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ABSTRACT

The development for  superconducting
accelerators has been started at TRIUMF in
2000. The main milestones and material
implementations are: 2006 - commissioning of
Phase-l of the heavy ion superconducting
accelerator ISAC-Il, 2010 - Phase-ll, 2014 -
commissioning of Phase-| of the
superconducting electron linear accelerator
eLinac. We are wusing the accumulated
experience and resources for farther SRF
development at TRIUMF and external projects
VECC, RISP, FRIB and SLAC. TRIUMF is also
running fundamental studies for SRF and
educational program for universities. Status of
Superconducting ISAC-I and eLinac - e
accelerators and SRF development aspects, SRF2015workshop
results and plans are discussed. was hosted by TRIUMF BB A
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ISAC-Il QWR Cavities

All cavities are specified
== for CW operation at 7W
power dissipation with
IR acceleration voltage
1.08MV corresponding to
30MV/m electric and
60mT magnetic peak field.

Qo vs Ea from single cavity tests
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Cavity Production at PAVAC
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BCP Etching at TRIUMF

BCP 1:1:2
HF,HI\1I$)3,H3PO4
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MULTIPACTING

We have MP only at start —
The strongest level is 3 order of magnitude less
than operating level

Simulation by MultP-M code Measured
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M. Gusarova, M. Lalayan, N. Sobenin, V. Zvyagintsev, “Multipacting ve
Simulation in ISAC-II Superconducting Cavities”, PAC’09, 8
Vancouver, May 2009, FR5PFPQ76
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Cavity Performance 2013-2015

The linac cavities 9
operate with an ; '
average gradient .
corresponding to a

peak surface field of
32 MV/m for Phase-
| and 28.5 MV/m —

Phase-Il without ) | |
any discernible | |
213 14 15 16 17 18 19;:;::2 23 24 25 26 27 28 29 30 31 32 33 34 35 36

'3 - -

—— m2015
w2014

Accelerating Gradient /MV/m

reduction in
performance.

Less performance of Phase-Il cavities:
-BCP 60um instead of 100um to mitigate risk of leak in welding
-Q-desease after 1h in 150-50K region while 10h for Phase —I cavities
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Q-disease tests

Phase-Il cavity test (typical) a«iseasedatatrom cavityizi test goaking of H for rf
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 Mechanical transmission failure
 Bellows for - universal joints

* Replace Phase-l to Phase-Il couplers
» Cables failure due to RF glow discharge —

3/8” to 12" ANDREW - it's sufficient

Cavities failures

Cavities failures don’t stop operation.
Since every cavity has an independent
RF system, we can compensate the
performance of the unavailable
cavities by increasing the gradient in
other cavities (at power dissipation
>7TW).
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Upgrades for ISAC-II

In a process

 Couplers

« Cables

* Phase-| tube to solid state RF amplifiers
 LLRF software upgrade

Future plans

« Deagassing of Phase-ll cavities to mitigate Q-
desease
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eLINAC

* The ARIEL project will allow an increase in the
radioactive ion beam (RIB) hours with the
addition of a new electron linac driver of 50 MeV
(0.5 MW), a new proton line from the 500MeV
cyclotron and new production target stations.
Accelerated electrons can be used to generate
RIBs via the photo-fission process. The
electrons are stopped in a converter to generate
bremsstrahlung photons for fission in actinide
target material. An electron beam intensity and
energy of 10 mA and 50 MeV is required for a
fission rate of 1073 fissions/sec.
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eLinac SRF Specifications

« The ARIEL E-Linac SRF specification —
dominated by RF beam loading
— 10mA at 50MeV - 0.5 MW CW

— CPI 75kW VWP 3032 coupler to deliver 50kW
CW -> 10 couplers

— 2Xx 50kW couplers per cavity -> 5 cavities

— 10MeV energy gain per cavity

— 10W at 2K -> Qo=1e10

— Reduce trapped HOMs

— Large (90mm) single chimney sufficient for "'."l"l *’ “. ’l“'
CW operation up to 50W I

— One cavity in ICM and 2 in ACM LI

0.3MeV S0KW 10MeV 5°""i’ 5|°"W

v

30MeV 50MeV

50kV\i 5I0 kW

v ¥

ACM2

Gun

1& + 4

50kW  50kW Iy 50kW  50kW 1

!
2014 2018

| 50kW




R TRIUMF

E-Linac Accelerator Vault — Phase |
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Cavity Design

TRIUMF DESY TRIUMF/DESY
Frequency [MHz] 1300 1300
R,,/0 [Ohm] 1000 1030 3% less
g‘%ﬁﬁ‘c factor 290 270 7% more
EJE, 2.1 2.0 5% more
) ﬁé{ "ll:j/a(MV /)] 4.4 4.2 5% more
L Cell coupling [%] 2.0 1.9
TRIUMF e-LINAC cavity is similar to 1.3GHz 9 cell DESY TESLA
cavity. 2 symmetrically opposed 75kW CPI couplers
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R + Rsh.d_undamped
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.
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f, Hz

4 9-cell
cavities
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BOK Intarcepts Coid Window

Cold Bellows
4K Intercept

Warm Window Air Outlets

Antenna

Compress
Air Inlet
for Bellows
Cooling

2K Flange

Compress
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for Window -4
Cooling  / 4

The CPI VWP 3032 75kW CW Coupler

80K Flange
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Handling

Assembly in clean room
Keep sealed with filtered
N2 gas

Baking
*100C 7days
*10C/hour

*N2 filtered gas flow to ‘warm’ assembly
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Injector Cryomodule

Houses
*one nine-cell 1.3GHz cavity

*Two 50kW power couplers

Features

4K/2K insert with JT valve on
board

180 © 00 oo 000 O™

*Scissor tuner with warm motor

L N2 thermal shield — 4K
thermal intercepts via syphon

*Two layers of mu-metal

*WPM alignment system .
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Accelerator Cryomodule

The ACM uses same basic
design as ICM but with two
1.3GHz nine cell cavities each
with two 50kW power couplers

There is one 4K/2K insert
identical to the ICM

4K phase
4K-2K %,  separator Support Post
Cryoinsert i

Power coupler bracket

I 2K phase

s o /separator

cavity

coupler and
support

N. Muller, et al., “ARIEL e-Linac Cryomodule - Design and Performance”, THPB115, SRF2015 19
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Cryogenics

4K liquid at 1.3 Bar delivered
I in parallel to cryomodules
£ O from supply dewar
| 4K levels are regulated by

LHe supply valve

T ‘ p] SA 2K levels are regulated by

Pumps JT valve in each CM
Heat

exchanger

2K pressure is regulated by
2K exhaust valve on each
CM and trunk valve
upstream of SA pumps

")

o

4K - 1.3Bara
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For Phase | we

specify two 290 kW
CW CPI VKL7967A
klystrons with 65 KV,
10 ADC AMPEGON
power supply (KPS)

In the future, for
Phase Il one of these
Klystrons will drive
next cryomodule

We are looking for a
cost effective 1.3GHz
power source at
~150kW for the ICM

Klystronl
CPI VKL7967A }

/\

RF System Phase-l

Klystron2
CPI VKL7967A

21
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Cryomodule strategy

Jacket and install ARIEL1 cavity in ICM

Jacket and install ARIEL2 cavity in ACM
together with a dummy cavity

ACMuno

 Dummy cavity has all interface features including
helium jacket and DC heater

« All helium piping and beamline interconnects will
be final

« ACMuno allows a full cryogenics engineering
test plus two cavity beam acceleration to 25MeV

Installed the cryomodules for a combined beam
test in Sept. 2014 — cryogenic engineering and
funding milestone

Dummy cavity =
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RF System Phase-l for Commissioning

RF System modification
* ‘Dummy’ waveguide
branch of variable
power divider has

been terminated with
RF load

 The variable power
divider has been
tuned for full Klystron1
transmission to the CPI VKL7967A
Cavity waveguide
branch

Klystron2

CPI VKL7967A

23
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ICM and ACMuno Assembly

Assembly of both
CMs proceeds
through summer of

ACMuno assembly

ACMuno — ready for cooldown Sept. 1

24
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High Power RF Installation

Installed
« Two CPI 290kW CW 1.3GHz

klystrons

 Two 600kW 65KV Kklystron power
supplies from Ampegon

« Each klystron reaches specification
at the factory and tested at TRIUMF

« Delivered power into a cold cavity —
25kW pulsed and 18kW CW
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ICM Cold test results

100

4K static load (no syphon), 2 3
W g 90
5 80 - ry
4K static load with 6 6.5 S
o 0¥
syphon, W 5 o
2K static load, W 5 5.5 5 | | | | | |
. 0 5 10 15 20 25 30
77K static load 100 <130 . Active Load (W)
Q ® Heat Exchanger Temp. (degK)
2K production efficiency 82% 86%0 = i Mass flow (g/s)
v" Cryogenic engineering matches design g
expectations 5’
T, /l/.
v Syphon loop performance characterized — g, T/./. | | | |
works well — optimized in off-line cryostat o s 0 A5 2002530

Active Load (W)

tests

26
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ACMuno First Cold test results

4K static load with 7 6.4
syphon, W

2K static load, W 7 6.5
77K static load, W 100 TBD
2K production efficiency 82% TBD

v" Cryo-engineering looks good — static
loads as expected — cooldown
straightforward

v Initial RF tests — CW performance limited
to 7MV/m and pulsed performance to
10MV/m by multipacting in couplers — no
field emission to 10MV/m

A. Koveshnikov, et al., “Integration and Commissioning of the ARIEL e-Linac
Cryogenic System at TRIUMF”, ICEC-ICMC2014

27
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ICM, ICM2 and ACMuno Measured Q-

.
BEFR 7 N A O R T I
1.E+10 S e ——— S M —
Qo L R s sIeMI 2014
i i i i i i i : i | i i m ICMI1 2016
| 4 ACMuno 2014
| eICM22016
1.E+09

2 3 4 5 6 7 8 9 10 11 12 13 14
Ea, MV/m

ARIEL cavities installed in ICM, ICM2 and ACMuno meets
specification Qo=1e10 at Ea=10 MV/m

28
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ICM and ACMuno gradient

# ICM cavity ok!
18 # FPulsed 2% duty ¥ =0.0765x2157 4 ——— e
16 m oW E ~=

14 Powrer (Pulsed 2% duty)

12
10

Pforward (kW)

ICM

=T RN
|

0 2 4 3 8 10 12 14
Ea (MV/m)
16
€ CW ACMuno
14 — Yy = 0.1066x296%
Power (CW ACMuno) /
12

10 /

Pforward (kW)

O N b O ®

Ea (MV/m)
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A SC RF DEFLECTING CAVITY FOR THE ARIEL e-LINAC
SEPARATOR

The future ERL extension of ARIEL e-Linac RF Dipole Cavity
requires separating the bunches for either the TE11-like mode
ERL or RIB at the end of the linac at 650 MHz

HOM
Dumper :

To RIB
[ = # EHBT _ Production

EHD a4
75 MeV/ % -
ST Vrf=0.3MV
Prf= 0.2W @ 4K
Nmﬁ] Parameter Value Units A
_ ' F f th ting mod 650 MHz
Frequency of the fist HOM 935 MH RF Coupler

[ Cavity length 177 mm

} Cavity diameter 210 mm

! EACB| 13 Nominal (Max) cavity voltage, V, 0.3 (0.6) MV

| QE SEPTUM| Shunt Impedance. R, /Q 625 Q

I . Geometry Factor, G 99 Q

+ ity RLRs 62x 10 Q?

I T Peak electric field, Ep 9.5(19) MV/m . . .
At i Peak magnetic field, B, 12(24)  mT Cawty fabrication
aia EAcA| [

: - , development for

) _1: o - TRIUMF
1< \ & machine shop

30
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CHARACTERIZATION OF SRF MATERIALS AT THE

TRIUMF puSR FACILITY

magnetic field.

u The method is using to characterize the sample
superconducting state, particularly the transition from
Meissner state to mixed state at different external

b=
o

Nb Ellipsoid at 2K

=

=
o

Positron

detector

| -m=EP, 800C

=
Y

MNormalized Asymmetry
(= (=}
It o

]

50 15[] 2[]0
H (mT)

(=]

4.‘-'.' ,—"" o ‘»“‘
-
LR 4 + ==EP, N-dope
=@=EF, N-dope, EP \
Positron =T
detector e E P
. i T
~1

muon beam

Since 2010 the SRF group at TRIUMF has been
using the uSR technique to characterize
materials and processing techniques typical for
the SRF community using the TRIUMF surface

31
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ICM2 Cryomodule for VECC

Production
efficiency of
85% 2 K can be

2K production efficiency(%)

B ‘ achieved
S R S S S foial ICM2_
2 e ———————————————————————————— . .
o ICM2 meets specification of
’ 0 5 LR . 2:0 25 30 QO=1 81 O at Ea=1 OMV/m
Einj NMeV 0.3
Eout NeV 10.4
Ea caculate by beam energy MV/m 11.93714 .
Ppm dBm 3.76 B0 ==sss peeeerrooTyvreey .
Ea caculate by pick up signal 11.09019
pick up Q 4.97E+10

View Serven Camare: D CANST

e [0 o |

D o e e

Copy of eLINAC Injector
cryomodule ICM2 was made »
at TRIUMF for VECC project Stable operation at Ea=12MV/m was

and successfully e achieved during beam test in Sep
commissioned online in 2016 =~ == ==: = 2016

32
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IOT Transmitter for VECC ICM

CPI10T VKL 9130A 1= - . TRIUMF Power Coupler

30kW CW 1.3GHz in Bruker. N Test Station: 4 pairs of

Transmitter was \ | =) = TRl 50\ CP| VWP 3032 were
Installed atTRIUMFln 2012 - e conditioned

I

Transmitter and

2 pairs of 4kW 1.3GHz NS s 0T shipped to
Y 1 o L..iuj'»:(. . . — Coupler Port | VECC (Indla) In
couplers for SLAC LCLSII 1.4
. - July 2016
project were conditioned 3
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SRF tests of RISP QWRs and HWRs at TRIUMF

-+ L 3 "
T b ¢ i = . v e
X Q-diseaseQo | L S T X :
* ) 4 Cal — % % Bake 4K
= 120um Qo o ex— T8 PF L — % 4
X —— — T
§ LE+09 1E0s @ lEmma § 1.E+09 — .  Bake 2K
o i F  X135um after 2K cond. Qo pis % .,' F g Initial 4K
*  Xackeedoo o [mmmmmmmmmmmmTIE B e e X Initial 2K
& * : 6.7 e8 w/ 10W:
135um X-ray 3 r % 100K Soak
® 135um after 2K cond. X-ray N % ‘_j;(_ % :
; . :
® Jacketed X-ray Hk—-% L
1.E+08 . : . . . . . . . : . . : : 1.E07 LE+08 T T T T T T )
o 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 0 1 2 3 4 5 6 7 8 9

Gradient /Mv/m Eacc MV/m
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BALLOON VARIANT OF SINGLE SPOKE RESONATOR FOR RISP

Ballon shape effectively suppresses the MP by moving
barriers to lower field levels and narrowing them

g: 1 1 1 4
f% O2f - ]
5
g
S E Y | 4 B . S anr GEC T TP LR
g:lq ]
ool r‘
_|:|‘1_' /| ,[ﬂ L E L " “ 1 1 N 1 1 L M 1 1 1 " 1
0 2 4 5 8 10
Avcelerating Gradient (MVim
- — Parameters Beam Tube Value Units
Parameters Value Units Stress @ Fixed 350
Frequency 325 MHz 1bar Free 361 Mpa
p 03 1 - _
E_ dfrdp Fixed 2.5 Hz/mbar
LEE=]3L 0277 m Free 1.6
Fixed -19 .
E/E )2
JE 38 . 1 LFD Free 109 Hz/(MV/m)
BE 6.1 mT/(MV/m) N/A 444 kHz/mm
R/Q 233 Q Tuning N/A 18.2 EN/mm
G 93 Q N/A 1298 MPa/mm

The cavity prototype fabrication is under preparation
85
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Variable Test Couplers for FRIB

/5
3
7‘,

Variable test couplers were developed at TRIUMF
for FRIB QWR and HWR SRF 2K-4K ‘jacketed’

\ \\1\\\\\\M|HI\\Hllhﬂml\I\h\lhlh\hh\llﬂ\HﬂﬂhﬂmﬂN\H\hﬂIﬂ\\\1|\|\M|HIH\Hhh\hhﬂl\\

W

tests
*100 W CW 500 W in pulse mode at DF=10%
*80-350 MHz

[ HHH HIWTHHjHWHH I\TIT
l\l‘\LHIJ‘W'J‘I\‘IH\IIIII\‘HHIII“HI‘\IJHIHHHJHIJWJHIIJHIIJ\IWJ\,I} -

SUIIES

*50mm stroke
*Cooling with LN2

- 1st two Couplers were successfully used for FRIB
---------- _— = cavities tests

w. [ 2" batch of 4 couplers was shipped to FRIB in Nov
2016

36
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SRF Technology Developments

Vertical EP

&.

s

g

DRDAE |\ —

a3

7777 |

T-map

Multimode test cavities

Induction Oven:
Degassing, N-doping
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* ISAC-Il is in 24/7 operation since 2006

» eLINAC phase-| of 15t stage consisting of 2 SC 9-cell cavities in

ICM and ACMuno has been commissioned with 23 MeV beam test
« 1st stage completion of ACM with 2"d cavity is expected in
2017

* eLINAC ICM2 has been fabricated and commissioned at TRIUMF

* TRIUMF is running SRF developments and uSR material study

» Work for External projects

*RISP
* SRF tests of QWR and HWR prototypes — completed
 Balloon Spoke cavity fabrication preparation is in a process

* FRIB
» Couplers for QWR and HWR test — designed. 6 couplers
delivered to MSU

 SLAC
* 4 power couplers has been conditioned

38
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