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Overview

> |. The International Linear Collider

= ILC main specification
= The 9mA collaboration

= ILC challenges
> |l. Simple key-concepts to understand the 9mA studies

= Single-klystron multiple-cavities
= Vector sum regulation
= Pk / QI control

> |ll. Flattening cavity gradients

= Analytical approach

= Accuracy assessment
> |V. Conclusions:
= Summary of the 9mA run last year (Feb. 2011)

= Qutlook on the next 9mA run (Feb. 2012)
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|. The International Linear Collider

> |[LC main accelerating parameters

%
FLASH
Cavity tech. super conducting  super conducting Main Linacs
RF freq. 1.3 1.3 GHz Energy 2x 250GeV
Rep. rate 5 5-10 Hy Cavities (9-cell) 14,560
Cryomodules 1680

Beam current 9 1-9 mA RF Units 560
Average gradient 31.5 26 MV/m Cavities per RF Unit 26

. 10 MW klystron 10 MW Klystron
RF station for 26 cavities for 16 cavities
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|. The International Linear Collider

> The reference design RF unit: klystron power distribution scheme
T o B WA v A
/ -

L I \ U

Linear RF Power distribution MW Line JUW Une splitter \ \c,,w,m, ;:-_gy ban- e
with circulator & stub or EH tuner for every stub tuner mou.
cavity input

Klystron 10MW MBK High powerAIL

Cavities per RF Unit 26 (9+8+9) Sounosr Modulator 1+ end slectronios

. 10MW Multi-beam
Avg. gradient 31.5MV/m Klystron,

socket assembly

Gradient spread (post RDR)  +/-20% p-p (26-38MV/m)

1:12 Pulse Trans

> Beam current parameters

IV FLASH omA
"b Free-Electron Laser expeﬂment

in Hamburg

Bunch charge nC 1 3.2 1 3

# bunches 3250 2625 | 7200 2400
Pulse length us 650 970 800

Current mA 5 9 9
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. The ILC 9mA collaboration

> DESY

Nick Walker
Siegfried Scheiber
Bart Faartz

Katja Honkavaara
Holger Schlarb
Valeri Ayvazyan
Mariusz Grecki
Woijciech Jalmuzna
Woijciech Cichalewski
Tim Wilksen

Olaf Hensler
Christian Schmidt
Julien Branlard

... and many others

> ANL

= Ned Arnold
= John Cawardine

> FNAL

= Brian Chase

= Gustavo Cancelo
= Warren Schappert
= Yuriy Pischalnikov

> KEK

= Shinichiro Michizono
= Toshihiro Matsumoto

> SLAC
= Chris Adolphsen
= Shilun Pei
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|. Specific objectives for the 9mA study

RF
RF Gun Bunch Bunch i
Compressor Compressor v
E;{\én!i-{ééw{———
3rd  Diagnos-
Laser harmonic tics Accelerating Structures

> Operation with gradient spread from a single source
= operating gradient spread for ACC67 around +/-25%

> QOperation with high beam current
= gain experience with beam loading

> QOperate as close as possible to the guench limit
= challenges linked to low RF overhead

> Focus on ACC6/
= highest gradient
= piezo
= Q_motors -
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. Specific objectives for the 9mA study

> Long bunch-trains with high beam loading (9mA)
= 800us pulse with 2400 bunches at 3MHz, 3nC per bunch
= Vector Sum control of up to 16 cavities, with +/- 20% gradient spread
= Beam energy 700-1000MeV with +/- 0.1% energy stability
= Beam-based adjustments/optimization

> Qperation (very) close to cavity quench limits (1MV/m or less)
= Robust automation of tuning (Ql, piezo, tuners, etc..)
= Cavity gradients approaching quench limits
= Quench detection/recovery, exception handling

> Characterize operational limits
= Low klystron power overhead
= Klystron saturation regime
= Saturation of control loop
= Energy stability limitations and trade-offs

Julien Branlard | ILC 9mA tests at FLASH | 02.07.2012 | Page 7



|. Specific objectives for the 9mA study

> Long-pulse + high-current:

Courtesy:
J.Cawardine

<100us
<1mA

800us

v

Routine FEL User operation

Flat gradient
studies (2011)

High power
studies (2009)

}

9mA ILC

/

Routine for FLASH FEL users 4

Achieved during 9mA studies Achieved for short

Not yet achieved stably periods during tuning

achieved parameter space

800 bunches at 3mA for 15hrs

FLASH

9 mA Studies
Program: ACC studies KW37
{rc)  Sunch charge TOROID T1 - S
800 Bypass 844 .4 MeV
.6 3.0 nC
; 0 n o beam in undulator
2. —— Bunch RepRate
1.8
:\: 1000 k"z no beam 1n undulator
185 13%a 10%0"0 1000

1 es]  Numher of bunches

I

o

&y

Wi B3 83 W wlle elle vl

15hrs

ah
19.9.00

3 6 h 2 h
10.9.00  19.9.09 19.9.00

7 h
21.9.09

4 h
21.9.09

1h
21.9.08
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Il. Some key concepts to understand the ILC study

> Gradient spread

40.0
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30.0

250

20.0
10t

15.0

> Power distribution
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Il. Some key concepts to understand the ILC study

> Vector sum control Single-klystron multiple-cavities

master vc(elctlo lt
modulator

oscillator [T7 7= klystron -

wab. __power transmission line

\Y \ I/ /

1.3 GHz [l

A

Feed Forward

l_l_l

Set Point

(]
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Il. Some key concepts to understand the ILC study

> Beam loading BEAM OFF BEAM ON

Qr1, Pk1

QL‘I: PK‘I

Vector Sum Vector Sum

Qu, P

> Why do we care about individual flat gradients?

= “Effect of Cavity Tilt and RF Fluctuations to Transverse Beam Orbit Change in ILC

Main Linac” K. Kubo, Jan. 2010
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Il. Some key concepts to understand the ILC study

> Beam loading tilts scale linearly with beam current

40 T T T T T T T T 40 T T T T T T T T 40

351 B 35+ A 351

gradient [MV/m]
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Il. Some key concepts to understand the ILC study

> Single klystron + beam loading = gradient tilts
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Il. Some key concepts to understand the ILC study

> Loaded quality factor: Q

w Cold coax

»w Warm coax
= Wave guide
= Qext tuner motor—"
= Vacuum connection
= Wave guide spark

detector
| Temperatu re sensor, Couresy
300K and 70K W.D. Moller
Fixed Fixed Fixed
_» Klystron d _> d _> ----- —> ‘
Pk, Pk, Pky
Adjust Adjust Adjust
‘ coupling coupling coupling
QL?Z;:EII::: QL QLy
LLRF 1 Cavity 1 ’ Cavity 2 Cavity N
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Ill. Analytical solution: Pk /Ql

> “Solutions” to flatten cavity gradient with beam

= “RF Distribution Optimization in the Main Linacs of the ILC”, Bane, Adolphsen,
Nantista — PACO7

“Optimal Coupler and Power Settings for Superconductive Linear Accelerators”,
Branlard, Chase - LINACOS8

= “Pseudo-Pk/QI control for ACC6/7 at FLASH”, Michizono, unpublished 2010

Vi, Quia), Pria 5 _ O, 4[ % J Vi, Qi) Pkis)
Pko QLO
Vo, Qo) Prow o Vo, Quam), Pkas)
2 % l}
Vs, Quan), Pkaa) Vs, Quas), Pkap)
/ Py
Praya)
Ibeam(B)
Ibeam(A)
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Ill. Analytical solution: “pseudo Pk” / QI

> Analytical ‘solution’ for optimal Q,

1R 2 > assumes “perfect” tuning
_towo |7 ils
Py; =1=r > solve for Q,; when possible

QLi cavity i loaded Q
Pr;  cavity i forward power during fill time [W]

I B DC beam current [A]

to fill time (~ beam arrival time) [s]

r fill time to flat top voltage ratio
(including beam compensation)

0
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lll. Analytical solution: SIMCAYV, cavity simulator

— Beam _ — Generator HLRF Timing FeedBack— — Lorentz Forces
boe 4co ma C“':':’_‘:‘;‘:’“ o e _;gc:s ST OEE delay : usec P Myim ”“:‘1‘3‘6
Tl Y T w1 1 2 s S e | mime: [0 Jusee | [ 0 Jes ) 2o

2 1340
defay| 30 |usec delay| 30 |usec| ratioampl= 050 Waveguide losses (»0) flak top : usec Kkp| 100 | .
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phase\jdeg phase "eg ratiophase= 0 deg acct |0 | a8 decay start: | 1480 | usec delaylj M)z
@ [E | | ﬂ Pmax @ Kiticay decay stop: usec
— Cryomodules
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< 8f -
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= (s)[ 210 | [3a1 [[amn | [12ss| [ 1 || 1 | O 21w
4t i
Al B 20| [33 |[331 | [1275] [ 28 || 28 | O 20kw
2F i i}
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ime [us
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= [Ampituce 4| Eacc [MV/m] 9.10 916 9.09 881 563 539 7.48 7.28 SM Daa
| load DAQ | 07Feb_2237-ACCE7-4.5m/] margin [MV/m] 2089 1868 21.39 19.36 1333 1361 18.84 1587/ start| 700 || 700 |us
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SIM tilt [%] 4.28 513 530 647 1001 7.30 -2.82 734 W
DAQ tilt [%] 417 4.25 4.87 4.34 9.54 8.10 -2.94 -7.07 version 4.8




Ill. Analytical solution:

— Beam

Generator

Timing

FeedBack

SIMCAYV, cavity simulator

Lorentz Forces
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SIM tilt [%] 4.28 513 530 647 1001 7.30 -2.82 734 W
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Ill. Analytical solution:

procedure

DAQ data: Feb. 07 2011, 22:37

Load V,, from DAQ 16

Compute actual Q, , 14
Py and A; from DAQ
data 12

T

-y
o
]

o
T

gradient [MV/m)

i S—— FLASH DAQ data

.t -’ " & — '.. -

500 1000 1500 2000 2500
time [us]
l, = 4.5 mA
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lll. Analytical solution: procedure

15 I | Ll T

14

-
N
T

3. Typein Q. P, and A,
into simulator

gradient [MV/m)
@ =

(a3
T

0 500 1000 1500 2000 2500
time [us]
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. Analytical solution: procedure

-
o>

ﬁéf"‘"‘-ﬂ-—f\ FLASH DAQ data

=
\
\

simulated data

-
N
T

-y
o
]

0
T

4. Check agreement
between simulated
and FLASH data

gradient [MV/m)

0 500 1000 1500 2000 2500
time [us]
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. Analytical solution: procedure

15 I | Ll T

— — — — —

i e——— ey simulated data

=
%
!
!

— — — e T, "

-
N
T

e e vector sum .

-y
o
]

0
T

gradient [MV/m)

5. Adjust Q, in simulator 4r
to flatten tilts

0 500 1000 1500 2000 2500
time [us]
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. Analytical solution: procedure

15 I | Ll T

— — — — —

_____ o e, simulated data

—
F <N
L]

vector sum -

-y -
o N
] T

0
T

gradient [MV/m)

5. Adjust Q, in simulator 4r
to flatten tilts

0 500 1000 1500 2000 2500

time [us]
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. Analytical solution: procedure

16 .

-y - s
o ] E =
] T 1

0
T

gradient [MV/m)

5. Adjust Q, in simulator 4r
to flatten tilts

0 500 1000 1500 2000 2500

time [us]
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. Analytical solution: procedure

15 I | Ll

FLASH DAQ data

—
F <N
L]

simulated data

vector sum -

-y -
o N
] T

0
T

gradient [MV/m)

6. Implement Q_
corrections in FLASH 0

0 500 1000 1500 2000 2500

7. Check gradient time [us]

flatness
Julien Branlard | ILC 8mA tests at FLASH | 02.07.2012 | Page 25



Ill. Analytical solution:

procedure
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lll. Accuracy assessments

> Q. scan

- Keep beam current
constant but walk Q,’s
around optimized
value

gradient tilts  [%]

_3 | 1 | | Il | |

-06 -04 -0.2 0 0.2 0.4 0.6 0.8
AQ, [ x 106 ]
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lll. Accuracy assessments

> 1 | ' I I '
05} _
A /:;;"é-‘:’ =
£ ’ "
>
é I
o -0.5 1 _
= :
> IB Scan B cav2
O
’ Keep Optimized QL < -1 Cavi _
but ramp beam Cavs
up/down cav
-15- cavé )
) :
cav8
-2 | I l I I
-1 0 1 2 | | 5

beam current [mA]
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lll. Accuracy assessments

<o With random QL errors (0.05 rms)

wn N

= = .
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== © -4 . ; *

8 4 5 0 2 4 6

5 O 6 Beam current (mA)

Beam current (mA)

With random detuning (50Hz rms)
4 :

k3 T
LA H

In the ideal case, all cavities
have zero tilts at the same
exact beam current

Errors in QL or in detuning /

will cause cavities to have : :
zero tilts at different beam > 4 6
currents Beam current (mA)

N, QN

L

Gradient tilt over 800us (%)
o
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lll. Accuracy assessments

Before freq. tuner adjustments After freq. tuner adjustments
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lll. Accuracy assessments

40.0 |

> Q, settings are limited: no solution yet for 9mA !

e

Q, solutions

|

35.0

o
n
T

ILC specs: 9 mA!
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V. Conclusions: last 9mA run at FLASH (Feb. 2011)

What went well
> Motorized couplers / tuners

> Analytical approach proved to be useful
> Predicted optimized Q, values were accurate - 10 0.2e6
= Successfully implemented the tuning plan - tilts < 0.1MV/m

What we've learnt
= Cavity resonance control is crucial for gradient tilts
> Limitations to the analytical approach:
= How accurately can we compensate for LFD
= How accurately can we measure and set Q,’s - +/- 210 5%

What is still unanswered

= No proposed solution for high beam currents (>6mA)
implementable at FLASH

= There is not always a solution to flatten all cavities - ACC6.C5 and C6
(especially when gradient spread is large)

= No solution to bring up the machine at its highest gradient
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V. Conclusions: upcoming 9mA test at FLASH (Feb. 2012)

> Machine automation > Further reading:

= Automatic Q, settings = FLASH 2011 Highlights

= Automatic quench detection ILC HIGH BEAM CURRENT TESTS AT FLASH.

High beam loading RF operation with flat cavity gradient

= Automatic piezo compensation

- - = The Linear Collider (ILC) design for fre main R 10 MW
> Machine operation scenarios T
with  blerance of 20% gradientspread, (ie. indhidual cavifies ranging Som 25 MVim i 38 WVim). To achine he
design g 2y within 3% of their respeciive gradient
mits under il & (5ma ine, ¥ de). FLASH offers 3n hfor
LLC operatiag cond N - and sliows soosieraion
- . ofbeam currents up 1o § mA. An on-going series of 2555 is carmed oul at FLASH as part of an iniematonal
™ Tun|ng Strateg|es cotaboraton beeen DESY, FNAL andKEK dhons {aradentand FF powerin
#he prasence ofheavy beam keading More speciically, fie Iatestons ook placs in February 2011 353 prociof
princigie ofwning cavity key + igh 2 mainaning
= How to ramp up the beam
Challenges

= How to ramp up the gradient

= How to recover from a quench
> RF power overhead study

= Simulate Kklystron saturation regime

= Field control regulation saturation

Thank Youl!

In pulsed sccelerators, fike FLASH or the ILC, the electric field
inside a cavity is ramped up at the beginning of each pulse
and kept constant both in amplitude and phase for the entire
duration ofthe beamirain. This lstter time segment where the
beamis sccelersied is commonly referred to as flat top. To
meet the luminosity gosis. the flat top gradient is regulsted
and controlied to betterthan 0.1% in ampltude snd 0.1
degree in phase. sccording to ILC specfications.

AtFLASH fike in the ILC design, one kiystron provides power
10 several Due to py

smong cavities. the kiystron RF poweris distributed sccording
1o the individual cavity gradient imits, ie_cavities with higher
performance will receive more power than cavities of lower
performance. At FLASH, this is schieved by using sdjustable
power couplers, which are set once according to esch cavity's
pedormance. The spresd in powerdisiribution results in 8

gr spresd amang the s A
consequence of this gradient spread is the different behavinur
of esch cavity due ta the interaction with the basm. which is
slso known s beam loading. Typicslly, cavities opersting

schievsble, only leaving the option of minimizing the cavity
tits to avoid this detrimental beam dispersion effect

a5 - - - - - - -
8 tme fattop avcay

e ]

sbove the sversge gradient wil show sn incresse in g

Fgwm 1 o mAasne) g § A

{positive tit), while those opersting erage will see
their gradient drop during the beam sccalerstion (negstive tit)
Whike this effectis neglgible forlow beam cuments (below
1mA), it can induce 10 to 20% tits on single cavities forhigh
beamcurrents such s the  mA ILC upgrade design, as
dustrated in Fig. 1. Itwas demonstrated that a physical
misalignment of cavities combined with a gradient tit during
besm results ins of the
beam. Due to mechanicallmiations, a perfect aignment of
sll cavities in the accelerstor chain is not reslistically
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For & multicavity single-klystron accelerstor, ke FLASH or
the ILC, the fiekis of all individusl cavities are measured and
sdded up. The feedback controlthen computes the ampitude
and the phase of the sum of all cavity gradients, and regulaies
the drive of the kiystron powerto maintain s fiat and stable
tatal field sccelersting the besm. This contral scheme is
referred o 85 vector sum control sndwasfirst usedons
lsrge scale superconducting scceleratorat FLASH. One
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