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Abstract

A new growth chamber at the High ElectRon Average
Current for Lifetime ExperimentS (HERACLES) beamline
at Cornell has been installed enabling Negative Electron
Affinity (NEA) activations of GaAs using Cs-Sb-O and Cs-
Te-O recipes. These activation recipes have been shown to
be more robust against vacuum poisoning when measured
at low voltages and currents. In this proceeding we present
initial charge lifetime measurements of these recipes when
operated in a high voltage, high current electron gun.

INTRODUCTION

Many particle accelerator applications rely on the genera-
tion of high-average current bright electron beams from a
photoinjector. Electron-based strong hadron cooling tech-
niques, particularly those envisioned for the LHeC [1] and
the EIC energy recovery linac (ERL) [2], may demand aver-
age currents as high as 100 mA, while high current ERLs
designed for EUV lithography could require a 10 mA beam
current [3] and up to 100 mA for medical isotope produc-
tion [4]. High average current spin-polarized electron pro-
duction is highly sought after across various nuclear and high
energy physics applications [5—8] and electron microscopy
technologies [9-11].

For high current applications, semiconductor-based pho-
tocathodes are a solution to these demands. They boast high
quantum efficiencies (QEs) with visible or Near Infrared
(NIR) photons, leveraging the availability of commercial,
high-power laser systems. However, NEA semiconductor
based photocathodes are sensitive to vacuum conditions,
leading to accelerated degradation compared to metal pho-
tocathodes [12, 13]. Within semiconductors, the only photo-
cathode used for spin-polarized applications has been neg-
ative electron affinity (NEA) GaAs [14, 15]. While GaAs
can achieve high QEs and spin polarizations (>90% with
strained structures [16]), it has a characteristically short oper-
ational lifetime due to the NEA layer’s (Cs and O,) extreme
sensitivity to residual gasses (chemical poisoning) and weak
adhesion to the GaAs surface. Alternative NEA activation
layers (Cs;3Sb, CsTe) have demonstrated improved robust-
ness in chemical poisoning with respect to dark lifetime [17—
21]. High current operation of a GaAs photocathode in RF
guns is challenging due to the typically higher vacuum levels
compared to DC guns. However, they have been successfully
used in DC guns for a variety of applications [5, 6, 22]. At
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Cornell, operation as high as 52 mA was achieved with a
GaAs photocathode for a short time [23].

During high current operation, there are other effects that
contribute to the degradation of the photocathode QE. Ion
back-bombardment occurs when the electron beam ionizes
residual gases in the vacuum, causing positively charged
ions to accelerate towards the cathode and degrade its perfor-
mance [22, 24, 25]. As the QE degrades, higher laser inten-
sities are required to maintain beam current levels, which in
turn causes a thermal desorption of the NEA layer [26, 27].
While ion back-bombardment is considered the most signifi-
cant contributor to QE decline in high current environments,
strategies such as limiting the photocathode active area, in-
creasing the laser spot size, placing the active area away
from the electrostatic center [22], and applying a positive
bias to the anode [28] have shown efficacy in mitigating this
effect. Nonetheless, ion back-bombardment remains an is-
sue, particularly for ions generated inside the cathode-anode
gap, near the photocathode.

HERACLES Beamline

The High ElectRon Average Current for Lifetime Exper-
imentS (HERACLES) beamline at Cornell University, is
dedicated to studying the operational lifetime effects of these
photocathodes [29]. Operating at 200 keV with up to 10 mA
average beam current, HERACLES focuses on investigating
the resilience of photocathodes during high current opera-
tions. One of the major research thrusts in HERACLES is
testing the robustness of alternative NEA activation tech-
niques for GaAs, such as Cs-Sb-O and Cs-Te-O based recipes.
As reported in [17-21], activating GaAs to NEA with Cs-Sb-
O and Cs-Te-O have been effective ways to improve the dark
lifetime of the photocathode when measured in a low cur-
rent environment where ion back-bombardment and thermal
desorption are negligible.

In HERACLES, we aim to perform the first ever system-
atic study of charge lifetime obtained with these alterna-
tive activation recipes (compared to the traditional Cs-O ap-
proach). The charge lifetime will be measured as a function
of critical activation parameters such as Sb or Te thickness.
An initial study performed in HERACLES compared the
high current performance of GaAs photocathodes activated
using Cs-O and Cs-Sb-O while operated at 488 nm [30]. No
large enhancement in lifetime was observed; however, it is
important to note that in this study the photocathodes acti-
vated with Sb had to be grown in a separate chamber from
the gun and transferred with a vacuum suitcase post-growth.
This process required nearly 24 hours and the cathode being
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exposed to higher vacuum levels, leading to QE loss due
to chemical poisoning before operational lifetime measure-
ments could begin. In contrast, photocathodes activated
solely with Cs-O could be grown in a chamber connected to
the gun and promptly transferred with minimal QE degrada-
tion.

To make a more accurate comparison of GaAs charge
lifetimes activated with the traditional Cs-O approach or the
alternative activation recipes based on Cs-Sb-O and Cs-Te-
O, in HERACLES we have installed a new growth chamber
capable of performing all three activation types. In this pa-
per, we report the installation of this new growth chamber,
along with successful growth and dark lifetime measure-
ments and further report on preliminary high current lifetime
measurements of Cs-O and Cs-Sb-O NEA activated GaAs
photocathodes in HERACLES.

GROWTH CHAMBER

The new growth chamber is attached to the auxiliary vac-
uum chambers in HERACLES and is equipped with all the
necessary instrumentation required to perform GaAs NEA
activations with Cs-Sb-O and Cs-Te-O. Bulk GaAs photo-
cathodes may be mounted on a puck and inserted into the
growth chamber for NEA activation. The puck is held and
manipulated with a jaw that can be opened, closed and ro-
tated with a dual-axis rotary actuator. The jaw is electrically
isolated and can be biased for QE measurements during acti-
vation. The chamber has 3 water-cooled evaporative effusion
cells with shutters from Dr. Eberl MBE-Komponenten with
respective crucibles of Sb, Te and a Cs sources. The raw
Sb was purchased from Alpha, Inc and Te pellet sources
were purchased from United Mineral Corp. The Cs source
is an amalgam of Cs and indium, as the incorporation of
indium raises evaporation temperature of the material such
that the chamber may be baked to achieve low pressures (or-
dinary Cs evaporates at around 90 °C, whereas our amalgam
evaporates around 180 °C) and is also air stable, simplifying
chamber maintenance.

The growth chamber is further outfitted with a substrate
heater, quartz microbalance (QMB) to monitor deposition
thickness, and leak valve for controlled oxygen flow during
growths. After assembly and bake, a base pressure of le-
10 Torr was achieved, as indicated by a cold cathode gauge
(CCG). Pumping is provided by two combination NEG-ion
pumps.

RESULTS
Growths

After the construction of the growth chamber, the deposi-
tion fluxes of the element sources were calibrated with the
QMB. Before high current measurements, preliminary GaAs
photocathode activations were performed in the growth
chamber, and dark lifetimes were measured for a standard
Cs-O activation and a Cs-Sb-O activation. Zn-doped (9 x
10'® cm~3 carrier concentration) single crystal (100) GaAs
wafers were procured from AXT-Tongmei, Inc. To remove
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surface oxides, a chemical etching procedure consisting of a
de-ionized (DI) water rinse, a 30 second immersion in a 1%

HF solution, and a final rinse with DI water was performed.

The sample was then mounted and indium soldered onto a
stainless steel puck and inserted into the growth chamber
through a vacuum load-lock. Photocathodes were annealed
at 600 °C for 72 hours prior to NEA activation.
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Figure 1: Example NEA activations of GaAs photocathodes
with either a Cs-O co-deposition layer or a Cs-Sb-O layer.

For Cs-O NEA activations (see Fig. 1), the Cs-In effusion
cell was heated to 195 °C and Cs was evaporated onto the
GaAs surface. Throughout the growth, the photocathode QE
was monitored with a 10 pW 780 nm laser. Cs deposition
continued until a peak QE was achieved. At this point, the
oxygen leak valve was opened slightly to co-deposit Cs and

0. Deposition stopped when the final peak QE was achieved.
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Figure 2: Dark lifetimes of GaAs photocathodes activated to
NEA with Cs-O and Cs-Sb-O. As expected, the Cs-Sb-O’s
dark lifetime was a factor of 2 larger than that of the Cs-O
activation.

For Cs-Sb-O activations (see Fig. 1), a Cs-O activation was
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performed until the QE peaked. Once peaked, the Cs shutter
and oxygen leak valve were closed and the shutter of the Sb
effusion cell (heated to 350 °C) was opened resulting in a
steep decrease in QE. After the desired Sb thickness was
achieved, the Sb cell shutter was closed and the source was
cooled. Another Cs-O co-deposition was performed until
the QE peaked again. After successful growths, dark life-
time measurements were performed with the two activation
methods on a fresh GaAs sample. As shown in Fig. 2, the
GaAs photocathode activated with 0.1 nm of Sb has a dark
lifetime of about twice as long as the ordinary Cs-O GaAs.

High Current Runs

Having confirmed the Sb-based activation resulted in a
longer dark lifetime, we are now beginning to perform high
current charge lifetime measurements in HERACLES. In
Fig. 3, we show preliminary data obtained with the two
growth methods. The Cs-O activated GaAs photocathode
was run with 0.5 mA and the Cs-Sb-O activated GaAs
photocathode (0.2 nm of Sb) was run with 1 mA. A Mil-
lenia 532 nm laser was used during beam operation. For
each charge lifetime run, the beam trajectory and shape is
observed on BeO viewscreens at a low current (typically
100 nA). Magnetic correctors are used to optimize the beam
trajectory and minimize beam distortions. During operation
at high current, additional adjustments to the correctors are
made to minimize the beamline pressure which is typically
~ 8x 107! Torr at 1 mA beam current and = 4 x 10~ Torr
at 500 pA.

As can be seen in Fig. 3, the Cs-O growth degrades by
about 13% during the first 3 C of beam extraction while the
Cs-Sb-O remains significantly flatter. Although preliminary,
this may indicate Cs-Sb-O to be more robust even when
operated at high current. In HERACLES, we plan to perform
numerous additional runs to determine the efficacy of Cs-
Sb-O activations.

CONCLUSION

A new growth chamber has been recently added to the
HERACLES beamline. This new addition facilitates the ac-
tivation of GaAs through Negative Electron Affinity (NEA)
using specialized recipes involving Cs-Sb-O and Cs-Te-O
compounds. These activation techniques have demonstrated
heightened resilience against vacuum degradation. The first
GaAs NEA activations and their high-current lifetimes have
been reported.
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Figure 3: Charge extraction lifetimes of GaAs photocathodes
during high current operation. The Cs-O activated GaAs
was run at 0.5 mA and when exponentially fitted, displayed
a l/e = 16.3 C. The Cs-Sb-O photocathode was operated at
1 mA and displayed a 1/e = 25.4 C.

REFERENCES

[1] D. Pellegrini, A. Latina, D. Schulte, and S.A. Bogacz,
“Beam-dynamics driven design of the lhec energy-recovery
linac,” Phys. Rev. Spec. Top. Accel. Beams, vol. 18, no. 12,
p. 121004, 2015.

[2] E.Wang et al., “Electron Ion Collider Strong Hadron Cooling
Injector and ERL,” in Proc. LINAC’22, Liverpool, UK, 2022,
pp. 7-12. doi:10.18429/JACoW-LINAC2022-M02AA04

[3] N.Nakamura et al., “Challenges Towards Industrialization of
the ERL-FEL Light Source for EUV Lithography,” in Proc.
IPAC’19, Melbourne, Australia, May 2019, pp. 3478-3481.
doi:10.18429/]ACoW-IPAC2019-THPMPO13

[4] S.R. Koscielniak, N. S. Lockyer, and L. Merminga, “Elec-
tron Linac Concepts for the Production of Molybdenum
99,” in Proc. PAC’09, Vancouver, Canada, May 2009,
pp- 1324-1326. https://jacow.org/PAC2009/papers/
TU6PFPO14.pdf

[5] P. Adderley et al., “An Overview of How Parity-Violating
Electron Scattering Experiments Are Performed at CE-
BAF,” Nucl. Instrum. Methods Phys. Res., Sect. A, vol. 1046,
p- 167710, 2023. doi:160.1016/j.nima.2022.167710

[6] S. Heidrich, K. Aulenbacher, M. Bruker, M. Dehn, and
P. Heil, “High-Current Emittance Measurements at MAMI,”
in Proc. IPAC’19, Melbourne, Australia, May 2019,
pp- 4121-4123.
doi:10.18429/JACoW-IPAC2019-THPTS009

[7] D. Xu et al., “EIC Beam Dynamics Challenges,” in Proc.
IPAC’22, Bangkok, Thailand, 2022, pp. 1576-1582.
doi:10.18429/JACoW-IPAC2022-WEIXGD1

[8] S. Michizono, “The International Linear Collider,” Nat. Rev.
Phys., vol. 1, pp. 244-245, 2019.

MOPR: Monday Poster Session: MOPR
MC3.T02 Electron Sources




15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-MOPR80

640

MC3.T02 Electron Sources

MOPR80

MOPR: Monday Poster Session: MOPR

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


ISBN:

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

15th International Particle Accelerator Conference,Nashville, TN

978-3-95450-247-9

M. Suzuki et al., “Real Time Magnetic Imaging by Spin-
Polarized Low Energy Electron Microscopy with Highly
Spin-Polarized and High Brightness Electron Gun,” Appl.
Phys. Express, vol. 3, p. 026 601, 2010.

M. Kuwahara et al., “Coherence of a Spin-Polarized Elec-
tron Beam Emitted from a Semiconductor Photocathode
in a Transmission Electron Microscope,” Appl. Phys. Lett.,
vol. 105, p. 193101, 2014.

N. Rougemaille and A. Schmid, “Magnetic Imaging with
Spin-Polarized Low-Energy Electron Microscopy,” Eur.
Phys. J. Appl. Phys., vol. 50, p. 20 101, 2010.

N. Chanlek et al., “The Degradation of Quantum Efficiency
in Negative Electron Affinity GaAs Photocathodes under Gas
Exposure,” J. Phys. D: Appl. Phys., vol. 47, p. 055 110, 2014.

T. Wada et al., “Influence of Exposure to CO, CO2 and H20
on the Stability of GaAs Photocathodes,” Jpn. J. Appl. Phys.,
vol. 29, p. 2087, 1990.

D. Pierce and F. Meier, “Photoemission of Spin-Polarized
Electrons from GaAs,” Phys. Rev. B, vol. 13, p. 5484, 12
1976. doi:10.1103/PhysRevB.13.5484

D. Pierce, R. Celotta, G. Wang, W. Unertl, A. Galejs, and
C. Kuyatt, “The GaAs Spin Polarized Electron Source,” Rev.
Sci. Instrum., vol. 51, pp. 478-499, 1980.

T. Maruyama, E. Garwin, R. Prepost, and G. Zapalac,
“Electron-Spin Polarization in Photoemission from Strained
GaAs Grown on GaAs,_,P.,” Phys. Rev. B, vol. 46, p. 4261,
1992.

J. Bae, L. Cultrera, P. Digiacomo, and I. Bazarov, “Rugged
Spin-Polarized Electron Sources Based on Negative Electron
Affinity GaAs Photocathode with Robust Cs,Te Coating,”
Appl. Phys. Lett., vol. 112, no. 15, p. 154 101, 2018.
doi:10.1063/1.5026701

L. Cultrera et al., “Long Lifetime Polarized Electron Beam
Production from Negative Electron Affinity GaAs Activated
with Sb-Cs-O: Trade-Offs between Efficiency, Spin Polariza-
tion, and Lifetime,” Phys. Rev. Accel. Beams, vol. 23, no. 2,
p. 023401, 2020.

J. Bae et al., “Improved Lifetime of a High Spin Polariza-
tion Superlattice Photocathode,” J. Appl. Phys., vol. 127,
p- 124901, 2020. doi:10.1663/1.5139674

J. Bae et al., “Operation of Cs—Sb—O Activated GaAs in a
High Voltage DC Electron Gun at High Average Current,”
AIP Adv., vol. 12, no. 9, p. 095017, 2022.
doi:10.1063/5.0100794

MOPR: Monday Poster Session: MOPR
MC3.T02 Electron Sources

ISSN: 2673-5490

(21]

(22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

(30]

JACoW Publishing
doi: 10.18429/JACoW-IPAC2024-MOPR80

J. Biswas et al., “High Quantum Efficiency GaAs Photocath-
odes Activated with Cs, O2, and Te,” AIP Adv., vol. 11, no. 2,
p- 025321, 2021. doi:10.1063/5.0026839

J. Grames et al., “Charge and fluence lifetime measurements
of a dc high voltage gaas photogun at high average current,”
Phys. Rev. Spec. Top. Accel. Beams, vol. 14, no. 4, p. 043 501,
2011.

B. Dunham et al., “Record high-average current from a high-
brightness photoinjector,” Appl. Phys. Lett., vol. 102, no. 3,
p. 034 105, 2013.

L. Cultrera et al., “Photocathode behavior during high cur-
rent running in the cornell energy recovery linac photoin-
jector,” Phys. Rev. Spec. Top. Accel. Beams, vol. 14, no. 12,
p- 120101, 2011.

W. Liu, S. Zhang, M. Stutzman, and M. Poelker, “Effects of
ion bombardment on bulk gaas photocathodes with different
surface-cleavage planes,” Phys. Rev. Accel. Beams, vol. 19,
no. 10, p. 103402, 2016.

M. Kuriki et al., “Dark-lifetime degradation of gaas photo-
cathode at higher temperature,” Nucl. Instrum. Methods Phys.
Res., Sect. A, vol. 637, no. 1, S87-S90, 2011.

H. Iijima, D. Kubo, M. Kuriki, Y. Masumoto, and C. Shonaka,
“A Study of Lifetime of NEA-GaAs Photocathode at Vari-
ous Temperatures,” in Proc. IPAC’10, Kyoto, Japan, May
2010, pp. 2323-2325. http://accelconf.web.cern.
ch/IPAC10/papers/TUPE086.pdf

J. T. Yoskowitz et al., “Improving the Operational Lifetime of
the CEBAF Photo-Gun by Anode Biasing,” in Proc. IPAC’21,
Campinas, Brazil, May 2021, pp. 2840-2842.
doi:10.18429/JACoW-IPAC2021-WEPAB104

M. Andorf, J. K. Bae, A. Bartnik, L. Cultrera, J. Maxson, and
1. Bazarov, “Heracles: A high-voltage dc test beamline for
high average current photocathodes,” Nucl. Instrum. Methods
Phys. Res., Sect. A, vol. 1052, p. 168 240, 2023.
doi:10.1016/j.nima.2023.168240

J.K. Bae et al., “Operation of cs—sb—o activated gaas in a
high voltage dc electron gun at high average current,” AIP
Adv., vol. 12, no. 9, p. 095017, 2022.
doi:10.1063/5.0100794

MOPR80
641

@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-MOPR80

MC3.T02 Electron Sources

641

MOPR: Monday Poster Session: MOPR

MOPR80

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


