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Motivation

Cornell Photocathode Laboratory, HERACLES, PHOEBE

* Gun tests of alternative NEA activation coatings for GaAs
* New growth chamber status
e Study of performance of Cs-Sb-O:GaAs at high average
current

* Alkaline-antimonide photocathodes as a spin polarized
source
* DFT computations
* Rb;Sb photocathode MBE growth
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Cornell Laboratory for

Accleratorbased Sciencesand— High current and spin polarization

Education (CLASSE)

* Many future facilities want spin-
polarized electrons at high average

ERL Cryomodules

— . currents
* Only candidate cathode for the job:
T~ A Polarized GaAs '

Electron Source

e Charge lifetime: The amount of current
extracted before the QE degrades by
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B. Dunham et al, Appl. Phys. Lett. 102, 034105
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Cornell Laboratory for

Accelerator-based Sciences and N@gative Electron Affinity activation of GaAs
Education (CLASSE)

* 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 |
500 1000 1500 2000 2500 3000 3500 4000
Time (s)

12/2/24 DOE-NP - PI meeting 5

M. Dixon, zCornell REU

P 201
First exposure to NF3




igzglee}izhg?-%?stgéysgernces and CO r n e I I P h Oto C a t h O d e I_a b

Education (CLASSE)
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Education (CLASSE)

Sb thickness (nm)
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Accleratorbsed cencesand Cornell Photocathode Lab
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Education (CLASSE)

-
/ R
Mott polarimeteg . £y ° - v
« 20 keV t'argetM— Einzellens -
beamllne . === Magnetic arms
* Tungsten scatteringtyget i PP VR toadlock |

* Measure spin-polarization
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Cornell Laboratory for

Accel -based Sci d 1 i 1 I
S e GaAs with alternative activation layers

* NEA GaAs can be generated by forming a

heterojunction at the surface with another Ec, |
semiconductor (activation layer) subject to two criteria: I 3
1. In the activation layer, the gap from the fermi level Eg, ~14ev \’ ~0.45 eV
to vacuum should be smaller than GaAs’s bandgap E, | [
(~1.4ev). e 1 ------- S
2. So that photoemission does not occur from B \ [
activation layer, its bandgap should be larger than
GaAs’s. p-type intrinsic Ev,

* This criteria can be violated if the activation
layer is sufficiently thin
* The above suggest using p-doped GaAs with an

intrinsic semiconductor with a small electron affinity § L~ D U
for the activation layer D E

* Cs;Sb and Cs,Te can form the NEA heterojunction £ - ' ----------------

GaAs Cs;Sb

* Known to be less sensitive to chemical poisoning

* As aphotoemitters they are robust at high currents | I, .

* This indicates Cs-Sb Cs-Te may be a very robust etal el | pe e R
activation layers!
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Cornell Laboratory for

Accelerator-based Sciences and
Education (CLASSE)

GaAs with Cs-Sb-O NEA activation layer

Cs-O-Sb co-deposition recipe optimized through scanning 4

the Sb layer thickness: 2 3
. . . . D 3
* QE and electron spin-polarization decrease with Sb 2 , :
. € =
layer thickness g 1 ® 2
. 8 6 %
* 0.12 nm layer results in only a small QE decrease ¢ , | ;1B
while preserving max spin-polarization! J IOzon 7 csantropen el
-1 1 / 1 1
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Cultrera et al, “Long lifetime polarized electron beam production from negative electron affinity GaAs activated with Sb-Cs-O: Trade-offs
between efficiency, spin polarization, and lifetime (2020)”
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Cornell Laboratory for

Accelerator-based Sciences and I O n b a C k b 0 m b a r d m e nt

Education (CLASSE)

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:

Cornell Laboratory for

Accelerator-based Sciences and T h e H E R AC I_ E S B eam | | ne

Education (CLASSE)

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

12/2/24 DOE-NP - PI meeting 13



Solenoid scan 1

Cornell Laboratory for
Accelerator-based Sciences and
Education (CLASSE)

200 um pinhole

Beamline and Diagnostics

StripTool Graph Window

untitied
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* 2 Solenoids, 3 corrector pairs (hor/vert) s | 3
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* 1 Faraday cup 51 L ______ 022
* EMS system (not implemented) o Yx—" 0.0
: i 2 3 2
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Cornell Laboratory for

Accelerator-based Sciences and H E RAC I. ES h i g h current p e rfO rmance

Education (CLASSE)
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* Cs,;Sb cathode on stainless steel puck

* 10 mA max current, limited by
radiation trips

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

y (mm)

0.0
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R e HERACLES DRIVE LASER

Education (CLASSE)

New Drive Laser for high current
GaAs operation!
* Removed argon laser ~488
or 360 nm
* Ti:Sapphire oscillator:
lasing at GaAs bandgap

energy
 Allows also for 532 nm =

operation | : p—
Pinhole :;?Img cathode
/:- ......................... .:\ ,_.-ln.% o _—
E E |II I I|| ! Y ! Meter

# ﬁ .'l I I| B || 1 _ll I|| To gun

—r Y : \'I'( !  — —— —

Flip Ymirror Flip mirror ?L/4+::>o|arizer Beam splitter
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Cornell Laboratory fi 3
A(c)(rtgleeratgr-%r:sgéySc?énces and Previous Cs-S b' 0:GaAs stu d Y
Education (CLASSE)

Now .

G —

! 41

Storage chamber

Vacuum suu',gase,
attachment port

e,

=
-
o0
[s.0]
=t
®
3 — (Cs-0 #1
10-2 14C _ cs0#2
9.1C —— Cs-Sb-0 #1
—— Cs-Sb-O #2
0 5 10 15

Charge (C)
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o et HERACLES Growth Chamber

Education (CLASSE)

* New Growth chamber installed
and operational!

 Allows for more direct
comparison between Cs-O:GaAs
and Cs-Sb-0:GaAs

16 %1073 '
= Cs/02
14t == (Cs-Sb-02 |

Features =t
* (s, Sh, Te and Oxygen sources 8
 Biased saddle, lock-in amplifier Bost
current detector =
* QMB for deposition monitoring o

and calibration : _ , , :

0 5 10 15 20 25

Exposure [L]
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B igzglee}izhg?-%?stg;ysgernces and HVPS Fa i I ure i n H E RAC LES

Education (CLASSE)

e July/August 2024
* During high current operation suddenly lost
ability to enable HV
* |dentify power supply inverter not operating
* CESR electronics grouped tapped for
diagnosis/repair
 Damaged components identified and
replaced (MOSFETS, fuses...)
e Spare invertor swapped into HVPS
* Both spare and repaired inverters (I-1 and I-
2) fail to enable running conditions

e September 2024

 BNL (Don Bruno, Chaofeng Mi) contacted for
help—Cornell lent BNL several inverters during
ERL program

* |-1andI-2 brought to BNL while one of Cornell’s
inverters (I-3) is retrieved

» |-3 fails to enable running conditions (130
kV idle, unstable output > 150 keV)
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igzglee}izhg?-%?stgéysgernces and H V PS Fa i I U re i n H E RAC LES

Education (CLASSE)

* October/November 2024

e Additional consultation with BNL,

diagnostics performed in I-3
* Rule out potential issue with
voltage stack

e Second trip to BNL to retrieve an
additional inverter I-4 and spare control |
chassis (both Cornell property) |

* |-4 and spare control chassis re-enable
high current running conditions!

* Qutcome
e 14 weeks downtime
 HERACLES is far more robust against HVPS issues moving forward!
* Renewed contact with BNL—Thank you BNL!
* Increased reservoir of spare inverter/control chassis
 We are now at full stride!
* 5 high current runs since coming back online!
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ggzglee}i;;g?-%r:st:éysg)énces and CS—S b T O : G a AS a t H ig h C u r re n t

Education (CLASSE)
10 ' " |—NosSb . . .
s No SbFit: 1/e=1429C
e On going campaign to determine
CanShFtleso4lC optimal Sb thickness for
1A Sb Fit 1/e =26 67 C . . . .
—Asb operational lifetime improvement
—1ASbFit 1/e=26.07C
- —Nosb e Average beam current of
= No Sb Fit: 1/e =988 C
—No 5b
E No Sb Fit 1/e = 20.79 G 1 mA Operated at 532 nm
@ ——2A5b
® —2ASbFit 1/e=547C e 10-15Cof charge
——No Sb
< ~ NoSbFit 1le=16.35C extracted per run
1A Sb
—1ASDFit16=522C * Runs performed at 0, 1
; and 2 Angstroms

15

Charge Extracted [C]

Sb Thickness
(Angstrom)

Lifetime (C) 143 98 29.7 163 26.7 26.1 5.22 5.4 6.4
8 5
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QE @ 532 nm [%]

Cornell Laboratory for
Accelerator-based Sciences and

A closer look at 1 Ang. results

Education (CLASSE)
10 : e — 1 py
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[ o
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rcenmorsedsaencsand ESP from an Alkali-antimonide?

Education (CLASSE)

Na,KSb Cs,Sb Al,,Ga,zAs

Rusetsky et al. reported spin polarized

photoemission alkali antimonide

Cs;Sb NEA layer on Na,KSb

* Photoluminescence (PL) Al, ;,Ga, gAS
detector

* Circular PL degree correlated to ESP

* Calibrated with an NEA GaAs photocathode

]
=]

= |
Alkali-antimonides are robust, efficient 215‘
emitters. Great opportunity for developing a 5"
robust spin polarized electron source! o 51
PHYSICAL REVIEW LETTERS 129, 166802 (2022) r1l.5 El.ﬂ 215 BI_{]
Exitation enegry (eV)

New Spin-Polarized Electron Source Based on Alkali Antimonide Photocathode

V. S. Rusetsky 2 VA, Golyashov L34 8 V. Bremeev,” D. A. Kustov®,' 1. P, Rusinov,’ T.S. Shamirzaev®,'
ALV, Mironov,2 A. Yu. Dcmin,2 and O. E. Tereshchenko®'>**
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Acc)zgleeratgr-%r:sgéySc?énces and D FT Of R b 3 S b

Education (CLASSE)

Z

With Tomas Arias, Tyler Wu,

ESP (%)

Zahin Ritee (REU), Cornell 101 \K\
. . . 5-
e Ab initio DFT simulations

using jDFTx for

predicting ESP 1900 630 700 730 800 830 Or X w L r K
* We assume NEA and do — «
not account
depolarization effects | Rb,Sb 12- Rb;Sb
* Reasonable predictions ’ 10_%
with GaAs S =
* The case for Rb,Sb looks o B
optimistic! o 3 — —
* Band degeneracy at N 4_M
I' point lifted by | — . |
SOC 600 700 800 900 1000 Kk

* Predicts ESP A tnm)
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Cornell Laboratory for

Accelerator-based Sciences and IVI O I e C u I a r Be a m E p ita Xy i n B B I_

Education (CLASSE)

MBE system in BBL:
 Growth parameters monitored with
RHEED—standard diagnostic for

epitaxy
* Single crystal epitaxial growth of Cs;Sb!
 Thin, ~10 nm, but still efficient

photoemitter
10" 3
1(f) 204 Ak
(@) =0 f%
3’0:| Cs shutter 10'4H oo
70 Y
e -
- 2 4 6 8 10
- T T T T T LU Thickness (nm)

0 100 200 300 4001000 2000 3000 4000 5000
Time (s)

= |
10O 405 BS5%

4| © 455 45% \

Suchol [E2) 1077 4 532 32% \

1 0 650 024%

0'51 Palycrystallineg Cs4Sb on Si(100) W

1 T T T T T T T
400 450 500 550 @00 &80 TOO 7SO0

Wavelength (nm)
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Cornell Laboratory for

Accelerator-based Sciences and R b 3 S b i n it i a | g rOWt h

Education (CLASSE)

_~*| Goal: Grow a Rb,;Sb photocathode and activate to NEA with

13.01 ’ Cs,Sb layer and measure ESP

ol g * SiC substrate used. Close integer relation between
e Rb,Sb (8.86 A) and SiC (4.36 A ) lattice spacing ->

.r mono-crystalline growth possible!

Log(Flux)

e Rb source installed in MBE chamber
600 605 610 615 620 625 630
Temperature (C)

Source flux calibrated with QMB

Growth RbSb_002 —— RbSb_002
—
<é * Initial growths looks promising!  ._,|
~ * 0.5% at400 nm
-E 0.1 "
9 O 1E-5:
—
)
_2 001 1E-6+
8 . -
0 400 440 480 520

WL (nm)

1800 2000 2200 240
Time (s)
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Cornell Laboratory for

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

Education (CLASSE)

-
* 2024/2025 timeline

a) F:Jlnds | 230k 180k 410 * We have requested a 1 year
2l NCE on this project

Calendar

b) Actual cost 143 k 176 k 319 k year 1st quarter 2" quarter 3rd quarter 4t quarter
to date 2023/2024

Growth

chamber

testing

GaAs Cs-Sb
i Lifetime
Task Active - GaAs Cs-Te

lifetime

Projected complete . Rb;Sb  DFT
study

Rb,Sb
growth/cha

racterizatio
n
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<\ Cornell Laboratory for

3 Accelerator-based Sciences and
¥ Education (CLASSE)

Thank you for your attention!
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Cornell Laboratory for

Accelerator-based Sciences and
Education (CLASSE)

BACKUP SLIDES
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Cornell Laboratory for

Accelerator-based Sciences and Ta S kS a n d m i I e Sto n e S

Education (CLASSE)

Task 1: Design, fabricate, install, and test a new growth chamber for CsSb and CsTe NEA
activation of GaAs and storage chamber for HERACLES.

The new chambers will replace the existing storage chamber and QE mapping
chamber on HERACLES. The new storage chamber will increase the storage
capacity from 3 to 5 cathodes. Because the new growth chamber is directly
attached to HERACLES it will eliminate the need for a vacuum suitcase
transfer of activated samples, dramatically reducing the cathode preparation
time and thereby increasing the throughput of our cathode testing abilities. In
addition to reduced preparation time, there is reduced time between growth
and high current measurements, resulting in a more accurate measurement of
the charge lifetime.

Milestone 1.1: The new chambers are installed on HERACLES, attached to
the gun gate valve and existing venting and oxygen lines, UHV is achieved
and the growth chamber’s instrumentation (source heaters, sample heater,
lock-in amplifier, quartz microbalance) are tested.

Milestone 1.2: A Growth of Cs-Sb and Cs-Te are performed. QE and charge lifetime
measurements at low current and voltage are performed in the chamber to
benchmark the new growth chamber against prior results obtained in our
photocathode laboratory.
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Cornell Laboratory for

Accelerator-based Sciences and Ta S kS a n d m i I e Sto n e S

Education (CLASSE)

Task 2: Perform the systematic study of CssSb NEA activated GaAs lifetime at mA scale beam current in
HERACLES: vary CssSb thickness and illumination laser wavelength to (i) determine the optimized charge
lifetime and (ii) disentangle the degradation mechanisms.

There is a trade-off between lifetime and quantum efficiency for CssSb NEA activated
GaAs. The measurements from that study were performed in a growth chamber at low
current and voltage. The environment of a high voltage (200 keV) electron gun at 1 mA
beam current is much harsher with significantly more ion-back bombardment and laser
induced thermal degradation. By measuring the lifetime as a function of Cs-Sb thickness
in situ the efficacy of the activation layer, and its optimized value can be determined. The
cathodes quantum efficiency can be a factor of 2-3 higher when operated with visible light
photons vs infrared. By measuring the charge lifetime at the same beam current and gun
voltage, but different photon energies (and therefore, different laser powers) the effect of
laser induced thermal degradation can be determined. Disentangling the in-situ degradation
methods is a first step towards engineering long lifetime, spin-polarized photocathodes.

Milestone 2.1 Procure the visible and NIR lasers and modify our injector laser optics to
enable quick switching between visible and IR illumination. At low current (~100 nA) the
beam profile will be observed, and the linear optics (solenoid strengths, correctors)
adjusted so that the beam orbit at both wavelengths is a close as possible.

Milestone 2.2 Do the lifetime study with CssSh. We plan to scan the activation layer
between 0.05 to 0.4 nm. We will repeat runs at each thickness and wavelength to ensure
reliability of our results.
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Cornell Laboratory for

Accelerator-based Sciences and Ta S kS a n d m i I e Sto n e S

Education (CLASSE)

Task 3: Perform the systematic study of Cs;Te NEA activated GaAs lifetime at mA scale beam current in
HERACLES: vary CssSh thickness and illumination laser wavelength to (i) determine the optimized charge
lifetime and (ii) disentangle the degradation mechanisms.

Similar to Task 2, we will vary the thickness activation layer thickness and laser
illumination wavelength while measuring the charge lifetime in HERACLES. More
generally, the Cs,Te activation layer can be made thicker while still yielding percent level
QE. Again, by performing the charge lifetime measurements in situ and with different
illumination wavelengths, the optimized activation layer can be found, and the degradation
mechanisms assessed. Furthermore, by comparing this task’s results to task 2 we not only
determine which activation layer performs better but gain insight into how the activation
layer properties (for example, binding energy to the GaAs surface) affects charge lifetime.
This information is another step toward engineering long-lifetime, robust spin-polarized
photocathodes.

Milestone 3.1 Do the lifetime study with Cs-Te. We plan to scan the activation layer
between 0.5 to 1.2 nm. We will repeat runs at each thickness and wavelength to ensure
reliability of our results.
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Cornell Laboratory for

Accelerator-based Sciences and Ta S kS a n d IVI i I e Sto n e S

Education (CLASSE)

Task 4: Perform a comprehensive computational study of cubic-phase monoalkali antimonides to
determine its ultimate theoretical performance as spin-polarized electron source

12/2/24

The possibility of using an epitaxially grown alkali-antimonide as a novel spin-polarization
source is a fascinating prospect. Multi-crystalline alkali-antimonide photocathodes have
been well documented as being able to reliably deliver 10s of mA beam current for several
hours without performance degradation. Can this robustness be translated to a robust spin-
polarized cathode in the single-crystal cubic case?

Milestone 4.1: Using Density Functional Theory (DFT) we will consider several critical
factors: is RbsSb the optimal among monoalkali antimonides for spin polarized production?
What is total depth of electron affinity modulation of a Cs-containing activation layer, such
as an epitaxial layer of CssSb? To what extent is positive electron affinity permissible for
spin polarized emission, and what is the ultimate theoretical spin polarization possible?
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Task 5: Perform epitaxially growths of alkali-antimonides to better understand their potential as a spin-
polarized source

Our first target material for epitaxial growth will be RbsSb. Using our photocathode
laboratory’s MBE chamber, we will determine the conditions for epitaxial growth while
monitoring the atomic structure using RHEED. Once the atomic structure has been
successfully produced, the possibility of NEA using CssSb will be explored. The sample
can be transported from the MBE to our Mott polarimeter were the degree of spin-
polarization can be measured.

Milestone 5.1: In our MBE chamber, produce epitaxially grown single-crystal cubic RbsSb
as indicated with RHEED.

Milestone 5.2: Perform a spectral analysis of the epitaxially grown RbsSb with a Cs3Sb
activation layer to determine feasibility of NEA activation.

Milestone 5.3: Measure the obtained spin-polarization of the surface activated RbsSb in
either our laboratory’s Mott polarimeter or at the PARADIM user facility at Cornell using
VLEED polarimetry.
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