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The history of the photocathode RF gun study at THU

First beam at THU BLEAAMIY

i . s o o

! 2001-2006: 1+ 12006-2009: 20d ! 2009-2018: 3¢

Modifications of BNL gun  Collaboration with BNL  Single feed, dipole and quadruple field are
suppressed with 4-port, large mode
separation, removable or fixed cathode

X He, CX Tang. ot al, HEPENP, Vol.20, Lower dark current 100-120MV/m with low dark current and
X Guan, CX Tang, et al, NIM A 574 Max cathode field: low BDR, successfully applied at TTX,
%;(Illéi_tlcs;x Tang et al, IPAC2011, TO6, 80_110NIV/m DCLS’ SXFEL, XGLS

E>HJ Qian, YC Du, et al, FEL2012, MOPD55

B>Zhe Zhang, CX Tang, PRSTAB 18, 053401
(2015)

B LM Zheng, et al, submitted to PRAB
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Gun R&D at Tsinghua University for SHINE

2019.03.08, MOU sign between Tsinghua and SHINE « VHF NC RF gun, CW mode

BWXHFEXEHBEFHAXEME u'f’EééJ

» Two photocathode RF guns will be developed
for SHINE at Tsinghua.



2. R&D of the VHF CW gun
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SHINE facility's requirements for CW electron gun:
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parameters value unit
Gun operation mode CW

Gun cathode gradient >25 MV/m
voltage >750 kV
Bunch charge 10-300 pC
Repetition rate 1 MHz
Emittance at the end of the photoinjector <0.4 @Tmm rms@100pC um
Dark current <400 nA
Vacuum in the gun <2x10-9 Torr




Physical design of the CW gun @ ¥4%
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Basic consideration on VHF gun design

The Gun resonant frequency is designed to be 216.67 MHz(1300/6).
This frequency is higher than the APEX gun (186 MHz).

U Advantage:
1. Compact
2. Higher cathode gradient

- Disadvantage:
1. Higher surface electric field
2. Higher wall power density



Physical design of the CW gun NEZS
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After careful optimization of the gun profile, the rf parameters are as follows:

35 ' P : : i AN
30 /
177 Frequency 216.67 MHz
250 | | Cathode gradient 30 MV/m
_ab | Input power 90.4 kW
é . Maximum surface electric 36.99 MV/m (2.5kilp)
157 field
.l Maximum surface power 28.45 W/cm”2
density
St Voltage 868 keV
Stored ener 2.24 ) : :
’ 25 -2 : = E field H field
Quality factor Q, 33717
Shunt impedance 8.34 MQ




Physical design of the CW gun

Gun profile optimization to reduce the multipacting:

N,(t) = Ny X 10%" ais the growth rate

tEEE

Tsinghua University

(@) gunshape 1.  (b) gun shape 2. |

Reduce the radius

Change rounded corners

to elliptical

T

T

T

— APEXA6
— T (a)
e JEETE (b))
— T ()

10

15
E_, [MV/m]

20

The designed cathode gradient: 30MV/m

No multipacting for gradient higher than 16MV/m

25

30



Physical design of the CW gun EZE
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Cooling tube design of the VHF gun:
23 independent water cooling pipes :

» 10 in the cathode end cap;
» 4 in the cathode nose;

» 5in the anode end cap;

» 1in the anode nose;

> 3 on the rf wall.

Initial water temperature: 300K
Maximum pressure difference in the pipe : 0.12MPa
Total flow rate : 25.7 m3/h

9



Physical design of the CW gun

Temperature distribution of the VHF gun:

Input power: 90.5kW
Cathode gradient: 30MV/m

Temperature

[C]

58.0
54.9
51.8
48.7
45.6
42.4
393
36.2
33.1
30.0
26.8

Temperature

[C]

58.0
54.9
51.8
48.6
455
424
39.3
36.2
33.0
29.9
26.8
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Physical design of the CW gun

Distribution of deformation and stress:

Total Mesh Displacement -_ Von Mises Stress

138.1 50.0
125.0
111.8

45.0
40.0
98.6
723

35.0
59.2

Total Mesh Displacement
102.4

922
81.9
71.7
61.4
51.2
41.0

30.0
25.0
20,0
15.0

30.7 46.0 ) 10.0
20.5 . 32.8 Deformatlon 5.0
‘ Deformation o oo
103 : due to vacuum e
0o due to vacuum oy and rf
[micron] [micron]

P>

The gap between anode and The aao between anode and The maximum stress in
cathode is reduced by 133 um 9gap the copper part is less

cathode is reduced by 155 um
due to the vacuum due to the vacuum and rf than 30 MPa

corresponding to a 138 kHz

frequency shift. "
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Physical design of the CW gun

Vacuum simulation:

Gradient
145e-10
135e-10 140e-10 145e-10 150e-10 155e-

Shiow; |Prassuru [ribar] t]

outgassing/area (mbar*|/s/cm”2):
copper 4 5e-11 (OHFC mech. Poli 25h)
stainless steel 3.0e-12 (304 Varian std cleaning)

NEG pump: 24*400 L/s;
lon pump: 300 L/s

cathode: 1.45e-8 Pa 12



Beam dynamics simulation

CRYOMODULE "; ________ -‘.‘

VHF g;;l_‘ : B[NCHEELZ CAVO ( CAV1 CAV2 ;E r,i CAVSE ]
Brrab fYrYYYYY'™ [aansasnssas N asssssass N asd 7 FrrYYYYYY™NR
BE1d 0 Ghbdddddddd LW Chdbbddddd Gabl oV WJ

40 . T 10.1
— 207
SN
S 01 10 0 =
2 o 0o E
W oopt

-40 ' ' '-0.1

0 5 10 15

z(m)
Optimization setup:
» A parallel processing MOGA is implemented to drive ASTRA simulations for optimizing
the injector, written in Python language and using MPI for communication

» 18 variables. Objectives: emittance, bunch length

» 100 pC charge. 50000 macro particles. 1 mm mrad/mm thermal emittance. 13



Beam dynamics simulation (EZE

Tsinghua University

CRYOMODULE '\; _"_""-‘..
VHF g;;]_.l B[xCHEELZ CAVO CAV1 CAV2 ;E r,*: CAVS ]
G BT JEJ VVVVVVVeY. LM I w jhd WJ
Variables range A
laser duration (ps) (15,60)
beam size (rms mm) (0.05.0.4)
gun phase (-20, 20)
SOL#1 position(m) (0.3,0.35)
SOL#1 field (T) (0.04.0.07)
BUNCHER to SOL#1 distance(m) (0.5,1)
BUNCHER phase (-90, -30) .
BUNCHER field(MV/m) L3  temporal flattop laser with 2 ps edges
SOL#2 to BUNCHER postion(m) | (0.5, 2) * transverse uniform distribution
SOL#2 field(T) (0.01,0.07) « maximum cathode field 30 MV/m
CAV#0 field(MV/m) (10, 30)
CAV#0 to SOL#2 postion(m) (1,3)
CAV#0 phase (-30, 30)
CAV#1 field(MV/m) (10, 30)
CAV#1 to CAV#0 postion(m) (2,5)
CAV#] phase (-15,15)
CAV#2 field(MV/m) (20, 30)
CAV#2 phase (-15, 15) 14
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Beam dynamics simulation

mu |t|-0bj€Ct|V€generaﬁon 100% emit 95% emit Bunch length H.O.energy spread
231 . ( ) 400 0.146um-rad 0.118um-rad 1.075mm rms 3.46keV rms
a
®
2 3 380
£ 15 10
= 2 360
£ .
E
340
6" 10z < of , -
= [T, 5
320 s ..%N :
. . . = o
0.1 0.2 03 0.4 15 o -0} -
e(mmmrad) (d)
0 -20 : ‘
4 4 -2 0 2

single-objective
f=emitx+ max((abs(sig-1)-0.1),0)*4

LPS with 1t and 2™"¢hirp correction

| ®)
3 | Set thermal emittance 0.5umrad/mm
N 100% projected emittance 0.1umrad
k 00147 | 95% projected emittance 0.075umrad

Generation 15



Emittance optimized at 1 mm rms bunch length

Beam dynamics simulation

100% emit

Bunch length

H.O.energy spread

0.146um-rad

1.075mm rms

3.46keV rms

single-objective

f=emitx+ max((abs(sig-1)-0.1),0)*4+hosp/20

p(z) = py + c1z + 2% + 0(23)

100% emit

Bunch length

H.O.energy spread

0.179um-rad

1.081mm rms

0.92keV rms

3.9 GHz harmonic cavity added
\oltage of the cavity is 70 kV

100% emit

Bunch length

H.O.energy spread

0.193um-rad

1.03mm rms

0.6keV rms

Ap_(keV)

Ap_(keV)

1000

500

-500

-1000
4

1000

500

High order energy spread optimization

110

(10

115

current(A)

115

current(A)

Ap_(keV)

Ap_(keV)

current(A)

A P, (keV)

(EFS
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(b)
2 0 2
z(mm)
(b)
0 2
Z(mm)



Beam dynamics simulation (EZE
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LH L1 HL BC1 L2 BC2 L3 L4 Dechirper

Litrack is used to simulate the longitudinal dynamics in the main accelerator. The voltage
and phase of L1 and HL, the phase of L2, and R56 of BC1 and BC2 are selected as the

variables to optimize the final current distribution, targeting for flattop distribution. The
dechirped is assumed to perfertly remove the first order chirp.

Longitudinal phase space and current distribution

4 4 4
q X107 | | | q X107 1 x10"
12 12
> 0] 1.5 S o) 15 < 0
1.8kA < T & z 2
. N 11 = N 11 = N
o - o _— o
J -1 q a1
105 105
- e 0 -2 — 0 2 = 0
-0.04 -0.03 -0.02 -0.01 0 0.01 -0.04 -0.03 -0.02 -0.01 0 0.01 -0.04 -0.03 -0.02 -0.01 0 0.01

z(mm) z(mm) z(mm)

17
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Machining and cold test of the prototype gun

Mechanical design of the prototype gun PRREE wmmmBA L

Cathode plate BFI % % 4 3

FEAR % =

S R

Vacuum wall
N

BH %%k 2
NEGR # #: ik = - FF| 4% 3£ £ 31
FF| 4% A
rf & 4t

Load-Lock
HEHEH

7 A # 48 JE AR
Anode plate

18
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Machining and cold test of the prototype gun

P NN
F ‘Q\

Y N
Anode assembly after final machining Cathode assembly after final machining

19



Machining and cold test of the prototype gun

Cathode assembly three-coordinate
measuring results :
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The inner profile machining error is less than
12 microns
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Machining and cold test of the prototype gun

Anode assembly three-coordinate
measuring results :

100 T T . . T 0.05
90 f 58 B g 10.04
i i o
80 i 10.03
i
70 x ¥ 10.02
¥
60F T kgx¥ —- « ¥ @& 4001 _
= * ¥ X £
_ x X B £
% 50 H*K . Kk 0 =
<
40 + @ +1-0.01
H
30 - = £ 1-0.02
rrg O y measured
20T + y nominal {7003
10 - * Ay o +-0.04
¥ +
0 1 1 L L I 1 -0.05
0 50 100 150 200 250 300 350
X[mm]

The inner profile machining error is less than

20 microns
21
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Machining and cold test of the prototype gun

Manual polishing of copper surface

Roughness of the

copper surface is less
than RO.1

22
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Machining and cold test of the prototype gun

Cold test of the prototype gun: Q, =3.20e+04, (1=0.484

\ “.w
‘ 5 , :
— 3 . LT )

Pz

S11/dB
n

s S11 curve

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
|

f, =216.8650
1 1 1 1 ‘ 1 I 1 1
216.84 216.85 216.86 216.87 216.88

f/ MHz

-10

The measured frequency is in consistent with the design.
The quality factor is 5% less than the design.
Quality factor in design: 33717

Quality factor measured: 32000 93



Machining and cold test of the prototype gun

Cold test of the prototype gun:

The coupling of the electric probes on the gun

measured by a vector network analyzer.
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7@

521 dbMag 5dBf Ref-60dE Caloff 1w
+M1 21EEIZ07E MHz | -33.4554 dB

Coupling -39 dB

Thi Center ZIETEMHz Pwr -10dBm Be 10 kHz Refl OSM P Span 500 kHz

(a) Probel ¥&illZ%%

The degree of coupling can be
flexibly adjusted by changing the
length of the probe

24
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Machining and cold test of the prototype gun

4 r 100
Tuner test: frequency deviation 180
30 3 — phase deviation ] 60
E 20 - - 40 v
=< 10 < 120 ib-n
e | ush 1o =
= 0F P {0 =
1-20 =
g‘-w pull 2
- -40
£ 220 _ > .
~-60
-30 - --80
A0 B, PR PR | R | TP | PR P | PP -100
-800k -600k -400k -200k 0 200k 400k 600k 800k
Step Number
-3kN 0 3kN

s > The frequency shifts from -30 kHz to 30 kHz when the force
> of asingle tuner scans from -3 kN to 3 kN. The frequency
shift sensitivity is 2.5 kHz/kN. The phase change range is (-80
deg, 80 deg).
> The maximum total force of the four tuners is (-40 kN, 40
kN), thus the maximum frequency shift is (-100 kHz, 100 kHz)

25
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Conditioning of the prototype gun

The power source and the electron gun are connected by a coaxial waveguide :

60kW
Power source

26



Conditioning of the prototype gun
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Test of the LLRF when the input power is about 1 kW under CW mode
The time jitter under closed-loop control is 44 fs, and the amplitude jitter is 29ppm

a br
rms_phase = 44.41 fs hase a
200 1 rms_phase_slow = 5.09 fs ph - |
rms_phase_fast = 44.07 fs phase_a_slow
150 1 count_p2p_phaje ¥ 398
100 + ‘ | |
—~ 504 | | [ |
Q | A A L K ! I |‘ ||\“|‘ ‘ || .|]||||" ‘||\\
g i
phase i o
i it ol | (i 1l ll
—50 o 1 | I i | II. 11 || II T T 1| ‘
—100 - |
—150 1
_200 E T T T T T T T
0 2500 5000 7500 10000 12500 15000
time
rms_amp = 0.29 %% amp_cha
rms_amp_slow = 0.1 %% am _cha slow
204420 A rms_amp faft = 0.29 %% p_cha_
cournt_p2p_a p:B
] |
204410 | Wik ‘ |
=
c
=1
1 g
amplltudeg
204390 +
204380
T T T
0 2500 5000

T T T
7500 10000 12500

T
15000
time



Conditioning of the prototype gun

Multipacting observation:
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0.06 T T T
o —— APEXA( i
. _ — — i
, £ 004 e !
FA¥E=04 IMHzVal [0 R RARIED O:pidupbliF. & K . - = }J*}F;(c)
AR | [ L (Y 27 N EN E S Pickup signal for § 003 - i
050285 4 kW input power £
1.05E5 putp - £ o i
< 1.04E5 6.3 MV/m cathode gradlent o
51.03E5
0.01 .
S T S O S G e T 5
] ] 25 30
207 Pickup signal for
ol 27 kW input power
_ 16.5MV/m cathode gradient
e
0 20|
B
S a0t
(o °
The experimental results are
-60 - . . . . °
e consistent with the simulation.
-80 ' ! ! : : : : ' '
0 2 4 6 8 10 12 14 16 28
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Conditioning of the prototype gun
Vacuum change during the conditioning:

%107 i B :VHFVAC:PR1
| |

N
)]
I

10 Hz, increase pulselwidth from 200 us to 14 ms, RF —
power from 1kW to 27kW, the vacuum peak indicates
breakdown

N
I
|

gun vacuum [hPa]
. @
I I
| |

o
)]
I

start conditioningw LlHZ’ 27kW, 10ms, no obvious vacuum change stop conditioning
I ) - ~ I

0 1 1
27-73-2021 12:57:41 27-7/1-2021 14:01:42 27-7/3-2021 15:05:43 27-7/1-2021 16:09:44

» A high power test with 27 kW input power, 10 Hz repetition rate and
14 ms pulse width has been achieved.

» Due to the lack of shielded room, it is very difficult to add more

power or increase the pulse width. 2
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Work continued

The second gun, 1.e., the gun will be used on SHINE, is machining and welding now, and
will be finished at the end of September. We are also machining the third gun as a backup.

» We have found a suitable shielded room to do the conditioning of the second gun. We hope we
can achieve CW operation with >50 kW input power before the end of 2021. 30
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3. R&D of the L-band PITZ type gun

L-band PITZ-type PC RF Gun for kHz Operation

parameters value unit
Gun operation mode Pulsed

Gun cathode gradient  >60 MV/m
Repetition 1000 Hz

Bunch charge 10-1000 pC

31
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Physical design of the L-band PITZ type gun

Optimizations of the gun profile:

> Increase the disk iris thickness Frequency of Pi mode 1300 MHz

> Iris shape from circular to elliptical .
Cathode gradient 60 MV/m

» Curved gun corner
Mode separation between 6.81MHz

0 mode and pi mode

Quality factor Q, 25718
Shunt impedance 6.45 MQ
Es max/ Eacc 0.95

Input RF power(pulsed) T0MW max.

32



%44

Tsinghua University

Physical design of the L-band PITZ type gun

Increase the coupling factor from 1 to 2
» Shorter required pulse length

» Reduce the average dissipation power and

. 7 14
reflection power f P ystron=10MW,3.68115+6.98 MW, 0.51s ]
- P, =20.67kW ’

30 {ms SMIW P, 6 i : 12 B
528 _iﬁ o SE- P“}.sh.on=9l\m’,4.33ps+6.98MW,0.Spsg 10 Z
EZ 6 :,- I %4 - P P, =23.38kW E g %’
= 0 [ i =
.%24 % C ] —*é
'é B >3 i i 6 g
—22 ¢ s I ] =
5 5 B ] o
N <9 4 &
g 20 P N ] g
P R TS -+ K i
18 | 1 12 *
216 :
< SR PRI B B R 0 -0

1.0 1.5 2.0 2.5 3.0 3.5 4.0 0 S 10 15

Coupling Coefficient Pulse length/ps



Physical design of the L-band PITZ type gun N ETE
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10 independent water cooling pipes :

. G: Steadly-State Thermal
» 1in the cathode end cap; frmpagirm,
Unit: K . . .
» 2 in the disk iris; 2019122 1528 Temperature distribution:

« Input power : 25kW
« Cooling water: 300K &
3bar

« Max. temperature: <310 K

309.89 Max
= 308.82
307.75
. 306.69
305.62

» 2 on the half cell wall;

> 3 on the full cell wall:

— 304.55
30348
— 30242
301.35
300.28 Min

» 2 in the full cell end cap.

0022615 Max
0.020103
0.01759
| oo1s077
| 0.012564

| 0.010051
0.0075385
0.0050256
0.0025128
0 Min

Deformation distribution:

« Max. deformation ~24um
« RF frequency shift: ~50K

« Max. stress: <53Mpa in Cu

o

O

o)

(]

5]

o
|a

0opoDoo
e =
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Status of the L-band PITZ-type gun
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> A prototype gun has been developed and tested successfully with low duty
factor high power (~0.01%, 6.5MW) in the last year

» A new gun is being fabricated, and is expected to be brazed in October.
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summary

» The designed parameters of the VHF electron gun can meet the needs of the SHINE facility

» The machining and welding of the VHF gun has matured, and the VHF gun Il is expected to be
completed by the end of September.

» The cold test shows good results. The frequency response in the tuner test is in line with expectations.
» The conditioning of the VHF gun is in progress.

» The L-band PITZ-type gun is being fabricated, and is expected to be brazed and cold testing in
October.

36
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Thanks for your attention
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