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The LBNL idea of next generation light source T

Beam transport and

Injector oer
~ Multi GeV CW switching
Laser superconducting linac :
heater Bunch P g * Array of configurable FELs,
l compressor * 100-1000 kHz pulse rate
- f \ v
S - T o T -

Laser systems,

Electron Gun: timing & synchronization

*MHz repetition rate

eelectric field at the cathode > 10 MV/m (space charge limit)

*10° - 10! Torr operation vacuum pressure (high QE photo-cathodes),
e “easy” installation and conditioning of different kind of cathodes,

> e Reliability
o
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@ Berkeley Lab

The LBNL VHF Gun

NEG modules Frequency 186 MHz
Operation mode CwW
‘}"” plate Gap voltage 750 kV
i - Sl Field at the cathode 19.47 MV/m
i L
— Bez:)r: :Xit Q, (ideal copper) 30887
Shunt impedance 6.5 MQ
/ P
Cathode _— RF Power 100 kKW
injection/extraction
channel Stored energy 23J
— Peak surface field 24.1 MV/m
= Peak wall power 25.0 W/cm?
density
Accelerating gap 4 cm
‘ Diameter/Length 69.4/35.0 cm
K. Baptiste, et al, NIM A 599, 9 (2009) base pressure ~ 101 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 A, allows for large apertures and thus for high vacuum conductance

* Based on mature and reliable normal-conducting RF and mechanical technologies.

~

)
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APEX PHASES:

Phase 0 scope:
» Demonstration of the RF performance at full
repetition rate.
» Vacuum performance demonstration.
» Dark current characterization.
* High QE cathode physics
(QE, lifetime, intrinsic emittance)

Phase 0

BPM, striplin
VAT valve

XY Corrector

| 15t Solenoid
load
lock

" @ Berkeley Lab

— -

Phase | scope:
(Phase 0 + extended diagnostics)
* High current emittance
*Diagnostics systems tests
* Low energy beam characterization

currently being installed

ICT
Deflecting Cavity
(initially spool place holder)
Window Box
Quad triplet Beam Dump
XY Correcto YAG Screen
Screen
Retractable
holenoid Faraday 7

Pumping
: Cross

~

o

Frreresry

BERKELEY LAB

FI

Phase
YAG Screen

Retractable slits

Vert & horiz Z5pe-c:tru::rm:a-tta-r magnet

Ex circuit board “sweep” magnets

A
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Photo-Cathode Laser system | oS

UV-Green S SomW
converter m i hroi ichroi
/ > Cameral el = UV shaping | ch_hrmc = JHG e ch_hrou:
Virtual ™ mirror = mirror
cathode > ' 850 ] I '
/ Power % 240 mw J
—meter S 4 green shaping SHG LBO, NCPM@180 deg
I jg Motorized 3 0.65W, 1 MHz, <1 ‘
. A z, <1ps
attenuator From < ~1mW, 37.14MHz (RF/5)
! - laser room synch to RF by piezo & FPGA COMPRESSOR DG645
N To cathode Yb doped ——  Pre-amps —— Final Amp
Motorized fiber oscillator ' HV PS
mirror 30mw S
f wedge EPS shutter 1 MHz (AOM) 1.5W, 1 MHz
30 pockels cell
ps rep rate control

green 64 pulses

green 2 pulses
3.0

green 4_‘pul:sés

2.0

Arb. Units
Arb. Units

60 80 100 60 80 100 0 20 40 60 80 100
time (ps) time (ps) time (ps)

> streak camera in
synchroscan mode
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APEX Phase 1 Beam Diagnostics

* Full 6D phase space characterization
» Cathode physics

12bit CCD (Ethernet)
high quality macro lenses
for imaging (M=1/2)

Imaging screens:
*Yag:Ce (100 pm)
*BeO (higher saturation)

~

|

fsfﬂy

@ Berkeley Lab

* Measure charges from fC to nC

> « Accurate measurements of time and energy

based on e
Cornell design

Y
| 207
z

* 90 deg, 110 G at 750 keV
* 10% Energy resolution
* 500 eV &E resolution

10 3.5
—time resolution (ps) 3 200 W
8 —long. emit. resolution (um)
—induced energy spread (keV) 2.5
6 2
4 1.5
1
2 / 0.5
O n n
0 100 200 300 02 04 06 08 1.0
Input Power (W) transverse emittance (um)
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APEX Phase 1 Beam Diagnostics flf’q

@ Berkeley Lab

Emittance meter:
Electronics for the faraday cup:

v

VME QDC, 25fC, 100 KHz

Q preamp Gaussian 14 bit
150mV/pC  |amplifier digitizer

pico-ammeter,~pA @ ~ Hz

v

Lock-in Amplifier, 1MHz

15 cm shorted stripline BPM
BPF @ 260MHz sampled at 100MHz
~3mV for good reading

01 02 03 04 0S 06 .07 08 09 31 V331 12 13 314 18

S. De Santis, MOPC24

:
—
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The Fast Equipment Protection System NEE ¢

@ Berkeley Lab

Operation @ 1 MHz ~ 300 pC/bunch
requires an EPS system for protecting
the chamber from accidental
misteering of the beam

/
Beam Dump

IF (JICT2-ICT1| > l,,eshoiq) THEN
Close Laser Shutter

t;—ty~0.240 ms
e RN R Wi _3 t, —t~1.5ms

Total response time: ~1.75 ms
IcT1 (estimated 2 ms required)

(snmulated)

@ s @ g T @ SERINERESS LLRF-FPGA based (Eric Norum)

@ 100myv 4.00us

i value Mean Min Max StdDev ][200us  |[5.00MS/s | @ v 144 V|
(I+¥604.000u5 | 10K points }

& Max 3.54 ¥ 2.69 260m 3.58 1.47
& Peak-Peak 3.64 ¥ 511m 360m 3.64 577m (27 Apr 2013]
| @D Area 1.451mVs 4.810m  142.6p  6.749m  2.986m | |11:57:34 |

’\m Ready for MHz repetition rate tests!
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@ Berkeley Lab

Gun performances

The gun was conditioned in less than 120 hours

Not a fault.

yng the BTF)

] & SOXIOSE_ T T I I : |

1.0
z 404
% .. . 108
g 30 New Coupler 2nd Day RF Conditioning w
=
0 )
20 =
z 1048
o
< 10 — A3 FWD Power 402
— Duty Cycle
oL ! ! ! ! ! L10.0
0 100 200 300 400 3500 600 700
Time [m]
. 3 16.8x107 T - . T . =
Hor. Corrector 1/Screenl Beam Energy Méasurement. APEX Power Stablhty ].11 the Gun Cawty
. Energy - 8305866 keV, o - 35.1584 keV. CW Mode - Nominal Power
L : : : : : : : : T 1671 Matlab Cav. Probe 1 Feedback ON _
18 o (November 6, 2012)
JE=83035)keV |~ :
E 12 % 16.6- ||
= [aW
é 10+ E
3] =
2 of g 165) o
S s 2
gl E P_rel stddev~14 10~
5 21.5 MV/m S 164| P_ave=16552.1 ]
2t P_std dev=23.7714
P_min= 16403
or 1 P_max= 16685
L 1 1 1 1 1 1 1 1 ].6-3 ‘ ‘ ‘
-4 -3 -2 i ] 1 2 3 4 0 200 400 600

~ Correctar Current [A] : :
,\‘ .ﬂ Time [min]
Frrerrsry
~ Office of ¢
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APEX Gun RGAS (RF OFF vs. RF ON) rail- e

e I TT TIET IrEr e E40 P oakew [Bagen |01% » b| — TRy
15 rgt (comnected toCOMS) |Earbon dioxide |2.B°fo’ 2
Torr |Earbon maonoxde |2.B°fo’
1.0x10 |He|ium |D.D°/o
|H5.u:|mgen |9'|.2?£ RF OFF'
Methane 05 Pror ~3 101 Torr.

T 7 Largely H, and H,0, CO

NG [02%

oo [Neon [00% and CO, at percent level
|Nilmgen ID_EZ.
IDHygan ID.D'/:.‘

RRERRIER L -1 - s ss v sosnonaneassasashidosascan ks frboh oabtin Iwater |12§é

I A

gLl ‘
Tt 49 52 55 58 61 64 i.ﬂ.rg-:-n ID'Ez
|Catbon dicid= [2.25
FI[I; ;" FYIWQM: (;m/;'z ":"; .gz!“!l H; ] wo@e |« @l-»[E<£85iMoalhrw ICthDn maonoxids |1'S?€ o Sl ¢
Lo G Machis 205, ot e st | Heliurn 013 S~
Torr IH_I.Jdrugen |85.23.£
1.0x10" !Methana |3.E}é
RF ON: [P O [2.4%
(nom. power 98% duty Cycle) NO ID-E‘%
-10 Neon 01
PTOT ~ 9 1 0 To rr !Mitl-:-gen |1.2?§
H,O, CO and CO, still at sl [Drwgen [o.2x
['wiater [1.7%
percent level. | |
1.0x10" nu ‘|ﬂ | ” lA' A o Y
1 | il |
LN hl‘ll I ;Hl“l I‘ ‘ l Il ||l “i‘lm “| llllL‘I
19 22 25 28 31 34 37 40 46 49 52 55 58 61 64
~ mass

r m "i
Office of
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Dark current - A

@ Berkeley Lab

gH I I I !

-05 . 15
Flt: I - 5.7}(10—]2 104.52ih (62.5E2.5A},‘,¢ 1.75 e*ﬁ.S.\X]O(b J(ﬁE) : LR LI L L L LN BB L B al_l | L N B IR lllljl [T
_ -19 2 100 F L 12 b - 2525 175 -653x100 ¢ /(BE) 3
o potaes 1 " Solid line: 1=5.7x10"10*2% (g ¢ 3
= 0—47ev f i A=64 10" m’ ]
2 ) 4/ 02k B =734.65 -
= ar APEX dark current mesurement n - —47 eV CTF3 3
E (Dec 21,2011 - ~ 10 nTorr) s ¢=4.7¢} . _AWA ]
@] . :
1 - LCLS
5 107 3 A0 3
5 [KEkSTF® / ¢~ FLASH (Dry Ice) ]
1 = = L ® J
10 12 14 16 18 O 4 B N
Electric Field [MV/m] R 3
‘D" C ]
: FLASH .
g -
O s -
10 KEK-STF (Ethanol)
APEX extrapolated dark current
10°F E
O APEX at ~2.5 m from cathode ]
+ APEX measurements (December 21, 2011) 7
10. .|‘1|||||r||I|||||||||I|l|||||||I|||||||r|I|||||\|||I|||||||||I|||||||(|S|T
JLAB 20 40 60 80 100 120 140x10

Electric Field [V/m]

REMARK: APEX data collected right downstream the gun (~ 25 cm from cathode).
Most of other data were collected few meters downstream the beamlines.

~
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(Very) low charge measurements

LNk Jﬁx

@ Berkeley Lab

Photoemitted average current measured by a lock-in amplifier with the MHz laser trigger

Photoemitted

as reference and the Faraday cup signal in input.
70— 1 . ;

Dark current

o
o

Laser ON

)]
&]

total current (nA)
AN
(]

/

W
(=]

20

Laser OFF

100 150
RF phase (deg)

50

200

250 300

Laser average power at the cathode: ~ 30 mW at ~ 266 nm.
Cathode: Molybdenum plug, QE ~ 10
Expected charge per bunch : ~ 6 fC

Expected average current at 1 MHz: ~ 6 nA (dark current ~ 50 nA)

~
fFreeesr ﬂ

| BERKELEY LAB

Measured ~ 10 nA, consistently with expectations!

D. Filippetto - IBIC 2013 - Oxford, UK, Sept. 16, 2013
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Beam Operation with Cs,Te Y

@ Berkeley Lab

2.400ns ~76.21mv | @ -16.70us —8.00my
@ 11.80ps —6.00my
77.20n8 ~74.65mY Ad.80ms LS omy
__ A74.80ns  A1561mV | o) o

S

Sample

AT

Peak Detect

Laser power
(photodlode)\

Hi Res

I\ Bunch current
(ICT)

Envelope

JL

Average
16

(@ 100V Q 10.0mVe @ 100mvV O |

Value Mean Min Max Std Dev [ 20.0ns 3.00G5/5 4 980mv
W+v82.0000ns 10k points

10.0MS/s
10k points

Value Mean Min Max Std De|

Record Dela set Horiz. . : Record Delay set Horiz.
Mode Length v Position Wayeflorm Ky D'?PIW 22 Mar 2013 Mndel Length b Position W eflmr 8 D'?fpla" 21 Mar 2013
NEECE 10k on  off 005 ISR g 17:28:17 Sl 10k on  Off 1005 pizplid 13:32:20

Example of QE measurement:

~ oo Cathode 417.1: Cs,Te
450 pC/bunCh L6000 | / (deposited at INFN-LASA on 3/30/2011)

~ 18.7 nJ/pulse QE ~11% '
@ 266 nm (4.7 eV) /

QE (%)

. *-— 10 % QE measured at
e INFN-LASA in March
T 2011

Photon Energy (eV)
Freresr

| BERKELEY LAB | D. Filippetto - IBIC 2013 - Oxford, UK, Sept. 16, 2013 @ENERG"Y |°fﬂco of 13




Summary Results after 4 Days of MHz Tests.

Quantum Efficiency May 2 to 5, 2013 - Cs2Te 417.1

P :jx

@ Berkeley Lab

Laser action items:

- feedbacks (pointing &
energy).

- laser area temperature
control.
- replace present laser
by a commercial more
stable & powerful unit

10
S
w gl
c ° .
E
+ + 4+ 7t + + ! +
oL | W R S U S PP ! il . L et L
0.5 1 1.5 2 25 3 35 4
Time [days]
Charge per Bunch at 1 MHz, April 29 to May 5, 2013 - Cs2Te 417 .1
g T T T T T T T T
5 400 39.5 C of integrated charge -
2 200§ -} W \ \;n .
o * M PG -
o * + + ‘ +
E e + + . b ++-q‘_++++t g+£ + . A + ’M
5 Obfmt s s ot vl i mss st * p— | * ¢ et | -
0.5 1 1.5 2 25 3 35 4
Time [days]

Laser Pulse Energy at 1 MHz, April 29 to May 5, 2013 - Cs2Te 417.1

~

| BERKELEY LAB

= I I I I I - I I I

= o Laser energy fluctuations due to temperature |

o - . . n

0 5 .\ variations in the laser “hutch”.

0 15 K Daniele |

3 10 ; ’ m\ |

@ 5$— i ¥ L Night |

@ ;

S Qs . i w2 s i+ s | TP il e I e s 2. e A B ST S
05 1 15 2 25 3 35 4

Time [days]

D. Filippetto - IBIC 2013 - Oxford, UK, Sept. 16, 2013

39.5 C equivalent to
~ 3 months of FLASH
operation.

QE dropped from
~10to~4 %

Best FLASH cathode
QE dropped from 10 to
1% in 6 months.

| Office of 14
| Science
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Thermal emittance of Cs,Te (Sept. 9,2013) " - d

@ Berkeley Lab
RIEIEES Value virtual cathode

Q (fC) 900
Tjaser FWHM (ps) 58, flat top o
Oyjaser/ Oylaserr RMS (1m) 250/265
T, (keV) 830
0.5 pm/mm RMS

0.34 . . : . - : 034 ,

0.32 0.32

0.3f 0.3

£ 0.28 E 028
E, any=0.1 56 um E, e =0.125 um
5™ 0.26 <026
0.24f 024
— fit
0.22 P 022 " el
*+ data
0.2 : ' ' ' ' ‘ 005 44 4I5 4le 47 4I8 4I9 5
42 43 44 45 46 47 48 49 5 ' ' " Current[A] ' '

"Current [A] '

Transport matrix from cathode calculated by solving eq. of motion in steps (in canonical variables)
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Lesson Learned: I ¢ X

@ Berkeley Lab

~ several hundreds of pC Focused on few hundred microns
at 1 kHz repetition rate rms spot on a YAG screen

Beam melted 100 nm aluminum layer

N

= : Permanent |
g / beam marks
' |

0/

0 200 400 600 ao0 1000 1zoo

~45 mW/mm? peak average power density deposited
~0.5 fC/um? peak charge density

= March 21, 2013.
) '
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Conclusions Pl € = ¢

@ Berkeley Lab

* Reliable operation at full CW power (>20MV/m)
* Vacuum levels on the 10! Torr level achieved
* Dark current measurements within the expectations

* Measured 1MHz photo-beam current and thermal
emittance

Next future (18-24 months)
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The Team: AR

@ Berkeley Lab

—

K. Baptiste, M. Chin, J. Corlett, C. Cork, S. De Santis, L. Doolittle, J. Doyle,
D.Filippetto, G. Harris, G. Huang, H. Huang, T. Kramasz, S. Kwiatkowski, T. Luo,

V.Moroz, W. E. Norum, H. Padmore, C. Papadopoulos, G. Portmann, H. Qian,
F. Sannibale, J. Staples, M. Vinco, W. Wan, R. Wells, M. Zolotorey, ... .

~

)
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@ Berkeley Lab

BACK UP SLIDES

~

e
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LASER-RF SYNCHRONIZATION ) it

— @ Berkeley Lab
The LLRF system controls the synchronization between the laser oscillator frequency

and the VHF gun RF.
:LLRF
,Controller] ;F;E?d (12,375:Frcllizkss MHz)
) Trigger Output ~

LASER SYNCHRONIZATION DIAGRAM

rms jitter 2.16 ps (ki=490, pole=150) ——

I
|
I MHz Clack
| %» Phas.e ca.ntrol
I circuit
: |12 875 M|
D e -~
I
: e Newport =
1 NPC3 8

-
I
|
|
I
I Mode Locked - -

. —————> NIV ---------- B AOM R e >
[ Oscillator
1 37.142 MHz to 1 MHz
I
e e - -
(SRS DG645)
L. Doolittle, G. Huang, D. Filippetto (February 28, 2012)
10 L 1 1 1 1 |
0.0 0.2 04 0.6 0.8 1.0 12
12-08-2009 I{S)

Jitter ~ 2 ps rms (~ 0.15 RF deg @ 186 MHz).
More than enough for present APEX operation.
To be improved by upgrading the piezo/picomotor mirror actuator.

~
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PHOTO-CATHODES FOR APEX T AKX

@ Berkeley Lab

PEA Semiconductor: Cesium Telluride Cs,Te (In collaboration with INFN-LASA)
- <~ps pulse capability i

- relatively robust and un-reactive (operates at ~ 10 Torr)
First 3 cathodes successfully developed at INFN/LASA and delivered to LBNL.

- successfully tested in NC RF and SRF guns

- high QE > 1%

- photo-emits in the UV (~260 nm) (4" harm. conversion from IR)
- for 1 MHz reprate, 1 nC, ~ tents of W 1060nm required

PEA Semiconductor: Alkali Antimonides CsK,Sb, (developed at LBNL)
- <~ps pulse capability S

- reactive; requires ~ 101 Torr pressure

- high QE > 1%

- requires green/blue light (eg. 2" harm. Nd:YVO4 = 532nm)
- for nC, 1 MHz reprate, ~ few W of IR required

LBNL
measurements

400 450 500 550 600 650 700
Wavelength [nm]

Cathodes under development at LBNL (H. Padmore’s group).
Promising lifetime and intrinsic emittance results (Cornell and LBNL).
Transfer chamber from preparation chamber to VHF gun in fabrication.

Try other cathode materials (diamond amplifier,...)

~
Freresry ﬂ
§
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March 2013 Vacuum Base Pressure Tests

« All 20 NEG pumps
activated

« 2.5 days of RF baking
at ~ 180-200 °C

Pressures at the 3 gun gauges:

‘Bottom IG: 1.4 10-'2 Torr
(beyond gauge sensitvity)
Side IG: 1.4 102 Torr
(beyond gauge sensitvity)
Extractor gauge: 2 10-1! 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.

F

(= 1e-11)

(13:00:03, -3 6465e+10

2.78+

2.76+

IAP’:?V

@ Berkeley Lab

e
B
VAC:IM540_2:Sensorl Pressure
log10 (Z.7e-11, 2.8e-11) VAL=2.7531e-11
1

CavityVacuum.stp

fog10 (0. 1?350? X 1?3?0?) VAL= u 173655
R2088(low word), R2088+1 (high word)
Gun:RF-VAndow?Z_IG_Pressure_Expt_Holder
fog10 (0.173607, 0.173707) VAL=0.173653
R2092(low word), R2092+1 (high word)

2.74+

2.72+

2.7

1
13:44:7

T
1l]l] -50
Mar 10, 2013

ﬂ I eI J|JSCROLLING

Pressure in the loadlock ~ 2 10-1° Torr, with ~ 10-12 Torr of H,0, CO and CO,,

~
—

BERKELEY LAB

D. Filippetto — IBIC 2013 - Oxford, UK, Sept. 16, 2013

Office of 22

VA DEFPARTMANT O !
@ ENERGY | o2




VACUUM LOAD LOCK SYSTEM

@ Berkeley Lab

Adapted version of the
INFN/PITZ/DESY
load-lock system

F spring
Old plug
New plug

oto-emitting
surface

Gun
Nose

Any photocathode deposited on a same geometry plug can be
ﬁ ) potentially tested at the VHF gun
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“RF BAKING”

NEG modules

| |]APEX "RF-Baking Test
(march 9, 2012)

Tuner plate © 120 .
/ ey
=

> 100 —
s R —

% —— Nose Surface
Beam exit 5 &0 —— Cathode Surface Top
Solenoid = — Cathode Surface West
port 5 —— Cavity Wall West
/ = 60 —— Cavity Wall East
- F — Anode Surface Center s
Cathode / - 40l —— Anode Surface Side =
injection/extraction — Stajn}ess Steei Wag East
—— Stainless Steel Wall West
channel 20l | , | )
T Cathode SF T | |

4 _

3 _

2 _

1 _

0 |

5 T

Baking the gun with no water cooling (!)
and 2-4 kW average RF power.

LT SN 11

Press. [Torr] & RF Power [kW]
=

He 1 1 1
0 100 200 300 400
Time [min]
]0-5 ' PIE.K RP B k 1 T ] 1 L] 1 ] 1 ]
APEX "RF-Baking" Test -
2 - i
107 March 9, 2012 - ~ 4 nTorr —— Defors Baking Test

Pressure [ Torr]

7 7'/“ h\:lomqn‘if '“ 3 40 lis 50
N 0HO HO, ¢“™ i\ %Z Ar! co,

e |
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RGA MEASUREMENTS — RF ON and OFF f'lfjf

—— @ Berkeley Lab
Measurements performed with a Dycor 2000 RGA system. .
1 NEG pump activated, 1 ion pump, 2 turbo pumps. No gun baking.

APEX Gun - RF: 48 kW CW — RF ON after 3 hours
~ 13 nTorr — RF OFF (cold cavity)
(Dec 22, 2011)

MM'M M W

Atomlc weight

Pressure [Torr]

100

"|APEX Gun - RF: 48 kW CW| T T — ._

~ 13 nTorr —— RF ON after 3 hours

10” (Dec 22,2011) —— RF OFF (cold cavity) -
/ 5 //7 1/7\ l\zo Atomlcwelgh’[\ 30 /Y /\35 ;\ ws 50
2

—_

Pressure [Torr]
s

[

2 DW TR

]

H
2 He
O HO wo, ¢ N, O Ar co,

we————7 7+ 7 71 77 T T T
E 10k APEX Gun - RF: 48 kW CW —— RF ON after 0 hours
e, ~ 13 nTorr —— RF ON after 2 hours
210 (Dec 22, 2011) — RF ON after 3 hours 1
i M mem
B A YT lllh A ot Y il

25 30 35 40 45 50
Atomic weight

~

.mﬂ
o Office of 25
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