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EIC	report	relevance	and	budget

High	current	electron	sources	for	strong	hadron	
cooling	and	polarized	sources	for	EIC
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Row Proponent Concept Panel	
priority

Panel sub-
priority

2 Panel ALL High	current	single-pass	ERL	for	
hadron	cooling High A

7 Panel LR High	current	polarized and	
unpolarized electron	sources High B

FY12+F13 FY14+F15 FY16+F17 FY18+F19 Totals

a)	Funds	allocated 280,000 338,000 618,000

b)	Actual	costs	to	date 280,000 338,000 618,000



Tasks	and	milestones
• Task 1: Resurrect the beamline dedicated to study the operation of the electron source up to 100 mA

level by leveraging existing hardware, including a 75kW electron beam stop.
– Milestone 1.1: Perform numerical simulations aimed at finding a beamline configuration that allows the transport of

bunched beams with 1 nC charge per bunch from the gun to the beam dump.
– Milestone 1.2: Assemble and recommission the beam line according to simulation to perform the experimental tasks

here proposed.
• Task 2: Upgrade the DC gun with a clearing electrode near the anode to benefit the photocathode

lifetime by repelling the ions coming from the downstream of the beamline.
– Milestone 2.1: Design, build and install a special clearing electrode that can be installed without breaking the gun

vacuum in a near proximity of the gun anode.
– Milestone 2.2: High voltage processing of the gun.

• Task3: Integrate into the beamline the already available ion clearing electrode structures enable studies
of secondary ions production and corresponding clearing techniques in the presence of high intensity
electron beams in order to elucidate their role on the stability of the electron source and photocathode
lifetime.

– Milestone 3.1: Ion clearing electrodes will be installed along the beamline based on the results from numerical
simulations;

– Milestone 3.2: Study the effect of clearing the ions and along the beamline and near the gun on the electron source
stability and cathode lifetime.

• Task4: Perform high current tests aimed at production of bunch charges and average currents relevant
for strong hadron cooling application using tunable wavelength laser allowing us to explore
photocathodes in new parameter space.

– Milestone 4.1: Build an optical transport line for the laser that allows to operate in the visible range of the spectrum
(down to ~400 nm) using achromatic lenses and broadband mirrors.

– Milestone 4.2: Using already known photocathodes explore the possibility of extending the lifetime of the existing
photocathodes by using non-conventional laser photon energies only in the visible range of the spectrum.

• Task 5: A fully equipped photocathode laboratory and other campus facilities will be used to grow and
characterize new promising robust photocathode materials for the production of un-polarized and
polarized electron beams.

– Milestone 5.1: Procure and/or synthesize new promising candidate materials for the production of high average
current and perform the characterization of their photoemission properties in the visible range of the spectrum.

– Milestone 5.2: Procure and/or synthesize new promising candidate materials for the production of highly polarized
electron beam and perform the characterization of their photoemission properties (in the visible range of the spectrum.
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Motivation
“All three concepts rely at some point upon the high-average-current energy-recovery linac
technology, which in turn requires a high-average-current beam source. The default option for
ERLs, for both historical and technical reasons, is a photocathode electron gun using a high QE
photocathode. (The gun itself is typically direct current [DC], although both normal-conducting
radiofrequency [NCRF] and superconducting radiofrequency [SRF] guns have been proposed and
tested.) The lifetime issues associated with high-QE photocathodes are well known and represent
significant technical challenges in terms of replacement intervals, both from a hardware-and-
technology perspective, and from an operational perspective, e.g., the beam dump recovery
time.”
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Time (hours)

Ion	Clearing	Electrode

With	ion	clearing	electrode	
24	hours	at	20	mA	with	no	trips!!

Gun

Transport,	solenoids

Beam	Stop
10	meters



High	current	for	electron	cooling	state-of-the-art	
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Cathode lifetime in the gun: 2018

10

30 mA beam current, t = 87 h, QE > 4% 25 mA beam current, t = 142 h, QE > 4%

QE decay accompanied with gun trip

Cathode lifetime in the gun: 2019

14

17mA beam current, QE =5.5 %, 
infinite lifetime during CW operation

f(x) = 5.51816exp(-1.44258e-08x)

17

LEReC cathode under high heat

80 °C ~ 90 °C

130 °C ~ 140 °C

280 °C ~ 290 °C

15

X-ray characterization for LEReC cathode

Experimental setup:   
Operando chamberGrowth controls:

❑ Tsub
❑ Flux rate

Characterization:
❑ QCM
❑ XRD
❑ XRR
❑ XRF
❑ QE

Upcoming:
❑ Photoconductivity
❑ RHEED

Beamline 4-ID, 
NSLSII, BNL

Alkali	antimonide cathode	heating	induces	QE	degradation	

Low	energy	electron	cooling		@	BNL	

G.	Mengjia,	ERL’19



High	current	for	electron	cooling	state-of-the-art	
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Magnetized	beam	generated	from	DC	gun	for	JLEIC	Electron	Cooler

• Long	lifetime	at	>10	mA,	magnetized
• Bias	anode	is	helpful
• To	test	thermionic	gun

S.	Benson,	ERL’19



High	current	and	spin	polarization	
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GaAs	@	532	nm	(~5	Watts)
200	Coulomb

B.	Dunham et	al,	Appl.	Phys.	Lett. 102,	034105	(2013)

QE	~	2%	

QE	~	10%	

eRICH Linac-Ring	50	mA.	

LeHC 20	mA	
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The Polarized Electrons for Polarized Positrons experiment at the injector of the Continuous Electron
Beam Accelerator Facility has demonstrated for the first time the efficient transfer of polarization from
electrons to positrons produced by the polarized bremsstrahlung radiation induced by a polarized electron
beam in a high-Z target. Positron polarization up to 82% have been measured for an initial electron beam
momentum of 8.19 MeV=c, limited only by the electron beam polarization. This technique extends
polarized positron capabilities from GeV to MeV electron beams, and opens access to polarized positron
beam physics to a wide community.

DOI: 10.1103/PhysRevLett.116.214801

Positron beams, both polarized and unpolarized, with
energies ranging from a few eV to hundreds of GeV are
unique tools for the study of the physical world. For
energies up to several hundred keV, they allow the study
of surface magnetization properties of materials [1] and
their inner structural defects [2]. In the several to tens of
GeV energy range, they provide the complementary exper-
imental observables essential for an unambiguous deter-
mination of the structure of the nucleon [3]. In the several
hundreds of GeV energy range, they are considered
essential for the next generation of experiments that will
search for physics beyond the standard model [4].
Unfortunately, the creation of polarized positron beams
is especially difficult. Radioactive sources can be used for
low energy positrons [5], but the flux is restricted. Storage
or damping rings can be used at high energy, taking

advantage of the self-polarizing Sokolov-Ternov effect
[6]; however, this approach is generally not suitable for
external beams and continuous wave facilities.
Recent schemes for polarized positron production at

such proposed facilities rely on the polarization transfer in
the eþe−-pair creation process from circularly polarized
photons [7,8] but use different methods to produce the
polarized photons. Two techniques have been investigated
successfully: the Compton backscattering of polarized laser
light from a GeV unpolarized electron beam [9], and the
synchrotron radiation of a multi-GeV unpolarized electron
beam traveling within a helical undulator [10]. Both
demonstration experiments reported high positron polari-
zation, confirming the efficiency of the pair production
process for producing a polarized positron beam. However,
these techniques require high energy electron beams

PRL 116, 214801 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
27 MAY 2016

0031-9007=16=116(21)=214801(5) 214801-1 © 2016 American Physical Society

Several	mA



State-of-the-art	SL-DBR
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• Total	laser	absorption	 in	the	SL	layer	is	
usually	<5%	

• A	DBR	can	be	used	to	reflect	the	
transmitted	laser	beam	back	 to	the	SL	

• QE	is	now	a	factor	6	larger
• Potential	for	higher	currents
• Less	laser	power,	less	heat	to	dissipate
• Quite	complex	structure
THE	LAST	LAYER	IS	A	HIGHLY	

P-DOPED	BULK	GaAs	
ACTIVATED	WITH	Cs-O



But	QE	alone	is	not	sufficient
• NEA	is	achieved	and	can	be	maintained	only	in	extreme	vacuum

– XHV	require	massive	pumping	to	reach	10-12 Torr;

• Ions	backstreaming is	still	limiting	operating	lifetime
– Clearing	electrodes	and	or	biased	anode;
– Higher	gun	voltages;
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A	single	HV	breakdown	event	inside	the	gun
Can	get	the	vacuum	high	enough	to	instantly

“kill”	the	cathode

Courtesy	of	J.	Grames

~10	mA
2	hours

No	RF	trips

~20	mA
2	hours

many	RF	trips

Fresh	cathode

GaAs	and	alkali	antimonides both	suffer	
from	ion	backstreaming



Cornell	Photocathode	Lab
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Vacuum	level	is	below	10-10 Torr



ESP	results	disclaimer

• Following	measurements	are	performed:
– At	Very	low	electric	field	(bias	-36	V);
– With	small	cw laser	diodes	(tens	of	uW);
– At	vacuum	levels	of	~5x10-11 Torr;
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Beam	energy	in	our	setup	is	about	36	eV

Beam	energy	in	CU	gun

• About	3	order	of	magnitude	larger	probability	to	ionize	hydrogen	than	in	a	real	gun
• Due	to	low	energy	electron	the	ion	back	bombardment	 damage	is	likely	to	affect	the	very	surface	of	our	samples.

Some	exciting	
news	towards	the	

end	of	the	
presentation!!



Cs2Te	on	GaAs
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n-typep-type

@532	nm

5X	LIFETIME!

The	same	bulk	GaAs	specimen	was	activated	
first	with	Cs-O	and	later	with	Cs2Te

Spin	polarization	is	
not	affected	by	the	
Cs2Te	surface	layer



Cs3Sb	on	GaAs
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NEA

VacuumCs3Sb

𝐸𝐹

𝐸𝑣𝑎𝑐

Valence Band 
Maximum

Conduction Band Minimum

GaAs 𝐸𝑔
= 1.43 eV

Bulk GaAs

Cs3Sb 𝐸𝑔
= 1.6 eV

0.4 eV =

~17Å

FIG. 1. Energy band diagram of GaAs activated with Cs3Sb

coating. An alternative activation layer needs to satisfy two

conditions to achieve NEA. (i) The energy di↵erence between

the vacuum level Evac and Fermi level EF should be smaller

than the GaAs band gap. (ii) The band gap of activation layer

should be larger than the GaAs band gap so that the activa-

tion layer is transparent for photon energy near the GaAs

band gap.

bombardment severely limits the lifetime of the GaAs-
based photocathodes during beam extraction. Counter-
acting this mechanism has been possible to some extent
by using biased anodes and extracting electrons from a
cathode area far from the gun electrostatic center.31–34

Based on the heterojunction model, a semiconductor
layer capable of NEA activation on p-type GaAs should
satisfy two conditions (see Fig. 1): (i) the energy di↵er-
ence between the Fermi level and vacuum level should be
smaller than the band gap of GaAs (1.43 eV) to achieve
NEA, and (ii) the band gap of activation layer should
be greater than that of GaAs to ensure transparency to
photons with the GaAs band gap energy. Cs3Sb has a
band gap of 1.6 eV and small electron a�nity of 0.45
eV. Such a small electron a�nity hints at the possibility
of NEA activation on GaAs using Cs3Sb: as shown in
Fig. 1, Cs3Sb, indeed, satisfies the two conditions men-
tioned above without any doping control. In this work,
we report on NEA conditions achieved on bulk p-type
GaAs with Cs-Sb, and its e↵ect on the charge extraction
lifetime and the degree of spin polarization. Further-
more, we report on increased performance from such het-
erojunction photocathodes when oxygen was introduced
during the deposition of Cs and Sb: our results show a
factor of ⇠ 20 improvement in charge extraction lifetime
compared to the conventional activation using Cs and O2

without significant loss in spin polarization and spectral
response.

FIG. 2. Quantum E�ciency of GaAs photocathodes during

the thin film growths. Initial QE at 780 nm is not zero due

to cesium sources in the growth chamber. Cs shutter and Sb

shutter are opened at (i) and (ii), respectively. (a) Oxygen

was not used during the growth. (b) Oxygen was leaked before

deposition of Sb. (c) Cs, Sb, and O2 are codeposited during

the growths. Oxygen leak valve was closed at (iii).

II. GROWTH

10 ⇥ 10 mm2 samples are obtained by cutting highly
p-doped (Zn 5 ⇥ 1018 cm�3) GaAs (100) wafers in air
with the help of diamond scriber. Samples are then sol-
vent cleaned with isopropanol, and rinsed in de-ionized
water. Wet-etching was later performed for each sample
with 1% HF for 30 s to remove the native oxide layer with
minimal surface damage.35,36 Samples were finally rinsed
in de-ionized water and then moved into vacuum. The
growth chamber has Cs and Sb e↵usion cells installed
under ultra-high vacuum (⇠ 10�9 Torr). There are shut-
ters in front of each e↵usion cell to control the flux on the
sample surface. A leak valve connected to a oxygen bot-
tle was used to leak oxygen into the chamber during the
growths, while monitoring the total pressure with a cold
cathode gauge. GaAs samples were heat cleaned at ⇠ 500
�C for about 12 hours. Then, temperature was lowered
to about 130 �C for the growth. The same heat cleaning
procedure has been employed to prepare the surface of
the reference sample which was later activated with Cs
and O2 at room temperature.

A 780 nm diode laser was used to excite the samples37

that were biased at -18 V, during the growth to monitor
the photocurrent near the photoemission threshold. The

p-type intrinsic	or	n-type

Doping	control	in	alkali	based	photocathodes	materials	is	difficult	

Doping	character	is	controlled	by	the	stoichiometry



Cs3Sb	on	GaAs	- Methods
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J.	Bae	et	al,	J.	Appl.	Phys.	127,	124901	 (2020)
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FIG. 4. Quantum E�ciency degradation as a function of to-

tal charge extracted. 505 nm laser was used to illuminate the

sample. The number next to each curve are the charge extrac-

tion lifetime calculated by fitting each curve to an exponential

function.

served when bare Cs-Sb is used for activation, but this
method yielded the lowest e�ciency near the threshold.
Among the samples activated with oxygen, the longest
lifetime (0.14 C) was measured for the sample that was
exposed to oxygen during the deposition of Cs and Sb,
corresponding to a factor of ⇠20 improvement from con-
ventional Cs-O2 activation.

Table I reports estimated charge extraction lifetimes at
780 nm. Spectral response at 780 nm was measured be-
fore and after the QE degradation measurement in Fig. 4,
and the lifetime is calculated assuming an exponential
decrease as a function of the extracted charge between
the two measured points. Similar to 505 nm, Cs-Sb-O2

activation showed the greatest improvement from Cs-O2

activation by more than a order of magnitude.
It is worth noting that the sample prepared with

method 4, where the Cs-O2 is deposited on the surface
of GaAs before the Cs-Sb layer, has higher QEs than
the sample prepared with method 3, where the Cs-O2

is deposited above the Cs-Sb layer. This seems to indi-
cate that despite the limited thickness of the activating
layers, some segregation could take place such that the
intermediate Cs-O2 layer initially grown at the GaAs in-
terface retains the property of generating a strong electric
dipole enhancing the transmission from GaAs into Cs-Sb
layer. At the same time, QEs of the sample exposed to
Cs-O2 appear to be larger than the one activated only
with Cs-Sb indicating that the dipole layer at the surface
of the cesium antimonide layer can actually contribute
in increasing electron’s escape probability. It is not then
surprising finding that the layer activated with Cs-Sb-O2

has the largest QE among the alternative methods. In
this case the continuous oxygen exposure may results in
the formation of strong electric dipole at both the inter-
face with GaAs and at the surface of Cs-Sb that can favor
both electron tunneling from GaAs to Cs-Sb and electron
emission from Cs-Sb to vacuum. In terms of lifetime it is

Activation

method

Initial QE

at 780 nm

Final QE

at 780 nm

Lifetime

estimate (C)

Cs-O2 3.3⇥ 10
�2

1.4⇥ 10
�3

4.6⇥ 10
�3

Cs-Sb + Cs-O2 3.8⇥ 10
�3

1.1⇥ 10
�3

5.6⇥ 10
�3

Cs-O2 + Cs-Sb 9.5⇥ 10
�3

2.9⇥ 10
�3

1.9⇥ 10
�2

Cs-Sb-O2 1.0⇥ 10
�2

7.0⇥ 10
�3

5.6⇥ 10
�2

TABLE I. Charge extraction lifetimes at 780 nm estimated by

comparing initial QE and final QE during the QE degradation

measurement done with 505 nm.

FIG. 5. Spin polarization of photoemitted electron from GaAs

activated by Cs, Sb, and O2. Measured spin polarization at

780 nm agreed for all samples within two standard deviations

from the averaged value.

clear that all the methods alternative to the simple use
of Cs-O2 yielded much longer measured lifetimes both in
the visible at 505 nm and in the near infrared at 780 nm.
Since the Cs-Sb-O2 activation layer has shown one of the
higher QEs associated with one of the longer lifetimes,
a detailed study was performed to study the trade-o↵s
between QE, lifetime, and electron spin polarization as a
function of Sb thickness.39

Spin polarization of photoemitted electrons was mea-
sured by the Mott polarimeter described in Refs.30 and
40. As shown on Fig. 5 all samples showed similar spin
polarization in the spectral region between 600 and 850
nm. On the other hand, the detailed study39 on the
samples activated with the Cs-Sb-O2 method reveal a
significant spin depolarization as the exposure to Sb va-
pors is progressively increased during the film growth (see
Fig. 6). The decay constant of the exponential fit in Fig. 6
(b) is 11Å. Assuming the activation layer has a similar
thickness with single crystal Cs3Sb and the kinetic en-
ergy of electrons in the activation layer is the same as
electron a�nity of Cs3Sb (0.4 eV), spin relaxation time
of 9.6 fs is calculated based on the speed of electrons.

3

drain current was measured via a lock-in amplifier locked
to the frequency of an optical chopper used to modulate
the laser ligth. Samples were grown with five di↵erent
methods:

1. Codeposition of Cs and O2 was performed for con-
ventional activation.

2. Cs and Sb are codeposited on GaAs without oxygen
exposure.

3. Cs-O2 codeposition was additionally performed af-
ter Cs-Sb codeposition to study the e↵ect of Cs-O2

dipole layer on the surface.

4. Cs and O2 are codeposited before the growth Cs-
Sb to study the e↵ect of Cs-O2 dipole layer at the
interface between GaAs and Cs-Sb layer.

5. Cs and Sb are codeposited under O2 exposure
throughout the growth procedure.

Figure 2 shows the QEs estimated during the di↵erent
growth procedures of Cs-Sb on GaAs with and without
the oxygen exposure. At the beginning of the growth
procedures, we found the samples already photoemitting
at 780 nm. We attribute this to the Cs vapors already
present in the UHV chamber from previous growth ex-
periments. As the Cs furnace temperature is raised with
the shutter closed, the QE is seen to increase further,
likely because some Cs vapors can make it through the
gap between shutter and furnace. In Fig. 2, (i) indicates
the opening of the Cs shutter and (ii) is when the Sb
shutter is opened. For all methods, the Sb shutter was
left opened for 1000 seconds to deposit 2.5 Å with a flux
of 8.3⇥ 1011 atoms/cm2/s. Assuming Cs3Sb single crys-
tal structure, this amount of Sb corresponds to the total
film thickness of 17Å.38 The Cs shutter was left open
during the Sb layer deposition and the final cooling of
the sample down to 50�C. QEs showed a sudden increase
as the Cs shutter is opened and rapid decrease when Sb
shutter is opened. During the growth of samples using
the methods 4 an 5, oxygen was supplied into the growth
chamber with a partial pressure of ⇠ 5 ⇥ 10�9 Torr. In
Fig. 2 (b) and (c), the leak valve was closed just before
opening the Sb shutter and after closing the Sb shut-
ter (iii) for method 4 and 5, respectively. The samples
activated with method 3 were moved under UHV into
another chamber (with a base pressure of ⇠ 5 ⇥ 10�11

Torr) to be further activated by exposing simultaneously
to Cs and O2 at room temperature.

III. RESULTS AND DISCUSSIONS

The spectral response of samples with di↵erent growth
methods are reported in Fig. 3. Photoemission at the
GaAs band gap photon energy (1.43 eV) confirms NEA
achievement on the surface for all of the investigated ac-
tivation methods. The reference sample, activated with

FIG. 3. Spectral response of GaAs samples activated by Cs,

Sb, and O2 using di↵erent methods in the introduction. While

all samples indicate NEA activation on the surface by pho-

toemission at GaAs band gap energy (1.43 eV), quantum ef-

ficiency can vary depending on the magnitude of NEA.

Cs and O2, has the highest QE in all the measured spec-
tral range. The sample activated with Cs-Sb only has
the lowest QE in the infrared region (about 2 orders of
magnitude lower than the Cs-O2 activated sample at 780
nm). Exposing to Cs-O2 before or after the growth of the
Cs-Sb layer (methods 3 and 4), increases the QE near the
GaAs bandgap energy: in particular for the sample pre-
pared with method 4, we observed an increase of QE by
about an order of magnitude with respect to the bare
Cs-Sb activated one. Finally, the Cs-Sb-O2 codeposited
sample (method 5) showed the highest QE near the pho-
toemission threshold among Sb containing samples. The
results point out the relevance of the Cs-O2 dipole layer
in enhancing the NEA at the GaAs interface.
The robustness of the activating layers was compared

by measuring the charge extraction lifetime. The charge
lifetime of a photocathode is defined as the amount of
extracted charge until the QE drops by a factor of e.30,31

Photocurrent was measured continuously to measure QE
degradation with a 505 nm diode laser (⇠ 20 µW). Life-
time estimated from these measurements represent a con-
volution of the QE degradation from chemical poisoning
(known as dark lifetime) and from ion back bombardment
(knows as charge lifetime).39 In these measurements, we
neglected chemical poisoning. Under such experimen-
tal conditions, photoemitted electrons have close to the
largest impact ionization cross-section (3 orders of mag-
nitude higher compared to the ones extracted from a 100
kV DC gun31), so we expected that charge lifetime would
be the dominant over dark lifetime.
From the data reported in Fig. 4, it can be seen that Sb

deposited samples have shown at least a factor of 5 im-
provement in lifetime compared to the sample activated
with Cs and O2. The longest lifetime (0.44 C) was ob-

All	the	methods	allowed	reaching	NEA	conditions
Co-deposition	of	Cs-Sb-O2 allow:
• the	longer	lifetimes	(x20)
• and	the	highest	QE	
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FIG. 8. Numerical simulation of quantum e�ciency under

various potential barrier shapes. (a) Potential barriers were

constructed for 17Å thick semiconductor activation layer to

calculate transmission probabilities. (b) Width and EA are

varied to compute threshold QE. The black mark corresponds

to the standard Cs-O2 activation sample. Potential barrier

parameters in Ref. 47 were used. White contour lines are sets

of parameters that reproduce experimentally measured QEs.

The energy level between the triangular potential barrier
and the vacuum interface was fixed at 0.35 eV below the
conduction band minimum.49,52,53 The vacuum interface
is positioned at 17 Å from the GaAs surface which is
estimated thickness of the activation layer.

The transmission probabilities (P ) of constructed po-
tential barriers are calculated by the propagation matrix
approach48,54,55 and used to compute QE numerically
with the following equation:56

QE = (1�R)F

R1
0 dE f(E)

R 1
0 d(cos ✓)P (E cos2 ✓)

R1
0 dE f(E)

R 1
�1 d(cos ✓)

. (1)

Here, R is the reflectance of GaAs, F is the scattering
contribution which can be approximated to be indepen-
dent of energy near the photoemission threshold,56 ✓ is
the angle between the electron velocity and the normal

direction, and f(E) is a Fermi-Dirac distribution of pho-
toexcited electrons:

f(E) =
1

1 + e[E�(h⌫�Eg)]/kT
(2)

where h⌫ is the photon energy, Eg is the GaAs band
gap, k is the Boltzmann constant, and T is the room
temperature. Additional scattering at the semiconductor
activation layer can be considered mostly elastic electron-
electron collisions, therefore it is ignored.37

In Fig. 8 (b), QEs are calculated for various sets of the
triangle width and electron a�nity. The photoemission
threshold wavelength 870 nm was used, and the scatter-
ing term F was set to be 0.21 to match the experimentally
measured value of Cs-O2 activated sample to the calcu-
lated one. The width of triangular potential barrier of
Cs-O2 activation layer is reported to be 1.5 Å47 with 0.35
eV NEA.49,52,53 The contour line for each growth method
represent sets of parameters that reproduce experimen-
tally measured QE at 870 nm. The contour lines suggest
when NEA is greater than 0.1 eV, the e�ciency is roughly
independent of NEA while the barrier width plays critical
role on QE. Considering a small width represents strong
dipole moment on the surface, activation with oxygen at
the interface between bulk GaAs and activation layer is
essential to achieve a high QE. This explains why sam-
ples activated with oxygen before and during the Cs-Sb
growth showed greater improvement in QE compared to
the sample exposed to oxygen after Sb deposition which
is related to greater NEA at the vacuum interface.

V. CONCLUSION

GaAs samples are NEA activated with Cs, Sb and
O2 with various recipes. We demonstrated codeposition
method can achieve the highest QE (⇠ 1% at 780 nm)
with a factor of 10 and 7 improvement in lifetime at 505
nm and 780 nm, respectively, compared to the conven-
tional Cs-O2 activation. Similar results were obtained for
GaAs/GaAsP superlattice sample which showed a factor
of 7 improvement in lifetime at 780 nm without any depo-
larization at a cost of a factor of 3 smaller QE. A simple
numerical model was proposed to estimate QE for vari-
ous shapes of the potential barrier at the relatively thick
semiconductor activation layer. According to the model,
the dipole moment strength at the GaAs interface with
the activation layer is critical to achieve a high QE at
the photoemission threshold. This explains significant
improvement in QE we observed when the samples were
exposed to oxygen before activation layer growths.
Future works will involve surface characterization of

the activation layer to understand the chemical and
structural composition. This information can be used to
properly model the heterojunction band structures with
density functional theory. Monte Carlo techniques can be
considered to model the electron spin transport and to
study the depolarization mechanisms. Furthermore and
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bombardment severely limits the lifetime of the GaAs-
based photocathodes during beam extraction. Counter-
acting this mechanism has been possible to some extent
by using biased anodes and extracting electrons from a
cathode area far from the gun electrostatic center.31–34

Based on the heterojunction model, a semiconductor
layer capable of NEA activation on p-type GaAs should
satisfy two conditions (see Fig. 1): (i) the energy di↵er-
ence between the Fermi level and vacuum level should be
smaller than the band gap of GaAs (1.43 eV) to achieve
NEA, and (ii) the band gap of activation layer should
be greater than that of GaAs to ensure transparency to
photons with the GaAs band gap energy. Cs3Sb has a
band gap of 1.6 eV and small electron a�nity of 0.45
eV. Such a small electron a�nity hints at the possibility
of NEA activation on GaAs using Cs3Sb: as shown in
Fig. 1, Cs3Sb, indeed, satisfies the two conditions men-
tioned above without any doping control. In this work,
we report on NEA conditions achieved on bulk p-type
GaAs with Cs-Sb, and its e↵ect on the charge extraction
lifetime and the degree of spin polarization. Further-
more, we report on increased performance from such het-
erojunction photocathodes when oxygen was introduced
during the deposition of Cs and Sb: our results show a
factor of ⇠ 20 improvement in charge extraction lifetime
compared to the conventional activation using Cs and O2

without significant loss in spin polarization and spectral
response.

FIG. 2. Quantum E�ciency of GaAs photocathodes during

the thin film growths. Initial QE at 780 nm is not zero due

to cesium sources in the growth chamber. Cs shutter and Sb

shutter are opened at (i) and (ii), respectively. (a) Oxygen

was not used during the growth. (b) Oxygen was leaked before

deposition of Sb. (c) Cs, Sb, and O2 are codeposited during

the growths. Oxygen leak valve was closed at (iii).

II. GROWTH

10 ⇥ 10 mm2 samples are obtained by cutting highly
p-doped (Zn 5 ⇥ 1018 cm�3) GaAs (100) wafers in air
with the help of diamond scriber. Samples are then sol-
vent cleaned with isopropanol, and rinsed in de-ionized
water. Wet-etching was later performed for each sample
with 1% HF for 30 s to remove the native oxide layer with
minimal surface damage.35,36 Samples were finally rinsed
in de-ionized water and then moved into vacuum. The
growth chamber has Cs and Sb e↵usion cells installed
under ultra-high vacuum (⇠ 10�9 Torr). There are shut-
ters in front of each e↵usion cell to control the flux on the
sample surface. A leak valve connected to a oxygen bot-
tle was used to leak oxygen into the chamber during the
growths, while monitoring the total pressure with a cold
cathode gauge. GaAs samples were heat cleaned at ⇠ 500
�C for about 12 hours. Then, temperature was lowered
to about 130 �C for the growth. The same heat cleaning
procedure has been employed to prepare the surface of
the reference sample which was later activated with Cs
and O2 at room temperature.

A 780 nm diode laser was used to excite the samples37

that were biased at -18 V, during the growth to monitor
the photocurrent near the photoemission threshold. The

Cs-O2 layer Cs-O2 layer

1.5	nm
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bombardment severely limits the lifetime of the GaAs-
based photocathodes during beam extraction. Counter-
acting this mechanism has been possible to some extent
by using biased anodes and extracting electrons from a
cathode area far from the gun electrostatic center.31–34

Based on the heterojunction model, a semiconductor
layer capable of NEA activation on p-type GaAs should
satisfy two conditions (see Fig. 1): (i) the energy di↵er-
ence between the Fermi level and vacuum level should be
smaller than the band gap of GaAs (1.43 eV) to achieve
NEA, and (ii) the band gap of activation layer should
be greater than that of GaAs to ensure transparency to
photons with the GaAs band gap energy. Cs3Sb has a
band gap of 1.6 eV and small electron a�nity of 0.45
eV. Such a small electron a�nity hints at the possibility
of NEA activation on GaAs using Cs3Sb: as shown in
Fig. 1, Cs3Sb, indeed, satisfies the two conditions men-
tioned above without any doping control. In this work,
we report on NEA conditions achieved on bulk p-type
GaAs with Cs-Sb, and its e↵ect on the charge extraction
lifetime and the degree of spin polarization. Further-
more, we report on increased performance from such het-
erojunction photocathodes when oxygen was introduced
during the deposition of Cs and Sb: our results show a
factor of ⇠ 20 improvement in charge extraction lifetime
compared to the conventional activation using Cs and O2

without significant loss in spin polarization and spectral
response.
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10 ⇥ 10 mm2 samples are obtained by cutting highly
p-doped (Zn 5 ⇥ 1018 cm�3) GaAs (100) wafers in air
with the help of diamond scriber. Samples are then sol-
vent cleaned with isopropanol, and rinsed in de-ionized
water. Wet-etching was later performed for each sample
with 1% HF for 30 s to remove the native oxide layer with
minimal surface damage.35,36 Samples were finally rinsed
in de-ionized water and then moved into vacuum. The
growth chamber has Cs and Sb e↵usion cells installed
under ultra-high vacuum (⇠ 10�9 Torr). There are shut-
ters in front of each e↵usion cell to control the flux on the
sample surface. A leak valve connected to a oxygen bot-
tle was used to leak oxygen into the chamber during the
growths, while monitoring the total pressure with a cold
cathode gauge. GaAs samples were heat cleaned at ⇠ 500
�C for about 12 hours. Then, temperature was lowered
to about 130 �C for the growth. The same heat cleaning
procedure has been employed to prepare the surface of
the reference sample which was later activated with Cs
and O2 at room temperature.

A 780 nm diode laser was used to excite the samples37

that were biased at -18 V, during the growth to monitor
the photocurrent near the photoemission threshold. The
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FIG. 3. Spectral response of the 5 samples as measured after
growth. While NEA is present in all the samples as evidenced
by sensitivities extending well beyond the 875 nm correspond-
ing to nominal value of GaAs band gap of 1.42 eV, the overall
e�ciency decreases as the equivalent thickness of the Sb layer
increases.

other chamber with a base pressure of 5 ⇥ 10�11 Torr.
Here the sample is held at a negative bias and illumi-
nated by light generated with a lamp and monochro-
mator to measure the quantum e�ciency as function of
wavelength. The spectral responses of the samples mea-
sured after the growth are reported in figure 3. The
QE decreases by roughly one order of magnitude as the
Sb dose was increased during the growth. Nevertheless,
NEA is still preserved as evidenced by sensitivities ex-
tending at wavelengths longer than 875 nm correspond-
ing to GaAs nominal band gap value of 1.42 eV. After
the spectral response was measured, every sample was
moved under vacuum into the vacuum chamber hosting
a Mott polarimeter [23]. This Mott analyzers Sherman
function was characterized to be Seff=0.15 at 20 kV op-
erating voltage with a 5% accuracy when electrons within
a 1keV energy loss window are detected.[24] Monochro-
matic light was circularly polarized using a linear polar-
izer (Thorlabs LPVIS050) and a liquid crystal variable
wave plate (Thorlabs LC1113B), and it was directed unto
the sample surface at normal incidence. The helicity of
circular polarization was switched by alternating the re-
tardance of the liquid crystal wave plate between 1/4 �

and 3/4 �. The electron spin polarization (ESP) as a
function of wavelength of illumination for each of the dif-
ferent samples are reported in figure 4.

These results indicate that the NEA characteristics
of the samples are preserved even with increased over-
all thickness of the Sb-Cs-O activating layer. This is
also consistent with the photoemission threshold staying
beyond the band gap value of GaAs, and the shape of
all of the ESP curves showing a characteristic maximum
around 780 nm. Finally, the robustness of the Sb-Cs-
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FIG. 4. Measured electron spin polarization for the five sam-
ples as function of the illuminating wavelength. The max-
imum achievable spin polarization (measured at about 780
nm) decreases as the equivalent thickness of the Sb increases
beyond 0.12 nm.

O samples has been evaluated performing a QE lifetime
measurement, and then subsequently comparing these re-
sults to the performances of a Cs-O activated GaAs. The
light of a 505 nm laser was sent to the surface of all the
photocathodes held at the negative bias of -18 V in a
vacuum chamber with a base pressure of 5⇥ 10�11 Torr.
The laser power was adjusted to initially extract pho-
tocurrents in the range between 200 and 300 nA. Pho-
tocurrent was measured until it decreased more than a
factor of 3 (as it was the case of the Cs-O activated GaAs)
or until the extracted charge becomes larger than 0.02 C
(as it was the case for all the Sb-Cs-O activated GaAs
samples). QEs measurements were conducted also with
a 2% duty cycle over extended period of time to estimate
the dark lifetime of the samples in 5 ⇥ 10�11 Torr vac-
uum. Using these two QE measurements we were able to
compare the robustness of the Sb-Cs-O activating layer
with respect to the chemical poisoning via the dark life
time, and with respect to the ion back bombardment via
the charge extraction lifetime. In a simple model to ac-
count for the the QE decay, we assume that e�ciency
will decrease exponentially as a function of time because
of to factors. First, the continuous exposure to residual
gasses in the UHV chamber eventually lead to chemical
poisoning of the photocathode surface. Second, the beam
can ionize the residual gas molecules and produces posi-
tively charged species which are accelerator towards the
cathode and strike it. This second mechanism is a func-
tion of the total charge removed from the phtocathode.
So the QE as function of time (t) and extracted charge
(Q) can be written as

QE(t, Q) = QEi ⇥ e
�t/⌧DL ⇥ e

(�Q/⌧Q) (1)

with QEi , ⌧DL, ⌧Q are respectively the intial QE, the
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FIG. 5. QE as a function of the extracted charge as measured
for the di↵erent samples at 505 nm. The data shows that as
the thickness of the activating layer is increased, the initial QE
value decreases but the lifetime is increased. The inset shows
a plot of the lifetime improvement achieved with respect to
the Cs-O activated sample for dark lifetime (⌧DL) and charge
lifetime (⌧Q)

TABLE I. Values for ⌧DL and ⌧Q and relative gains in lifetime
with respect to the Cs-O activated sample as obtained from
lifetime measurements performed using a 505 nm laser diode.

Sb thickness ⌧DL ⌧Q GainDL GainQ

(nm) (hour) (Coulomb)
0.00 29 0.01 1 1
0.12 147 0.25 5 25
0.25 197 0.33 6.8 33
0.37 316 0.45 10.9 45
0.50 354 0.58 12.2 58

time constant for the dark lifetime, and the constant for
charge extraction lifetime. Estimates of the ⌧DL values
are obtained by measuring the QE of the samples with a
low duty cycle. The ⌧DL values obtained the exponential
fit of the experimental data are then used to in the ex-
ponential fit of the QE data obtained with a 100% duty
cycle charge extraction.

III. DISCUSSION

Our measurements show that this method of activation
yields a more robust activation layer, which is in line with
previous findings [13]. In addition we have characterized
the increased lifetime by estimating both ⌧DL and ⌧Q as
Sb thickness is increased as reported in table I. The ex-
tended lifetime characterization was performed using a
small laser diode at 505 nm, but spectral response mea-
surements (performed before and after the extended life-
time measurements) indicate that decay constants simi-
lar to the ones measured at 505 nm also capture the QE

decrease at photon energies in the IR which are relevant
for the production of spin polarized electrons [20].
We can define a figure of merit (FOM) for the GaAs

photocathode for spin polarized electron beam produc-
tion to include a factor that takes into account the life-
time gain induced by the activating layer [6]:

FOM = QE ⇥ ESP
2 ⇥ ⌧ (2)

the choice of which ⌧ should relate to mechanism that
likely will limit lifetime in the operating conditions. For
low current application it is likely that lifetime will be
dominated by chemical poisoning while in high average
current operations the ion back bombardment will be the
limiting factor. Using this formula with either ⌧DL or
⌧Q the largest FOMs are obtained for the sample grown
using 0.12 nm of Sb: FOMs are respectively larger by
factor 4 and by a factor of 16 with respect to the GaAs
activated with standard Cs and oxygen.
The thickest layer we have grown on GaAs is estimated

approximately 3 nm based on the equivalent Sb thick-
ness deposited and the value of expansion coe�cient for
Cs3Sb formation which is reported to be about 6 [25].
Electrons injected in to Cs3Sb from GaAs electrons re-
quire kinetic energy larger than the electron a�nity of
the activating layer to be extracted into vacuum. Let
us assume this to be equal to 0.45 eV as for the Cs3Sb
(it is possible that surface oxidation resulting from our
preparation procedure can lower this value slightly [26]).
Hot carriers that have been injected from GaAs across
the heterojunction barrier have transition times across
on the order of a few tens of femtoseconds. On such short
timescales, electron spin depolarization ocurring through
the conventional channels is weak [27].
While more detailed characterizations of the activating

layer are planned to confirm our hypotheses, one possi-
ble explanation for the simultaneous decrease of QE and
spin polarization observed as the thickness of the acti-
vating layer is increased may involve inter-carrier energy
exchange between two electron populations out of equi-
librium: the population of hot electrons injected from
GaAs and the one of photo-excited electrons into the
conduction band of the activating layer [28, 29]. Unlike
our previous experiments where we used a much larger
energy gap material like Cs2Te[? ] to activate GaAs
to NEA with a similar layer thickness and for which no
electron spin depolarization has been observed, in Cs3Sb
case electrons can be excited to the conduction band at
photon energies slightly shorter than 1.6 eV due to the
presence of intra-gap impurity states [18].
The extinction coe�cient for GaAs at 780 nm is about

2⇥ 104cm�1[30], one order of magnitude lower than the
one reported for Cs3Sb, which depends on experimen-
tal growth conditions and ranges from 1 to 5⇥ 105cm�1

[19]. Our polarization measurements were conducted in
continuous wave photoemission conditions using the light
produced from a discharge lamp and a monochromator.
At 780 nm we typically illuminate the sample with about
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FIG. 5. QE as a function of the extracted charge as measured
for the di↵erent samples at 505 nm. The data shows that as
the thickness of the activating layer is increased, the initial QE
value decreases but the lifetime is increased. The inset shows
a plot of the lifetime improvement achieved with respect to
the Cs-O activated sample for dark lifetime (⌧DL) and charge
lifetime (⌧Q)

TABLE I. Values for ⌧DL and ⌧Q and relative gains in lifetime
with respect to the Cs-O activated sample as obtained from
lifetime measurements performed using a 505 nm laser diode.

Sb thickness ⌧DL ⌧Q GainDL GainQ

(nm) (hour) (Coulomb)
0.00 29 0.01 1 1
0.12 147 0.25 5 25
0.25 197 0.33 6.8 33
0.37 316 0.45 10.9 45
0.50 354 0.58 12.2 58

time constant for the dark lifetime, and the constant for
charge extraction lifetime. Estimates of the ⌧DL values
are obtained by measuring the QE of the samples with a
low duty cycle. The ⌧DL values obtained the exponential
fit of the experimental data are then used to in the ex-
ponential fit of the QE data obtained with a 100% duty
cycle charge extraction.

III. DISCUSSION

Our measurements show that this method of activation
yields a more robust activation layer, which is in line with
previous findings [13]. In addition we have characterized
the increased lifetime by estimating both ⌧DL and ⌧Q as
Sb thickness is increased as reported in table I. The ex-
tended lifetime characterization was performed using a
small laser diode at 505 nm, but spectral response mea-
surements (performed before and after the extended life-
time measurements) indicate that decay constants simi-
lar to the ones measured at 505 nm also capture the QE

decrease at photon energies in the IR which are relevant
for the production of spin polarized electrons [20].
We can define a figure of merit (FOM) for the GaAs

photocathode for spin polarized electron beam produc-
tion to include a factor that takes into account the life-
time gain induced by the activating layer [6]:

FOM = QE ⇥ ESP
2 ⇥ ⌧ (2)

the choice of which ⌧ should relate to mechanism that
likely will limit lifetime in the operating conditions. For
low current application it is likely that lifetime will be
dominated by chemical poisoning while in high average
current operations the ion back bombardment will be the
limiting factor. Using this formula with either ⌧DL or
⌧Q the largest FOMs are obtained for the sample grown
using 0.12 nm of Sb: FOMs are respectively larger by
factor 4 and by a factor of 16 with respect to the GaAs
activated with standard Cs and oxygen.
The thickest layer we have grown on GaAs is estimated

approximately 3 nm based on the equivalent Sb thick-
ness deposited and the value of expansion coe�cient for
Cs3Sb formation which is reported to be about 6 [25].
Electrons injected in to Cs3Sb from GaAs electrons re-
quire kinetic energy larger than the electron a�nity of
the activating layer to be extracted into vacuum. Let
us assume this to be equal to 0.45 eV as for the Cs3Sb
(it is possible that surface oxidation resulting from our
preparation procedure can lower this value slightly [26]).
Hot carriers that have been injected from GaAs across
the heterojunction barrier have transition times across
on the order of a few tens of femtoseconds. On such short
timescales, electron spin depolarization ocurring through
the conventional channels is weak [27].
While more detailed characterizations of the activating

layer are planned to confirm our hypotheses, one possi-
ble explanation for the simultaneous decrease of QE and
spin polarization observed as the thickness of the acti-
vating layer is increased may involve inter-carrier energy
exchange between two electron populations out of equi-
librium: the population of hot electrons injected from
GaAs and the one of photo-excited electrons into the
conduction band of the activating layer [28, 29]. Unlike
our previous experiments where we used a much larger
energy gap material like Cs2Te[? ] to activate GaAs
to NEA with a similar layer thickness and for which no
electron spin depolarization has been observed, in Cs3Sb
case electrons can be excited to the conduction band at
photon energies slightly shorter than 1.6 eV due to the
presence of intra-gap impurity states [18].
The extinction coe�cient for GaAs at 780 nm is about

2⇥ 104cm�1[30], one order of magnitude lower than the
one reported for Cs3Sb, which depends on experimen-
tal growth conditions and ranges from 1 to 5⇥ 105cm�1

[19]. Our polarization measurements were conducted in
continuous wave photoemission conditions using the light
produced from a discharge lamp and a monochromator.
At 780 nm we typically illuminate the sample with about

• DL	was	estimated	at	2%	duty	cycle	as	1/e	of	QE	vs.	time
• CL	was	estimated	at	100%	duty	cycleas 1/e	of	QE	vs.	charge	
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Spin	polarization	is	essentially	preserved	
(up	to	~1	nm	thickness)@780	nm

ΔESPee ¼ −ESPð0Þð1 − e−ΓeeΔtÞ: ð3Þ

Thus,

ESPðtÞ ≈ ESPð0Þ þ ΔESPee ¼ ESPð0Þe−Γeet: ð4Þ

If we assume that the transit time of electrons which
tunnel from GaAs into the activating layer is given by
their kinetic energy (E) and the expected thickness of the
activating layer, then:

ESPðL;EÞ ¼ ESPð0Þe−ΓeeL=
ffiffiffiffiffiffiffiffiffi
2E=m

p
ð5Þ

where ESP(0) is the electron spin polarization measured
in the case activation with a Cs-O layer that we assume
having negligible thickness. As the thickness of the
activation layer is increased, the probability of ballistic
electron transmission decreases while the probability for
electrons to suffer one or more scattering events and
hence experience depolarization increases.
Figure 9 reports a comparison of our experimental data

with the analytical prediction obtained from Eq. (5). Given
the simplified description, the agreement is not perfect,
but, Eq. (5) is capable of capturing most of the features
characterizing our experimental ESP data. The value of Γee
is assumed to be constant and equal to 1.5 × 1014s−1 and is
consistent with experimental measurements [36] indicating
that photogenerated hot electrons in metals can thermalize
with characteristic times even shorter than 10 fs through
carrier-to-carrier or carrier-to-phonon scattering. Similar
relaxation times have also been measured in the case of
lead-iodide hybrid perovskite, a semiconductor having

similar band gap energy to Cs3Sb for hot electrons with
excess energies on the order of 0.5 eV [37].
The probability of tunneling across a triangular shaped

barrier can be estimated using the Wentzel-Kramers-
Brillouin (WKB) approximation. In the case of a triangular
barrier with a height Φ and width w the tunneling
probability across such barrier TðEÞ of one electron with
kinetic energy E can be written as:

TðEÞ ¼ T0eE=E0 ð6Þ

here

T0 ¼ e−
4w
3

ffiffiffiffiffi
2mΦ
ℏ2

p
ð7Þ

and

E0 ¼
1

2w

ffiffiffiffiffiffiffiffiffi
ℏ2Φ
2m

r
: ð8Þ

For a width of 0.15 nm and a value of Φ equal to the
electron affinity of GaAs (4.07 eV), Eq. (6) yields a
tunneling probability that is consistent with the measured
QE of GaAs activated with Cs-O. Larger values for the
width of the barrier are required to reproduce QEs from
NEA activating Cs3Sb layers [20].
If we assume that scattering losses inside the acti-

vating layer are negligible, then the quantum efficiency
QEðwCs3SbÞ relative to a barrier width wCs3Sb correspon-
ding to a thickness of the activating layer LCs3Sb can be
modeled as:

FIG. 9. ESP of the samples activated to NEA with Cs3Sb
estimated using Eq. (5). The used value of Γee is reported in
Table II.

FIG. 10. Spectral response of the samples activated to NEA
with Cs3Sb and the corresponding prediction of Eq. (10). Barrier
thicknesses are given in Table II.
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similar band gap energy to Cs3Sb for hot electrons with
excess energies on the order of 0.5 eV [37].
The probability of tunneling across a triangular shaped

barrier can be estimated using the Wentzel-Kramers-
Brillouin (WKB) approximation. In the case of a triangular
barrier with a height Φ and width w the tunneling
probability across such barrier TðEÞ of one electron with
kinetic energy E can be written as:

TðEÞ ¼ T0eE=E0 ð6Þ
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For a width of 0.15 nm and a value of Φ equal to the
electron affinity of GaAs (4.07 eV), Eq. (6) yields a
tunneling probability that is consistent with the measured
QE of GaAs activated with Cs-O. Larger values for the
width of the barrier are required to reproduce QEs from
NEA activating Cs3Sb layers [20].
If we assume that scattering losses inside the acti-

vating layer are negligible, then the quantum efficiency
QEðwCs3SbÞ relative to a barrier width wCs3Sb correspon-
ding to a thickness of the activating layer LCs3Sb can be
modeled as:

FIG. 9. ESP of the samples activated to NEA with Cs3Sb
estimated using Eq. (5). The used value of Γee is reported in
Table II.

FIG. 10. Spectral response of the samples activated to NEA
with Cs3Sb and the corresponding prediction of Eq. (10). Barrier
thicknesses are given in Table II.
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ΔESPee ¼ −ESPð0Þð1 − e−ΓeeΔtÞ: ð3Þ

Thus,

ESPðtÞ ≈ ESPð0Þ þ ΔESPee ¼ ESPð0Þe−Γeet: ð4Þ

If we assume that the transit time of electrons which
tunnel from GaAs into the activating layer is given by
their kinetic energy (E) and the expected thickness of the
activating layer, then:

ESPðL;EÞ ¼ ESPð0Þe−ΓeeL=
ffiffiffiffiffiffiffiffiffi
2E=m

p
ð5Þ

where ESP(0) is the electron spin polarization measured
in the case activation with a Cs-O layer that we assume
having negligible thickness. As the thickness of the
activation layer is increased, the probability of ballistic
electron transmission decreases while the probability for
electrons to suffer one or more scattering events and
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QEðwCs3SbÞ ¼ QE0

TðwCs3SbÞ
Tðw0Þ

ð9Þ

where QE0 is the QE measured for the Cs-O activated
sample, TðwCs3SbÞ and Tðw0Þ are the WKB tunneling
probability for the triangular barrier of width wCs3Sb in
the case of Cs3Sb with a thickness LCs3Sb and of widthw0 in
the case Cs-O activating layer.
Then, Eq. (9) can be rewritten as

QEðE; wCs3SbÞ ¼ QE0ðEÞ
T0ðwCs3SbÞe

E
E0ðwCs3SbÞ

T0ðw0Þe
E

E0ðw0Þ
ð10Þ

to explicitly include also the dependence on the initial
energy E of photoelectrons in the GaAs.
Using the spectral response obtained from GaAs acti-

vated with Cs-O and a fixed value for the barrier width w0

value for GaAs (that we assume to be 0.15 nm [20]), we can
use Eq. (10) to fit the width of the barriers corresponding to
the different thicknesses of the Cs3Sb activating layer that
allows to best reproduce the experimental data.
Fit values of the widths are shown in Table II. We find

that Eq. (10) gives good agreement with the measured QEs
at each width. Figure 11 plots the fit barrier width values as
a function of the equivalent thickness of Sb. We note a
roughly linear trend. This may suggest that the segregation
of the initial layer of Cs-O becomes less sharp as the Cs3Sb
layer grows thicker.
While conceptually simple, the models of ESP and QE

given Eq. (5) and Eq. (10) give surprisingly good agree-
ment with our experimental data. A more accurate descrip-
tion would require more advanced numerical modeling of
electron transport, which is outside the scope of this work.

IV. OUTLOOK AND CONCLUSIONS

In this work, we report that GaAs activated to NEAwith
Cs, Sb and O yields longer lifetimes than the traditional
Cs-O activation under similar experimental conditions.
We measure and discuss trade-offs of quantum efficiency
and spin polarization as function of the activation layer
thickness.
Further studies involving numerical simulations of elec-

tron transport and surface characterization are planned.
Additionally, we plan to fully characterize these hetero-
junctions in the operating conditions of a real photoinjector
to confirm the measured lifetime increases. Finally, we
intend to explore the applicability of this activation method
to SL-based GaAs photocathodes. The possibility to create
photocathodes that can provide one order of magnitude
longer operational lifetimes opens exiting new avenues for
the production and application of intense highly polarized
electron beams.
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activating layer weakens the electric dipole at the interface
between GaAs and Cs3Sb.

TABLE II. Parameters values used to model QE and ESP using
Eq. (5) and (10).

Parameter Value

ΦðeVÞ 4.07
w0ðnm Þ 0.150
w0.75ðnm Þ 0.180
w1.50ðnm Þ 0.235
w2.25ðnm Þ 0.340
w3.00ðnm Þ 0.380
Γeeðs−1Þ 1.5 × 1014
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Can	all	of	this	be	
applied	from	bulk	GaAs
to	high	polarization	
photocathodes?



YES!!
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SL	GaAs/GaAsP non	DBR
with	P>80%	@780nm
From	Jlab injector	group

1/3	QE	@	780	nm
0.12%	to	0.04%

Same	ESP	@	780	nm
Dark	lifetime	x10!!

Operational	lifetime	x12!!



Designed	a	new	SL-DBR

• Operating	with	a	protective	coating that	improves	
lifetime	will	reduce	QE	and	ESP;

• It	is	mandatory	then	using	a	photocathode	that	can	
provide	the	highest	QE	and	ESP;
– Strain	compensated	Superlattices can	provide	the	largest	
QE	and	ESP;

– Diffuse	Bragg	Reflector	and	Fabry-Perot	design	can	be	used	
to	further	enhance	the	QE;
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Every % in QE and ESP are critical because we are 
going to trade some for lifetime 



• Photocathodes	based	on	SL-DBR	are	difficult	to	obtain:
– They	cannot	simply	be	purchased	as	“off	the	shelf”	and	they	have	to	

be	grown	as	per	customer	design; `
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A	new	SL-DBR	photocathode	

User Proposal 2020AU0006: Robust photocathodes 
for highly spin polarized electron beams

GaAs 5	nm p	=	5x1019 cm-3

GaAs/GaAs0.62P0.38 (4/4	nm)	x30 p	=	5x1017 cm-3

GaAs0.81P0.19	 300	nm p	=	5x1018 cm-3

AlAs0.81P0.19/GaAs0.81P0.19 (65/55	nm)	x	10 p	=	5x1018 cm-3

GaAs0.81P0.19 2000	nm p	=	5x1018 cm-3

GaAs->GaAs0.81P0.19 2750	nm p	=	5x1018 cm-3

GaAs	buffer 200	nm p	=	5x1018 cm-3

GaAs	substrate p	>	1x1018 cm-3

600 650 700 750 800 850
0

0.2

0.4

0.6

0.8

1

Wavelength (nm)

DB
R 

Re
fle

ct
an

ce

10 pairs
12 pairs
14 pairs

600 650 700 750 800 850
0

0.05

0.1

0.15

0.2

Wavelength (nm)

SL
 A

bs
or

pt
io

n

SL structure without DBR
SL structure with DBR

Strain	compensated	SL–DBR
SL	structure	

240	nm	thickness

Expected	P>	90%
and	QE	~	10%

We	plan	to	grow,	test	and	activate	it	
with	robust	coating	for	high	current	

applications

>4x	larger	absorption!

3. Strain–Compensated SL(w. new data) 

Max. Pol. ( ~ 92%)  
QE( ~ 2.2 %)   were achieved 

GaAs-GaAsP  Strain–Compensated SL 

Limit of Conv. PC  
(Strained type) 

Ref. X.G. Jin, to be published 

N. Yamamoto et al, International Workshop on Future Linear Colliders (LCWS14)



High	beam	power	cathode	test	beamline
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Completing	 the	installation	of	a	dedicated	beamline:
• Old	CU-ERL	gun	400kV	@	100	mA;
• Ion	clearing	electrodes;
• High	power	lasers;
• 75	kW	beam	dump;

This	task	has	seen	some	delay	in	FY19-20	
due	to	the	simultaneous	CHESS-U	and	

CBETA	installation	@	Cornell	and	COVID-19



Gun	beamline	status
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• Gun+Beamline+loadlock are	
installed	and	in	UHV;

• Clearing	electrodes	are	
installed;

• Load-lock	includes	a	“cathode-
in-canister”	delivery	system	
(SBIR-Phase	II);

Brazed	 envelope	assembly
Cornell/BNL	
Puck

Window/Anode
Ceramic

Ceramic

Concept	extendable	to	
other	plug	design

RMD-Photonis-Cornell-BNL



Last	year…
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• Completing	lead	shielding	installation;
• PPS	Checkout;
• SF6	emergency	venting	line;

• Turn	on	HV!!



Lead	shielding	completed
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Non	trivial	task	given	the	constraints	in	the	new	space;
Shielding	 can	be	easily	removed	 to	access	the	equipment



PLC	based	PPS	completed
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B24	Chain	A B24	Chain	B

B24
Laser	shutter

CLOSED	and	DISABLED
High	Voltage

OFF	and	ENABLED

B24
Laser	shutter	

CLOSED	and	ENABLED
High	Voltage	

OFF	and	DISABLED

B24
Laser	shutter	

CLOSED	and	ENABLED
High	Voltage

OFF	and	ENABLED

B24	perimeter

B24	area	search

B24	Shield	
integrity

B24	Laser	path

B24	restricted	
access

AND

AND

AND

AND

Radiation	monitor

Emergency	STOP

AND

AND

AND

B24	READY

AND

AND

B24	Laser	bypass

B24	HV	bypass

NOR

AND

NOT

AND
NOT

AND

B24	perimeter

B24	area	search

B24	Shield	
integrity

B24	Laser	path

B24	restricted	
access

AND

AND

AND

AND

Radiation	monitor

Emergency	STOP

AND

AND

AND

B24	READY

AND

AND

B24	Laser	bypass

B24	HV	bypass

NOR

AND

NOT

AND
NOT

AND

B24	crosstalk	A
B24	crosstalk	B

AND

AND A	new	PPS	had	to	be	
deployed	to	fulfill	safety	
requirements	in	the	

new	spaces	

8	gamma	probes PLC	PPS	rack SF6	forced	air	venting	line



HVPS	setup
• Upon	initial	test	we	found	 few	HVPS	issues:

– Chilled	water	pressure	was	not	sufficient	to	generate	the	flow	required	for	the	cooling	of	the	
electronics;

– Power	supply	was	idling	with	”zero”	command	to	55	kV;
– The	floating	ammeter	in	the	power	supply	was	missed;	
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Pump	skid	used	to	
increase	water	pressure

Load	resistor:	it	drains	a	
small	current	allowing	
the	PS	to	self	regulate.	
Idling	now	at	~30	kV

The	floating	ammeter	hardware	
and	software	had	to	be	rebuilt	
from	scratch



Laser	setup
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THG crystal setup is in
place to obtain 343 nm
pulsed beam at 40 MHz
repetition rate from a 20
W fiber laser

The Ar ion laser has been
refurbished and now can
operated with tunable
wavelength in the visible
and UV.

>25W in the visible (ML)

>7W in the UV (ML)

First	tests	performed	with	
low	power	laser	diode



First	beam!

• Gun	went	up	to	200	kV	with	not	a	single	event	and	we	
deemed	it	sufficient	for	now	to	begin	the	commissioning;

• A	cathode	from	the	SBIR	phase-II	“cathode-in-canister”	was	
loaded	into	the	gun;
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July	17th,	2020 A	low-current	beam	was	used	to	
perform	beam	based	alignment	of	
gun	solenoid	and	to	commission	the	
beamline.	Successfully	transported	
to	the	end	of	beamline.



Delayed	the	planned	beam	tests
• Test	the	robustness	of	the	GaAs	activated	with	Cs2Te	and	Cs3Sb	in	the	gun	at	high	current;
• Operate	alkali	antimonides and	III-N	in	the	near	UV:

– 343	nm	from	THG	of	our	pulsed	laser	system;
– 351	nm	from	cw Ar ion	laser;

• We	aim	at	improving	the	efficiency	of	the	photo-extraction	process	and	decrease	the	heat	load	on	
the	cathode:
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https://doi.org/10.1117/12.2185614
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3.  Experimental results 

In Fig. 2(a), the maximum average power of 272 W is achieved with 395 W pump power. The slope efficiency from 
the pump power to IR output in the main amplifier is 61%. The autocorrelation widths are 3.3 ps (full-width at half-
maximum, FWHM) at the low output and 3.7 ps (FWHM) at 250 W. The pulse durations are thus 2.3 and 2.6 ps, 
respectively if a Gaussian pulse shape is assumed. The maximum peak power is 148 kW, leading to an excessive 
nonlinear phase shift of 1.8 radians. The spectral bandwidth of the seed is 1.1 nm (FWHM), but it is broadened to 
1.9 nm at 250 W. The time-bandwidth product is 1.38, and the optical pulses are modestly chirped. The polarization 
extinction ratio is more than 15 dB and there is no degradation going from low to high IR output. The M2 values in 
the horizontal and vertical directions are measured to be less than 1.1 at 250 W, based on D4σ method. So, the high-
power fiber laser has delivered diffraction-limited beam quality. 

The green power versus IR input is shown in Fig. 2(b). A maximum average green power of 182 W is obtained 
with 272 W IR input. To the best of our knowledge, this is the highest average green power in a single fiber-laser 
based system. The conversion efficiency is about 67% in the high-power regime. The intensity autocorrelation at 
150 W green power is 2.9 ps (FWHM), corresponding to 2.1 ps duration if a Gaussian pulse shape is assumed. The 
spatial profile of this ps green laser was characterized by measuring M2 values at high output power. The M2 values 
in both directions are measured to be about 1.1 at 140 W, exhibiting diffraction-limited beam quality. This high-
power ps green laser with excellent beam quality will benefit many important scientific applications. 

 

Fig. 2. IR output versus pump power (a) and Green output versus IR input (b). 
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Abstract: We report on a 180 W picosecond green laser from a frequency-doubled rod fiber 
amplifier. An Ytterbium-doped fiber master-oscillator-power-amplifier is designed to generate 704 
MHz, 2.3 ps, 270 W average infrared power. 2.1 picosecond, 180 W average green power with 
diffraction limited beam quality is produced through frequency doubling. To our knowledge, it is 
the highest picosecond average green power from a single fiber-based laser system. 
OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (320.7090) Ultrafast lasers. 

 
1. Introduction 

High-power power picosecond (ps) green lasers can find various applications for laser machining [1], optical 
parametric oscillators [2], and optical parametric amplifiers [3]. Ytterbium (Yb)-doped fiber laser is one of few 
architectures that have been developed to deliver high-power infrared (IR) output with diffraction-limited beam 
quality. High average green power could be generated through efficient frequency doubling accordingly. 

Previous experiments were conducted to obtain 120 W ps green power from a frequency doubled single fiber 
laser [4] and about 180 W ps green power from a frequency doubled beam combined fiber system [5]. Here, we 
present a 180 W ps green laser from a frequency-doubled rod fiber amplifier [6], which is the highest in the single 
fiber-based laser system to our knowledge. 

2.  Experimental setup 

A schematic of the Yb-doped fiber amplification system is shown in Fig. 1. The laser is a master oscillator power 
amplifier (MOPA), consisting of a fiber oscillator, preamp I (SC YDF), preamp II (DC YDF), preamp III (80-cm 
rod fiber), and a main fiber amplifier (100-cm rod fiber). Preamp I is a 40-cm s i n g l e - m o d e  Yb-doped fiber, and 
preamp II is a 2.5-meter Yb-doped double-clad (DC) polarization-maintaining fiber. Preamp III and the main 
amplifier are 80-cm and 100-cm rod fibers, respectively. A chiller is used to cool down the DC YDF and rod fibers 
for heat dissipation. 

The fiber oscillator delivers 704 MHz, 2.3 ps, 28 pJ pulses at 1036 nm. After pulses are amplified in preamp I, 
preamp II, and preamp III, 33 W infrared average power is produced with 55 W pump power. The main amplifier is 
counter-pumped with a laser diode at 976 nm. Telescopes are used to couple the pump power into DC YDF and rod 
fibers. Second harmonic generation (SHG) is conducted to generate high-power green light. IR pulses from the main 
amplifier are steered into a noncritically phase matched lithium triborate (LBO) crystal for frequency doubling. The 
5×5×20-mm3 LBO crystal is put in an oven at 181 °C and its phase matching bandwidth is 1.5 nm. 

 
Fig. 1. Schematic of the fiber MOPA system: SC YDF, single-clad Yb-doped fiber; DC YDF, double-clad Yb-doped fiber; 
ISO, optical isolator; WDM, wavelength division multiplexer; DM, dichroic mirror; SHG, second harmonic generation. 

IR	to	UV	=>	efficiency	0.3
UV	to	e- =>	efficiency	0.25

IR	to	VIS	=>	efficiency	0.6	
VIS	to	e- =>	efficiency	0.07

and a monochromator provide the variable wavelength light
in the range of 400–900 nm. A typical spectral response of a
Na2KSb photocathode grown with the above-described pro-
cedure is reported in Fig. 7. Quantum efficiencies larger than
20% are typically obtained at 400 nm.

All of the deposition experiments have been conducted
without using any masks typically employed to limit the
active area, so that photocathode materials were deposited
over the entire available substrate surface. Figure 8 shows
another picture of an actual photocathode grown over a
stainless steel polished substrate having a diameter of about
45 mm (the color of the whole substrate area uniformly
turned purple due to the presence of the thin alkali antimo-
nide film without losing its mirror-like finish) and the QE
scan of the central 15! 15 mm2 area obtained by scanning
the 532 nm laser over the surface, indicating a 10% uniform-
ity of the emission within this area (the scan range was
limited by our current setup).

To extend to the IR part of the spectrum, the otherwise
limited sensitivity of Na2KSb photocathodes (to less than

740 nm), we attempted to grow a very thin Cs3Sb layer over
the Na2KSb surface. It is expected that due to the formation
of a p-n junction at the interface between the intrinsic p-type
Na2KSb and the n-type Cs3Sb, the photoexcited electrons
lying near the bottom of the conduction band within the
Na2KSb layer can travel through the Cs3Sb and be extracted
to vacuum as described in Ref. 21. This mechanism has
proven to enable photoemission in the infrared part of the
spectrum. A correct dosing of Cs and Sb over the surface of
the Na2KSb photocathode results in an extended response
of the photocathode in the infrared all the way to about 1 lm
wavelength. To perform this growth, we used alternating
evaporations of Sb and Cs over the surface of several
Na2KSb photocathodes, which were first allowed to cool
down to room temperature.

The source flange was designed and built to include a
mechanical shutter for each individual effusion cell used to
evaporate Sb and alkali metals. This addition was made to
improve the control and triggering of the vapors fluxes
directed at the substrate. Unfortunately, despite some promis-
ing results, this initial design was not free of some draw-
backs. Operating the shutters induced a nonnegligible change
of the heat losses for each furnace so that temperature drifted
by a 10–15 "C over few minutes when the shutters were acti-
vated (the opening and closing of the shutter produced a
decrease and an increase of the cell temperature, respec-
tively). Due to the absence of any feedback loop to control
the cells temperatures by a proper tuning of the current
through the heater element aimed at mitigating this effect, we
increased the distance between the shutter and the top of the
crucible to #5 mm from the original #1 mm design value.
This increased distance helped in reducing the temperatures
drifts to few degrees Celsius and increased the time constant
of the variation to several tens of minutes, which allowed the
experimenter to fine tune the electric power to compensate
for the drift and to obtain a more accurate control of the evap-
oration rate. However, because of the larger gap, the shutter
was unable to completely turn off the flux of the elements,
especially in the case of Cs, which is the most volatile of the
alkali species used in these experiments.

Another deficiency in the design of the source flange was
the absence of any heat shield between the effusion cells,
which also resulted in an unwanted temperature drift of all

FIG. 6. (Color online) Na2KSb growth history. Note that according to previ-
ous calibrations, the substrate temperature is about a factor 1.6 larger than
the temperature measured at the thermocouple location.

FIG. 7. (Color online) Spectral response for a reflection mode Na2KSb pho-
tocathode grown over a polished stainless steel substrate. The CsK2Sb data
of the sample with the highest QE obtained in our previous growth system is
shown for a comparison.

FIG. 8. (Color online) Photocathode thin film over the polished SS substrate
(a) and a QE scan of the photocathode surface at 532 nm over a 15 !15 mm2

area (b).
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IR	to	e- =>	~8%
IR	to	e- =>	~4%

• For	the	same	avg.	current	
we	need	half	of	the	UV	
laser	power	w.r.t.	VIS;

• Power	heat	losses	on	the	
cathode	are	reduced	by	
65%;



Spin-off

• The	results	obtained	with	our	robust	methods	of	GaAs	
activations	have	attracted	the	interest	of	the	community.
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“Demonstrating improved lifetime in superlattice photocathodes with robust 
activating coatings for high current, highly spin-polarized beam production”

Funded	through	Accelerator	Stewardship	DOE	program	

Demonstrating	high	current	and	spin	polarization	from	CU	methods	at	UITF	at	Jlab



Thank	you	for	the	attention!!
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