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Photocathodes are a limiting factor for the next generation of ultrahigh brightness photoinjectors. We

studied the behavior of a superconducting Pb cathode in the cryogenic environment of a superconducting

rf gun cavity to measure the quantum efficiency, its spatial distribution, and the work function. We will

also discuss how the cathode surface contaminants modify the performance of the photocathode as well as

the gun cavity and we discuss the possibilities to remove these contaminants.
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I. INTRODUCTION

Superconducting radio-frequency (SRF) gun cavities are
well suited for the production of a high brightness electron
beam with high average current, low beam emittance, and
long cathode lifetime [1]. In contrast to normal conducting
guns, low rf power losses in the SRF guns allow an
operation in a continuous wave (CW) mode at high field
gradient on the cathode surface, which allows production
of an electron beam with high average current and low
beam emittance. The cryogenic environment of the gun
cavity provides excellent vacuum conditions needed for a
long cathode lifetime. The implementation of a photoca-
thode with high quantum efficiency (QE) and low contri-
bution to the dark current in a way preserving the quality
factor of the SRF cavity prior to the cathode deposition is
one of the main challenges of the development of SRF
electron guns. In addition, any normal conducting photo-
cathode must be thermally isolated from the cavity and

mounted in a way that minimizes rf losses in the cathode
holder. One solution to this issue has been developed at
Helmholtz-Zentrum Dresden-Rossendorf. In this design a
normal conducting cathode is deposited on a normal con-
ducting cathode plug, which is isolated from the super-
conducting cavity by a vacuum gap and is cooled down
with liquid nitrogen [2]. A choke filter prevents rf losses
downstream the cathode. Another option to integrate a
photocathode into an SRF gun is to use a superconducting
cathode. In the most simple setup, the back wall of the
superconducting Nb cavity can be used as a photoemitter
[3]. The major advantage of this solution is a possibility
to avoid contaminations of the cavity and to preserve an
excellent cathode surface, typical for superconducting cav-
ities. The main disadvantage of the Nb cathode is its high
work function�4:3 eV [4] and low QE� 10�5 at 258 nm
[5]. Alternatively, Nb can be coated with a superconductor
having higher QE. The only viable candidate is a lead
photocathode as the other superconductors are either
highly reactive or have too low critical temperature Tc

[1,6]. Lead is a superconductor with Tc ¼ 7:2 K and a
critical magnetic field of 80 mT compared to Nb which
has a Tc of 9.2 K and a critical magnetic field of 200 mT
[7]. The QE of clean Pb is a factor of 30 higher than that of
Nb at 258 nm [5]. The work function of lead �4 eV [8] is
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slightly lower than that of niobium. Nevertheless, lead
photocathode requires an ultraviolet (UV) drive laser. To
achieve this wavelength an infrared laser must be con-
verted to UV by using nonlinear crystals. The conversion
process limits the available average power to few Watts.
With the present state-of-the-art laser technology the av-
erage beam current is limited to a maximum of few hun-
dred �A, preventing the use of the Pb for high average
current applications. Nevertheless, an SRF gun with a Pb
cathode is suitable for low average current FEL applica-
tions, like a possible CW upgrade of the European x-ray
free-electron laser (XFEL). Prior to our research, the use of
a lead photocathode had been restricted to witness sample
measurements at 300 and 80 K only with no measurement
data at 2 K, where the cathode is a superconductor [5].
During these bench measurements it was shown that lead
photocathodes are less sensitive to gas contaminations than
high QE semiconductor photocathodes such as GaAs or
CsK2Sb. Nevertheless, Pb cathodes can be contaminated
during transport in air and by a reaction with residual
gases, which decreases the cathode QE. For normal con-
ducting metal photocathodes laser cleaning is a well estab-
lished technique used to remove the contaminations and
restore the cathode QE in the normal conducting photo-
injectors [9,10]. Here we report on laser cleaning of the
superconducting Pb film in an SRF photoinjector cavity.

II. TECHNICAL DESCRIPTION

We investigated the behavior of a Pb photocathode in
the real environment of a superconducting rf gun cavity.
For this purpose the lead photocathode was tested in two
SRF guns, which are described in the following section.

A. SRF gun cavities with Pb cathode

In the first version of the 1.6 cell SRF gun [11,12] (called
Gun 0.1) designed by DESY and Helmholtz-Zentrum
Berlin (HZB) a Pb cathode with a thickness of about
200 nm and 8 mm diameter was deposited directly on the
large grain Nb back wall of the gun cavity. The coating was
done at the National Centre for Nuclear Research by means
of filtered cathodic arc discharge at a base pressure of
about 10�7 mbar [13]. The length of the plasma channel
was about 70 cm. During the cathode deposition the gun
cavity can be contaminated by dust and by deposited
material, so that the cavity must be cleaned after the coat-
ing. After the film was deposited, the gun cavity was sent to
JLab for buffered chemical polishing (BCP), high pressure
water rinsing, and rf tests. At JLab the Pb spot was covered
with a Teflon mask for BCP to reduce the size of the Pb
cathode to 5 mm and to protect the Pb spot from all other
treatment steps [14]. This was done to minimize the risk of
quenching due to the magnetic field. The final BCP was
performed with a weak solution for one minute without any
protection of the Pb film. After the final treatment the gun
cavity was shipped to HZB. The performance of the SRF

gun cavity with the Pb cathode in the Horizontal Bi-Cavity
Test (HoBiCaT) facility [15] was limited to 20 MV=m at
Q0 ¼ 2� 109 [16].
In the second version of the SRF gun (called Gun 0.2) a

Pb cathode with a diameter of 3.5 mm and a thickness of
about 400 nm was deposited on a Nb plug with a diameter
of 5 mm. The distance between the Pb source and the Nb
plug was about 15 cm. The coated plug can be inserted into
the backplane of the cavity (see Fig. 1). For this purpose a
5 mm hole was drilled in the back wall of the cavity and the
plug was vacuum sealed with an indiumwire on the outside
of the gun cavity. The advantage of this design is a possi-
bility to change the photocathodes, test different deposition
methods, and to make some optical measurements of the
coating ex situ after beam operation. This concept also
allows one to decouple the cavity treatment and the cath-
ode deposition, demonstrating benefits in comparison with
a direct coating on the cavity. The gun cavity with the
coated plug was tested at HoBiCaT at HZB up to a peak
field on the cathode of 28 MV=m at Q0 ¼ 2� 109 [16].

B. Test stand for cathode characterization

The electron beam produced in the SRF gun was char-
acterized in the test stand [17] shown in Fig. 2, which is
mounted behind the HoBiCaT cryostat. The cold system
consists of the SRF gun operated at a resonance frequency
of 1.3 GHz, a superconducting solenoid, and a cold steer-
ing magnet. The laser system consists of a diode-pumped
Yb:YAG oscillator that generates pulses at 1030 nm wave-
length, a diode-pumped regenerative amplifier, and a wave-
length conversion stage that converts the infrared pulses to

FIG. 1. Photograph of the cavity and the plug.
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FIG. 2. Schematic view of the cold system and the beam line.
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UV pulses at 258 nm. The photocathode is illuminated by
UV pulses with a pulse length of 2–3 ps delivered at 8 kHz
repetition rate with a pulse energy on the cathode surface
of 0:03–0:2 �J. The diagnostics beam line consists of an
integrating current transformer (ICT) and a movable
Faraday cup for a measurement of the average beam cur-
rent and the bunch charge. The electron beam is visualized
by the image of the scintillation light emitted by the
cerium-doped yttrium aluminum garnet (YAG) crystal
with Ce-doping concentration of 0.2% and a thickness of
100 �m. In order to avoid accumulation of the absorbed
electric charge in the crystal, a thin, 10 nm, indium tin
oxide coating was applied. A 60� dipole magnet is used to
measure the beam momentum and the momentum spread.

C. Laser cleaning setup

The cathode can be contaminated during the cavity
treatment or after the cavity is cooled down by a reaction
with residual gases causing an increase of the work func-
tion and, hence, decrease of the emission current.
Therefore final in situ cathode treatment is required after
the gun cavity is cooled down. We performed laser clean-
ing to remove cathode contaminations. The major advan-
tage of this method is an ability to localize the ‘‘cleaning’’
source onto the desired area, so that the gun cavity remains
unaffected by this procedure. For the laser cleaning a KrF
excimer laser (Xantos XS) at 248 nm (h� ¼ 5 eV) with a
FWHM pulse duration of 5–6 ns and a repetition rate of
500 Hz was used.

III. RESULTS

A. Laser cleaning in Gun 0.1

Laser cleaning of the emission surface was performed to
remove the cathode contaminations in Gun 0.1. The effec-
tiveness of the laser cleaning is mainly related to the pulse
duration, wavelength, incident angle, and the absorbed
energy density. During the laser cleaning the incoming
energy density should be high enough to remove the con-
taminations from the cathode surface. On the other hand, it
should be below the damage threshold of the cathode and
not modify the surface morphology. In the previous work
[5], it was shown that the first observable change in the
surface morphology occurs at an energy density of
0:28 mJ=mm2; therefore we performed laser cleaning
with various laser energy densities, increasing stepwise
from 0:045 mJ=mm2 up to 0:23 mJ=mm2, to minimize
the risk of surface damage and sputtering of the Pb film
on the cavity surface. During the laser treatment the gun
cavity was cooled down to 1.8 K, but no rf power was
applied.

QE maps were measured by scanning a 258 nm laser
before and after each cleaning procedure at a launch phase
of about 10�–15�, where the bunch is extracted from the
gun completely, but the Schottky effect is still small (see

Fig. 3). The laser spot was moved over the cathode surface
by tilting a mirror in the laser beam line and the extracted
current was measured by the Faraday cup. Prior to the laser
cleaning the maximum QE of 3:6� 10�5 was registered in
the center of the photocathode (Fig. 4). For the first three
laser treatments the cleaning laser was focused on the
center of the photocathode with transverse FWHM size
of 3:9� 4:7 mm2, so that the laser cleaning was performed
without scanning the cathode surface. The surface was
irradiated for 10 minutes (corresponds to 300.000 shots)
for each treatment at nearly normal incident angle to
the cathode surface. After the first laser cleaning with an
energy density of 0:045 mJ=mm2, the maximum QE
changed by approximately 30% to 4:8� 10�5. At the
same time an ‘‘island’’ with the same QE as in the center
of the cathode occurs near the boundary between the Pb

FIG. 3. Extracted charge versus launch phase at a peak field on
the cathode surface of 12 MV=m.

(b)(a)

(c) (d)

FIG. 4. QE map of Pb photocathode using 258 nm light
before laser cleaning (a), and after laser cleaning with
an energy density of 0:045 mJ=mm2 (b), 0:087 mJ=mm2 (c),
and 0:09 mJ=mm2 (d). Point (0,0) corresponds to the geometric
center of the Pb spot.
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cathode and Nb substrate. Here an improvement of QE by a
factor of 2.5 was observed. The observed inhomogeneity of
the QE map after laser cleaning is not due to the nonuni-
form spatial profile of the cleaning laser, but probably due
to the inhomogeneity of the Pb film. Laser cleaning with
double laser energy of 0:087 mJ=mm2 (performed 80 mi-
nutes after the first one) changed neither the maximum of
QE nor the QE distribution significantly. The third laser
cleaning was performed with the same energy density of
0:09 mJ=mm2 to investigate whether the longer treatment
influences the cathode QE.

Vacuum spectra measured by a residual gas analyzer
(RGA) for the range between 1 and 100 atomic mass units,
located about 1.5 m away from the cathode, was dominated
by hydrogen and water. During the laser cleaning we
observed a pressure rise of few 10�8 mbar. After the third
run vacuum rise was 30% smaller than after the second one
(Fig. 5).

During the final treatment the cleaning laser was
focused on the cathode with transverse FWHM size of
2:3� 3:5 mm2. The laser cleaning with an energy density
of 0:23 mJ=mm2 improved the QE in the center of the
cathode to 9:2� 10�5 (Fig. 6). This value is still a factor
of 5 lower than QE achieved at BNL for Pb witness
samples cleaned at room temperature, but a factor of 5
higher than QE for laser cleaned Nb [5]. Additionally,
there are two areas above and under the center with
QE ¼ 8:1� 10�5 and QE ¼ 5:5� 10�5, respectively.

Gases desorbed during the final laser cleaning were
analyzed by the residual gas analyzer. The most dominant
gases in the spectrum were hydrogen, water, and carbon
monoxide/nitrogen, corresponding to the masses 2, 18, and
28 (Fig. 7). During the final laser cleaning the greatest
relative change of the partial pressure were due to helium,
following by carbon dioxide and carbon monoxide. In
contrast to all other gases the partial pressure of helium

drops after about two minutes. Most of the observed gases
are probably related to the molecules covering the surface
during and after the cavity was cooled down, and not to the
oxidized lead.
After the final laser cleaning the gun cavity was warmed

up and exposed to dry nitrogen by accident. After this the
cavity was again cooled down and the QE map was mea-
sured (Fig. 8). The QE in the center of the Pb spot 6� 10�5

is still rather high, so that the maximum QE was affected
only slightly by dry nitrogen.
Figure 9 presents the history of the QE at two selected

points ‘‘A’’ and ‘‘B’’ on the cathode (see Fig. 4).

B. Quantum efficiency in Gun 0.2

After Gun 0.2, with the removable Pb coated plug, was
installed in HoBiCaT and cooled down to 1.8 K a strong
field emission was observed at a peak field on the cathode
surface of 3 MV=m. A few days of rf processing were
necessary to shift the onset field gradient to 28 MV=m.

FIG. 5. Gas desorption during the laser cleaning process dur-
ing the first cleaning with 0:045 mJ=mm2, second cleaning with
0:087 mJ=mm2, and third cleaning with 0:09 mJ=mm2. Time
‘‘0’’ corresponds to the beginning of the cleaning.

FIG. 6. Plot of QE across the surface after the final laser
cleaning with an energy density of 0:23 mJ=mm2.

FIG. 7. Partial pressure rise during the final laser cleaning.
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Figure 10 shows the QE map of the cathode of Gun 0.2
after the rf processing. No laser cleaning was carried out in
Gun 0.2 since the excimer laser used previously was not
available. The maximum QE of 2� 10�5 was measured

�1 mm away from the geometrical center of the coated
area, which is comparable to the QE in Gun 0.1 before laser
cleaning. While scanning of the back wall with the drive
laser some emission was registered with the CCD camera
in the visible range of the light spectrum as shown in
Fig. 10. No rf power was applied during this measurement.
The emitted light probably cannot be referred to the pure
reflection of the drive laser, because the camera is not
sensitive to the UV light (� < 400 nm). The emitted light
is most likely associated with luminescence of impurities
on the cathode surface. Furthermore, it seems that QE
correlates with the emitted light. Areas with higher QE
have lower luminescence intensity, and the fluorescence
map provides precise information about cathode impuri-
ties/contaminations.

C. Cathode work function and reflectivity

The QE of a metal cathode near the photoemission
threshold can be roughly estimated as [18]

QE � 1� R

1þ �ph

�ee

EF þ @!

2@!

2
41�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EF þ�eff

EF þ @!

s 3
5

2

; (1)

where R is the cathode reflectivity, �ph is the photon

absorption depth, �ee is the electron-electron scattering
length, EF is the Fermi energy, and �eff ¼ �0 ��Schottky

is the cathode effective work function including work
function lowering by the local electric field. The

Schottky work function is given by �Schottky ¼
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ph

eE
4�"0

q
, where �ph is the field enhancement factor for

photoemission (assumed to be close to 1). For a lead
photocathode the electron-electron scattering length is
much larger than the photon absorption length (see
Table I) and Eq. (1) can be further simplified as

QE � ð1� RÞEF þ @!

2@!

�
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EF þ�eff

EF þ @!

s �
2
: (2)

We measured the QE dependence on the cathode field
(Fig. 11), fit the experimental data with Eq. (2), and ex-
tracted the absorption in the emitting layer (1� R) and the
cathode work function �0. The cathode work function
�0 ¼ 4:45 eV is�0:4 eV higher than the literature values

FIG. 9. History of the QE in the center (A) and near the
cathode boundary (B): prior to the laser cleaning (1), after the
first laser cleaning with 0:045 mJ=mm2 (2), after the second
laser cleaning with 0:087 mJ=mm2 (3), after the third laser
cleaning with 0:09 mJ=mm2 (4), after the fourth laser cleaning
with 0:23 mJ=mm2 (5), and after the cavity was vented with dry
nitrogen, warmed up and then retested (6).

TABLE I. Pb properties at room temperature and photon
wavelength of 258 nm [5,8,19,20].

Material Pb

Reflectivity, R 0.7

Absorption length, �ph 7 nm

Electron-electron scattering length, �ee 17 nm

Work function, �0 4 eV

Fermi energy, EF 9.4 eV

Melting point 600 K

FIG. 8. QE after the cavity was vented with nitrogen.

(a) (b)

FIG. 10. QE map after rf processing (a) and luminescence
map (b).
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[8], probably due to oxygen containing contaminations
and the absorption ð1� RÞ ¼ 0:3 in Gun 0.1. In Gun 0.2
the work function is �0 ¼ 4:6 eV and the absorption is
ð1� RÞ ¼ 0:16.

IV. SUMMARY

Superconducting Pb cathodes have the potential to sat-
isfy the requirements of FEL’s and deliver an electron
beam with high peak and medium average current. The
key challenge is to remove the cathode contaminations
after the cavity treatment and to get a homogeneous QE
distribution over the entire cathode surface without chang-
ing the cavity performance. For an SRF gun with Pb
cathode it is absolutely necessary to implement some
appropriate cathode cleaning techniques. The maximum
QE value of 9� 10�5 at 258 nm was achieved in Gun 0.1
after the laser cleaning with energy density of
0:23 mJ=mm2. This value achieved within the cryogenic
environment is a factor of 5 lower than QE measured at
BNL on Pb witness samples without BCP or other treat-
ment steps typical for the cavities, but a factor of 5 higher
than QE for laser cleaned Nb. To get a more homogeneous
distribution of QE more attention should be paid to the
cavity treatment and laser cleaning with a smaller homo-
geneous spot scanning across the cathode. For a possible
CW upgrade of the European XFEL facility the electron
source must deliver 0.1 nC bunches separated by 4 �s. For
a lead photocathode with a demonstrated QE of 9� 10�5

the UV laser must provide an average power of 1.3 W and
an energy of 5:3 �J per pulse on the cathode surface. For a
possible long pulse upgrade of the XFEL the electron
source must deliver 100 ms long pulses separated by
1 Hz. Within the macropulse the bunch repetition rate is
250 kHz at a bunch charge of 0.5 nC. For this scenario the
drive laser must provide an average power of 0.7 W and a
pulse energy of 26:7 �J on the cathode surface. Such laser

parameters are feasible with the present state-of-the-art
laser systems.
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