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1) Motivation
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To realize UCXFEL low MTE
photocathode necessary

1D scaling for brightness with
squared launch field and inverse T
for near threshold emission

Dedicated extremely high gradient
cathode test bed > 120 MV/m in
cryogenic temperatures < 100 K
becomes advantageous
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@ 1) Background

» Broad interest in high gradient cavity development with focus on brightness

» Cryogenic breakdown reduction = higher accelerating gradients possible g0 T j
S _
» TopGun previous development in S-band E10'¢ Cuask E
w - u .
» More cryo manageable C-band 310k Hard CuAg#3 / 4
« Synergistic with additional concepts with broader applications =10-F Soft Cu 4
— Cool Copper Collider linacs; FLASH cancer therapy, etc. % ; é ]
o 10°F * 5
E - Hard Cu \ ;
g 107°F Hard E
(=] r ]
% -1[]—‘3_ CUﬂgﬁl -
i} .
m07" L AL ek
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Gradient [MV/m]

Next generation high brightness electron
beams from ultrahigh field cryogenic rf
photocathode sources

JB Rosenzweig, et al. - Physical Review
Accelerators and Beams, 2019
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@ 2) Test bed overview

« Schematic for simplest test bed for
measuring cathodes using
CrYogenic Brightness Optimized
Radiofrequency Gun (CYBORG)

1. Cathode testing at cryogenic
temperatures with high
gradients:

1. Dedicated high gradient RF test
stand for diagnostic development

2.  Cryo cathode load-lock development

2. Pathway to record high
gradients for improved

brightness:

1. Integrated infrastructure template
2. RF prototype, black plane etc.
3. Cryogenic dark current and breakdown

6/7/2023
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@ 2) Lab Overview

* CYBORG beamline not trivial task

* Robust program at Multi-Option Testing for High-field
Radiofrequency Accelerators (MOTHRA) laboratory
(right and below) to establish knowledge basis

 Suitable for cryogenics testing; C-band infrastructure
development; low energy (single MeV) beamline for
cathode studies

= " K
AL / sf}»_,,_,
o i C-band Klystron &  J} .
Madulator :

Laser Room
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@ 2) Gun Comparisons N,

1]

* During design and
production of CYBORG
Influence taken from
existing photoguns

« Compared here along
with two related
experiment designs

« Highlights also CYBORG
design phases

L-)

PEGASUS | Cornell CYBORG CYBORG Breakdown
Gun Cryogun Phase 1 Phase 2 Test
Cavities
Temp 295K 295K — 45K 295K 295K —under 295K —under 295K < 77K
65K 65K
Cathode Load lock Load lock Demountable Demountable Load lock Cu -
backplane backplane backplane

Accelerating 120 MV/imRF 10 MV/mDC 120 MV/m 120 MV/m 120 MV/m >250 MV/m >250 MV/m
Field RF RF RF RF RF
Frequency S-band - S-band C-band C-band C-band C-band
Laser Off-axis Off-axis Off-Axis On-axis On-axis Off-axis -

[llumination

6/8/2023 UCLA PBPL



@ 2) Diagnostics

« Beamline components
existing with mounts in
progress manufacturing and
modifying

y=1 x=-1
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0 50 100 150 200 250 300
Longitudinal position
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3) Thermal Balancing

@ |

« Primary initial and ongoing testing of CYBORG

examining thermal balancing

 Full power RF power into gun requires additional

radiation shielding underway now

« Accounting of major heat leaks below with

simulation of temperature gradients

6/7/2023

Temp {Kelvin)
1.200e+02
1.196e+02

. 1.191e+02
_ 1.187e+02
1.183e+02

. 1.179e+02

. 1.174e+02
1.170e+02
1.166e+02
1.162e+02

1.157e+02
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Temp (Kelvin)

2,950 +02

2,720 +02
. 24Me+02
. 22ele+0Z
_ 2032e +0F
1.802e+02
_ 1.572e+02
_ 1.343e +02
1.113e+02
8.836e+01

6.541e+M

Description Materials Equival
ent
Area

6” plug flange Stainless steel (CF 436
flange), edge welded mm”2
bellows

2.75” downstream Stainless steel (CF 85

flange flange), edge welded mm”2
bellows

Waveguide Stainless steel 588

mm”2

Supports Stainless steel, TBD
aluminum, G10

Diagnostic probes Copper wiring of 50
various gauges mm”2

Alignment rails TBD TBD

Radiation (MLI - 25000

shielded) mm”2

RF pulse heating

Pumping on dummy
side

Equival
ent
Power

<1W

Approx
0w
TBD
5W

TBD

<1W

variable

11



&D 3) CYBORG setup O

» Drop down gun section in external assembly frame (right)

» Successful bake with rubber heater tape between 120-150 Iy L AFEX
C (below) S
« MLI rated for 110 C, in situ possibility if higher and Dl

sufficient aluminum covering

» 107-8 torr on turbo pump sufficient before long term ion
pump turn on and addition of NEG pump

6/8/2023 UCLA PBPL 13



@ 3) Thermal Balancing study part 1

» Drop-down section placed
Into gun cryostat to right

6/8/2023 . UCLAPBPL



@ 3) Thermal Balancing study part 1

» Drop-down section placed
Into gun cryostat to right

» Connected via flexible
thermal braid to cryocooler

6/8/2023 UCLA PBPL
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@ 3) Thermal Balancing study part 1

» Drop-down section placed
Into gun cryostat to right

» Connected via flexible
thermal braid to cryocooler

 Location of temperature
sensor outside gun cavity
on cooling face

* Note: Large volume of
chamber necessitated for
ease of assembly and
future compatibility with
load-lock and possible in
cryostat solenoid

6/8/2023 UCLA PBPL
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@ 3) Thermal Balancing study part 1

» Drop-down section placed
Into gun cryostat to right

» Connected via flexible
thermal braid to cryocooler

 Location of temperature
sensor outside gun cavity
on cooling face

* Note: Large volume of
chamber necessitated for
ease of assembly and
future compatibility with
load-lock and possible in
cryostat solenoid

 Partially wrapper in multi-
layer insulation for
radiation shielding

6/8/2023 UCLA PBPL 17



@ 3) Thermal Balancing study part 1

» Location of additional
cryocooler temperature
sSensors

6/8/2023 UCLA PBPL
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@ 3) Thermal Balancing study part 1

S

» Location of additional
cryocooler temperature
sSensors

» Resistive heater location

* Necessary for adjusting
temperature and heat up of
gun in reasonable time for
access

6/8/2023 UCLA PBPL
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@ 3) Thermal Balancing study part 1 N

 Preliminary long
cooldown testing

« Minimal MLI around gun 300

Temperature [K]

10° 10! 102
time [hrs]
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@ 3) Thermal Balancing study part 1 N

* Total time on: 24.25 hrs
e17 hrs => 184 K

Temperature [K]

10° 101 102
time [hrs]
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@ 3) Thermal Balancing study part 1

* Total time on: 24.25 hrs

17 hrs => 184 K

* Thermalization drop at
gun => min of 159 K

300

250 A

200 A

150 A

Temperature [K]

=
o
o

/7
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101
time [hrs]
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@ 3) Thermal Balancing study part 1 N

« Addition of certain temperature landmarks

— Coldest naturally occurring place on earth, definition of
cryogenic according to NIST, etc.

300
h‘%'_____-.____ ______ e o o o f— — — — — —,
250 S
N
\\"ﬁ/\ /
Y 200 1--=—== CO2 m—FoEf ot = F =N /___.-_.__-
; ______ Farth's coldest - — — — — — — — . -___‘r:___.--._-.-
:::5 *
© 150
[}
g— ______ NIST-cryogenic — — — - — — — — —. RPN U S U i o
2 100 ‘
______ L-N-Z_———-——--———-—————--——-—————----‘---
______ desigh goal - 4 -l e e L S
S E— stretchgoal-— —— —— —————_ IR Y S B
0
10° 101t 102

time [hrs]
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@ 3) Thermal Balancing study part 1 o

6/8/2023

Probe Temp [K]

Addition of certain temperature landmarks

— Coldest naturally occurring place on earth, definition of
cryogenic according to NIST, etc.

Comparison with simulation

Long projection 140 hrs cooling time to
design goal of 65 K 300

Stretch goal of 45 K operation not possible
here
Heat leak estimate possible 250 -
0 Cc:lnlingITil?"le g 200 -
i g
250 I 2
Lo . . © 150 -
| I. i H H [
200 IS S SR S E— Q
A | | £
150 - : 2 100 -
i
[ g bl it 50 -
!
0 i i N ' i 0 T '
0 20 40 B0 80 100 120 140 10° 10! 102

Time [hours) [h ]
time [hrs

UCLA PBPL 24



&D Thermal Balancing study part 2 1

« Longer term multi day cooling

* MLI coverage over >75% of 300 =Sii
cold area I ““*n\
» Gun down to 92 K & cold head 550 \
down to 39 K \ \

\
200 '\
150 \K\ \\\&

100 \ ~NL

50 N —

temperature [K]

—— cryocooler

—— photogun

0+ —

1072 1071 10° 10! 10°
Time [hrs]

////////////////



Thermal Balancing study part 2

6/8/2023

« Longer term multi day cooling

* MLI coverage over >75% of
cold area

« Gun down to 92 K & cold head
down to 39 K

« MLI sufficient for stopping
absolute radiation heat leak

* Thermalization/temperature
gradient between cryocooler
and gun more notable

* Significant room for
improvement

 Improved conductance of
thermal braid connection
underway

300

250 A

200 -

temperature [K]

100 -

30

150 -

—— cryocooler

photogun

102

UCLA PBPL

101

10°
Time [hrs]

101

102
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@ Thermal Balancing study part 2

« Comparison with cooling
300 A

simulation shows significant e
Improvement of cool down
speed from previous
iteration

« Attempted to observe same
thermalization drops after
first cool down by turning off
cryocooler 100 -

 Extra stability from
. . 50 + —— cryocooler
Insulation perhaps photogun

----- cooling simulation

250 A

200 -

150 -

temperature [K]

LELERL | T T LA | T T LA | T T LA |
102 101 10° 101
Time [hrs]

6/8/2023 . UCLAPBPL



@ Thermal Balancing study part 2

« Comparison with cooling

simulation shows significant P97 — ayocooler
improvement of cool down photoguh | |||
) o504 " cooling simulation
speed from previous ~—- NIST cryogenic
. . ——~- design goal
|terat|0n __ 2004 —-—- stretch goal
* Added some of the ®
temperature milestones § 150-
from before £ Lt LA L N LD
"~ 100 -
g A | N R SN
D T T T T
1072 1071 10° 10!

Time [hrs]
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@ Additional Cryogenics

* |If necessary additional layer of MLI can be added

» Only useful if thermally isolated from inner layer and
cryostat wall, proved to be difficult in previous tests (right)

* Note door for easier access to sample volume (below)

6/8/2023 UCLA PBPL
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&D 4) RF Theory

 Practical figures of merit for evaluating RF
gun performance necessary

» Quality factor, conversion efficiency of RF to
beam, efficiency of energy storage, shunt
iImpedance, etc.

— Most if not all improved at cryogenic temperatures

 Also consider mechanical issues such as
deformation and existence of higher order
modes in the structures

» Consider Q and coupling beta for CYBORG

» Profoundly dependent on temperature Y

ﬁ __ power loss in ext.cct
power loss in cavity

6/8/2023 UCLA PBPL
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@ 4) Photogun specifications

« Reentrant cavity with high shunt impedance
» Cryogenic temperature provided RF stability and cathode studies

Parameter 205K 100K 77K 40K
Frequency 5.695 GHz 5.711 GHz 5.712 GHz 5.713 GHz
Qn 8579 18668 24200 39812
B 0.7 1.53 1.98 3.26
Filling time - 041 pus 0.45 us 0.52 us
RF power - 1.19 MW 1.13 MW 1.04 MW
Energy deposition - 0.191 J/pulse 0.15 J/pulse 0.097 J/pulse
On Axis E-
10
0.8 1
wi
0.6 1
£
= 04
2
0.2 1
0o 4 —

T T T T T T T T
-0.25 000 025 050 075 100 125 150 175
Longitudinal position [cm]

E field magnitude

6/8/2023 UCLA PBPL

G. E. Lawler et al., Proc. IPAC’22, no. 13, p.
2544-2547, 2022.
doi1:10.18429/JACOW-IPAC2022-THPOST046
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&D 4) CYBORG Cooldown

« Add RF window in waveguide
and lIrf launcher

« Measurement reflection
coefficient while cooling

6/8/2023 UCLA PBPL
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@ RF Simulations ot

« Measurements are reflection coefficient S11 from
lIrf antenna

- Can be used to calculate Q and coupling beta plus >Parameters [Magnitude n ]
location of minimum gives resonance frequency AT A

» As cavity cools it contracts and eigenmode 21
Increases, electrical, and thermal conductivities
also mostly increase change Q and coupling

o)
17.5 =
15.0
12.5
T 100 R e R e B e
= : : : i : : : :
RRE I IR
S0 I e Rl Renht bk Rl Rl et S S b i
5.0 ' ' ' ! ! ! ' ' '
2.5 - -15 i i i i i i i i f
o265 566 o657 S.0E =.609 5.7 o.71 .72 2.73 .74 2.75
0.0 Frequency f GHz

T T T T T T T
0 50 100 150 200 250 300
Temperature [K]
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@ RF Simulations N

« Measurements are reflection coefficient S11 from
lIrf antenna

« Can be used to calculate Q and coupling beta plus S-Parameters [Magritude in dB]
location of minimum gives resonance frequency = = = = =

» As cavity cools it contracts and eigenmode 21
Increases, electrical, and thermal conductivities
also mostly increase change Q and coupling

o
=
1010 4
E“‘ i
=
T
3 : : : : : : : :
& -12 B e [ o O
(] ] ] ] ' ] ] ] ]
T 107+
= ] : : : : : : : :
[ %] 1 1 1 ' f} f} f} f}
g 14 gy e A A A ER Rt Bl e e
@ 1 1 1 | 1 1 1 1 1
=
a + — BG,RRRO50
-16

) BG,RRR250
10° & BG,RRR500
1 — WF/NIST,RRR500

o265 566 o657 S.0E =.609 5.7 o.71 .72 2.73 .74 2.75
Frequency f GHz

—— . —
10! 102
Temperature [K]
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CYBORG LLRF

* Undervalued Q (here normalized to room temp value) and coupling compared to design simulations
« Somewhat expected due to large cooling gradient

» Better thermalization should improve results

6/8/2023

Qnorm

datal
RRRO25

T
50

T
100

T
150
temperature [K]

T
200

T
250

T
300

UCLA PBPL
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&D High Power RF

* RF pulse to power photogun formed via charged
and discharged capacitor bank called pulse forming
network PFN

« Pause now for filling in gap in bunker with bricks via
forklift for radiation safety

6/8/2023 UCLA PBPL 37



@ Klystron Input :

« Initial simulation to the right

» Thales klystron fired up with load and
functioning modulator

 All subsystems operating nominally

* 400A; 11kV PFN pulse below (note ramped
up voltage needed to clean up signal)

10 4

197ps 198ps 199ps 200ps 201ps 202ps 203ps 204ps 205ps 206ps 20Tps

Voltage [k
Irel

BE g

|k

s

ey §

—-2.5 0.0 25 50 75 100 125 150
time [us)

6/8/2023 UCLA PBPL
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Klystron RF Output

« Klystron output at RF coupler

for several frequencies

5710 MHz

50

-10

us

-50

-100

-150

-200

LLLLLLLL

mV

mV

-15

5700 MHz
50
-10 5

-50

-100

-150

-200

5722 MHz

50

5 - 10
-50
-100
-150
-200

us
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@ Klystron Bandwidth S

 Bandwidth measurement for off-
resonance CYBORG Thales Klystron Bandwidth

5720 1

0 : : : : . | 715

-20 !

-40 5710 4
Pl

60 :

-80 ® 5705 -

-100 o . | | | . | i
> i ; i i i i |
E -120 ° oo ® S I I N B B L

-140 o 0 0 o |

-160 ) 9095 » data

/ === cbhand theory
-180 8 5690 — . . ; i i i
5695 5700 5705 5710 5715 5720 5725 0 50 100 150 200 250 300

Temperature [K]

MHz
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@ 5) Phasel

» Config2 goals:
— Cryogenic copper photoemission
—Cryogenic QE
—Preliminary lower prevision MTE
measurement

YAG or DRZ Dipole
screen Alignment Laser

n o
W/
Gun Solenoid ﬁ Doublet

Y UV (250-350nm)

Faraday Cup

Gun Cryostat

42

6/8/2023 UCLA PBPL



\

&

/

5) Phase2

/
.
\

6/8/2023

load lock and phase 2 diagnostics (schematic below)
High precision MTE measurement setup needed

Cathode coupling work in parallel underway using interference fit idea (right)
with analog Mo and Cu structures

— RF spring and knife edge seals difficult for cryo

INFN minipuck for initial consideration

High performance PI-MAX

camera Dipole
YAG or DRZ Al (L
screen g g ignment Laser
Triplet
' Gun Solenoid ﬁ
Location of \ ' J UV (250-350nm)
cathode Faraday Cup
exchange Gun Cryostat TEM grid

load-lock

UCLA PBPL

Lk Llarent (mA)
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Phase2 Cathode Storage Chamber

S

6/8/2023

* Ready to move to assembly stage

* Long term usage of CYBORG for cathode testing requires
UHV chamber (<107-10 torr)

« Development of pumping setup and additional cathode
plug manipulator studies necessary

—
-

S

o

o

UHV chamber with
transfer arms

S

UCLA PBPL

Cathode
(purple)
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&D Phase2 CYBORG

* Initial concept for phase2 CYBORG
including modified backplane

 Alignment rails introduce additional
heat leaks etc

 More simulations needed

6/8/2023 UCLA PBPL
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&D Phase2 CYBORG

* INFN style miniplug for example with
additional taper to fit within smaller
cband nosecone

* Not necessary to maintain cathode
geometry but provides good initial
concept

UCLA PBPL

6/8/2023
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@ Cathode Coupling Test N

 Testing cavity-cathode coupling with interference fit using assembly designed

 Successful mechanic testing (right) moving on to RF testing in small resonant
cavities (left)

Cathode
analog
structure

Cu substrate

6/8/2023 UCLA PBPL
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@ Pathway higher gradients

» Cryogenic 1.5 cell
photoinjector in collab with
SLAC/LANL designed and
nearing state for
manufacture

« Room temperature variant
In production at LANL

« Both ntended for operation
>240 MV/m

* Photo of cavities to far right
for different experiment but
give idea of geometry and
surface finish etc

6/8/2023 . UCLAPBPL



&D 4) MITHRA Lab o1

« Significant infrastructure and space for 18m of
parallel beamline

» Operational with S-band hybrid photoinjector

 Suitable for high energy high gradient linac
development (10s-100s MeV); UCXFEL

vy
7

a2
a'a
o

“Sghand. Klystion

i 32
DTl

-

“Banel Klystron

\
\
= '\
R \
- 4 \
\/ A\
. LY
@) ¥ \
A
\
- \
A\
\
\
\‘
A\

e\

demonstrators; C-band high gradient > /brid Gun
photoinjector research - ChandEEUNN =

C

i

- Low Emittance 1.6 Cell
‘ C-band Gun R&D

DMeV or
ac, 100MeV

6/8/2023 UCLA PBPL 49



5) Conclusions

. CYBORG commissioning progressing within

acceptable parameters for intended cryogenic
cathode test bed

. Cryogenics and RF performance sufficient for

high tests with iterations for improvement
planned

. Beginning steps to add appropriate radiation

shielding and additional infrastructure upgrades

. CYBORG as template highlighted path to ultra-

high gradient photoinjector

LLLLLLLL
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