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@ 1) Background

« Significant interest in photoinjector; wakefield; fundamental high field

physics 51035--'-|----|----
» Broad interest in high gradient cavity development with focus on brightness % 10-"F j
. . : . . 2 : Cu@45K :

» SLAC cryogenic breakdown reduction = higher accelerating gradients 3 10-2[ Hard CuAg#3 “e ]
possible = F ; / :

) ) £ 1077 F Soft Cu E

» TopGun previous development in S-band o g ,4‘.1. ]

. . . . 10 F

« More cryo manageable C-band + interest in broader applications e.g. E - Hard Cu AN ¢ :
compact high brightness light sources and linear colliders g 107°F Hard E

T 10-cL CuAgtl E

2ece, . 2| B F :

-7 L s AL PR S RN T T SN N T TR TR TR N T T S
T (Epsing, ) @107 G b
B”c Gradient [MV/m]

Rosenzweig, J. B., et al. Physical Review Accelerators and
Beams 22.2 (2019): 023403.
https://doi.org/10.1103/PhysRevAccelBeams.22.023403%7
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1) UCXFEL

» Most pertinent realization of high
gradient and high brightness
techniques Ultra-Compact Xray FEL
(UCXFEL) concept (right)

« When combined with novel bunching
and short period undulators we can
approach 40m scales with several
applications incl. allowing university
scale XFEL access and chip metrology

 Existing plan incorporates
cryogenically enabled >200 MV/m
photoinjector peak fields and =70
MV/m linacs

J.B. Rosenzweig et al. Preprints 2023, 2023111639.
https://doi.org/10.20944/preprints202311.1639.v1
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J. Rosenzweig et al., New Journal of Physics, vol. 22, no. 9, p.
093067, 2020. doi:10.1088/1367-2630/abbléc
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1) CYBORG Function

/

 For university scale we want simplest

Quantum limit

photoinjector performance
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&D 1) CYBORG Function 2 S

/

140

 For university scale we want simplest

J.B. Rosenzweig et al. Preprints 2023, 2023111639.

NC RF beam“ne Integratlon US|ng 120_; https://doi.org/10.20944/preprints202311.1639.v1
CrYogenic Brightness Optimized
Radiofrequency Gun (CYBORG) S 50
g "
1. Ultra-high gradient photoinjector =
prototype (UCXFEL right)
1. Integrated infrastructure template 201
2. Cathode load-lock development QE
3. RF prototype, black plane etc. ° 010 Zoos 000 005 010 ois 030
. . . . . excess energy [eV]
2. Cryogenic emission physics testing: 10°°
1. High gradient RF test stand for cathodes 108 -
incl. novel high QE semiconductors o
2.  Cryogenic dark current and breakdown
10°¢
36 3.? 3.8 39 4.0 hv [eV]

J.B. Rosenzweig et al., Nucl. Instrum. Methods Phys. Res. A, vol. 909, p.
224-228,2018. doi:10.1016/j.nima.2018.01.061
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1) Gun Comparisons

« CYBORG design inspired primarily
by 3 existing photoguns:
PEGASUS; Cornell Cryo DC gun;

FERMI

« Compared CYBORG design specs
also with existing cathode test beds

Parameter CYBORG Phase 1 CYBORG Phase 2

Cavity type normal conducting -
Cavity geometry

Cathode Assembly

%-cell reentrant -

Demountable Cu backplate Cryogenic load lock

Design frequency 5.712 GHz 5.700 — 5.720 GHz
Peak cathode field >120MV/m -
Operating temperature 300 — 95K! 300 — 77K

1 Current lowest temperature achieved with additional plans for 77 K operation

Lawler, G. E., et al. Instruments 8.1 (2024): 14.

https://doi.org/10.3390/instruments8010014

PEGASUS HZDR Cornell
Photoguns FERMI [20] [6,21] PITZ [22,23] [24]/HZB [25] [26]/ASU [27] BNL [25,28]
Cavity type * NCRF NCRF NCRF SRF - SRF
Cavity geometry * 1.6 cell pillbox 1.6 cell pillbox 1.5 cell pillbox 1.5 cell elliptical - quarter wave
Demountable Demountable Demountable
Cathode assembly Cu backplate +  Cu backplate + Load-lock Load-lock Load-lock
Cu backplate
load-lock load-lock
Design frequency  2.998 GHz 2.856 GHz 1.3 GHz 1.3 GHz DC 0.113 GHz
Peak cathode field 125MV/m 20 MV/M QU g pyym 15— 20MV/m 10MV/m 10—15MV/m
backplate)
Min cathode T >roomT >roomT >room T 80K 3B K 2K

* Only relevant for RF guns.

3/5/2024
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@ 1) Gun Comparisons s

° CYBORG deS|gn msp”-ed pnmar”y Parameter CYBORG Phase 1 CYBORG Phase 2
by 3 exis o

normal conducting -

%-cell reentrant -

P EGAS L ; = Demountable Cu backplate Cryogenic load lock
F E R M I 120 ] : 5.712 GHz 5.700 — 5.720 GHz
] > 120 MV /m -
 Compare - 300 — 95K 300 — 77K
| TR NCRE h additional plans for 77 K
c 1 with additional plans for operation
also with &
s ]
o 801 e Lawler, G. E., et al. Instruments 8.1 (2024): 14.
e https://doi.org/10.3390/instruments8010014
Photoguns FE ) |
)
2 60 o
Cavity type * s 1
O
Cavity geometry * 1.6 ¥ 1
Y & y § 40 -
De j DC + SRF
Cathode assembly Cu ]
20 ‘/ ° °
. ( o .
Design frequency 2. \\
Peak cathode field 12 0 50 100 150 200 250 300
Cathode temperature [K]
Min cathode T > room 1 > room | > room 1 BU K 35 K 2K

* Only relevant for RF guns.

3/5/2024 UCLA PBPL 9



1) Gun Comparisons

/

e CYBORG deS|gn msp”-ed pnmar”y Parameter CYBORG Phase 1 CYBORG Phase 2
by 3 eXiS - - B normal conducting -
%-cell reentrant -
P EGAS L ; A\ Demountable Cu backplate Cryogenic load lock
] . ° 5.712 GHz 5.700 — 5.720 GHz
FERMI 120 ; % Design specs .
T g p > 120 MV /m -
 Compare 100 ] 300 — 95K 300 — 77K
aISO Wlth g 1 Regime of NCRF with additional plans for 77 K operation
Z 0! interest .
o ] Lawler, G. E., et al. Instruments 8.1 (2024): 14.
e https://doi.org/10.3390/instruments8010014
Photoguns FE ) |
©
2 60 o
Cavity type * s 1
(9}
Cavity geometry * 1.6 - 40 1
] .
a
s | DC + SRF
1 4
Cathode assembly Cu ]
20 -‘/ ° o
Design frequency 2. \ o
Peak cathode field 12 0 50 100 150 200 250 300
Cathode temperature [K]
Min cathode T > room 1 > room | > room 1 BU K 35 K 2K

* Only relevant for RF guns.

3/5/2024

UCLA PBPL

10



/

1) Gun Comparisons

« CYBORG design ins

by 3 exis
PEGASL
FERMI

Compare
also with

Photoguns FE

Cavity type *

Cavity geometry * 1.6

Cathode assembly 2(::

Design frequency 2.

Peak cathode field 12

Min cathode T

Peak cathode field [MV/m]

primarily

Parameter

CYBORG Phase 1 CYBORG Phase 2

UCXFEL photoinjector

normal conducting -
%-cell reentrant -

Demountable Cu backplate Cryogenic load lock

5.712 GHz 5.700 — 5.720 GHz
> 120 MV/m )
300 — 95K! 300 — 77K

120 % Design specs .
1001

] Regime of NCRF
50 ] interest .
60 .
401

j DC + SRF
20 -‘/ ° o

o s0 100 150 200 250 300

Cathode temperature [K]
> room | > room 1 U K 3K 2K

> room 1

3/5/2024

* Only

relevant for RF guns.

UCLA PBPL

with additional plans for 77 K operation

Lawler, G. E., et al. Instruments 8.1 (2024): 14.
https://doi.org/10.3390/instruments8010014
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&D 2) CYBORG-MOTHRA 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 C-band Modulator w/
Thales klystron

........................ YAG screen

------------------------ Steering magnets Alignment |5

! Faraday Cup Laser 4 ‘ g\ ; |
Laser Ropom

Gun Solenoid E

|

Gun Cryostat

3/5/2024 UCLA PBPL 13



@ 2) CYBORG Phasel (cont.) o

3/5/2024

Multiple phases of development planned (@)

Phasel current setup below with copper cathode and
simplified beamline

(a,e) 2x ion pumps, (b) solenoid, (c) steering
magnets (d) YAG screen

< 107-8 torr (LuA; 2 uA) at waveguide (a) and YAG
screen (e)

Custom solenoid mount has 4 degrees of freedom
— 3 transverse + rotation about x (vertical axis)

Cu cathode
visible down
barrel of gun
before
Faraday cup
added

0 AN

UCLA PBPL 14



@ 2) Temperature Stability

« Main gun section shown outside of cryostat (far left) 87.5

« Simplified thermal steady state simulation shown (middle) with previous
cooling configuration to show accuracy of transient cooling simulations given
estimated heat leaks from waveguide, beam pipe etc. 87

* RF heating over 6 hours (right)at 1 Hz=0.8 W

86.5
[K]
86
89.5
300
] 85
250 1 0 3 6 9 12 15
_ 2001 [hrs]
- 85 K Z
\J T g:ﬁ:.: :E 150—:
=S e 1150U o 11t 881 DUt 8 85 211 Ot W AT
| e 100-_ —— cryocooler
* ] — qun
1 = simulation
. . 50 +1——-_NISTcryogenic - ——— =l __
] ==- design goal Lawler, G. E., et al. Instruments 8.1 (2024): 14.
] —~—- reach goal https://doi.org/10.3390/instruments8010014
D T T T T T T T T T T T T
1072 1071 10° 101 102

Time [hrs]
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@ 2) RF Power

» C-band motivation @ cryogenic temp, Power
needed to drive scaled geometry at constant 1
gradient scales like

P ~ frf_z E 0.5

* Resurrected Thales C-band klystron to single
MW power sufficient for 15t cryogenic 05
beamline (right)

* Slowly working up with 0.45 MW into gun
thus far

* Max pulse length 4 us

» Current pulse 500 ns rise time w/
improvement

» 20 MHz bandwidth centered on 5710 MHz
allowing full temperature range CYBORG
operation

» C-band SLED development in collaboration
with SLAC

3/5/2024 UCLA PBPL 16



@ 2) Cold Gun Feeding HF

« First filling of gun cavity at
intermediate temperature (between 5 MW Isol
295 and 77 K) during cool at solator

detuning and coupling
~ 150K Klystron D e NN

. 14 kW fully filled (below) => 15

MV/m Directional Directional
coupler #1 coupler #2
(forward) (reflected)
Theory uses RRR from antenna measurements
mV 5716774 GHZ B ~ 1 1 === : —-—- 0.45 MW meas + theory
120 95_: ~ —— 0.45 MW meas

100
80

CYBORG

LB B e B e B AL B S S
0 50 100 150 200 250 300
— Reflected = Forward Temperature [K]

3/5/2024 UCLA PBPL
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2) Cryo RF Performance Overview

« Parameters for gun thus far compared to RRR100-500 case (left) with empirical
numbers measured to inform simulations (right)

Parameter 295K 100K TTK 40K
Frequency 5.695 GHz 5.711 GHz 5.712 GHz 5.713 GHz
Qo 8579 18668 24200 39812
B 0.7 1.53 1.98 3.26
Filling time - 041 ps 0.45 us 0.52 us
Lawler, G. E., et al. Instruments 8.1 (2024): 14.
https://doi.org/10.3390/instruments8010014
E field H field Parameter 295 K 95K 77K 45K
magnitude magnitude
fo [MHz] 5703.6 4+ 0.11 5720.410 + 0.003! 5721+3 5722+ 4
Qo 7808 + 13! 14326 + 12! 21000 == 3600 30000 #9900
Coupling 0.608 + 0.002' 1.069 +0.002! 1.60 4+ 0.44 24409
Filling time [us] 0.271 +0.01" 0.386 + 0.001! 0.44 +0.01 0.49 + 0.03
Power [MW] for 120 MV/m 1.2340.10 0.85+0.08 0.79 +0.01 0.70 4+ 0.09
Energy [J] per 2us pulse 2.4540.01 1.70 £ 0.02 1.58 +£0.03 1.40+0.19
Cathode field @ 0.5 MW 77 £3MV/m 92 +5MV/m 93 £3MV/m 102 £7MV/m

3/5/2024

! Values experimentally measured or computed directly from low power measurements

UCLA PBPL
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2) Cryo RF Performance Overview @

« Parameters for gun thus far compared to RRR100-500 case (left) with empirical
numbers measured tc =for nimnnlaticna feiaka

Parameter 295K 100K
Frequency 5.695 GHz 5.711 GHz
Qo 8579 18668
B 0.7 1.53
Filling time - 0.41 us
E field H field
magnitude magnit

3/5/2024

Peak cathode field [MV/m]

120 -

100 A

[e)] (o]
o o
1 I

B
o
1

20 1

Present specs

D

* Design specs  NCRE /

i

\J

100
Cathode temperature [K]

150 200

250

300

Lawler, G. E., et al. Instruments 8.1 (2024): 14.
https://doi.org/10.3390/instruments8010014

77K 45 K
5721 +3 5722 +4

21000 =+ 3600 30000 = 9900

1.60 +£0.44 24+09

0.44+0.01 0.49 +0.03

0.79 +£0.01 0.70 £0.09

1.58 +£0.03 1.40+0.19
93 +3MV/m 102 +£7MV/m

! Values experimentally measured or computed directly from low power measurements

UCLA PBPL
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2) Cryo RF Performance Overview @

« Parameters for gun thus far compared to RRR100-500 case (left) with empirical
numbers measured tc =for nimnnlaticna feiaka

Parameter 295K 100K
Frequency 5.695 GHz 5.711 GHz
Qo 8579 18668
B 0.7 1.53
Filling time - 0.41 us
E field H field
magnitude magnit

3/5/2024

Peak cathode field [MV/m]

120 -

100 A

[e)] (o]
o o
1 I

B
o
1

20 1

X

NS

&——

Increase cooling power

NCRF

crease RF power

\J

100
Cathode temperature [K]

150 200

250

300

Lawler, G. E., et al. Instruments 8.1 (2024): 14.
https://doi.org/10.3390/instruments8010014

77K 45 K
5721 +3 5722 +4

21000 =+ 3600 30000 = 9900

1.60 +£0.44 24+09

0.44+0.01 0.49 +0.03

0.79 +£0.01 0.70 £0.09

1.58 +£0.03 1.40+0.19
93 +3MV/m 102 +£7MV/m

! Values experimentally measured or computed directly from low power measurements

UCLA PBPL
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@ 3) Gun topology

« Comparison of possible topologies originally considered shown
below

[1]1 Y

*  Plug directly into *  Good for cathode * No cathode
cavity tests exchange
*  Useful for 1.6 cell to *  High gradient (120 +  Highest achievable
max gradient MV/m) but lower than gradients
plug alone

» Design philosophy of gun focused on maximum versatility

 Original design for fully removable backplane focused on allowing
testing of multiple cathode insertion coupling designs

» Further useful for examination of cavity surface after field emission
and breakdown

3/5/2024 UCLA PBPL
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@ 3) Shunt impedance optimization @

Improved coupling of input power to coupling
with geometry modifications creating higher
fields with less input power

R V2
shunt Q— =
Q Iy
Geometry

Nose cone optimization reduces power
consumption by 10% over pillbox

axis at cathode plane

3/5/2024 UCLA PBPL

Elliptical profiles localize peak electric field on

Se+8

de+8

Jetd

Zetd

On Axis E;

10 1

0.8 1

0.6 1

Normalized E:

04 1

0.2 1

0o

T T T T T T T T T
-0.25 000 @25 050 075 1000 125 150 175
Longitudinal position [cm]
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@ 3) Dark current simulation HF

* FN emission PIC
simulation via CST with
peak cathode plane
nosecone gradient 60
MV/m and 3 =50
needed for significant
emission

1.5e4+5 —

=]
0000 ;l
0.0549

3/5/2024 . UCLAPBPL



(&?\

e 3) Dark current simulation

3/5/2024

Considering peak
electric field
enhancement optimized
on nosecone, down
stream dark current
emission mostly
localized to nosecone

|solated nosecone
emission (right) showing
additional collimation
from iris and beam pipe

UCLA PBPL

T
Wilg ¥

ey
5.37e+3 =

4.98+5 —
42+5 —
3.598+5 —
Je+5 —
2.98+5 —
Ze+5 —
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50000 ;.
0,054
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@" 3) Dark current simulation Rt

/

« Considering peak

ey

electric field 1 M sorers s

enhancement optimized o

on nosecone, down ]

stream dark current e

emission mostly o]

localized to nosecone oo il
* [solated nosecone

emission (right) showing

additional collimation

from iris and beam pipe nﬂi.
* Allows useful focusing Al z

with solenoid field S —

157360 ——]

S22278 eV
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3) Prelim Dark Current Measurement

« 295 K dark current at YAG screen below showing
threshold gradient around 58 MV/m (given 0.417 MW
and 0.488 MW)

— FN plot gives B =44

« Solenoid scan measurements @ 295 K (red) and 115

K (blue) showing expected collimated beamlike

behavior for 300-500 keV e-

— Input power for both about 0.4 MW but slightly higher field at 115 K around
61 MV/m

~ 56 MV/m @ 295 K

=61 MV/m @ 295 K

3/5/2024 UCLA PBPL
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@ 3) Dark Current Observation

* Most analysis now focused RF stability, accumulating 05
sufficient dark current for more analysis (1 Hz thermal limit) 08
« Example chain of breakdowns at 85 K (eg. RF to right) at v Z;
0.388 MW and = 74 MV/m MY o
» Dark current before and after @ 72 MV/m 0.368 MW input 0
power for both 02

= 72 MV/m pre breakdown = 72 MV/m post breakdown 0.1

0

200

400

600

800

1000

0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

3/5/2024 UCLA PBPL
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@ 3) Phase2 Gun Cavity @

Future cathode integration creates additional
need for understanding dark current

INFN style shown in purple (right)

Room temperature high gradient gun with RF
knife edge in use at another UCLA beamline
called PEGASUS (below)

— Effective but limited to 80 MV/m of designed 120 MV/m for several
reasons including additional dark current from cathode gap

Scaled to CYBORG backplane (right) w/ field
enhancements simulated along cathode plane

1m S-band linac

|
¥
=9 . [ (not used) u
: -Dal
| :
[— |
—_— i — A
| | focusin: g energy !
| oad | solencid 266 nm spectrometer  Faraday CUP  girpen &
i (DRZ)
Lock ! (DRZ)
! 3.191m
=0

Alesini, David, et al. Physical Review Special Topics-Accelerators and Beams
18.9 (2015): 092001.
https://doi.org/ 10.1103/PhysRevSTAB.18.092001

3/5/2024
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250 um gap at
room temp
245 um at 77 K

e_fbs ()

4.7302e+08
4.5e+08 -

4e-+08

3.5e+08 4

3e+08 7

2.5e+08 1

2e+08 1

1.5e+08 1

1.1015e+08 t t t t t t t t
-0.97128 0.8 06 -0.4 0.2 o] 0.2 0.4 05 0.8 0.98255
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4) Phase2 Beamline

* Phase2 underway for integration of load lock for

semiconductor cathode testing

 Additional magnetic elements and high precision MTE
measurement setup planned, improving diagnostics for
dark current + breakdown study

<=
\_Y_’ Gun
Location of \ ' J
cathode
exchange Gun Cryostat
load-lock

3/5/2024

High performance camera

YAG or DRZ
screen

H

Solenoid

Sl
i

UV (250-350nm)

|_||_

1

TEM grid

Triplet

UCLA PBPL

Dipole

l g Alignment Laser

Faraday Cup

pa

/

x=-Ma/2

Intensity
_—

Marx, Daniel, et al. Physical Review Accelerators and
Beams 21.10 (2018): 102802.
https://doi.org/10.1103/PhysRevAccelBeams.21.102802
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@ 4) Phase2 Load lock

in near term Thermal Heat
Exchange Straps
 Shift to knife edge coupling with sufficiently thermally
Isolated transfer arm

« Difficulty of interference fit for cathode coupling not reliable |

% Cell Cavity +
INFN miniplug

I Cathode laser I

Transfers
arm

Within cryostat

Ceramic

I RF dummy port I

I Room Temp Solenoid I I e- beam I

32
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4) Alloy Characterisation

« Hard Cu alloys considered for future

cavities, especially linacs

« CuAg alloys received from LANL for low
power surface resistivity measurements

characterized in collaboration with

Radiabeam technologies
— 0.08% and 2% silver

Cbhand Q enhancment

Q enhancement

« COMEB data
@3 RRR100-500, n=5
[ RRR100-500, n=4
@@ RRR100-500, n=3

————————r——
100 150
Temperature [K]

3/5/2024

T T T T T
200 250 300

Breakdown Probability [1/pulse/meter)

10 r 7
H4 400ns(Cu/Cu-Ag) ,' /’
HH  700ns(Cu/Cu-Ag) I/
HH  1,s(Cu/Cu-Ag) [t
10™

Pure Cu

g4

17

1/
TN

10.2 ._ﬁ
V2
B |
A )
3 B
10° PR
 (veeed
// J
/
/
G £ 8 (A)
10 ' * *
300 350 400 450 500

Peak Field (MV/m)

Schneider, Mitchell, et al. Applied Physics Letters 121.25
(2022). https://doi.org/10.1063/5.0132706

Lawler, Gerard, Fabio Bosco, and James Rosenzweig.

arXiv preprint arXiv:2310.11578 (2023).

UCLA PBPL

20 mm

For 2% Ag grain size diameter of 106 + 20um
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@ 4) Higher gradient guns

SLAC/Cornell collaboration for CYBORG w/ 180 MV/m fields
using SLED

Development of higher gradient 1.6 cell photoinjector beginning
in earnest based on CYBORG template

No external cathode coupling, cathode peak field aiming for
>200 MV/m

Solenoid now within cryostat

Fabrication method close to SLAC linac method with
longitudinal rather than transverse slices

Single feed RF waveguide

multiple high power cryocoolers

1.6 cell reentrant cavities

60 cm

foil-wound solenoid

laser path (light blue)

3/5/2024 UCLA PBPL
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5) Conclusions

. CYBORG operational as cryogenic electron

emission test bed in with iterative improvements
planned

. Phasel commissioning producing useful dark

current data

. Phase2 cathode integration development will

Increase beamline functionality dramatically

. >200 MV/m cryogenic gun development well

underway and additional experiments useful

LLLLLLLL
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