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Compact ERL

20MeV

/'

Recirculation
(return) loop

Photocathode * 48
DC gun :
(Not SRF Gun)

p
Injector module

2-cell cavity x 3
Double coupler
RF frequency: 1.3 GHz
Input power :
10kW/coupler (10mA, 5MeV)
180kWi/coupler (100mA, 10MeV)
E 7.6MV/m (5MeV)
15MV/m (10MeV)
Unloaded-Q: Qg > 1x10%

acc

Irradiation beam
Line (IR) (2019)

17.5 MeV

Target Energy : 35MeV
- Change 20MeV due
to field emission

Issue: We met the HOM coupler heating if field increased more than 7MV/m. It is the reason for
§ heating not perféctiy:to befiliterd if?HOMecaupler and results in lower QO than 1x101°,
J

~N
K. Watanabe, et al. “Development of the superconducting rf 2-cell cavity for cERL
injector at KEK” Nucl. Instru. Meth. A Vol. 714, p67-82 (2013)

Input Coupler

HOM Coupler &
RF Feedthrough

Main lin fodele =

HOM damped (for 100mA circulation \i

to suppress HOM-BBU in design) _
9-cell cavity (ERL-model2)x 2

H.Sakai et al. “Field emission
studies in vertical test and
during cryomodule operation
using precise x-ray mapping
system”. Phys. Rev. Accel.
Beams 22, 022002 (2019)

RF frequency: 1.3 GHz

Input power : 20kW CW (SW)
Eacc: 15 MV/m (design)
Unloaded-Q: Q> 1x101°

Two 9-cell SC cavities

Cryostat

HOM
absorber

Requirement was satisfied at V.T. Issue: Heavy F.E was met @9-
10MV/m after string assembly. & met quench shown later In detail

Design parameters of the cERL

Nominal beam energy 35 MeV - 20MeV ->17.5MeV

Nominal Injector energy 5MeV —>2.9MeV

Beam current 10 mA (initial goal)

100mA (final)

Normalized emittance 0.1 — 1 mm-mrad

1-3ps (usual)
100fs (short bunch)

Bunch length
(bunch c&%ﬁ%%ed)
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- Construction, Maintenance

Operational history of cERL cryomodule

XS

Il Operation
. . . IR S N~V a v R —
:=_P Start beam operatlon Beam operatlon
| > :
2012 1 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 | ‘
Commissioning of ! Commissioning of  Commissioning Increasing the High bunch charge ) Rl beam test & IR-FEL CW0.3mA ERL CW1mA ERL Next b(:fzam
injector& main linac ! cERL (with loop) of LCS system beam current & THz study 1mA again production operation with undulator with undulator operation
: ey
| r ] . 0 11 imi| 1 n|ml [ [] H
N I 1mA ERL B == e RN
Construction of : achieved ] ) Construction of IRFFEL Cryogenic &Gun '
Construction of Rl beamline maintenance work here !

i Construction of Construction of [
irecirculation loop = LCS system

Injector and main

(two undulator install)
linac cryomodule

peration from Oct. 2019 to Mar. 2023

Period(beam Energy[Me
operation time V] (Comment

Injector SRF | : — - Main Linac SRF 175 (loop) 60 pC/ bunch

(2-cell x 3 cavity) et | = (9-cell x 2 cavity) 3 weeks 19.0 (IR) ~1 uA (CW)

TSR N N s — 17.5 (loop) 60 pC/ bunch
e -_ v T 4 weeks

BT ™ 0 J = 17.5 (loop) 60 pC/ bunch
g N SES e £l k 3 weeks

4 W7 e S |  2021.Feb-Mar. 17.5 (loop) 60 pC/ bunch

4 N / | (6 weeks) 23.0 (IR) 1pC/bunch

= (pulse)

: ) & 17.5 (loop) 40 pC/ bunch

= (3 weeks) 10.0 (IR) ~1uA (CW)

S 17.5 (loop) 300uA (CW)

: - 3 - 3 weeks 10.0 (IR) ~1uA (CW)

. - . B 2023.Nov. 17.5 (loop) 60 pC/ bunch

5 weeks 1ImA (CW)

\ Kensei Umemori, 2024/Sep/27 ERL2024 6



Operation status of cERL SRF cryomodule

[Injector]

* Field emission need to be processed to keep operation condition
* Large heat load at HOM coupler

e Eacc~ 7 MV/m

[Main linac]

 Suffered from field emission

* Need pulse processing to keep operation condition

* Abnormal heat load exists for ML-1

 Eacc=7~10 MV/m

\ensei Umemori, 2024/Sep/27 ERL2024 7



Typical one day operation of cERL SRF (Year2014) | synchronized with 80 I%ﬁf{neratur@

i 55 m3/h; ML cavities ©N ' B
Injector m cavities RIeZO tuner ng:ug!rpﬁr?o” voltages for piezq INJ
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Vacuum pressure in cavities (~ 10~ Pa) “ . Piezo FB:
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Drift due to temperature change of tuner system

Main linac

FIE‘|d 1&:Vac — Vc (ML1&2) 8.57MV (Stop 2K opgration during night fime) 4
R 1 = 8hours |
8 hours PI@Z@ 1]]unerPI(EZO voltagj{ ML
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&8 18 11 g o = /ﬂ-
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\ = = Piezo feedback works well
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U nexpected d |SCha rge( 1) Screen monitorinfroht of Gun : V;C‘{;’ym \L = i,
=

I1. R buncher IHII IILLJH-I f £

—©

INJ ot
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Vacuum (buncher)

screen 2015, June 16

Field emitted electron induce a charge up of Faraday cup. Both case, interaction
= Discharge lead to vacuum deterioration and increase of radiation. ' of FE.E. and surrounding
Improvement on Faraday cup solved problem. components.

Eacc & Xray

Unexpected discharge(2) o e

Cavity-1at 7 MV/m

: ~ |
- C F | |
= E ra | |
Solenoid 1 Solenoid 2 S = oy | J 1 f !
Bui o
-400kV L L [FE electrons Recirculated beam “u d,
BTN Nl Bisauindaath 21| eray lower
Secondary electrons ’l‘ = o
T Injector cavities Merger bt [ upper .
Anode e I Quadrupole magnets : v anmnmuntoest ) N pvpptt Wy ot U jun
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Field emitted electron hit photocathode - Secondary electron extracted by DC voltage
and accelerated by injector cavities. Finally collide with the screen monitor.

\ead to vacuum $pike and increase of radiation. L2024 ?



= Innovation

// Superconducting

/ " Center for

(LYY Applied
° . o \p Acceleratyr (E)
* \We once met the sudden severe X-ray increase during beam operation-taii=2020.~

* F.E onset reduced from 8 MV/m to 5 MV/m in Inj #2 cavity. We do not know the reason.

Solenoid 1 Solenoid 2

Gate valve #1 42

Gauge

Injector cavity
43 ?Gate valve

Y Y O/

Gl R
1 MWMT

Anode Buncher cavity Quadrupole magnet
Photocathode . . .
Clean side Location of three X-ray sensors lon pump Dirty side
100
#2 cavity 100 5
o CW operation . #2 cavity
- —o—xray up(8) CW operation $—xray up(B)
£ After 10 < . ——center(B)
£ center(B) = ] After fl Nna I
= 1 i = 1 —&— downi(B)
E- —#—down(B) - . |
D 5 |
= EJ/& —&—xray up(A) - 13 47 xray up(A)
! 1
ot —B—center(A) E ] E{ﬁ \ —B—center(A)
down(A) o1 4 il down(A)
001 T T T T .+ Fefcre ] —a—xray uplfinal)
[} 1 2 3 4 5 6 7 8 9 1 +f —#— center(final)
Eacc Pt [MV/m] 0.01 T T T T T T T f 1
o 1 2 3 4 5 6 7 & 9 down(final)

2020.Jun.18
Suddenly x-ray onset reduced

\ensei Umemori, 2024/Sep/27

Eacc Pt [MV/m)]

2020.Jun.19

After pulse processing, F.E onset recovered at normal level. 2 kept 7 MV/m operation

(Before pulse processing)
CW = 8MV/m (onset 5MV/m)

.

/Pulse duty (0.5ms 10Hz) N
18 MV/m (~2 hours)
-
Pulse duty (5ms 10Hz)
\12 MV/m (~1 hours) Y,

2

(After Pulse processing)
CW = 8MV/m (onset 8MV/m)

X-ray onset before and after pulse processing.

ERL2024
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Main linac performance (long-time Q-value history (2012.Dec — 2023.Dec))
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= Accelerators ‘_y
MEPHIsE processing (pea 11M
Vc = 8.8MV(CW) + 2.9MV(pulse 10Hz

4ms) (3 hours apply)
2000
. ® Rad6(lower) (mSv/h) ®
< 1500 (before pulse aging)
A (2022/2/8)
£1000 e Rad6(lower) (mSv/h)
© (after pulse aging)
% 500 (2022/2/8) :o
S 0 oo ccccec?
;(% 0 5 10
- ML2 Vc (MV)

After pulse processing, 0.5 MV onset
of x-ray was increased. X-ray
monitor was set at the downstream
of cryomodule.

» Before the beam operation, we could keep 1x10'° at 10MV on both cavities in 2012.

 Main degradation of ML1 is thermal breakdown from 2017.

* After that, quench limit and Q-values gradually reduced.

e Cavity performance is suffered from field emission. In the latest four years, we kept the same Q-
values in both cavities by applying the pulse processing on every cERL operational phase.

\ensei Umemori, 2024/Sep/27
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Innovatlon

Center for
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Accelerators
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Performance degradation on ML1 cavity

4 ow | , .
S (1) * During the condltlonlng of
i e { | 1 /"/Event (2) [tis difficult to increase more than 1 MV. ML1 CaVitV before 2017 beam
{1 ° /s (Cavi;cy conditic;r;)was changed. ope ration, something bad
- ‘ Multipacting
ER : happened.
i i f,m (M J_Uﬁwwmj‘*wmmm:nwm * After this event, ML1 cavity
S Ee L | can not reach more than 7
.| #iStart ML1 cavity | -
<1 " iprocessing « - Vacuum increase on Event (1) and (2) MV/m
l? ?0_]‘.‘7_‘-_",‘ ﬁT_ e oo e e A P e e e e T S A * If keeplng fleld at Some |eve|)
Eacc starts to decrease.
';"‘: >|:8'|'—;17(l’ HITJ(IB H‘T‘lm 19)‘!0) 19"!3) I?l‘la) ‘OIIH)D 10'1('“‘ 'ﬂl‘c[‘l ’.‘IUTOW ‘)I:‘OW 2ilb(ﬂ 2‘Ub(( 22211(13 .“l“)'.'l) ‘ZIIT)‘)) “3“'))3 X ”54'03) 000‘000 9 Thermal quenCh Occur

Time

p—=CAV]V( o — 01 G w—

What is the reason??
-- Seems that lossy material inside cavity
-- A piece of HOM absorber? Discharge at coupler?

. . H.Sakai et al. “LONG-TERM OPERATION WITH BEAM AND CAVITY PERFORMANCE
\ fenser Umemon, z0za/sep/27 DEGRADATION IN COMPACT-ERL MAIN £AAC IN KEK” Proc. of LIINAC2018
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e Risk for field emission

* Current HOM absorber is somewhat risky
* Crack occur during cooldown
 Difficult to cleaning before assembly

* Clean assembly procedure was not well enough
e Our (ML team) first cryomodule assembly and lack of knowledge.
* Not all dirty components are covered
e Gate valves exist outside the cryomodule

\ensei Umemori, 2024/Sep/27 ERL2024 14



New cavity design

CW ope

ration

n

We want to use this cavity for EUV-FEL! | @

How to overcome field emission

TESLA-type 9-cell cavity + Large beam pipes(100¢ & 110¢)

RS ENESE T S AN a v —

Details are published in
“Damped superconducting
structure for EUV light
source based on energy
recovery linac “

Taro Konomi at al.

Physical Review Accelerators
and Beams 26(12) 1-14
(2023)

) Only end cell was modified to match the impedance to beam pipe.
EUV cavity
HOM damper
HOM damped type (for 10 mA ERL operation)
Parameters for acceleration mode
CERL EUV CERL EUV

Frequency 1300 MHz 1300 MHz | Iris diameter 80 mm 70 mm
R.,/Q 897 Q ~1000Q | Q xR, 289 Q ~270 Q
Ey/Eace q 3.0 ~2.0 DPHJ/E. 42.5 Oe/(MV/m) | ~42.0 Oe/(MV/m)

=

Kensei Umemori, 2024/Sep/27

ERL2024

If Qo is 1x10710

22 W per cavity will be

produced under 15MV/m

- If Q0 is 3x10710

- 7 W/cavity unde
15MV/m

High-Q is very important

15



Accelerators
SR EEINESE T S N = a R —

Mid-T furnace baking Apply mid-T baking to achieve high-Q

High-Q technology (Mid-T baking, mag. shield) @%".. @

g operation
510" 300 ~ 400deg,3h
4x10"°

59" ! T EE

2,100 HOF- T L BT

Standard recipe (120deg,48h), 200deg,3h

@ 120C 48h baking (R-9 15th VT)

10 A 200C 3h baking (R-4 11th VT)
10 "] @ 300C 3h baking (R-4 10th VT)
H A 300C 3h baking (R-8 13th VT)
350C 3h baking (R-4 13th VT)
1 400C 3h baking (TE1AES018 7th VT)
5x1 09 1| ¢ 600C 3h baking (R-4 12th VT)

o= 800C 3h baking (R-8c 5th VT)

9 -
4x10 ’ Radiation of 300C 3h baking (R-4)
3x10° H Radiation of 350C 3h baking
Radiation of 400C 3h baking

2X109 TP ................. . ............. ’ .. .................. . ................. ................. ...............

600 ~ 800deg,3h

L High-Q operation of SRF cavities
gk Lonboen Lo 1o Mid-T baking for cryomodule operation
Feo VMo Qo ~ 3€10 @ 15 MV/m
T. Ito et al, “Influence of furnace baking on Q—E behavior ° NOt Only Surface treatment bUt aISO design

of superconducting accelerating cavities”

https://doi.org/10.1093/ptep/ptab056 of magnetic shield are very important.

\ Kensei Umemori, 2024/Sep/27 ERL2024 16




HOM absorber based on AIN

L “
L ] a
g Ferrite with HIP .
bonding
Fragile under thermal =
-" HIP ferrite CY| e :
., ¢

®CsssEEEEEEEEEEEEEEEEEEEEEEEEEEEE

/New HOM absorber with AIN development\

AIN cylinder
Brazing test

Welding test with AIN
cylinde

T I
.........

T. Ota, et. al. SRF workshop
2019

Kensei Umemori, 2024/Sep/27

Innovation

A\ Center for
' |ICASA Appl|ed
W\ ; Superconducting
Accelerators :
SEBEENER S S A~ a v R — S

* AIN has good absorption of higher
component
with lig.N2 condition

* Low outgassing in vacuum

* Brazing of AIN with copper is OK for
lig. N

(@) 5K anchor 1

80 K anchor 5 K anchor 2

$110 mm  RF absorber  ¢$100 mm

ERL2024 17
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Clean assembly technigue @

IS G zéfmﬁ%%—r//\—- t' 22—

* Apply all clean assembly technique, which we have learned after the ML
cryomodule assembly. » |

e Slow pump and purge system
* Clean gate valve and position of gate valve

;
I .
)

:

* Robotics/automation(?)

\ Kensei Umemori, 2024/Sep/27 ERL2024 18
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C

* cERL injector and main linac SRF cryomodule have operated more than 10
years.

Summary

* Both cryomodules have been suffered from field emission.
* Pulse processing have been applied to suppress field emission.

 Abnormal heat load is also observed at main linac cavity. Some lossy
material is suspected.

* We have designed new cavity and HOM absorbers. If there is a chance, we
would like to renew the main linac cryomodule.

\
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