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Overview of Photoinjectors for
Future Light Sources

Ivan Bazarov
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Photoemission source <
development @ Cornell

 Two accelerator facilities @Cornell to push photoinjector state-
of-the-art: NSF supported 100mA 5-15 MeV photoinjector;

= photocathode
. 1:""‘ . 4 DC gun
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 New 500kV photoemission gun
& diagnostics beamline
(under construction): shoot to
have HV by this summer
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Cornell ERL e
photoinjector highlights CLASSE

* Over the last year:

— Maximum average current of 52 mA from a photoinjector
demonstrated

— Demonstrated feasibility of high current operation (~ kiloCoulomb
extracted with no noticeable QE at the laser spot)

— Original emittance spec achieved: now getting x1.8 the thermal
emittance values, close to simulations (Sept 2011)

59 Cornell University
& CHESS & ERL 1.V. Bazarov, Overview of Photoinjectors for Future Light Sources, March 6, 2012
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beam current {m

Pushing for high current

N

CLASSE
*  Key developments: >
— Expertise in several different photocathodes - .
(both NEA and antimonides)
— Improvements to the laser (higher power) I | |
— Feedback system on the laser . e 9. |
— Minimization of RF trips (mainly couplers) it b uren: s
— Minimizing radiation losses e
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High current operation O
(offset CsKSb gives excellent lifetime)
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6AM: sleepy operator

. Cornell Universit L. Cultrera, et al., PRST-AB 14 (2011) 120101
3 orne niversity
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Laser off-center -

CLASSE

Good news: running 5 mm off-center on the photocathode
gives the same emittance (20pC/bunch) due to
intrinsically low geometric aberrations in the DC gun

100 % beam intensity 90.0 % beam intensity
roid y = -0.883 mm E = 35.047 MeV centroid ¥ = -0.909 mm
mra Q ini mrad
m mm 15 m mm
m mras RO 3.0 m mrad
3 mm mr: mm m
4arb.umits  intensity = 106.18§ ar b. units

This is very important, as we know that we cannot run

with the laser at the center of the cathode due to cathode
damage issues.

ma Cornell University
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Sept 2011: initial -
u o ' CLASSE
emittance spec achieved!

* Keys to the result

— Beam-based alignment (took us a couple of months)

— Working diagnostics

— Fight jitters in the injector

(2011-03-26 10:01:07) sdver ™ 0.d4mm-mrad, 5= Tadmm, <y==-147mm (2017-09-16 16:47:21) Adver By 0.83mm-rmrad, 5= 1.67mm, <y==-0.74mm

5 €ny(100%) = 0.4 um @ 20pC/bunch “ £,(100%) = 0.8 um @ 80pC/bunch
fi 4 —; o a z 4 -10 - 4 -4 g y(mlin) Z 4 G g

 x1.8-2.0 thermal emittance! x1.4 simulated emittance
» correct scaling with bunch charge
59 Cornell University
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Lasers -

CLASSE

Z.Zhou et al.

* Plenty of laser power when coupled
with good cathodes

 Next steps:
— better 3D shaping

— engineering and integration into the
machine via stabilization loops (all
degrees of freedom)

* Practical shaping techniques

— Temporal stacking (uniform) better than “beer-can”; only <20%
— Transverse clipping (truncated [ €mittance increase compared to
Gaussian) highly optimized shapes

— Blowout regime if E__,, is high enough

Cornell University ‘
CHESS & ERL 1.V. Bazarov, Overview of Photoinjectors for Future Light Sources, March 6, 2012




Building collaboration on &

CLASSE

photocathodes for accelerators

« Collaboration with PR Vo T W ey
ANL. BNL. JLAB ’“‘ \ g~  Photocathode Physics

- Berkeley, more... e s -

° EXCitement and momentum Photocathode Physics for Photoinjectors

Registration is now closed...

in the community; Mofivation

Phaotoinjectors are a critical research area for modem accelerators, from ultra-high peak Event Location

brightness machines to high-average current, storage-ring replacements to next-generation SO TE IR ENTE ST ERY)

L4 Cath Od e Wo rks h o s at B N L colliders. These devices rely on photocathodes to produce beams with precisely controlled Instrumentation Division, Bldg 5358
Large Conference Room (A-122)

temporal and spatial shapes, often with stringent requirements on emittance, temporal

u - response and polarization. This 3-day workshop at Brookhaven Mational Laboratory (October Event Coordinator
I n 20 1 0 " I n E u ro pe 20 1 1 - 12-14, 2010) will explore the current state of the art in accelerator photocathodes, frum both radsg E;E,']t_hﬁinsw?
) J a theoretical and a materials science perspective, will establish directions for future research Fax: 631-344-6340

and opportunities for collaboration and form a repository for the latest information an photo Email: mriddick@bnl.gov

coming up at Cornell in 2012 e
2"d workshop

Protocathode ?ﬁysicsfo-r Q)ﬁ.otofﬂjectom 2012

Cornell University, §-10 October 2012

http://www.bnl.

http://photocathodes2011.eurofel.eu
htt [lwww.lepp.cornell.edu/Events/Photocathode2012

Cornell University
CHESS & ERL 1.V. Bazarov, Overview of Photoinjectors for Future Light Sources, March 6, 2012
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APEX
description, status and plans

John Corlett for the APEX team

Lawrence Berkeley National Laboratory

U.5. DEPARTMENT OF Office of
@ ENERGY ‘ Science



X\
Approach NGLS,

High average power electron beam distributed to an array of FELs from high rep-
rate injector and CW SCREF linac

o Beam spreader

[

\ A J

| |
High-brightness, CW superconducting linac,

high rep-rate gun laser heater, bunch compressor
and injector

Array of independent FELs

X-ray beamlines and endstations
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Injector design goals — APEX gun

* Repetition rate 1 MHz
» Charge per bunch from ~10 pC to ~1 nC
« Emittance <10°* mm-mrad (normalized)

» Electric field at the cathode 2~10 MV/m
(space charge emission limit)

« Beam energy at the gun exit 2~500 keV
(space charge control)

 Bunch length ~100 fs to ~10 ps for handlin
space charge effects, and for allowing
different modes of operation

« Compatible with magnetic field control
within the gun (emittance exchange and
compensation)

* 10" Torr vacuum capability (cathode
lifetime)

« Accommodates a variety of cathode
materials

» High reliability for user operations
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BERKELEY LAB

ANGLs

nzxt gensration Ight ecurce

NEG modules

Tuner plate

Beam exit
port

Solenoid

Cathode
injection/extraction
channel

RF Couplers

The gun is the most challenging component
LBNL approach uses a CW VHF cavity

Office of

U.5. DEPARTMENT OF
@ EN ERGY Science




NGLs

APEX gun: high-brightness MHz NGLS
electron source

 APEX cavity is successfully RF conditioned
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"
RF conditioning completed NGLS

Gun RF conditioning started on November 7, 2011
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File  Graph
_RF -5 Magnitude Phase
RF PLC Reporting OK g U 150
14 a0 ‘ ‘ | ‘
Heartbeat g ‘
jeartbeat 8
PLC Resat 27423 = i
) Cavity Vacuutn 5 35%-08 ] f | | Magnitude Phase
= 3 I %10
1 s e 4 - - T T T 180 | YA IN |” m [ 'V”
L Power 08 f L f L f 10 L AL UL o U R LLEPER 0 DL .00 L A L - [ T a0 1
er] 0 0.2 04 0.6 08 1 0 0.2 04 0.6 0.8 1 ]
Re | 15700 Mag | 157000 i oot 1 0 i
453 180 z
Im 0 Phase | 0. =
g - -30
Pulse Length [msec] 1000000 = 488 b 90
Zg 180 L 1 L I L
Pulse Period [msec] 1.000000 08 0 0 0.05 01 018 02 025
= .
i
= 8 - T T T T 180
W MATLAR Freq. Loop < 4686 =E0 =
1
=
Reset Intlk Interfock Sum ok @ 455 180 L | L | L = B an
. 0 0.2 04 06 08 1 H
LLRF Reset Perimit & Y-Scafe ok B
o4 i |
| 160 180 =
-
= <z -a0 M
= 2 155 an :
2 = i
= = 180 0 . e . . . . .
| o 0 0 0.05 01 015 02 0.25 il 0.05 0 015 02 0.25
3 @ 145 +
e < %10
ime Scaling [4/[ | b @Al & 1 -90 B ' ' ' 160 ' T ' T '
Vertical Auto Scale On ‘ - , , . , < , . . , , =g 2 |
0 0z 04 06 08 1 0 0z 04 06 0.8 1 =
Continuous Acquire ‘ o z
x 4 0 R
1314 180 =
Active Waveform (S | _ @
= =
£ =2 -390 - 4
LLRF sspa | Tetrade| Cavity Cire = 1518 | 90 il
o Il
31812 . | i 180 | \ | \ .
gl i 0.05 0l 015 02 0.25 i 0.05 01 015 02 0.25
3 | |
S 98 -0 R 50 T T T T T 160 T T T T T
avity A3 Rev Fower [w] 148.11 £ = - “
1.309 : . : . : -160 . . : . : s 1 30 1
- 0 0.2 04 0.6 08 1 0 0.2 04 0.6 08 1 =
Time [msec] Time [msec] @ a0
December 14, 2011 18:35:53.828 =] 0 e
| oo | < oar g
&
[ Continuous Acquire | > 10l | -an 4
Croeeeer | g uise
Active Waveform Last Fault | , . . . a0 . . a
02

L
0.05 01 015 0z 0.25 0 0.05 01 015 0.25

At Dec. 15, 2011 integrated < 120 hours of conditioning.
December 15: CW mode at nominal power ran for 12,5 hours without faults
Results reconfirmed the day after (> 24 hours no fault)
’\I . Power stability ~2x10-3
BERIELEY LAB ®ENERGY | sconee
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Dark current NGLS
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Measurements performed in CW mode on a coaxial Faraday cup right
downstream the beam pipe exit

T I I T
- |APEX dark current mesurement
(Dec 21, 2011 -~ 10 nTorr)

Current [A]
=
I

, 6 ..2 4527 en ot itiem |
Fit: 1= 1.54 10° (B°A E)/o 107771 55100 69 | 5

A =3.6048e-18 m’
i B =461.62

—_ T
10° n b=4.7 e\

| | | |
10 12 14 16 18x10°

Estimated Electric Field [V/m]

Dark current follows Fowler-Nordheim dependence on the E field
At the nominal field (19.5 MV/m) the present value is ~ 8 pA

Expected to decrease when the beamline is installed and vacuum bake
’\l ) completed

BERKELEY LAB

Office of
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J. Teichert, A. Arnold, U. Lehnert, P. Michel, P. Murcek, R. Xiang (HZDR)
R. Barday, T. Kamps, S. Schubert (HZB)

Unwanted Beam Observations
at ELBE

FLS2012 ICFA Workshop on Future Light Sources _
March 5-9, 2012, Thomas Jefferson Lab, Newport News, VA A =

VA ﬁHELMHOLTZ
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Jochen Teichert e j.teichert@hzdr.de ® www.hzdr.de ¢ HZDR Mitglied der Helmholtz-Gemeinschaft




INTRODUCTION — SRF gun for the ELBE CW Accelerator

Application

» high peak current operation for CW-IR-FELs with 13 MHz, 80 pC

» high bunch charge (1 nC), low rep-rate (<1 MHz) for pulsed neutron and
positron beam production (ToF experiments)

* low emittance, medium charge (100 pC) with short pulses for THz-
radiation and x-rays by inverse Compton backscattering

Design
medium average current:

1-2mA (<10 mA)
high rep-rate:

500 kHz, 13 MHz and higher
low and high bunch charge:

80 pC-1nC
low transverse emittance:

1 -3 mm mrad
high energy:

< 9 MeV, 32 cells (stand alone)

highly compatible with ELBE cryomodule
(LLRF, high power RF, RF couplers, etc.)
LN2-cooled, exchangeable high-QE photo
cathode

» () M

Jochen Teichert e j.teichertl@hzdr.de ® www.hzdr.de ¢ HZDR Mitglied der Helmholtz-Gemeinschaft



DARK CURRENT - Cavities with higher gradients

Extrapolation of Fowler Nordheim results for new cavity:
» New cavity will be operated at the high-field limit of 16 MV/m. Here we

expect the same field emission level as for 8 MV/m for the old cavity (blue curve)
-> smaller field enhancement factor (x = 591)

FN fit for 20 % of current emitted from cathode (¢ = 4.3 eV for Cs2Te, 40% peak field)
and extrapolation to 16 MV/m (read curve) gives 40 pA cathode dark current

peak field on axis [MV/m]
10 15 20 25 30 35 40
lllI|llllllllllllll|llll|llll|lll|]ll[
100 |
: dark current old cavity
[ estim. dark current new cavity ’
- | —e— measured ' / E
10 | —®— measured i
E 40pA
. - dark current cathode . -
<
=
<
o 1 b
8 20% /
=
(48]
©
01 E ;
/
| |
0‘01 1 | 1 1 i i | 1 | 1 1 N
2 4 6 8 10 12 14 16
acc. gradient [MV/m]
DRESDEM d \ = -
x un() MM
Jochen Teichert e j.teichertl@hzdr.de ® www.hzdr.de ¢ HZDR

Mitglied der Helmholtz-Gemeinschaft



Kathy Harky (ANL)
Ultra-bright Designer Photocathodes

* Ultra-bright photocathodes are a key technology for the development of
future light sources.

 Two approaches are applicable, depending on time-frame:

* Near-term: Optimize the synthesis and performance of long-known
photocathodes such as Cs,Te, CskSb, GaAs (ANL, ASTeC, BNL, HFZD,
INFN, JLab, LBNL, PITZ, et al.)

* Mid-to-far-term: Explore novel crystal systems numerically and
optimize ("design") their properties, or nano-engineer surfaces, or
other novel idea (ANL, ASTeC, BNL, Eindhoven, Jlab, LBNL, SLAC, UCLA,
Vanderhbilt, et al.).

* Properties to design or tune include:
* [ntrinisic emittance
* Workfunction
° QE
* Reliability, robustness (vacuum, E-field, field emission)

K. Harkay Ultra-bright designer photocathodes FLS2012 Mar 2012

22
09.05.2012



Intense Super-radiant X-rays
from a Compact Source

W.S. Graves
MIT
March, 2012
Presented at the ICFA Future Light Sources Workshop

W.S. Graves (MIT) FLS Workshop 3/2012



Generations of Hard X-ray Sources

X-ray|Lasers

-
4th Generation: VUV & X-ray Lasers 7'f 5
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Super-radiant X-rays via ICS

ICS (or undulator) emission is not
a coherent process, scales as N

@ O
o) 2\ @

[
@ "/

N electrons

Steps

Super-radiant emission is in-phase
spontaneous emission, scales as N2

1. Emit array of electron beamlets from cathode 2D array of nanotips.

2. Accelerate and focus beamlet array.

3. Perform emittance exchange (EEX) to swap transverse beamlet spacing into

longitudinal dimension. Arrange dynamics to give desired period.

4. Modulated electron beam backscatters laser to emit ICS x-rays in phase.

“Intense Super-radiant X-rays from a Compact Source using a Nanocathode Array and Emittance Exchange”

W.S. Graves, F.X. Kaertner, D.E. Moncton, P. Piot

submitted to PRL, published on arXiv:1202.0318v2

W.S. Graves (MIT) FLS Workshop 3/2012




Super-radiant ICS Example at 13 nm

FEA =) gun =) focus & matching=> emittance-exchange=> ICS

Acceleration & matching Emittance exchange (EEX)
Nanocathode
Quadrupoles .
Dipoles

SO0 L, Y IR laser
“LAAN

Gun . aFi/fty RF deflecting %ger'radia”t

cavity
“—_/5cm 0 150 cm >

W.S. Graves (MIT) FLS Workshop 3/2012



