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We think broadly about high brightness

applications:
Photocathodes « ERL @ Cornell: Cbeta (See posters by
for high C. Gulliford)
brightness * Femtosecond electron diffraction,
applications microscopy and spectrosocpy

e XFEL light sources

Exploring a wide array of materials: The “master equation” :

* Full family of alkali antimonides 11 S n=1
cath (dependsonspecifics)

* CsTe Bimax = Bsource & T
* GaAs and GaN e
* Quantum materials (like topological _ ~
. Effective beam temperature
insulators)

_ at the source
* Ever growing...
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* For a free electron metal, where E = »
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* Big potential gains for low T operation. 30 K -> ~3 meV, >30x less
than typical Cu in RF photoinjectors.

* Penalty: you're emitting from the Fermi tail—not many electrons

there!

* S. Karkare et al: extreme low kT, (6 meV) result from cold Cu
(publication forthcoming).
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(A) Insulator

(B) Screening
electrode

(C) HV stalk

(D) Back electrode

(E) Front electrode

(F) Copper core

(G) Puck holder

(H) Minipuck °

(J) Sapphire rod

(K) Copper strap

(L) Cryopump

10 MV/m o
at 200 kV

Cathode Cooled to ~40 K. Inverted insulator design a la Jlab.
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* What will the cold gun do? A new UED and photoemission
physics beamline

— Physics of high brightness beams at small spatial (< nm) and temporal
scales (100 fs and below).

— Short pulses and low QE? The beamline will hence also study
photoemission physics at high laser intensity.
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* Low QE necessitates the use of high fluence lasers.
* At high fluences (mJ/cm?), the idea of “equilibrium photoemission” breaks
down.

* Must think about photoemission as dynamic: the laser modifies the
occupation of states in the material:

(Mult|phf)tc?n) Ultrafast Heating
Photoemission
. . (ps)
f / (fs) f e
Fluence :
— ! hv
/ l"abs _-I_ i/
: N
i —1 >
L = E
Ef | o Ey \
' E e-e scattering -> thermalize
Epac vac  MTE

e-phonon scattering -> cool kT,
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* Low QE necessitates the use of high fluence lasers.
* At high fluences (mJ/cm?), the idea of “equilibrium photoemission” breaks
down.

* Must think about photoemission as dynamic: the laser modifies the
occupation of states in the material:

(Multiphoton) 4/ \Ultzcast Heating

Photoemission

. . (ps)
f / {fs) f f(ff
Fluence :
== / - p— i/hv

:
i —1 >

L = E

Ef | o Ey \
' E e-e scattering -> thermalize
Epac vac  MTE

e-phonon scattering -> cool kT,
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* Recalculate QE and kT, from first principles with a
changing f(E) using Boltzmann equation approach.

* For a 50 fs laser pulse and a Cu cathode:

Low Fluence (1e-5 mJ/cm”2)

—e— Simulation

—-= (hv—9¢)/3

0.31 ——- KksT (300 K) P
S

20.2

L

|_

=

0.1

—e— Simulation
1074 —— Experiment (Dowell et al.)
00 02 04 06 08 1.0 BOSEe— o 000 oc 0@ 10

hv — ¢ (eV) hv — ¢ (eV)
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* Recalculate QE and kT, from first principles with a
changing f(E) using Boltzmann equation approach.

* For a 50 fs laser pulse and a Cu cathode:

0.6 —=— 1 mj/cm?
—e— 107> m)/cm?
0.51 === kgT (300 K)

—=— 1 mj/cm?
—e— 107> mJ/cm?

00 02 04 06 08 1.0
hv—¢ (eV)
JK Bae, Journal of Applied Physics 124, 244903 (2018)
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* Recalculate QE and kT, from first principles with a
changing f(E) using Boltzmann equation approach.

* For a 50 fs laser pulse and a Cu cathode:

—=— 1 mj/cm?
—e— 107 m)/cm?
=== kgT (300 K)

10—4-

o <04

w1 o-s] Two-photon L
emission & 0.3
S
0.2
10—6_
—=— 1 mj/cm? 0.11

—e— 107> mJ/cm?
00 02 04 06 08 1.0
hv—¢ (eV)

JK Bae, Journal of Applied Physics 124, 244903 (2018)
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Explore new photocathode materials...like a material scientist!

 Goals:

MBE e — Control of the photocathode
physical & chemical
properties

— Ordered materials: grown in
e.g. MBE, measured in ARPES
(band structure), STM
(surface properties), XPS
(composition)...

_ * Solution:
MATERIAL o — Universal sample holder and
CHARACTER [ 1 1
RAc MEASURE . manipulation system
MENTS » : integrated with a high field

cryocooled DC gun.

— UHV transfer with vacuum
suitcase
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TE meter with exchange chamber

NEW INSTRUMENT and vacuum suitcase
e 1 meV resolution
* Cryogenic (down to LHe)

* Realistic operating condition

— Gradient similar to injector (>10
MV/m)

— SRF injector operating T
* Compatible with sample holders:

-
“ Vacuum
suitcase

Cryostat

Omicron
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NEW INSTRUMENT under construction QREJIGCeRCXS R eReTaNe Eilely
* 1 meV transverse energyresolution Leaf springs -
* Cryogenic (down to LHe)

* Realistic operating condition
— Gradient similar to injector (>10 MV/m)
— SRF injector operating T

* Compatible with sample holders:

Sapphire de

| Sample
carrier

plug

H. Lee et al. RSI 89 (8), 083303 (2018)

Omicron
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s GrOWTH

MATERIAL
CHARACTERIZA
TION , :
A vacuum suitcase

e Goals:

— minimize the roughness of Cs;Sb
samples to reduce intrinsic
emittance

— Ensure chemical homogeneity of
the samples (Cs'*, Sb>, Cs°, Sb>*...) STM images of Cs,Sb samples grown on
— Study the influence of substrate H-terminated Si
materials on the samples’
morphology

() wyBray

o & L b o w B o @




A\ Cornell Laboratory for

9 Accelerator-based Sciences and
%/ Education (CLASSE)

* Emittance is not the only
figure of merit for
photocathodes...

* Nuclear physics and HEP
machines of the future may
Long Lifetime need high polarization and

Polarized long lifetime
photocathodes

e Cesiated GaAs remains the
state of the art in high QE
polarized photocathodes.

e Charge lifetime is still a
challenging issue!
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Conduction Band Minimum

* Recently, GaAs coated with Cs,Te has shown . .
. . . . . . 7 S N IrL NEA E
to yield negative electron affinity activation. GaAsE, |} 02ev={
. =143ev 11 i
Cs,Te is also known to be a robust i § B I 7
photocathode! Does a protective coating harm —_— Cs,Te B, |
the polarization? Maximum IR
 Fora~2 nm layer—the answer is no! < S Sle >
Bulk GaAs ! Cs,Te ! Vacuum
* Does it actually protect? 5x longer charge ) ©oo~2nm
lifetime as compared to activation with just Cs
and O. | | | | 40 ;
ERESE:
9.4x107C 30l i ]
102 v ] X % -
. &3.0x103C =
o < 7.1x10°C § ]
® \ k= ¢ { Cs,Te (1.2 nm Te)
= 2
810’3 4 s Cs Te (1.2 nm Te) & 10 ] . { Cs and 02
7.0%107C —CszTe Recesiated (1.2 nm Te) i
—CszTe (1 nm Te)
/3 Cs, Te Recesiated (1 nm Te) 0 $ ‘ ! : : !
. 1.9x 10 .C | Csand O 600 650 700 750 800 850 900
107 0.005 001 0015 002  0.025 Wavelength (nm)
Charge extracted (C)

Bae, et al. Applied Physics Letters 112.15 (2018): 154101.
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* Exciting new result : GaAs NEA activation with Cs3Sb!

ar 0.2¢
10 —=—505 nm exp fit e
— —+—780 nm 2-point Pl
Q. 0.15 - T
i £
W £ 0.1
g 10_3 | |=——0nmSb ©
——0.125 nm Sb g
0.25 nm Sb (-:) 0.05 -
4| |——0.375nmSb )
10 ——0.5nm Sb ~
0> = . . . . )
: A : : , A 0 0.1 02 03 04 05
400 500 600 700 800 900 Sb thickness (nm)
Wavelength (nm) 50
Lifetime improved beyond 4 ;ﬁ'ﬁhﬁw
that achieved with CsTe coating, 30} e
with high QE in the IR! N

Polarization (%)

—4—Cs0 (0 nm Sb)
—&— Codeposition (0.125 nm Sb)

Tradeoff between thickness, lifetime 10} */? .
And polarization—studies are ongoing. =54 5 Cosopeetion 0575 S| |

—4— Codeposition (0.5 nm Sb)

-10 : . : ‘
600 650 700 750 800 850 900

Wavelength (nm) 16
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* “And now for something
completely different!”

* We have spent years studying
Photocathodes the growth and optimization
for of alkali antimonide

photodetector photocathodes...
applications

e Beyond just accelerators,
there are other HEP relevant
applications of high QE
photocathodes:
photodetectors.




Cornell Laboratory f;
remieseens Photocathode for LAPPD™
e 8" S

'Ce,am“mic:m, ,: > — Transmission mode high peak QE;

] T—HV . .
Ams\ 'llI'%l’lllllllllllllll%’ll‘ 0.57 Uniformity over large area;
"Pickup"

SELLLLLLALALLALAALLL LA AL ““1‘ HV g,o:g = I nfra red res pO nse (bO nu S),

- v

10k

Signal ground 4'%%%%%%%%%%%%%%%% — Scalable for mass production;

To waveform digitizer

Incom LAPPD™ 1- All UHV process (Growth and UHV seal)
o e Hardly parallelizable!

-""“ .

UHV growth chamber
based on effusion cell
filled with elemental
materials is part of CU
photocathode lab.

to mass
production

24,000 6-inch wafers per year
2- In situ process (Only final reaction with alkali in UHV sealed device

(e

Mimic similar aspect ratio of LAPPD

Can implement a
PMT like growth
process with the

LAPPD geometry? FISEREAC

to R&D

It can be less expensive!
It can be parallelized!
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1.5” Transmission-mode photocathodes

All UHV process
MBE-like elemental sources

Transmission mode!
Uniform QE!

High peak QE!
Infrared response!

Sb thin film

sealing
MCPs

t —

thin film growth anode striplines

Involves air exposure of the Sb to open

air to perform the seal of the tile

Thermal

chemical reaction

—

assembled detector

4.5 10°
" —Cs-Rb-K-Sb
—Na,KSb:Cs
3.5 10" —Na,KSb
—CsK_Sb
3 2
107 |
2.5 8
2
107
1.5
1 107 1
0.5
0 400 500 900

600 700
Wavelength (nm)

Cs35b (predeposited 5b exposed to air)
1.E-01

1% @532 nm

-

1.E-02

8% @400 nm
1.E-03

Emission threshold

/,

450 500 550 600 650 700 750 800
Wavelength (nm)

1.E-04

~ QE still OK!

1.E-05

1.00€-01

—
decom position [ glass substrate '\ e
of CSN3 Sb thin film et
Alkali vapors + N, — .

Csis hlghly e :A.hdeTes(xan
volatileand ~ \_  anode / o I
Cs35b has High purity Cs is discontinued worldwide e 2 i 3 ”

already hlgh QE 3 Photon Energy (eV)

and we used KN; instead.
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New unique setup where we can study the growth process in a non line of sight conditions like
the one imposed by the geometrical constraint of LAPPD™ like detectors.

Laser port for LIP iy - Sb thickness used
— A % to optimize QE

Ty

: Photocurrent still is
“ the only feedback!

15t step: grow an Sb film onto a optically transparent
substrate using effusion cells (quartz microbalance
and optical thickness used as guide)

- . . . . Temperature gradient guide Cs migration
G Cesium antimonide :

Zone 4

0.006

0.004

0.002
2nd step: air transfer the Sb coated glass into the
o reaction chamber and expose it to alkali metal vapors

1.5 2 25 3 . . . . - -
in a non-line-of-sight geometrical configuration.

X (inch)
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* The whole photocathode team: I. Bazarov, L. Cultrera, A.
Galdi, J. Bae, C. Duncan, W. Li, C. Pierce, F. Ikponmwen, T.
Moore, M. Hines, W. DeBenedetti, J. Balajka

e DOE and NSF for funding (DE-SC0011643, DE-SC0019122,
PHY-1549132)

The Center for

ESBRIGHTBEAMS
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