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* Introduction to APEX systems
* Photocathodes test at APEX

— Cs,Te cathode testing results
— Gun improvements benefit cathode operation
— Preliminary Alkali antimonide cathodes testing

e Summary
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Science asks for higher flux — =

Next-gen XFEL facility: 100 Hz = MHz
— More coherent X-ray photon flux per sec
— More stable machine with wider control BW

— More FEL beamlines, more users

Today's x-ray

laser sources | ~ milliseconds | ‘ Intense pulses at \
e | * low rep rate ~
- |
| | I:

P | ~10to 100 ~
millijoule 1 1 'I'HFl femtoseconds 100 Hz

Tomorrow’s Xx-ray ~ microseconds | Lr':rehnf; prlJE:tsees at
laser sources ! gnh rep

~100 m;cra;aufe —'{ |— —"“—*11 to ~100 femtoseconds
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Electron source requirements
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* Typical specs on electron source for MHz XFEL

Parameter Value and Unit
Bunch Repetition rate Upto 1 MHz
Charge per bunch 10 —300 pC
Normalized enuttance 0.2-0.6 mm
Beam energy at the gun exat =500 keV
Cathode electric field at photoenussion =10 MV/m
Bunch length and shape control 5-60ps
Magnetic field at cathode <2G
Dark current at nonunal gun energy < 400 nA
Operational vacuum pressure <2107 Torr

Loadlock cathode vacuum system
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Typical gun requests:

High duty cycle - CW
High gradient

High gun voltage

Low dark current

UHV vacuum w/ loadlock

Typical photocathode requests:

High QE (>1%)

Low thermal emittance (< 1
mm.mrad/mm)

Long life time (>1 week)

F. Sannibale, D. Filippetto, C. Papadopoulos, JMO 58, 1419 (2011)
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Normal Conducting VHF gun

demonstrated

NEG modules

RF Window Y 'v-,, Tuner Plate
5 N ‘fl -
s g . Bucking
i o e . 3L~ solenoid

p— :
Cathode \; e # 4‘ !

Injection/Extraction : amﬂ l\HJ‘U\W\‘ - AN
Channel e -—,

Beam Exit
Port

Cathode

| _lonPump Port

F. Sannibale et al., Phys. Rev. ST Accel. Beams 15, 103501 (2012).
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Frequency 185.7 MHz
Operation mode cw
Gap voltage > 750 kV
Field at the cathode 20 MV/m
Q0 (measured at R.T.) 30050
Shunt impedance 5.8 MQ
RF Power @ Q, 99 kW
Stored energy 24J
Peak surface field 24.4 MV/m
Peak wall power density | 25.0 W/cm?
Accelerating gap 4cm
Diameter/Length 69.4/35.0 cm
Operating pressure ~3 x 101 Torr
Tranch?:teenti dark <01 nA
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Photocathodes under test at APEX™ "™

* Alkali cathodes
— Cesium Telluride Cs,Te (UV)
— Multi-Alkali Antimonides CsK,Sb, CsSb... (Green)

Reported typical cathode Req for Cathode QE & laser power
performance in other guns 100 W photoemission cathode
. . =
L CZ 2\'/I'e An oc’: imonide - 10 ‘\\ —— Green photoemission cathode
aser reen §_ N = thi === - - - -APEX laser
Response ~ps ~ps e —~— \
Vac Low 109 torr Low 10%°torr g \ -~
QE ~10% ~5% S 0.3mAfor LCLS-Il
0.01 !
0.1% 1.0% 10.0%
Cathode QE
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APEX Photo-Cathode Laser

240 mw

4| green shaping

AR X3dY 243 0L \

60mw bichrol
UV shaping ichrole
/  mirror

4HG Dic.hrnic
mirror

~ImW, 37.14MHz (RF/5)
synch to RF by piezo & FPGA

BBO l
SHG LBO, NCPM@180 deg

0.65W, 1 MHz, <1ps

COMPRESSOR

Yb doped
fiber oscillator

Pre-amps

30mw

Final Amp.

1 MHz (AOM)
80 ps

1.5W, 1 MHz

pockels cell
rep rate control
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APEX Photo-Cathode Laser

? m 1 . 1
21 o sheping Oichroe o | Dichri ' LASER 1: 1 MHz reprate Yb fiber !
o mirror mirror I 1
g s / 550 f laser from a LLNL/UCB/LBNL i
S| e wreenshopig swe | totawemees [i - collaboration, 0.7 W at ~1064 nm |
® ) 0.65W, 1 MHz, <1ps _| e e e e e o e e 4
i B =) S e ——

30mw L
1 MHz (AOM) W, I MHz
80 ps '

v \ \/ | LASER 2: Commercial 1 MHz 2 W !
| 1
\

pockels cell
rep rate contro
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Loadlock for high QE cathodes <« ==

/= Collaboration with INFN -
=1 LASA, adapted version of
==:L, the INFN/PITZ/FLASH load-
o Y lock system.

| BERKELEY LAB ATAP AL@ % UEbﬁPAERTMRENTGOFY i



Loadlock for high QE cathodes ~ Foreriri

* APEX loadlock system

/= Collaboration with INFN -
=1 LASA, adapted version of
==:L, the INFN/PITZ/FLASH load-
o Y lock system.

S 4 .
AT

| B Cathode manipulation
magnetic poles

BERKELEY LAB
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Loadlock for high QE cathodes ~ Foreriri

* APEX loadlock system

' Collaboration with INFN —

+| LASA, adapted version of
i1, the INFN/PITZ/FLASH load-

o Y lock system.

\\\\\\\

| B Cathode manipulation
magnetic poles
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Loadlock for high QE cathodes ~ Foreriri

* APEX loadlock system

Old plug

/= Collaboration with INFN -
LASA, adapted version of -

the INFN/PITZ/FLASH load- cathode bluo il
o Y lock system. |

New plug

Photo-emitting
surface

Gun nose

”
’ﬂ

..‘U
,‘f
s

\,-ln
—

" T
xL H

p—

- ’/
= I\ ¥ -

I Cathode manipulation
magnetic poles

Vacu_um s-mtcgse . ,,
compatible with airplane ===
transportation (NEG pump)
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* APEX Phase-I beamline for cathode testing

H&YV Slits and Screens Quad Transverse Deflecting
Cavity Screen

¥
: H Beam Dump
e ls 'I‘A/
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§ cr i /\” Extractable
- Valve Valve ] C |
Y, BPM ! ) ¥ " et |
e~ AR R N 5
S e

j tFaraday
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YR B |
4 ‘ =
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n
\
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* APEX Phase-I beamline for cathode testing

H&YV Slits and Screens Quad Transverse Deflecting
Cavity Screen

¥
H Beam Dump
e

Solenoid 1 Solenoid 2

Laser port Screen /\
Valve Valve
BPM l
' “ -

\‘

Triplet
Extractable

rFaraday Cup‘/c_l_

Dipole
magnet

Cathode
Loadlock

BPM

Screen

8 |

H&YV Correctors H&V A{r Coil Correctors  H&V Cor\mgtors

-
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Cs,Te cathode testing

* Cs,Te cathodes prepared by INFN/LASA
— 2010/2011, 3 cathodes prepared by INFN
— 2012.10, tested in vacuum suite, QE ~ 13% (#409.1)

Almost two years in the vacuum suitcase with no apparent QE degradation!

united

= L €. Kingdom ..
5943 miles Ireland d { Po
ON ac _~Germany )
= 14 h 10 min % SV Sy
o R = 7, Agstrial
— o N B
i 7T NS Is.tlt'ut.o Nazmrlr:!_l.‘e_ o
8 A Di Fisica Nucleare
e | , -~ { Spain
Lawrence Berkeley ) g o 08 Ponuéa!
National Laboratory ~ " It o North B
0K AR C S |
2 b Atlantic Tnisia
i | = AL Ocean Morocc_:o-‘ N A
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Demonstration for LCLS-II at AEPX =ser

0.3 mA - 0.02 mA LCLS-Il modes
demonstrated with Cs,Te at APEX.

~0.1 mA, ~2.6 days, ~23 C, cathode #407.1

1:. I
£
— Ei
< e
5 i APEX:- Cs,Te Cathode (407.1)
E 0.04 0.1 mA - 0.9524 MHz rep. rate b
- (July 18-21, 2014) 2
0.00 bee l l l l l ?'.:
0.0 0.5 1.0 1.5 2.0 2.5
Time [days]
0.12 ) R | K
o 0-081F . APEX - Cs,Te Cathode (407.1)- . q
v 0.1 mA - 0.9524 MHz rep. rate ]
0.04f . (July 18-21, 2014) +
0.00 J.. I I 1 I I ;

0.0 0.5 1.0 L5 2.0 2.5
Time [days]

:
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QE & lifetime satisfy LCLS-Il with marginy e

APEX - Cs2Te Cathode 407.1
"Fresh" cathode (June 4, 2014)

i T T
,| APEX - Cs,Te Cathode 4071
10x10 &

QE

- 0.15

|

'«v

N M ""“,g \

7 1 " | . /:WWM F \‘]‘“‘ ° After the extraction of ~39 C

% | ‘\"Mﬂ” ""M“ °% the QE degraded from ~16%
PP’ to ~11%. (integrated ~ 5 days

pos. ] of continuous operation).

APEX Cs2Te Cathode 407.1
| After 38.9 C (July 21, 2014)

APEX - C5,Te Cathode 407.1 -
10510’ |- QE mazp aessoc 1 QE™~11% pr

(Tuly 21, 2014)

ontal position [ur

“Fresh” cathode
| | | |
6 7 3 9 10 11 12510

Horizontal position [um]

0.02

~ No signs of ion back-

oL 0&370,05 0.05 _ .
T QE \s\ e bombardment or of
N 1010 b ollaser induced QE depletion
270 - HN'A‘ . __at cathode center.
3 0.05 - My N 005
2 of

- - 7 \
£ 4”mx7;.m’m‘\‘ s

After ~ 39 C extracted .
4 I I | | | L~ Vert. pos. [mm] <
6 7 8 9 10 11  12x10 5

Horizontal position [pum]
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Cs,Te (#407.1) lifetime analysis s

Absolute pressure goes from low 10-1" (RF off) to high 10-1° Torr (RF on).

Oxygen line increases by almost two orders of magnitude achieving a partial

pressure of ~8 x 10-12 Torr.

10"
—— RF off .
107 - |-| —— Nominal operations, 100 pC, 0.1 mA.
" -
E 10-10 =
= .- o CO CO,
e H,O
a 1011 , 2
7 ! =
¢ i e
12 Iy 1, ﬂH i ‘ |
10 = SSSS NIRRT aRiE
il ] i [ l'ii ”% HHl i ]
N FI | {1 LA LR
10-13 T i A
igi Nl b

Atomic mass (amu)

T

BERKELEY LAB

Previous work*
demonstrated that the
major QE degradation
mechanism for Cs,Te is
oxidation

Office of
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Cs,Te (#407.1) lifetime analysis s

Absolute pressure goes from low 10-1" (RF off) to high 10-1° Torr (RF on).

Oxygen line increases by almost two orders of magnitude achieving a partial
pressure of ~8 x 10-12 Torr.

10°
— RF off - Previous work*
107 - i —— Nominal operations, 100 pC, 0.1 mA.- demonstrated that the
2 T - — — - - P
= 10
5 10 %) €O, N,, CH,
r — 1,
< ; o co co, &'
5 - H,O = CO
2 10 2 - O
% Jli | M H — E
— [T i
o3 TN . I
o T L i I LA = A = 254 nm
¥l { s i I % HY ] g 05
| | 1 L L ]
13 i v *A. di Bona, et al., Journal of
10 3 : . = L Applied Physics 80 (1996).
i;: i iSsss 2
o 0,
10 20 30 40 R |
Atomic mass (amu) 0'00 50 ' 00 150
> Exposure [L]

e
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Cs,Te (#407.1) lifetime analysis "

Average current (mA)

00 o] 0 03 04 No QE lifetime correlation
0.1 mA 1 ' ' i I i
1 mA 0.3 mA S with current.
0.05 mA 3.5% E
3.5%) el — ] S . . .
. g Consistent with previous
RF onl ] g . e -
0.02mA &ffc;‘f’ 24.7% 2 g findings*, lifetime can
3:5% l ' ¥ support LCLS-1l operation.
Exposure to Oxygen (Langmuirs)
0 2 4 6 8
e 16-
S t,,,=402.1%5.9 hours
a =14.47+0.2 Langmuirs(0)
S 14-
‘O D. Filippetto et al.,
= . .
© 12- Applied Physics
- Letters 107, 042104
3
e 10- ¥ Measured QE (2015).
% —— exponential it of < % >
o
0 50 100 150 200 250
Operating time (hours)
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Cs,Te (#407.1) lifetime analysis "

Average current (mA)

00 ol 0 03 04 No QE lifetime correlation
0.1 mA 1 ' ' [ T4 '
0t 03 mA S with current.
0.05 mA 3.5% £
3.5%) el — ] S . . .
. s Consistent with previous
RF only | E . . . .
002 mA &@f@ 24.7% * § findings*, lifetime can
N .
3.5% l ' | support LCLS-Il operation.
Exposure to Oxygen (Langmuirs)
>,
o 2 4
S 16- 0 co
S t1/e=402.1£5.9 hours &
o =14.47+0.2 Langmuir
5 14 5
2 2 A= 254 nm
J= o
£ 05}
o 124 3
g ) *A. di Bona, et al., Journal of
% —— exponential fit of < % > T
o o 0O,
T | I T I U'D . . . . I . N . . i . . . .
0 50 100 150 200 0 50 100 150
Operating time (hours) | Exposure [L]
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10x10°

Vertical position [um]

RF assisted QE rejuvenation

Before 4-week gun shutdown
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After 4-week gun shutdown Few hours after gun restart

T T T I T [ I T I I
APEX - Cs,Te Cathode 407.1 ; APEX ! Cs,Te Cathodd 407.1 ‘ | | ‘
map before June Shutdown- 10x10" - QE map before 63 hours run at 0.1 mA| 10x10° APEX - Cs,Te Cathode 407.1
(June 13, 2014) (July 21, 2014) QE map after 389 C
003 - 0.02 502 —_(July 21, 2014)
9 — .
] = 0.05 9l 0.04.0.06 0.05 i
4 E 8- i ‘i“' s _
z ! =
o [ _ w
| E 007, .l |
E =
2 L 0.08 | £
B 0.06 > 6 7
0.04
SE 0.01 N i o i
[0) [0)
9/ _149 5%-8% 8%-12%
10%-14% 1 1 mA(16.4 C) 46L5 7 8 s|> 1|0 1‘1 12|103 : : : : : :
7 8 5 10 TRRTT * 7 8 9 10 11 12x10°

Horizontal position [um]

Routinely

observed during
gun restart after
long shutdowns.

High RF gradient
breaks Van der
walls like weak

Horizontal position [um] Horizontal position [jum]

APEX - Cs2Te Cathode 407.1

Before 63 hours 0.1 mA run After 38.9 C (July 21, 2014)

(July 18, 2014)

APEX - Cs2Te Cathode 4071

QE [%]
QE [%]
8 -8
6 - -6
4 -4 y
2 - -2 : ‘
> M‘Nm?

Hor. pos. [mm]
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10x1 I APEX- Cs2Te Cathode 407.1
10x10" 1 204 QE contour for subsequent runs
(June 2014)
—_ 9
=
o =
S 2 s
— =
=
o I
il
= = I
2 3
53
- AR
Iso-QE 12% curves
for subsequent runs
4 1 1 ] L 1
6 7 8 9 10 11

Horizontal position [um]

~

|
f l’l-}‘ ﬂ ‘ S
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Cs,Te surface analysis = oo

0 2
| |
1 I 1 Ll 1
10x1 I APEX- Cs2Te Cathode 407.1
10x10" 1 204 QE contour for subsequent runs ]
(June 2014)

—_ 9

=

o =

S 2 s

— =

=z E

o I

o ¢

= = ’F

2 3

5%

- AR

Iso-QE 12% B -2
for subsequgnt runs ( )
4 1 1 1 J 1 L
6 7 8 9 10 11 12x10° 0

orizontal position [um]

High QE
darea

~

|
r l’l}‘ I"W L
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Cs,Te surface

Vertical position [pum]

Vertical position [pum)]

T T T
APEX - Cs2Te Cathode 407.1

~12% QE contour for subsequent runs

(June 2014)

orizontal position [um]

Iso-QE 12%
for subsequgnt runs
1 1 1 ] 1 I
6 7 8 9 10 1 12x10°

Image of field emitters

o
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around cathode plug (June 2014)
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Cs,Te thermal emittance ™~

0.4 4

Coefficient values *+ one standard deviation 0.30 4
a =0.057046 + 0.0221
b =0.7183 £+ 0.138
- 037 D. Filippetto (June, 2013) 0257 K
< g 0.20 —
E 0.2 4 ‘;
g § 0.15 -
§ X E 0.10
0.1 o
~ . Vert.: ~ 0.79 pm/mm rms
Hor.: © 0.72 pm/mm rms .
0.0 H 5 —
D.:)O 0-115 0-]10 0-[15 0--!’30 0-:?5 3‘I30 0.:’)0 0.:)5 O.I'I 0 D.[1 5 O.:’ZO (}.IZS 0.!50
Laser Xrms (mm) Laser rms Y (mm)
. Simulation of the measurement
* Solenoid scan 02— : _ -
) ASTRA + emittance analysis code
Fixed charge: 0.5 pC bunch charge, 56 ps, o8l :
780 keV beam energy o6l //
ol £..=0.710,,,+0.01 ¥ 50N ]
. . . — T fit
* Values in line with previous measurements. E - §C oFF |
Zo :
D. Sertore et al., Proc. EPAC 2004 g o '
8 0
* Meets LCLS-Il requirement of 1 pm/mm 5 ooal
rms \
Q.08 -
0.04f ENOSC=O'740Ias

‘ 0% 05 01 015 02 0.25
P A A AL RMS laser @ cathode (mm;

| BERKELEY LAB
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Gun improvement for cathode operati

—

i « Better machining of the contact parts between the anode
and cathode halves of the cavity, improved the flatness of
the parts and hence the contact, and a damaged RF spring
was replaced with one that has thicker gold coating.

Nominal energy (750 keV) achieved with~ 15% less RF
power, which benefits gun vacuum.

Combination of dry-ice cleaning and mirror- ’
like polishing of the cathode/anode areas. b

Dark current @ the nominal energy (750 keV)
dropped from 350 nA to ~ 0.1 nA!

Both are very important improvements for LCLS-II
« Cathode life time
« Collimation system

Office of
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Gun improvement for cathode operation s s

100 P =
- 100 C
o0 80 —
= APEX Max VHF-Gun Temp. at Nominal Power
% 60 July 23, 2014 - Before Cavity Matching Parts Remachining
15
—
2. 40} -
5
= a0t
ok | | |
60 80 100 120
i Time [min
1.0x10" FF [min]
— 08 8e-10 torr
f
S
o 06" APEX VHF-Gun Vacuum Pressure at Nom. Power |
= July 23, 2014 - Before Cavity Matching Parts Remachining
vl
% 041 .
-
am
0.2+ —
0.0k L | | H
80 100 120 140
Time [min]

60

BERKELEY LAB

Temperature [;fcg C]

[Torr]

Pressure

Impact of the Improved Cavity Quality Factor

100

/
3y g

.
<o

[ ]
=

o
Fa

/

ok

o
o
o F

APEX Max VHF-Gun Temp. at Nominal Power
| January 14, 2015 - After Cavity Matching Parts Remachining |

' 70C

I | | | | | | =

0 10 20 30 40 50 60 70
Time [min]

= I I &

APEX VHF-Gun Vacuum Pressure at Nom. Power
| January 14, 2015 - After Cavity Matching Parts Remachining |

T P S I

" 3e-10 torr 7

] ] ] ] ] ] Bt

10 20 30 40 50 60 70
Time [min]
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Gun improvement for cathode operation”

Combination of dry-ice cleaning and mirror polishing of the cathode/anode areas:

Dark current @ the nominal energy (750 keV) dropped from 350 nA to < 0.1 nAl!

Cathode image using electrons
i Dark Current 100 Cathode center not

o \\ 1 pC good" beam » accurately defined

300 300
oL Dark 400 Dark current
500 current cop it 1
it 1 screen
600 500

700 / 700 .
s Gun-Cathode 0’
s Plug Interface Q

W Dec. 6,2013 350 nA B Feb. 4, 2015
200 400 600 800 1000 1200 o 200 400 B0 800 1000 1200

BEFORE NOW (w/ higher CCD gain)

polishing & dry ice cleaning U
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———i AISY @ENERGY I




f’ﬂﬁ

@ Berkeley Lab

Alkali antimonide
* Locally fabricated at LBNL (CsK,Sb, CsSb;...

\ ‘ Sdm JJJ"‘ mani H.ll,; - Wavelength adjustable .
n‘\\ b\Depw chambe y o - light source APE-X gun provides p-ractlc-al test
— P al . Chy | environment for antimonide
. = r (J SAWES s |\ 4 AJ . cathode preparation recipe
New :'ag;f}st'@_‘ o : ol 0 e optimization for
chamber *"== o e~ || , L e '
» QE/lifetime/thermal emittance:

* Deposition sequence

e Deposition thickness
* Deposition speed
y ~Il'fﬁm|nat|on |Ight OptICS ° Su rface roughness
" «wand CCD camera
% [ ]

\M‘V " w i S

-/

. ourtesy of Howard Padmore

—

~

Freersry r‘i
S. DEPARTMENT OF
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Alkali antimonide
* Locally fabricated at LBNL (CsK;Sb, CsSb;...

‘ Sdam IJJ—‘ i Yani JJ.LJ.,,!’  Wavelength adjustable .
n“\ tADeposl o cherm P50 lightsource APEX gun provides practical test

environment for antimonide
e . »;.. L, 1 | / NS P L \LS&, cathode preparation recipe
NeW:'ag;f}st'@_' B : o ‘ " ey optimization for
chamber “°2 X T~ ‘ e . . .
QE/lifetime/thermal emittance:

* Deposition sequence
e Deposition thickness
* Deposition speed

T | T — 2SS
= APEX - CsK,Sb -April 2015 Lot 1
% 100 pC - 1 MHz (April 11, 2015) |
S 0.10 g S - -  —— — oo e, —
E oost-  New cathode with QE in prep. chamber |
T > 10% ready to be tested!
0.00Leke = | | | | | | | | | | | |

1 2 3 4 5 6 7 8 9 10 11 12 13 14

= Time [hors]
e
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Conclusion

* A first campaign of measurements demonstrated that Cs,Te
cathode from INFN/LASA satisfies all requirements for LCLS-II.

* Initial tests with CsK,Sb have not yet demonstrated the
required performance but are showing a promising trend with
improved cathode recipe.

 APEX gun is an ideal test bed for characterizing high QE reactive
photocathode performance in practical environment.
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