spill, 20 pts averaged
spiral step x,,, becomes too small = i — transit time distribution| |

Simulation -

s |
> Sextupole strength has strong effect on duty factor Fy, (0.3 > 0.58 )~ I
: (k,L),=0.03 m™

> Duty factor F is time dependent (changing €)
cut = 1/2mATy,

FT, magnitude
o
wh

> For lower S, peak duty factor is reached earlier (smaller €;)

> For lower S high frequencies are damped due to spread in D ‘ W
i.e. low pass filtering  f.,,; < 1/AT, 0 5000 f/(Hz)lOOOO 15000

SN
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Minimize transverse beam size at extraction O

“h
Case 1 Case 2 Case 3
Large S Small S Small S
AzA AsA AzA
extr. £ extr. £ extr. £
be'?\m be:;m be'?\m
stable stable : stable
beam > beam > beam >
> A > A > A
Seg (1) P Seq (0) P Seg (t) P
‘ e — e o0
2T N Ao i 1074
. ‘g‘ 0.6 - A/ _\/\"r\/\ ,J/‘ \‘,f“/\/\f ‘-1 . 5 10_2
Experimental results = e g
6+ & 0.4 f\/_/ C § 10-3 R
(C y 300 MeV/U) A ; —  Casel : ;
0oL ——  Case 2 '\\':__ . 8 10-4
/] —— Case3 : =
0 ‘ | L Poisson Limit X g 10-5 ‘ (bl
0 0.2 0.4 0.6 0.8 “ 01 2 3 45 6 7 8 9 1011 12
time from extraction start (s) Frequency (kIHz)

Reduce the transverse beam size and start further closer to resonance
> Less Turn Injection or Beam cooling = Less statistics

» Emittance Exchange: Using the coupled resonance with skew quads and crossing tunes?

SN
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BN\ . T . W /O TRERSSE ™

_— No excitation

------- External excitation Agtable

ele.-stat. septum

shrinkage of Ag;,p1e

by tune ramp

0,0 —>4+1/3

€o—0 Introduced

ripple

@
thickness

Counts

X

\
N
N

extr.
channel

A Y

unintended stable area
variation typically due to
e - quad/sextupole PS ripple
et , | tramsit time T,
last spiral step x;
after 3 turns

Counts

tep

» Modulate tune with a higher frequency 3-5 times
fLea,Ving particles

the cut-off frequency and amplitude 5-15 times the
inherent ripple (1-3% of total tune ramp)

B » This high frequency separatrix modulation does not
TN - allow lower frequency inherent fluctuations to
S “feed” on particles

Stable Area

» Modulation frequency high enough such that it is

suppressed by transit time spread = but not too high

SN
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Tune modulation with 1.58 GeV/u Ag** (HADES) beam O.

B\ . T . W /7 TRESSTE T™

—— Without excitation
With 4.4 kHz excitation
—— With 5 kHz to 3.8 (sweep) excitation

[
(=]
[}

Noise

reduction Introduced
excitation

o
i
=
<
-

=
o
N

Duty factor
o o
N [S8)

Normalized power (arb. units)
S

10~4 iy
0.1 —— Without excitation N
With 4.4 kHz excitation :
0.0 - —— With 5 kHz to 3.8 (sweep) excitation 10_5 ]
0 ' X i tm dom <t li 20 0 2500 5000 7500 10000 12500 15000
@ ime from extraction start (s) o Frequency (Hz)
S 1 | | | S
= =i rﬁ ,‘} SRR LTAT | Lo ~-- 16 kHz . _
S .l 'fw h | h W \ N _ » The transit time spread evolves (increases
Lﬁ? n | =k . from low to high) based on tune ramp,
S j é«'§ ‘?%fmm I'ﬁ 11kHz  apply a frequency sweep correlated to
ot I \' ( (M | transit time spread - Triggered linear
ati } sweep applied
) 4 } - A . . o
w ‘ ‘ \' > Amplitude still not optimized (150 mA
< L L) ANERE | |l H applied to one quad family i.e. 15 times of
T % > < ELNELITIN inherent ripple amplitude at 600 Hz)
kHz modulation ON - Time (S )Hz modulation OFF LT &

R. Singh, February 8™, 2021 20 GSI-IFAST
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Bunched beam extraction 4
B\

MEASUREMENTS AND IMPROVEMENTS OF THE TIME STRUCTURE
OF A SLOWLY EXTRACTED BEAM FROM A SYNCHROTRON

P Forek, H. Eickhoff, A Peters, A. Dolinskii” — Unbunched Start
Gesellschaft fir Schwerionenforschung GSI, Planck Strasse 1, 64291 Darmstadt, Germany
Institute f‘u;l:]:cl:lle;rfsrecsf?@r;};: lj.;e\, Ukraine 10 5 U nbunch ed End
228 ; ' ] U_ =o' kv | II _‘ — Bunched Start
r |
250 Extraction without bunching g Bunched End
/UT_ZOO n o 1073 . . .
5150 7 e Binning with 10 Hz
% 100 v
>
2 A, 5 d 9 spill
= 80 ! L.
= .
3 60 Extraction with bunching
o
5 40 Sync. tune
= 19 5
20
0 : : : _ hqV|no| 0 5000 10000 15000

time [ms]

fa2
QTI'.;_?{}E,UI

Frequency [Hz]

Bunched beam: T, =11 ps, T,;,=10 ms Coasting beam: T, =11 ps, T,;,=10 ms
1.0 ‘ ; ‘ ‘ 1.0 : {‘W . : W‘%&

duty factor F (10 us readout)

o
o

0.6}

duty factor F (10 us readout)

0.4f 0.4 5
" ? 3 ¥
0.2 » | § L
’ + + Bunched 0.2 Unbunched \\1
» Poisson limit > £ Poisson limit «
M
0.0 ‘ , ‘ ‘ ‘ ‘
) 4 6 0.05 6 8 10

time from extraction start [s]

R. Singh, February 8t, 2021

8 10 .
Same machine

Se

21

. 2 a
ttlngStime from extraction start [s]

"EESN
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Bunched beam extraction

“h
BN\ : "W T O WO/ s
Bi%* at 300 MeV/u, quad. scan, bunched beam (detector : Scintillator)
Histogram of arrival time over extraction ] "
. ong. phase space
,, Cavity Voltage= 0V & 'p P
1.2 (statlonazy bucket)
- ap
..“C_’. 1.0 Extracted
S ~~. ‘bunch’
8 0.8 :s\\ ,'/
3 30 N
0.6 X ?
E ,,/ TE\\
304 _ﬁ \ftable regi/o’uz .
o) R :
£ 02 varying tune €, -I- separatrix
\ g J stored beam
%0 0.2 0.4 0.6 0.8 1.0 of width o ,,,.,
Phase with respect to RF [27 rad]
- . 0001 cfore bunching T T 0001 fore bunching] T
> Extraction starts earlier and structure - aterbuncing | 1150 V' - atterbunching 1, 12 KV

formation

» ‘Bunch’ duration at target in the range =
of 26 = 5-10% of the RF period

» ‘Bunch’ duration shorter by factor 2-3

In comparison to bunches inside SIS -0.00L5 45 IO
=5 N
R. Singh, February 8™, 2021 GSI-IFAST
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Bunched beam extraction O

]
B\ X .S TS . Wy e W
Bi68+ Wlth 300 MeV/U, Wlth frf: 3.62 MHz 1.0 Waterfall Plot - Time Structure (U = 5 kV, Delta-RF = 0, Tgjce = 2(
iy extraction time
=R ' '—— un-bunches c 08
o —— U, = 360V ke,
o F rf )
s 1.0 7 o 0.6
- . —— U, = 5000V o
308 [ IR Poisson limit x
- e Poisson limit ] 3 0.4
~ 06 [ . o
P ' £
b ] 0.2 ;
204 F E = half rf-period
(o]
Toz | ] 0
- ] 20 40 60 80 100 120
© 00 b N ] time rel. to rf [ns]
0.0 0.5 1.0 1.5 2.0
time from start extraction [s] 10 : : : : : :
14 ¢ °
; ‘bunch’ center | bunch’ width
> Large improvement of duty factor by bunching : 2t
> Better for higher bunching freq. (within some range) &’ E ol
g 5 E 4 b
- - - < - 2 L
— Poisson limit nearly reached L
- - 1 71000 0.2 0.4 0.6 0.8 1.0 U0.0 0.2 04 0.6 0.8 1.0
[Improvement Only If Ttransit < —_— ] lime from slarl exlraclion [s] lime [rom slarl exlraclion [s]

fsynch
Unacceptable for many users, due to detector dead time tgeqq = 0.1..10 us = 1/f,¢
Mitigation: 80 MHz high frequency bunching cavity in preparation by P. Spiller et al.

SN
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Slow extraction "transfer function”

B\ . T maow S _!i
Al (S) Magnet, Eddy currents, Detector
Quer(S) JOWEN Transit time Spill
Nye—>| 1/s | —> | QPS (s) T G668 — bE |—
Integrator —u=ox Beam Transer Foncon of SX_ (Fiod)

— kL =0.06
— kL=01

10-1 4

» Transfer function is only
defined for linear time invariant
(LTI) systems

10—2 4

Normalized power
Gain (0B}
{se1fep) esely

1073 4

t T. Toyama et al.,, KEK

» The spill spectrum is thoughto **

be the magnitude of slow o — - o S
extraction "transfer function” e
> Slow extraction transfer function is a function of =
transit time distribution S
> There is a large delay in slow extraction transfer ¢ | IR
function - transit time - dead time B TN A e S
Ei1oi1iid Lol L1

S
10 10°
Bode representation
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Micro-spill feedback O

“h
1 AN » S T T 7 RS T
Al (s) Detector
Qo) ASNAAY Spill
Nset__> 1/s —_— QPS (S) '\/ > GS (S) — D (S) .
Integrator 1 AQ ()
C(s)| Controller
o
Nmeas

> If we model the G (s) with Bode plot ?\ffﬁiszt Elr—(ljer tian(s)fer function  Bandwidth of disturbance rejection

a first order transfer function g, W M=2KHz =500 for Closed loop

with a delay 5 —10 onf —— -2k

] ‘E _20 i Gs(s) il + 211 e—TS 600 4

> Calculate optimal controller & s s+ 2y 0 6oty = Z s

C(s) and the achievable o e i 1wt 10 Sl S T st anf,

disturbance rejection 2 0 —

= —-100

> Disturbance rejection upto & oo | 20

~100 Hz should be possible = e e ) I

101 102 103 1(‘)4 105 200 400 . (”;6;)0 800 1000
Frequency (Hz) Courtesy: S. H. Mirza
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Micro-spill feedback

O
.'“. ‘

AN & Y v g - o S —
Al (3) Detector
Qset(S) 1(s) A& il
Nset—-> 1/s — QPS (S) Pé GS (S) _—a D (S)
Integrator 1 AQ(s)
C(s) |« 04
t  controller
>O4
Nineas T e ~

> Non-linear time variant G (s) does not take us very far - ?

with disturbance rejection

» Feedback based on tune measurement not an option

since tune ripples are very small

Qn

» Feedback based on Al (s) in referenceto | (s) =2
Good reliable AC current measurement necessary

R. Singh, February 8t, 2021 26

AQ_m~10—3 —10% ..

ACQ-Frequenz: 101 Hz (statt 100 Hz)
(Grau: Referenz-Spill)

C. Krantz, HIT-MIT meeting

Also: D. Naito et al, Real-time correction of
betatron tune ripples on a slowly extracted beam
PRAB 22, 072802 (2019)
G5SNH
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Summary and Outlook

" . T W |/ TREEESST ™

Beam diagnostics and analysis available for slow-ex measurements and comparisons with
simulations

Optimization of extraction settings, i.e. €, § and beam size for inducing a large transit
time spread —> provides ""natural suppression of fluctuations

Tune modulation at 3-5 f,.,,; with I,,= 5-150f inherent noise = modulation itself
suppresse i ' ' ' ent fluctuations

Current fl ;
Q
improvement of power supplies possible?

Cancel the resulting tune fluctuations via an extra quadrupole using a feedback system ?
Measurement of current ripples Alﬂ = 107° reliably = proposal with Bergoz Inst.
Q

Investigations needed for tune wobbling with knock-out extraction and follow up on KO
noise variants - Efficient beam excitation at the highest rigidities - KO excitation front
end with Bartel Electonics

Improvements in detectors to perform higher rate experiments and benchmarking with
BLM, IC, CCC, Scintillators

R. Singh, February 8t, 2021 27
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Some details: Bunched beam extraction

\
Measurement, Vip = 1.2 kV Measurement, V,y = 12 kV
1000 7 E‘ 3500 T T T T 1.0 400
i g e 300
Boo | ) —
= . 0 1500 F 8
% B 1000 | = 0.6
00 - g 500 é '9
g o 9 200
O . 4 & e % 1 2 3 4 204
time [s] time [s] _g
Simulation, V,.; = 1.2 kV Simulation, V., =12 KV
s | i!!ti FTTTTTTTT £02 e
M\ 40001 N =
EMHJ_ II' E 10{]0_— A ll'n II' IIIII -'III 0.0 0
T T ITARERE ' 0.4 0.5 0.6
%,{m_ \ glwv- Wi Phase with respect to RF [27 rad]
Z- " Z r | i
/.-"' ' oooF { UL METEL T LI —_—
Y L [ I O N A A A AR A [ { r
N A LA LN Ty [ RVl _
0.2 e 02 0.6 ] 03 Ve 0.4 o (‘)h = \.‘ o i” E,U.- | Pe“OdS EQ max / Q
— V=0
_ : : Slmulatlon —V=1kv
» When transit time(synchrotron period)/4 ~, particles can 0.8F Y/‘ N _EZEDEEV
: . A .. _— “ﬁ“‘ R VAN .
become stable again due to changing ?p, resulting in g o ;.-T“ | w‘w& =20
: : = P ViR '
“accumulation” in phase space 3 04r “f/’ "':::E T
: I [, | 1) ]
> Extracted in “packets” when the stop band becomes 02t )/ Wy
larger at synchro-betatron resonances = mQ, + pQ, = | [}{; 7/ NI . O 1
- SN
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Details: Bunched beam extraction O

—

&
s

Cavity Voltage= 275 V Phase w.r.t. RF [2m rad]

—_
[\]
ot

0 1 2
5 Measurement 8000 700 [ S —— U R 'Sifnullz;\tidn ]
-5 1.00 600 B s - -
e _ 6000 s
% 0.75 ﬁ 500 -_ -
£0.50 e é 400 -
> — -
©
2025 2000 GE) 300_- .
" = 200+ -
O'O%.O 0.2 0.4 0.6 0.8 1.0 L
Phase with respect to RF [27 rad] 100 _ _ 7
. | f | . | L | ! | L | !
o Cavity Voltage= 275 V , —900 -100 0 100 200 300 400 500
1.25 1000 At / (nS)

- Measurement
‘= 1.00 800 .
2 At lower voltages, the extracted widths are
@ o . .
R 600 larger and uncaptured particles are extracted
2050 100 from edge of buckets
3
£ 0.25 200 _
= S4me figure as above, colormap

000 s a0 os 1 O satdirated to highlight lower counts
Phase with respect to RF [27 rad]
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Quad-driven versus Knock-out Extraction O

“h
- Quad-driven< 0 w7 oooamewmkKnock-outes . o oo o
variation of tune by quadrupole field blow-up of horizontal betatron amplitude
A A

extr. £ extr. L

beam beam

stable stable

beam beam

5 > >
SAQ,,, (1) Ap Transverse Excitation AP
m
- 100 - 100
g == Spill Begin § Spill Begin
g 107! = SpillEnd & 107h m— Spill End
s )
5o, =
z 10 g 102
2 ]
& 1073 § 10°?
2 T
= e
S 107" | | | | | | =25 10-4
2000 4000 6000 8000 10000 12000 14000

2000 4000 6000 8000 10000 12000 14000
Frequency (Hz)

> Transit time spread increase towards the > Fast separatrix crossing towards the end of spill is the
end of spill is the improvement mechanism improvement mechanism

» Similar trend for bunched beams » Excitation noise spectrum plays an important role,
investigations & improvements at HMIAC, HIT, MIT

Frequency (Hz)

—> Both methods suffers from the similar problems and might gain from the same squtions!E ik
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Bunched beam Extraction (Quad driven)

“h
\Extrac%:)n of bunche eam“ .
Long. phase space AP, | Extracted ‘bunch’

Method: Leaving the rf on after accel. (stationary bucket) p of width o,

\N 7
/’,\\\ - ¢
/, Tc \\
region .~ N
_-7 separatrix*

-_————

—> Building of stationary buckets

with oscillation of the particle momentum

= Enlarged spread of T, due to
time dependent tune via AQ(t) / Q,= & - Ap(t) / p,

within a synchrotron period t, ., = 1/f; ,cp ~ 1 kHz

varying tune €,

— improvement Lf tsynch ad Ttransit \ )
= increase of AT, ;i Without re-capture storeé beam
of width o ,,,.4

Reason: Only ions with Ap/p facing the resonance
are extracted = there is more to the story!

R. Singh et al., ‘Slow Extraction Spill Characterization From Micro to Milli-Second Scale’, J. Phys.: Conf. Ser.1067 072002 (2018)
P. Forck et al., ‘Measurements and Improvements of the Time Structure of a slowly extracted Beam from a Synchrotron,

Conference Proceeding EPAC2000, p. 2237, Vienna 2000.
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Induced Sine-Wave delivers a Ripple ‘Calibration’

O
A

"~ Quantitative investh PS‘W@?W o Nl

Beam response measurement with scintillator followed by Fourier transformation

1v- T T — T T T v

Quad: 600 Hz 107

108

107}

o 108}
2
8 105}
()
2 104
©

8103}

Relative power
=
o
%

0% |ines:

' harmonics of 50 Hz

10° . 100
Y 10“ 101 102 103 10%

Results: Freauency (Hz)

L=0mA I

| Quéd:
I, =15 m,A/ ,

‘Quad:

L. =30 mA

177 Hz ripples

10°}

Relative power
=
o
-

0 100

10!

Freauencv (Hz)

102

Dipole: Effect for ~ 200 mA <> 5x10™ FS (3.5kA)

Quad: Effectfor~ 10 mA <> 5x10° FS (1.7kA)

h
= largest ‘natural’ line * 5 mA@600 Hz PowerASuppIy \
Sextupole: Effect for ~ 200 mA < 5x107% FS (1 kA) PS Control
= micro-structure caused by quadupole PS ripple

Remark: e A power supplier is a complex device

e.g. does not behave like a simple low-pass filter

e Data required for realistic MAD-X simulations

R. Singh, February 8t, 2021

0 10 0 100 0 10

Freauency (Hz)

current I+ 1,
DCCT Magnet

103 10*

additional
current [,

177 Hz sine wave

current generator ‘Kepco’

R. Singh et al., ‘Slow Extraction Spill Characterization from
Micro to Milli-Second Scale’, J. Phys.: Conf. Ser.1067 02002 §2018)
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Systematics : Tune wobbling (quad driven) O

—— A(A
AQm

AQm

Results of 3" step of mitigation:

1
> If external frequency f,, =

= improvement of quality
Choice of excitation frequency f,,:

» Lower limit — low pass filtering
1

ATtransit

“1

Beam: Ar'®*, 300 MeV/u, t,, =15

- . — No Modulabon
constant frequency tune excitation =~ ¢ ¢uesesme
=l & kHE Modulation

1.0

u.ai-mpf'ovement for hlgh fex ‘

Duty factor
=
(=1}

ol -i-----‘- :

¥
E — -
. . _./._—0"-/._

without excitation

0.2 0.4 0.6 0.8 1.0
time from extraction start (s)

0.0

:>fex >fcut = AT, .
tr = 15 ———  FFT of complete spill
. . . ) . T . .
» Upper limit — no re-capture of released ions = —o— FE'T of total transit time
10 -
:}fex < = o) 1
Ter =
» Optimal frequency f,, = 10n f.,; = 05
AT : =
where n = Ttr ~ 0.3 typically . ;
r
1 2 3 4 )
Experimental verification and simulations published: Fre v (kH
» R. Singh et al.: ‘Reducing Fluctuations in Slow-Extraction Beam Spill Using Transit-Time-Dependent Tune equency ( Z)
Modulation’, Phys. Rev. Applied 13, 044076 (2020)
> R. Singh et al.: ‘Smoothing of the slowly extracted coasting beam from a synchrotron’ arXiv:1904.09195
- SN
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& O
o o

r.m.s. Amplitudes of x(t) [dB] B
&
o

—-60

N

Micro-spill feedback

L1a P

'M Gyr CERN SPS/89 21
SV
R A SRR A RN

llillli 1 i 1

.....................................

............................

10

Bode representation

16 10

f [Hz]

C=pidtune(sys,’PID’)

Design optimal controller for the second order
system for two delays - Maximum disturbance
rehection bandwidth (sensitivity fucntion) is 100
Hz for 500 us delay or transit time

R. Singh, February 8t, 2021
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Magnitude (dB)

Phase (deg)

Magnitude (dB)

Phase (deg)

O

.S TN . MY /O RESST ™

Or N -
| system: S
//// Frequency (Hz): 197
20 /// Magnitude (dB): -3 ’
//
/ -
401
-60 '
90 = = =mnagy
\\\\
i "
45 \\
5 -
0 . ’ e
10° 10" 102 10° 10
Frequency (Hz)
ey
B V4 S
rd i
System: S
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3 Magnitude (dB): -3
-20 / )
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/
-40 '
90 F—=——"
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e
s
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Event rates: Coasting vs bunched beam C‘)
\ N T . W T RS T
Key terms: N,.,; EXtraction rate ; r Max-to-mean ratio; T 4., Detector time resolution;
T, s RF period; By = 2 o width of ,,extracted bunch normalized to RF period

Instantaneous Tune (Q) distribution along the synchrotron

Coasting beam extraction + Bunched beam extraction
QT‘QS QTBS — — — —
o o
S s+C g S s+C >
Maximum event rate Maximum event rate
Niate = 1/(r Tger) Niawe = 1/(r Trf)

» Reduction in r for coasting beams converts directly to event rate N ate~ Nonax =1/ T get

» Bunched beam useful for micro-spill smoothing only if T,; < T4, even if there is a
reduction in r. Narrow bunches, i.e. low By lead to further challenges

> For therapy: acceptable because time resolution of any detector >> some ps and irrelevant
for treatment. For experiments: not acceptable due to ‘long breaks’ of almost one rf period

(SIS max. f =5 MHz)
SN

R. Singh, February 8", 2021 35 GSI-IFAST



Q

Particle arrival intervals T

|\ K W T O mOw /RS ™
Example Bi®* at 300 MeV/u, quad. scan, bunched beam (detector : Scintillator)

Histogram of time between successive particle arrival

. Cavity Voltage= 0 V o Cavity Voltage= 1130 V 12 20
1.25 6o L 2500 _
? 1.00 ? 1.00 00 ?1.0 -
g 0.75 400 g 0.75 00 é 0.8
o > 00,6 10
£0.50 £ 0.50 1000 £
-g 200 -g 'g 0.4
£025 £025 500 e 5
= = = 02
0.00 0 0.00 0
: 4 0 2 4 6 8 10
Igarticle IzntervaIsJI[in units6 of rf pegriod = 2137 ns] Particle Intervals [in units of rf period = 277 ns] —p ! 0
Partlcle Intervals [in unlts of RF penod
15000 1 — 0V
275V . . . . .
1130V » The fluctuations in arrival times is 5-10% of
L0000 . bucket width

m - - - - -

5 Mean » Mean and std. deviation of the distribution are

O inversely proportional to instantaneous count

5000
(\ rate
I » Uncaptured particles arrive from the edge of
Wil v A /\ f
01 buckets
2 1 6
Particle Intervals [in units of RF penod]
SN
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Momentum Variation for Quad-driven Extr: Stored Beam O

\ .S T - W S TR
Example for longitudinal Schottky spectrum for quadrupole-driven slow extraction:

A
> Momentum spread before extraction here =2 =0.15-1073 (1o0)

Po

A
» Chromaticity (here £=-1.5) i.e. coupling tune <> momentum spread : ?Q =& —

= Lower momentum ions extracted first & variation of extraction angle at dispersive section in transfer
= No improvement for micro-structure ! (small momentum interval during e.g. 1 ms)

Beam parameter: GSl-synch. C* at 300 MeV/u <:>f

oy = 0.95 MHz, Schottky for h =26, Af= 1.6 kHz (10)

Steinbach diagram:

Spectrum Length: beg In:
Spectrum Intel X i
<Tabl moving Q
stable
IIIIIIIIIIIIIIIIIIIIIIIIIII stable beam
—8 —6 —4 -2 C 2 4 )
Frequency f — f__ _ [kHz] X Ap/p .
Extracted beam by scintillator: i movying Q
6000
, 5000 bea
3 o2 4000
=50 kHz ' = 000 | Etable
110 2 | eam
o= 244 MHZ— | 2n Eil >
o Center: 24433971 MHz  Span: 50 kHz i 0 . L L : ! Ap/p
0.0 0.2 014'['111?&36 I_S_|D.8 1.0 1.2
SN
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Momentum Variation during Knock-out Extraction O

40

\ . T W S TR T
Example for longitudinal Schottky spectrum for KO slow extraction:

A 1 A —
> Momentum spread before extraction here v _ 1. %n _ 0.2-1073 (10}

Po n hfo

A A

» Chromaticity (here £=-1.5) i.e. coupling tune <> momentum spread : ?Q = - ?p
» Slow extraction by knock-out extraction i.e. only trans. amplitude growth = no momentum

dependence
Beam parameter: GSl-synch. C®* at 300 MeV/u < f,,,, = 0.95 MHz, Schottky for h =26, Af = 1.0 kHz (10)

1.0 : Steinbach diagram:
' : begin:
ectrum Length: v -
Sp [ 1 Fg 0.8 _ begln Ap/p z0210_3 X t
= fstable excite
: B-ampl.
stable
end beam
il i eopffontst | emesleesonal >
, 5 Ap/
requency f — f = [kHz] X b/p .
tracted beam by scintillator: extr. excite
4000 | I | I I bea B-ampl.
53000 L stable
£ 2000 | >beam
2 1000 | Ap/p
00.0 0.I5 1.10 1.I5 2.0
Time [s] B Sl
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Minimize transverse beam size at extraction g

B\ N.m T O W
Beam size measurements Experlmental results (C%*, 300 MeV/u)
- ) z 100
08f LR
~ PNy AW £
S:é 0.6 - //\A/J\/“\f \/\vf\’\w -t | g 1072
204 i 7 42 108
Q: ——  Casel | o
021 ——  Case?2 \\'-1 | 5 10—4
J — Case 3 : =
0} | N Poisson Limit : % 10—5 1 ‘ PaTTT Wi s
0 0.2 0.4 0.6 0.8 g ol 1 2 34 5 6 7 8 9 10 11 12
time from extraction start (s) : : Frequency (kHz)
200 Hz 4 kHz
w - l I I I
= By choice of sextupole strength | — case 1
= and fransverse size reduction!! | —— Case 3
= 100 - —
10 mm k=
E
Case 1: S=0.06 m2, ~10 mm (20) = 50 |
i |,
Case 2: S=0.03 m2, ~10 mm (20) - “ | 1 ! ‘h ‘ mu' |
pe 1 g ' M
E allhew) WNWH‘ O g

Case 3: S=0.03 m2, ~2 mm (20) 0

0.600 0‘602 0.604 0.606 0.608 0.610

time from extraction start (s)
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