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With their high quantum efficiency (QE) and excellent photoemissive properties, cesium telluride
(Cs-Te) photocathodes are the current workhorse in the high average current electron accelerators around
the globe. Their ability to generate high brightness and high charge electron beams has opened the doorway
to numerous applications, including fundamental particle physics research, radiation therapy, high-energy
physics experiments, and high repetition rate free-electron lasers (FELs). Their long-term performance is
critical. In this work, we analyze the systematic production and rejuvenation of photocathodes via thermal
evaporation and deposition techniques (both sequential and co-deposition), showing excellent values of
QE exceeding 20% using deep ultraviolet illumination (4 = 262-266 nm). To extend the photocathode
lifetime, the rejuvenation process is performed via multilayer thin-film co-deposition, demonstrating the
feasibility of reliably recovering the initial QE even after air exposure. We evaluated their final performance
in both high gradient dc and rf gun setups and obtained consistent results of QE and lifetimes. The
technique can be used in situ at the gun level, which significantly extends the sustained accelerator
operation without major interventions. These approaches significantly enhance the robustness and
performance of Cs-Te photoinjectors and represent a significant advancement for reliable high average

current electron accelerators and FELs.
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I. INTRODUCTION

The advancement of the photocathode technology is
critical for a multitude of advanced lepton accelerator
applications. High brightness and high current electron
beams are particularly necessary for hadron cooling [1],
high average power x-ray free electron lasers (FELs) [2,3],
FEL-based extreme ultraviolet lithography machines [4],
y-ray sources [5], electron diffraction microscopy [6,7] or
FLASH radiation therapy [8], and among many others. In
these applications, the electron bunch charge and brightness
are to some extent determined by the photocathode charac-
teristics and the electric field applied to its surface [9].

Traditionally, the photoemission from metallic surfaces
has been widely utilized for electron bunch generation in
accelerators. The main advantages are in their robustness
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and their overall lifetime. However, their low quantum
efficiency (QE)—of the order of 10~>—limits significantly
the average current achievable in RF photoinjectors [10].
The limitation is mainly caused by a combination of metal
damage threshold and stringent requirements for laser
average power. For these reasons, next generation photo-
injectors used in the high performance electron acceler-
ators, such as the recently commissioned high repetition
rate FELs [11,12] are equipped with semiconductor photo-
cathodes. Recently, plasmonic photocathodes have shown
promise as a viable alternative solution by enhancing the
QE of metallic substrates by orders of magnitude [13-15],
although their performance in accelerators remains to
be seen.

High QE semiconductor thin films enable the production
of high bunch charge and high average current simulta-
neously with moderate laser requirements, and depending
on the choice of material they can operate at convenient
wavelengths in the visible and near-IR spectral range
[16,17]. Compared to metallic photocathodes, they present
a QE many orders of magnitude superior (with QE of up
to 20% and beyond). Unfortunately, they are chemically
highly reactive, which imposes demanding ultra high-
vacuum (UHV) conditions in the 10~ mbar range and
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below [18]. Cesium telluride is perhaps the most widely
used semiconductor due to its balanced characteristics in
terms of high QE, relatively long lifetime, and resistance to
chemical contamination compared to other similarly per-
forming semiconductors.

The main causes of QE degradation include electric
breakdowns, contamination with oxygen and other chemi-
cal species (mainly CO, and H,0), and laser induced
damage to the thin film. When the Cs-Te thin films are
degraded, their replacement inevitably requires in-vacuum
exchange, which can result in operational interruptions for
an accelerator complex. An alternative to photocathode
replacement is rejuvenation, a topic that has been poorly
studied but can provide a viable pathway to extend the
sustained operation of the accelerator. Previous attempts
included the cleaning of metallic photocathodes with laser
or hydrogen beams [19,20], or heating the photocathode
substrate to around 150-200°C [21], which redistributes
the Cs due to diffusion while being illuminated with deep
ultraviolet (DUV) light [22]. An interesting alternative
for extending the lifetime consists of protecting the
photoemissive layer with additional thin films, such as
graphene [23-25]), which has shown promising results but
complicates further the fabrication process.

Most Cs-Te photocathodes reported in the literature were
produced by sequential thermal evaporation and deposition
of Te and Cs following the recipe proposed by Di Bonna
et al. [26]. This recipe results in a reliable QE ranging from
5% to 10% under DUV illumination [27-31]. In contrast,
the co-deposition process involves the formation of Cs-Te
molecules in the gas phase before their subsequent depo-
sition onto the metallic substrate [32]. This technique is
more complex since it requires accurate and real-time
monitoring of the QE as well as Cs and Te flow rates
during production to achieve the optimal stoichiometry
ratio between elements. The advantage, however, is that
this process often results in higher QE and lower thin-film
roughness [33-35]. Lower roughness further improves
the intrinsic emittance and ultimately facilitates the
enhancement of the electron beam brightness [36,37].
It is worth mentioning that epitaxial thin-film growth
techniques may be beneficial for Cs-Te photocathode
preparation, as it has been already shown for alkali-
antimonide photocathodes [38].

Cs-Te photocathodes are usually prepared using evap-
orators of Cs and Te as shown in Fig. 1(a). With this setup,
we investigate two different approaches to rejuvenate
photocathodes: First, the rejuvenation by producing new
co-deposited Cs-Te photoemissive layers on top of the
degraded ones [Fig. 1(b)], a technique explored for the first
time to the best of our knowledge in this work. Second,
the rejuvenation by sequential deposition over multiple
Cs-Te layers by adding a 15 nm layer of Te followed by
40 nm of Cs [Fig. 1(c)], a strategy that has been performed
in situ at the gun level multiple times at the CERN
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FIG. 1. (a) Typical arrangement of Cs and Te dispensers

and quartz microbalances (thickness monitoring) for Cs-Te
production via co-deposition. (b) Rejuvenation strategy via co-
deposition of Cs-Te photoemissive layers over degraded ones.
(c) Rejuvenation strategy via sequential deposition where a new
Te layer is deposited on top of the degraded Cs-Te film followed
by a new Cs layer.

CLEAR facility [39]. We measured the performance of
both approaches in terms of maximum achievable QE.

II. Cs-Te CO-DEPOSITION

For the co-deposition experiments, the Cs-Te photo-
cathodes were prepared at the CERN Photoemission
Laboratory in a custom-made preparation chamber under
UHV conditions (maintained under 10~'° mbar, reached
after a typical bake-out procedure starting from air pres-
sure). At room temperature, Cs and Te are known to form
a variety of stable Cs,Te, compounds. In this paper, we
designate generally these compounds as Cs-Te, independ-
ently of their stoichiometry ratio. The substrate consisted of
a 19-mm diameter top surface oxygen-free electronic grade
copper plug (oxygen content < 0.0005%) polished to a
surface roughness of Ra < 0.02 pm.

The preparation chamber is equipped with Cs and Te
dispensers, which can be simultaneously powered for
thermal co-deposition and two quartz microbalances for
in situ thickness monitoring, equidistant from the dispens-
ers, and the plug surface (partially shielded from each other
for quasi-independent thickness reading of each material).
However, since the deposited thicknesses were not cali-
brated during the experiments, the values reported here are
the best estimates. At the evaporation position, the photo-
cathode plug is mounted into a receptacle equipped with an
rf-oven, which serves for substrate heating (although the
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FIG. 2. Schematic layout of the CERN Photoemission Laboratory setup including a preparation area where the Cs-Te photocathodes
are produced via co-deposition and a characterization beamline for electron beam acceleration with a dc photoelectron gun.

Cs-Te photocathodes presented here were produced at room
temperature) and is surrounded by a circular anode biased
at 1 kV with respect to the plug surface. The anode allows
for real-time monitoring and optimization of the generated
photocurrent (and relative QE) during the co-deposition
process, driven by a DUV (1 = 266 nm) nanosecond pulse
laser beam. The produced photocurrent and driving laser
pulse energy are continuously monitored in every single
shot. A schematic of the preparation area is shown in Fig. 2.

The first step of the production process consists of
ramping up the Te dispenser power supply until an
evaporation rate of around 0.1 nm/min is reached. This
rate is kept constant for the remaining of the growth
process. Next, the Cs dispenser power supply is ramped
up immediately after Te evaporation rate is fixed. Once
Cs starts to be evaporated, the flow rate is progressively
increased by manually adjusting the power applied to the
dispenser, trying to maximize the generated photocurrent
and therefore the relative QE. Figure 3 displays the
relationship between the Cs-Te estimated stoichiometric
deposition ratio and the relative QE for two fresh Cs-Te
[identified as photocathodes (A) and (B)] as well as their
rejuvenation using the co-deposition technique. The stoi-
chiometric deposition ratio # was estimated using the
following equation:

p(Cs)#(Cs)m(Te)
p(Te)t(Te)m(Cs)’

(1)

]/I:

where p and m are the material density and atomic mass,
respectively, and ¢ the tellurium and cesium deposited
thicknesses, which were estimated from the raw data taking
into account the microbalances crosstalk and their accuracy.
The relative production QE values displayed in the plot
were scaled appropriately after measuring the QE with the
dc gun characterization beamline depicted in Fig. 2. Right
after fabrication, the plugs were directly transferred to the

beamline and consecutive QE measurements verified that
the performance was not degraded during transport from
one chamber to the other one within the setup. The
acceleration of electron bunches was produced with a
potential of 65 kV which led to an electric field amplitude
of 6.5 MV/m at the photocathode surface. To drive the
photoemission process, a linearly polarized DUV laser
beam at 1 =266 nm, 5 ns pulse duration, and 10 Hz
repetition rate was directed to the active photocathode
surface via an in-vacuum mirror with an incidence angle of
5° with respect to the surface normal. Four solenoids
provided focusing along the electron beamline, and the
electron bunch charge was monitored simultaneously by a
wall-current monitor and a Faraday cup.

In the case of photocathode (A), the QE moderately
increases for a relatively low Cs-Te stoichiometric
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FIG. 3. Evolution of the relative QE measured during the co-

deposition fabrication process of Cs-Te photoemissive layers as a
function of the Cs-Te estimated stoichiometric deposition ratio
under DUV laser illumination (4 = 266 nm).
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deposition ratio of 1 and then exhibits a prominent increase
for a higher Cs-Te ratio. The Te rate was set to a fixed value
of 0.07 nm/min. For a stoichiometric deposition ratio
slightly above 2, the QE is clamped at its maximum value,
reaching a value of almost 25%, which is one of the highest
reported to date using DUV laser wavelength. The total
accumulated thickness of Cs and Te thin films were 43.7,
and 3.24 nm, respectively, leading to a final estimated
stoichiometric deposition ratio of almost 4. However, the
measurement results show that an estimated ratio of 2.3 was
optimal to maximize the QE.

In the case of photocathode (B), a similar approach was
followed, but slightly higher Te and Cs evaporation rates
were employed (fixed at 0.12 nm/min for Te), leading
therefore to a steeper increase in the stoichiometric dep-
osition ratio. The QE value showed a prominent growth to
12% when a Cs-Te ratio of 1 was reached, but when the
ratio was further increased, the slope was diminished
considerably to finally stabilize at a QE value of 16%.
For this photocathode growth conditions, the total accu-
mulated Cs and Te thicknesses were 59.2 and 4.26 nm,
respectively, leading again to a final stoichiometric depo-
sition ratio nearly of 4. This fabrication process also
evidences that a stoichiometric deposition ratio higher
than 2.3 does not suppose any advantage in terms of
maximizing the QE.

A. Rejuvenation process

After fresh production, both photocathodes (A) and (B)
were used at CERN’s AWAKE experiment rf gun for
different periods of time. The transport after fabrication was
performed using a custom transport carrier vacuum vessel,
which ensured photocathode storage under UHV condi-
tions (pressure < 107'° mbar). Both photocathodes were
stored for approximately 4 years before being deployed at
AWAKE. Photocathode (A) was used for 9 months before
being accidentally exposed to air. Photocathode (B) was
used for 2 years until it was replaced and stored in the
transport carrier under UHV. Both photocathodes were
transported back to the CERN Photoemission Laboratory
where the rejuvenation process was conducted.

Before starting the rejuvenation process, the QE of
both photocathodes was measured in the characterization
beamline, similar to when they were newly prepared.
Photocathode (A) QE was measured to be <0.01%,

confirming that the air exposure greatly degraded the
photoemissive layer. This QE is similar to that of bare
copper. The used photocathode (B) QE was found to be
degraded down to 0.16% probably due to continuous use.
The specific factors leading to degradation might include
contamination with oxygen and other chemical species,
laser induced damage, or the formation of metallic Te
clusters [17,40].

In the case of photocathode (A), it was attempted to
exactly replicate the highly successful original fabrication
process leading to a QE of 25%. However, the Te
evaporation rate during the rejuvenation was fixed to an
excessively high rate of 0.12 nm/min, and consequently,
the Cs deposition rate required to maintain an optimal
stoichiometric deposition ratio was hard to control pre-
cisely. Figure 3 shows that while the first part of the growth
exhibited a similar trend up to a stoichiometry ratio of
approximately 1, further increasing the ratio did not
produce the same QE increase as in the original fabrication
and the maximum obtained was 14%. The total accumu-
lated Te and Cs thicknesses were 62 and 5.59 nm,
respectively, while the final stoichiometric deposition ratio
was 3.27. Again, the QE was clamped to its maximum
value once the ratio of 2.3 was reached. For photocathode
(B), the initial conditions for rejuvenation were different
since the Cs-Te photoemissive layer was still present. The
measurement of the QE before rejuvenation yielded a value
of QE ~ 0.2%, and it is assumed that it was never exposed
to any contaminants. Here with significantly less evapora-
tion of Cs, we were able to recover up to 95% of its original
QE with a stoichiometric deposition ratio of 1.24, also
shown in Fig. 3. Table I presents a summary of the main
growth parameters and photoemissive performance for
each photocathode initial fabrication and rejuvenation.

B. QE spatial homogeneity

To spatially characterize the homogeneity of the
fresh and rejuvenated cathodes, the DUV laser beam
was focused to a spot size of approximately 2 mm
(FWHM) onto the surface of the photocathode and rastered
using a motorized mirror while simultaneously measuring
the generated charge, thus allowing QE mapping. The
spatial QE analysis of fresh photocathodes (A) and (B) is
presented in Figs. 4(a) and 4(b). The measurements showed
that photocathode (A) performed better in terms of QE

TABLE I. Summary of fabrication and QE for photocathodes (A) and (B) before use and after rejuvenation.
Fixed Te rate Stoichiometry
(nm/min) Te thickness (nm)  Cs thickness (nm) ratio Max. QE (%)
Photocathode (A) 0.07 3.24 43.7 3.93 25
Photocathode (B) 0.12 4.26 59.2 3.91 16
Rejuvenated (A) 0.12 5.59 62 3.27 14
Rejuvenated (B) 0.12 5.17 22.8 1.24 15

023401-4



FABRICATION AND REJUVENATION OF HIGH ...

PHYS. REV. ACCEL. BEAMS 27, 023401 (2024)

Photocathode (B)

Rejuvenated (A)

0
X (mm)

# —— Photocathode (A) \::
Rejuvenated (A)
—— Photocathode (B)
Rejuvenated (B)

Rejuvenated (A) ¢
Rejuvenated (B) i

1 2 3

X (mm) UV pulse energy (uJ)

FIG. 4. 2D colormaps showing the distribution of the measured QE over the surface of: (a) fresh photocathode (A) using a pulse
energy (4 =266 nm) of 58 nJ, (b) fresh photocathode (B) at 66 nJ, (c) rejuvenated photocathode (A) at 37 nJ, and (d) rejuvenated
photocathode (B) at 187 nJ. (e) Averaged line-outs extracted from the QE maps for the values measured in a section of X = 4+2 mm.
(f) Photoemissive behavior analysis showcasing the electron beam charge as function of the UV pulse energy measured for the
rejuvenated photocathodes (A) and (B) in the dc gun characterization beamline. The QE maps were obtained at a resolution of one data

point per mm?

current monitor acquired at a laser repetition rate of 10 Hz.

(showing a maximum QE up to 25% at 58 nJ UV pulse
energy). Photocathode (B) showed an original QE of
about 16% at 66 nJ pulse energy and displayed a highly
homogeneous QE spatial distribution. Compared to the
Cs-Te photocathodes reported in the literature (where the
typical maximum QE is around 10%), the performance of
both (A) and (B) photocathodes could be considered
outstanding and matching well the optimum expected
values for co-evaporated Cs-Te [33].

The QE characterization of the rejuvenated photocath-
odes is shown in Figs. 4(c) and 4(d). The rejuvenated
photocathode (A) presented a maximum QE of 14% which
represents a 56% of its initial QE value but with a rather
inhomogenous QE spatial distribution. In the case of the
rejuvenated photocathode (B), it can be observed that a QE
of up to 15% was measured and therefore 95% of the
original QE was restored through the rejuvenation process.
The overall QE spatial distribution retrieved exhibits a
higher degree of uniformity compared to that of the
rejuvenated photocathode (A). Figure 4(e) shows averaged
line-outs of a 4 mm control band across the surface of the
QE extracted from the 2D maps to allow a comparison
between the produced photocathodes before and after
rejuvenation. The charge produced at the center of the
photocathode as a function of impinging DUV pulse
energy is presented in Fig. 4(f), where it is shown that

area, while each data point consisted of 20 consecutive readings of the electron beam charge measured with the wall

a very high bunch charge of up to 50 nC could be easily
obtained with the rejuvenated photocathodes under pJ
pulse energy illumination.

C. Performance in an rf gun

As described before, subsequent to their initial fabrica-
tion and characterization, the photocathodes have been
used at the AWAKE experiment 1f photoelectron gun [41].
The gun is equipped with a load-lock system to load the
UHV transport carrier and insert the photocathodes pro-
duced at the Photoemission Laboratory. The photoinjector
consists of an S-band rf gun and a traveling wave booster
structure producing electron beams with an energy of
1620 MeV (using a 3 GHz, 2.5-cell 1f gun and a 1-m-
long booster structure [42]. The maximum accelerating
gradient is set to 79.6 MV /m at the photocathode surface
to accelerate the electron bunches to an energy of 5.3 MeV
out of the rf gun [43].

The electron bunch generation in the rf gun is driven by a
UV beam generated by the AWAKE main laser system,
which comprises a mode-locked fiber laser oscillator
locked to an rf reference, a pulse stretcher, a series or
Ti:Sapphire multipass amplifiers, and two separate grating
pulse compressors (one dedicated to the ionizing beam and
a second one for generating the UV pulses for electron
beam production). A small fraction of the initial laser power
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is frequency tripled to a wavelength of 262 nm and sent via
an off-axis mitror to the photocathode surface at a repeti-
tion rate of 10 Hz, with energy up to 10 pJ and a variable
pulse duration which in most of the experiments was set to
1.2 ps (FWHM) [42].

Figure 5 shows the commissioning results of photo-
cathode (A) at AWAKE in March 2023, showcasing a QE
up to 25% at low charges (UV energies below 15 nJ) and
therefore limited space-charge effects. The QE is usually
lower than the nominal maximum QE as it is subjected to
saturation and space-charge effects, while in optimal
conditions they would be approximately equal. Under
saturation conditions (i.e., UV pulse energies higher
than 15 nJ, which correspond to fluences higher than
approximately 1.3 pJ/cm?), the QE was measured to be
well above 12% as shown in Fig. 5(b). Photocathode
(B) commissioning results at AWAKE rf gun showed a
maximum measured QE of 12%, which then decayed down
to less than 1% after 2 years of heavy use. The commis-
sioning results show that the QEs at AWAKE are well
matched to the QE measured with the dc gun.

Apart from the QE, the emittance of both photocathodes

was analyzed multiple times during the AWAKE
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FIG. 5. (a) Characterization of the electron beam generation at

AWAKE experiment rf gun showing the bunch charge as function
of the UV pulse energy (4 =262 nm) delivered to the photo-
cathode surface and (b) the measured quantum efficiency as
function of the laser fluence for the fresh photocathode (A),
surpassing 25%.

experiment runs [44,45]. The best emittance results were
obtained with each photocathode when using the typically
needed bunch charge of 300 pC, UV pulse energy of
100 nJ, and a laser beam spot size of 300 pm, yielding a
normalized emittance value of less than 1 mm mrad for an
electron bunch energy of 5.5 MeV. The bunch duration was
estimated to be around 2 ps [42].

III. IN SITU SEQUENTIAL DEPOSITION

The second strategy for Cs-Te rejuvenation has been
carried out in situ at the gun level in the CLEAR facility at
CERN during the last 6 years. Here the photoinjector is
equipped with an independent vacuum section behind the
gun that can be isolated. This dedicated chamber includes
Cs and Te dispensers as shown in Fig. 6. The Cs-Te
photocathode is produced in a so-called blind deposition
since there is no QE online monitoring. The deposited
thickness of each element can be monitored with a single
quartz microbalance. The fresh fabrication followed the
standard recipe proposed by di-Bona et al [26] and
consisted of the deposition of a Te 15 nm film followed
by a 40 nm Cs film. The rejuvenation processes consisted
of repeating the same sequential deposition on top of the
used Cs-Te photoemissive layer. No substrate heating was
performed during the sequential depositions. The sequen-
tially deposited photocathodes are used at CLEAR CERN
facility, which consists of an S-band rf photoinjector and
three S-band accelerating structures followed by a 20 m
long experimental beamline [46]. The electron bunch is
driven by a UV beam produced by a home-built all-solid-
state Nd:YLF system. This laser system is composed of
oscillator and preamplifier, main amplifier, and frequency

UV beam

Sector valve  rf gun conditioning

Preparation chamber
(retracted)

Manipulator

Thickness
E monitor

o / Copper
Compact in situ plug
sequential evaporator

dispensers

FIG. 6. Computer aided rendering of the CLEAR accelerator
photoinjector showing the retractable preparation chamber where
in situ rejuvenation is performed. Inset: Illustrative scheme of the
miniature evaporators for the rejuvenation processes carried out
in the copper photocathode plug.
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FIG. 7. Yearly evolution of the QE at CERN’s CLEAR facility
after the initial fresh sequentially deposited Cs-Te photocathode
and three consecutive rejuvenations carried out when the QE was
measured to be below 0.5%.

quadrupling stage. The UV laser source is centered at
A =262 nm, with a laser pulse energy up to 1.5 pJ per
pulse, pulse duration of 4.7 ps, and variable repetition rate
from 0.83 to 10 Hz [47].

The achieved rejuvenated QE results are presented in
Fig. 7. The initial QE of 7.5% decayed with use down to
0.5% after almost 3 years of operation. At that point, the
first rejuvenation was carried out and the measured QE was
restored to a value of 4%, which decayed again to about
0.5% after 1 year of intense use. Similar trends were
observed with the subsequent rejuvenation processes car-
ried out until today, when the operation of the CLEAR
facility is 24/7. The typical amount of integrated charge
extracted from each rejuvenated cathode is as much as 1
Coulomb over 1000 of hours of use. The decay rate of the
QE is difficult to estimate since the experiments occurring
at the CLEAR facility use widely different electron beam
configurations, such as variable laser spot size illumination,
pulse energy, repetition rate, resulting bunch charge, and
number of bunches per train.

IV. DISCUSSION AND CONCLUSIONS

In summary, we reported on the production of co-
deposited and sequential Cs-Te photocathodes exhibiting
high QE, and their successful operation in dc and rf
photoelectron guns at CERN accelerators, where they
constitute the electron source. The fabrication results show
that with the current fabrication setup, the deviation in
terms of resulting QE is significant but reliably over 15%.
We found that from the fabrication data are possible to
estimate an optimal stoichiometric deposition ratio and
corresponding evaporation rate, which leads to the repro-
ducible fabrication of high QE Cs-Te photocathodes.
Furthermore, we determined that not only the final stoi-
chiometric deposition ratio determines the QE, but also the

dynamic evaporation rates of Cs and Te are crucial. In
particular, it was found that during the production of
photocathode (A) (which showed the highest QE), the
main difference was a lower fixed Te evaporation rate and
the final photoemissive thin-film layer thickness. We show
that further increasing the Cs:Te ratio did not affect the
performance of the photocathodes in terms of maximum
achievable QE, but it might have consequences in the
emittance or lifetime of the photocathodes. These results
point at avenues for further optimization, which should
include a thorough study of the impact of lower growth
rates and final thickness on the Cs-Te photocathodes QE
and lifetime.

As an alternative to co-deposition, we presented the
strategy of in situ rejuvenation via Cs-Te sequential
deposition at the gun level performed at the CLEAR
facility at CERN, which allowed sustained operation of
the photocathode for the last 6 years showcasing continu-
ous reliable QE recovery values well over 1%. The QE
reached using this growth method is significantly lower
when compared to the co-deposition technique, but it is
far simpler and easier to implement at the gun level,
resulting in extremely useful sources for accelerator sus-
tained operation.

It is complicated to ultimately determine the chemical
composition of the produced Cs-Te thin films at the
production stage. Most of the studies analyzing the
Cs-Te composition concluded that the final chemical
composition often consists of random combinations of
different Cs, Te,, which leads to a wide variability in the
achieved QE and resulting lifetime [28,33]. The compara-
tively high QE results presented here are in line with the
recent work of Cocchi et al. [48], where a predominant
Cs,Te electronic structure is necessary for achieving high
QE. The growth data rendered an optimum stoichiometric
deposition ratio of 2.3, although the exact chemical
composition of the thin film is unknown. Future spectros-
copy studies of co-deposited Cs-Te and advanced computa-
tional methods of Cs-Te binary system are key to keep
advancing on establishing this technology as the most
reliable source for the future electron accelerators [49].

In practical terms, we show that the photocathode
rejuvenation is a viable solution. We presented for the first
time (to the best of our knowledge) an approach for
in-vacuum rejuvenation of Cs-Te via co-deposition. The
results show that it is feasible to recover initial high QE
after heavy use or even air vacuum accidental exposure.
Interestingly, we found that for the photocathode exposed
to air, the QE could be restored to about 60% of its initial
value (even with nonideal fabrication parameters), whereas
for a simply used photocathode, the QE was recovered to
about a 95%.

A summary of the overall performance of fresh and
rejuvenated photocathodes via co-deposition is presented in
Table II. It should be noted that after analyzing the data,
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TABLE 1. Summary of photocathodes performance before and (6]

after rejuvenation.

QE (%)

Co-deposition

Fresh (A) 25/23
Degraded (A) 0.01
Rejuvenated (A) 14
Fresh (B) 16/12
Degraded (B) 0.16
Rejuvenated (B) 15

e gun

dc gun/rf gun (7]

dc gun
dc gun
dc gun/rf gun
dc gun
dc gun

Sequential

First deposition (2018)
Second deposition (2021)
Third deposition (2022)
Fourth deposition (2023)

7.5
~4
~4
~3

rf gun
rf gun
rf gun

rf gun [10]

the rejuvenation process of photocathode (A) showed a
similar trend as the fresh fabrication of photocathode
(B) which did not result in the highest QE. We believe
that the rejuvenation via co-deposition of photocathode
(A) could have yielded an even higher QE than reported
here, mainly because the growth conditions were not
optimal in terms of Te growth rate. Conversely, the
rejuvenated Cs-Te photocathodes showed a decrease in
QE spatial homogeneity across the surface, probably due to
the insertion of contaminants. Postmortem analysis of the
surface composition and roughness of the rejuvenated
photocathodes will be realized to understand their effect
on the final performance. The rejuvenation results pre-
sented in this work open the door to future photoinjector
designs including the capability of in sifu rejuvenation of
Cs-Te photocathodes via co-deposition technique allowing
for the best output in terms of maximum QE.
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