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@ Berkeley Lab

APEX Phase-ll Commissioning Results at the
Lawrence Berkeley National Laboratory

Fernando Sannibale
for the APEX Commissioning Team

IPAC16, Busan, South Korea
May 10, 2016
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@ Berkeley Lab

» Science Demand

* The VHF-Gun and APEX
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* APEX Performance and Recent ?’H
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Science Driven Proposals/Projects! o
erkeley Lab

All operating 4t generation light sources are low repetition rate (?120 Hz)
But science is driving towards much higher repetition rates!
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e And proposed high repetition rate
T e X-ray FELs, FEL oscillators and

o . inverse Compton sources all require
\ the similar beam quality at MHz
repetition rates.
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High repetition rate wakefield accelerators, UED, UEM, ...  -=
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; High-repetition rates high-brightness electron injectors are now required
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High Rep. Rate Technological Implications on the Injector fifjf

@ Berkeley Lab

The ultimate performance in terms of brightness in linac-based faC|I|t|es is set at
the injector

Electron “Bucking” SDIEFIDEGB Accelerating Sections Matching

Gun le {RF Boosler} Seﬁtmn e High-l’epetition rates
impose superconductive
|. l .+ _+_+_ "" accelerating cavities in
the RF booster to avoid
unrealistic thermal losses.

Buncner
Cathode Dlagnas.hcs

* High-repetition rates require high QE photo-
cathodes for realistic laser power requirements.
Such cathodes are very reactive and susceptible to
damage. Demanding vacuum requirements.

O T « Successful high-brightness low-repetition rate
sk ) schemes such as NC high frequency (> 1.3 GHz)

RF guns
Successful low-repetition rate cannot run at repetition rates >~ 10 kHz (excessive

gun Schemes thermal |Oad).

‘\Iﬂ A high-repetition rate high-brightness gun needs to be developed!

Office of
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Requirements for a High Rep. Rate x-ray FEL Gun/Injector AIEE ¢

@ Berkeley Lab

A high repetition rate FEL requires the electron source to simultaneously

allow for:
Repetition rate Up to ~1 MHz
Charge per bunch ~10 - 300 pC | Different modes of operation
Normalized emittance ~0.2-0.6 um | Lower value for lower charge
Beam energy at the gun exit >~ 500 keV For controlling space charge
Cathode electric field at >~ 10 MV/m Space charge limit; maximum
photoemission brightness limit
Bunch length and shape control From Space charge control; different

<1to~60ps | modes of operation

Cathode/gun area magnetic field Emittance compensation;
compatibility (exotic modes)
Dark current at nominal gun energy <~1uA SRF quencing; rad. damage

Operational vacuum pressure

~10-1° —-10-° Torr

High QE cathode lifetime

Loadlock cathode vacuum system

“Quick” cathode exchange

Reliability

High (>~98%)

Required for an user facility

~
Frerresrs ﬁ

F. Sannibale, D. Filippetto, C. Papadopoulos, JMO 58, 1419 (2011)
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Available Gun Technologies in 2006 fiﬂ

@ Berkeley Lab

Not usable

R&D required

High frequency (> 1 GHz)

normal-conducting RF Super-conducting RF DC gun

LBNL new concept electron gun: the VHF-Gun

Cathode
CBP Tech Note 366
VHF-band Photoinjector Cathode

26 October 2006

J. Staples, F. Sannibale, S, Virosrek USSHHAN 4100

Lawrence Berkeley National Laboratory

~
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The LBNL VHF RF Gun NS

@ Berkeley Lab

The Berkeley pormal-condyctmg sch?me satisfies all Frequency 186 MHz
next generation FEL requirements simultaneously. :
Operation mode CW
NEG modules
A: L, Gap voltage 750 kV
RF Window P < Tuner Plate )
E : Field at the cathode 19.47 MV/m
Bucking
» | ! Solenoid QO 30400
cathode \ i Al Shunt impedance 6.5 MQ
Injection/Extraction = Beam Exit RF Power @ QO 87.5 KW
Port
Stored energy 237
Cathode Peak surface field 24.1 MV/m
Peak wall power density 25.0 W/cm?
lon Pump Port
‘ Accelerating gap 4 cm
J. Staples, F. Sannibale, S. Virostek, CBP Tech Note 366, Oct. 2006 -
. Diameter/Length 69.4/35.0 cm
K. Baptiste, et al, NIM A 599, 9 (2009)
R. P. Wells, et al., Review of Scientific Instruments, 87, 023302 (2016) Operating pressure ~10-19-10-° Torr

- At the VHF frequency, the cavity structure is large enough to withstand the heat load
and operate in CW mode at the required gradients.

* Also, the long Ax¢ allows for large apertures and thus for high vacuum conductivity.
« Based on mature and reliable normal-conducting RF and mechanical technologies.
‘\\| ﬂ » 186 MHz compatible with 1.3 and 1.5 GHz super-conducting linac technologies.

.S. DEPARTMENT OF Office of
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The LCLS-ll Injector is Based on the APEX VHF-Gun ,gff

@ Berkeley Lab

The injector of the LCLS-l FEL at SLAC includes a VHF-Gun.
LBNL is responsible for the construction of the gun and of the downstream
low-energy beamline (Fabrication initiated).

The high-energy high-gradient gun (respectively ~ 2 and 3 times higher than in
the present best DC gun) allows for a more relaxed thermal emittance cathode
requirement, and for a simple injector layout: VHF Gun, NC buncher, solenoids
and standard LCLS-I linac cryomodule.

Simulations indicates that all LCLS-1l requirements are met with margin

@
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@ Berkeley Lab

APEX, the Advanced Photoinjector Experlment

/
Vacuum /;// VHF-Gun
Loadlock P Y Buncher

.

. Transverse
Emittance

Linac Sections i
Measurement Slits Deflec‘tlng
Cavity

Spectrometer

Solenoids

Laser Entrance | e o
Quadrupoles

Main Goals:
« Demonstrate the RF and Vacuum Performance of the VHF-Gun.

« Characterize and identify high QE photocathodes capable to operate at
the challenging regime imposed by MHz-class FELs (LCLS-II).

 Dark current characterization, define removal techniques.

« Demonstrate FEL-quality bunch compression and high-brightness
capability of an injector based on the VHF-Gun.

’-"\‘ EEEEEEEEEEEEE Office of
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@ Berkeley Lab
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The APEX Ph AT
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APEX Phase-I| Fq:ny?nstaued in the BTF_ s
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APEX Experimental Results: Milestones for LCLS- II fﬂj’?

@ Berkeley Lab

> 840 keV
measured

the required cathode fields and energy (750 keV)
F. Sannibale, et al., PRST-AB 15, 103501 (2012)

Demonstrate capability of the VHF-Gun to run in CW mode atV

Identify a cathode and demonstrate its capability to operate
with sufficient lifetime (t > 4 days - LCLS-Il) at the required
charge/bunch, rep. rate, and thermal emittance

(<1 pm/mm required, ~0.7 um/mm measured with Cs,Te)

T~ 17 days
Measured
with Cs,Te

Filippetto, Qian, Sannibale, Appl. Phys. Letters 107, 042104 (2015).

Characterize and reduce dark current from the gun at the

required level (< 400 nA @ 750 keV - LCLS-II)
R. Huang, et al., PRST-AB 18, 013401 (2015)

~0.1nA
measured

Demonstrate the capability of APEX to operate with emittance
and compression compatible with LCLS-ll requirements. All parameter
On March 8 and 9, 2016 a review of experts confirmed that all formal demonstrateg

LCLS-Il beam parameter requirements were demonstrated.

Office o
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Last LCLS-Il Milestone Details

_/’-Afjif

@ Berkeley Lab

Quantity ——

Charge per bunch [pC] >~ 20 20-25

Normalized emittance [um] <~0.25 ~ 0.20%* @
Bunch peak current [A] >~5 5-9 ©
Energy Spread (H.O. whole beam) [keV] <~ 15 < Q¥ ©

* After accounting for space charge contribution

** Value affected by space charge. Much smaller values at LCLS-Il injector energies.

Tests at higher charge per bunch (100 pC) for LCLS-ll and full
characterization of multi-alkali antimonides cathode starting in June.

@
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VHF-Gun Successful CW operation - AKX

@ Berkeley Lab

APEX Gun RF
Control Window AL :

OO T T
i | 1 I
Heartbeat 723272 | ” | I
PLCRESEE | i acoum Lee g ol | | |
a0 |-
L2t Pa 180 i ) M | M )
Wer B
— 0 02 04 05 08 1 1z
Re | 14600 Mag | 14600.0
m[ o Phase| 0.0 Deg - 2 ; ; L
Pulse Length [msec] | 1000000 % 4 ] 80t _ o
Pulse Pericd [msec] | 1,000000 =3 B ]
Z :z} Forward power in one of the RF
_IMATLAE Freq. Loop Sir couplers | =
Raser it | Interfock Sum ok o ; ; ; | -160 ; | | ;
w‘. Pt & - Seate ok 0 02 04 06 08 1 12 ] 02 04 06 08 1 12
et = El
dx“l = — —— — e r—
] 0t
2
z .
g zr  Reverse power in one of the RF - o
— Graph
Time Scaling 4] | IDICE air couplers i 50| |
Wertical Auto Scale 0T ! L M L 2 L
l % 02 04 T 08 1 12 10 02 04 08 08 1 12
| Continuaus Acquine :-c'ltli
: . ' 75
Active Wavelorm EETERT I g o 1680
= : 7f
wrr | sopa | Tetrose| | cavire | | @rc | ?:-_“ 50 1
3 A m
£ ol Power in the gun cavity ] ot
Cale (5]
Cavity A3 Fwd Power [w] 36755.69 i o
Cavity Ad Fwd Power [w] 31110.50 c . , . ; . . ) ) . . . ;
Cavity A3 Pev Power [w] 744.48 0 02 04 o 08 1 12 cilits 0 ] 7 e - 0
Cavity Ad Rev Fowar [w] 1489.65 me [msec) Time jassec]
January 13, 2005 19:12:11.630

Since November 2011, several thousand hours of CW operation at the nominal
"\ﬂ field and beyond.

|
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Exceptional Gun Dark Current Reduction AP Ee, , ¢

@ Berkeley Lab
r BEFORE error Pollshmg/Dry Ice ~

600x10” .- - Cathode image using electrons
1=5.7x10" 104°’° B (En 194701750 A/ e 8B E 070 " Dark current —__
500(A =1.1928 x 10°! Pl 0 }d y 1 pC “good” beam
= p=315.49 \N - Ca
= 4000 =4TeV 4 <
~350 nA @ 750 keV 3B
5 300" n € 5 i // current
= (LCLS-Il requirement < 400 nA) ~780 keV //
g 2000 . 7
A / slit 1 screen
May 2014 / L
Lool Y o+ ?ﬁta | Gun-Cathode W &
Plug Interface ) BEFORE
| | | | | | | | ~
620 640 660 680 700 720 740 760 780x10° 1000 [IZIPINE oo
\_ Energy [eV]
4 AFTER error Pollshlng/Dry Ice
| I
- 245287 1.7 : 653:10°" /B En 194707750 | P Cathode center not
10 L 547;:):? 110014 5 B @ 19470}7;0) Al 770 keV accurately defined
X m
< o8l B=14589 ~ 0.1 nA @ 750 keV -
= 0=4.7eV
§ 0.6 (EC =456.09 MV/III, Ic =5.5098 kA) a Dark current
5 .
= o4 APEX VHF-Gun Dark Current | \ SSUEEZech
g ) (January 30, 2015) -
0.2 + Data i
— Fit
I I Higher CCD gain
720 740 760 780 800 820 840 Feb. 4, 2015
EHEI',‘IY [keV] 0 200 400 600 800 1000 1200 )
,\ﬁ More than 3-orders of magnitude reduction!
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VHF-Gun Demonstrates Vacuum Requirements

« 20 NEG pumps activated
« 2.5 days of RF baking at ~180-

200 °C

Pressures in the gun without RF:

« Extractor gauge: 2 x 10-'! Torr
(2.7 10-'* mBar) (this gauge has

the proper sensitivity)

RGA measurement indicated partial
pressures of H,0, CO, CO, two-orders
of magnitude smaller.

With RF at the nominal power the
pressure rises to ~ 3 x 10-1° Torr

@ Berkeley Lab

VAC:IIM540_2:Sensor] Pressure

CavityVacuum.stp

Il:lg][l (Z Je-11, 2.6e-11) VAL=Z.7531e-11

(x1e-11)

2724

I n
log10 {0 1?’3|El]7 l] 173?0?) VAL=0.173655

R2088 (low word), R2088+1 (high word )

JGun:RF:WindowZ_IG_Pressure_Expt_Holder,

log10 {0.173607, 0.173707) VAL=0.173655
R2092(low wond), R2092+1 (high word )

o ' 30

(13:00:03, -3.6465e+10 (Minutes)

-~

Frerssys
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Cs,Te Cathodes Satisfies with Margin LCLS-Il Needs

'%‘ 0.30+ : .'-_ Lis, = —
= 0.20F * APEX - Cs,Te cathode (407.1) * -
2 0.10 : 320 pC - 0.9524 MHz rep. rate
=t A (June 5, 2014) -
© ;i 300 pC—-1 MHz
0.00 1 1 1 1 1 1
0 1 2 3 4 5
Time [hours]
T T T
=0 1:?
=008t _
g e APEX:- Cs,Te Cathode (407.1)
E 0045, 0.1 mA - 0.9524 MHz rep. rate I
=1 i s TR [
&) . 100 pc —1 MHz (July 18-21, 2014) _z
0.00 & | | 1
0.0 0.5 10 L5 20 15
B Time [days]
25x10 " T T T T =

)
(=]

—
]
T

APEX - Cs,Te Cathode (407.1) -

21.0 pC - 0.9524 MHz rep. rate
(June 11, 2014)

Current [mA|
o
|

sk Cathodes by
L 20PC—1MHz ___INFN Milano LAS
0 1 2 3 4 5

Time [hours]

The major QE degradation

mechanism for Cs,Te is oxidation.

(A. di Bona, et al. JAP 80,1996).

fsff?y

@ Berkeley Lab

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

" No signs of either ion

~ o0 back-bombardment or of

o laser induced QE
depletion after

~ 39 C extracted

Vert. pos. [mm] 10
g Hor. Pos. [mm]

Exposure to Oxygen (Langmuirs)

0 2 - 6 8
—_ 16_
§ t,,=402.1%£5.85 hours
3 =14.47+0.2 Langmuirs(0)
e 14
Q
=
© 124 oas l;;:?t?: L;Ial:a:surs ~17 days QE lifetime
£ X exposure time (LCLS-ll requir. ~ 3-4 days)
3
":_:‘ | * Measured QE
g 10 —— exponential fit of < #* >
o
0 50 100 150 200 250
RF ON Time (hours)

In LCLS-ll cathodes will be replaced when the QE drops to 0.5%.

-~

o

Using the results for Cs,Te, a cathode will last for ~ 2 months.

Filippetto, Qian, Sannibale, Appl. Phys. Letters 107, 042104 (2015).
| BERKELEY LAB | F, Sannibale - 2016 International Particle Accel. Confer., Busan, South Korea - May 10, 201 _
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High QE CsK,Sb Cathodes Used for Recent Beam Tests PR

@ Berkeley Lab

CsK,Sb cathodes by H. Padmore’s group at LBNL

QE (x-laser=700) QE (y-laser=450)
7.00% 7.00% - )
6.00% ¥ 6.00% - - ? s
= 00% + * + S.00% - . * * + ~350 pC @ ICT'l
c“% 00% wy 400%
00% O 3.00% -
2.00% 2.00% -
1.00% 1.00%
0.00% T T T T T T T 1 0.00% - ; . . . :
0 100 200 300 400 S00 600 700 800 0 200 400 500 800 1000 1200
Y-laser position [pixels] x-laser position [pixels]
QE >~ 5% at 532 nm (~ 5.5 % in the preparation chamber 12/16/2015)
95% proj emit 02/29/16 20-:43, RMS fit Slice emit: 02/29/16 20:43 Slice mismatch: 02/29/16 20:43
350 0.105 0.1 14 0.1
2 pC 15.5 MeV 0.1 — Tl Jo.09 135 — [ {009
e Bz Lo e
= 250 Gy =BT6=023 2 009 \}1 oor 125
N E | 06 5T
£ 200 g 0088 i \{{ \%' loos & 12
§ 2 o joos 3 115
= 150 %}; 0.075 T
- 100 0.07 0.02 H ,a“%
€qy = 0.09 pm 0.065 oot 1% Ml
Vg0 11 12 13 14 15 16 0055—=0 = 0 5 10 15 Y5 0 5 0 :
Quad current / A B Time / ps ) Time / ps
Measured thermal emittance of ~ 0.5-0.6 pm/mm rms.
)\lﬁ Full characterization will be done in the next several months.
Freeesrs
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@ Berkeley Lab

Example of Slice Emittance Measurement (Feb. 2, 2016)

- ) 20 pC, 15.4 MeV, 95% Projected emittance 95% Slice emittance & mismatch parameter
Virtual Cathode 6.5 pm/pixel Proj emit: 02/03/15 071:38, BMS fit oo Slice emit: 02/03/16 01:38 » » Slice mismatch; 02/08/16 01:38 »
200 T T : Bunch
~016 “r \Ur:. __7ZPI’Ofi|e 1.2 2.2 __—7 1.2
£ slice emittance™ + =
El e, = 0.23 £ 0.01 um ma\ —‘ 1 2 1
@ fy=9332043m E \{; A
@ 00 & = -1.16 £ 0.07 S e + 08 518 g
§ ; 01z 06 é 16 06
e  ve =|:I2.3-:I:|I:|'||_|_m B g1
» P‘rojscmon ormllms Honzon‘(a\ Plane % 500 : - - - ] D[;E 0.4 1.4 0.4
e, = -1 16 = 0.07 B H 0z 12 H \s-ﬁ 0z
mDD 2 4 5 5 10 R —- 0 5 0 s 50 s 0 5 0 s
Quad current f A Time { ps Tirme / ps
: 20 w00 w0 o0 o em 0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000
Raw image
%)
20 pC, 15.7 MeV, 14 ps laser pulse =
©
T-Cav DAC 8000, no Buncher 8
)
(CsK,Sb cathode T023b) =
/Y
Vacuum // VHF-Gun
Loadlock  suff ¥ Buncher Time axis
Lo 8L g0 ' : : __
[ —— - - ""-,I "y Linac Sections 600 800 1000 1200 z00 400 600 500 1000 1200
b ¢ Figa Pl "
& 3 o Spectrometer
4% Measured ~0.16 um slice emit.

B l‘ 4 and ~1 A peak current.

"/:hlﬁ Quads 1and 3 T-Cav Screen 3 I—
| p U.S. DEPARTMENT OF Office of
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Example of Projected Emittance Measurement

200
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@ Berkeley Lab

20 pC, ~6.5 A peak
~15.7 MeV
Quad 3 scan
95% projec. emittance

Yertical QuadScan; 03/01/16 03:40, Gaussian fit

300 ' : : :
€y = 0.13 pm
£ 250} _
s e, = 013 £ 0.01 m
o 200t B, <1265+ 0.75 m ,
g @, =-5.53 0,33
& 180t |
Ly ]
=
o 100t |
50 s ‘ . ,
& 5 a
uad -:urren?.'.ﬁ.
Wertical GuadScan: 03/01/16 03:40, B3 fit
300 : : : :
E 250} ©  ve, =020+ 0.04pm |
= B, =1304s182m ‘i]
P &, = -6.39 £ 0.97
o ozoot |
E 150} |
un
o
E 0 o0 um Sol14.15 Aq
v Sol22.70 A
50 . s . .
3 5

l;lugd -:uman?.'.ﬁ.
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Example of Long. Phase Space Measurement A HEK

@ Berkeley Lab

250

250
High-Order (HO) rms energy spread

1st and 2" order correlation removed
350 |

Spectrometer (Feb. 26, 2016)

300 300

22 pC, 15.7 MeV

S

~5.2 keV rms

~3.2 A peak current

400 500 600 700 800 900 1000 400 500 600 700 800 900 1000

1  Screen 2 (~30 cm from T-Cav) 5,~164 um rms
X

e

T-Cav induced energy *
spread @ 18k DAC
(2.2 keV/100 um o, ) [ i
~ 3.6 kev rms . 200 400 600 500 1000 1200

HO energy spread < (5.22 - 3.62)/2 keV < 3.7 keV rms (space charge affected)
ﬂ (spectrometer resolution not deconvolved)
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@ Berkeley Lab

Few “Hiccups” on the Way...

August 1, 2014. RF Coaxial Failure. One of the two 4” copper () Tl & Tuw
coaxial waveguide that feed the power to the gun overheated |
because of a sustained reflection inducing the rupture of one HICCUP Cures
of the RF windows.
* The gun was contaminated and had to be opened for
cleaning.

September, 2015. Charge build-up on one of the RF windows. Direct line of sight
between the cavity internal wall and the RF window ceramic allowed for field
emitted electrons inside the cavity to build up on the ceramic generating flash

arc and ultimately ceramic puncture.

 RF window area redesigned to avoid direct line of sight.
* Parts fabricated and installed to the gun.
* RF conditioning to full power underway.

r :ml ﬁ
Of‘
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DOE Early Career
Award to
Daniele Filippetto

MHz repetition rate

source properties

& Science enabled

ultra-small pulses

atomic scale snapshots

Installation completed.

high average flux

integrated measurements

weakly scattering processes

of

for biological sample
replacement.

matched to droplet injectors

First beam delivered in March
and experiments coming soon!

~

ultra-low charge
pulses, high flux

weakly pumped systems

unperturbed samples

radiation sensitive materi

als

)
P r/a—;h‘ I'ﬂ
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@ Berkeley Lab

Conclusions

* APEX the prototype injector based on the LBNL VHF-Gun has successfully
demonstrated all major parameters, including formal requirements for
LCLS-II.

* The LCLS-ll injector is based on a close version of VHF-Gun that is being
fabricated by LBNL.

* In the next several months additional tests for LCLS-Il will be performed at
APEX, including higher charges per bunch beam tests, and reliability tests
for the new RF window configuration.

* HIRES, the high repetition rate UED beamline at APEX, has delivered its
first beam and will initiate experiments in the next few months.

%>, U.5. DEPARTMENT OF Office of
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The APEX Team! ISR

@ Berkeley Lab

K. Baptiste, C. Cork, J. Corlett, M. Decool, S. De Santis, M. Dickinson, L.
Doolittle, J. Doyle, J. Feng, D. Filippetto, D. Gibson, S. Giermann, G. Harris, G.
Huang, M. Johnson, M. Kirkpatrick, T. Kramasz, S. Kwiatkowski, D. Leitner, R.
Lellinger, R. Li, C. Mitchell, V. Moroz, J. Nasiatka, W. E. Norum, H. Padmore, G.

Portmann, H. Qian, H. Rasool, F. Sannibale, J. Schmerge, D. Syversrud, T.
Vecchione, M. Vinco, S. Virostek, R. Wells, F. Zhou, M. Zolotorev.
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@ Berkeley Lab

Backup Viewgraphs
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Phase 0-l: Cs,Te Satisfies with Margin LCLS-Il Needs fﬁf'rf

— @ Berkeley Lab
< 0301 e ~ ] 0 T T e
E s “ 1 —— RF off m
— 0.201 * APEX - Cs,Te cathode (407.1) * T 10° o H, —— Nominal operations, 100 pC, 0.1 mA_
S . 320 pC - 0.9524 MHz rep. rate +H H
5 010 = - (June 5, 2014) T —~ i N
D ., 300 pC - 1 MHZ E 10'10 = ‘ ‘
0.00 1 1 1 1 1 1 = S co
0 1 2 3 4 5 s 0 co
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T T T w 1
= 5 it if i
= 10'72 gk | P f ! 1 EEEN]
— 008} IHE e H H s ==
g F APEX:- Cs,Te Cathode (407.1) | ilis 58 St s T E!E S
£ 004k, 0.1 mA - 0.9524 MHz rep. rate : 1073 ! LY il
O .0 100 pC—1 MHz (i 7 il ] l il i
R Y 1 1 1 L T |
0.0 0.5 Lo 1.5 2.0 2.5 10 20 30 40 50 60
25x107 ¢ T |Tlme [days] - X — . Atomic mass (amu) .
= o .| The major QE degradation mechanism for
= 15¢ APEX - Cs,Te Cathode (407.1) 1Cs,Te is oxidation. (A. di Bona, et al. JAP 80,1996).
3 10F 21.0 pC - 0.9524 MHz rep. rate - .
Z sl (June 11, 2014) i Exposure to Oxygen (Langmuirs)
0 20 pC = ]1' MHz | J | 1 0 2 4 6 8
0 1 2 3 4 5

APEX - Cs2Te Cathode 407.1 fime hours] é 18] t,,=402.1%£5.85 hours
_After 38.9 C (July 21, 2014) CathOdeS by 2 4 =14,47+0.2 Langmuirs(Q)
O 14
. @
INFN Milano LASA S )

(? '150 010 ‘© 124 ogas l;;:?t?ar? :l:s;sure = IZL:'_:YS QE;j‘fﬂime
‘ ~  No signs of either ion back- £ Hexposure tme ‘~ouliaa e
i Uil °™ bombardment or of laser ~ § 10 _* Mewuweq

induced QE depletion after ©

Vert. pos. [mm] H10P ~ 39 C extracted (IJ 5I0 160 1I50 260 2I50
o 8 ferfesinm RF ON Time (hours)
In LCLS-ll cathodes will be replaced when the QE drops to 0.5%.
W Using the results for Cs,Te, a cathode will last for ~ 2 months.
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Simulations Shows that the APEX Can Perform - li B k;e.sab
at the Required Level. ”

LCLS-II Injector APEX Phase-II Injector

Optimization of LCLS-II Injector: Energy > 95 MeV Optimization of APEX Phase II: 750 keV Gun Energy
25 T T T T T T 20 p‘C 25 ] I < I 20 pIC +
100 pC - 100 pC x
300 pC  x . &§m=1.0 um/mm 300 SC «
21 - 2t —— ! !
¥ : XX
—_ — : % » 300pC
£ 15} £15 $ : %
+ %k T &’(’ """"""""
E E : 100 pC :
N N i *
D 1tk 9 1 + §>< ,,,,,,,,,,,,,,,, %
n 2] + % % 3K
\ + 20 pC o % gk
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . 4 % x K
0.5¢ T nominal { o5} 3}% rrrrrrrrrrrrrrr 1 %X%%
current RS MEEEE RN %
O I I I I I I I I I 0 | | | | | | | | |
o o1 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
emitx (mm-mrad)

emitx (mm-mrad)
Simulation results are shown using 10K particles — this overestimates emittance in the 100 and 300 pC cases.

APEX goal is to experimentally demonstrate a level of performance sufficient to retire
the risk that the VHF-Gun would not be able to deliver the beam quality required for

- LCLS-II
]
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@ Berkeley Lab

—

30 kW 13.5 nm EUV FEL with Energy Recovery e 4

Beam Dump

NEG modules P

FEL Undulator
On the 1t beam pass

.-ﬂ‘
/A .

Bunch

J Compressor
Linacl Harmonic Linac2
Linearizer

B

N
v

~ 100 m

Energy at undulator 600 MeV 1.2 "2 05
Bunch charge 300 pC HE
Inj. peak current 45 A T Al Puise energy =104
Inj. rms emittance 0.6 ym ’E“ 0.8 | Bunching s o
Und. peak current 550 A > 103 5
u-Period A, 18 mm g 0.6 2
u-Parameter K (max.) 1 ° 102 g
u-Length L, 26 m S 04 Y =
Gain length L, ~05m ozl 1""% o4
Avg. beta functions g, = g, 53m ' e
FEL efficiency 5 0.5% 0 : : : : 0

0 10 20 30 40 50 60

Z(m)

For ~ 30 kW EUV, as presently required by the semiconductor industry, the
facility has to operate at ~25 MHz repetition rate ( ~7.5 mA average current)

M. Venturini, G. Penn, A non-conventional ERL configuration for high-power EUV
IW FELs, NIMA 795, 219 (2015)
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The Three Phases of the APEX Project -

@ Berkeley Lab

NEG modules

RF Window . ‘ - Tuner Plate

Bucking
Solenoid

Cathode
Injection/Extraction Beam Exit
Port
Cathode

lon Pump Port

IcT

Phase 0 BPM.SUIPINET _ | asor Window Box 0 | [t e e Accelerating
Vacuum Loadlock ‘ h VATt icT Cued tiplet v::: 'D“mp sections
X co YAG Screen :;:x:’f” o
1% Soleno 24 Solenoid,  Faraday Cup Buncher
: Hf/ cavity
%_ Diagnostics
' Phase I *'"*°
Coprecton Pha YAG Screen
’ Gun : %I-:;I‘I;lllg s::!&c:::iezs“u Spectrometer magnet *
Flex circuit board “sweep”™ magnets
VHF Gun performance demo. Beam characterization at the gun Full performance demonstration
Photocathode tests. energy. Cathode tests. at relativistic energy. (Installation
(Completed) (Completed) completed - in operation)

~
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APEX: the Advanced Photoinjector EXperiment INEX

@ Berkeley Lab

Located in the S _
Beam Test Facility E;DQ LDRD in 2009

(BTF) at the ALS. S aEEY DOE-BES 2009-15
cammronos ATAP)  [EENEN LoLs-i2015-16

Main Goals:
« Demonstrate the RF and Vacuum Performance of the VHF-Gun.

« Characterize and identify high QE photocathodes capable to operate at
the challenging regime imposed by MHz-class FELs (LCLS-II).

» Dark current characterization, define removal techniques.
« Demonstrate FEL-quality bunch compression and high-brightness
capability of an injector based on the VHF-Gun.

Additional Goals:
Identify (and possible procure funds) additional possible applications that
,\m could exploit APEX capability.
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APEX Phase Il Commissioning Progress: First Beam ol £

@ Berkeley Lab

On September 24, Phase-ll installation was completed and the first beam (~ 1 pC)
was generated and progressively transported through the linac in the following days.

s
Pojectonent te Horizonal Pane Stripline signals along Phase-ll
" beamline
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0 L L
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Projection onto the Vertical Plane

Screen upstream first linac section

At Linac 2 exit

At Linac 1 exit

First Beam in Phase-lI
(Sept 24, 2015)

At Linac 1 entrance

(9/29/2015)
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@ Berkeley Lab

Ultra-Fast Diffraction: Photons vs. Electrons

UED
X'FEL W ~ - x‘in;:::fﬂety
Km size” M size ™ et
| Thomson‘ Rutherford
8 h2Z*4/3 2

2 —25 2 —20 2

or = —7rs =6.60- 10 cm Oel — =8.57-10"" em
e c wFE2 32

» Probing with electrons can be better for surfaces, thin films, gas phase
= Damage in biological samples 400-1000 times less
— Elastic/inelastic scattering ratio 3 times higher than for X-ray
— Energy deposited per inelastic scattering event:
20 eV for 500 KeV electron vs. 8 KeV for 1.2 A x-ray

,\m Courtesy of Daniele Filippetto
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