20

2

RIMEN

%/ NISHINA
4 G ETNTIEDE

Degradation and Recovery of Cavity
Performance in SRILAC Cryomodules
(Pulsed RF conditioning)

N. Sakamoto, O. Kamigaito, K. Ozeki, K. Suda, K. Yamada
RIKEN Nishina Center

TTC meeting@FNAL

December 6 2023
Nov27,2023



2

RIMEN

SCQWR for SRILAC

B Bulk Nb (RRR 250) with BCP based Surface processing
BCP(100 um)—Annealing(700° C, 3hr )»BCP(20 um)—Baking(120° C, 48hr)
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Rsh/Qo (Q)
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Vacc(MV)
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ﬂ SCQWR for SRILAC

RIMZN
B Bulk Nb (RRR 250) with BCP based Surface processing
BCP(100 um)—Annealing(700° C, 3hr )»BCP(20 um)—Baking(120° C, 48hr)

s o P,=0.5W 1W _2W
Parameters - 1010 -IEI:!I,HIIIIIVIIIII/IIIII II/I/I!III !III/ITIIIIIIIII IIIHMII!IIII!IIII4W
Frequency (MHz) 73.0 : 8W
(c.w.)

. 2 {16 W
Optlmum B 008 109 OH// // 4 #4 // : 32w
Rsh/Qo (Q) Sl 2 E; ; v o

5 lIII/// : / / 7z
G (=Rsn/Qo) 22.4 s —
m’/“/// = # // I, ki
Vacc(MV) 2.2 ol 0 0 e =
muxx//«/ 6.8 MV/m -
EaCC(MV/m) 6-8 108 :’:‘l,[li;,:/i/lv//ll/l/l!//llII!/IIII!II/I/I III,IIlI/I/I !IIII!,I’II/I/!:I/II IIII!IIII!IIII!IIII
OE 52 345 6 7 8 9 10 11 12 13 14
Epeak/Eacc 6.2 [MV/m]
Bpeak/Eacc(mT/(MV/m)) 9_6 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
. O 10 20 30 40 50 60 70 80 90 100110 120 130
Operating Temerature(K) 4 Bpeax [mT]
TargetQO 1X109 |IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

0 10 20 30 40 o0 60 70 80
Epeak [MV/III]
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KB TN
@. Cryomodule for SRILAC SHINA
RIS N m——————————————————————
B Operating temperature : 4.5 K.
m 80 K Thermal Shleld Wlth LIqUId N2 Opening of the supply valve controls liquid helium level.

B He Ports:Pre-cooling port, Supply port, Return-port

Opening of the return valve

B Heat load estimation: 18 W/Cryomodule (not confirmed) controls He pressure.
FPC: 6 W, Helium pipes: 4.5 W, Tuner: 2.5 W,

He gavs return port

CaV|ty SUppOI‘t: 2 W Lig. He tank Liq. e upply poriii Ed§ %:ﬁn fc: ) ;ﬁ;.port

B Liquid helium cryogenic system | s i it £
HELIAL MF (Air Liquide) Lﬁ_catbmagnet | n sl sl | Thermal shiel
+MYCOM Compressor(Maekawa == 20Kt T
Cooling capacity : 700 W@4.5 K |
*Electric power consumption of the Y PIYY & b U
compressor is 300 kW Cavity vacuum is e & v ase bottom plate
separated from isolation vacuum. %}/g}/ suppor WREN kLT y iy

B Cavities are mounted on the s SRS AEEN ARRN 1

| | i \ acuum port

bottom base plate Power couplefyt= | | 2

- Ceramic windoi

B Single RF window FPC

Floor Level
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SRILAC Operation history

[ | Scheduled maintenance

[First beam acceleration] R e N Number
- - I High power test | . of
L : 53 0 R 5% 3 cooling
a I Unexpected interruption | days
o : : : :
aV; : ' - Annual 197d
-~ maintenance
- of the He
- compressor
1 BC06-FE
SC06 FE |
i f :
Qv
®) ] : 191d
A2 Annual maintenance
2 of the He compressor
CU ” ]
) #9
= SC04 FE! § § § "~ SCO2TFE SC09 FE
: : ) : ; ; : o
N
S | | 232d
o Annual maintenance
of the He compressor
#11
'IC08 FE Renewal of
: : the magnet
) i |
i power
= supply
i L] &)
15 8 = : : (284d)
o A0 : . :
5 Annual maintenance
v of theéHe compre;ssor
# 5 _#14
1 < 3 4 5 6 7 8 <) 10 1 157
Month
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Mile stones of SRILAC

B First cooling : 2019/10/18
Bl First beam : 2020/1/28

B VVacuum leak from coupler windows

SCO05: 2019/11/18, 5C06:2020/11/27

B Degradation of cavity performance caused decrease of acceleration voltages

Multipacting(MP) : Cavities could not hold acceleration voltages.

Field emission(FE) : FE increase occurred during beam operation repeatedly.

2020/12/1
2020/12/7
2021/6/9
2021/6/29
2021/9/30
2021/12/6
2022/1/3
2022/6/21
20221/11/144
2022/11/14

TTC Meeting 2023@FNAL

SCO07
SC08
SCO06
SCO08
SC06
SCO06
SCO08
SC02
SC09
SCO08

MP
FE
FE
FE
FE
FE
FE
FE
FE
FE

X-ray [uSv/h]

108

104

10°

100

107%

0.0

-4l Initial

A ) A—L
0.5 1.0 1.5 2.0 2.5

Gap' Voltage tMV] (21-23/01/2020

N. Sakamoto

X-ray [uSv/h]

108

s
o
™

-
(=]
N

[
(@)
o

._\
i
[AV]

| |
- #11 2022/10/5
~ (after 2.5 y operation)

0.0

0.5 1.0 1.5 2.0 25
Gap Voltage [MV] (5-6/0ct /2022)

Slide 4



. g : \.' .R | K .E NEE10%
mﬁﬂ Field emission 4".2 NISHINA

B During a beam operation X-ray level of CM1 monitor was suddenly increased.

1500 | | | | | | | | | | | | | | | 450
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ﬁ Field emission increase 4".2 NISHINA

RIM=N
B Even though an operator stopped the beam X-ray level remained.
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Field emission increase J NISHINA
B X-ray became low when the gap voltage was lowered to 500 KkV.
| | | | | | | | | | | | | | | % 450
:— — Gap voltage :
i — Radiation ]
pEE Beam % o ?
K 7 =5
B 7 =
B Lower the gap voltage C g
Z E g
n | g <
L
- 1 1507,
5 | | | | | | [ | | | | | | | | | | | | A O
14 16 18
Time (6/21/2022)
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B Accelerator tuning was started with a lower voltage of 1250 KkV.
1500 | | | | | | | | | | | | | | | 450
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B Again X-ray level of CM1 monitor was significantly increased.
1500 | | | | | | | | | | | | | | | 450
1250 — — Gap voltage |
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Field emission increase

B Beam operation was continued with a voltage of 950 KkV.
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:
)4 Acceleration Volgages —
RII‘fF\TLIJ’IN Date SCO1 SC02 SCO03 SC04 SCO05 SCO06 SCO07 SCO08 SC09 SC10 Total (kV)

#2 2020/7/17 1447.6 1300.6 13411 1317.7 0.0 1406.3 1353.2  1448.7 752.0 11780.9
2020/7/26 1445.7 12991 1339.2 1316.7 0.0 1404.1 1411.8| 1351.0 14471 1972.1 12986.8
#3 2020/10/19 1398.8 1438.3 1355.3 14484 0.0 1469.6 1417.6| 1404.5 1394.8 4251 11752.4
#4 2020/11/27 1565.8 1573.1 1565.3 1561.7 0.0 0.0 1474.7| 1241.7 1490.8 1505.9 11979.2
2020/12/9 1583.3 1582.3 1581.5 1581.3 0.0 0.0 854.4| 1024.5 1494.1 865.0 10566.4
2020/12/13 1579.3 1581.2 1576.3 1574.7 0.0 0.0 373.5| 1075.7 1583.7 1263.7 10608.3

#5 2021/5/19 1446.6 14471 14441 1446.4 692.9 1090.3 375.1| 1030.6 1453.6 1201.9 11628.7
2021/6/9 1446.6 14471 14441 1446.4 692.9 1090.3 375.1| 1030.6 1453.6 1201.9 11628.7
2021/6/30 1443.3 14454 14491 1448.2 692.2 1089.8 374.7 928.6 1554.1 1048.5 114/3.8

#6 2021/10/22 1443.0 1443.5 1439.5 1443.2 542.5 922 .1 480.7 7/16.8 14519 1016.1 10899.3
2021/11/6 1450.6 1452.6 1447.3 1452.9 545.4 927.0 482.5 720.9 1460.4 815.1 10754.8
2021/12/6 1535.0 1441.8 1437.8 1442.6 548.0 821.8 513.8 716.3 1450.2 741.0 10648.3
2022/1/3 1543.6 1449.7 1446.6 1297.1 563.2 678.6 522.1 720.3 1506.4 /83.4 10511.2

#7 2022/3/14 1563.1 14444 1435.2 1140.5 556.9 671.3 523.3 730.5 1537.2 1038.5 10640.6
2022/4/6 1510.7 1482.8 14345 1163.8 553.5 653.6 520.5 627.8 1536.4 1068.2 10551.8
2022/6/21 1523.4 897.9 14776 1221.1 671.5 809.8 562.0 636.0 1552.4 769.0 10120.8
2022/7/15 1345.8 1043.0 1476.5 12224 670.9 809.5 561.8 635.4 1551.8 769.7 10086.8

#8 2022/10/7 1346.2 1041.7 1478.6 1219.5 669.9 808.8 561.4 632.7 1547.2 759.5 10065.4
2022/11/4 1364.2 1037.6 1469.6 1215.9 666.0 804.6 558.5 631.0 1150.5 1118.7 10016.7

2022/11/14  1367.8 1040.3 1472.7 1216.8 668.2 807.1 80 4v 631.7 1021.6 1293.5 10080.2
2022/11/30 1370.5 1042.3 14753 1218.3 669.3 809.0 @ 632.8 1156.1 1125.9 10060.9
#9 2023/1/17 1368.1 1308.1 1273.2 1136.3 667.4 1074.6 856.2 632.0 9929 1019.0 10327.9
#10 2023/4/13 1365.5 1332.0 1279.5 1145.3 668.6 1098.0 883.1 852.8 1292.0 812.5 10729.4

Available total acceleration voltage was decreased significantly.
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ﬁ Cure for degraded cavity at KEK (= NISHINA

RIM=N
B KEK has succeeded to cure the degraded cavity performance by a pulsed RF

conditioning with high power. (E. Kako et al., SRF17, MOPB097, pp. 289-293. )

B In2015, increase of the x-ray radiation level reached to 100 mSv/h in No.3
cavity, 10 mSv/h in No.2 cavity and 1 mSvh/ in No.1 cavity for cERL.

16.6 MV/m
w1 Eacc  15MV/m i g e 12 MV/m
| Td . AMAA 8 MV/m

0.5ms, 10Hz > <Sms, 10Hz> <@>
4QL ! Arc § other
ll [ | H_ 1 i gty

J’Vﬁ L UT: !W T Rm

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

174

e ]
A A AR AAAAEAAAARAEAEAN AN =
r e 2 S ERESRES
& dd
2 -
.-‘n-l‘-‘-‘--‘-‘-‘-‘—.-“.‘A‘-“-
EJ«M
1 t ® o = = -
= = -
besasbisssbisasisanstonnsda
|
4

--------

2017 March 10th

Figure 10: Time evolutlons of accelerating gradients,
Eacc, (top) and x-ray radiation levels (bottom) during
high power pulsed RF conditioning for 8 hours.

B The x-ray radiation levels in each cavity dramatically decreased by high
power pulsed RF conditioning .
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ﬁ Setup for Conditioning ﬁ} NISHINA

RIM=N
B First attempt on recovery of SCO7 was performed at 4.5 K with a

conditioning method using high-voltage pulsed RF power, which is relatively
simple and imposes a low load on the cavity and its coupler window.

B The amplitude modulation set to 0.5 Hz and a 1% duty RF pulse with a
width of 20 ms was adopted which was sufficient ot raise the cavity voltage
(Pt) up to 90% with a detuning of 50 Hz.

20 ms
MO RFouT LLRF Pl TR
G SG FWDREF PU ?ﬂj’"git Interlock Osci OSCEARE
= Q Q Q PO Norm 10 ms/ righls AR
SG Frequency POWQI’ I—>V Coupler Undo Delete Zoom FFT Annotation - 312 MS&/S 9.3 ms
> gy i ]
Off pickup =|= T NEENEN

TTL

G o

Freq Duty

MOD IN RF OUT :
a O R IN @_ b | cavity
REﬂ FWD pickup

PsG : input pulse,

e Current
2 o5 3y . B 538 my 230 mv 538 m 87 mv
Pln, Pref . SlgnalS frOm DC, 2 302.33 mV 44,59 my 302.33 mV 2401 mV 2177 mV
. B s1842mV  49mV 518.42 mV 389.06 mV 125.83 mV

Pt ; Cavity pickup Signal ” 500.78mv?1 B3 m 500.78 mV 391.02:1':\! 131.89 mv

50 mv/ 100m;  RER 100 my
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m Peak cavity voltage was kept 0.65 MV for 2h but there found no effect on x-

ray reduction.

m Peak voltage was further increased step wise to 1.34 MV. Then x-ray level
was successfully reduced.

1000 &l | | | | | | | | | | | | | | | | | | | | | | | | I_]
e tmopi== 100 -
- : 1.34 MV, s
S 400 0.5 Hz, Duty 1% -
- : 5 WO B M | DA o g e :
3 200 0.5 Hz, Duty 1% -
G LN, wervamrmerm e 111 811 BT
500 EER | | | | | | | | | | | | | | | | | | | | | | | | =]
& 400 — 4 No X-ray
> £ =
2] I Laim
% 300¢ :/
i A F
g 200 %
ShER RS =
T mEa
O ] ] | | | L ] ] ] ] ] ] ] ] ] ] : ] II_
10 12 14 16 18
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@ Conditioning of SC09

RIM=N
m Multipacting (MP) was another issue in cavity operation.

m Sudden voltage drop was also observed during RF pulse conditioning,
accomplished by variation in the vacuum pressure.

. Eahg UM' e T e Pin between pulses must ibe Zere
§ 1500 — e : .
=t | BEm; ] to extinguish MP.
> : | 2.5 MV E : = . gy
LBl 53 0.25 Hp, Duty 0.5% — = After completing the conditioning,
o IN E e -
S il 1 x-ray level was successfully
© I | 3
ueagy peEaiigEr | 1 suppressed and MP occurred
O | | | | | ) |l i | | | | | | | | | | |
: | ) | e R | e e e T S Scarcely-
=300 T = Norm
Uz E 2
} g 7 312 MSa/s 9.3ms
S| 00 —
AmEEEn: | ]
$I-‘ 00— —
>~ = : 5
O E | | L1 |/{|§L | A
® 500t | T —
R 2 4o
gg :10.05— —
§ 5 50 —
B A Bk i 532 mv 230my 88,68 mV
R =S O
10 1 12 13 14 15 16 = a726mv  3B332mV 726mV 385.04mV 13341mV

Hour m % 50my 2 100my RN 100my D
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ﬁ Pulsed RF power and onset voltage S NISHINA

4t CEN
RIM=N
m The SC09 cavity was repeatedly conditioned by gradually raising the
maximum pulsed voltage.

® The onset voltage became increasingly high reaching 1.4 MV higher than
that of the initial measurement.

History of conditioning 5 Evolution of the onset voltage of SC09
10 I | | I I I I I | I I I I I I I I | I I
Date SC# Duration  Vpeak(MV) | | | |
2022/11/22  SCO7 7h37m 1.34 - {#11-18 (SC09) i
2022/11/24 SCO06 4h5m 1.52 104 |— before conditioning after conditioning —]
o 2022/11/28 Vp
2022/11/28 SCO09 1Th14m 1.57 } 5 9' 20232/0 0o 1 6 MV 1
2022/11/29  SCO02 37m 198 @ T rga0es 00/ Q]
= 10° — —
2023/1/12  SCO7 54m 1.55 - | coes o145, 20040V
2023/1/13 SCO09 1h44m 1.99 sl-a = 2023/08/7 2.5 MV :
2023/3/29  SCO08 2h35m 1.80 P 5
10Y [—2022/11/05 ) : 1
2023/4/13  SCO1 40m 2.23 we wE
1 | .
2023/6/7  SC09 1h13m 2.54 i g i
2023/7/3  SCO02 1h53m 2.98 " T e I AT B G 6 5 AT A A58 B AT
0.0 0.5 1 Gl 1.5 2.0 2.5
2023/9/28  SCO08 7h40m 2.53 Ehy Volt;& [MV] (07Jun2023)
2023/9/29  SCO07 22m 1.43 (I) REY SRS ; R R ‘IL R é i AU B L @
2023/9/29  SCO06 1h17m 1.63 | | | | |
| | | | | | | | | | | | | | | | | Epeak [MV/m]
2023/10/2  SCO1 1h18m 2.90 (I) 10 | 20 | 30 |4o
2023/10/3  SC04 1h04 2.60 S L B S S B i N M S I S MRS w1 ]
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 The SRILAC has been in operation for the past four years.

* However, the degree of performance degradation hs become a
significant issue, jeopardizing the continuity of operations.

* Therefore, high-power pulsed RF conditioning was tested to restore
the performance.

* The conditioning worked well (so far) to successfully suppress the x-
ray levels and MP.

 Currently , minimal conditioning is being performed to sustain beam
operation.

* It is planned to further high-power pulsed RF conditioning with higher
voltages.

Questions:
Why the pulsed RF conditioning is so effective to SRILAC?

Is FE harmful for the cavity performance?
How long will the conditioning be effective?
Is helium processing effective to SRILAC?

ﬁ Conclusions

RIMEN
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RIMEN
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ﬁ Overview of SRILAC

RIMEN

B Three Cryomodules host 10 SC-QWRs (CW, 73 MHz) at 4.5 K.
B RT Quadrupole magnets are located in the MEBT.
B VVacuum pressure of MEBT line is about 1x10-8 Pa with IP and NEG pumps.

Bl At the both end of the SRILAC three-stage differential pumping systems (DPS)
are introduced to prevent gas flow from RT section where several x10-> Pa.
| | %

- 3 7540 mm i
i ] = oo A8 oMz ™3,
=3

[ =L 1
Frequency Tuhable DTLs 5co7 302 5003 504 o v conecn i S Faracay cup T e
' 12 e 3 4 5 6 7 8
FC6A1 = sl I : ERE el bbReUD e FOE
Beam_ : i DAL kb &b s &b e i A AL LL Lk g i i &k od e ) ) A
= A “Differential = e ¥ B : iy ; ] - |ifferent Rt 0048 _‘>T
ifferentia <+ = . &n?r?r? e 4 4 m
E | vacuum pressure  PUTPE s ——— &7 0/54 | 0.54 m” e
Floors | ~105 Pa DS Mg el P 108 Pa L ~10% Pa

Design view of the differential pumping system
0™ B 1st stage: TMP(HiPAce700:Pfeifer) w/ dry
‘ o roughing pump(NeoDry60E;Kashimaya)
<~10°Pa +Cryogenic pump(CRYOU6H;ULVAC)

B 2nd stage: ZAO(Capacitor HV1600;SAES)
+IP(Valcon Plus 200:Agilent)

B 3rd stage: UHV ZAO(Capacitor Z400:SAES)
2) H.Imao et al., SRF2019, TUPO13
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