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ABSTRACT

The development of high-performance photocathodes is essential for generating high-brightness electron beams required by existing and
future accelerators. This work introduces a state-of-the-art triple evaporation growth system designed for bialkali antimonide photocathodes.
By enabling the simultaneous deposition of all three materials, this system significantly enhances vacuum stability and the reproducibility of
photocathode fabrication. Complementing this, a novel characterization system allows spatially and spectrally resolved measurements of key
photocathode parameters, such as quantum efficiency (QE), mean transverse energy (MTE), reflectance, and lifetime. Crucially, all measure-
ments are performed within a single compact setup, without moving the sample, preserving ultrahigh vacuum conditions. The spectral
resolved measurement of the reflectance allows the investigation of the color. Photocathode colorimetry may provide valuable insights into
material homogeneity and aging. A Na–K–Sb photocathode was grown using the triple evaporation method, achieving an initial QE of
5.5% at 520 nm. The photocathode was characterized over 2 months, and MTE measurements were performed with two different methods.
A dataset with spectral response, reflectance, and colorimetry data was recorded. Together, the triple evaporation growth and the characteri-
zation system mark a significant advancement in optimizing photocathodes with exceptional performance, paving the way for brighter and
more stable electron sources for next-generation accelerator facilities.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0268697

I. INTRODUCTION

The generation of high-brightness electron beams plays a sig-
nificant role for advanced accelerator facilities such as energy
recovery linacs (ERLs),1,2 free-electron lasers (FELs),3,4 and ultrafast
electron diffraction (UED) systems.5–7 Since the performance of all
these systems is predominantly determined by the electron source,
photocathodes are used to meet the high requirements. The elec-
tron yield and the intrinsic emittance of the photocathode define
the brightness limits for the accelerator.8 These properties are
described by the quantum efficiency (QE) and the mean transverse
energy (MTE). Together with the lifetime, they are the physical key

parameters to describe the performance of a photocathode. While
the QE defines the electron yield, the MTE is closely related to the
normalized emittance ϵx,y of the emitted electron beam as shown
in Eq. (1). Here, σx,y describes the spot size of the illuminating
light at the photocathode surface, and me and c are the electron
mass and the vacuum speed of light, respectively,9

ϵx,y ¼ σx,y

ffiffiffiffiffiffiffiffiffiffi
MTE
mec2

r
: (1)

Improvements here will have substantial impact on the perfor-
mance of the accelerator, for example, a lower emittance leads to a
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shorter gain length at FEL applications.10 Another important
parameter is the reflectance of the photocathode surface, as it influ-
ences the QE of the photocathode.11 The reflectance should be low
because a reflected photon cannot contribute to the photoemission
process.

Bialkali antimonide photocathodes, such as Cs–K–Sb, Rb–K–
Sb, or Na–K–Sb, offer a high QE and low MTE and can photoemit
when illuminated with visible light.12 Hence, they are suitable can-
didates to produce high-brightness electron beams.

Sometimes, the photocathode growth system is attached to the
photoinjector, more often it is in a separate laboratory for more
flexibility. In this case, a vacuum transport system is required due
to its high sensitivity to residual gases.13,14 Therefore, the photo-
cathodes must remain under ultrahigh vacuum conditions with at
least low 10�9 mbar during growth, characterization, and operation
in a photoinjector, including the transfer between the different
systems.15

At Helmholtz-Zentrum Berlin (HZB), bialkali antimonide
photocathodes are developed and investigated for several years for
high average current and low emittance ERL applications.15–17 The
photocathodes were prepared using the traditional method of
sequential deposition of each element or co-deposition of the alkali
metals and optimized with respect to their QE and lifetime.18,19 In
2024, a newly designed preparation chamber for the growth of bial-
kali antimonide photocathodes by triple evaporation of the three
elements was commissioned.

Simultaneously, the Photoemission and Transverse Energy
Experiment (PhoTEx) has been set up to measure all physical key
parameters of the photocathodes, including the MTE. The system
is based on the method of acceleration and subsequent free expan-
sion of the electron beam.9 The MTE can be determined from the
size of the electron beam at the detector. There are existing instru-
ments based on this principle such as the TEmeter from Lee et al.9

and the momentatron presented by Feng et al.20 A modified
version is the TESS system developed by Jones et al.,21 and a new
system is under construction by Sertore et al.22 Based on these
systems, we developed a novel instrument that is presented here.
Additionally, this instrument is able to measure the QE and reflec-
tance in one compact setup and can be used for lifetime studies.

The paper is structured in four parts: After an overview about
the boundary conditions for the photocathode laboratory, the new
triple evaporation growth system is described, followed by a
description of the MTE measurement device—PhoTEx. In the last
part, the growth of the first triple evaporation Na–K–Sb photocath-
ode and its characterization at the PhoTEx instrument is presented.

II. PHOTOCATHODES FOR AN SRF GUN

The photocathodes grown at HZB are developed and investi-
gated for use in the SRF photoinjector of the Superconducting RF
Electron Accelerator Laboratory (SEALab, formerly
bERLinPro).2,23,24 Using an SRF photoinjector places high
demands on the thermal and electric properties of the photocath-
ode and the plug. A cylindrical plug with 10 mm diameter is used
as a substrate for the growth of the photocathodes. The design is
specially adapted for the SRF photoinjector of SEALab and was
extensively tested for operation.25 It is made of molybdenum to

meet the high thermal and electrical requirements and is optimized
to avoid field emission in strong acceleration fields.18,26 During
operation, electric fields up to 20MV/m may be applied to the
cathode with an operating temperature between 80 K and room
temperature.

The photocathodes are developed and tested on the same sub-
strate that will later be used in the photoinjector. The plugs are
mounted on an adapted Omicron flag style sample holder for prep-
aration, characterization, and transfer as shown in Fig. 1. At the
photoinjector, the plug is removed from the sample holder and
inserted into the injector.26 During the transfer, the photocathodes
must remain particulate free and under ultrahigh vacuum condi-
tions of at least low 10�9 mbar due to their high chemical reactivity.
A vacuum suitcase was built to transfer the samples between differ-
ent facilities such as the preparation system, the SRF gun or charac-
terization systems like PhoTEx, or beamlines at the BESSY II
synchrotron radiation facility at HZB.

The use of the photocathode in an SRF gun sets the boundary
conditions for the transfer, characterization, and the preparation of
the photocathodes.

III. TRIPLE EVAPORATION GROWTH SYSTEM

A new photocathode preparation chamber was commissioned
in summer 2024 to provide more flexibility in photocathode
growth. In our previous setup, Sb and the alkali metals could not
be deposited together. First, an Sb layer was deposited, and the
alkali metals were evaporated sequentially or co-deposited after-
ward.15,18 This limited the ability to develop new growth recipes. Sb
was evaporated from an effusion cell, while SAES dispensers were
used for the alkali metals. Therefore, parts of the vacuum chamber
had to be regularly vented to change the dispensers.

FIG. 1. Omicron sample holder with photocathode TWH13 in the suitcase; a
suitcase is used to transfer samples from the photocathode preparation
chamber to the SEALab SRF gun or characterization systems like PhoTEx and
beamlines at the synchrotron radiation source BESSY II.
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In the new setup, the alkali dispensers were replaced by effusion
cells filled with SAES AlkaMax pills. The antimony is evaporated
from beads in a thermal cracker cell. The three sources are oriented
so that they all point toward the substrate position to allow simulta-
neous evaporation of the three materials. The thermal cracker cell
for antimony is placed above the photocathode at an angle of 52� at
a fixed distance of 148mm. The alkali effusion cells are located in
the horizontal plane at an angle of 30� to the normal of the photo-
cathode surface. The distance of the alkali metal sources can be
adjusted with a Z-drive and is typically set to 60mm. The photocath-
ode is placed on a heatable XYZΦ manipulator. A circular 8 mm
aperture is placed in front of the plug to achieve a well-defined pho-
tocathode area on the substrate. The aperture has a bevelled edge to
reduce shadowing effects from the sources and increase the area of
full overlap of all three materials. The deposition rate can be mea-
sured using a water-cooled quartz crystal microbalance (QCM)
placed in the same position as the plug during the calibration mea-
surement. The rate can be adjusted by the temperature settings of
the sources. Additionally, an argon sputter gun is attached to the
system for the cleaning of the plug surface.

The photocathode can be illuminated directly from the front
with the spectral response setup. A xenon lamp and a monochroma-
tor are used to generate monochromatic light with a bandwidth of
5 nm in the full visible regime. A pick-up anode is placed close to
the photocathode and is connected to a picoammeter to measure the
extracted current. The calculation of the QE is described in more
detail in Sec. IV C 1. During the growth of a photocathode, the light
source is changed to a 520 nm laser with a maximum output of
0.9mW, to increase the sensitivity especially at the beginning of the
growth. The light power can be adjusted with neutral density filters.

The vacuum is maintained by a turbo pump, an ion getter
pump (IGP), and a nonevaporable getter (NEG) pump. The partial
pressure of any residual gases can be measured with a residual gas
analyzer (RGA). After bakeout, a base pressure of 9� 10�11 mbar
was achieved. The preparation system is attached to an analysis
chamber for x-ray photoelectron spectroscopy (XPS) measure-
ments15 and to a load lock to insert new samples. A second load
lock is located at the back of the vacuum system to transfer the
photocathodes to other facilities such as PhoTEx or the photoinjec-
tor of SEALab.

A. Suitcase for sample transfer

A new suitcase was built, to transfer the samples at ultra high
vacuum conditions. The suitcase is equipped with a pincer con-
nected to a transfer arm. Therefore, no transfer mechanism is
required at the receiving laboratory. Hence, it is compatible with
most vacuum systems. A parking stage allows the simultaneous
transfer of up to three samples. A nonevaporable getter (NEG)
pump is used to achieve a base pressure of 3� 10�11 mbar. Only
during the gripping of a sample the pressure may temporarily
increase due to degassing of the transfer arm. An additional IGP
can be used to increase the pumping speed. During a transfer to
another laboratory, the IGP and the vacuum gauge are connected
to an uninterruptible power supply. The whole suitcase is mounted
on wheels and is height adjustable. Therefore, it can be flexibly
adjusted to different systems.

IV. CHARACTERIZATION SYSTEM PhoTEx

The Photoemission and Transverse Energy Experiment—
PhoTEx—is an instrument to characterize the physical key parame-
ters of photocathodes for electron accelerators. Besides the MTE,
also the QE, reflectance and lifetime can be investigated at PhoTEx.
Spectrally resolved measurements of all parameters are possible
across the full visible regime. This is of major importance as the
photoemission process is primarily determined by the energy of
the incident photons �hω and the effective workfunction of the
material feff .

11,27,28 The difference of both values is defined as the
excess energy Eexcess ¼ �hω� feff . As a first approximation, the
MTE and QE can be described by the excess energy as shown in
Eq. (2).11 The equation for the QE is valid close to the threshold
energy, while the MTE formula is an approximation for high
excess energies,

QE/ E2
excess MTE ¼ Eexcess

3
: (2)

Deviations to this first approach may occur for semiconducting
materials and at nonzero temperature.11 Close to the threshold
energy, the MTE is no longer linear but saturates at the thermal
limit kBT , where kB is the Bolzmann constant.

A. Experimental setup

For the MTE measurement, a negative voltage U is applied to
the photocathode, and a conductive copper grid is placed at dis-
tance g to achieve a homogeneous electric field as shown in Fig. 2.
The grid has square holes with a size of 11 μm and an open area of
55%. After the electrons pass through the grid, they enter a field
free region. The electron beam is expanding in this drift tube of
length d to increase the spatial resolution at the detector. With the
assumption of a perfect homogeneous field and field free drift
region, Eq. (3) can be derived to determine the MTE from the rms

FIG. 2. Schematic of the measurement principle of PhoTEx. The electrons are
accelerated in a homogeneous E-field (orange) between the negatively biased
photocathode and a grounded grid. After passing the grid, the electron beam
expands freely until it hits the detector. The mean transverse energy can be
determined from the rms offset at detector R.
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radius R of the electron beam at the detector,22

MTE ¼ R2

(2g þ d)2
Ue: (3)

The detector is a one-stage microchannel plate (MCP) with a gain
up to 104 and a P43 phosphor screen. A characterization of the
detector in our laboratory showed a doubling of the intensity every
36 V.

The whole PhoTEx setup is shown in Fig. 3 and contains
three different parts: the vacuum chamber, an optical setup, and
Helmholtz coils to steer the electron beam on the detector. A

photocathode can be transferred to PhoTEx with the vacuum suit-
case mentioned above. The suitcase is attached to the load lock of
PhoTEx, which can be separately pumped with a pumping cart.
The photocathode is moved with an XYZ manipulator to the mea-
surement position at 10 mm distance in front of the grid. The XY
stage of the manipulator allows spatially resolved characterization
of the photocathode. A nonevaporable getter pump and an ion
getter pump ensure a vacuum base pressure of 5� 10�11 mbar. A
copper rod is mounted on a Z-drive below the measurement posi-
tion. When inserted, it is placed between the photocathode and the
grid and acts as a pick-up anode to measure the quantum
efficiency.

The grid of 8 mm diameter is surrounded by a molybdenum
(Mo) shield of 64 mm diameter. This enables a better shielding
for the drift tube and a more homogeneous electric field in the
acceleration gap. The incident and reflected light passes through
holes in the Mo shield of 3.5 mm diameter as shown in Fig. 4.
With that, we achieve an illumination angle of 38:7�. However,
the optical path is very sensitive to misalignments.

The light source used at PhoTEx is a 75W Xenon lamp
connected to a monochromator. This allows the illumination of
the photocathode with monochromatic light in the regime of
(400–700) nm with a bandwidth of 5 nm. Three lenses are used to
image an iris aperture onto the photocathode surface with a
demagnification of 10:1. A beam splitter is placed just before the
light enters the vacuum chamber to allow live monitoring of the
optical power as shown in Fig. 5. An identical vacuum window is
placed in this reference light path to achieve the same conditions as
at the photocathode. The spot size of the light beam can be mea-
sured using a beam profiler that is located at the reference light path.
The lens system is adjusted so that the photocathode and the beam
profiler are located at the focal point with a deviation of +2 mm.
The 1σ radius of the Gaussian light spot was measured in this area
and is σ ¼ (43+ 3) μm. Since the photocathode is placed at the

FIG. 3. PhoTEx assembled in the MTE laboratory at HZB.

FIG. 4. Illustration of the analysis chamber of PhoTEx. The 3D model is sectioned for a better visualization. A real image of an electron beam at the detector is shown on
the right. An anode can be moved in from the bottom with a Z-drive for QE measurements.
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focal point, the reflected beam is strongly divergent. Two additional
lenses are used to focus the reflected beam onto the second power
meter to measure the reflectance. The optical density of these lenses
was measured and is considered in the calculation of reflectance.
Neutral density (ND) filters can be placed in the optical path to
reduce the optical power. A reduced optical power leads to a lower
photocurrent and, therefore, reduces space charge effects.

The electrons are very sensitive to external fields due to their
low kinetic energy. The magnetic field strength of the Earth would
already be enough that the electrons are not hitting the detector
anymore. Helmholtz coils are used to compensate external magnetic
fields at PhoTEx. Only the magnetic field components perpendicular
to the velocity are deflecting the electrons. Simulations confirmed
that the longitudinal component of the magnetic field is negligible.
Therefore, only the transverse field components have to be compen-
sated. Two pairs of rectangular Helmholtz coils are placed around
the analysis chamber at PhoTEx. The coils create a homogeneous
magnetic field in the acceleration gap and the drift tube and allow
steering of the electron beam to the center of the detector. The tech-
nical data of the full PhoTEx setup is summarized in Table I.

B. Particle tracking simulation

The assumption of a perfect homogeneous electric field
between the cathode and the grid and a perfect field free drift

region cannot be achieved in reality. The measurement of the MTE
was simulated to quantify the impact of field imperfections and
determine an instrument function to correct for these deviations.

The electric field in the measurement region was simulated
with CST Studio Suite29 on a three-dimensional grid. In Fig. 6 a
constant voltage of 5000 V was applied to the surface of the photo-
cathode. The grid, vacuum chamber, and detector have a potential
of 0 V. In the case of a perfect homogeneous field, we would expect
a constant field strength of 0.5 MV/m between the photocathode
and the grid. As shown in Fig. 6, the field is decreasing from
0.69MV/m at the photocathode surface to 0.38 MV/m at the grid

FIG. 5. Schematic of the optical setup at PhoTEx. Three lenses (L) are used to
image an iris onto the photocathode. Mirrors (M) are used to fold the optical
path. The light enters and exits the vacuum chamber through vacuum windows
(W). An identical window is placed in the reference light path (W3).

TABLE I. Technical data of PhoTEx. Listed are the parameters for the vacuum
system, optics, and magnetic shielding.

Sample holder: Omicron flag style
Base pressure: 5 × 10−11 mbar
Acceleration gap: 10 mm
Drift distance: 300.9 mm
Acceleration voltage: <6.5 kV
Max. E-field: 0.65MV/m
Grid: 11 μm hole size, 55 % open area
Detector: One stage MCP + P43 phosphor screen

Light source: Zolix tunable light source TLS2-X75A-G;
75W Xenon lamp + Monochromator

Spectral regime: (400–700) nm
Bandwidth: 5 nm
Spot size at cathode: 1σ diameter = (86 ± 6) μm
Illumination angle: 38.7�

Magnetic shielding: Helmholtz coils for transvserse directions

FIG. 6. Simulation of the electric fields in the analysis chamber of PhoTEx. The
field between the photocathode and the grid is not perfectly homogeneous. A
good electrical shielding to the drift tube is achieved by the grid and the shield.
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in reality. This will also influence the trajectories of the emitted
electrons and hence the spot size of the electron beam at the
detector.

Electron distributions with a specified MTE were tracked
through the simulated E-fields with the particle tracking algorithm
ASTRA30 to simulate the electron distribution at the detector. The
simulation was performed for a range of different start values, i.e.,
different voltages from 500 V to 6.5 kV, different MTE’s and light
spot sizes at the photocathode surface. Each time, a distribution of
100 000 electrons was tracked through the simulated electric fields
inside PhoTEx. A radial intensity function of the generated detector
image was calculated to determine the beam radius, as described in
Sec. IV C. This simulated measurement Rmeas was then compared
with the theoretically expected value R from Eq. (3). The relation
between the measured value and the expected value is generally
linear, with a gradient of α � 0:87, meaning that R is about 13%
smaller than the measured value. This is due to the imperfection in
the electric fields shown in Fig. 6, which lead to a defocusing of the
electron beam.

The theory in Eq. (3) assumes a point-like emission area of
the electrons, but in reality, the electron distribution at the detector
is a superposition of the transverse energy and the initial spatial
distribution of the electron, i.e., the light spot size at the photocath-
ode surface. Hence, the measured radius is saturating for small
radii. This effect is negligible if the spot size of the electron beam at
the detector is much larger then the light spot at the photocathode
surface. Therefore, the light spot at the cathode should be small. At
PhoTEx, the 1σ radius of the spot at the photocathode surface is
σ ¼ (43+ 3) μm. The simulations showed that this spot size is suf-
ficiently small that the relation between the measured radius and
the expected value can be assumed to be linear. The instrument
function in Eq. (4) was developed to correct the measured radius
for this specific spot size of the illuminating light. The parameters
α and β were found by fitting this function to the simulated data,
where α describes the difference between the expected and mea-
sured radius and β corrects for the extended emission area,

R ¼ α � Rmeas � β,
α ¼ 0:873 β ¼ 1:61� 10�4 m:

(4)

The deviation between the measured and the real value can be sig-
nificantly reduced by correcting the measurement with the instru-
ment function. The remaining uncertainty UR is dependent on the
measured radius and is listed below:

Rmeas , 2:5mm ! UR ¼ 4%,

2:5mm , Rmeas , 11mm ! UR ¼ 2%,

11mm , Rmeas ! UR ¼ 4%:

C. Data acquisition and analysis

1. Spectral response

During a spectral response measurement, the iris aperture can
be opened to increase the optical power and, therefore, improve the
signal-to-noise ratio. A wavelength scan is performed with a step

width of 5 nm, and the optical power Pγ and the photocurrent Ie
are measured simultaneously. The photocurrent is averaged over 20
data points to reduce noise. The standard deviation of the measure-
ments is the largest contribution to the total uncertainty of the
measured QE, especially for low currents. The optical background
power and the darkcurrent are measured and subtracted from the
measurement. The QE is then calculated for each wavelength λ
with Eq. (5).8 Here, Ne is the number of electrons extracted, Nγ is
the number of incident photons, and h and c are the Planck cons-
tant and the vacuum speed of light, respectively,

QE ¼ Ne

Nγ
¼ Iehc

Pγλe
: (5)

2. Reflectance and colorimetry

For a reflectance measurement, the wavelength is scanned
with the monochromator, and the initial and reflected optical
power is measured with two power meters. The reflectance is calcu-
lated from the ratio of both measurements. Here, also the transmis-
sion of the viewport and lenses used to focus the reflected beam
onto the second power meter are taken into account.

From the measured reflectance curve, the color of the photo-
cathode can be derived using the CIE 1931 color space. It is merely
a distinct mode of presentation and does not possess more infor-
mation. However, it is a good way to make the reflectance data
more tangible, as it corresponds to our human perception. With
this method, the color of the photocathodes can be studied in a sys-
tematic way. It may provide valuable insights into the homogeneity
of the photocathode film and could facilitate a preliminary assess-
ment of the photocathode quality in the future.

The tristimulus values X, Y , and Z are calculated from the
measured spectral reflectance Rλ using the CIE color-matching
functions �x, �y, and �z and the spectral power distribution S of a
specified illuminant using Eq. (6).31 The sum is performed from
400 to 700 nm in steps of 5 nm. The standard illuminant D65 and
the CIE 1931 color-matching functions for a 2� observer are used
for our data analysis.32,33 k is a normalization constant such that 1
is the maximum value for Y ,

X ¼ k
X
λ

SλRλ�xλ,

Y ¼ k
X
λ

SλRλ�yλ,

Z ¼ k
X
λ

SλRλ�zλ,

k ¼ 1X
λ

Sλ�yλ
:

(6)

The tristimulus values can be converted to the sRGB color space
for display on computer screens.

3. Mean transverse energy

The MTE can be determined with Eq. (3), with R being the
root-mean-square radius of the electron beam. For the measure-
ment, a data image is taken with the detector camera and corrected
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by subtraction of a dark image. The dark image is taken without
illuminating the photocathode but with the same exposure time
and applied voltages. A mask is applied to remove all pixels outside
the detector area. A 3D Gaussian fit is applied to the resulting
image with an independent variance in both directions. The radius

of the electron distribution is then given by R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
x þ σ2

y

q
. This

formula reduces to R ¼ ffiffiffi
2

p
σ with σ ¼ σx ¼ σy as we expect a

radial symmetry. From the 3D Gaussian, the center of the distribu-
tion is known. A radial intensity function (RIF) is calculated by
averaging the intensity of all pixels with equal distance to the
center to reduce noise. A Gaussian fit is applied to the RIF and the
radius is determined as described in Eq. (7). The conversion factor
fc is used to convert the number of pixels into a distance,

R ¼ ffiffiffi
2

p
σ � fc: (7)

A detector image and the associated RIF are shown in Fig. 7. The
resulting radius is corrected by the instrument function Eq. (4)
derived in Sec. IV B. The total uncertainty of the radius is given by
the uncertainty of the instrument function discussed above, the res-
olution of the detector, the fit uncertainty of the RIF, and the
Davisson–Calbick lens effect. The latter describes the deflection of
an electron at the edge of a hole at the copper grid due to the
bending of electric fields. This angle deviation can be described
with Eq. (8).34,35 Here, D is the width of a grid cell and g is the dis-
tance between the photocathode and the grid,

Θ ¼ D
8g

: (8)

The deviation at the detector is then given by ΔR2 ¼ tan (Θ)d, with
d being the distance between the grid and the detector. The
Davisson–Calbick effect is not randomly distributed but primarily
leads to an increase in the measured radius. Therefore, this effect is

linearly added to the total uncertainty of the radius
ΔRtot ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔR2

1 þ ΔR2
3 þ ΔR2

4

p þ ΔR2, to avoid an underestimation of
the uncertainty.

The MTE can be determined in two different ways. It can be
calculated as a single shot measurement by directly inserting the
measured radius in Eq. (3). Nevertheless, the single shot measure-
ment is subject to a high degree of uncertainty. A more profound
measurement can be done with a voltage scan. In this case, the
radius at the detector is measured as a function of the applied
voltage at the photocathode. The MTE is determined by fitting the
data with Eq. (9). The MTE is the only fit parameter since voltage
U , distances g and d, and the electron charge e are known,

R ¼ (2g þ d)

ffiffiffiffiffiffiffiffiffiffi
MTE
Ue

r
: (9)

The uncertainty of the radius is taken into account in the fit and is
reflected in the uncertainty of the fit parameter. The uncertainties
due to voltage ΔU and distances Δg and Δd are considered sepa-
rately. The contribution of these values to the uncertainty of MTE
is calculated for each single measurement of the voltage scan. The
maximum value is added to the uncertainty of the fit parameter by
Pythagorean addition to give the total uncertainty ΔMTE. All dif-
ferent error sources are summarized in Table II.

V. TRIPLE EVAPORATION Na–K–Sb PHOTOCATHODE

A. Growth procedure

After the commissioning of the new growth chamber, a Na–
K–Sb photocathode was grown with the triple evaporation
approach for the first time at October 15, 2024. This photocathode
will be referred to as TWH013 in the following. A full molybde-
num plug was inserted to the preparation system, degassed, and
cleaned with argon sputtering. Before the growth, the deposition
rate of all three sources was measured with the QCM to be
0:011Å/s for Sb, 0:029Å/s for Na, and 0:19Å/s for K.

In Fig. 8, we show the growth procedure. The sample stage
was heated to 100�C, and the shutters of the Sb, K, and Na sources
were simultaneously opened at t ¼ 0 min. No increase in the pho-
tocurrent could be observed within the first 60 min. Therefore, the
stage temperature was increased to 110 �C after 65 min, to enhance
the chemical reaction of the materials. Shortly after, the photocur-
rent started to increase. The vacuum pressure during deposition
was stable at 2� 10�9 mbar. The laser power was reduced with an

FIG. 7. The radial intensity function (RIF) on the right is calculated from an
image of the detector camera shown on the left. A conversion factor is applied
to convert the number of pixels to a distance.

TABLE II. Overview of all considered error sources and their related uncertainty.

Detector resolution: ΔR1 = 25 μm
Davisson–Calbick effect: ΔR2 = 41 μm
Uncertainty RIF: ΔR3
Uncertainty instrument function: ΔR4 =UR

Uncertainties distance: Δd = 0.3 mm
Δg = 0.1 mm

Uncertainty voltage: ΔU = 0.1% of measured value
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additional ND 0.5 filter after 112min to lower the extracted charge
during the growth. The dips after 105 and 111min are caused by tem-
porarily switching off the power supply for the photocurrent measure-
ment to check the darkcurrent and the photo response. At the end of
the deposition, after 145min, the shutters were opened and closed to
maximize the photocurrent. Closing the alkali shutters reduced the
photocurrent indicating an alkali deficiency, so they were opened
again. The sample temperature was reduced, and the Sb source was
closed 12min later. After 175min, the alkali shutters were closed, and
the heaters of the sources were turned off. While cooling down, the
QE further increased and stabilized at QE = 5.5% at 520 nm. The pho-
tocurrent was monitored over night showing a 1=e lifetime of 64 h.

In Fig. 9, we show the spectral response measurement of
TWH013. One day after growth, QE = 3.7% was measured at
520 nm (2.38 eV). An XPS measurement of the photocathode was
done, showing that the antimony was not fully reacted with respect
to the Sb 3d core level. A detailed study on the XPS data will be
published elsewhere. After the XPS measurement, the QE was
decreased to 0.7%. The photocathode was then moved into the
vacuum suitcase and transferred to PhoTEx.

B. Characterization at PhoTEx

The photocathode TWH013 was transferred to PhoTEx for
the commissioning of the instrument. The spectral response of the
photocathode was regularly measured and is shown in Fig. 9. The
first curve was measured in the preparation chamber of the photo-
cathode laboratory one day after the growth on October 16, 2024.
An increased pressure occurred during the transfer with bursts up
to high 10�9 mbar for 1.5 h when moving the transfer arm. This
leads to a reduced quantum efficiency of just QE = 0.04 % at
2.38 eV. Note that the recipe was not yet optimized for a long life-
time. The growth recipe is currently being optimized, and the
vacuum suitcase and load locks are being improved to optimize the
vacuum conditions during the transfer.

After the transfer, the quantum efficiency further decreased
with a 1=e lifetime of just few hours but stabilized at a QE in the
10�6 range due to the excellent vacuum conditions at PhoTEx.
After 7 weeks, there was still a detectable photocurrent. Together
with the decrease in QE, the effective workfunction appears to shift
toward higher energies. Nevertheless, the high sensitivity of
PhoTEx allows the measurement of the quantum efficiency down
to QE ¼ 1� 10�6.

Along with the spectral response, the reflectance was measured
for an angle of incidence of 38:7�. As the reflectance changes less
than the QE, only a selection of the measurements is shown in
Fig. 10. From the reflectance curves, the color of the photocathode

FIG. 8. Growth procedure of the photocathode TWH013. An increase of the
photocurrent started shortly after the sample stage temperature was increased
to 110 �C. Besides the photocurrent/QE, also the temperatures and the vacuum
pressure are shown. The photocurrent was measured at 520 nm.

FIG. 9. Spectral response curve of the photocathode TWH013. The first curve
was measured in the preparation system. The other curves were measured at
PhoTEx.

FIG. 10. Reflectance curves of the photocathode TWH013. From the reflec-
tance, the color was determined using the CIE 1931 color space. The reflec-
tance and color of the pure molybdenum plug were measured as a reference.
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was determined as described above. The photocathode becomes
slightly brighter and more purple as it ages. The reflectance of the
pure molybdenum at the edge of the plug was also measured as a
reference. The XYZ and sRGB values are listed in Table III.

The MTE was measured 67 days after the growth of the pho-
tocathode, on December 22, 2024. A first voltage scan ranging
from 600 to 6500 V with steps of 100 V was performed at 450 nm
(2.76 eV). The voltage of the MCP was adjusted during the scan to
ensure uniform brightness of the images with a fixed exposure time
of 1 s. The Helmholtz coils were used to steer the beam to the
center of the detector. The scan is shown in Fig. 11 and results in a
measured value of MTE = (135.4 + 1.6) meV. This corresponds to
a relative uncertainty of 2%. Each of the 61 measured points was
also analyzed as a single shot measurement using Eq. (3). All single
shot measurements agree with the voltage scan within the limits of
uncertainty. Nevertheless, the uncertainties of the single shot mea-
surements are significantly larger, ranging from 6% up to 15% for
small electron beam radii at the detector. An optical power of
Pγ ¼ 28 nW was used for this measurement. Together with the
known QE, the average number of electrons in the system Ne can
be determined with Eq. (10). The electron flight time τ is given by

the system parameters g, d, and U , the electron mass me, and
charge e. The initial longitudinal velocity of the electron vz0 is
small compared to the acceleration and can be neglected for rough
approximation,

Ne ¼ I
e τ ¼ QE Pγλ

hc τ,

τ ¼ � gmevz0
Ue þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gmevz0
Ue

� �2þ 2g2me

Ue

q
þ dffiffiffiffiffiffiffiffiffiffiffi

v2z0þ2Ue
me

p :
(10)

In the best case, the number of electrons in the system at the same
time Ne should be close to 1 to avoid electron–electron interaction.
With a current of I ¼ 2� 10�11 A and Ne ¼ 1:5, we do not expect
any space charge effects. In the case of a photocathode with higher
QE, the optical power should be attenuated using ND filters.

Additionally, the MTE was measured as a function of the
wavelength from 400 to 530 nm. For longer wavelengths, a full
voltage scan is no longer possible due to the low remaining
quantum efficiency of the photocathode. Therefore, PhoTEx is able
to measure the MTE up to a QE of about 0.001%. For each wave-
length, a voltage scan from 700 to 6500 V with a step width of
200 V was performed to determine the MTE. The data are plotted
in Fig. 12 as a function of the photon energy. This presentation
allows an easy determination of the effective workfunction by
fitting the data with a linear function. The effective workfunction
feff is the barrier, and the electron has to overcome in order to get
emitted.11 In a first-order approximation, we expect MTE = 0meV
when the excitation energy is equal to feff as stated in Eq. (2).
From the linear fit, we obtain feff ¼ 2:0 eV.

Maxson et al. measured the MTE of a sequentially deposited
Na–K–Sb photocathode on a stainless steel substrate to be 134 meV
at a wavelength of 532 nm.36 The results presented here are signifi-
cantly smaller with (60+ 2) meV at 530 nm. However, the
TWH013 photocathode was measured at an aged state. As shown
in Fig. 9, the aging leads to a shift in the work function toward

FIG. 12. Wavelength scan of photocathode TWH013. The data can be fitted
with a linear function to determine the effective workfunction feff ¼ 2:0 eV.

TABLE III. Colorimetry data of the photocathode TWH013 measured at 38:7� angle
of incidence.

2024-10-17 XYZ = 0.071; 0.073; 0.180
sRGB = 45; 77; 117

2024-12-03 XYZ = 0.100; 0.097; 0.231
sRGB = 69; 86; 131

Molybdenum XYZ = 0.452; 0.463; 0.492
sRGB = 188; 178; 179

FIG. 11. Voltage scan of the photocathode TWH013 to measure the MTE at
450 nm. The electron beam radius at the detector is measured as a function of
the bias voltage at the cathode and fitted with Eq. (9). From the fit parameter,
the MTE can be determined to be MTE ¼ (135:4+ 1:6) meV.
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higher energies and, therefore, reducing the MTE. In the range con-
sidered by the wavelength scan, the MTE is already tending toward
the thermal limit. The slope of the linear function is, therefore,
smaller then the expected value a ¼ 1=3, which has already been
observed in earlier studies, and the calculated effective workfunc-
tion is underestimated.37 This has to be compared with other, less
aged photocathodes in the future.

VI. CONCLUSION

A new preparation chamber was set up at the photocathode
laboratory at HZB. The system was upgraded with effusion cells for
the alkali metals and a thermal cracker cell for antimony. As a
result, more photocathodes can be grown without changing the
sources, which improves the base pressure of the vacuum system
and the reproducibility of the photocathode recipes as well as the
time required for the preparation and growth of the photocathodes.
All three sources are now pointed at the same position, allowing
photocathode growth using the triple evaporation method, where
all three materials are deposited simultaneously.

The novel characterization system PhoTEx is able to measure
the MTE, QE, reflectance, and lifetime of the photocathodes.
PhoTEx is an instrument allowing the measurement of all physical
key parameters in one compact setup without moving the sample.
This is of major importance, as any transfer to another system may
harm the photocathode. PhoTEx allows characterization of the
photocathodes in the full visible regime. The spectral resolved mea-
surement of the reflectance enables the study of a new parameter:
the color of the photocathode. The color has already been subject
of much discussion in the photocathode community, to allow an
easy first assessment of the photocathode quality. For the first time,
the photocathode colorimetry allows a systematic analysis of this
parameter. The high resolution of PhoTEx allows the characteriza-
tion over a long period of time. The QE can be measured down to
QE ¼ 1� 10�6 and the MTE up to an efficiency of at least
QE ¼ 1� 10�5. The MTE can be measured by a single shot mea-
surement or a voltage scan. Since the voltage scan consists of
several measurements, the uncertainty is significantly smaller with
this method.

After commissioning, a triple evaporation photocathode was
grown with the new preparation system. To the best of our knowl-
edge, we give the first detailed description of the Na–K–Sb triple
evaporation growth procedure. Directly after growth, the photo-
cathode reached a QE of 5.5% at 520 nm. The photocathode was
transferred to PhoTEx and analyzed for more then 2 months. The
degradation of the quantum efficiency, reflectance, and colorimetry
was studied at PhoTEx. The MTE was measured with two different
methods, and both results agree with each other within the limits
of uncertainty. Overall, all measurements are self-consistent and
provide a credible dataset.

In the future, PhoTEx will be used to routinely study the pho-
tocathodes grown at HZB regarding their QE, MTE, and lifetime.
This will help to further improve the photocathode recipes at the
new triple evaporation growth system. Together they form the basis
of new photocathodes with high QE and low MTE, which are
crucial for the generation of high-brightness electron beams at
existing and future accelerator facilities.
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