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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.	

Production of Highly Polarized Positrons Using Polarized Electrons at MeV Energies
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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
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Several	mA



GaAs-based	existing	photocathodes	

All	GaAs	based	photocathodes	requires	Cs-O	activation	to	achieve	
Negative	Electron	Affinity	(NEA)	and	vacuum	levels	better	than	
10-11 Torr to	survive	a	few	days	(without	even	running	the	beam)
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At	typical	1%	QE	the	required	laser	power	“on	the	cathode”	
@800	nm	to	generate	50	mA	is	about	7	Watts

bulk

SL



Distributed	Bragg	Reflector
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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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At	350kV,	only	<50% of	ions	are	
created	compared	to	130kV

I=2.0	mA,	P=8.0	× 10-12 Torr

A	single	HV	breakdown	event	inside	the	gun
Can	get	the	vacuum	high	enough	to	instantly

“kill”	the	cathode
Courtesy	of	J.	Grames



Cornell	Photocathode	Lab
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Vacuum	level	is	below	10-10 Torr



Mott	polarimeter @	CU

The	retarding	field	Mott	polarimeter has	been	
refurbished	upgraded	and	fully	integrated	into	the	

photocathode	lab	UHV	installation.

Vacuum	level	is	below	10-10 Torr

HV	gun	puck
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Electrostatic	bend

Mott	target	and	detectors

Thanks	to	M.	Poelker and	M.	Stuzman	for	helping	
in	debugging	 and	setting	up	the	polarimeter



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.



Cs2Te	on	GaAs

10

Will	this	method	yield	longer	lifetimes?

What	happen	to	the	spin	polarization?

ERL'19	- Berlin15-20	September	2019

M.	Kuriki,	P3	workshop,	LBNL,		2014

n-typep-type



NEA	with	Cs2Te	on	bulk	GaAs

11ERL'19	- Berlin15-20	September	2019
J.	Bae	et	al.,	Appl.	Phys.	Lett.	112 (2018)	154101



Cs2Te	and	CsKTe on	GaAs
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@532	nm

5X	LIFETIME!

Lifetime study on Cs2Te(CsO) coated GaAs

O. Rahman, J. Biswas, M. Gaowei, W. Liu, E. 
Wang

540 ºC heat treatment
Roughness:1.8-3.9 nm

21

2e-11 torr

7e-11 torr

x6

Te source in Saes dispenserCathode

Anode

GaAs

Trying GaAs/GaAsP
and CsI coating now.

Electron emission with 1.43 eV photon is not from CsKTe
states [11]. Surface intermediate states is a possibility to
explain this emission, but the steep drop of QE at less than
1.43 eV is not consistent. The emission with 1.43 eV photon
is consistent to the hetero-junction structure of GaAs and
CsKTe thin film. 1.43 eV photon can penetrate the CsKTe
thin film because the energy is less than the band gap of
CsKTe. The photon excites the valence band electron of
GaAs to the conduction band. Because the electron in the
conduction band has almost no momentum, it moves to
CsKTe by di�usion. Electrons in CsKTe obtains some mo-
mentum due to the energy di�erence between GaAs and
CsKTe. Electrons in CsKTe are thermalized and some elec-
trons whose momentum is less than the vacuum potential,
are captured in CsKTe conduction band. A fraction of elec-
trons can escapes to vacuum. This description is consistent
to the steep drop of QE at less than 1.43 eV and the small
QE at 1.43 eV. Considering these phenomena, the emission
with 1.43 eV photon from the CsKTe-GaAs cathode strongly
suggests the NEA activation of GaAs with CsKTe thin film.

Lifetime Measurement
Lifetime of the CsKTe-GaAs cathode was measured. Af-

ter the activation, QE evolution in time was observed. This
time, we measured the lifetime without beam emission, i.e.
the beam current is negligibly small. In this case, the cathode
QE is decreased by residual gas poisoning. The e�ect should
depend on the vacuum pressure and gas species. By assum-
ing the gas species does not change during the measurement,
QE evolution ⌘(t) can be expressed as

⌘(t) = ⌘0e�
Ø
Pdt
⌧ , (1)

where ⌘0 is a constant, P is vacuum pressure, and ⌧ is the
lifetime. The dimension of ⌧ is Pa.sec.

Figure 4: QE with 2.06 eV photon as a function of exposure
(10�3 Pa.sec) is plotted. By fitting with the data > 2.0 ⇥
10�3 Pa.sec, 1/e lifetime in exposure is obtained as 6.49 ±
0.01 ⇥ 10�3 Pa.sec.

Figure 4 shows QE evolution for 2.06 eV photon. Te
thickness was 37Å for this data set. Because the preceding
researches evaluated the lifetime with this photon energy, we
used the same photon energy for comparison. The horizontal
axis show the exposure in 10�3 Pa.sec. The line is a fitting
curve according to Eq. (1). t = 0 is the end of evaporation.
The data points < 2.0 ⇥ 10�3 Pa.sec are not included to
evaluate the fitting curve. 1/e lifetime is evaluated as 6.49 ±
0.01⇥ 10�3 Pa.sec. This number should be compared to the
preceding studies [13, 14] which are summarized in Table 1.

Table 1: Lifetime of NEA GaAs Cathodes

Cathode Lifetime[10�3 Pa.sec]

CsKTe-GaAs 6.49 ± 0.01
CsO-GaAs 0.29 ± 0.03 [13]
CsO-GaAs 0.40 ± 0.02 [14]

The lifetime of CsKTe-GaAs cathode is 16–22 times
longer than that of CsO-GaAs cathode.

The lifetime with 1.43 eV photon of CsKTe-GaAs cath-
ode was 2.75 ± 0.05 ⇥ 10�3 Pa.sec. 1.43 eV photon is used
for spin-polarized electron generation. According to this
number, operational lifetime under various condition can be
estimated. If we assume pressure in an RF gun and DC gun
as 1.0⇥ 10�7Pa and 5.0⇥ 10�10Pa, the expected operational
lifetimes are 7.8 hours and 1540 hours for RF and DC guns,
respectively. The results are summarized in Table 2.

Table 2: Expected Operational Lifetime of CsKTe-GaAs
Cathodes

Gun Pressure[Pa] Operational lifetime [h]

RF gun 1.0 ⇥ 10�7 7.7
DC gun 5.0 ⇥ 10�10 1540

CONCLUSION
We perform the experimental study of NEA activation

with CsKTe thin film. Electron emission with 1.43 eV photon
was observed and the result strongly suggested the NEA
activation with CsKTe. The lifetime was measured with
this cathode and the lifetime was 6.49 ± 0.01 ⇥ 10�3 Pa.sec
with 2.06 eV photon which was 16–22 times longer than that
with CsO-GaAs cathode. The expected operational lifetime
of 1.43 eV photon with RF gun is 7.7 hours. The result
demonstrated the e�ectiveness of NEA activation with the
hetero-junction hypothesis and improving the robustness of
the NEA GaAs cathode. It suggests a possibility of polarized
RF electron gun with this cathode.

ACKNOWLEDGEMENTS
This work is partly supported by Japan-US Cooperative

grant for scientific studies, Grant aid for scientific study by
MEXT Japan (KAKENHI) Kiban B 17H02898.
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MC2: Photon Sources and Electron Accelerators

T02 Electron Sources

Electron emission with 1.43 eV photon is not from CsKTe
states [11]. Surface intermediate states is a possibility to
explain this emission, but the steep drop of QE at less than
1.43 eV is not consistent. The emission with 1.43 eV photon
is consistent to the hetero-junction structure of GaAs and
CsKTe thin film. 1.43 eV photon can penetrate the CsKTe
thin film because the energy is less than the band gap of
CsKTe. The photon excites the valence band electron of
GaAs to the conduction band. Because the electron in the
conduction band has almost no momentum, it moves to
CsKTe by di�usion. Electrons in CsKTe obtains some mo-
mentum due to the energy di�erence between GaAs and
CsKTe. Electrons in CsKTe are thermalized and some elec-
trons whose momentum is less than the vacuum potential,
are captured in CsKTe conduction band. A fraction of elec-
trons can escapes to vacuum. This description is consistent
to the steep drop of QE at less than 1.43 eV and the small
QE at 1.43 eV. Considering these phenomena, the emission
with 1.43 eV photon from the CsKTe-GaAs cathode strongly
suggests the NEA activation of GaAs with CsKTe thin film.

Lifetime Measurement
Lifetime of the CsKTe-GaAs cathode was measured. Af-

ter the activation, QE evolution in time was observed. This
time, we measured the lifetime without beam emission, i.e.
the beam current is negligibly small. In this case, the cathode
QE is decreased by residual gas poisoning. The e�ect should
depend on the vacuum pressure and gas species. By assum-
ing the gas species does not change during the measurement,
QE evolution ⌘(t) can be expressed as

⌘(t) = ⌘0e�
Ø
Pdt
⌧ , (1)

where ⌘0 is a constant, P is vacuum pressure, and ⌧ is the
lifetime. The dimension of ⌧ is Pa.sec.

Figure 4: QE with 2.06 eV photon as a function of exposure
(10�3 Pa.sec) is plotted. By fitting with the data > 2.0 ⇥
10�3 Pa.sec, 1/e lifetime in exposure is obtained as 6.49 ±
0.01 ⇥ 10�3 Pa.sec.

Figure 4 shows QE evolution for 2.06 eV photon. Te
thickness was 37Å for this data set. Because the preceding
researches evaluated the lifetime with this photon energy, we
used the same photon energy for comparison. The horizontal
axis show the exposure in 10�3 Pa.sec. The line is a fitting
curve according to Eq. (1). t = 0 is the end of evaporation.
The data points < 2.0 ⇥ 10�3 Pa.sec are not included to
evaluate the fitting curve. 1/e lifetime is evaluated as 6.49 ±
0.01⇥ 10�3 Pa.sec. This number should be compared to the
preceding studies [13, 14] which are summarized in Table 1.

Table 1: Lifetime of NEA GaAs Cathodes

Cathode Lifetime[10�3 Pa.sec]

CsKTe-GaAs 6.49 ± 0.01
CsO-GaAs 0.29 ± 0.03 [13]
CsO-GaAs 0.40 ± 0.02 [14]

The lifetime of CsKTe-GaAs cathode is 16–22 times
longer than that of CsO-GaAs cathode.

The lifetime with 1.43 eV photon of CsKTe-GaAs cath-
ode was 2.75 ± 0.05 ⇥ 10�3 Pa.sec. 1.43 eV photon is used
for spin-polarized electron generation. According to this
number, operational lifetime under various condition can be
estimated. If we assume pressure in an RF gun and DC gun
as 1.0⇥ 10�7Pa and 5.0⇥ 10�10Pa, the expected operational
lifetimes are 7.8 hours and 1540 hours for RF and DC guns,
respectively. The results are summarized in Table 2.

Table 2: Expected Operational Lifetime of CsKTe-GaAs
Cathodes

Gun Pressure[Pa] Operational lifetime [h]

RF gun 1.0 ⇥ 10�7 7.7
DC gun 5.0 ⇥ 10�10 1540

CONCLUSION
We perform the experimental study of NEA activation

with CsKTe thin film. Electron emission with 1.43 eV photon
was observed and the result strongly suggested the NEA
activation with CsKTe. The lifetime was measured with
this cathode and the lifetime was 6.49 ± 0.01 ⇥ 10�3 Pa.sec
with 2.06 eV photon which was 16–22 times longer than that
with CsO-GaAs cathode. The expected operational lifetime
of 1.43 eV photon with RF gun is 7.7 hours. The result
demonstrated the e�ectiveness of NEA activation with the
hetero-junction hypothesis and improving the robustness of
the NEA GaAs cathode. It suggests a possibility of polarized
RF electron gun with this cathode.
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MC2: Photon Sources and Electron Accelerators

T02 Electron Sources

J.	Bae	et	al.,	Appl.	Phys.	Lett.	112 (2018)	154101

M.	Kuriki et	al.,	IPAC	2019,	TUPTS026	

O.	Rahman	et	al.,	IPAC	2019,	TUPTS102	



Electron	beam	polarization

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

Spin	polarization	is	
not	affected	by	the	
Cs2Te	surface	layer
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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
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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
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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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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
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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. 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. 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

Spin	polarization	is	essentially	preserved	
(up	to	1	nm	thickness)
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Can	all	of	this	be	
applied	from	bulk	GaAs
to	high	polarization	
photocathodes?



YES!!
• Preliminary	results!
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SL	GaAs/GaAsP non	DBR
with	P>80%	@780nm
From	Jlab injector	group
Activated	with	0.12	nm	Sb

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

Same	ESP	@	780	nm
Dark	lifetime	x10!!

x10!!



Next?:	High	power	cathode	test
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We	are	completing	 the	installation	of	
a	dedicated	beamline:
• Old	CU-ERL	gun	400kV	@	100	mA;
• Ion	clearing	electrodes;
• High	power	lasers;
• 75	kW	beam	dump;
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ESP	can	be	increased	at	low	temperatures
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capable of operating at cryogenic temperatures that combines
the illustrated advantages. To further support this choice, we
have recently carried out simulations that have shown that such
a novel photoemission gun should be able to generate bunches
with enough electrons for a single-shot UED with a�t ⇡ 100 fs
and Lc ,x & 30 nm in a radius R = 200 µm spot at the sample
assuming an initial MTE of 5 meV.24 The other promising
alternative, superconducting RF gun, while also being capable
of achieving similar beam performance, tends to be more com-
plex due to a significantly larger cryogenic system required for
operation and the field emission problems typically associated
with having to introduce a semiconductor photocathode into
the gun.11

In this paper, we detail the design of a compact elec-
tron photoemission source built at Cornell University which
includes a novel cooling scheme. We describe its mechani-
cal design, and we report on HV performance and thermal
measurements. Then we report on the surface treatment and
the assembly process used to yield and keep the HV sur-
faces free from contaminants and particulates. In addition,
we illustrate the mechanism used to transfer the photocathode
from the cathode growth chamber that was used to obtain the
first beams from this cryogenically cooled photogun. Finally,
we mention the beamline that will allow us to perform the
beam diagnostics and the first UED experiment using this
source.

II. MECHANICAL DESIGN AND ASSEMBLY
OF THE GUN
A. Mechanical design

A schematic view of the gun is shown in Fig. 1. All
parts are made of 304 stainless steel (SST) unless otherwise
noted. The top half of the gun hosts the HV connection, while
the bottom half cools the photocathode down and maintains
cryogenic temperature. The top half consists of a main vac-
uum chamber, a custom made six-way UHV cross, equipped
with eight additional vacuum ports. The main chamber is

hosting the electrode shell and the HV inverted insulator. The
inverted insulator was welded to a 25.4 cm diameter vac-
uum flange which was installed from the top of the chamber.
Six of the additional flanges are used to install viewports,
while the other two are used for an extractor gauge and a
UHV right-angle valve. The latter is used to connect another
vacuum system which includes a turbomolecular pump, an
ion pump, a leak valve manifold for a slow vent/pump,
and a source of ultra-pure He used to perform high voltage
processing.

The flange at the bottom of the main chamber is used for
connecting to the cryogenic system. Four non-evaporable get-
ter (NEG) pump modules (H2 pumping speed of 100 liter/s)
as well as a 7.6 cm long beam pipe are installed on the front
flange. A gate valve is connected to the beam pipe and is used
to insulate the gun chamber from the rest of the beamline.
Two ports equipped with a viewport each are also installed
on the front flange allowing laser light illumination of the
photocathode surface. The flange on the back of the gun
hosts four viewports and a gate valve connected to a vacuum
load-lock system designed to introduce photocathodes into
the gun.

Note that our substrate holder design in principle allows
the laser back-illumination of the cathode (see Fig. 1). For
the purpose of demonstrating the gun operation, only the
front illumination on standard reflecting mode puck was
used.

The inverted insulator (A, in Fig. 1) is a conical-shaped
ceramic (Al2O3), whose vacuum-side surface is doped with a
vendor-proprietary coating (from SCT Ceramics) providing a
low surface-level conductivity. The resistance of the insulator
was measured to be 16 G⌦, which will draw⇠14 µA at 225 kV.
The receptacle side of the insulator hosts the HV cable (type
R28 as specified by the length and angle of the receptacle).
An HV stalk (C, in Fig. 1) is attached downward to provide
better mechanical support. It is shaped as a 10 cm long hollow
tube with 0.05 cm thick walls co-axial with the insulator’s
center. A banana plug connector is installed on the bottom of

FIG. 1. Left: A 3D model of the gun. Right: The inter-
nal structure of the gun. Inset: (H) The model of two
different types of substrate holders are shown, designed
to be used with the gun. The standard puck is the
INFN/DESY/LBNL type used in the FLASH X-FEL gun
and on the APEX photoinjector.31–33 The modified trans-
mission puck (bottom) has been designed and realized to
allow the operation of the photocathode in the transmis-
sion mode. Using a very short focal length focusing lens
hosted inside the puck, the laser can be focused to very
small spot sizes.
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FIG. 2. (a) Temperatures recorded during cooling down of the gun. (b) Tem-
peratures near the thermal equilibrium. (c) Locations where thermal sensors
were installed.

The lowest temperature measured at the photocathode is
43 ± 1 K after 29 h of cooling.

We found that the thermal profiles and the achievable tem-
peratures can be sensitive to changes in the surface roughness
of the photocathode puck. Replacing an unpolished puck with
one having the exposed surface polished to a mirror-like finish
using diamond suspensions allowed the cathode temperature
to drop further by about 4 K. Successive measurements repro-
duced the same initial and final temperatures; however, the
required time for the system to reach a thermal equilibrium
during the cooling increased from 22 to 30 h. We speculate
that some uncontrolled changes in the external radiation pro-
duced from the surfaces at ambient temperature might have
influenced the cooling time. The temperatures of the puck
holder (Fig. 2 green/black lines) were measured with type K
thermocouples, while temperatures at the other locations were
measured using cryogenic-specific type sensors from Lake
Shore Cryotronics, Inc., having an accuracy of 10 mK or better
(corresponding to less than 100 mW heat load to the system).
The largest temperature drop was located at the puck holder.
From the top of the sapphire rod to the bottom of the puck
holder, the temperature changed from 29 K to 35 K and then
again to 43 K at the photocathode surface.

B. HV conditioning

Electric breakdown represents a serious issue during beam
operation. However, before a sustained and complete voltage
breakdown happens due to arcing in the gun vacuum vessel,
short arcing during a pre-breakdown event can lead to the

annihilation of field emission sites allowing the electrodes to
sustain higher voltages. In the absence of an electron beam
generated from a cathode, pre-breakdown events are helpful
to remove field emitters, preventing future breakdown eventu-
ally leading the gun structure to be stably operated at a desired
voltage. This process is called “HV conditioning” or “HV
processing.”36

The gun is powered with a high-voltage power supply
(HVPS) from Glassman High Voltage, Inc., capable of pro-
viding up to 320 kV. The HVPS is located in a custom-made
chamber and is surrounded by 15 psi sulfur hexafluoride (SF6)
which is a commonly used dielectric gas to minimize arcing via
absorbing free electrons.39 The HVPS is connected to the gun
using an HV cable and a processing resistor chain. The cable
is an industrial x-ray HV cable type R28, which is rated up
to 270 kV by the manufacturer, Dielectric Sciences, Inc. The
processing resistor chain consists of fourty nine 4 M⌦ resistors
in series, yielding a total resistance of 196 M⌦. The resistor
chain prevents the gun from unwanted damage, limiting the
maximum current intensity during an arc.40,41

The goal of the voltage processing is to minimize the num-
ber and intensity of electron field emission sites at the operating
voltage. At field emission locations, unwanted electrons are
extracted to the vacuum, resulting in current flowing inside
the gun in unwanted directions that can eventually produce
high levels of radiation and/or gas desorptions from the gun
vessel chamber. Four radiation safety monitors were installed
in the experimental room and are set to shut off the HVPS
of the gun if radiation levels overcome the 2 mR/h threshold.
A vacuum level larger than 10�8 Torr in the gun vessel or an
excess current larger than 300 µA from the HVPS controller
are also used as thresholds to turn off the HVPS to limit the gun
activity before a major voltage breakdown. A pico-ammeter
floating at the high voltage reads the current flowing from the
processing resistor chain to the gun. A net excess current is
defined as the difference between the currents from the float-
ing ammeter and the current drawn by the insulator. To monitor
the processing progress, the currents and the radiation levels
are constantly recorded. The gun processing is performed until
the gun activity (in terms of excess current, vacuum spikes, and
radiation levels) is small enough or so diluted in time that they
will not interfere with the beam operation at the desired gun
voltage.

The gun processing was initially performed at room tem-
perature (RT) and then again once the electrode was cooled
down to the cryogenic temperature. The voltage applied to the
gun was carefully increased while observing current and radia-
tion activities, as shown in Figs. 3 and 4. Within the first couple
of hours, we were able to quickly increase the gun voltage up to
⇠150 kV. However, after this level, several field emitters began
producing enough current and slowed down the conditioning
process (Fig. 5). At this time, high purity helium gas was intro-
duced via a leak valve into the gun vessel until the vacuum level
was increased above 10�5 Torr with ion pumps off. The gun
processing in low pressure of helium gas allowed the persistent
field emitters to be removed, and a voltage of ⇠180 kV was
achieved, as shown in Fig. 5. Conditioning continued at RT
for 11 h alternating vacuum and He gas processing, allowing
an ultimate voltage of ⇠270 kV to be achieved.
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Linear electron accelerators and their applications such as ultrafast electron diffraction require compact
high-brightness electron sources with high voltage and electric field at the photocathode to maximize
the electron density and minimize space-charge induced emittance growth. Achieving high brightness
from a compact source is a challenging task because it involves an often-conflicting interplay between
various requirements imposed by photoemission, acceleration, and beam dynamics. Here we present
a new design for a compact high voltage DC electron gun with a novel cryogenic photocathode sys-
tem and report on its construction and commissioning process. This photoemission gun can operate
at ⇠200 kV at both room temperature and cryogenic temperature with a corresponding electric field
of 10 MV/m, necessary for achieving high quality electron beams without requiring the complex-
ity of guns, e.g., based on RF superconductivity. It hosts a compact photocathode plug compatible
with that used in several other laboratories opening the possibility of generating and characteriz-
ing electron beam from photocathodes developed at other institutions. Published by AIP Publishing.

https://doi.org/10.1063/1.5024954

I. INTRODUCTION

Bright electron sources and their applications have
become a critical area in accelerator science: Ultrafast Elec-
tron Diffraction (UED), for example, has benefited from the
bright electrons used to observe ultrafast atomic-scale dynam-
ics in tabletop setups. Yet in order to realize its full poten-
tial, single-shot UED demands a longer coherence length and
shorter bunch length at the sample location than what is avail-
able today.1–11 For example, among dynamic systems with
various spatiotemporal scales, scientists are eager to study
biomolecules such as proteins via UED to observe highly
complicated atomic-scale motion exerting biological func-
tions. Electron beams for these studies require long transverse
coherence lengths Lc ,x & 1 nm, sufficient electrons per bunch
⇠105, and short pulse lengths �t . 100 fs,12,13 confining elec-
trons to a small 6D phase space volume. Among electron
sources utilizing either photocathodes or cold atoms,14–23 a
high voltage DC gun with a suitable photocathode material of
sufficiently small entrinsic emittance can potentially meet all
these requirements.18–20,24

For a given charge, the maximum achievable brightness
highly depends on the mean transverse energy (MTE) of the
emitted electrons and electric field. The transverse coherence
length Lc ,x, which sets the upper bound to the crystal unit cell
size that could be imaged using UED setups, is closely related
to the MTE,24,25

✏ i,x =�i,x

s
MTE
mec2

, Li,c,x = oe

�i,x

✏ i,x
=

r
mec2

MTE
, (1)

where ✏ i ,x is the rms normalized transverse emittance in the
x-plane at the photocathode surface, �i ,x is the rms laser spot
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size, mec
2 is the electron rest mass, Li ,c ,x is the initial coher-

ence length, and oe = ~/mec = 3.862. . . ⇥ 10�4 nm is the
reduced Compton wavelength of the electron.

The electron beam in a small 6D phase space volume rep-
resents a challenge to emittance preservation right from the
moment of photoemission and through the propagation to the
sample.12,26 Two main limiting phenomena to the achievable
emittance can be identified: the so-called disorder induced
heating27,28 and the space-charge effect.13,26 The transverse
coherence length Lc ,x at a point of interest becomes a function
of the electric field at the cathode E0 and the charge q at the
charge saturation limit, which can be written as

Lc,x

oe

/ f✏�x

r
mec2

MTE

8><>:
(E0/q)1/2, “pancake”

E0(�i,t/q)2/3, “cigar”
(2)

depending on the rms beam size �i ,x, the laser pulse length
�i ,t , the degree of emittance preservation f ✏ 2 (0, 1], and the
bunch shape (pancake vs. cigar-like).24,25 Note that we need to
maximize E0 and f ✏ and minimize MTE to obtain longer Lc ,x.
The emittance can be both minimized and better preserved
( f ✏ ⇡ 1) by increasing the applied voltage at the cathode,26 at
a given cathode-anode gap.24 Additionally, our photocathode
research has demonstrated that the intrinsic emittance near the
emission threshold decreases from 0.27 µm/mm (or MTE of
38 ± 2 meV) at 300 K to 0.2 µm/mm (or 22 ± 1 meV) at
90 K.18,19 This points to a venue for obtaining smaller photo-
cathode MTEs by cooling down the photocathode substrate to
the low temperatures.

Scientists who study dynamical systems have been eager
to perform experiments using a compact tabletop setup,29,30

where a DC electron accelerator becomes beneficial espe-
cially given its excellent vacuum performance required for
high quantum efficiency photocathodes. For this reason, we
designed a new photoemission high voltage (HV) DC gun
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The degree of polarization of photoemitted electrons extracted from bulk unstrained GaAs
photocathodes is usually considerably less than the theoretical maximum value of 50%, as a result
of depolarization mechanisms that originate within the photocathode material and at the vacuum
surface interface. This paper provides a comprehensive review of depolarization mechanisms and
presents a systematic experimental evaluation of polarization sensitivities to temperature, dopant
density, quantum efficiency, and crystal orientation. The highest measured polarization was !50%,
consistent with the maximum theoretical value, obtained from a photocathode sample with
relatively low dopant concentration and cooled to 77 K. In general, measurements indicate electron
spin polarization can be enhanced at the expense of photoelectron yield (or quantum efficiency).
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4994306]

I. INTRODUCTION

Photoelectron yield, or quantum efficiency (QE), and
electron spin polarization (ESP) are important characteristics
of GaAs photocathodes used at electron accelerators world-
wide. For decades, photocathode experts have worked to
increase these quantities. The QE of GaAs photocathodes is
affected by many factors, including cathode material quality,
the wavelength of the incident light, the thickness of the pho-
tocathode, dopant density, the temperature of the photocath-
ode, surface contamination, the negative electron affinity
(NEA) condition on the photocathode surface, the power
density of the laser light, the bias voltage, and the vacuum
pressure under which photo-extracted beam is produced.
These factors also affect ESP via spin relaxation/depolariza-
tion mechanisms that influence conduction-band electrons
migrating toward the surface of the photocathode, and then
emitted into vacuum. Although bulk GaAs provides rela-
tively low polarization compared to the strained-superlattice
photocathodes commonly used at modern polarized electron
accelerators,1– 3 it represents a convenient and inexpensive
tool that can help differentiate depolarization mechanisms
and possibly assist with the engineering of higher polarization
photocathodes by providing benchmarks for proposed Monte
Carlo simulations aimed at modeling polarized photoemis-
sion.4 And because high polarization strained-superlattice
photocathodes possess relatively low QE, bulk GaAs—with
higher QE—might be the only photocathode material that can
satisfy the high current requirements of some proposed new
applications.5,6 This work provides an updated evaluation of
polarization sensitivities of bulk unstrained GaAs.

GaAs is a direct-transition III-V semiconductor with
zincblende crystal structure. It can absorb laser light across
the broad visible spectrum, but only illumination with near-

IR wavelengths provides polarized photoemission. This can
be understood by looking at detailed7 and simplified8 repre-
sentations of the energy level diagrams of GaAs. Electron
spin-orbit coupling splits the P1/2 and P3/2 energy levels of the
valence band into two states separated by 0.33 eV, which is
large enough to avoid optical pumping from the lower energy
P1/2 state. Polarized photoemission takes advantage of the
quantum mechanical selection rules, noting that for circularly
polarized laser light, conservation of angular momentum
requires an electron’s spin-angular momentum quantum num-
ber to change by one unit, Dmj ¼ 61. Furthermore, some
transitions are more favorable than others as indicated by the
relative transition strengths shown in Fig. 1 (right). By using
circularly polarized laser light with near-bandgap energy, the
conduction band can be preferentially populated with a partic-
ular spin state. Polarization is defined as P ¼ N"#N#

N"þN#, where N
refers to the number of electrons in the conduction band of
each spin state, “up” or “down.” For bulk GaAs, the theoreti-
cal maximum polarization is 50%, corresponding to three
electrons of the desired spin state for every one electron with
opposite spin.

The emission of electrons from GaAs is often described
as a three-step process,9 involving absorption of light, diffu-
sion of electrons to the surface of the photocathode, and
emission of the electrons into the gun vacuum chamber. As
described earlier, absorption of circularly polarized light
with near-band gap energy preferentially populates the con-
duction band with spin polarized electrons. GaAs is a strong
absorber with most of the light absorbed within a few hun-
dred nanometers. These electrons diffuse in all directions
and those that move toward the surface encounter a potential
barrier known as the electron affinity (EA in Fig. 2). A
requirement for efficient photoemission is that the GaAs be
p-doped,10 which serves to lower the Fermi level throughout
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Conclusions	and	outlook

• The	use	of	alternative	coatings	to	activate	
GaAs	based	photocathodes:
– NEA	can	be	achieved	with	either	Cs-Te and	Cs-Sb;
– Lifetime	is	improved	by	a	factor	of	10x	or	more;
– Polarization	and	QE	are	affected	by	thickness;
– Trades	off	are	required;

• Soon	beam	tests	in	a	real	gun;
• Cryogenic	electron	sources	can	be	leveraged	
to	increase	polarization.

• kCoulomb from	PES	in	sight?
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