<\ Cornell Laboratory for

= 3 Accelerator-based Sciences and
%/ Education (CLASSE)

Testing Polarized and unpolarized
photocathodes with high average current at

the enhanced HERACLES facility at Cornell
University

Matthew Andorf
Ivan Bazarov (Pl)

11/17/25 DOE-NP - PI meeting 1



e‘“umv‘*g Cornell Laboratory fo 1
=l Acceleratgr-br:secrly Sciernces and O u t I I n e

&/ Education (CLASSE)

* Motivation
* Cornell Photocathode Laboratory, HERACLES

* HERACLES upgrade progress
* Shielding

* GaAs photocathode research
e Csl surface preparation for GaAs
* GaAs PEA study

* Rb,;Sb update
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High current and spin polarization

ERL Cryomodules
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Many future facilities want spin-
polarized electrons at high average
currents

Only candidate cathode for the job:
GaAs!

* >90% ESP, percent level QE@780 nm
Charge lifetime: The amount of current
extracted before the QE degrades by 1/e

e 1000 C is state of the art—=>6 hours

at 50 ma!

o Cornell ERL
§4°§ gun
=30
5
20
S
10-:
0:|-~-..,,,.,....
0 50 100 150

Time [minutes]
B. Dunham et al, Appl. Phys. Lett. 102, 034105
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* For high QE, GaAs is “activated” to Negative Electron
Affinity (NEA) DOI: 10.1088/1742-6596/1482/1/012013.

« NEA means the bulk conduction band minimum is p-Gahs 0 Vacuum

larger than the vacuum level
* NEA is typically achieved by depositing a monolayer of
Cs-Oxidant onto the GaAs surface can be done by:

* Co-deposition: Cs is deposited until QE peaks, at
which point an oxidant is leaked while Cs source
remains on

* Yo-yo method: the cathode is over cesiated at which
point the cesium source turns off. It is then exposed

e
oo
-
P

to an oxidant until the QE peaks, the oxidantis then Y gg‘zgr
turned off and cesium source back on. The cycleis 3" ,sﬂfggﬁ%s %g 41 o
repeated numerous times. §\° Hi ﬁéiagé FEEE
 Either O, and NF; can be used for an oxidant “ L E %; % % §% ; % %
g

* Problem: A monolayer is a fragile thing!
* Chemical poisoning: Interaction with residual gas
* |lon back bombardment: residual gas is ionized and
accelerated towards the cathode . R

| L L |
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Time (s)
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State-of-the-Art Beyond State-of-the-Art
. Case 100 GeV  275GeV
RF bunched cooling LeREC
- r . . ebeam Energy (MeV) 55 150
heam N Emit. (mm-mrad) 2.8 28
A.V. Fedotov et al. PHYSICAL REVIEW e —
Rep. rate (MHz) 98.5 98.5 100 mA!
- of LETTERS 124, 084801 (2020) ebeam Bunch Charge (nC) | I !
2 ebeam Peak Current (A) 3.9 17
b ) ebeam Bunch Length (mm) 14 7
; ' 'c.*‘. ebeam Slice o s 104 1074
= s il ‘l’m!b; n Hor/Vert. Elec. Bin M (m)  86.6/14.1 64/ 11
%ﬁ b .& . ) Hor./Vert. Elec. g in K(m) 49.7 /10 16/2
= ) i Modulator Length (m) 55 55
2 Kicker Length (m) 55 55
H/V/L Diffusion Time (hr) 2.0/4.0/2.5 2.0/5.0/2.9
2005 100 300 300 200 H/V/L Cooling Time (hr) 1.3/2.5/1.7 0.9/2.4/1.3
Time [sec]

Hadron Chicane
D5 =----- Hadron beam Ds

Alaki-antimonide photocathodes:
e High efficiency (~10%), visible
light operation
e 100 hour lifetime @ 30 mA (.

— Strong Hadran cooler

Gaowei doi:10.18429/JACoW-ERL2019- = ocumcaner

WECOXBS02)
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An electron beam can ionize residual gas
which will be positively charged 1 laser light TN 1
. electron beam OUT
lons will be accelerated towards the \ |
cathode and cause damage
So far, results have been in growth chamber
* Low current (~ nA)
* Low voltage (-10’s V)
* Main source of degradation comes
from vacuum poisoning

cathode

In a high voltage DC gun, induced damage "E 1015?
from ion back bombardment is more severe E of
* Lower energy ions can sputter off g 1 E
activation layer E -

* High energy ions damage GaAs crystal  § “"ﬁg_
structure s f
Operation at high voltage and current is E 10
critical to testing efficacy of alternative 2

I 10-19 Ll Ll Pl RN | NI

activation layers! T 10° o 10° 106
Electron Kinetic Energy (eV)
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A beamline dedicated to the study of high current beam running:
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200 keV electron run

HERACLES

Support vacuum chamber
system

[ {p—

Solenoid 1 g

Corrector EMS system  Laser box
Clearing

v
electrodg'.*

Faraday cup

<

75 kW beam dump |

¢+ NEGpump . ~ N - N
) e =D Wi : ¢
— «¥' 4 | Comector Solenoi!ij |

viewscreen

viewscreen
Corrector

. Solenoid 2

Former CU-ERL gun 200kV @ 10 mA
lon clearing electrodes

75 kW beam dump

EPICS based control system
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200 um pinhole

Beamline and Diagnostics

StripTool Graph Window

untitied
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OLTS

(0, 20) VAL=7.98773

| BeamDumpTemp2 |

VOLTS

(0, 20) VAL=7.83803
BeamDump Temp3 |

(0, 20) VAL=7.76813

| BeambDumpTemp4 |

VOLTS

(0, 20) VAL=8.01268
BeamDump Temp5

VOLTS

(0, 20) VAL=7.28915
BeamDumpTempé |

OLTS
(0, 20) VAL~7.364
R’Boamounpl'emﬂ |
OLTS
(0, 20) VAL=6.51573
BeamDump Temp8

== (0, 20) VAL=7.63844 |

19:01:32
fpr13, 2021

GPT
simulation
of
fields/beam
envelope

characterizes §°|t ™
cathode MTE ~ ® s RN
T S S S
current [Al
Solenoid 1 . ”;;MLZEEW vouTs
SF6 . Solenoid 2 @ﬁ
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HERACLES high current performance

F17.5
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* Cs,;Sb cathode on stainless steel pouck

* 10 mA max current, limited by
radiation trips

* 8 mA constant current for 3 + hours
with no significant change in cathode
QE

* Major goal: Operate HERACLES above
50 mA

y (mm)
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HERACLES shielding upgrade

Project goal: enable 50 mA or beyond
average beam current in HERACLES
e Shielding upgraded needed for
radiation containment
e Study performed to determine lead

parameters
e (@ 200 keV primary radiation source is
X-rays.

%" lead panels sandwiched between
1/8” and 3/16” aluminum panels

* Design allows easier access to

boE e - pl meetindd€@mline AND better coverage -
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Status:
* Framing assembled and installed
e Sliding side panels installed

* Top panels next
* Construction to be completed before the end of 2025 and

commissioning to follow shortly!
DOE-NP - PI meeting 16
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High current operation laser

e Second harmonic generation of 1030 nm
seed pulse (515 nm light @ photocathode) \
* Flexible repetition rate (10.2 MHz—> 1.3 GHz)

and pulse energy (14 = 300 nJ)
 Assuming 5% QE laser can produce:
e Upto6.2nCbunch charge
375 mA beam current (i.e. laser power
will not be the limiting factor for high
current operation!)

Tunable laser source
* Optical parametric amplifier
e Shared with MEDUSA beamline
* 650-2300 nm
* High bunch charge:
 4-8 ul> > 100 nC for GaAs (i.e. pulse
energy not a limiting factor for high

charge operation!)
11/17/25 DOE-NP - PI meeting 17
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. . Measure
Activate with Cs & o lifetime. anneal

4 R
Deposit 1 nm of Csl g 107!
M S
B
Activate with Cs [l g Measure ®
lifetime, anneal Y ——Cs Only
O ) ——Csl + Cs
10°F
Csl Heated + Cs ]
——(Csl Heated Twice + Cs| !
i d iicime anncal T B, '

0 2 4 6 8
/ Time [Hr]
_ . Measure
Activate with Cs |2 2 lifetime. anneal

e Cesium lodide has been used as the photoemitter material in Ring Imaging CHerenkov (RICH)
detectors
* We were investigating the possibility of using it for NEA activation (similar to Sb approach)
* Had been used in conjunction with laser activation to improve metal cathode QE
(Chemical Physics Letters 621 (2015) 155—-159)
* cycle of deposition and heating resulted 20x better lifetime!

11/17/25 DOE-NP - PI meeting 18



remoniseasaencesand S| surface treatment of GaAs

Education (CLASSE)

Heated GaAs
e T
< ‘.‘ .

—e—No Csl Treatment
—e—Csl Applied For Cycle 2

(o))
o

236 pm RMS

Heated Csl|

1/e Lifetime [Hr]
N
o

20 - 0.0
0‘ T — A TP o G
1 2 3 4 X [nm] X [nm]
Cs Activation & Heating Cycle 7.9 nm RMS 195 pm RMS
T T T 50
. . . \/\ 45
* Improvement in lifetime NOT the
. . — OE: Sz .40::.
result of longer heating time g -3
* ESP is not degraded with improved . 13
lifetime — 30
10} L= No Csl
: 25
500

Wavelength [nm]
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(b) | 3d
—0°
— 70° Before heating
=
5
S I 1
635 630 625 620
Binding Energy (eV)
(b) 1 3d
. 000
— After heating
=
w _ -
S | |
=

Binding Energy (eV)
» XPS analysis shows clear presence of lodine before heating but none after!

* Post heated surface shows suppression of Cs-oxide while Cs per/super-oxide is
present

GUNS TEST PLANNED FOR THIS
PROJECT!

11/17/25
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Intensity

@ Csoxide, Cs;0 X
© Cs peroxide, Cs,0,
@ Cs superoxide, CsO.

Csl/GaAs after annealing @ %
= - ,

Q. Zhu, M. Hines.

o
-

|
540

| I |
535 530 525
Binding Energy (eV)

A cesium-iodide surface treatment for
enhancement of negative electron affinity
photocathode chemical robustness

Cite as: J. Appl. Phys. 137, 224901 (2025); doi: 10.1063/5.0271931 %"“ I-l-l @
Submitted: 20 March 2025 - Accepted: 26 May 2025 - o "
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Total ESP ESP
20 = , . . = 1 0.8¢
. o, 0.6} 50
Surface £ S o} w
= 0.5 =
< Z 02 30
PEA gt 5
EVacuum '§ § of 20
- T 0 -0.2
10
= Ekiectron ffinity 500 600 700 800 04 550 600 650 700 750 800 850
Wavelength [nm] Wavelength (nm)
EConduction -
" Esana cap * Ordinarily GaAs operated in NEA
E alence - . . .
= e Bulk GaAs theoretical 50% ESP limit

* During beam operation GaAs PC evolves
from NEA to PEA

- , N * Decrease in QE
Characterization of electron spin polarization from Q

positive electron affinity GaAs photocathodes @ * Increase in polarization

— — : 5 o e Effect of PEA characterized experimentally
CireasA:J.App.P ys. 138, 104901 (2025); doi: 10.1063/5.0286753 b u .
Publshed Online.s September 30as and modelled analytically

S.3. Levenson,”®' (2} M. B. Andorf," () M. A. Reamon,’ ) B. vareskic,” (2 A. Galdi,” (2 O. Chubenko,” neeti ng 21
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107 e | B * Work supported by NCE of
DOE-NP No. DE-SC0021002
- x10 QE
10 increase 10-14 (ended summer 2025)
e S * Applied 0.1 nm of Na,KSb on
g s Decreasing top of Rb;Sb observed:
c § 10 Y e x10increase in QF
107 e Spectral response
indicates shift to lower
N EA
400 450 500 550 600 650 400 450 500 550 600 650 . .

Laser wavelength (nm) Laser wavelength (nm) hd ACt'Vely Worklng towa rdS
spin polarization
measurement!

o { gt
15 e

% | %10 T Point
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11/17/25 DOE-NP - PI meeting 22



Cornell Laboratory for

Accelerator-based Sciences and B u d get a n d D e I ive ra b I e S

Education (CLASSE)

FY2025 | FY2026 | Total
As of 8/31/25*
a) Funds 250 k* 180 k 410 **does not included shielding
allocated purchase
b) Actual costto 98** k 0 214 k
date

st Jud qrd Aeh Sk b Teh G

quarter quarter quarter quarter quarter quarter quarter guarter

Dark and Charge
lifetime studies of
CsI-GaAs  activated
with CsO and Cs-5b-
o

Design and install
upgraded shielding in
HERACLES and
ensure safe operation

Recommission pulsed
laser system for
HERACLES
Commission
HERACLES up to or
beyond 50 mA
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Thank you for your attention!
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Task 1: Perform lifetime studies of Csl surfaced treated GaAs to assess Csl’s ability to improve
photocathode lifetime at high average current in HERACLES.

11/17/25

In previous work we have already demonstrated that Csl surface treated GaAs 1s more
robust against chemical poisoning. In this work we propose to perform charge lifetime tests
of surface treated GaAs in HERACLES with both Cs-O and Cs-Sb-O NEA activation.

Milestone 1.1: Measure the charge lifetime of CsI-GaAs activated with Cs-O and compare
it to the charge lifetime of bare Cs-O activated GaAs in HERACLES. An average beam
current of 1 mA or greater will be used during the charge lifetime tests.

Milestone 1.2: Perform the first ever Cs-Sb-O activation of CsI-GaAs and compare its
dark lifetime to bare Cs-O and CsI treated Cs-O activated GaAs in the HERACLES growth
chamber.

Milestone 1.3: Measure the charge lifetime of CsI-GaAs activated with Cs-Sb-O and
compare it to the charge lifetimes obtained in Milestone 1.1.

DOE-NP - PI meeting
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Task 2: Upgrade HERACLES infrastructure to enable safe operation of beam currents of up to 50 mA and
beyond.

During commissioning of HERACLES we observed that msufficient shielding prohibited
practical operations beyond 10 mA average beam current. Thus, we propose upgrading our
shielding to enable higher current operation. If needed, we will make additional
improvements to the shielding as we ramp to higher currents.

Milestone 2.1: Design and install lead shielding to enable safe operation of beam current
up to and beyond 50 mA.

Milestone 2.2 Staged high current testing of safe beam operation using continuous wave
(and pulsed laser. as it becomes available) from 1 mA to above 50 mA. At each stage,

radiation surveys will be performed. and the efficacy of the shiclding assessed to assure
personnel safety during high current operation.
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Task 3: Install and recommission an existing laser system to enable pulsed beam production in HERAC

To ensure the beam dynamics in HERACLES are as close as possible to what 1s found in
photoinjectors relevant to current and future NP colliders, we propose to upgrade our laser
system to enable pulsed beam operation. We will utilize an existing laser system that will
be recommissioned at the HERACLES facility.

Milestone 3.1: Generate 1030 nm laser light from the 1.3 GHz Prifel oscillator and amplify
oscillator output to 40 pJ per pulse, 50 W total average power.

Milestone 3.2: Perform second harmonic generation and pulse stacking to produce 8 nJ
green pulses with order 10 ps length for an average laser power of 10 W.
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Task 4: Recommission HERACLES with pulsed beam operation. Our goal is to establish stable 50 mA
operation.

Using a Cs3Sb photocathode we will recommission the upgraded HERACLES facility. We
will first establish 10 mA pulsed beam operation before pressing on to 50 mA or higher.
While task 2 1s focused on personnel safety, here we focus on machine performance.

Milestone 4.1: Establish stable operation with 10 mA average current of pulsed electron
beam for the first time ever in HERACLES.

Milestone 4.2: Establish stable operation with 50 mA average current.

current produced by a high brightness DC gun. Cornell currently holds the record[7] for

high average current of 65 mA. which was established using the same DC gun used in
HERACLES.
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