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ABSTRACT

Pulse responses of different materials commonly used as electron sources in photoinjectors have been determined. Thin film photocathodes,
such as strained GaAs/GaAsP superlattice and K,CsSb, produce fast responses. The emission intensity at time scales comparable with the
acceptance of electron accelerators is found to be reasonably low, which is an advantage for operation at high beam powers. The temporal
responses of these cathodes are compared with the response of bulk GaAs.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0108675

I. INTRODUCTION

Photocathodes capable of delivering beams with high bright-
ness are in use in many modern electron accelerators, in particular,
as drivers for FEL (Free Electron Laser). When a spin-polarized
beam is required, photocathodes based on III/V compounds with a
surface activated to negative electron affinity (NEA) are state of the
art. The results presented in this paper are related to the application
of such beams in high average power electron accelerators used
for particle physics. A current example is the P2-experiment: the
investigation of the electro-weak mixing angle sin®(fy) in an
experiment at the Mainz Energy-Recovering Superconducting
Accelerator’ (MESA), which is under construction at the Johannes
Gutenberg University in Mainz.”

The time response of the cathode must be within the longitu-
dinal acceptance of the accelerator. Accelerating particles with an
RF-system needs a sharp longitudinal bunch compression at the
entrance of the RF-cavities. This process is achieved by an approxi-
mately linear velocity modulation with a buncher-cavity. For a
standard buncher, the linear region has an extension of approxi-
mately 60° within the RF-period, which corresponds to less than
70ps for the (MAinzer Mlkroton) MAMI-frequency of
2.449 GHz.” The part of the emitted electron distribution (“the
bunch”) that does not fulfill this condition is called “longitudinal
halo.” The longitudinal halo causes beam loss during the accelera-
tion process. To characterize the problem, it is noted that power

losses of the order of only a few tens of Watt can already produce
serious concerns at high-energy accelerators due to the induced
radioactivity. Moreover, precision experiments can be seriously
hampered by backgrounds from the halo even with losses at much
lower levels. In the P2-experiment at MESA, the beam power is
more than 20 kW; hence, it demands the control of such losses to
the level below 107*. Perhaps much stricter requirements are
caused by the fact that superconducting RF-cavities can quench
due to the small local heat loads (<1 W), which can be induced by
much smaller relative losses. The motivation to minimize the longi-
tudinal halo becomes much more important for future facilities
such as the LHeC," where beam powers in the multi-megawatt
range are being discussed. The problem of the longitudinal halo
can be somewhat mitigated by the use of longitudinal collimation
systems at low energy, the so-called choppers. However, their oper-
ation is complicated and often cannot suppress the halo to the
desirable high degree. Therefore, it is preferable to meet the acceler-
ator requirement by producing a suitably well-defined electron
bunch directly at the electron source.

In the case of the photo-emitted bunches, the energy width is
small compared to the energy acceptance of the accelerator.
Therefore, the challenge of matching the longitudinal acceptance is
lessened to producing a suitable time response of the photocathode.
Although it is seemingly easy to produce a laser pulse that matches
the requirements, the actual time response of the cathode sets the

J. Appl. Phys. 132, 185702 (2022); doi: 10.1063/5.0108675 132, 1857021

© Author(s) 2022


https://doi.org/10.1063/5.0108675
https://doi.org/10.1063/5.0108675
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0108675
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0108675&domain=pdf&date_stamp=2022-11-08
http://orcid.org/0000-0002-9656-6855
mailto:nscahill@uni-mainz.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0108675
https://aip.scitation.org/journal/jap

Journal of
Applied Physics

lower limit to the fraction of the response outside the accelerator
acceptance. The RMS width of the emitted distribution is according
to the properties of the cathode material and is relatively easy to
estimate. On the contrary, the tail of the distribution may depend
on the details of the cathode bulk or on the surface structure. The
purpose of the present paper is to investigate the tail of the distri-
bution for the case of the most frequently used photocathode for
spin-polarized beam, namely, the NEA GaAs/GaAsP superlattice.

For the superlattice, it is expected that the mean free path of
conduction band electrons is of the same order as the layer thickness
(few tens of nm vs 100 nm). Our earlier experimental studies with
GaAsP- and GaAs-films of similar active layer thickness’ could not
detect emission after a few picoseconds. Later, this finding was sup-
ported by a computer simulation study which used a random walk
model.° However, at the time, the tail of the response could be inves-
tigated with an experimental sensitivity limited to a few percent rela-
tive to the maximum of the emission. On the other hand, in the
investigation of the GaAllnAs/GaAlAs-type superlattice with
enhanced sensitivity, the observed responses in the high intensity part
of the response were repeatedly in agreement with the prediction.
However, a long tail with an intensity at the 1% level was observed
which was attributed to the defects in the superlattice structure.”*

Positive electron affinity (PEA) cathodes, such as K,CsSb,
require electrons traveling with surplus energy over the conduction
band minimum in order to overcome the energy barrier at the
surface. As it is pointed out, for example, by Spicer and
Herrera-Gomez,” the energy loss in the conduction band results in
the reduction of the emission with a time constants of less than a
picosecond. Therefore, no emission is expected outside of the
profile of the drive-laser pulse at the picosecond level.
Unfortunately, PEA cathodes do not permit achieving sufficient
electron spin polarization. However, they have potential for applica-
tion, e.g., for high intensity linacs, which in turn may serve as
drivers for synchrotron radiation sources.'’ The results concerning
the tails of the GaAs/GaAsP superlattice and a K,CsSb sample are
presented in Fig. 6. The measurements were conducted using the
PKAT (Polarisierte KAnone Test) apparatus which is described in
detail in earlier publications.””'' As a new ingredient, the high
dynamic range offered by the PKAT is used.

Il. MATERIALS AND METHODS
A. Negative electron affinity photocathodes

Negative electron affinity GaAs and GaAs-based photocath-
odes are presently the material of choice for producing spin-
polarized beams for linear electron accelerators.” *~'* GaAs-based
photocathodes have the ability of providing high spin polarization
in strained superlattice structures, a sufficiently high quantum effi-
ciency (QE), defined as the number of emitted electrons per
incoming photons, and low emittance. For the very thin layer cath-
odes, the specific requirement of operating close to the bandgap
reduces the achievable QE by more than an order of magnitude
compared to the bulk GaAs, where very high QEs of almost 50%
have frequently been reported—see, for instance, Spicer and
Herrera-Gomez’ and references therein. In the case of our superlat-
tice, in the wavelength region used in the investigation, the active
layer thickness is estimated approximately an order of magnitude
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smaller than the absorption length. This difference, in turn,
reduces the obtained QE accordingly. In applications where spin-
polarized beams are needed, attaining high polarization is essential
and outweighs the low QE.

The NEA photocathodes require an ultrahigh vacuum (UHV)
system with base vacuum pressure in the regime 10™"! mbar or lower
to provide a sufficiently long lifetime. In machines where spin polari-
zation is not of major importance, the use of the NEA cathodes is
less desirable due to the complications associated with the UHV
system and several other stringent requirements. For example, the
beam losses in the vicinity of the cathode must be avoided in order
to achieve a reasonable lifetime for the cathode. Acceptable losses
must be of the order of nanoampere in order to achieve a lifetime of
>1000h.'”'® Note that this problem is not directly related to the
losses in the accelerator which are caused by the longitudinal halo
since beam losses in the vicinity of the cathode occur between the
source and the entrance into the RF-system. On the other hand,
NEA photocathodes are presently indispensable when spin-polarized
beams are needed. An overview of the conditions required to operate
an NEA cathode at an accelerator is given elsewhere.

The state of NEA is achieved through co-deposition of Cs and
O, layers on the highly p-doped and ultra-clean GaAs surface. This
process brings the vacuum level below the conduction band
minimum. This is a necessary condition to allow the electrons
reach the surface and tunnel into the vacuum. The photocathode
temporal response time predominantly depends on the optical pen-
etration depth of the laser and the electron escape depth. The
process of photoemission from a NEA photocathode is described
with Spicer’s three-step model.” These steps are photoexcitation of
electrons from the valence band into the conduction band, trans-
port of electrons to the surface, and emission of electrons from the
surface into the vacuum. Whereas the first step happens on
extremely short time scale, the second and the third steps may
create a considerable width of the impulse response, which in turn,
may lead to the creation of the longitudinal halo.

B. Strained GaAs/GaAs superlattice

The photocathode used in the experiment is a strained GaAs/
GaAsP superlattice. This strained superlattice (SSL), which first was
created by proper methods for optoelectronic devices and was pub-
lished by Ref.17, is commercially fabricated by SVT Associates.'®
Figure 1 illustrates the structure of the strained GaAs/GaAsP super-
lattice which is investigated in this project.

The strained superlattice is grown by Molecular Beam Epitaxy
(MBE) and consists of 14 pairs of alternating strained layers of
GaAs and GaAsP in the active layer with a total thickness of
~92 nm for the active region. The very high quality of growth was,
for example, confirmed by the stepwise increase of the density of
states which is typical for the 2D-structure of the SSL, see further
explanation in Maruyama et al.'” The quality of growth manifests
itself by the corresponding stepwise increase of QE with increasing
excitation energy.'”’

The heterostructure of the superlattice breaks the degeneracy
of the crystal structure in the valence band. Using circularly polar-
ized light with the proper energy allows selective excitation of elec-
trons from one type of spin state in the valence band to another
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FIG. 1. Schematic crystal layer structure of strained GaAs/GaAsP superlattice
which is investigated in this work.

one in the conduction band.'” The crystal, however, provides well-
defined spin states only at the band edges. This condition, in turn,
requires that a cathode for spin-polarized beams to be excited with
near-bandgap energy photons. This requirement, in turn, necessi-
tates achieving the NEA surface state to make photoemission into
vacuum energetically possible.

The active layer of the superlattice is very thin and, therefore,
a very short response in the order of picoseconds can be expected.’
This assumption was confirmed in an investigation of InAlGaAs/
AlGaAs superlattices, but a rather high pedestal was observed after
the initial steep drop in the pulse intensity.” This behavior was
attributed to defects in the multilayer structures which were pro-
duced by Metal Organic Chemical Vapor Deposition (MOCVD).
Since in our case, the GaAs/GaAsP structures are produced by
MBE," a technology that in principle can provide better control of
the growth process, one could hope for better results here. This
hypothesis was indeed confirmed, as it is shown below.

C. Experimental setup

A picture of the PKAT transport system, which consists of a
45keV DC photoemission electron source, a beam diagnostic line,
and a photocathode laser system is shown in Fig. 2. For simplicity,
only the elements which are relevant for the time-resolved measure-
ments of the intensity and polarization of the electron pulses are
highlighted in color.

ARTICLE scitation.org/journalljap
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FIG. 2. Overview of the schematic structure of the PKAT transport beam line.

The femtosecond laser (shown with red arrow) illuminates the
photocathode from below, and the generated electron pulses travel
through the beam line. The pulses go through the deflector cavity
and the slit and into the channeltron for the pulse response measure-
ments. Alternatively, the transmitted fraction through the slit can be
guided through the deflecting magnet (shown in blue) into the Wien
filter spin rotator and in the Mott polarimeter for the time-resolved
polarization measurements, as it is shown in Fig. 2. The latter mea-
surements result in Mott scattering asymmetry as illustrated in
Fig. 4. The details of these measurements are discussed elsewhere.”’

The PKAT source is essentially a copy of the 100keV source
operating at MAMI,” which has a triode structure with an intermediate
electrode operating at nominally 50 keV. Due to a defective high
voltage insulator in the source chamber, the PKAT source is no longer
able to reach its design energy of 100 keV. In order to avoid discharges,
which cause cathode destruction, the source was operated at 45KkV.
The defective lower insulator in the source chamber was removed. The
intermediate electrode in the chamber was kept and grounded (0V
potential) compared to being kept at 50 kV in the original design.

This arrangement provided mitigation of the problem arising
from the deviation of the design energy since the now grounded
intermediate electrode surrounds the cathode electrode apart from
the opening through which the beam passes. At 45KV, the poten-
tial difference between the two metal surfaces is approximately the
same as before, hence the electric field configuration in the cathode
region is relatively sustained. This condition allowed maintaining
two important properties. First, the missing electric field in the
second stage of acceleration between the previously 50 kV electrode
and the anode is of minor importance since the main focusing
action is generated by the electric field in the cathode region. In
consequence, the arrangement of focusing lenses in the beamline
did not need to be revised. Second, the electric field strength in the
cathode region could be maintained at a fairly similar field strength
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to the PKAT in the original design, approximately 1 MV m™" at the
crystal surface. This fact helps to mitigate the transit time spread
which can deteriorate the time resolution of the apparatus.”

D. Time response measuring principle

The principle of the temporal response measurements is
shown in Fig. 3. A mode-locked Ti:Sapphire laser produces femto-
second pulses with 78.1 MHz repetition rate to illuminate the pho-
tocathode. The laser pulses are synchronized to the 32nd
subharmonics of a 2.499 GHz deflecting cavity resonator frequency.
In the deflector cavity, the profile of the electron bunches is trans-
ferred from longitudinal to transverse. A phase shifter induces a
time delay in the electron pulses arrival at the deflector cavity, and
thereby, the electrons are deflected differently in the transverse
direction. At each constant phase, many individual electron pulses
are integrated.

The transverse profile of the electron bunches can be analyzed
either directly on a YAG screen or with a channeltron after passing
through a 100 um slit. The pulse response measurements in this
project are obtained by using the latter method. The channeltron
offers a high dynamic range, and, therefore, the longitudinal halo
can be investigated. The channeltron can, in principle, detect single
electrons. However, in our case, the channeltron was used as an
analog amplifier for the average electron current behind the slit. The
channeltron was operated with a moderate amplification of 1000
followed by a conventional ammeter. Since x-rays are not generated
very effectively at our operating voltage and furthermore, there exists
a strong shielding by the housing of the slit, no additional measures
against parasitic x-ray were necessary. A detailed description of the
experimental setup has been published by Hartmann et al."'

By keeping the slit fixed and shifting the phase between the
laser and the deflector cavity in small steps, the electron arrival
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time at the deflector cavity is varied, and, thus, different parts of
the longitudinal profile are sampled. This process allows scanning
the complete profile of the electron pulse. The resolution of the
apparatus combined with the transit time spread, which is a physi-
cal limitation of the cathode itself, affects the deviation of the
detected temporal response from the distribution generated by the
transport processes in the cathode. Some implications of these phe-
nomena are discussed in the following.

E. Influence of time resolution on longitudinal halo
study

The time resolution depends on the mode of operation. In our
present measurements, the time scale for sampling the signal is set
by the signal to noise ratio of the detection system, in particular, at
the low intensities which are of interest in our studies. Whereas a
“pulse width” measurement with the YAG screen can be obtained by
sampling over less than a millisecond,” the present measurements
require integration times of several seconds. The longer measuring
time, in turn, increases the contribution of timing jitter. In addition,
one has to take into account the average over time scales which are
larger than the period of the magnetic stray fields which deflect the
beam periodically. These fields are mainly associated with the 50 Hz
frequency of the power line. Due to the defective insulator, the initial
high-energy beam could not be achieved, which resulted in magnetic
fluctuations larger than before. It is, therefore, not surprising that the
FWHM-time resolution has worsened from about 2 ps in the best
case with K,CsSb cathode’’ conducted at 100keV to about 5.1 ps
presently (RMS values 0.9 and 2.16 ps, respectively). The RMS values
can be estimated from the Gaussian-like left shoulders of the mea-
surements presented in Fig. 6. Since the main fraction of the time
response for the SSL and the K,CsSb cathode presented in Fig. 6 is
most likely contained in time intervals which are considerably

Solid State Electric ~ Frequency
RF Master  Amplifier Phase shifter ~ Divider
®—> R
2.499 GHz (@) Mechanical
Power Phase shifter
Circulator

Waveguide
Load

o< - —[:]«4-4—

Channeltron  Slit Deflector Cavity

*—A\--L_O QH&{THM @

78.1 MHz Filter/y,\
Photodiode N

A

Cathode Beam Splitter Laser

FIG. 3. Schematic overview of the principle of time response measurements. A laser pulse synchronized with the RF of the cavity generates electron pulses. As electron
pulses go through the deflector cavity, the longitudinal profile of the electron bunch is transferred into a transverse profile. The transverse profile can then be detected and
analyzed either by slit and channeltron method: the profile of the electron pulse is scanned through a slit, current is amplified in a channeltron, and measured with a
picoammeter or alternately and by the screen method: profile of electron pulse is captured on a YAG screen and analyzed with a camera. For simplicity, the latter method

is not shown in the figure.
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smaller than the resolution, we can only gain limited information on
the details of the response. In particular, only an upper limit for the
pulse width can be obtained.

The time resolution is also affected by energy variations. It
may be noted that the beam from a NEA cathode is not strictly
mono-energetic but has an intrinsic energy width in the order of
0.1 eV. In addition, there exists the fluctuation and drift of the HV
power supply adding to =1 eV.

These variations result in the following phenomenon. First,
transit time spread during acceleration at the photocathode initiat-
ing from the intrinsic spread. Second, different travel times from
anode to slit, due to the time varying velocities, mainly resulting
from the variations of the power supply. Third, longitudinal focus-
ing in the deflecting alpha magnet. Whereas the first two phenom-
ena lead to an earlier arrival of particles with higher initial kinetic
energy at the deflector cavity, the latter phenomenon leads to a
delay for the high energetic particles since their path is longer in
the alpha magnet. However, applying realistic values for the energy
spreads and shifting of the voltage of the power supply, it is found
that the contribution of these variations is less than a picosecond
and, therefore, can be disregarded for the present investigations.

The question of longitudinal halo can nevertheless be
addressed efficiently if the acceptance of the accelerator is much
larger than the resolution. This is the case for most systems and, in
particular, for the MESA accelerator, where the acceptance is of the
order of 200 ps or more. Therefore, worsening of the resolution has
insignificant influence on the specific results discussed here.

1. RESULTS
A. Quantum efficiency studies

Photocathodes with enhanced QE are desirable for accelerator
operations since they require less drive-laser power to produce the
same amount of current during operation. PKAT test laboratory is
equipped with a tunable wavelength light source. The dependency of
the QE and Mott detectors count rates asymmetry on the laser excita-
tion wavelength was investigated and the results are presented in
Fig. 4. The measured asymmetry is proportional to the polarization
of the transmitted beam through the slit. For this purpose, the central
wavelength was changed in the range from 768 to 871 nm, corre-
sponding to laser energies between 1.61 and 1.42 eV, respectively.

The results indicate a strong dependency of QE on the laser
energy. The quantum yield increases with energy (decreasing wave-
length) to an optimum value and then remains almost constant. As
the wavelength increases, the QE decreases, ranging from 0.98% to
5.02x 107*%. An approximate value of the band edge energy is
given by the maximum slope of the QE curve (~800 nm).

In our investigation, the QE spectrum extends only up to
768 nm, which is equivalent to energy of 1.61 eV. Up to this energy
level, our QE curve includes the first step at energy of 1.60 eV, associ-
ated with the Hh (heavy hole). Due to the limited tunability of the
PKAT laser system, the second step at 1.67 eV (4= 740 nm)'” was
not observable. The valance band energy splitting of the strained
GaAs/GaAsP superlattice is estimated approximately 70 meV.”

These results are in agreement with the findings of other litera-
ture with the same strained superlattice structure.'””” The laser
wavelength of 770.5 nm yielded the maximum QE of 0.98%. Figure 4
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FIG. 4. Mott scattering asymmetry and quantum efficiency as a function of the
exciting wavelength for the strained GaAs/GaAsP superlattice.

indicates that the accelerator operation point, where it delivers the
best quality factor is at 780 + 10 nm. A significant reduction of polar-
ization is typically not accepted by the experimentalists. Therefore,
one cannot make use of the moderate further increase of the QE at
photons wavelengths shorter than 780 nm. However, at 780 nm, a
QE of ~0.9% is achieved, which for the given wavelength is a photo-
sensitivity of greater than 5 mA/W. This QE provides sufficient con-
ditions for operation even at future high-power linear accelerators
which require intensities of several milliampere. Lasers with suitable
parameters, in particular, pulse length and average power exceeding
1 W at 780 nm are commercially available.

At energies lower than the band edge, the electrons will be
emitted both from the valence band and the intermediate states in
the forbidden zone. Under this circumstance, thermal excitations
can bridge the gap which allows photoemission in spite of the fact
that the initial photon energy is insufficient. For practical purposes,
excitation of a photocathode at wavelengths above the band edge is
not desirable due to the low QE, as it is seen in Fig. 4.

Operating laser in the pulsed mode results in the increasing of
the laser bandwidth to ~15nm due to the Fourier limit (time
bandwidth product). The data points shown in Fig. 4 are obtained
with the pulsed laser beam and, therefore, represent an averaging
over this bandwidth.

B. Pulse response studies

The electron pulses from the SSL were generated with laser
pulses whose central wavelength was 800 nm and with a QE of
6.41 x 107%%. The lifetime of the cathode used in this project is
short, in the order of approximately one day. The pulse response
studies were performed a few days after the activation, at a time
when the QE had dropped. The measurements were conducted
with the transverse deflector cavity operating at the TM;;, mode
and at the maximum input power of 322 W. This power is coupled
into the cavity, and it is derived from the difference between the
input and the reflected RF power.'' Operating at the highest
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possible power improves the time resolution since the deflection
amplitude is proportional to \/ P.

In our study, to ensure precise measurement of the pulse
response prior to each measurement, precautions were taken. These
include, first, making sure the beam is passing through the zero
crossing of the cavity, where the electric field of the cavity has
minimal effect on the beam, which would otherwise accelerate or
decelerate the beam. The magnetic field changes during the passing
of the electron pulse through the cavity. However, the entrance
phase can be adjusted so that the electrons reach the center of the
cavity when the field is zero. Second and of equal importance,
ascertaining that the beam is well focused with the smallest trans-
verse diameter at the slit position to allow high resolution measure-
ments. Third, avoiding excessive space charge defocusing is
essential. According to the previous investigations in the PKAT
system,” it was estimated that a typical bunch charge should be
limited to the maximum 0.1 fC. This charge is equivalent to
approximately 620 electrons per bunch. For operation at 78.1 MHz,
that amount translates to currents of I < 10 nA. Therefore, to avoid
space charge defocusing and to prevent damaging the channeltron
by excess current, an average beam current of 1-3 nA was chosen
throughout our measurements. A typical contribution of the abso-
lute dark base current level for the channeltron is in the order of
107 A, which corresponds to 107* of the signal, and it has been
accounted for by subtracting it.

Using the diameter of the YAG screen as the scale, the screen
can be calibrated, 1 px =(52.3 +0.2) um. Next, the conversion rela-
tionship of 5.67 ps mm™" at maximum power of the deflector cavity
is obtained. These two equations provide the necessary information
for the screen calibration in terms of the phase shift. A typical
transverse beam size at the location of the YAG screen was mea-
sured with o of about 140 um, which corresponds to 0.79 ps in
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FIG. 5. Temporal response of a strained GaAs/GaAsP superlattice photocath-
ode. The blue curve represents the transverse beam diameter at the location of
the slit. In order to illustrate the behavior of the data, a Gaussian curve with
o=2.16 ps, shown in black, is added to Fig. 5. The pulse response is almost
Gaussian for approximately 2o and then it deviates from the Gaussian curve.
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temporal profile,”’ see Fig. 5. The transverse beam width, therefore,
contributes to time resolution although to a lesser amount than the
effect of the aforementioned synchronization jitter. The result of
temporal response of the SVT GaAs/GaAsP superlattice photocath-
ode along with the transverse beam diameter is shown in Fig. 5.

The superlattice pulse response around the peak intensity is
almost Gaussian for approximately 2 ogrys, Where oryms =2.16 ps
is obtained from the Gaussian fit. For the left shoulder, assuming
that the electron emission should start immediately after excitation,
and if ideally all of the electrons have the same energy at the
surface, one expects an infinitely steep curve on the left. However,
due to the time resolution of the apparatus and the transit time
spread caused by the initial energy distribution, there will be a
non-zero rise time. Since the calculations of the resulting transit
time spread are well below the observed time constant, it can be
inferred that the rising edge is dominated by the experimental reso-
lution for which the ogrps =2.16 ps can be set as an upper limit.

The right shoulder of the peak is influenced by the transport
processes of the cathode. A slight elongation with respect to the left
shoulder and a somewhat different curvature is observed. This
observation indicates an approximately exponential behavior
during the time interval between 5 and 15 ps. There exist several
possibilities in explaining this behavior. For instance, thermal emis-
sion from the bound states is located near the photoemission
threshold in the surface region. This assumption is in approximate
agreement with the results for the dynamics of electron density in
the surface states of GaAs samples grown with the gradient doped
MBE. These were recently measured using a pump probe technique
by Zhou et al.,”’ in which a fast decay of surface electron density
with a time constant of 1.5 ps was observed.

In view of practical implications, it can be stated that we have
observed an upper limit of orys = 2.16 ps for the RMS width of the
response, and for times greater than 5 ps, an exponential contribu-
tion with a time constant of ~2.4 ps. As previously mentioned,
since the typical acceptance of accelerators can be an order of mag-
nitude larger, the time response of the SSL is compatible with low
loss requirements. However, as shown in Fig. 5, the exponential
decay stops after approximately 15 ps.

The small humps in the low intensity region typically have a
similar shape compared to the main pulse. It seems unlikely that
they are the result of a transport phenomenon of the semiconduc-
tor. The observed fluctuations after the main pulse may be the
result of the double reflection of the laser from the optics on the
path of the laser. After the laser beam is produced, it travels
through several optical elements (such as polarizer, telescope, and
window) before reaching the photocathode. As the laser beam
passes through the interface of two media with different refractive
indices, a fraction of the incident laser intensity is reflected. These
reflected intensities will create parasite pulses which illuminate the
cathode at different times than the main laser pulse. The arrival
times are given by 2d/c, where d is the distance between the two
surfaces and c is the speed of light. The distance between window
and cathode is ~#100 cm, while the distance between the two sides
of the polarizer is approximately 1 cm.

The phase shift induced by the different distances of the sur-
faces is depending of the arrangement of the optical elements.
Whereas the two surfaces of the entrance window cause a delay of
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the double reflected pulse of a few picoseconds only, the one
caused by the double reflection from the cathode surface and the
entrance window amount to several RF periods. The distances
between the surfaces are vastly different resulting in additional frac-
tional residuals of arrival times in units of the radio frequency
period. As a result, the additional peaks can happen at any position
in phase. It is, therefore, not surprising that the humps in the
intensity occur at seemingly random positions.

Averaged over the time period from 30 to 80 ps, the longitudi-
nal halo of GaAs/GaAsP superlattice is of the order of 3.0 x 107*
compared to the peak intensity. Comparing our results with the
previous results from AllnGaAs/AlGaAs SSL photocathode per-
formed with electron beam energy of 100keV® indicates that the
longitudinal halo of strained GaAs/GaAsP superlattice is at least by
two orders of magnitude smaller than the halo in those measure-
ments. This proves the better quality performance of the SVT
superlattice in obtaining short pulses.

Figure 6 illustrates the comparison of the impulse response
measurements between the strained GaAs/GaAsP superlattice,
K,CsSb, and a typical bulk GaAs photocathode, taken at QE of
6.1 x 1072%, 1%, and 5.8%, respectively.

K,CsSb cathodes belong to the positive electron affinity (PEA)
group, and as such, the vacuum level is above the conduction band
minimum. In a PEA cathode, only the electrons which have an
energy above the vacuum level after transporting to the surface can
be emitted into the vacuum. The PEA photocathodes offer lower
electron energy spread and, thus, provide high-brightness beams and
lower longitudinal halo. The investigations of K,CsSb were con-
ducted at 400 nm excitation wavelength and with a 100 keV energy
electron beam.”* Furthermore, less noisy electronics were used
during the investigations and lower noise condition was achieved.
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FIG. 6. The comparison of temporal response measurements of strained GaAs/
GaAsP superlattice with K,CsSb and bulk GaAs photocathodes. The pulse
responses of GaAs/GaAsP and bulk GaAs are obtained at a beam energy of
45keV and an excitation wavelength of 800 nm, whereas K,CsSb is measured
with a 100 keV beam and at 400 nm excitation.
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GaAs/GaAsP SSL has a longitudinal halo more than 2.5
orders of magnitude smaller than bulk GaAs. This difference
clearly illustrates the improvement that one achieves using strained
GaAs/GaAsP superlattice rather than the bulk in producing short
pulses. In bulk, the active layer is the entire thickness of crystal
(510-517 um). However, for general purposes, it is sufficient to
take into account only a few diffusion lengths (in the order of ym)
in which the majority of the photoexcited electrons are generated.
However, the superlattice has an active layer thickness of ~92 nm.
The electrons are generated close to the surface and can be emitted
much faster into the vacuum.

K,CsSb has a faster response and a longitudinal halo at a level
of about 6 x 10> compared to the intensity maximum. This sug-
gests an advantage of the PEA K,CsSb cathodes over the NEA
cathodes for high-brightness electron beam applications. This
advantage results from the PEA state of the cathode. In a PEA
cathode, the thermalization process leads to reduction of the elec-
trons which can overcome the photoemission threshold since by
definition the lower conduction band states have an energy below
the vacuum level in PEA cathodes. This process happens on the
picosecond time scale. This is in stark contrast to the NEA situa-
tion, where electrons can escape whenever they reach the surface
and are depleted only (besides emission into vacuum and trapping
in the surface region) by the carrier lifetime in the conduction
band. In the case of the NEA cathodes, the carrier lifetime is of the
order 100 ps or longer.

In order to overcome the work function, the K,CsSb response
measurement was conducted at 400 nm. In addition, the experi-
ment with K,CsSb has been conducted at 100 keV compared to the
45keV for the SSL GaAs/GaAsP, which resulted in a better time
resolution for the K,CsSb measurement. Moreover, in the investiga-
tion with K,CsSb, other pulses with higher longitudinal halo in the
order of 2 x 10™* have been observed.”' For an equitable compari-
son, one must compare the pulse response of the strained GaAs/
GaAsP superlattice at 400 nm and with a beam energy of 100 keV.

In the K,CsSb investigations, it is speculated that the hump on
the rising edge is possibly due to the double reflection of the laser
from the optics on the path of the laser. More investigation is
required to specify the reason for the observed hump. The pulse
response of GaAs/GaAsP shows a slight change of slope in the
same region. However, due to the better time resolution in the
K,CsSb measurements (at least by a factor of two), the hump is
more apparent. The K,CsSb measurements were conducted at
400 nm which require frequency doubling of the laser pulses. The
light polarization optics (Pockels cell and polarizer) were not
present during the investigations. These circumstances can lead to
an effective suppression of double reflections since there exist less
optical surfaces. Under these conditions, parasitic pulses, which
may come from the laser itself, are suppressed by the frequency
doubling due to the quadratic dependence of this process on the
input intensity.

The distinguishing characteristic of the strained GaAs/GaAsP
superlattice compared to the K,CsSb and the bulk GaAs is its
ability to produce highly spin-polarized electrons. As previously
discussed, producing beams of highly polarized electrons requires
the degeneracy of valence bands to be broken. While it is not possi-
ble to generate highly spin-polarized electrons from GaAs to our
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knowledge, no definitive experimental result is available for
K,CsSb. It is, however, not likely that high spin polarization can be
generated from these PEA cathodes since electron states high above
the conduction band minimum have to be excited which should
not correspond to a quantum mechanical S-state.

IV. CONCLUSIONS

The strained GaAsP/GaAs superlattice photocathode offers a
sufficiently fast response with a small longitudinal halo and a QE
which makes intensities in the milliampere range feasible. These
qualities in conjunction with the high degree of spin polarization
make this superlattice photocathode suitable for high-power accel-
erators dedicated to fundamental research, such as MESA.

Optical imperfections generated a longitudinal halo of the
order of 107* relative to the peak intensity in our measurements.
Although such a halo may be further suppressed in a dedicated
laser optical setup, it seems advisable to block the halo at low accel-
erator energies by using a chopper system. Therefore, using a
chopper for longitudinal collimation and, hence, further reduction
of the halo at high energies is suggested.
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