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Main Linac Cryomodule (MLC): -
« No (almost) beam loading BROOKHIAEN
 High Q,~6-107 NATIONAL LABORATORY
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“ The MLC in LOE at Wilson lab, Cornell, WG on cavity #6
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Design goals

O High cavity quality factor Q, (2x10'° at 16.2MV/m, 1.8K), and a high loaded-Q design of
~6x107 (~10Hz half bandwidth).

O High current (100mA average current);
The suppression of high order modes (HOMSs) excited by beam in cavities is essential!!

O Operate in CW at 1.3GHz with 2ps bunch length, normalized emittance 0.3mm-mrad,

| HE' - - == — L‘fi'!'"‘-
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= - e S E i

~ The MLC in LOE at Wilson lab, Cornell, WG on cavity #6
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Design goals
O High cavity quality factor Q, (2x10'° at 16.2MV/m, 1.8K), and a high loaded-Q design of
~6x107 (~10Hz half bandwidth).
O High current (100mA average current);
The suppression of high order modes (HOMSs) excited by beam in cavities is essential!!
O Operate in CW at 1.3GHz with 2ps bunch length, normalized emittance 0.3mm-mrad,

e — -

MLC Parameters = Number of HOM loads 7
= Number of 7-cell cavities 6 = HOM power per cavity 200 W '
= Acceleration gradient 16.2 MV/m = Couplers per cavity 1
= R/IQ 774 Ohm = RF power per cavity 10 kW max.
= Q¢ 6.5 x 10’ = Amplitude/phase stability 10/0.05° (rms)
~|» Total 2K/ 5K/ 80K loads: 76W /70W /1500W = Module length 9.8 m
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MLC history
I —_—
] [ N — -
2013 Fabrication
u | | |
2014 Cavity testing
I Assembly
2015 | I |
Initial Cool down
\ Initial RF tests

2016 Initial LLRF test

|

Move MLC to
final location for
CBETAring

2nd Cool down

A4

May 2017 Launch of
initial beam testing!
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MLC history
7 =
2012 Design

~

- Fabrication _

2014 Cavity testing

' Assembly
2015 | I |
Initial Cool down
Initial RF tests

2016 Initial LLRF test

|

Move MLC to
final location for

CBETAring ERL7_5-

2nd Cool down
v {} Cavity surface preparations

May 2017 Launch of 1) bulk BCP 4) 120C x 48hrs bake

Inftiar beam testing! 2) 650C out-gassing 5) HF rinse

3) final BCP

stiffened
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MLC history =
T — S -
2012 Design S - 101 T b
. : = [« HEE 19W & i - n &’ il
2013 Fabrication

e ———

|
|
l,

2014 i ing )
< Cavity testing _

I Assembly ‘
2015 | I | ‘
Initial Cool down
Initial RF tests L

2016 Initial LLRF test

M

2017

I
In ‘
[ -1
1 -

I

Move MLC to
final location for
—— H— i 1

2nd Cool down

A4

May 2017 Launch of
initial beam testing!

Bare, w/ T-map " w/ He vessel w/ additional mag.
shield
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MLC history
L ]
2012 Design
] —
2013 Fabrication
| 1 N
2014 Cavity testing
B>
2015 ——FTFT——
Initial Cool down
Initial RF tests
2016 Initial LLRF test

2017

Move MLC to
final location for
CBETAring

2nd Cool down

A4

May 2017 Launch of
initial beam testing!
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Initial commissioning
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2 —
LOE layout 2015-2016
Wilson lab, Cornell
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 |nitial cool down

MLC history
- = « Cavity test at 1.8K
o e  Thermal cycles
. L »  Slow tuner test
20|14 Cavit.ytlfsting . H OM scan
2015 ——per « LLRF and microphonics study
/I{lal Cooldo\
‘ Initial RF tests )—> What we learned/done during the initial commissioning?
2016
20.17
Move MLC to
final location for
CBETATing

2nd Cool down

| N/

May 2017 Launch of
initial beam testing!

Currently, we Héve one HPA for the MLC
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m |nitial cool MW 1st thermal cycle w/ fast cool O 2nd thermal cycle w/ slow cool
MLC hist .

. il Limit. Admin.  Admin.  Admin. Quench  Admin.  Admin.
20;'2 Dllasi?n 160 == e = e e e T mm mm mm o e e gy e e e
2013 Fabrication 14 -

2014 ty testh =)
Cawt.ytlfstmg g 1 2 i Severe FE

' Assembly > >14MV/m
2015 I = 10 -

Initial Cool down b=
‘ . - x
5 8
————"
2016 Initial LLRF test o 6 -

’ m o

2017
Move MLC to L‘B 4 |
final location fi '
A e " 2 - Test results of Max fields at 1.8K
2nd Cool down O i :
1 2 3 4 5 6
v cavity#

May 2017 Launch of « 5 0f 6 cavities had achieved MLC design gradient of 16.2MV/m at 1.8K.
WAL El (2RI LET A « Cavity#4 is limited by quench so far, no detectable radiation during test.
 The MLC can provide 76MeV per ERL turn, which significantly
exceeds the CBETA requirement of 36MeV per ERL turn.
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m initial cool e 1st thermal cycle w/ fast cool » 2nd thermal cycle w/ slow cool
MLC history ‘
| H Target Qo *QO at 14MV/m,
2012 Design 2.0e10at1.8K FE started.
2013 Fabrication — e - _é —_—— _>Te S ) _é(. _______
L | T L
2014 Cavity testing é T !
I — = x
Assembly S 1 0E+10 A ) 4
2015 1 s X
Initial Cool down N -
— — ©
| =
- ——__ - ©
2016 Initial LLRF test o
" e} *Q, after FE
2017 m *Q, after many quench. processed out.
*Q, at 16.2MV/m
Move MLC to i
final location for 1 8K with severe FE.
CBETAring .
2nd Cool down

1.0E+09 , . , . , .
% & 0 1 2 3 4 5 6
4

Cavity #
May 2017 Launch of ) i .
initial beam testing! A slow cool down with a small spatial temperature gradient (AT) gave

the highest Q, for the MLC cavities. The benefit of slow cool down with
smaller AT on the MLC is likely due to a suppression of thermal-currents
and their induced magnetic fields.
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) [ ® Smumenopoles with damper |
10 r T T T 1 @& Smu dpoles with damper
MLC history J18K o e e ;SR
20I1 2 H 0 ! @ ®  MLC HOMs measurements
: Design 10| 5 |
2013 Fabrication :
L} I | 10° I |
2014 Cavity testing ' i i
I Assembl o ) - [ °R
sembly & =
2015 1 3 10° | " E !, ! 1B 5 A
Initial Cool down | . & §" '.' g ol
I — —~ 10° b - . ® l_'l. ' ® 9
| .o o ot
S e —— = e . @ M _— - )
2016 [ Initial LLRF test Ylae g .. 2 e 2% "0‘ -3
[ l ' -9 '-. 5
o Ceon ] IR WL
i . e r *] y l
Move MLC to 107 | ¢ : .9 'l? ¢ g &f’& .d.:
final location for i *p *® B & -‘-.. = "-. a° & * L4
CBETATing i | : , g - ® ]
15 2 28 3 35 a 45
2nd Cool down Freguency{Hz) x 10"
A 4 U * Dipole HOMs on MLC were strongly damped below
May 2017 Launch of Q~10%. Consistent with HTC and simulation results.

initial beam testing!

e« NO HOM limits BBU to below 100mA in one turn.
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LLRF and Microphonics

MLC history
7 =
2012 Design
l 1§ 1
2013 Fabrication
L] | | | |
2014 Cavity testing
' Assembly
2015 | I |
Initial Cool down
Initial RF tests

A 4

Q

Move MLC to
final location for
CBETAring

2nd Cool down

A4

May 2017 Launch of
initial beam testing!

ffo7@cornell.edu

T-ceall Cawvity
RO 1300 MHz RF Switch g lid state amp
10 MHz =
— | RF System Vector -
Synthesizrer__ Modulator

LO 1300 r [ &~

& - a5 MHz- .

= = n 125 MHz | e} BF OndOff Trip

£ 4F IE

N R g Fast Interlock Gard |

Cavity OK, Cryostat
Overprassure, Vacuum,
Coupler, Klystron OK,
Safety, RF On/Off

Quench
Detection, RF
On/QFF

Pieza Signals
Yacuum Signals

Slow ADC/DAC Board |40 b

I Coldfire running EPICS 10C _

-
T | Fast ADC/IDAC Board |
Etharmet |

Timing & Event Trigger

Block diagram of the MLC LLRF system for a 7-cell cavity.

SRF17, Lanzhou, 17-21July2017
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T-ceall Cawvity

MO RF Switch

MLC history oMHz [ 1300 MHz Solid state
— | RF System Vector -

T = Synthesizer____, Modulator
2012 Design " LE‘:IiDD ¥ F Y

1 — % S‘ :;h 125 MHz | o RF OriOff Trip
2013 Fabrication g R TR Fast Interlock Card |

L | | | | .
2014 Cavity testing W

I  — E 3 i Cavity O, Crycetat

Assembly g £ 2 | Overpressure, Vacuum,
= Coupler, Klystron OK,
2015 | I | a Safety, RE OnfOff
Initial Cool down
Initial RF tests

2016 ( - E

" E:. &
2017 “ﬁ" E

= £ 2
Move MLC to ‘5\'
final location for \Q
CBETAring . 6
Slow ADC/D \(\e Pr—
2nd Cool down « |

I Coldfire running EPICS 10C _
I " Timing
v T | Fast ADC/IDAC Board |

Etharmet |

May 2017 Launch of Timing & Event Trigger
initial beam testing!

Block diagram of the MLC LLRF system for a 7-cell cavity.
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MLC history
so12 D:ﬂ What we learned/done during the initial commissioning?
1 I
#0% | _Faprication « Cryomodule cooldown procedure
2°|14 S A - Evaluate cavity performances, voltage and quality factor
so15 i « Thermal cycle effects on cavity performances
Afitial Cool dowin  RF Component tests; slow tuner, HOM absorbers
| Initial RF tests )  LLRF and Microphonics study
2016 |Ninitial LLRF tes « Analysis of vibration sources on microphonics
2017  RF power requirement
Move MLC to
final location for
CBETAring

2nd Cool down

4

May 2017 Launch of

mital beam testing! | The MLC Is ready for initial beam!
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Microphonics in the MLC

and compensations
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Microphonics (mechanical cavity vibration) is one of the major sources of
frequency perturbation (detuning) and field perturbation of SRF cauvities.

Narrow cavity resonance curve! nm scale vibrations
g N | ' =
= <+—— from nm-scale .
g cavity
-~ i vibrations and
g Microphonics forces at high A‘
@  Detuning _ g ’ P
= fields ! -
2
>
1] P
o 0 =

-1000 500 1000 (Hz)

L 0
5n#equency — 1.3 GHz

10
feedback: = , Cavity field control and

0 ‘ i : - - -
- Ll ) frequency stabilization
% 100 - s
£3 o \ becomes very critical!
100 :
0 ' time [sec] ] 1
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Another source of detuning, cavity field depend

Repulsive magnetic
forces

Radiation pressure due to the electro-
magnetic field inside the cavity exerts force
on the cavity walls deforming the cavity.

Shape for
zero field

Deformed
shape \

Attractive electric forces

ps=%(u\ﬁ2—go\ﬁ %)

Cavity axis

Image from Linear Collider

AfO — (fO)Z — (fO)l — —KEaCCZ Collaboration website

Courtesy of Nilanjan Banerjee
nb522@cornell.edu

ff97 @cornell.edu SRF17, Lanzhou, 17-21July2017 32/33



Cornell Laboratory for

Accelerator-based Sciences LF D meas u rements,com pensatiOn

and Education (CLASSE)

Lorentz Force Detuning and Compensation. KLFD = 1.16 Hz/(MV/m)?

10 T T T T T T T T
Cavity #2, stiffened
0 I
O " .
Active compensation on
-10 9 1
N Vie(t) = aVgee + b
N = -20 .
T o
e =
= .
0 5 30l No Compensation
1 ="
)
~40
=50 'S Without Compensation
—Fit
With Compensation
_60 I I I 1 | 1 | 1
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Accelerating Voltage (MV) Plot by N. Banerjee

nb522@cornell.edu
33/33

*values are peak detuning
in Hz, not rms
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Plots by N. Banerjee (Graduate student)

| [_ICavity 2 15 : Cavity#5
|[Cavity 3 i
Cavity 5| 12 ‘
(U [ ICavity 6, 1 |
it b 10| 0.5 | |
E k o £ |
g £l . |
@ 5 8
7 cainay 2 —
8 P‘-e\\m\“ 2 1072 10°
= -
=t E BT ,E. L
= ;
r o
= a
£ g 4
163 Hz —Cavity 2
27 —Cavity 3| |
Cavity 5
; | a 5 ; —Cavity 6
50 100 150 200 0 50 100 150
Detuning (Hz) Vibration frequency (Hz)

* The data sets shown are taken without any active compensations.

* Max detuning in cavity #5 (un-stiffened) is 163 Hz in the measured dataset which caused by the
opening of a valve in the 5K pre-cool line. We will revisit cavity #5 later, and resolve this by cryo
optimization.

« Major contributions at 40 Hz and 80 Hz are probably driven by 5K Helium gas flow.
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Plots by N. Banerjee (Graduate student)

107 i 14 - ;
| [ ICavity 2 : Cavity#5
f B Cavity 3 b
1071 ¢ - I.“‘-II |Cavity 5/ 1 12 |
[ [ Icavity 6 1
T 1072 T 10} > | Cavity#3
T P 0.5 }'
—_— o
oy | E | oo e
w1073 aary 5 8 0
£ I . a = -2 0
g P‘.e\\('(\\"‘ 3 10 10
Z 10" | T 6 |
B | o |
o
il 5 u
£10° £ 1 bl
l 137 Hz 163Hz | N — iy d] |
I [ — Cavity 3
L. _———J Cavity 5
| —Cavity 6
1ﬂ,? 1 Jd . q- " i 1
-150 -100 -50 0 50 100 150 200 0 A 50 A 100 150
Detuning (Hz) Vibration frequency (Hz)

* The data sets shown are taken without any active compensations.

* Max detuning in cavity #5 (un-stiffened) is 163 Hz in the measured dataset which caused by the
opening of a valve in the 5K pre-cool line. We will revisit cavity #5 later, and resolve this by cryo
optimization.

« Major contributions at 40 Hz and 80 Hz are probably driven by 5K Helium gas flow.
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Plots by N. Banerjee (Graduate student)

10%; = 14
| [ ICavity 2 Cavity#5
[ Il Cavity 3
1{}-' F |'“'|I Ca'ﬂt‘f 5| 1 12
i ' Il Cavity 6
T N :
' 1072 = 10+ Cavity#3
& 30 Hz 5
= : £ Lo ————
= -3 | =
w1073 ¢ . 5 8 0
o ? ; "\aN o 2 0
g P‘.e\\x"(\\ z 10 10
R Ll ' 3 6 | Cavity#6
3 0
.-u [ o
4 | T }‘
=5 i frerd
£10 | £ 4 :
P | ' [ —Cavity 3| |
[ | ——J Cavity 5
o7 l a —Cavity 6
-150 -100 -50 0 50 100 150 200 0 50 100 150
Detuning (Hz) Vibration frequency (Hz)

* The data sets shown are taken without any active compensations.

* Max detuning in cavity #5 (un-stiffened) is 163 Hz in the measured dataset which caused by the
opening of a valve in the 5K pre-cool line. We will revisit cavity #5 later, and resolve this by cryo
optimization.

« Major contributions at 40 Hz and 80 Hz are probably driven by 5K Helium gas flow.

« Cavity #6 shows a strong intermittent source of vibration around 8 Hz which is weak in other
cavities.
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Plots by N. Banerjee (Graduate student)

10° Cvity#2 (= i
Il Cavity 2 15 Cavity#5
18 Hz Bl Cavity 3 ;
10-1 Cavity 5/ 12|
B Cavity 6 1 PO
Ty 1072 _ £ 10 o Cavity#3
T Cavity #6 = 0.5 PR
> 30 Hz £ - e e
— g =
L 10 . . 3 8 0
8 ‘-e\\m\ﬂa“\] s 1072 10°
£ 10" P : T 6
- g I Cavity#6
5 +
9 : ]
2107 Cavity #3 g4 . .
137 Hz Cavity#5 avity#2
-6 163 Hz — Cavity 2
107 2] — Cavity 3| |
—_— Cavity 5
—Cavity 6
[ e e 0 ; '
-150 -100 =50 0 50 100 150 200 0 50 100 150
Detuning (Hz) Vibration frequency (Hz)

* The data sets shown are taken without any active compensations.

* Max detuning in cavity #5 (un-stiffened) is 163 Hz in the measured dataset which caused by the
opening of a valve in the 5K pre-cool line. We will revisit cavity #5 later, and resolve this by cryo
optimization.

« Major contributions at 40 Hz and 80 Hz are probably driven by 5K Helium gas flow.

« Cavity #6 shows a strong intermittent source of vibration around 8 Hz which is weak in other
cavities.
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1) 40 Hz, 80 Hz probably from 2) 8 Hz is generated from the blower.

Thermo-acoustic oscillations ——
occurring in needle valves. | - - —

Hot 3) Peak events are caused by small bubbles
generated during the actuation of the pre-cool
valve.

Courtesy of Nilanjan Banerjee
Valve image from Warren Schappert, FNAL
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1) 40 Hz, 80 Hz probably from 2) 8 Hz is generated from the blower.
Thermo-acoustic oscillations o s A
occurring in needle valves. ke

e\©
NOQ

CV\J | 3) Peak events are caused by small bubbles

generated during the actuation of the pre-cool

valve.

Courtesy of Nilanjan Banerjee
Valve image from Warren Schappert, FNAL
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‘O LFDC ti :
ompensation .sz( ) _ GVZ | b‘

O Proportional Integral Feedback Loop

- Currently only the integral term is used which automatically works as a low pass filter. The feedback loop is

effective at sub Hz frequencies.
- If the field is increased slowly then it also compensates for LFD.

!
Uupz(1) = Kpd f(1) + K;A S f(rMHdt’

O Feedforward Algorithm

- ldea: Treat this as a real time least squares optimization problem.
Actuator Signal: Upz(tn) = Z Ty €08 Wintn+Qmn Sl Wintn
i1

Detuning:

8 feomp (tn) = 0 fext(tn) + Y _ Ctm{ Tonn COB(Wmbn — G ) + Qunn 8I0(Winlbn — rm) }

Where, a,, and ¢, describe the transfer function from actuator to detuning at the frequency w,,.
Mean Square Detuning: 2
g g r = Ll{f}fmmp n, } ] ~ {"}}({um[] u}}

Minimize the mean square detuning using a gradient descent algorithm.
-zm,-n+1 = I- Mmgf wmp( -n) Cos(wm Qsm)
Qm,n+1 = Qm,n Lm0 f wmp( n) SlIl(wm (bm)
Pmn+l = Pmon — im0 J, comp (tn){Im.n+1 ﬁln(Wmtn - ¢m) _Qm.n+1 COs (Wmtn _¢‘m)}
Courtesy of Nilanjan Banerjee

40/33

w,, and y,, are fixed by the operator.
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Compensations results

Cavity#6 (stiffened)
* The LMS algorithm was applied on
three vibration frequencies of 8Hz,

10°

Histogram

[Pl only

Pl with Adaptive 1Q control at 3 MV

40Hz and 80Hz. 2"
* Algorithm is stable and reduces &
peak detuning from 30Hz to 16Hz atZ "
3MV. 5
« Peak detuning ~30Hz at 7.5MV. New  1°°
vibration peak at 325Hz (a mechanical
resonance maybe) limited the L a— T —
effectiveness of compensation. ary Detuning (Hz)
P"e\\m\na
Cavity#3 (un-stiffened) 10° | e oo gram
° Peak detuning Pl with Adaptive 1Q control at 4 MV
without compensation:137Hz @1MV .10~
with compensation: 61Hz @4MV §
Z10*
- The modified algorithm introduces %
energy into many frequency £ 10°
components reducing it's
effectiveness. 10°
Plots by N. Banerjee o0 00 Dé?ﬁning Gy o

ffo7@cornell.edu

SRF17, Lanzhou, 17-21July2017

~

Integrated Spectrum

6
3
=5
o
£
54
T
[a ﬂ_,——d——’_"__
-E“ 3
o
g2
k=
1
—Pl only
B — Pl with Adaptive 1Q control at 3 MV
0 100 200 300 400
Vibration Frequency (Hz)
10 Integrated Spectrum
i 8
o
£
§ 6
[
a
T 4
©
o
2
E 2
—No Compensation
— Pl with Adaptive IQ control at 4 MV
O T
0 100 200 300 400
Vibration Frequency (Hz)
42/33



Cornell Laboratory for

and Education (CLASSE)

) reornacisies - Pe@ak Detuning vs. Cavity Voltage

Calculations on Peak Detuning vs. Cavity
Voitage for various RF input power

Srnina®y Peak Achievable
~ detuning | cavity voltage
< Stiffened cavity with 5kW SSA
2 Cavity#2 | 18Hz 16MV
E Cavity#6 | *30Hz 10MV
A Un-stiffened cavity with 10kW SSA
= Cavity#3 | *61Hz 7MV
~ Cavity#5 | 163Hz 4MV

9 10 15 20
Accelerating Voltage (MV)

* Active compensation ON

Plot by N. Banerjee

Microphonics compensation is necessary for;
« Stable machine operation
 Enough overhead on RF power/energy gain
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Beam acceleration test
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Cornell ERL high voltage DC gun and Injector Cryomodule (ICM) were
connected to the MLC via the entry beam line; the beam stop assembly
was also installed as the exit line.

As of June 14t 2017

DN 1= | ;
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D1 Viewscraen

Beam acceleration with ICM + MLC Cavity#2 ——
* Machine frequecny; 1.3GHz ;
 6MeV from ICM 2
» 6MeV from MLC cavity#2 (stiffened) g
« LFD compensation on. >,
« Peak detuning; 18Hz 2
“Q First 12 MeV beam

-5 -2 D 2 4
= {mmj

D1 Viewscreen

Beam acceleration with ICM + MLC Cavity#6 wspchionls Beriesi

« Machine frequency; 1.299925GHz, due to
the tuning range of MLC cavity #6

« 6MeV from ICM (cavity#1, #3, #4, and #5)

« 6MeV from MLC cavity#6 (stiffened)

 LFD compensation on.

* Peak detuning; 33Hz

y (mm)

X (rmj)
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MLC Cavity#2 (stiffened), active compensation on

Pre\\m\naw Total time = 4.1 hours.
frnm {05.4"1?!1? 09: 00 00) to (05/17/17, 14:05:00)
6000 T N ZSNT ZN__ T
a
EI 5000 - .
-
=
[
A 4000 - 1
o Interlock key
o .
S 3000 | panel failure
™ Un-known
=
22000 1
o
=R
T 1000 .
2
L
ﬂ ] ] ] 1 ] ] | 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (hours)
<€ > <€ >
NO beam with beam
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Year Month Items

2017 June LLRF optimization
Microphonics study and compensation
Beam through MLC test

July NO RF test due to water shutdown
Cryo. optimization
15T SSA delivery will be the end of August

September | Microphonics study and compensation

October ss_g installation, initial commissioning with wave
guide

November | Aj SSA will be delivered by the end of the year
December | Multi MLC cavity operation with SSAs

Revisit Q, vs. E, .

August

2018 | January

February
March
April Fractional Arc Test (FAT)
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d The MLC, which is the first high current, high Q, linac module ever,
has been comissioned sucessfully.

O The 7-cell cavities in the MLC can provide an energy gain of up to
76MeV per ERL turn.

0 A new microphonics compensation algorithm has been
implemented and is stable and more effective than a traditional
feedforward algorithm.

O A beam with a total energy gain of 12MeV was transported through
the MLC, including active detuning compensation using the
piezoelectric tuner, reaching the defined goal for the initial CBETA
beam test.

J The next milestone for the MLC is to confirm that it can reach the
1st pass total energy gain of 36MeV.
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Active compensations

Special thanks to
Nilanjan Banerjee, Adam Bartnik,
John Dobbins, Peter Quigley,
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Thank you for your attention!
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