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Photocathodes	challenges:
• Photocathodes	for	high	power:

• Alkali	antimonidesup	to	65	mA;
• 10%	in	the	”green”;
• Available	at	several	labs	/	commercial	product;
• Ps	time	response	time;
• Few	days	operational	lifetime;
• Halo	from	transverse	laser	profiles;
• Microbunching instability

• Photocathode	R&D	community	is	focusing	on	
cathodes	for	”new	applications”
• Time	resolved	microscopy;
• High	brightness	for	utra-fast	diffraction;
• Dielectric	acceleration;

• Photocathodes	for	spin	polarized	beams:
• GaAs	based	SL	are	the	only	real	choice;
• DBR	yield	improved	QE;
• Lifetime	is	still	limited;
• Halo	from	tails	(transverse	and	longitudinal);
• Critical	for	some	projects;

Thermionic	cathodes	can	
deliver	the	100	mA	current	

required	for	coolers
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Concept of KEK SRF gun

laser e- beam

RF

SRF gun cavity

SRF cavity

AR coating:
MgF2 or TaO5/SiO2/TaO2

Transparent Substrate:
MgAl2O4 0.5mm

Transparent superconductor:
LiTi2O4 ~100nm

Photocathode surface:
K2CsSb

RF
Electron 

Beam

Excitation
Laser

Photocathode

• We are developing the SRF gun for KEK ERL project.
• The feature is transparent photocathode for simple transport line and easy laser spot control.
• Cathode rod should be kept around 2K because transit temperature of the transparent 

superconductor is 13 K. 

Tc=13K
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RF design 

0

20

40

60

80

100

-100 -50 0 50 100 150 200 250

R

R
 (m

m
)

Z(mm)

|E
| (

no
rm

.)

0

0.2

0.4

0.6

0.8

1
|E|

0

0.2

0.4
0.6

0.8

1

1.2

|H|

|H
| (

no
rm

.)

Choke cell
Acc. cell

Cathode rod

• Choke cell is the ¼ wave structure to reflect the RF leakage from the cathode
rod.

• RF loss at cathode rod is 1x107.
• The requirement of the attenuation is more than 1x103.

Qloss@cathode= 1x107
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Gun cavity design 

Parameter Value
Beam energy 2 MeV
Projected emittance 0.6 mm.mrad
Projected energy spread 0.09%(1.84 keV)
Peak electric field 41.9 MV/m
Peak magnetic field 95.2 mT

RF phase 55°
Geometrical Factor 135.6 Ω (TESLA 270 Ω) 
Target surface resistance 30 nΩ (ILC target)

Target Q value 4.5×109

Target cavity loss 8 W

• The KEK gun cavity was designed for KEK ERL.
• Cell number is 1.5 cell because input power is 2 MeV x 100mA =200kW by using two input couplers.
• Surface peak electric and magnetic field are about half of ILC target. 
• The cavity shape was designed with only gun cavity without booster cavities etc. 

• It is necessary to compensate emittance and energy spread at same time.
• It will achieve better value with adding boosters and bunchers.

Emittance compensation

Energy compensation

Designed by MHI
Hp

Ep
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Thermal contact resistance measurement
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Before mirror polishing After mirror polishing

• Thermal contact resistance become about half by mirror polishing.
• However, This is still insufficient, we plan to increase the pressing force by changing the spring in the cathode.

Spring to generate pressing force
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Thermal contact resistance measurement
We applied mirror polish to the contact surface.

Before mirror polishing

The turning track remained on 
the contact surface.

Mirror polishing 900℃x3h Anneal 
(w/ 9cell cavity)

Ra~0.45nm
Rz~3nm
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Before Mirror polishing After Mirror polishing
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1.5 cell cavity

Cathode rod Cathode holder

Helium jacket

Cavity #2

Cathode holder
Helium jacket

Fabrication of Gun cavity #2

• #2 cavity is modified from #1 to add the helium jacket for beam test.
• The cathode rod is mounted on the cathode holder to remove from the cavity.

Cathode rod
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Vertical test with cathode rod (4th VT)
• The maximum gradient without cathode rod reached to target value.
• However the Q value is dropped at 15 MV/m with cathode rod.

• We suspect it is because the thermal contact resistance between cathode rod and holder is higher than expected.
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Measured @ Esp=10MV/m
w/ rod: 21.4 +/- 1.6 nOhm
w/o rod: 8.8+/-0.1  nOhm

Rres increased due to the 
error of the choke tuning.
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• It is important to apply HPR to the cathode rod.

Performance of prototype #1 cavity

September 18th 2019

Peak electric field (Esp) Cavity	#1 Cavity	#2
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Motivation for cathode coatings is two-fold: protection and enhancement
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Goals:
•Block chemically active 
species from contaminating 
surface

•Armor vs ion bombardment
•Prevents Cs desorption/ 
limits thermal decomposition

•Modify electron affinity
•Modify electron Energy and 
MTE spectrum? 

•Reduce Roughness?

Works for copper!
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F.Liu et al. Appl. Phys. Lett. (2017)

Quantum efficiency - Graphene side

Normalized

• GrPC: Illuminated from graphene side and measured from photocathode side
• GrGr: Illuminated from graphene side and measured from photocathode side

H.Yamaguchi et al. Nature Partner Journal 2D Mater. and Appl. (2017)
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What about BN?
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Cathode/BN/Metal K Cs
Sb

K2CsSb
(002)

(004)

Cathode/Metal
QE better on BN than on metal or sapphire substrate. No adhesion issues.

Need to study film growth on hexagonal films
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Advanced 
Nano-

Material 
Synthesis

X-ray
character-

ization

Correlated 
Emission 
Properties

Predictive 
Theory & 
Validation



Cs-Te Results (presented by Mengjia Gaowei at P3-2018) show the efficacy of 
real-time characterization: co-deposition gives smooth single phase
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• Nearly all of the crystalized Te has dissolved
• Low counts in diffraction peaks
• Multiple phase of Cs-Te compound co-exist

• Well crystalized
• Single phase, smooth

XRD XRD

XRR

Te
Lα

Te
Lβ

Cs
Lβ

Cs
LαXRF

XRD

Sequential 
growth

Co-deposition 
growth
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Real-time supervision of Cs-Te growth: record QE and perfect stoichiometry

CsTe Te Cs

Q007 1 1.98

M. Gaowei, J. Sinsheimer, D. Strom, J. Xie, J. Cen, J. Walsh, E. Muller, and J. Smedley
Phys. Rev. Accel. Beams 22, 073401

Example of success in one study being applied to adjacent problem: 
studies of K2CsSb enabled growth of Cs2Te
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Towards automated growth: control and supervision of material growth 
without a synchrotron (at least not every time)
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• Goal: 
– Automatically identify ideal growth conditions 
– Maintain ideal growth in dynamic conditions where “correct” parameters 

may shift with time

• Algorithm: extremum seeking (ES)
– Applies sinusoidal variation to inputs
– Minimizes cost parameter with (multiple) inputs
– Works by spending more time near minimum than at higher values

• ES algorithm:

– 𝑑𝑥
𝑑𝑡

= 𝛼𝜔 ∙ sin 𝜔𝑡 + 𝑘𝐶
– X: input value
– α, k, ω are tuning parameters
– C is the function to be minimized

• Next step: characterize the material using x-ray toolset

Example of ES for motion where
𝑑𝜃
𝑑𝑡 = 𝜔 +

𝑑𝐶
𝑑𝑡

𝐶 = 𝑥2 + 𝑦2

Starting 
point
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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.	
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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

Cs2Te	on	GaAs

10

Will	this	method	yield	longer	lifetimes?

What	happen	to	the	spin	polarization?
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M.	Kuriki,	P3	workshop,	LBNL,		2014

n-typep-type

Cs3Sb	on	GaAs
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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

p-type intrinsic	or	n-type

Doping	control	in	alkali	based	photocathodes	materials	is	difficult	

Doping	character	is	controlled	by	the	stoichiometry

QE	,	LIFETIME	,	SPIN	POLARIZATION

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
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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.
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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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not	affected	by	the	
Cs2Te	surface	layer
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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

Cs-O2 layer Cs-O2 layer

as	we	increase	the	layer	thickness:
• QE	decreases	
• Lifetime	increases

0.7	to	3	nm

4

 

 

Extracted Charge (C)

QE
QE
QE
smoothed
smoothed

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

3

Wavelength (nm)

2
2
2
2
2

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-

 

50

Wavelength (nm)

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

Spin	polarization
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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)

J.	Bae	et	al,	NAPAC	2019,	MOPLH17



YES!!
• Preliminary	results!

15-20	September	2019 ERL'19	- Berlin 19

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!!



Photocathode preparation and characterization at HZB

Sonal Mistry

High Brightness Electron Beams 
Institute for Accelerator Physics (FG-IA)

ERL’19
15.09.19-20.09.19

3

accelerate/ de-accelerate to / from 50 MeV

Beam manipulation
user facility

SRF gun

SRF booster

SRF linear accelerator

6.5 MeV

6.5 MeV

1.5 … 2.3 MeV

Goal: Build and operate a 100 mA, low emittance technology demonstrator

Max. beam energy 50 MeV
Max. average current 100 mA (77 pC at 1.3 GHz)
Normalized emittance < 1 mm mrad
Bunch length < 2 ps

BERLIN ENERGY RECOVERY LINAC PROTOTYPE:

Dump

Cs-K-Sb photocathodes
(electron source)

Drive laser
(515 nm)

S. Mistry  | Photocathode preparation and characterization at HZB | 18.09.2019
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Cs-K-Sb
Preparation Chamber
~1·10-10 mbar

Spectral Response Setup

Analysis Chamber
~1·10-10 mbar

Transfer System #1
~3·10-10 mbar

Vacuum Suitcase #1
< 1·10-10 mbar

Load Lock
~3·10-8 mbar

Transfer System #2
~3·10-10 mbar

SRF-Photoinjector

PHOTOCATHODE INFRASTRUCTURE FOR BERLINPRO
Transfer system #1 at the PAS 

w/ vacuum suitcase
Transfer system #2 at the

SRF-photoinjector module
Preparation & Analysis System (PAS) w/ 

spectral response setup

S. Mistry  | Photocathode preparation and characterization at HZB | 18.09.2019
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• Plug design developed
in-house

• Snap-fastener 
mechanism on modified 
omicron sample holder

• Surface cleaning in UHV
• Transfer via vacuum 

suitcase to transfer 
system at the SRF 
photoinjector

Plug preparation Transfer Insertion

COMMISSIONING OF SRF PHOTOINJECTOR WITH CU PHOTOCATHODE

Plug selection
and cleaning:

Cathode / Cavity Interface:

Cathode insert

Plug pincer

Cryo-module Photocathode plugs Cu plug on insert

80K cathode cooler 

Petrov filter 

Nb-Cavity Choke cell

Cathode insert 

S. Mistry  | Photocathode preparation and characterization at HZB | 18.09.2019
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• Plug design developed
in-house

• Snap-fastener 
mechanism on modified 
omicron sample holder

• Surface cleaning in UHV
• Transfer via vacuum 

suitcase to transfer 
system at the SRF 
photoinjector

Plug preparation Transfer Insertion

COMMISSIONING OF SRF PHOTOINJECTOR WITH CU PHOTOCATHODE

2017-09-08

Cu plug in the cavity

First beam

QE map 

Plug selection
and cleaning:

Cathode / Cavity Interface:

Cathode insert

Plug pincer

Cryo-module Photocathode plugs Cu plug on insert

80K cathode cooler 

Petrov filter 

Nb-Cavity Choke cell

Cathode insert 

S. Mistry  | Photocathode preparation and characterization at HZB | 18.09.2019



78

FIRST GROWTH AFTER UPGRADE 28.08.2019

Mo Sb Cs-K-Sb

0.7% QE at 2.4 eV 

Next steps for optimising growth
• Sb layer
• Sample temperature, positions
• Mo plug roughness

M
o 

3d

C 
1s

O 
1s

M
o 

3p
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PHOTOCATHODE LAB: MANIPULATOR UPGRADE

• New UHV Design 
Multicentre
manipulator

• XYZϕ
• Radiative heating

• Ta foil heater
• Heats back of flag

style sample plate
• LN2 cooling tank

• Cu coil heat
exchanger

• Improved vacuum

S. Mistry  | Photocathode preparation and characterization at HZB | 18.09.2019
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THERMAL CONTACT EXPERIMENT (TCX)

• Simulations estimate RF power losses for a 
retracted cathode (-1 mm) to be 1-5 W

• To achieve 100 mA with a ~1% QE cathode
require 25 W laser power

• 30 W heat load upper limit for safe operation of Cs-K-Sb
• Exchange mechanism of insert can handle thermal load of 30  W

30 MV/m field

Heat load

Field losses of the HF field
Temperature range 80K - 300K
Field losses 1W - 5W

J. Kuehn et al., Proc. Of SRF 2019
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PHOTOCATHODE COOLING PERFORMANCE IN THE GUN

Thermal Contact Experiment (TCX) is a test experiment of the photocathode cooling system based on the 
original components. Designed to test the thermal contacts  of the cooling system.
-Masters thesis of Nawar Al-Saokal- completed Sept 2019

Heater

TCs
Distance
sensor

Plug adaptor

LN2 dewar

TCX 
test

stand

Vacuum
system

Temp. 
monito

r

80K cathode cooler 

Petrov filter 

Nb-Cavity Choke cell

Cathode insert 
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THERMAL CONTACT EXPERIMENT (TCX)

Cooling with LN2 until 
equilibrium is reached. 

Equilibrium

30 W heat
load on plug

Time

Te
m

pe
ra

tu
re

(K
)

Example of TCX measurement procedure
What is the expected heat load?

• Simulations estimate RF power losses for a 
retracted cathode (-1 mm) to be 1-5 W

• To achieve 100 mA with a ~1% QE cathode
require 25 W laser power

30 MV/m fieldField losses of the HF field
Temperature range 80K - 300K
Field losses 1W - 5W

𝑄𝐸 =
𝐼[𝐴]
𝑃[𝑊[

1240 𝑒𝑉𝑛𝑚
λ[𝑛𝑚]
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High Current Performance of 
Alkali Antimonide Photocathode
in LEReC DC gun

Mengjia Gaowei on behalf of the Electron source and the LEReC group
Brookhaven National Laboratory

ERL 19
Sep. 15th-21th, 2019, Berlin, Germany

Low Energy RHIC electron Cooling (LEReC)

2

20° Bending 

Magnets

Energies E       : 1.6, 2.0 MeV

Luminosity gain  : 4×

1st bunched beam electron cooler

COOLING

in Blue RHIC ring

High-Power 

Beam Dump

DC 

e- Gun

704 MHz 

SRF 

Booster 

Cavity

2.1 GHz 

Cu Cavity9 MHz 

Cu Cavity

704 MHz 

Cu Cavity

DC Gun 

Beamline 

dump

RF Diagnostic 

Beamline

RHIC TRIPLET RHIC  DX

180°
Bending

Magnet

e-

45°
Bending 

Magnet

Cathode

loading 

system
Merger

Beamline

Transport

Beamline

704 MHz 

Cu Deflector Cavity

64 m to IP2 (not to scale)

COOLING

in Yellow RHIC ring

Parameter Required Achieved*
Bunch charge, pC 130-200 10-200
Laser pulse duration, psec 40 40
Laser average power, Watts 10 10
Macro-bunch charge, nC 4-6 6 
Macro-bunch rep. rate, MHz 9.3 9.3
Average Current, mA 36-55 14-30 
Kinetic Energy, MeV 1.6 -2.6 1.6-2.0
Normalized emittance, µm <2.5  1.6
RMS energy spread, x10-4 <5 <2

* D. Kayran et al., “First results from Commissioning of LEReC,”, in 
Proc. 10th Int. Particle Accelerator Conf. (IPAC'19), Melbourne, 
Australia, May 2019

Summary of 2018-2019 cathode production

6

• 28 cathodes total in 2018
• 38 cathodes total in 2019

Run 
2018

Run 2019 
(to May)

# of cathodes 28 38 

AVG Deposition QE (%) 5.41 6.28
SDEV of QE (%) 0.97 0.85

10

0.87%
0.12

5

QE vs Temperature

• Off-center design for the LEReC run 18~19
• Cathode is 6 mm in diameter
• Cathode QE was mapped after the

deposition, with X-Y stepper motors
controlling a green laser.

QE uniformity

LEReC Photocathode Characterization

• Sequential growth with 10 nm of Sb,
followed by K and Cs deposition.

• Both K and Cs step are monitored with
green light QE

• Each deposition takes ~ 2 hrs
• Each deposition cycle takes ~ 12 hrs(2

cathode/day)

QE×5



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



Latest Results of CW 100 mA Electron RF 
Gun for Novosibirsk ERL Based FEL

V. Volkov, V. Arbuzov, E. Kenzhebulatov, E. Kolobanov, A. Kondakov, E. Kozyrev, S. Krutikhin, I. Kuptsov, G. Kurkin, S. Motygin, A. Murasev, 
V. Ovchar, V.M. Petrov, A Pilan, V. Repkov, M. Scheglov, I. Sedlyarov, S. Serednyakov, O. Shevchenko, S. Tararyshkin, A. Tribendis, N. 

Vinokurov , BINP SB RAS, Novosibirsk

Measured  rf gun characteristics
Average beam current, mA ≤100

Cavity Frequency, MHz 90

Bunch energy, keV 100 ÷ 400

Bunch duration (FWHM), ns 0.06 ÷ 0.6

Bunch emittance, mm mrad 10

Bunch charge, nC 0.3 ÷ 1.12

Repetition frequency, MHz 0.01 ÷ 90

Dark Current Impurity, mkA 0

Radiation Dose Power, mR/h 100/2m

Operating pressure , Torr ~10-9-10-7

Cavity rf loses, kW 20

The most powerful in the world Novosibirsk CW FEL driven by ERL 
can be more powerful by an order of magnitude with this RF Gun

RF Gun Features:    Gridded thermionic dispenser cathode driven by special  modulator
with GaN rf transistor;

Strong rf focusing of the beam just near the cathode;
Absolute absence of dark and leakage currents in the beam.

RF Gun and Diagnostic stand sketches
1-Power input coupler; 2- Cavity shell; 3-Cavity back wall; 4-Sliding tuner; 5-Insert; 
6-Cathode injection/extraction channel; 7-Thermionic cathode-grid unit; 
8-Concave focusing electrode; 9-Cone like nose; 10-Loop coupler; 
11-Vacuum pumping port; 

A-Emittance compensation solenoid; B-First Wall Current Monitor (WCM);
C, D -Solenoids ; E-Wideband WCM and transition radiation target; 
F – Test Cavity; G-third WCM; H-Faraday cup and Water-cooled beam dump

• Cathode thermo-emission current is reverse-acting on the repetition frequency. 
• The cathode heating voltage (Vheat) and the sum of Launch pulse voltage with the 

Bias voltage (Vlaunch + Vbias) must be enhanced to compensate this. 
• Remember, the cathode-grid gap inversely changed on the heating power due to 

the thermal elongation. 

Vlaunch=100 V Vlaunch=120 V

The Typical Mode of current rising is Repetition frequency increasing at q=1.1 nC=const

Beam current vs Repetition frequency
Dispenser cathode thermo-emission ability is reverse-acting by beam current

Cavity testing up to 400 kV 

Two radiation 
sensors, one 

at the 
distance of 
1.5 m along 
axis, second 

2 m asideIf Vbias=const then 
I(F) is nonlinear 

½ hour 
operation 

time needs to 
normalize 

pressure level

Measured normalized emittance 
e=15.5 mm mrad can be compensated 
by solenoid focusing to e=10 mm mrad. 

Numerical data processing of CCD 
camera image and distortion 
compensated optics were used.

Deviation of measured radius from 
calculated one is 9% so we can trust 
to our numerical ASTRA calculations.

Numerically calculated

Numerically calculated

Emittance measurements 
by solenoid focusing method with using transition radiation sensor



ASTRA simulation for the rf gun exit

Launch Phase (Ф) functions
are the reason of velocity bunching and jitter compensation effects



SRF DC

DC+SRF



Metal	and	semiconductor	photocathodes	in	HZDR	
SRF	gun

• Mg:	Robust,	in	operation
• Cs2Te:	Better	thermal	contact
• GaN:	Good	QE	in	UV.

Stable	operation: 2017



DC-SRF	Photoinjector	at	PKU
Stable operation: 2014

• The first 3.5 cell dc-srf gun is in operation
• The new 1.5 cell gun aims to small emittance by

optimizing geometry, increase DC voltage,
change cathode material



High	Charge	High	Current	Beam	from
113	MHz	SRF	Gun

Stable operation: 2017

• K-Cs-Sb:	>1	mongth lifetime
• Maximum:	10	nC,120	uA
• 600	pC:	rms	emittance:0.57(0.35)	mm-mrad QE	after	one	month



Injector	Development	at	KEK Start	operation:	2016
June	2019	60	pC

• Stable	high	voltage	DC	gun
• 7.7	pCà 60	pC
• 4MeV injection	energy	by	improving	

optics



Novosibirsk	ERL	Injector

• provides	 the	beam	quality	sufficient	 for	all	current	applications
• Measured	beam	parameters	are	in	a	good	agreement	with	the	simulation
• increase	the	average	current	and	FEL	radiation	power



Status	of	SRF	Gun	for	bERLinPro

• Generated	beam	by	Cu
• Field	emission	caused	by	defects
• Fix	the	gun,	 to	commissioning	 2020

Position?



Magnetized	beam	generated	from	DC	gun	for	
JLEIC	Electron	Cooler

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



HZDR PKU BNL KEK Novosibirsk HZB Jlab
(magnetized)

Status In	operation In	operation In	operation In	operation R&D R&D R&D

Gun	energy	[MeV] 4 4 1.3 0.5 0.3 1.5-2.3 0.3

Cathode	material Mg(Cs2Te) Cs2Te KCsSb GaAs Thermionic KCsSb KCsSb

Bunch	charge	[pC] 300 50 10,000 60 2,000 100 700

Ave.	current	[mA] 0.03(1) 1 0.12 1 102 / 28

Peak	current [A] 100 9 1.5	@600pC 13 3/5 9.3

Lifetime 1	year 3 weeks 1-2	months 10	hrs? Year ? / 90	hrs

Nor. Emittance[um] 13	 1.5 0.57@
600pC

0.8/1.9 8 <0.5 <2
26(drift)

Gun summary


