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Abstract

Transmission-type polarized photocathodes could be si-

multaneously realized high electron spin polarization of

around 90 % and high brightness of 2 × 107 A/cm2/sr. In

order to characterize temporal performances of these type

photocathode in picosecond ranges, a measurement system

was designed and constructed. A TM012-mode 2.6 GHz

deflection cavity was used for this purpose and a measure-

ment resolution of 2.8 ps was achieved. As a result of the

measurement for a transmission-type GaAs/GaAsP strained

superlattice sample, a pulse length contained 90 % of the to-

tal charge, fast and slow decay constants were evaluated to

be 14.0 ± 0.2, 5.24 ± 0.04 and 9.30 ± 0.13 ps, respectively.

INTRODUCTION

Transmission GaAs-type semiconductor photocathodes

(T-PCs) have the great advantages for an achievable beam

brightness and an electron spin polarization (ESP). For the

beam brightness, we can obtain the diffraction-limited laser

spot size when a laser light is injected from the back surface

of PCs and the brightness of 2 × 107 A/cm2/sr was demon-

strated [1]. For the ESPs, the improvements with simultane-

ous high quantum efficiencies (QEs) have been done [2–4].

Up to now, the ESP of 92 % and QE of 1.6 % were simul-

taneously achieved by using the strain-compensated super-

lattice (SL) technique [4].

The first demonstration of the novel performance of T-

PCs as an electron microscopy source was reported by

Osaka-Electro-Communication University group using a

low-energy electron Microscope [5]. In that study, a set of

T-PCs and 20- kV high brightness gun [1] was applied, and

they achieved to obtain magnetic images with an acquisi-

tion time of 0.02 s with a field of view of 6 μm and demon-

strated a dynamic observation of magnetic images during

the growth of Co on W(110) with an acquisition time of 0.2

s with a field of view of 6 μm. After them, T-PCs have been

applied to various measurement systems. One of the attrac-

tive application of T-PCs is the pulsed transmission elec-

tron microscopy (TEM) which is being developed at Nagoya

University [6].

For the time resolved application such as a pulsed-TEM,

the identification of the temporal performance is important

and that for conventional GaAs-type PCs have been studied

and reported in picosecond ranges by several groups [7–10],

but any measurement result with T-PCs has not been re-

ported. The typical difference with the conventional and
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transmission-type PCs are in substrate materials, which for

the conventional PCs is a GaAs and for T-PCs is GaP. In

practical, the polarized electron is generated in SL layers

near the surface-side. Then the significant difference for

the temporal performance with those PCs was considered

to be small. However, the identification of the temporal re-

sponse for T-PCs has a point not only for practical appli-

cations but also for the understanding of electron diffusion

and ESP-degradation process in the semiconductor. In this

motivation, a temporal response measurement system spe-

cially designed for T-PCs was developed [11] and the pre-

cisely measurements have been carried out.

In order to study the temporal response directly and pre-

cisely, a measurement system with an radio-frequency (rf)

deflection cavity was designed and constructed. The tem-

poral resolution of the observed electron distribution was

2.8 ps and the electron bunch length contained 90 % charge

of 14.0 ± 0.2 was evaluated. In this paper, the detail of a

PC sample and apparatus of our experiment are described

in Secs. II and III, and the experimental results are given in

Sec. IV.

PHOTOCATHODE SAMPLE

A transmission-type GaAs/GaAsP strained-SL PC was

used for the temporal response measurements. The PC

design was based on Fig. (a) of Ref. [2], but the Si3N4

anti-reflection coating was not existed for the sample PC.

The structure was grown on a Zn-doped (001) GaP sub-

strate (1.34× 1018 cm−3) using a low-pressure organometal-

lic vapor phase epitaxy (OMVPE) system with a vertical

cold-wall quartz reactor. To fabricate the SL structure, fol-

lowing the growth of a 600 nm Al0.4Ga0.6As inter-layer

and a 1 μm GaAs0.67P0.33 buffer layer, 12 pairs of 7.3 nm

GaAs/GaAs0.67P0.33 strained SLs were grown at 660 oC

with a Zn dopant concentration of 1.5 × 1018 cm−3. Sub-

sequently, the SL structure was coated with a highly doped

5 nm GaAs layer with a Zn dopant of 6 × 1019 cm−3. As

a result of rough analysis after fabrication, the maximum

ESP of 84 % was obtained at the wavelength of 780 nm and

at temporal response measurement condition of the wave-

length of 800 nm the ESP was 77%.

The PC sample was heat cleaned at 420 ◦C in the acti-

vation chamber and the surface was activated by deposition

of small amounts of Cs and O2. The QE in the reflection-

PC mode was monitored by simultaneous measurements of

photocurrent and laser irradiation power. Then the sam-

ple was transferred from the activation chamber to the gun

chamber. It was locked at the center of the cathode electrode
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Figure 1: Schematic View of the measurement system and

Timing Diagram.

and the QE in operation mode was measured by applying an

extraction voltage and irradiating the T-PC from the back.

The quantum efficiency of the PC sample was 0.0225 %

during temporal response measurement.

EQUIPMENTS

The measurement system consists of a pump laser sys-

tem, a 20-kV DC electron gun, an rf deflection cavity [11]

and an beam profiling system (shown in Fig. 1). An acti-

vated PC was installed to the electron gun by a transfer load-

lock system. The electron gun equipped with a diffraction-

limited laser focusing system [1] and could generate high

brightness beams. A mode-locked Ti:Sapphire laser (CO-

HERENT, MIRA) with 90.1 MHz pulse reputation rate was

used to illuminate the PC. The laser wavelength and band-

width were 800 nm and 13 nm with Full Width at Half Max-

imum, respectively. The laser pulse was synchronized with

a 2.6-GHz deflection cavity. By passing through the cavity,

the profile of the electron bunch changed from longitudi-

nal to transverse. A screen monitor with a thin fluorescent

coating screen was located 0.6 m downstream of the deflec-

tion cavity and was recorded with a 8-bit CMOS camera

(The imaging source, DMK23GM021). The single pixel

size was confirmed by the comparison with the measure-

ment profile using the knife-edge plate and a Faraday-cup

charge monitor and corresponded to 22 μm of the screen

image. A solenoid magnet located upstream of the deflec-

tion cavity was used to adjust the transverse beam size at

the screen monitor.

A TM012-mode rf deflection cavity was used to change

the electron bunch profile from longitudinal to transverse.

A rectangular cavity was designed and made of Oxygen-

Free Copper. The resonance frequency is 2612.9 MHz that

is 29 times of laser reputations (90.1 MHz). The longitudi-

nal length was chosen to 46.81 mm with consideration for

beam deflection efficiency. The fabrication and assembling

of the cavity was made at Equipment Development Center

of IMS and Mechanical Engineering Center of KEK.

For the manufactured cavity, a set of rf measurements

was performed with an Agilent N5230A Network Analyzer.

The frequency tuning range was 2.9 MHz from 2611.2 to

2614.1 MHz with six frequency tuners. The loaded and un-

loaded quality factors were 10,155 and 20,565 respectively

and were consistent with the calculation (only just 4% be-

low). The gradient of magnetic field along with longitu-

dinal direction was also measured by the bead-pull method

and confirmed with the HFSS simulation. The power is pro-

vided by an antenna-type coaxial coupler with an N-type

connector. The coupling factor β was 1.02.

In order to synchronize the electron bunch with the rf

phase of the deflection cavity, the rf signal around 90.1 MHz

was passively generated from a mode-locked laser signal by

using a silicon photodetector (EOS, ET-2030A) and a band

pass filter. The timing jitter between the PC pump laser

and the converted signal by the photodetector was mea-

sured by a streak camera (HAMAMATSU, C5675, C5679),

and was confirmed to less than 2 ps in root-mean-square

(RMS) which was limited by the measurement accuracy

of the streak camera. The obtained rf signal was con-

verted to 2612.9 MHz by using a 29-times frequency multi-

plier (R&K, custom-ordered). Finally, the rf signal passing

through a phase shifter to adjust between the beam and rf

phases was amplified up to 50 W and was fed to the deflec-

tion cavity.

The measurements were done with the input power of

13 W in this paper. The input rf frequency was tuned to

the resonant frequency of the cavity by tuning the pump

laser reputation rate. A net kick angle was calibrated by

measuring beam center positions at the fluorescent screen

as a function of the input rf phases and fitting with a sine-

function. The kick angle was estimated to be 3.3 mrad for

a 20 keV electron. In this condition, 1 pixel of the CMOS

image corresponds to 0.36 ps around.

In the experiments, an average beam current was a few

nano-ampere and space charge effects are considered negli-

gible at the bunch charge. A typical transverse beam size

at profile monitor without any rf power was 137 μm in

RMS, which correspond to 2.2 ps in temporal profiles. The

exposure time of the CMOS camera was typically several

milliseconds. Then the obtained image contained over the

fifth powers of ten bunches. The pulse length of the pump

laser was estimated around 1 ps, but the measurement ac-

curacy of the laser pulse measurement system, which was

used the streak camera described above, was around 2 ps.

Then the realistic laser pulse length could not be confirmed

and we assumed the worst case for the laser pulse length.

In our case, the spatial resolution of the beam profile moni-

tor was enough small, then the temporal resolution of the

whole measurement system was determined by the laser

pulse length and the transverse beam size, and estimated
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Figure 2: A projection of the bunch trace taken by the beam

profile monitor (open circles) and fitted decay curve with an

assumed temporal response (solid line).

to be 2.8 ps. It is noted that the accuracy for analytically

evaluated parameters would be better than this value.

MEASUREMENTS RESULT

The projected intensities of the bunch trace taken by the

beam profile monitor was shown in Fig. 2, where the data

points with open circles and a solid line indicate the ex-

perimental data and fitted curve with assumed temporal re-

sponse described below. It is found that the intensity in-

creases exponentially at earlier time around the zero ref-

erence time then decays with relative slow time constants.

The characteristic time t90 and t98, in which 90 and 98 %

of the pulse charge are contained, were evaluated to be

14.0 ± 0.2 ps and 27.0 ± 0.2 ps, respectively. There are no

distinct discrepancy between our result and that of a conven-

tional GaAs/GaAsP strained-SL PCs reported in Ref. [9].

This result demonstrated that there is no significant differ-

ences between electron emission processes for conventional

and transmission PCs.

A beam intensity distribution is considered to be shaped

by the convolution integral of a normal distribution-like

shape come from laser pulse length and transverse beam

size, which is characterized by a normal time constant σt ,

and one or more electron retardation mechanisms with the

decay constant τ in the semiconductor. Then the convoluted

distribution S(t) would be represented by as follows,

S(t) ∝ exp

(
σ2
t

2τ2

)
exp

(
− t − to

τ

)
erfc

(
σt√
2τ
− t − to√

(2)σt

)
,

(1)

where the “erfc” represents a complementary error func-

tion. When various retardation mechanisms exist, the dis-

tribution function is considered to become the sum of each

convoluted distribution.

In the fitting procedure, a pair of decay constants, which

are characterised fast and slow decay constants and denoted

by τf and τs , was sufficient to reproduce the experimen-

tal distribution. The fitting parameters τf , τs and σt in

Eq. 1 were decided to 5.24 ± 0.04 ps, 9.30 ± 0.13 ps and

1.80 ± 0.01 ps, respectively. For the decay constants, 3.30

and 14.8 ps for fast and slow constants were reported for

conventional strained SL PCs [9]. The differences might be

made as a result of differences of SL structures, crystal qual-

ities, surface work functions (quantum efficiencies) and so

on, and more systematic researches are needed for detailed

discussions.

CONCLUSION

The measurement system for the T-PC’s temporal re-

sponse was developed and that of a GaAs/GaAsP strained-

SL sample grown on a GaP substrate and a AlGaAs inter-

layer was studied. The measurement accuracy was less than

2.8 ps and was dominated to the timing jitter between with

the laser reputation and the rf signal and the focused beam

size without rf kicks. The pulse length contained 90 and

98 % of the charge were 14.0± 0.2 ps and 27.0 ± 0.2 ps, and

a pair of decay constants of 5.24 ± 0.04 and 9.30 ± 0.13 ps

was evaluated. The temporal precision determined up to

these characteristic values would be expected for various

applications using our developed T-PC samples as an elec-

tron source.

Furthermore, some discrepancies for retarded decay con-

stants were observed between conventional and transmis-

sion PCs. There are some considerable dynamics to under-

stand these discrepancies but we would not discuss in this

paper. Further systematic and precisely studies are sched-

uled in near furthers.

ACKNOWLEDGEMENT

The authors wish to thank M. Aoyama (IMS) and

T. Takatomi (KEK) for rough machining and adjustment

processing of the rf cavity.

REFERENCES

[1] N. Yamamoto, T. Nakanishi, A. Mano, et. al., High bright-

ness and high polarization electron source using transmis-

sion photocathode with gaas-gaasp superlattice layers, Jour-

nal of Applied Physics 103 (6) (2008) 064905.

[2] X. Jin, F. Ichihashi, A. Mano, et. al., Fourfold increase in

quantum efficiency in highly spin-polarized transmission-

type photocathode, Japanese Journal of Applied Physics 51

(2012) 108004.

[3] X. Jin, A. Mano, F. Ichihashi, et. al., High-performance

spin-polarized photocathodes using a gaas/gaasp strain-

compensated superlattice, Applied Physics Express 6 (1)

(2013) 015801.

[4] X. Jin, B. Ozdol, M. Yamamoto, et. al., Effect of crystal qual-

ity on performance of spin-polarized photocathode, Applied

Physics Letters 105 (20) (2014) 203509.

[5] M. Suzuki, M. Hashimoto, T. Yasue, et. al., Real time mag-

netic imaging by spin-polarized low energy electron mi-

croscopy with highly spin-polarized and high brightness

electron gun, Applied Physics Express 3 (2010) 026601.

Proceedings of IPAC2016, Busan, Korea WEPMY039

03 Alternative Particle Sources and Acceleration Techniques

T02 Electron Sources

ISBN 978-3-95450-147-2

2643 C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



[6] M. Kuwahara, S. Kusunoki, X. G. Jin, et. al., 30-kv spin-

polarized transmission electron microscope with gaas–gaasp

strained superlattice photocathode, Applied Physics Letters

101 (3) (2012) 033102.

[7] K. Aulenbacher, A. Subashiev, V. Tioukine, et. al., Expan-

sion for time-resolved spin-polarized electron spectroscopy,

Arxiv preprint cond-mat/0404053.

[8] Y. Honda, S. Matsuba, X. Jin, et. al., Temporal response

measurements of gaas-based photocathodes, Japanese Jour-

nal of Applied Physics 52 (8R) (2013) 086401.

[9] X. Jin, S. Matsuba, Y. Honda, et. al., Picosecond electron

bunches from gaas/gaasp strained superlattice photocathode,

Ultramicroscopy 130 (2013) 44 – 48, eighth International

Workshop on LEEM/PEEM.

[10] X. Jin, M. Yamamoto, T. Miyajima, et. al., Mean trans-

verse energy and response time measurements of gainp based

photocathodes, Journal of Applied Physics 116 (6) (2014)

064501.

[11] T. Inagaki, N. Yamamoto, M. Hosaka, Y. Takashima, De-

velopment of temporal response measurement system for

transmission-type spin polarized photocathodes, Proceed-

ings of IPAC2014 (2014) MOPRI034.

WEPMY039 Proceedings of IPAC2016, Busan, Korea

ISBN 978-3-95450-147-2

2644C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

03 Alternative Particle Sources and Acceleration Techniques

T02 Electron Sources


