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Outline 1

1. Research landscape
2. Trends to watch
3. Beyond the “classical” cathodes

4. lIssues outside the cathode physics




Additional resources S

D. Dowell et al., “Cathode R&D for future light sources”, NIM A 622 (2010)
http://dx.doi.org/10.1016/j.nima.2010.03.104 (needs an update!!)

Tutorials: An Engineering Guide to Photoinjectors, http://arxiv.org/abs/1403.7539,
USPAS’12, http://uspas.fnal.gov/materials/12UTA/UTA-Cathode.shtml

Ch. 2 of “Future of Electron Sources” DOE BES Workshop Report (2017)
https://science.energy.gov/bes/community-resources/reports/

P3 Series (with thoughtful intros) EWPAA European counterpart series

2016 - https://www.jlab.org/conferences/p3-2016/ 2017 - https://www.helmholtz-berlin.de/events/
ewpaa/programme/talks/index en.html

2014 - https://sites.google.com/a/lbl.gov/
photocathode-physics-for-photoinjectors/program

2012 - https://www.classe.cornell.edu/Events/
Photocathode2012/WebHome.html

\ 0 - https://www.bnl.gov/pppworkshop/
)

04


http://dx.doi.org/10.1016/j.nima.2010.03.104
http://arxiv.org/abs/1403.7539
http://uspas.fnal.gov/materials/12UTA/UTA-Cathode.shtml
https://science.energy.gov/bes/community-resources/reports/
https://www.jlab.org/conferences/p3-2016/
https://sites.google.com/a/lbl.gov/photocathode-physics-for-photoinjectors/program
https://www.classe.cornell.edu/Events/Photocathode2012/WebHome.html
https://www.bnl.gov/pppworkshop/
https://www.helmholtz-berlin.de/events/ewpaa/programme/talks/index_en.html

Landscape

Spectral response
Intrinsic emittance ~  _ _ _ _ - _& QE (1)
MTE % ’
\”CIGSSICGI
AN cathode
\ triangle” 7
\ /

spin Lifetime/ease of handling

spin-polarized cathodes —ep

@ response time

tips & arrays & plasmonic




Applications

HEP detectors ...

Other uses, e.g. process control,

instrumentation, ...

emittance, fast, lifetime/structured

(compact) low current linac-
based FELs/coherent emitter

Polarized sources for
HEP/NP colliders

polarization & lifetime!!

High current ERLSs: ion coolers, light .UItranast electron
imaging
urces
=0 lifetime, QE, emittance |/ | emittance, fast, lifetime

Beam physics

Photocathode physics




THPAC17 Proceedings of PAC2013, Pasadena, CA USA

ALKALI ANTIMONIDE PHOTOCATHODES FOR EVERYONE
J. Smedley, K. Attenkofer, S. G. Schubert, BNL, Upton, NY 11973, USA
H. A. Padmore, J. Wong, LBNL, Berkeley, CA 94720, USA
1. Xie, ANL, Argonne, IL 60439, USA
M. Ruiz-Oses, . Ben-Zvi, X. Liang, E. M. Muller, Stony Brook University, Stony Brook,
11794, USA
J. DeFazio, Photonis USA PA, Inc., Lancaster, PA, 17601, USA
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{t*Cathode in a can” — moving ahead to a real deviced)

« DOE-NP funded Phase Il SBIR

— (see H. Bandhari talk in session 5)

» Qutsourcing cathode production for alkali

Brazed envelope

assgmbly gonla(eu-BNL antimonides;
B « Overnight shipping OR long term storage;

* Requires a dedicated gun loading system.
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In search of an ideal protective coating

Goals:
» Get rid of the vacuum suitcase without sacrificing QE()L);
« Enhance the operational lifetime (mostly for supersensitive cathodes).

(see E. Batistia talk in session 6)

hv

Fig. 1 Schematic illustration of passivating photocathodes with a
coating layer to prevent the residual gas molecules from reaching
the surface of photocathodes

0, CO, CO H,0

coating layer

photocathodes

npj | 2D Materials and Applications

Article  OPEN Published: 18 June 2018

Overcoming the quantum efficiency-
lifetime tradeoff of photocathodes by
coating with atomically thin two-

dimensional nanomaterials

Gaoxue Wang, Ping Yang, Nathan A. Moody & Enrique R. Batista

npj 2D Materials and Applications 2, Article number: 17 (2018) ~ Download Citation '




Work function change as computed by DFT ¥

Li,Sb
B K Sb

Cs,Sb
" NaKSb
I K, CsSb

graphene

-1

Fig. 2 Change of work function A upon monolayer of graphene,
MoS, and BN is coated onto the (111) or (100) surface of
semiconducting photocathodes

&

Table 1. Work function (in unit of eV) of coated Cs3Sb with 1-3 layers

of graphene, MoS,, and BN

Monolayer Bilayer Trilayer

E F Evac w & F Ev w E F E vac w
Graphene —1.12 238 350 0.08 434 426 054 488 434
MoS, —091 349 440 -0.10 438 448 090 544 454
BN -0.19 141 160 098 276 178 150 335 1.85

e Can take a toll w.r.t. the work function;

« Can be very sensitive to # of layers;

* hBN looks promising, but low-T
deposition seems challenging

NPJ 2D Mater Appl, 2 (2018) 17

010




Protective graphene so far

 Works on Cu as advertised!

exposed Cu/Gr survives!
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« K,CsSb grown on graphene

— No e- transmission due to PMMA
on graphene (?)

Im QE in reflective mode
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& Protective coatings for spin-polarized GaAs

« Original idea: K. Uchida et al., IPAC’14 (2014) 664: use thin Cs,Te to make
GaAs more robust

Conduction Band Minimum achieves NEA condition
rt-------- -5 NEA 10 ' ' ' '
GaAs E; | 02eV= | Evac Band Gap
|
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Protective coatings for spin-polarized GaAs &

x5 improved lifetime! (see L. Cultrera talk in session 4)
' f 40 . : ' , .
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» Depolarization estimates suggest “thick” films (10’s nm) should still be fine;

Lots of options to engineer coatings/filters(?) for robust spin-polarized cathodes;

Huge impact on spin-polarized apps!
(—(\@ J P PIn-p PP APL 112 (2018) 154101 013



Leveraging small effective mass? o

« Small effective mass should
now future .
> large MTE fr > Small MTE from translate into small Mean
2 are ffctivd g [emhemective Transverse Energy of
& | mass bands & | mass bands
........... >/ T photoelectrons;
4\ « Getting cold photoelectrons
A A . .
§ e /[ without cooling!
1 * It's been elusive though
= m, \\ : : K hw .
N NS there is some progress:
Bt | | P 2 — The surface condition is critical (i.e.
Im*| < m, likely need Cs-free / ordered surface);
- < = = . > — Simple view at the band structure
ransverse Viomentum may not tell the whole story.

D o



Instructive story of PbTe (111) &

Conservation laws and band structure dictate that (see K. Nangoi talk in session 10)
MTE should be <5 meV, BUT... 350

= 7R 300 theory —— no phonon
f} —— total
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= 2501
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K'==OE K= '0E l_
F— "L B (111}
LS < 50

(1a) (1b) 0 - - Y T T T
/i“m 4.2 4.4 46 48 5.0 5.2 5.4 5.6

S - Photon Energy (eV)
&B | 0O

- — — — S S ——




{8) Lattice momentum conservation for Ag(111)

« Easy to prepare — Simple ion bombardment and annealing to 450°C
— Gives excellent LEED pattern and clean Auger spectrum

 Narrow momentum spread in ARPES — implies low MTE
i = Surface state peak
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T. Miller et al., Surf. Sci. 376, 32 (1997)

* Intense surface state peak in PES experiments — implies reasonable QE

&D

QS Karkare et al.

F. Reinert et al., PRB, 63, 115415 (2001)




Ag(111) — QE and MTE

Projected band structure in direction transverse to surface (o230
6 : - T - - c)
@ Upper sp band(unoccupied) g > 20l
L. 0 | >~
s T | Vaouum Lol 2 £
‘g‘; 7 \E——’KectronS |: 8 150 ¢
i 0 Fermi Level ss srapola g g
=
i 100
=3 2f 0 1 2 458 <« 05 © 05 1, 15 ¢
Trfinsverse wave number (nm™') Transverse wave number (nm™!)
h2k?
E=2me+W—hw (a)lz
+ Lattice momentum conserved! Great agreement w theory &
o L
throughout; X
w
« A decent cathode: MTE =28 meV & QE ~ 10°> @ 280 nm; © 4
2»
« But: 2D not 3D, m*/mg < 1 but not << 1. 4

&

7

PRL 118, 164802 (2017), PR B 95, 075439 (2017)
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Design by computational material science

(see J. Paul presentation)

Massive computational screening of materials

Engineer materials with small eff. mass &
crystal-k conservation, good QE, stability;

Taking the bull by the horns?

Ultimately it would be the way to go, but ir
the meantime:

— Need close integration with experiment;

— Complete MTE models are costly/difficult;

— Physics of “real life” can screw up the best sims!
ONE DOESNOT SIMW‘

* |Important direction to develop.

=

S C :
(.-.(\\_].\) w‘_G”gAB'vA’;ULL BY-ITS HORNS

68,860 Inorganic Compounds
from Materials Project Database

Metals and Semiconductors

Low Effective Mass

»
\
\

Optical Excitations

Low MTE/HighQE

.
™S

<
Ideal Cathode Materials



Cs-free photoemission from the bulk 9

(see C. Pierce talk in session 3)

If Cs activation layer is the culprit, demonstrate m*/m, << 1 effect on MTE
without Cs using e.g. two-photon emission; AlGaN

Alternatively, study heavily n-doped
sample with single photon excitation;
— AlGaN is a great candidate; MTE = 5 meV expected for
I valley;

Cs-free can be a challenge:
— Clean surface “wants” to be passivated;

— Still must ensure that chemical roughness is small; . \_/)\~ v~ ‘) B
— Dealing with UV, etc. 5, - ’-\%%ﬁ < @A
|.|=.l A 13 - + I
‘ 1 LAl |
4
5 3 % ? § HEX path: I'-M-K-I-A-L-H-AlL-M|K-H
r M K r A L H AM LK H



Roughness — “chemical” & “physical’!
(see G. Gevorkyan talk & others in session 3)

chemical (A¢) physical (Az)
dominates at low fields  dominates at high fields
60

s ‘ Not simply additive! l g

/

Surface roughness
contribution to the MTE (meV)

l PERFEGT PHOTOBATHDDE’ ,

Applied electric field Eo (MV/m)

« May end up measuring roughness instead of “intrinsic emittance”!

*
(X-,; PRAB 21, 093401 (2018)



MTE = f(E,) # const

« Take advantage of E, ~ 60 MV/m fields using RF guns equipped
with a load lock;

UCLA-INFN S-band RF photoinjector (courtesy of P. Musumeci)

* To-do item: study ‘universal” plug NC RF gun c |
Iow-MTE design ave valve
semiconductor %acuum suitcase
cathodes in high- Transfer arm g

field environment;

 Must be able to resolve MTE ~ 1 millieV

@ 021



Cooling photocathodes at the threshold

“Obvious” direction to pursue...

E.g. as T lowers from 300 K to 90 K, MTE should lower from 25 to 8 meV

-2

10

. . 5 60 : : . . .
i alkali antimonide | ~0.3 mm mr
I ] 50+
107} | 6e-4 3 { { { T
: E =% |
1 ] >
W10 3 E 30 —
o 7e5 Ik % W [omevatsor
: = 20l B MTExat LN2 ~0.17 mm mr |
5 1 ® MTEyatLN2
107+ i E ® MTExatRT T
E 1 10F | ® MTEyatRT
10° . E . . | ~8 meV at 90 K
600 650 700 750 800 95 3 35 4 45 5
Wavelength (nm) voltage [kV]
ﬂ actual MTE ~14 meV or 160 K equiv. temp.
(Xy) PRAB 18 (2015) 113401 022




Cu(100) at 30K — a new MTE record! 1

(see S. Karkare talk in session 2)

'l .
. > :
s I 7 & Average MTE 1]
(] " O 1r
E ——— mT*=0.89M0
A
E s eeeses Dowell
30 <

/g * — - =noVDOS
s S— L
20 z’ 0.5

e - = e 45 b 4.4 4.45 45 4.55 4.6 4.65
Photon Energy (eV) Photon energy

« MTE =6 meV (70 K equivalent), QE ~ 10-8




Laser induced heating @

(see talks by J.K. Bae and R. Zhu on metals and W. Li on alkali-antimonides)
* QE ~ emittance* for disordered cathodes;

« Pushing to the threshold & very low QE causes electrons to heat up & 2-photon

process kicks in; Extraction electric field E. (MV/m)

- Beyond the “static” photoemission modeling; 104 107% 10° 10*  hv—¢(eV)
. » Maximum achievable brightness 0.8
- Need a model for semiconductors _— MTE = kg7 (300K) . _»| [[06
& more measurements. T T MTES 05 ,-'"/’ .
f . I 109 ,/' 0.2
| 0.1
: S 107
=
|
s 0.01
] ; \ Brightness limiting!
| - - - -
E, 10% 107 11010 108
(K//b / E MTE Ne (1/cm?)
62) vac NIMA 865 (2017) 99  arXiv:1808.06902




Cryocooled cathode sources are here to stay! &

(see W. Li talk in session 8, A. Galdi talk in session 12, and others)

40K Cornell 200 kV DC cryogun <10 K 60kV Cornell source
s |8 Scrcening with 1 milli-eV MTE resolution

electrode
(C) HV stalk
(D) Back electrode
(E) Front electrode HV cable
(F) Copper core up to 60 kV
(G) Puck holder
(H) Minipuck
(J) Sapphire rod
(K) Copper strap
(L) Cryopump

BEAM
ISR Y EMITTANCE

@\
NO.
'\ N CHARACTERI N - S
I ZATION \ } e

* Plus SRF guns! All these are complex devices, but
@ represent an important frontier for brighter beams.




Proximity effect for SRF guns o

(see L. Spentzouris talk in session 6)

 Very thin cathode layers (~nm) on Nb get Cooper pairs due
to superconducting proximity effect (min ohmic losses);

. 20
* 2nm Cs,Te gives 6% QE -
@ 248 N m, = 16/ x:\;géanlgih: 248 nm
) Diffusion Length: 80 A
> 14 1
 1Tnm Mg: x10 QE of bare Nb ¢ .| -
S s
— Air stable; & 10
— Successfully conditioned to 60MV/m; 5 .
C P Cs,Te filmn = 0.75, k = 0.75
s —_— substrate n = 2. = 2.
— Very fast response time expected. 3 o . :’,’, Suf,:t,atten =21,3f.,,5'kk= 3?6‘16

® Nb substrate expt. data
m Mo substrate expt. data

('9_) 0O 40 80 120 160 200 240 Eéo 320 360 400
</ Cs;Te Thick
&5 PRL 20 (2017) 123401 SRF2017/MOPB065 SzTe Thickness \A) i,

o N By o @




Beyond the classical photocathodes - MOT ¥

Courtesy of Jom Luten (P3 2016)  * 335t

N N) !
1.€
‘ N < 10" Rb atoms (~ 1 nC),

: T : T ’ T
R=1mm,n<10"®m3 o L i ' ;

T =100 pK

%

Spot size (mm)

Atom trap inside coaxial accelerator

-

0.0 " 1 " 1 " 1 L
0.0 0.5 1.0 1.5 2.0

Magnetic lens current (A)

normalized emittance: &, =1.4 nm-rad
=25 um=>T . =18K

source

Magneto-Optical Trap (MOT)

O.SOUI'CC

« Coldest electron beams! Small bunches (0.1-0.4 fC); moderate fields.
1 ature Comm 4 (2013) 1693




Structured cathodes: plasmonic & tips 1

« Attractive/limited to(?) robust cathodes (metals/UV);

« Popular approach to increase QE (either single or
multiphoton);

Usually comes at a cost on intrinsic emittance;

Next directions:
1) structured beams for enhanced coherence;
2) sub-micron source size (also with tips);

3) low emittance plasmonics?




Structured beam o

« Patterned cathode with emittance exchange (to increase bunching factor)

for coherent light production; x10°
3.0151
2D array of
$ 5 4 10! =3.0101 %
i s
Z w space 3.005): R
; charge 00025 0 00025
' z2 — 25 (pm)
w i (b)
~ 80 |8 S £ 400
o VAN 10° =
5200 r.‘: i, |
x (pm) _g L h;_.d.l-, ‘
« Feasible for soft x-rays; the limits are: space charge 2 L» |
. : . , < 000025 0 0.0025
& temporal aberrations in the emittance exchange line. 2 — 2y (um)

&
10 NIMA 865 (2017) 119 IPAC2018/THPAKO065 29



Field enhancement — higher brightness

« Easy to enhance field via sharp tips or plasmonic structures (put
Courtesy of Soichiro Tsujino P3 2016

the laser to work);

SPP-enhanced tip-laser coupling

 Main challenge:
controlling undesirable
transverse fields:

* E.g. FE photo tip arrays:

« >GV/m local fields;

¢ 0.48 mm-mrad/mm emittance
measured;

« 1076 emitters, 1 um-pitch, NIR (800 nm) excitation
» Copper double-gate struc. to support surface plasmon
* polariton => enhanced tip exitation

« Same if a cathode with
effective MTE = 120 meV

* Predicted electron yield ~ 10,
* Requiring NIR pulse energies of ~25 pJ for 200 pC.

(APL 2008/2009/2011-2, SciRep 2012, APEX 2013, JVST2015)

—r




Next frontier beam dynamics issues 1

« Cathodes don't live in isolation (no pun intended!);

* E.g. beam dynamics must come hand in hand with
Improved photocathodes, especially emittance;

* Don’t overdesign one aspect at the expense of another!




"Disorder induced heating”

Ng = 1017m_3

C(\%}.\) 0 05

1

15 2 25 3
b NJP 15 (2013) 103024

Quick relaxation (< 1 ps);

Heats up the core
emittance;

Scales as n'/3;
One of the next practical

limits.
O



“Lowest Effective MTE" designs needed 9

Cornell ERL injector style PRAB 8 (2005) 034202
80 pC/bunch

800 pC/bunch

0.25

: , , - 1.6 . . :
.‘.do /
1.4} ]
. 0.2t ."’ ..". 4 "."
] T 1.2 - »
£ 5.4 il g / 3
1 s
13 :
—x = 0.8 /
0. ]
¢ Lowest Effective MTE = 6 meV Sﬁ Lowest Effective MTE = 60 meV |
Lo 50 100 150 200 250 300 ‘0 50 100 150 200 250 300
MTE (mev) MTE (mev)

E, =8 MV/m (DC gun)

« Real figure of merit: E,/(lowest effective MTE)

@ 033



Center for Bright Beams o

“Methods to improve the beam brightness by x100”

* Photocathodes & Beam Dynamics — the 2 thrusts of the CBB

attacking this head on;

« Can serve as a platform/ network
of experts & students to identify

the next frontier;

o ag—
- Talk to us on how to get involved. |SToroNT®

@Q Center for Bright Beams
/

NSF Science and Technology Center

/ / | ‘ UCLA

Beam Transport
and Storage

4 + affiliates
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Photocathode
eleirons
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MPInterfaces

Photocathode
Materials growth with ultimate

beam brightness

Materials Search

& Design




Welcome to P3 2018

Much progress in the field & exciting time to
be/get involved.

Lots of great talks & discussions to look
forward to - now organized by the apps!

Many thanks to the LANL hosts (especially
Nathan et al.) for organizing the workshop.
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