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Compact ERL main linac cryomodule configuration

9cell superconducting
cavity

Max 25MV/m at V.T
Q0>1*10"10 @15MV/m

HOM absorber
«HIP ferrite on Conner heamnine
[ IR N] I T IAN. Wi \.avrlrJ\.-l ”\-Ulllr’lr’\-

*Operation at 80K. (expected 150W HOM power)
*Check enough absorption ability of ferrite at 80K

(Compact) ERL target

Frequency : 1.3 GHz

Input power : 20kW CW (SW)
Gradient: 15MV/m

QO: >1*10"10

Beam current : max 100mA
(against HOM-BBU instability)

2-cavity cryomodule was
developed for compact ERL
main linac to demonstrate the
high current ERL operation at
cERL. We have done the high
power test by using this

Frequency Tuner

: Slide jack tuner (mechanical) * HA997 ceramic is used
cryomodule in 2012. piezo tuner(fine tuning)

*20kW CW (standing wave)
*Cold and warm window

* QL=(1-4)*10~7(variable)




Detailed design of Cryomodule of cERL main linac

Cross section of cryomodule

Central tower

Alignment target -t

Magnetic shield equipped just
outside 5K frame with 1.5t thickness

Input coupler

H e H

He level
Inside jacket

Requirements

W

Backbone at R.T 5K frame support

Method

Dynamic loss (need margin 80W @ 2K of cooling ability )
Cavity : 25 W (for 2K) / cavity(@15MV/m)

Input coupler : 1.5 W (for 5K) / coupler
HOM absorber : 150W (for 80K)/ cavity
Alignment
+1 mm from beam line
Support
Cavity(2K) —

5K frame— backbone(300K) —

(100mA)

Central

tower(300K) (supported from bottom side)

}-»

S

B 1T

Against CW operation
*Enlarge $300mm diameter of jacket and make
enough surface of He level in jacket .

Gas He outlet = $54mm

*5K frame is used to suppress heat leak into 2K.

Structure

*5K frame support cavity and alignment target set
on frame. By using target, we trace the cavity

== position under cooling.

*5K frame was supported from fixed backbone set
at 300K via 5K frame supports which reduce the
heat leak to 5K frame and thermal shrink .




Cavities, HOM absorbers and cold window of input
Module Assemblv after V.T couplers were assembled in class 4 clean room

supported by backbone through 5K frame support

2012/Aug

After Ar gas purging into cavities,He
jacket were welded on cavities

2012/Sep
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After fixing alignment, warm window set and vacuum Assemble He line, magnetic shield, thermal
vessel were mounted. Gate valves were set on both sides Insulator, sensor and so on



. Green: 80K line
Cryomodule Cooling to 2K Cooling pipe Blue: 2K line
Strategy of cooling configuration Light bule :5K line
-HOM damper should be cooled down slowly, to
avoid cracking of ferrite.3K/h was required for 80K Gas He out for precooling

Gas He outline

line, which cool the HOM dampers.

-Relatively large temperature difference was
avoided within each 2K, 5K(He) and 80K(N,) lines.

From Dec. 4", 80K lines were always cooled
down to 2K.While 2K line operation was only
stopped, during midnight and weekend.

\ Lower LBP absorber SBP absorber Upper LBP absorber

. . \
History of 2k cooling \ :
Cavity frequency
-. Kee 3K/h k Cavity frequency under cooling
3 : P SBP HQM absorber temperature i
240 Upper LBP HOM absorber temperature ~ ™
0] Lower LBP HOM absorber temperature =
— \ o
Q 8 .‘_-'_\ i g
..l:’:160 : \‘\ ngh i % 1299
§ neasurement measurement 2
o 1 - \ b3}
E 1201 #4 (Upper) cavity - T E s M
. | He jacket temperature L o g i‘_\
E 1 | 2 108 - Cavity frequency (#4) (Up) (MHz) | —
« 1 #3 (Lower) cavity ; ﬂ 8 j S Cavy requency (#3) (o) 0k | ®
oy He jacket temperature {Lj - WU LDt PR LU O Ll
2012-11-19 2012-11-22 2012-11-26 2012-11-30 2012-12-04 2012-12-08 2012-12-12 2012-12-16 2012-12-20 2012-12-24 2012- e 50 100 LN LR AL
00:00:00 00:00 He jacket temperature of each cavity (K)
Time

‘—SIDG[Upper cavity jacket) ——SI18(Lower cavity jacket) ——T04{SBP HOM) =——TO8(Upper LBP HOM) ——T13(lower LBP HDMJ‘

_ Cavity frequency was changed to +2MHz
3 weeks keep 2K cooling (1 weeks for Low level (1299.9MHz with tuner 0.5mm keep) from 300K

measurement and 2 weeks for High power test) to 2K, which agree well with V.T measurements




Frequency tuner  Cancelpressurevariation  \gchanical tuner | shaft |

Cavity frequency could be tuned to 1.3GHz.
Coarse mechanical tuners smoothly moved and enough
stroke (more than 2mm) was obtained.

Fine piezo tuners also worked smoothly and has enough
stroke under 2K cooling. 3
200Hz backlash was observed by using coarse tuner. But " ' .
we did not observe sudden frequency change due to this o %gﬂ} \ v 4
backlash. Piezo can make this backlash cancel out ES— \ , |
smoothly. L S

Tuner temperature is 30K (too big) @t 2K.¢o0GIKIA0. tuner stroke @ 2K <A

----------

|

1
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Piezo performance @ 2K 1300.4 Coarse tuner fine tune by motor@ 2K

1259.984 [ _‘_mmo-a} (MHb
1300.3 | —&— f0(No.4) (MHz)

- #3 cavity
~ 2turnaround

1299.9835

)
-
w
o
o
[N

1299.983 - =®=Delta...

12999825 -

Frequency {MHz

........
-------

1259.982

Frequency (MHz)

#4 cavity
3 turn around)

1299.9815

I. Frequency change (Hz)

1299.981
0 200 400
Piezo Voltage(V) 0 05 1 15 2 25 3 Motor pulse (pulse)

Tuner movement(mm)

Performance @ 2K Upper cavity (#4) Lower cavity (#3)

200-0000000

gAvivaviviviviviviv)

Coarse Stroke&slope 272kHz/mm (0-2mm) 265kHz/mm (0.5-2.5mm)
tcuner (Slide Max backlash < 50Hz About 200Hz
jack tuner)

Torque of shaft <3Nm @ 2mm position <3N m @ 2.5mm position

Piezo (0-500V) 1.4kHz(500V)  1.1kHz(500V) 1.4kHz (500V) 1.2kHz (500V)
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PIN diode signal (V)

(54
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30kwIOT Setup of high power test of cryomodule

Results of high power test

Both cavities reached to Vc = 16 MV.

- X-ray of #4 cavity increased during processing. #3 cavity (lower)
*Field emission on-set was 8-9 MV for both il
cavities 1.0mI -

=]

=]

(o8]

Upper QL: 1.54%10"7 | input power shield
Lower QL: 1.15*10"7 | (pjn) is 5kW

X-ray burst happened, and X-ray was R oo e
suddenly increased while keeping field

120 —— Radiation(forward) (No.4 cavity) (mSW/h)
: - —e— Radiation(backward) (No.4 cavity) (mSvih)
1 = —i— Radiation(forward) (Mo.3 cavi msW/h
6o Before burst :After burst = I —.—Radlatlongbacmagé}{r\lo 3 caﬁ}nﬁ} (mSVJ}’h}
: N @ 100 e
14 : = |
S ] | = -
=14 | 3 h5e
a b : - I .
2101 : S - | #3:Upper cavity [ /
25 ] ® 60 — #4:Lower cavity
2 ] | £ : Max 16MV
T6 ] ! = i was fed
g, ] s
<] © :
2 ] © I
| e i
0 Frrrm — Iﬂ,fq—/\ ..... A I | b -
2012- 12 14 15 20 16:28 16:36 1544 15 52 l? 00 2012-12-14 [ -

16:10:00 _ Lrenlell 0 2 4 6 8 10 12 14 16
Time 7

— Accelerating Voltage (MV) [|—PINs3 (Lep side) Accelerating voltage vs Radiation




Detail radiation distribution measurement Si PIN diode set around beam axis

16 Si PIN diodes at each position

i W N
F / o =
+ T T- =7
1] ||:_ L
] LBP3 SBP3 SR SBp4 = LBP4
Meson 4b Seaili
= .| After burst at 11.9MV (field decreased) E
.. SBP4 —

-0:930P CAVITY 4

bibd i 1]
il 41
QM vswm o e 480373 08 0 R )
WIIF DAM0 0MD0  NIS00D  XRIACO L3124
Time l
i | mEE

*Radiation pattern was changed from V.T - Another new radiation sources were produced
*Radiation pattern also changed after X-ray burst » during assembly work and high power test.




Dynamic loss measurements

#4 (Upper) Vc vs Qo (#4 cavity) i Heat Inss from He gas flow (#4 cavity)
] 50 [| —@—He |DSS|1213:I|M]_'% (before burst)
10 B He loss(12/14) (W ]
10 a - = i | a H:Egg{mz 21}|{.;} s, . burst
L»;Fgf birir<t E, 40 C F‘\
. NUl JL ﬂ . P____f‘.
d o 30¢[ 4
4 N i
L] :
7] [ ‘,.//
20
® Q0(12/13) L —> (before burst) T T
B QO (12/14) | ’ — y=07283+0.11863x R=(0.00803
A QO(12/21) JL(afterburst) 10 %
10° L EARTER o D
5 10 15 2! 50 100 150 200 250
Accelerating Voltage (Vc) [MV] ~ Eacc [MV/m] Ver2 [MVA2]
#4(Lower
( ) Ve vs Qo (#3 cavity) Heat loss from He gas flow (#3 cavity)
50
: | e HEI055|121Qj|w)
100 té:@ﬂ 0 M m Heloss(12/20) (W) |
- = 40
_ = n :
'S a 30 [ -
= ' [
® Q0(12/19 o 20 | g
(1219) T C (]
m QO (12/20) i
10
10° S ASTENED A Di.....
5 10 15 2E 50 100 150 200 250

Accelerating Voltage (Vc) [MV] ~ Eacc [MV/m]

Ver2 [MVA2]

Q-value was dropped by field emission €< Cryogenic loss drastically increased.
Q-value is higher than 1*10710 at low field of less than 10MV of Vc.
Magnetic shield works well .

2K Static loss :
11W at final (IittIeAarge)




Accelerating Voltage VC keep test

16+
: 13.5MV 1a]

14] - 1
— = ]
= € 12 f || —
g 129 F E ] 142MV
810 #3 (Lower) g10]

g, 2 3

5, ELE #4 (Upper)
g E“ ;

I «

2 3 2 '

o 3 .‘._ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII — .-|._ 0 Frrrr I [y [y TR [y [y R R [y
2012-12- 1% 21: 20 21: 4IJ 22 00 22 20 2012-12-19 52.150.102021 Ll EL . 30 19 il 2L 231;]1;021
20:00:00 23:00:00 U Time

Time
‘— An\celeratmg Voltage { M\Jl |_ Accelerating Voltage (MV) |
*We can keep the following voltages of
100 . Bn -
- ] Accelerating voltage keep stably ~ Upper cavity:14.2MV
- ] Lower cavity : 13.5MV
e He pressure Return He gas for more than 1 hour. (40-45W heat @2K)
s F & -We cannot keep more than 14.5MV
f < 2, field because of the lack of the cryogenic
g f i power (>50m”3/h ~50W)
%3 jﬁﬁ *Now we prepare twice bigger cryogenic

. { power for cERL beam operation.

’ We note that He gas return, He level and He

20121210 2010 20:20 | 20:30 2040 | 20:50 | 2100 | 210 21:20 2012-12-19 pressure were also stable. Especially He pressure
#4360 keep stable within 10Pa (measured), which
— Accelerating Voltage (MV) H—He level (Up) (%) ——He level (Down) (%)

contributed the microphonics suppression
(<3Hz/10Pa is expected from 4.2K 22K Af=28kHz)



Temperature rise around cavity on high power feeding & SBP HOM heater test

‘BP HOM absorber sets heater - Measure the temperature rise on

cavity flange when the accelerating
voltage of lower cavity was kept at
e 13.5MV .Furthermore, we add 30W
Lower s el ol Upper (equal to the 50mA beam current

- : ' HOM power)to SBP absorber by
Heater to estimate the heat leak to
2K cavity and Nb flange.

4.5kW of Pin power fed into lower cavity

o
Red : Temp Monitor place i : :
P P Lower cavity | Temperature rise of Nb input

= jﬁ Lower cavity power on SBP heater on power off and SBP flange is from 4.8K to
S 120 ?' —> Keep 13.5MV |—> SBP heater off 5.2K (AT =0.4K) by power
5 % .
N feeding of 4kW
e | | « 30W of SBP HOM heater did
0 ‘gs.s not contribute the temperature
— | T B . .
%&53 E _ﬂF TR U L\ rise of the Nb flange of cavity.
2 \
*.1° Nb\inpu\t port flange \ *Heat leak to 2K was absorbed
i :5 Nb SBP port flang SBP absorber @80K by 80K & 5K anchor and
20121216 2020 20:40  21:00 2120 240 2200 2220 2240 0121210 isolated by bellows of SBP
20:00:00 23:00:00
Time HOM absorber as expected by

——SI121 (Mb input port flange down) =——5I110 (Mb SBF flange up) =——SI109 (Nb input port flange up) ——5I22 (Mb SBP flange down)| design of Cryomodule_

— T04 (SBP HOM)




Cavity alignment setting under cooling

Setting of alignment targets

2670.7
= ~”
661.4:£I N
smartﬂf4ﬂ'|-iH(: Target Target ! Target Target U< ;'d
viewing po 4&8 3&7 2&6 1&5 4”&5&%‘@;)0&
. \ : : = Ny A
4 1. ] R 1V s el — ol
+ . i
= \3#” = L . —
ggf;'de = @%“ﬁ " | Outside
P ey taget
M : : ‘ : : ‘ i

Top of cavity
g Target 1,2,3,4

1
4 ¥
¥

:ff Sde of cavity
’ Target 5,6,7,8

T

4 outside targets on R.T to
make base lines of telescope

8 Qurtz targets with markers were set
around 5K frame at known position from
caity centor mechanically along cavity axis




Cavity movement during cool down to 2K

Target movement under cooling (Horizontal)

—a— Target 2
—e— Target 3

o
n

—&—Target 1 (h)
(h)
(h)
l.h)

—a— Target 4 (

— Tarmet
o ld

—— Target ?
—rr— Targel g

=y

=-3é== 5K flame cmpc ature (

!

A d s
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=
o

Heorizontal movement {(mm) {+ coupler side)
=

S
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"i’ﬁff* it
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—
[
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20124111119 0:00:00

Movement of targets and cavities between RT to 2K

Target 1-4 (Average)
Target 5-8 (Average)

Average movement of cavity center (from target 5-8)

20121 2/4 0:00:00 [

201242/9 0:00:00
2012412114 0:00:00

201241219 0:00:00

2012/12/24 0:00:00

2012/12/29 0:00:00

400

4 330

300

250

200

4 140

100

4 90

0

{y) ainjetedwa |

Yertical movement {mm) {+ upside)

0.5

]

S
()]

1
—

-1.5

Target movement under cooling (Vertical)

—&— Target 1 (v)
—a—Target 2 (v) —&—Targetc

i +Target 4 .v)

{ | —e—Target 3 (v) —e—Target?(

—— Target 8 (v

)
)

| - hmm ﬂl\ flamc cmpc ature I\

E?

>€"-‘-5{'"'"- ¥
4

201241149 0:00:00

2012111724 0:00:00

Horizontal (mm)

-0.11
0.87
0.39

2012/11/29 0:00:00

2012412/4 0:00:00
2012A112/9 0°00:00
2012/112M14 0:00:00
2012/12M19 0:00:00
2012/12f24 0:00:00

-1.06
-0.37
-0.37

2012/12f20 0:00:00

- 400

-+ 350

] 300

4 250

200

-+ 150

100

-+ 80

(W) saniesedwe |

Vertical(mm)

*Upper targets (1-4) and side target (5-8) moved same direction and had almost same movements.
"By using this measurements, about 0.4mm of cavity center movement was expected horizontally

and vertically , which almost agreed well with expected values of thermal shrink of 5K supports
*Measured target values come back to same position by warming up to 300K




Precise measurement of cavity movement by laser position monitor

To confirm the measurement accuracy of target, we also measure the movement by
newly developed laser position monitor with 10um level accuracy by setting one target.

Wnitnr {un ing) Target movement under 2K cooling
M (2012/12/5-2012/12/7)

= Laser thorizantal) (mm) — A=A 1k 11 100
Laser % basa beertieall boirad —er—d gk ta rg et I | ———S1230k) (down flane SEP) | :
O3 ! 00 - e
i n flame SEK 112 r - i . Laear il R i 1| 80
Y4 ;

400 60

(49s awep uvop £ZIS) () aunelsadwal

? =y
= £
5 £
- o o
= ad o
E @ é 1.16 40
£ 05 300 A e Rliiil
5 - 5 - ¥
5 @ BT
3 et = 1_18H 20
S 200 § [
] 5 1.2 L L i - sl 0
[ =4 o o o o o =] o
S 44 100 2 E & § g8 § & &
| Temperature il @ g & & & & & &g
r m o s} g I i o &
of 5K frame Vl_ o ~ § & § & § «
e PR T——r—— . P I 0 G ‘5_ & ‘5_ & g_ ]
= = S = = = This monitor based on interference of ASE
] L] . . .
= 2 & % 2 = light between target and reference position.
o aat = o o by . .
p p = & & = By measuring reference position movement
= = S S S = we know the target position movement

- Laser monitor roughly agree with target
measurement by telescope with =0.1mm

“While keeping 2K, target movement was stable
within 10um - cavity was stable within 10um

" Temperature of 5K frame is sensitive for 5K frame
movements by laser position monitor.




2K microphonics measurements #3 (lower)

& OsCilloscope = ——

” e ———————— -0 Sisms @ r20mv

Pk-pk i.._..ﬁ_;f_wygf 0L N O

f(X) CaVIty of :‘Ilf:'-lli:: I :I ilz'l=... R ; Eoal Dl N b
Measured by LG AT 1T S O TR O |
Pin oscilloscope and .
| FFT analyzer | NS I J 1 | R
‘ - LLRF Feedback loop off e | o

(@) 50.0mv ||20 oms 50.0K5/s ”20 20 125 2012]
W+~0.00000s 10k points —?9 omy

18:31:36

*Field set to 2.5MV/m
*Measured by #3 cavity

tracel3 23:19 Eacc=2.5MV/m_PLL/OFF
" Pk-pk = 7Hz by oscilloscope. It allow 2.5E-3

us to increase the QL higher than 4954z | FFT results (10-210Hz)
2.0E-3

PV~ A

*Main peak was observed at 49.5Hz
(not 50Hz of electrical noise) by FFT
analyzer ,which was not come from
cavity resonance frequency.

* It might come from backbone and/or
5K flame resonance frequency??

34l #3 (lower)

1.5E-3

1.0E-3

Fourier coefficient

5.0E-4

0.0E+0

0 50 100 150 200 250

We need to continue measuring Frequency compornent [Hz]

michrophinics on next cERL operation



Summary
» After performing the 25MV/m and Q0>1*10710 @15MV/m on V.T, we

installed it into cERL beam line on 2012/0Oct.

* Main linac cryomodule was able to cooled down to 2K by controlling the
cooling condition including 3K/h speed at HOM absorber.

e Tuner works well under 2K condition and can tune 1.3GHz of fo.

* Both cavities reached 16 MV by feeding CW power. But we met the severe
field emission by newly produced emitter which come from the
cryomodule assembly work and during high power test.

e We can keep 13.5-14MV of accelerating voltage for more than 1 hour with
enough cryogenic power.

 Heat leak come from SBP HOM absorber would be neglected to Nb cavity.

e Cavity movement was 0.4mm under 2K cooling. It is allowable for beam
operation. After warming up, cavity center come back original position.

* Michrophinics was expected to 7Hz of Pk-Pk. We need to measure more.

In 2013, beam operation of injector was started. After summer shutdown we will install
round loop of cERL and start the beam operation with energy recovery on cERL.

Main linac stable operation of CERL is next issues for our module by Digital LLRF.

We also plan to install a cryomodule with 4 9cell-cavites to cERL for energy upgrade.
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Results of vertical tests(20114EE)

REEEILCERLAIZ2B N ZE

FNEFNDZERIT2EDHERITEZEITU.
F1-. cERLOER THS15MV/mTQ0>1*107"10%FZERK L 1=,

RAZERCL . #ERIE CHREEEEE 1T oT=,
=IRBIZ25MV/mD IR BB D 2= o

- ferh | "ERLG-cell #3 2nd(2K) @ fer0uo
ERL 9‘C€” #3 CaV|ty i | radiati@ln dose {#3 2nd) Ko 1 100000 %
| o © D; 3 10000 &
* Field reached to 25 MV/m o .0 [#0000000 000000800004y, ] 00 8
* No limitation up to 25 MV/m L 1., &
*Q>1el0@15MV/m o 1 3
eCaticfi TP 1e+009 i i i : 1 0.1
Satisfied cERL specification #r008 T e o e
*X-ray onset around 14 MV/m Eacc [MV/m]
| i R | ERLo Gl E a2k @ ] oo
ERL 9_Ce #4 CaVIty é . radlahon dose {#4 2nd) e 100000 %
- | | ] 10000 %
o [ .!..l ] @
Field reached to 25 MV/m . pesesens, |
* No limitation up to 25 MV/m 3 : 12“ E
. o] =
Q? 1.e10@15I\/IV/rn. | | | o ] 5
Satisfied cERL specification 16+009 ' ' ' ' 101
0 5 10 15 20 25 30

*X-ray onset around 22 MV/m

Eacc [MV/m]
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