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Fast Kicker in the JLEIC Circulator Cooler Ring

** ERL-based electron cooler ring
¢ Single-pass ERL cooling
~200mA,476.3MHz magnetized electron bunches
¢ ~1.5 A cooling electron beam current for powerful cooling
high current magnetized electron source; HOM damping in the SRF ERL;
high beam power at the dump.
¢ Multi-turn ERL-CCR Scheme
reuse electron bunches for 10~30 turns in the CCR,
reduce the beam current and bunch repetition freq. to 1/10~1/30 in the ERL

*» Fast Kkicker for electron bunches exchange between ERL and CCR
multiple harmonic modes generated by a group of QWRs.
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Harmonic Kicker Waveform Synthetize

Kick every 10™ bunch as an example [UGEERES S EE S0 (B B R H S Equal-
(MHz) Top | Gradient | Modes | Amplitude

47.63 0249 0180  0.200 0.100
10F A ' ' ' = 1 9526 0227 0160  0.200 0.100
§ 0sl | 142.89 0192 0140  0.200 0.100
s [ Flat-Top 190.52 0.148 0.120  0.200 0.100
<EE 0.6 Least-Modes 7
- Zero-Gradient 238.15 0.100 0.100 0.100 0.100
O 04} Equal-Amplitude i
X = Bunch 285.78 0.053 0.080  ---—-- 0.100
©
N 02 1 33341 0.012  0.060  ------ 0.100
(4]
€ 00 A 381.04 -0.022 0.040 - 0.100
O
< o2 | 42867 -0.044 0.020 - 0.100
0 s 10 15 0 4763 -0.055  -eeee- oeee- 0.100
Time (ns) DC 0.140  0.100 0.100  -----
Total 1.000 1.000  1.000 1.000

Ref: Y.Huang, H.Wang, R.A.Rimmer, et al. Phys. Rev. ST Accel. Beams 19, 084201 (2016)
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Tracking Simulation in ELEGANT

» With two Kickers separated 180
degree in Betatron phase

Kicker 2 Kicker 1 advance, emittance growth due to
N'VV < Ap,=n ;V’ the residual wave slopes between
-~ : the Kicking pulse can be totally

cancelled.
Emittance growth mainly comes
from the injection and ejection
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“Flat-Top” plus “Least-Modes”

Introducing the highest modes(476.3MHz, Mode Flat- | Least- Least-Modes
at the inverse phase) to the Least-Mode
(MHz) Top Modes  +476.3MHz

scheme, and adjusting the amplitude the
DC offset. CYAGRE 0.249 0.200

el 0227 0.200
—— — 1 BEREEE 0192 0.200
| BN 0148  0.200
kil 0.100  0.100
285.78 BOXEE
KRV 0.012
SEE 0 -0.022
428.67 I
350 -0.055
P o DC 0.140

0 5 10 5 20
. Total 1.000
Time (ns)

—Flat-Top
Least-Modes Waveform+Highest mode
® Bunch

Normalized Kick Amplitude

-0.090
0.100 0.190

1.000 1.000

10 Harmonic +DC 6 Harmonic +DC
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QWR-based Deflecting Cavities

The electron bunches
traveling through the
cavity will be deflected
by both the transverse
electric and magnetic
fields.

|||||||||||||||||||||||||||||||||
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Z-direction
(beam axis)

<€

The effective transverse Kick oo . .

voltage of the nt* harmonic mode Vv, = j [E_(z)cos(—)+cB  (z)sin(—)ldz
i . A 4 A

can be calculated from: oo " "

The total Kick voltage from all

N
harmonic modes is: Vi=V,+ Z_; V, cos(nwyt+¢,)

The relationship between cavity
number M and maximum M
harmonic number N can be 2 T 1 < N

supported as:
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Discussion on the Recirculation Number,
Harmonic Number, Cavity Number

_ Flat-Top Scheme Least-Mode +476.3MHz

0 1 25 30 6 8 13 16
; 4 5 5 33 + s

eI s e I 5:3:1:1  [8:4:2:1 13:6:3:2:1 [15:8:4:2:1 5:2:1 7:3:2:1 [8:5:2:1

Mode in Cavity#1 13,579 13,5,791 135,791 13,5,7911 135 1,3,5,7,15 1,3,5,7, 1,357,

1,13,15 1,13,15,1 ,13,15,17,1 9,11,25 9,11,13,
7,19,21,2 9,21,23,25, 15
3,25 27,29

Mode in Cavity#2 2,6,10 2,6,10,14 2,6,10,14, 2,6,10,14,1 2,10 2,6 2,6,10 2,6,10,1
18,22 8,22,26,30 4,30

Mode in Cavity#3 4,12 4,12,20 4,12,20,28 4 4 4,12 4,12
Mode in Cavity#4 8 8,24 8,24 8 8
Mode in Cavity#5 16 16
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4-Cavity Model Based on Flat-Top Scheme

Time (ns)

Normalized Kick Amplitude Normalized Kick Amplitude

0 5 10 15 20
Time (ns)

5 harmonics 47.63MHzx1,3,5,7,9

3 harmonics 47.63MHzx2,6,10

i harmonics 4763 Nikizsd I'r
ol

1 harmonics
47.63MHzx8

O=70mm

0.2m

. Caleulated electromagnetic parameters of each mode for room temperature copper.

Cavity Operation Frequency Qo Flat-Top Kick  Transverse Shunt Impedance J Dissipated Power
(MHz) Voltage (kV) (1) (W)
17.63 8586 13.711 7.527E6 24.98
142.89 14689 10.532 3.954E6 28.05
Five-Mode Cavity 238.15 18973 5.503 2.916E6 10.39
333.41 22472 0.630 1.859E6 0.21
428.67 25536 -2.432 1.131E6 5.23
05.26 12002 12.462 1.080E7 14.38
Three-Mode Cavity 285.78 20784 2.917 4.082E6 2.08
176.3 27056 -3.011 1.560E6 5.81
One-Mode Cavity 190.52 15298 8.129 1.153E7 5.73
One-Mode Cavity 381.04 19435 -1.209 8.861E6 0.17

DC Offset 7.768

Total 5] 3.117E7 97.03
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Straight Taper and Stub Tuner Design
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Taper Iteration Number (No.) laper
With taper design, the frequencies of all harmonic modes can be optimized to be odd multiple
harmonics, the errors are within +/- 0.001% from their targets.

Manufacturing and other errors can be tuned back by the stub tuners with a similar process.
Stub tuners insert 25mm as the baseline of taper to get a bi-directional tuning range.
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Half Scale Copper Prototype

Half scale copper prototype

with 5 odd harmonic modes:
95.26 MHz
285.78MHz
476.3MHz
666.82MMHz
857.34MHz

Beam pipe Input coupler port

31.85 inch

2 inch 6 inch
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Some Fabrication Detail

EBW of the outer conductor EBW of the outer conductor
with the tuner pipes with electric end flange

- -
o -
N .
o
iy
o B

EBW of the inner conductor to the Magnetic End flange and .
thread connection with the Electron End Cap Loop coupler and pickup antenna
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Resonant frequencies and tuning sensitivity

~3126 -2693 —17.80 +3.465 +9.370
Resonant frequency measurements. 4803 +33.07 +8583 —1003 —9.134
Target Frequency Measured Frequency  Frequency Shift M, =|+47.09 -1269 -180.2 -150.2 -104.3
(MHz) (MHz) (%) —-153.5 —-216.8 +74.25 +20.08 —265.5
95.26 95.420 +0.17 —404.6 +97.17 —-401.0 +14.33 —422.1
285.T8 285.950 +0.06 Tuni ix f t .
476.3 476,785 40.10 uning matrix form measurement, m; is
666.82 666.906 +0.01 the 1rst order (linear) frequency response
857.34 857.827 +0.06

of mode i to tuner j in units of Hz/mm.

-“¢

<°\ 0.18 | +df1]/f1-
< o161 —e— df2/f2]]
£ A df3f3) mode f |n VNA
o 014+ v df4/faf
@ 010f ]
= L
g 0.08 | .
(I i i : 0
5 21 the tuning value h_ at
0.04 - -
= each stub tuner
= 0.02-— -
S 000} -
zZ L -
0021 : : s Ak, = (Ah, Ah, Ah, Ah, Ah) l,True

~——Done

Turning Iteration Number (No.) M, Ah =Af,
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Transmission and Reflection Coefficients,
Unloaded Quality Factor Q Measurements

) | S 10k 1
S ® 1T 7T
o 90r o
o 2 08}
E 1 <
= <)
S -80f ©
® = o6}
= ®
8) 100 g
-4 = 04t |
£ 1 c
& -120 | = o2} -
_140 N 1 " " 1 " 1 0.0 1 1 L 1 L 1 1 1
2.00E+008 4.00E+008 6.00E+008 8.00E+008 2.00E+008 4.00E+008 6.00E+008 8.00E+008
~ Frequency (Hz) Frequency (Hz)
Py B
Unloaded quality factors from the simulation and
measurement.
Mode(MHz) CST Measurement Error
095.26 5665 5301 -6.43%
285.78 977 9277 -5.04%
476.3 12531 11282 -9.96%
666.82 14834 13152 -11.34%
857.34 17109 14095 -17.62%
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Distribution of Different Field Components
Along the Beam AXIS form CST

1.4x10° T
—— 95.26MHz —— 95.26MHz — 95.26MHz
1.2x10° —— 285.78MHz]| 12x10° - — 285.78MHz I —— 285.78MHz
——476.3MHz —— 476.3MHz Py 1.2x10° |- ——476.3MHz
= 5[ ——666.82MHz|| = 1.0x10* | —— 666.82MHz ) 3 —— 666.82MHz
N 1xio —es73amkz]| R X —— 857.34MHz N 10x10° - ——857.34MHz
= = 8.0x10° - NJ: I
S 8.0x10°H e o £ soxio’t
Y Y 3| > i
2 soxiot} < 60x10 S eox10°f
S 4.0x10* - &=, Aoy S 4.0x10°F
L w s T -
2.0x10° F S 20x10°F
2.0x10* |- N [
0.0 0.0
0.0 1 n 1 n 1 1 1 n 1 n 1 n 1 " 1 i 1 1 1 1 1
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Longitudinal Distance (mm) Longitudinal Distance (mm) Longitudinal Distance (mm)

* The dominant Field component is the
deflecting electric field Ex

* The longitudinal field Ez is much smaller
than the deflecting field(maximum 10% in 1
magnitude squared). ¥ (beam axis)

......

v

* The magnetic field Hy is much weaker, and much smaller for the lowest
harmonic mode (0.1% in magnitude squared) and relatively larger for the
highest harmonic mode (6% in magnitude squared).
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Bead-pull Measurements

::::

Aluminum pillbox cavity
operated in TMO010 is
employed to calibrate
the bead form factor.
Aw g0l E|? Uol|H|? Left: Longitudinal factor
U Right: Transverse factor
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Bead-pull Results Compared with the

Simulation Results
_Dielectric Bead Metallic Bead

= 25¢10™ . - 4.0x10™ — . ——
2 =) —— 95.26 MHz-Measurement —
(0] —— 05.26 MHz-Measurement 8 3 5 10_14 i —— 285.78 MHz-Measurement i D
% 0 —— 285.78 MHz-Measurement 14 -9X —— 476.3 MHz-Measurement g
B 20x107 476.3 MHz-Measurement |7 + = —— 666.82 MHz-Measurement || =
£ = —— 666.82 MHz-Measurement | | 2 S @ _ 3.0x10™r ——857.34 MHz-Measurement | 2
) 3_‘ 857.34 MHz-Measurement &) 3 £z | e S— == ]} 95.26 MHz-Simulation TR
SO st VO ad |} 95.26 MHz-Simulation 5% %9 ol AR ] ) 285.78 MHz Simulation || & %
e T | RN ] e 285.78 MHz-Simulation § T 2 X107 476.3 MHz-Simulation & L
0= 476.3 MHz-Simulation 20 axX TRIAE 0 ) e 666.82 MHz-Simulation = 3
S e R 666.82 MHz-Simulation || 5 & g N 20x10™F 857.34 MHz Simulation  H 5 %
SO 1000t 8734 Mhz-Simuatin |1 E W = E &
2o st S x ] =
5 & D8 3292 150t {0
Q g .8 d -6 @ T N
0 15 N 1R © < 0] L
m— 50M0°F 1=%« o L qox10™f { & e
g EL ‘ g ¢
‘E 5 ‘E? 2 15 E d
0 = 5.0x10" | {6 LWL
g 00F "rmﬁ-mr-rmn— e {2 % Z (\lll\Jj

= 0.0F - #evpuisaiin 1 £

-5.0)(10-15 | 1 | | | 1
-150 -100 50 0 50 100 150 -5.0x10" ' . . . : ' ' . ' . -
-150 -100 -50 0 50 100 150

Longitudinal Distance (mm) Longitudinal Distance (mm)

Measurement results agree well with the simulation results.

The longitudinal electric field Ex and the magnetic field Hy are too weak to be
separated out.
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Modes Combination Experiment

A The mode combination results with each

J /_W" L mode added in turn starting with the lowest

Signal generator

ie —D mode.

Combiner \ Signal generator

—

‘ Signal generator

'\ Signal generator .

(Trigger Reference]

\ VNA

oscilloscope

/\Aeﬁ

VT VT

N
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o
=
Q
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/\VA_\/

Comparison of the combined kick pulse
captured from the oscilloscope display with
the simulation

AN ‘\ /\/\, v
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Conclusions

An ultrafast RF kicker concept suitable for the JLEIC bunched beam
electron cooler ring has been demonstrated.

By using four QWR based deflecting cavities, 10 harmonic modes with
the distribution 5:3:1:1 can be generated, with an additional DC offset, a
Flat-Top kicking pulse can be synthesized.

The cavity was designed and optimized to get high transverse
impedances so the sum of the RF wall losses in all four cavities is less
than 100 W for a kicking voltage of 55 kV.

A half scale 5-mode prototype copper cavity was fabricated and bench
measurements were taken on this prototype cavity, which showed good
agreement with the simulation result.

Further investigations on the HOM damping for high current operation is
under way.

Real vacuum compatible cavities are planned to be desighed and
fabricated in the near future to measure the actual kicking effect on an
electron beam.
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