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Introduction: MeV UEM/UED

» Ultra-fast electron diffraction/microscopy based on MeV B Project funded in 11/2013 e =l
beam which greatly reduce the challenges of the sample m Construction: 2014 - 2018
preparation, also suppresses the space charge effect at
higher bunch charges A

» Stringent requirements on energy spread: e Na
 UED: dE/E~10*, 5,~10s’fs, < 106 electrons , | s

« UEM: dE/E~10, o, ~ps-ns, >106 electrons (single shot P Energy Sample
or SthbOSCOpiC) ) spectrometer chamber

Courtesy of Dao Xiang, talk at IPAC19

» Current UED facilities are based on NC guns (see A):
» Large facility + high power RF needed (expensive) B
* Timing jitter 10~100fs
» Repetition is <1000 pps

Objective PM Quadrupoles, Projector 1PM Projector 2 PM
Trim and Skew Quadrupoles, d i ua

Original UED
Sample

» Conduction cooled Nb,;Sn SRF photo-gun (see B):
» 4K operation temperature (Nb,Sn)
« 2W cryocooler is required ($80K, affordable)
» CW operation (high throughput)
» Smaller footprint, 10W RF power only

.. * Higher stability SRF photo-gun based UEM/UED facilit
‘euclia 3
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Ultimate Goal

CC-SRF enabling
MeV HT-HB
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Introduction: CC-SRF photogun for MeV UEM/UED

Gun parameters

1. The gun geometry was optimized to T — Vibration ;o
i - : s dampi : T
minimize dE/E  while keeping 1#srgge pelsve Application GUED GUE’V'
. B 1.655MeV  1.655MeV
acceptable energy gain (1.6 MeV) °° eam Energy ¢ ©
Cryocooler 50K screen Charge 5fC 500fC
_ ) 2" stage and Mag Laser pulse length, rms 6.4fs 6.4fs
2. Field on the cathode is 20 MV/m el b Laser spot size S e
(Eacc:lO MV/ m) Beam bunch length, rms 167fs 741fs
Beam emittance 6.6nm 39nm
3. One cryocooler should be sufficient Energy spread (relative) 1.3e-5 6.4¢-5
for cooling Nb;Sn gun ]
Frequency, 1.3 GHz
4. Required Q,=1e10 at operating ) LastEsl) (ag ety
gl’adlent QO0at4® K(Rs=20nQ) 1.16 X100
R/Q 176.9 Q
. . ; Geometry factor 232 Q
b. Cryo_module design is re_quwed to Wall Power dissipation 0.0 W
prO\_/lc_ie enougr_l _coo_llng _and e p——— T
sufficient magnetic field insulation X E max 53,6 MV
B max 43.3mT
X
SRF photogun co c1 o E D E acc 10 MV/m
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II. Design and Fabrication (cavity,
cryostat, LLRF)
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Maximum energy gain and min

energy spread of the beam

corresponds to different RF

phases

Cavity nose section was optimized

to minimize the spread while

keeping acceptable enerqy gain.

keep slope,
* shifthorizontally
\
arc3
arc2
S = N\
— arct

(0,0)
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RF Design

E-field

Eigenfrequency=1.3 GHz Volume: emw.normE*Escl (MV/m)

Electric Fleld on Axis (MW/m)
T T
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T —
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2t along axis
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re lengt
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emw.normB*Enorm (mT)

RF parameters

Parameter

Frequency,

Length

Qgat 4°K (Rs =20 nQ)
R/Q (critical coupling)

Geometry factor

Wall Power dissipation
E
E

on axis
max
max

Eacc
Beam energy

Magnetic Field Amplitude on Surface

Value

1.3 GHz
1.45cell (160mm)
1.16x101°
176.9 Q
2320
09w

20 MV/m
23.5 MV/m
433 mT
10MV/m
1.6MeV

H-field on
surface

— 1.3 GHz |7

0 100 200

300 400
Arc length



Beam dynamics

E-z phase space distribution

E-z phase space distribution

(a) Beam Simulation (UED Application, 5/C)
300 03 700
0.0070 Beam emittance evolution ] Beam size evolution (a) Bunch length evolution , Energy spread evolution 600
= Gun end 0 Gun end 0 —— bunch length 1o l —— dE/E 0.2
o B 0.0068 —— Gun end —— Gunend = 01 500,
g E 08 2 & 5
-0.02 g = 210 . = 0.0 400 2
0 £ 0.0066 & = —10" g ~
= £06 i = 300
—0.04 = //_..r-’ = = 200 = -0.1
200064 /f z = 5 0.2 200
g 204 190 . (\ 00
: 10 -0.3 1
(:? i 04 05 06 EO-‘W’Z s g
ps] s - 180 — | 0
00 05 10 L5 20 25 30
0.0060 0.0 170 I t[ps]
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
X-Y real space distribution, end of the cavi Z[m] Z [m] Z[m] Z [m]
Beam emittance evolution Beam size evolution (b)‘)?q Bunch length evolution Energy spread evolution X-Y real space distribution, end of the cavit
0.048 - 700
Gun end 3.5 Gun end 950 — bunch length — dE/E
B 0.046 3.0 | —— Gunend , —— Gun end 600
E0.044 - 925 10 .
_ & =25 _ M 500
£ En.042 £ Z900 = |
g = f S = o 400 £
> Z0.040 = o A 875 g E
= 2] = =g o}
] -2 ] 5 | = 300
50.038 Z1 & g9 \
& - N
E 0.036 Lo 825 _ V\ .
0,034 0.5 200 10" Vf_f————-——# o
0.0 02 0.4 0.6 0.8 1.0 D‘g_n 02 04 06 08 10 0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 0.6 0.8 0
Z [m] Z [m] 7 [m] Z [m]
(b) Beam Simulation (UEM Application, 0.5pC)
T00
Parameter Value
= . . 600
E Application UED UEM
g
o Beam energy 1.655MeV 1.655MeV o
Charge 5fC 0.5pC -
Laser pulse length, rms 6.4fs 6.4fs 300
Laser spot size 36um 180um 200
Beam bunch length, rms 167fs 741fs o
Beam emittance 6.6nm 39nm
. 0
Energy spread (relative) 1.3e-5 6.4e-5

o~
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Thermal Analysis and Conduction Cooling

Thermal modeling was done for different cryocooler temperatures to
find stable operation regimes for the case of Eacc=10MV/m (1.6MeV

beam)

Dissipated power in the gun along with the capacity of the
cryocooler are presented below.

In the ideal case (Rbcs+10nOhm) with no additional heat from
radiation or conduction the gun will stabilize at 3.5K. 1.5W of
cryocooler capacity is still available to accommodate the other
sources of heat

In the case of Rbcs+20nOhm, the gun will stabilize at 4K with
additional cryocooler capacity of 0.5W.

10

PW
SO N A~ O ©

- <Rbcs+10n0Ohm
- #Rbcs+20n0Ohm
- +=Rbcs+30n0Ohm
- —Cryo-capacity

- —Cryo-capacity*

i N N |
LAY T TTT

4.0 6.0
TK

- =Rbces+10
_ +Rbcs+20

Excessive Power by a
single Cryo-cooler

10 5.0 6.0



Engineering Design

Cooling bar to connect to the
cryocooler

Ring 1 with

The three key parameters:
flange

* mechanical stresses >> 0.21MPa

» Lorentz Force Detuning (in case of pulsed
mode operation)

» dF/dP (for the case that the cavity will be
tested at the Vertical Test Stand first before
the Nb,Sn coating)

Longitudinal bar

MPa)

A4 A 261 _440‘7.L
25 046

5 (MPa) ‘ch?

30 40 50 60 70 80 90 100

439[MHz] {kHz)

\

-300

-400

-500

-600
Ring 2, mm

inforced by 10mm thick
voos |/ bracket cathode flange.

70
Ring2 [mm}

-0 ——10 =—20 —30 —40 =50 =0 =—70

v 005 N L L
1 o 50 100 mm 0 0 50 100 mm

=0 o 50 100 mm

No enforcement The link ring Backwall ring

o . between cells and the link ring
Ry
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Cryomodule design

Vibration

Cryocooler ~ Cavity
1. Cryomodule was developed to host the photogun 1%t stage za:rp'"g suspension
eliows
hook

2. It is based on conduction cooling approach and is cooled

by one Sumitomo cryocooler (CC) Cryocooler
2" stage

50K screen
and Mag

3. 1st stage of the CC is used as a thermal intercept and cools seid el

down a copper thermal radiation screen.

4. There is a Imm thick magnetic screen (A4K) on top of the
radiation screen

5. The cavity is supported by 8 Kevlar strips (k=0.05W/m/K)

6. The total power to the cavity is less than 0.2W, while the
intercept has a heat flow of 20W

Surface: Température (K} |
1
]

Temperature distribution in the

copper thermal shield connected Table 1. Static heat load to 30K and 4K zones in UEM cryomodule.
to the beam pipe P Radiation Beam pipe  Suspension RF cables Total

Ea w 17 W NA 0.8 W 20W

S ooiw 0.03 W 0.05 W 0.05 W 0.14 W
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Magnetic shield in the cryvomodule

. . . Line Graph: Magnetic flux density, x component (mG) 2
Field along Z for different Y position ‘ ‘

50 | @ %)
¥ X 3
30 ® 5
_ Y g
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o o | z
o -10 0 50 300 1350 400 450 5009550 ‘a
ic g
x
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-50 - g’
Position (mm) =

—e—(0,0) —e—(0,110mm) —@—(0,220mm) L . na - . .
+(O,—110mm) +(0,—220mm) Reversed arc length (mm)
i - ’I

Chimney fix. Screen to W. Bz at

1. Initial magnetic field measurements identified a gap in the magnetic > y=220m —— 3l chithney
shielding (see B) between the chimney and the cylindrical body (see A 15 D ——4 tapes
and B)' 1(5) :jutz:znd
The results correlates with Comsol model (see C). %;’ . P b at b S0 <o
Nevertheless, the field in the cavity region (R=110mm, Z=(250;500)) Ej‘s’
Is below 10mG at room temperature for A4K screen (See B). 20

4. A patch from Mu-metal foil (see C) reduced the field penetration at ig
R=220mm down to 10mG (D). Posttion (mm)
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M@ 511 Log Mag 5.000ds/ Ref
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SRF GUN Fabrication

Conduction cooled SRF photogun drawings were produced (see A)

Half cells were die-pressed from copper first, then from pure RRR300
Niobium (see B)

The Half cells were inspected by CMM and are within the tolerances
(see C)

The cavity manufacturing is complete (see D). The sizes are within the
tolerances. Target frequency is 1301.1MHz (see E). It will be tuned
upon arrival.




SRF photogun: Post Fabrication Frequency Tuning

-0 b

—F=1301.273925 MHz —F=1300.499044 MHz

Al6061-T6

Titanium Grade 5

0.8
0.6
0.4

0.2

75 125 175 225 275
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LLRF Design

. RFL RF Monitor
o
NI Xl AD =

- FWD RF honitor 6B

+— 6l TN
TTH
1300MHz 10W Class A Detector Datactor
-10cE -10dB

e
A e
FXle

Control computer Crate Circulator /—\ Fiters
IQ demed
Cavity Field monitor
- - DDS IF v
-4 -
' Q
NI PXle FPGA |
-
-t
Lt -
-
10MHz Ref
o I
O @ 625MHz Carriar
10MHz PXle PLL

0Cxo Freq. Source

LQ N\ Amp :
(filtered) Amp = m Waveform display ]
1L.Q (AC
QA Phase = Arctan(I/Q) |Phase Af + = fir .
) : pD |—{ L |—>(J§)——| IF = Asin(2rfit + @q) ]
Phase set firo = 1MHz
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I1l. Testing Results
(cryogenic, RF, Beam)
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Summary of SRF Gun He Vertical Tests

1.5 cell SRF Euclid gun

10 X X XXX XXXXXXXXXWW
10 _E W”"“"mﬁ.a
XK )m»(xxxX
198%0 00, X
‘ )24
..no.ﬂoo%
(=]
S t ;;x‘.. e #1,T=2.0K Nb
. e » ® x  #2, T=2.0K, Nb
10" 1 '. L e #3,T=4.4K, Nb3Sn
] % ¢ x  #4.T=4.4K, Nb3Sn
.% «  Goal at 4.4K
[ ]
0 5 10 15 20 25
Gradient, MV/m
0.0 9.58 19.17 28.75 38.33 47.92 57.5
E on surface, MV/m
0.0 17.92 35.83 53.75 71.67 89.58 107.5

B on surface, mT
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Cryomodule integration at Euclid
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Cryomodule Tests at Euclid

1.E+10

Qo

1.E+09

0.00

COMPARISON OF CC AND VTS PERFORMANCES

e () 25\ e—0.5W 1w 1.5W 2W B 2/23/2024 @ VIS

1.00 2.00 3.00 4.00 5.00

EACC

6.00

7.00

8.00

9.00

SRF GUN beam Energy vs Eacc

1800

1681

1600 1590

1400

1200

1000

Ek,MeV

800

600

400

200

10.00

0 1 2 3 a4 5 6 7 8 9 10
Eace,MV/m

freezed

Vacuum pumped

1/5/2024 nan nan nan nan nan nan nan nan

1201912023 _nan nan nan_ | nan

nan

nan

Comments

compressor freezed, outdoor temp was beow -3

Vacuum pumped to e-8 at ETL clean room to resolve BD issue

CMw MLI on G10

CM w SS sheet, G10

12/1/2023

nan

nan

nan

nan

MLI on Barrel added. End caps w MLI form 3/22/2023

SS sheet. Temperature on 1st stage reduced from 36.3K to 31.5K_ ¢

RN R RSt KRy TR AL AT R R SRR CRPE SR e

New Chimne

CM w AL foil, bad chimney

no foil, G10

nan
6.60E+09
5.00E+09

300E+09 | 10 |

nan

nan
6.5
6

nan

New chimney installed. AL foil removed. 40WW to 1st stg

First CM CD. AL Foil. Sleds. 2nd stag OW, 1st stage 10V estimated

o

‘euclid

BEAMLABS

19



Cryomodule Upgrade at AWA

» The first cooldown of the fully loaded SRF photogun was
carried out on Dec. 9", 2024. The base plate intercept is
55K. Grade 2 Ti bolts were used which resulted in a large
temperature difference between the cold head of the
cryocooler and cavity (dT=2.2K). To solve this unexpected
issue, we replaced the Ti screws with Brass screws.

* The 2nd cool down test was carried out on March 31,
2025. The temperature difference between the cold head
of the cryocooler and cavity was successfully reduced to
<0.8K. During the cooldown process, we observed some
instabilities, which was later attributed to the bad vacuum
inside cavity.

+ We pumped the gun and remeasured it again. The Q value
was still in the low 1079 level. We found surprisingly high
residual magnetic field in some components, including
700mG of RF cables, 500mG of a DSUB connector,
400mG of 18-8 nut and 316 studs for the hanger. The RF
cables were then degaussed to 30mG. All bolts were
changed to Grade 5 Ti and brass nuts which zeroed the
residual magnetic fields. The DSUB50 connector was
removed, replaced by the direct wire solider connections.
We also polished the aluminum bus bar and the 2nd stage
of cold head with polishing paste. The PEEK DC blocks
moved to the 50K screen.

* In the 4% cooldown in May 2025, We achieved the lowest
temperature and smallest thermal leakage ever: 3.3K
at the cold head and 3.43K at the Aluminum Bar and
3.68K at middle of the cavity body.
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Beamline and Beam Tracking

Basic params in Astra:
 Laserog,: 0.5 mm

« Laser pulse duration (FWHM): 300

fs
* Charge: 500 fC

« SRF gun gradient on cathode: 8

MV/m
« Space charge is included.

» Schottky effect is NOT included.

SRF gun, 8 MV/m, phase scan
max Eyj, 0.427 MeV @ 0.0 deg

- - 100
0.4
80
0.3 1
e « phase scan of all par . [©0
£ 0.2 4 phase scan of a single ref par
-E ’ ratio of standard particles on YAG
o - 40
0.1 3. o
i f - 20
-
%
0.0 1 e Lo

T T T T T T
0 50 100 1s0 200 250
Gun phase (deg)
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Active particles (%)

Ox, Oy (Mmm)

E 2:11:12
........... UNIT: cm
yow :
®
YAG actuator: WV2
.00 54.01 75.93 97.52 111.74 121.04 168.04 203.73
YAG
— 0.026T — 0.0327T :
—_— 0.028 T
— 0.030T

2.00



Beamline Installation at ANL

(7]

B 1y

2

o
BB == ’{,j

o
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Laser Setup QE of Nb3Sn at RT

Down from
ceiling
s d I ’ N N
B — = f N ¥
& P L =/ il i
: sl = :
o, / a
& . s uV.
E= )= A\
y o~ — —— @ —— o =
772 ﬁx\\:\ “‘:;7’ i
/8 \\_
= VC
-l QE of NbsSn#1
1|=A- QF of NbsSn#2
= \ 3 -¥- QEofNb [ - : 4
> / ‘ 100 cm T T | N SR S L
= ! % 1076 |- geammmmm I
2 — = R e > LIJ
T HeNe on cathode: looked o
/ / from the end viewport. _.--1
o : - ): T -
e ‘__——
: P S A
Ak-CooEEmTTTITOT
-
10_7j
488 4.89 490 491 492 493 494 495 496
photon energy (eV)
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Controlled Cooled down and Q scan before the Beam Test

| status code

| s
source

Data waveform—
22-

20-

10 |
1050 1075

S |
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sensor 1
sensor 2 .

sensor 3 5%
sensor 4 E@q

sensor 5

11'00 11'25 1150 1175 1200 1225 1252
Time (s) SSALE

1.E+10

QO

1.E+09

—1W —1.5W —2W 0 5/25/2025 A 11/25/2025




15t Beam from CC-SRF Photogun

SRF Gun Phase Scan

(12/02/2025)
Phase: 1.7° Phase: 24.9° Phase: 29.4° Phase: 32.6° Phase: 32.1° Phase: 29.7° Phase: 27.0°
shot 5 shot 19 shot 23 shot 33 shot 34 shot 38 shot 40

Phase: 12.4° Phase: -1.2° Phase: -4.8° Phase: -14.4° Phase: -19.4° Phase: -28.0° Phase: -31.9°
shot 50 shot 59 shot 61 shot 67 shot 71 shot 76 shot 79

Phase: -65.1° Phase: -66.9° Phase: -85.1° Phase: -105.7° Phase: -119.5° Phase: -121.4° Phase: -126.8°
shot 101 shot 102 shot 114 shot 127 shot 135 shot 136 shot 140

Y o{mim)

Phase: -129.2° Phase: -140.6° Phase: -139.6° Phase: -135.5° Phase: -132.1° Phase: -98.1° Phase: -96.6°
shot 141 shot 152 shot 162 shot 167 shot 169 shot 190 shot 191

250 275 30,0 325 350 375 400

X (mm) Phase: -77.1° Phase: -75.5° Phase: -71.5° Phase: -68.8°
shot 204 shot 205 shot 207 shot 209

RF-Laser were NOT
Synchronized

L
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Beam Energy Estimation from CC-SRF Photogun

L=0.695m

Energy measurement
(12/02/2025)

trim: 0.067 A
y pos: 32.1 mm

trim: 0.069 A
y pos: 30.7 mm

trim: -0.001 A
y pos: 42.3 mm

trim: 0.000 A
y pos: 41.8 mm

trim: 0.127 A
y pos: 24.8 mm

trim: 0.136 A
y pos: 24.6 mm

trim: 0.070 A
y pos: 31.8 mm

trim: 0.081 A
y pos: 31.8 mm

trim: 0.256 A
y pos: 10.7 mm

trim: 0.258 A
y pos: 10.3 mm

trim: 0.207 A
y pos: 16.3 mm

trim: 0.209 A
y pos: 16.5 mm
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Given that, 6 = %del, 06 |
dl _ 0.5

so have, P[GeV /c] = 0.2998% 3 04
£ 0.3+

E =p? + (mc?)? 02
Eyin = E —mc? =~ 190 keV 01

0.0 A

Y Position vs Trim B
(12/02/2025)

trim: 0.070 A
y pos: 31.9 mm

10 MV/m
9 MV/m
8 MV/m
7 MV/m
6 MV/m
4 MV/m

. e o o

“®  __—__ Linear fit: y=-8.86*B+38.09

w b
v O
1 1

/
7
/
7
’

—_— ~
E ~
trim: 0.201 A £ 30 A . .
y pos: 16.7 mm — o
c Sy
o 251 [ _§
)]
(o] 20 N \\\
a \‘
>
15 A ~
~
N

s

0 1 2 3
Trim B (Gauss)

25

B (Gauss)

50 75 100 125 150 175 200

Gun phase (deg)
8 e measured raw data (trim CH4:6)
» mirrored data
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L]
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% .
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4 : .
[} .
21 > .o.
"‘""- .M
mw-n»«"‘"“"
0
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V. Plans and Conclusion
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Next Plan

Insulating vacuum

pump LLRF rack

/

SRF gun cryomodule

» Seeking funding for a new Nb3Sn
coating

» Establish a CW UED demonstrator

Indoor cryocooler Outdoor cryocooler
compressor heat exchanger
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Conclusion

« Successful demonstration of
photoemitted beam out of a
conduction cooled SRF photogun
validates this concept and technical
approach.

« This first step opens up an avenue
toward a throughput high brightness
MeV UED/UEM/STEM facility.

« Technical challenges remain but
mostly resourced limited, no
technical showstopper.
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