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A superconducting radio-frequency (SRF) gun with a superconducting Pb photocathode was build up for the first stage of
the BERLinPro gun. We report on the activities on the gun and measurements of the beam parameters like beam energy
and beam current. Improvement of the quantum efficiency after the laser cleaning treatments is discussed.

1. Introduction

BERLinPro is an energy recovery linac (ERL) test
facility for demonstrating high average current
(100 mA), low normalized emittance (1 mm-mrad) with
bunch length in the ps range [1]. BERLinPro should
demonstrate the feasibility to use ERL technology for
large scale facilities like e.g. multi-user light sources.

2. Challenges of the B (5 /inPro gun

The final beam parameters of BERLinPro are essentially
determined by the performance of the electron source. A
superconducting gun seems to be well-suited for
production of an electron beam with high average
current and low emittance because it is able to support a
high accelerating gradient to minimize space charge.
Development of a SRF gun is a major part of the

BERLinPro programme [2]. A SRF gun with the
required beam parameters has never been demonstrated.
We plan to realize the gun in a staged approach (Table).

In the first stage we must demonstrate an electron
beam generated by the SRF gun, study beam dynamics
and cavity performance. The metal cathodes are well-
suited for these tests purposes because of their
robustness to the vacuum environments. The
disadvantage of the metal cathodes is their low quantum
efficiency below 107, so that the average beam current
with the present state-of-the-art laser technology is
limited to a maximum of few hundred pA. But they
have a fast response time, which allows a production of
a high peak current, comparable with the BERLinPro
requirements.

" Work supported by Bundesministerium fiir Bildung und Forschung und Land Berlin. The work on the Pb cathode
film is supported by EuCARD, Grant Agreement No. 227579.
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Table. Demonstrated and expected beam parameters

Parameter Stage A Stage B Stage C

Goal beam brightness production
demonstrator R&D gun gun

Cathode Pb CsK,Sb CsK,Sb

Laser 258 nm 526 nm 526 nm

wavelength

Repetition (0.48-30) kHz | 52 MHz 1.3 GHz

rate

Bunch charge 6 pC 77 pC 77 pC

Average beam | 50 nA@8kHz 4mA” 100 mA

current

Beam energy 1.9 MeV (1.5-2)MeV | (1.5-2)MeV

" Already demonstrated beam parameters.
" In 400 ps long macropulses separated by 40 ms.

In the second stage we will develop a SRF gun
suitable to deliver an electron beam with several mA of
average current and sufficient cathode lifetime. For this
purpose the superconducting metal cathode should be
replaced by a semiconductor cathode with high QE at
visible light. CsK,Sb seems to be a most promising
material because of its robustness and a QE up to 30 %
in the green region of the optical spectrum. One of the
main challenges of this stage is the implementation of
the normal conducting cathode into the superconducting
niobium cavity. One possible solution has been
developed by Helmbholtz-Zentrum Dresden-
Rossendorf [3]. In this design a semiconductor
photocathode is deposited on a normal conducting
cathode plug, which is isolated from the
superconducting cavity by a vacuum gap and cooled
down with liquid nitrogen. A SRF gun with a normal
conducting GaAs cathode could be also a promising
alternative to the state-of-the-art polarized DC guns,
where the low field gradient on the cathode surface
limits the beam quality.

In the final stage we must demonstrate a SRF gun
in high power operation mode.

3. Gun test setup

Figure 1 shows a schematic diagram of the test system
to study the performance of the SRF gun with Pb
cathode designed by J. Sekutowicz. The cold system
consists of a 1.6 cell SRF gun operating at 1.3 GHz rf
frequency, superconducting solenoid and a cold steering
magnet.

Although the back wall of the Nb cavity itself can
be used as a photoemitter, it’s QE of the order of 107 is
too low for practical use. It has been shown that a Pb
cathode provides an order of magnitude higher QE than
Nb [4]. Initially a Pb spot with a thickness of few
hundred nanometers and 8 mm diameter was deposited

on the back wall of the gun cavity at the Soltan Institute
by means of arc discharge. After this the Pb spot was
covered with a Teflon mask with a diameter of 5 mm for
buffered chemical polishing [5].

The gun is driven by a UV laser developed by Max
Born Institute and operating at 258 nm. The cathode is
irradiated at nearly normal incident angle. The laser
pulses have a Gaussian temporal beam shape with a
width of 2-3 ps FWHM and are delivered at a variable
repetition rate of up to 30 kHz. A spatial flat-top shape
is obtained by cutting out a small spot from the center of
the Gaussian distributed laser beam with an aperture.
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Figure 1. Schematic view of the SRF gun with the diagnostics beam
line.

The diagnostics beam line consists of an integrating
current transformer (ICT) for a measurement of the
beam charge and a movable Faraday cup for a
measurement of the beam current. Three beam viewer
stations each with a crystal YAG:Ce are installed for the
beam visualization. The beam energy can be measured
with a dipole spectrometer magnet. To date the gun
cavity has been tested at peak field gradients up to
22 MV/m, and has produced a 1.9 MeV electron beam
with a maximum average current of 50 nA at 8 kHz
repetition rate, which corresponds to a bunch charge of
about 6 pC.

31. 3KDVH VFDQ

Phase scan method is a very useful technique, which
allows the determination of the absolute RF phase and
cathode characterization. The beam charge extracted
from the gun as a function of the launch phase was
measured downstream of the gun at a constant laser
power and a peak field of 12 MV/m (Figure 2). Here the
laser phase remains constant and is synchronized to the
master oscillator while the phase of the fundamental
accelerating mode with respect to the laser was changed
by adapting the LLRF phase setpoint. For electrons
emitted with initial energy zero the RF phase zero can
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Figure 2. Extracted charge versus launch phase at a repetition rate of
8 kHz and Eeax = 12 MV/m.

be determined as the phase, where half of the emitted
electrons are extracted from the gun. For launch phases
larger than 10 degrL we observed the lowering of the
work function due to the Schottky effect. In this work
QE of the photocathode is determined at the
launchphase ~ 10 degrl, where the bunch is extracted
from the gun completely, but the Schottky effect is still
small. The relationship between QE and the work
function of a metal photocathode near photoemission
threshold is given by

QE=alhv—¢,+bJB,Ef. (1)

where a is a material dependent constant, hv is the
photon energy, ¢, is the work function at zero field,
b=e,e/4ze, (e is the electron charge, & is the
vacuum dielectric constant), /4, is the field
enhancement factor for photoemission and E is the field
gradient at the photocathode. By rewriting Eq. 1 we get
a linear dependence between JB? and v E . A phase
scan allows to impose different field gradients
E = E¢sing at the cathode, so that Eq. 1 can be proved
experimentally at a constant peak gradient. The
intercept and the slope of the linear fit are given by
Ja (h V- ¢o) and va-b,/fB,, . respectively. So that
the correlation between the cathode work function ¢,
and the field enhancement factor for photoemission f,;
could be extracted from Figure 3 as

hv=d _9570v. )
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Figure 3. Dependence of the square root of QE on the square root of

the field gradient and a linear fit.
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A laser cleaning of the emission surface can be
performed to enhance the QE and its homogeneity [4].
For these purposes a KrF excimer laser (Xantos XS) at
248 nm (hv =5¢V) with a pulse duration of 5ns
FWHM and a repetition rate of 500 Hz was used. The
cleaning laser was focused on the cathode with
transverse FWHM size of 3.9x4.7 mm’. The surface
was irradiated for 10 minutes.
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Figure 4. Plot of QE across the surface before laser cleaning.

The laser cleaning war performed at nearly normal
incident angle to the cathode surface. While laser
cleaning the energy density should be high enough to
remove the contaminations from the cathode surface.
On the other hand it should be below the damage
threshold [6] and not modify the morphology of the
surface, which can induce the field emission. We
performed 7 laser cleaning runs with the laser energy
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densities increased stepwise from 0.045 mJ/mm’ to
0.23 mJ/mm’.

The QE map was recorded by measuring the
photoemission current as the laser spot was scanned
across the back wall of the cavity. Prior to the laser
cleaning the maximum QE of 3.6:10”° was registered in
the center of the photocathode (Figure 4). After the first
laser cleaning with an energy density of 0.045 mJ/mm’
the maximum QE has changed by approximately 30 %.
At the same time an “island” with the same QE as in the
center of the cathode occurs near the boundary between
the Pb cathode and Nb (Figure 5). Here an improvement
of QE by a factor of 2.5 was observed. Laser cleaning
with double laser energy of 0.087 mJ/mm’ didn’t
change neither the maximum of QE nor the QE
distribution. After the final laser cleaning with
0.023 mJ/mm’ the QE in the center of the cathode
increases to 9-107. This value is still a factor of 4 lower
than QE for Pb achieved at BNL, but a factor of 5
higher than QE for Nb.
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Figure 5. QE map before laser cleaning (a), and after laser irradiation
with an energy density 0.045 mJ/mm’ (b), 0.087 mJ/mm’ (c) and
0.087 mJ/mm? (d).
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Figure 6. QE and fluorescence maps.

After the gun cavity was exposed to nitrogen we
measured the QE map with higher steps precision and
the fluorescence map, additionally. Fluorescence is
probably associated with the presence of impurities on
the cathode, which were not removed through the laser
cleaning. The area in the center of the cathode with
highest QE has the lowest level of fluorescence.

33. ' DUN FXUUHQW

Field emission is one of the main contributors to the
dark current. Generally, the dark current for a given
material depends on the work function, the surface
roughness and its impurity. For a sinusoidal electric
field the time averaged field emission current can be
estimated using the Fowler-Nordheim formula

5.7-1072 .10

I ¢],75

A(BE)* exp[_ 6.53-10° - ' j 3)
PE

where | is the field emitted current in amperes from an
emitting area A in m’. E is the peak field in V/m and
= E|/E is the field enhancement factor. By plotting
In(I/E*®) vs. 1/E (Figure 7) we can get /3 from the slope
of a fitted straight line. After the laser cleaning and RF
processing the field enhancement factor has reduced
from 540 to 180, indicating that the quality of the
surface is modified. After the gun exposition to nitrogen
at atmosphere pressure and two days of operation we
get nearly the same values of /S as before nitrogen
exposition.
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Figure 7. Dark current history.
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