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Secondary electron emission in a photocathode rf gun
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During the last decades, photocathode rf guns have been proven to be successful for providing very high
quality electron beams required for vacuum ultraviolet and x-ray free-electron lasers. Beam dynamics
simulations show that the electron beam quality in a rf gun depends strongly on the beam dynamics in the
vicinity of the cathode. Therefore, the injection process plays a significant role in the beam performance.
Several codes are available to simulate the beam dynamics in the gun. They are able to track the beam
under the influence of external fields and space charge forces, but details of the emission processes are still
missing in these simulations. In photocathode rf guns, the electron beams have a high charge density.
Especially during emission from the cathode, the electrons have a very low velocity and experience high
longitudinal space charge forces counteracting the applied accelerating field. Because of the space charge
field, some part of the electrons emitted from the cathode might move backward to the cathode where they
can produce secondary electrons. A high electric field in the gun cavity, on the other hand, generates a
large amount of dark current. If the field-emitted electrons from the cathode or any other surface inside the
cavity hit the cathode, secondary electrons can be produced as well. For a detailed understanding of the
electron beam and dark current in a rf gun, simulations including a model of the secondary electron
emission are necessary. In this paper, a simple model is discussed with an application to the beam
dynamics at high emission phases in rf guns. Detailed simulations have been done in comparison to
measurements at the Photo Injector Test Facility at DESY in Zeuthen. The primary electrons which are
photoemitted from the cathode and the secondary electrons which are produced by the primaries at the

cathode could be clearly distinguished in measurements and simulations.
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I. INTRODUCTION

Photocathode rf guns have been proven to be an opti-
mum electron source for very high quality beams required
for vacuum ultraviolet and x-ray free-electron lasers
(FELs) [1,2]. In a photocathode rf gun, the electron beam
is generated by a laser pulse with a well-defined transverse
and temporal profile. This electron beam is immediately
accelerated to become relativistic by a high rf field, thereby
keeping the transverse emittance small. The electron beam
dynamics after extraction from the cathode is well under-
stood analytically [3,4] and numerically. Several codes, for
instance ASTRA [5] and PARMELA [6], have been success-
fully used to simulate the beam dynamics in rf guns.

Nevertheless, the emission mechanism from the photo-
cathode rf gun is not fully understood yet. For example, a
long-term variation of the photoemission and the field
emission properties from a Cs,Te photocathode has been
found at the Fermilab AO photoinjector [7]. This behavior
is closely related to the solenoid field configuration at the
cathode but not to the driving laser. For the so-called round
beam configuration, the magnetic solenoid field is com-
pensated to be zero at the cathode, while for the so-called
flat beam configuration a high magnetic solenoid field is
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applied at the cathode [8]. Switching from the round beam
configuration to the flat beam configuration, both the quan-
tum efficiency and the dark current decrease within
roughly 1 h, while both recover to the original values
when switching back to the round beam configuration.
The main reason of this slow dependence is thought to be
different bombardment characteristics of the field-emitted
electrons onto the Cs,Te cathode, which changes the sur-
face properties of the cathode. Hartung et al. [7] found also
that multipacting in the AQ gun cavity shows a relation to
the solenoid configuration and the material of the photo-
cathode. Such a behavior was not found with a molybde-
num cathode, which has a secondary emission yield less
than one except for a narrow energy range (300 eV-2 keV)
of primary electrons [9].

As a step toward a more precise numerical simulation of
the emission mechanisms in photocathode rf guns, an
algorithm for the secondary electron emission has been
modeled and implemented into ASTRA. The employed
secondary emission model is briefly discussed in Sec. II.
If the emission phase of the electrons is varied, the electron
dynamics becomes unstable and even chaotic in some
phase intervals, because the electron velocity stays low
and the electrons slip with respect to the rf phase. As an
application of the secondary emission model, this unstable
phase range is studied in detail. After the discussion of the
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single electron dynamics, the measured electron beam
characteristics are analyzed by means of a numerical simu-
lation with ASTRA. In Sec. III, the primary and secondary
electron dynamics is discussed. In the following section,
the dependence of the secondary emission properties on
the cathode parameters is studied by comparison of two
cathodes.

II. SECONDARY ELECTRON EMISSION

When a primary electron strikes a solid material, it may
penetrate the surface and generate secondary electrons.
The origin of secondary electrons is separated into the
following three categories [10]: When the primary electron
is reflected off the surface, it is called ‘“‘backscattered
secondary.” If the electron penetrates the surface and
scatters off one or more atoms and is reflected back out,
it is a “rediffused secondary.” If the electron interacts
inelastically with the material and releases more electrons,
“true secondary electrons’’ are generated. These secondary
generation processes are sketched in Fig. 1.

When the primary electrons have an energy of more than
several keV, the true secondary electrons are dominant
[10]. In the rf gun cavity, the primary electrons typically
have a high energy over several hundred keV because of a
rf field of the order of 10 MV/m. Therefore only true
secondary electrons are considered here.

True secondary electron emission occurs in the follow-
ing three steps [11]: (1) production of internal electrons by
bombardment of the primary electrons; (2) transport of the
internal secondary electrons toward the surface, which is
accompanied by some energy loss due to inelastic scatter-
ing; and (3) escape of the electrons through the solid-
vacuum interface.

The average number of internal electrons produced
by the primary electrons (step 1) is proportional to the
impact energy of the primary electrons divided by the
energy required to make an electron-hole pair [12]. The
probability of the transport toward the surface (step 2) is

backscattered
secondary electrons

rediffused
secondary electrons

primary electrons

vacuum

FIG. 1. (Color) Secondary electron generation processes.

related to the penetration depth of the primary electron and
the mean free path of the secondary electrons, while the
probability that an electron which reaches the surface
escapes from the solid (step 3) is a function of the energy
of the electron divided by the electron affinity of the
emissive material [12].

The secondary electron emission process shows great
similarities to the photoemission process, which is dis-
cussed in an equivalent three step model. Differences arise
due to the primary process [penetration depth of ( ~ eV)
photons compared to the penetration depth of ( ~ keV)
electrons] and differences of the secondary electron and
photoelectron energies, respectively. In Cs,Te, photoelec-
trons are produced into the so-called magic window, i.e.,
their energy is too low to produce electron-hole pairs by
electron-electron scattering and hence they do not lose
energy during the transport to the surface. Secondary elec-
trons, on the other hand, start with higher energy but lose
effectively their energy on the way to the surface until they
reach the magic window. Despite these differences, good
photoemitters are in general good secondary emitters [13]
and the surface properties which affect the photoemission
can also affect the secondary emission.

The complicated secondary electron emission process is
summarized in an empirical fit [10] which relates the
energy of the primary electrons to the number of secondary
electrons escaping from the surface:

Ep ) 1

S(E,) =96 ,
b e Ep,max s—1+ (Ep/Ep,max)s

where &(E,) is the secondary electron emission yield
depending on the energy of the primary electron, O, is
the maximum secondary yield, which occurs at the primary
electron energy E, ., and s is a fit parameter, larger than
1, which describes the form of the secondary emission
yield curve. Figure 2 shows the relative secondary yield
for various s.

When an electron hits a geometrical aperture in ASTRA,
the program generates a random integer number of secon-
daries according to this model function using a Poisson
generator. The energy of the secondaries is assumed to
have a Gaussian distribution with a few eV width
[14,15]. However, the initial energy as well as the emission
angle of the secondaries does not affect the beam dynamics
in the gun cavity because the energy is relatively small
compared to the energy gain by the accelerating field at the
cathode.

The time delay of the secondary emission is assumed to
be negligibly small in comparison with the rf cycle of the
cavity [16]. The incidence angle effect of the secondary
emission yield is not considered because electron bom-
bardment at the cavity is almost normal direction to the
surface especially for the backplane of the cavity.

To the authors’ knowledge, no measured data for the
secondary electron emission properties of Cs,Te are pub-
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FIG. 2. (Color) Secondary electron emission yield curves ac-
cording to Eq. (1).

lished yet. But the parameters can be estimated from the
data of similar materials such as Csl. CsI has a maximum
secondary yield of 17.23 at a primary electron energy of
2.15 keV [17,18]. This high secondary yield is explained
by the high electronic band gap of 6.3 eV and low electron
affinity of 0.1 eV [17].

Cs,Te has also a large band gap of 3.3 eV and a small
electron affinity of 0.2 eV [19]. Therefore, Cs,Te is ex-
pected to have similar secondary emission properties as
Csl. Actually, the secondary emission yield is strongly
dependent on the surface status of the emissive material.
During the gun operation, a quantum efficiency change of
the Cs,Te photocathodes from ~7% to ~0.5% was ob-
served. Measurements presented here are done at the lower
quantum efficiency. For the measurements in the following
section cathode #500 [20] has been used. The maximum
yield and the corresponding primary electron energy are
assumed to be 7.0 and 2.2 keV, respectively. The fit pa-
rameter s is set to 1.5. With these parameters the measure-
ment results obtained with cathode #500 can be nicely
matched, as will be shown below. The dependence of the
secondary emission yield on cathode parameters is dis-
cussed in Sec. I'V.

main solenoid Faraday cup

III. BEAM DYNAMICS INCLUDING SECONDARY
EMISSION

A. Experimental setup

The experiments presented here have been performed at
the Photo Injector Test Facility at DESY in Zeuthen (PITZ)
[21]. The PITZ gun and downstream beam line with diag-
nostic components are schematically shown in Fig. 3. The
setup of the experiment consists of a 1.5 cell gun cavity
operated at a resonance frequency of 1.3 GHz, a coaxial rf
coupler, two solenoids for space charge emittance com-
pensation, a photocathode with a cathode plug (8 mm
radius) made from molybdenum, partially covered with a
photoemissive Cs,Te film (2.5 mm radius), a 262 nm driv-
ing laser with an adjustable transversal and temporal
profile, and various diagnostics components for beam
charge, size, momentum, and emittance measurements.
PITZ aims to produce high density electron beams with
small transverse emittance and short bunch length as re-
quired for FEL operation.

In order to distinguish the secondary electrons from the
primary, i.e., the UV-laser induced photoelectrons, experi-
ments have been performed with the following conditions:
A short (2.3 ps rms) Gaussian laser pulse was used in order
to observe clearly the rf phase dependence of the electron
beam dynamics; a very low charge ( ~ 5 pC) was gener-
ated with the laser system to get rid of the space charge
effects, and a relatively low rf field (21.6 MV/m at the
cathode) was applied in order to reduce the impact energy
of the photoemitted primary electrons and to generate a
relatively large number of secondary electrons. The main
and bucking solenoids were switched off during charge
measurement to simplify the electron beam dynamics and a
cathode with a thick Cs, Te film (60 nm, cathode #500) was
inserted to maximize the secondary electron production.
These parameters are summarized and compared to the
normal operating conditions of PITZ in Table L.

B. Single electron dynamics

The longitudinal electric field distribution inside the rf
gun cavity is shown in Fig. 4 with the geometrical aperture
of the gun cavity. The gun cavity and the rf coupler are

bucki lenoid & screen 1 spectrometer streak camera
ucking solenoi . quadrupole : :
hotocathode ‘ e IC triplet S il
pho 0?((1?87%(0@) =3 - gD 00 ] J Faraday cup

- ‘ screen 3 screen 4 &

shts & .
coax1lal screen 2 radiators
rf cavity coup . BPM screen 5
(copper, 1.5 cells) laser input (262 nm) > Faraday cup

FIG. 3. (Color) Schematic view of the gun and diagnostic sections.
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TABLE 1. Machine parameters.
This study Normal operation
Laser profile 2.3 ps rms Gaussian ~20 ps flattop
Bunch charge ~5 pC 1 nC
Maximum rf field 21.6 MV/m = 40 MV/m
Main solenoid field 0T ~0.17T
Cs,Te thickness 60 nm 30 nm

cylindrically symmetric with respect to the z axis. At the
cathode, the longitudinal rf field oscillates as E(¢) =
Eysing, where E; is the maximum field and ¢ is the rf
phase. When ¢ has a value between 0° and 180°, the
electrons inside the photocathode are extracted out of the
cathode by the rf field.

Figure 5 shows the momentum gain of a photoemitted
electron in the 1.5 cell rf cavity as a function of the relative
phase of the gun rf field to the laser pulse, i.e., the emission
phase. The corresponding accelerating gradient at the cath-
ode is shown together with the simulation. Since the elec-
trons start with zero velocity at the cathode, a strong phase
slippage occurs—due to the high gradient mainly within
the first centimeters of the half cell—which is responsible
for the functional dependency shown in Fig. 5. Figure 6
shows the phase, wt — kz + ¢ [3], at three locations, i.e.,
the entrance, the center, and the exit of the full cell as a
function of the emission phase ¢. Electrons starting at 0°
reach already a phase of 65° at the center of the full cell.
They are hence efficiently accelerated in the half and the
full cell. Acceleration at the phase of 90° at the center of
the full cell occurs at a starting phase of 48°. Particles
starting at ~95° slip further to a phase of inefficient
acceleration in the half cell and end up at 180° in the full
cell. At a phase larger than ~95°, particles are decelerated
in the full cell and are eventually stopped. Electrons start-
ing between ~95° and ~113° can move forward and

Ez(MV/m)

z(m)

FIG. 4. Longitudinal electric field (solid line) and cavity aper-
ture (dashed line, transversally in arbitrary units) used in the
simulations.
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FIG. 5. (Color) Longitudinal electric field on the cathode (red,
dotted line) and momentum gain for a single electron (black,
solid line) versus rf phase.

backward in the gun, while the phase may slip over several
rf cycles. These electrons may hit the cathode, or an
aperture, or flow out of the cavity at specific phases.

If the electron travels back and hits the Cs,Te photo-
cathode it can generate secondary electrons. If the electron,
however, hits the copper cavity or the molybdenum cath-
ode plug it disappears because Cu and Mo have secondary
emission yields below one except for a primary impact
energy between several hundred eV and a few keV. In this
study, secondary emission from the cavity surface except
the Cs,Te photocathode is ignored because such a low
impact energy hardly occurs in a cavity with high rf field.

The simulation result of the secondary emission yield in
dependence on the emission phase of the primary electron
is shown in Fig. 7. For this simulation 10000 identical
primary electrons are tracked to generate secondary elec-
trons, so that statistical fluctuations due to the random

200—
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- — center (0.125 m)

L exit (0.185 m)
150

100

phase at the full cell (degree)

50 L x x x | x x x x
0 100 20 30 40 50 60 70 80 90

emission phase (degree)

FIG. 6. (Color) Phase at the entrance, center, and exit of the full
cell versus emission phase in the gun cavity.
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FIG. 7. Average number of secondary electrons generated by a
single primary electron as a function of the primary emission
phase.

integer generation of the secondaries are averaged out.
While the number of generated secondary electrons de-
creases in the phase range 108°—113°, the momentum of
the secondaries increases as shown in Fig. 8.

The two parameters responsible for this dependence are
the rf phase at which the primary electron hits the cathode
(impact phase = launch phase of the secondaries) and the
primary electron energy.

Figure 9 shows both parameters for the emission phase
range 108°—113° of the primary electron. Around 108°,
the impact phase of the photoemitted electrons is ~60° so
that the generated secondary electrons gain a low momen-
tum ( ~ 2.3 MeV/c). On the other hand, the impact energy
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FIG. 8. (Color) Electron dynamics simulation for photoemitted
electrons (black, dotted line). The momentum of the electron has
been calculated at the exit of the gun. When secondary electrons
are produced, the mean momentum of the secondary electrons is
plotted (red, solid line).
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FIG. 9. (Color) A simulation of the primary electron energy and
the impact rf phase as a function of the primary emission phase.

The generated secondary electrons are delayed, compared to the
primary electrons, by one rf cycle.

is very small ( ~ 28 keV) so that the secondary electron
yield is about two. At a rf phase just below 113°, the
secondary electrons gain the maximum momentum be-
cause they start at a rf phase close to 0°. But the impact
energy is too high to make a large number of secondary
electrons. Above 113° secondary electrons cannot be ex-
tracted from the cathode due to the negative impact phases.

C. Electron beam dynamics

Figure 10 shows measurements of the beam charge and
the mean momentum as a function of the emission phase in
comparison to an ASTRA simulation. For the charge mea-
surement, a Faraday cup located 0.78 m downstream of the
cathode has been used. For the momentum measurements,
a spectrometer dipole 3.45 m downstream and a yttrium

o charge measurement

— charge simulation

A momentum measurement
1= ¢ - momentum simulation

beam charge (pC) or momentum (MeV/c)
(98]
\

0 S | | P
0 20 40 60 80 100
rf phase of the electron emission (degree)

FIG. 10. (Color) Beam charge and momentum as a function of
the emission phase.
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aluminum garnet (YAG) screen in the dispersive section
have been used. A special control software [22] made it
possible to combine images taken at various dipole settings
in order to effectively increase the momentum acceptance
of the spectrometer for the measurements.

Compared to the single electron dynamics discussed in
the previous paragraph, additional effects have to be taken
into account.

r(mm)

r(mm)

r(mm)

0 0.06 0.1 0.16 0.2 0.26 0.3 0.36 0.4
z(m)

r(mm)

L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

r(mm)

FIG. 11. (Color) Beam trajectories at characteristic emission
phases. At 5° (a) the electron beam can be fully extracted and
smoothly accelerated because it is synchronized to the rf field in
the full cell and hence gains its maximum momentum. At 90° (b)
the electron beam is decelerated and then accelerated again in
the full cell. At this phase the transverse rf focusing is optimal to
send the beam down the beam line. At 96° (c) particles get lost
due to deceleration and overfocusing. At 104° (d) all emitted
electrons return and disappear in the backplane of the cavity. At
108° (e) a fraction of the electrons moves back to the cathode, to
disappear or to produce secondaries, depending on the impact
energy. The other fraction of the primaries barely survives and
flows out of the cavity.

(1) The temporal length of the laser pulse wipes out sharp
structures in the dependence of parameters on the emission
phase. Fine structures in the phase range between 100° and
120° cannot be resolved. Around 0° the tail of the electron
bunch which is generated by the laser pulse can already be
extracted, while the head cannot escape from the cathode.

(i) The quantum efficiency of the cathode shows a
gradient dependence due to the Schottky effect [23], there-
fore the charge extraction increases somewhat within the
phase range 0°-90°.

(iii) For high phases above 90° the transverse rf focusing
tends to overfocus the electron beam and a fraction of the
electrons gets lost due to the limited aperture of the beam
pipe. Figure 11 displays the beam trajectories at character-
istic emission phases.

For the simulations of Figs. 10 and 11 a flattop trans-
verse laser profile with a rms radius of 0.47 mm and a
Gaussian temporal laser profile with a rms size of 2.2 ps
was used in order to generate the photoemitted electron
beam. The measured transverse laser size was 0.44 mm rms
for the horizontal direction and 0.51 mm rms for the
vertical direction. The transverse laser profile was mea-
sured with a CCD camera (JAI model CV-M10 RS) in an
image plane which has the same distance and optics to the
laser source as the photocathode.

The temporal laser size was measured to be ~2.3 ps rms
with a streak camera which has 2 ps resolution [24]. For
the beam charge dependence on the rf phase, a Schottky
effect was modeled with the formula [23] Q «
(4.0 + 0.045E,4, [MV/m]) [pC], where E . is the ac-
tual electric field (rf + space charge) in the center of the
cathode.

The charge bump between 100° and 120° is composed
of both primary and secondary electrons, as shown in
Fig. 12.

6
o measurement
----- simulation for the total electrons
S e simulation for the photoemitted electrons
o \‘\ — simulation for the secondary electrons

beam charge (pC)

90 95 100 105 110 115 120
rf phase of the electron emission (degree)

FIG. 12. (Color) Beam charge at the bump. In the simulation, the
primary electrons and the secondary electrons are distinguished.
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FIG. 13. Series of momentum measurements for the phase

range 105°-114°.

The momentum distributions of the bump as a function
of the emission phase was investigated experimentally. A
main solenoid field of 0.075 T (peak value) was applied in
order to focus the electron beam onto the YAG screen in the
dispersive section. The measured momentum distributions
at a series of phases are plotted in Fig. 13. Two character-
istic momenta were detected. For the lower phases (105°
and 106°) the beam momentum is ~2.37 MeV/c. For the
higher phases (111°~114°) ~2.74 MeV/c has been mea-
sured. Between 107° and 109°, a continuous transition of
the height of the two peaks from the lower momentum peak
to the higher momentum peak has been observed.

Simulations were made to study this splitting of the
momentum distribution (Fig. 14). The simulations show
that the lower momentum peaks have their origin in elec-
trons produced directly by the laser pulse and the higher
momentum peaks originate from the secondary electrons.
These secondary electrons have a higher momentum be-
cause the emission phases of the secondary electrons (i.e.,
impact phases of the primary electrons) correspond to the
rf phases for maximum momentum gain (see Fig. 9).
Broader peaks in the momentum measurements than in
the simulations correspond to a rf power jitter of about
2% during the accumulation of the electron beam images
on the YAG screen. For each measurement 50 electron
bunch images were integrated on the YAG screen.

114°

113

112°

A

J
J 1r
A

intensity (abt. unit)

....................

l l l l l l l l l
1.9 2 21 22 23 24 25 26 27 28 29
momentum (MeV/c)

FIG. 14. (Color) Series of simulations of the momentum distri-
bution in the phase range 105°—114°. The electrons generated by
the laser pulse (blue, dashed lines) and the secondary electrons
(red, solid lines) are shown separately.

IV. DEPENDENCE ON CATHODE PARAMETERS

In order to start to study the dependence of the second-
ary emission properties on cathode parameters, a second
cathode, #61 [20], has been used for additional charge and
momentum measurements. Cathode #61 has been pro-
duced following the same procedure and with the same
geometry as cathode #500 except for the Cs,Te film thick-
ness, which is only 30 nm as compared to 60 nm for
cathode #500. The quantum efficiency of cathode #61
was only ~30% of the quantum efficiency of cathode
#500 during the measurements. To compensate the differ-
ence of the quantum efficiency of the two cathodes, the
driving laser energy has been adjusted so that the bunch
charge in the secondary-independent phase range, between
0° and 90°, is the same for both cathodes.

The charge in the bump between 100° and 120° was
found to be lower for cathode #61. Figure 15 compares the
measurements of both cathodes in the phase range of
interest and shows a simulation matched for cathode #61.
For the simulation the maximum secondary emission yield
was reduced from 7.0, as it was used in the simulations
discussed above, to 4.5. Momentum measurements on
cathode #61 (see Fig. 16) show the expected behavior:
The principle characteristics are identical to cathode
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FIG. 15. (Color) Comparison of the bunch charges at the bump
for cathode #61 and cathode #500.

#500, but the measured intensity at the higher momentum
peak is lower for cathode #61.

The cathode with the thicker Cs,Te coating is expected
to have a higher secondary emission yield especially for
primary electrons with impact energies higher than 1 keV
[25]. The lower quantum efficiency of cathode #61 may be
related to the cathode thickness, which is in the order of the
photon absorption length as well as the electron escape
depth, but may also be influenced by the surface status of
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_ e
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8 e
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8
= x4 108°
2 o7
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105°
| | | | | | | | |
19 2 21 22 23 24 25 26 27 28 29

momentum (MeV/c)

FIG. 16. Series of momentum measurements for cathode #61.

the cathode. Cs,Te has a low electron affinity of ~0.2 eV,
which allows the photoexcited electrons to easily over-
come the potential barrier at the surface. Adsorbates on
the cathode surface, which built up due to the vacuum
conditions in the gun, can increase the electron affinity
and hence reduce the quantum efficiency. As discussed in
Sec. II, the electron affinity plays an important role in the
secondary emission process as well.

V. DISCUSSION AND CONCLUSION

The measurements presented in this paper were obtained
under conditions which allowed a clear observation of the
secondary electrons. This allowed us to test the simplified
model for the secondary emission which was implemented
into the program ASTRA and to find appropriate parameters
for the secondary emission yield of Cs,Te in a photo-
cathode rf gun.

Secondary electrons are produced when the primaries
start in a phase range which is also covered by dark current
electrons, i.e., a fraction of the dark current electrons will
hit back to the cathode and produce secondary electrons.
From a numerical simulation with the parameters of Cs,Te
used in this paper, the contribution of the secondaries to
the dark current leaving the gun is estimated to be maximal
4% at normal operation conditions. The observations
of Hartung er al. indicate, however, that the back-
bombardment characteristics depend also on the solenoid
settings, which has been neglected in the present study. The
results presented here are the basis for a further detailed
investigation of the secondary emission effects in rf guns
under various operation conditions which the authors in-
tend to perform in the near future.
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