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The first generation of S-band injectors for free-electron lasers has illustrated high reliability and
performance by driving the latest generation of high brightness machines. However, the ultimate electron
beam brightness of these devices is limited by the electric field that they can achieve on the cathode. With
the aim of a higher beam brightness at SwissFEL, this paper presents the design of a C-band traveling-wave
(TW) radio-frequency photogun that aims to offer the possibility to move to a cathode gradient up to
200 MV /m. This increased gradient comes from the ability to operate with rf pulse lengths approximately
an order of magnitude shorter than the current state-of-the-art room-temperature S-band standing-wave rf
photoguns. With this high cathode gradient, this novel gun is able to produce an electron bunch whose 5D
beam brightness is 5 times greater than the current SwissFEL photogun. Furthermore, the low power
dissipation within the photogun, resulting from the short rf pulse length and TW philosophy, opens up the

opportunity for rf pulse repetition rates up to 1 kHz.
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I. INTRODUCTION

The Swiss free-electron laser (SwissFEL) is a compact
x-ray free-electron laser (FEL) that has been in regular user
operation since early 2019 [1]. Future upgrades to
SwissFEL will aim to significantly increase the electron
bunch brightness in order to produce even more brilliant
x-ray beams. The ultimate brightness achieved in an FEL is
limited by the electron bunch properties at the beginning of
the machine, where the bunch brightness at the cathode
represents the highest possible brightness that can be
achieved downstream at the undulator [2]. One means of
increasing this brightness at the cathode is by moving to
greater electric fields on the cathode. These higher electric
fields hastily accelerate the electrons to the relativistic
regime, which assists in the mitigation of the detrimental
effects of space charge [2]. As a consequence, one can use
higher charge densities at the cathode. How to achieve these
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higher cathode electric fields, without degrading the opera-
tional reliability through an increased rf breakdown rate, is
an issue that must be addressed. In this paper, we present
the design of a traveling-wave (TW) radio-frequency (rf)
photogun and propose its use to upgrade the current
injector of SwissFEL. This paper aims to complement
and continue on from the work previously published in [3].
This past paper primarily investigated the beam dynamics
of a TW rf photogun without going into detail on the
realization and operation of the gun. In this paper, we
present a detailed description of a new TW rf photogun
design, which will be realized as part of the IFAST project.

Section II will begin by presenting the case for a high-
gradient TW rf photogun with its benefits and drawbacks.
Section III will start by reviewing the previous TW rf
photogun’s design. A tolerance study will demonstrate the
need to develop a new rf design, providing the motivation
for this work. A comprehensive description of the new TW
rf photogun’s rf design will be given, along with the
mechanical design. Using the electromagnetic simulations
of the rf design, Sec. IV will illustrate how the low average
power dissipation within the TW rf photogun paves the way
for operation with tf pulse repetition rates up to 1 kHz. In
Sec. V, the vacuum performance, which is key to the high
power performance of the rf photogun and to maintaining
cathode integrity, will be analyzed using state-of-the-art
molecular flow simulations.
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A key addition to all rf photoguns is a high field solenoid
for emittance preservation and to prevent beam losses.
Section VI will present magnetostatic simulations of the
design of the solenoid proposed to accompany this photo-
gun. Taking the electromagnetic fields from the TW rf
photogun and the magnetic field of the solenoid, Sec. VII
will illustrate the beam dynamics performance of the TW rf
photogun when compared to the current SwissFEL baseline
injector system. These will aim to demonstrate the moti-
vation for replacing the current SwissFEL gun with this
novel device.

Given the large electric fields and short rf pulse lengths,
some further questions must also be addressed. Section VIII
will aim to address the issue of dark current which is a
inherent consequence of moving to greater surface electric
fields. PIC simulations will illustrate the dark current trans-
mission, spectrum and also make predictions of the amount
of dark current produced by the TW rf photogun. Finally,
Sec. IX will continue on from this to discuss other open
questions which still need to be addressed and the possibil-
ities of interesting operational concepts unique to TW guns.

II. THE CASE FOR HIGH GRADIENT TW GUNS

Future FELs will aim to generate more brilliant x-ray
beams for the user community. Generating high brilliance
x-ray beams relies on having a high brightness electron
source at the lasing undulators. The quality of this beam is
primarily dictated by the quality of the beam produced by
the injector [2]. Such injectors are currently optimized
around the concept of optimizing 5D brightness while
keeping sliced energy spread below the level where Landau
damping affects the lasing process and keeping a small
transverse emittance. This section will provide the moti-
vation for moving to higher gradient photoguns and
describe why TW guns are a promising technology for
future FELs. The power generated along an undulator at the
longitudinal position, s, can be written

“f”ﬂ, 1)

P,(s) =Py exp<
u
where P, is the initial power, p is the Pierce parameter, and
A, 1s the undulator wavelength [4,5]. This Pierce parameter
is an extremely useful parameter for determining the
performance of an FEL as it not only dictates the output
power of the undulator but it also can be used to simply
describe some of the operational conditions for the lasing
process to occur. The motivation for high gradients can also
be illustrated through this Pierce parameter, which can be

defined as
I, AN2/1\3]1/3
P ak j’u u . , (2)
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where [,y is the peak current, 1, is the Alfvén current, A,
is an undulator parameter, and o, is the beam size [5]. With
this formula, and assuming a cylindrically symmetric beam,
we find the proportionality
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where €, , is the normalized emittance in x [5]. The second
step in this proportionality comes by assuming a optimal
optical beta function whose beam size is given by
o = +/e,f,. The third step assumes that f ¢, , which
comes assumption that 8, is minimized in the undulator of
an FEL. A full description of the derivation of this
proportionality is given in [5]. One can express the peak
current and normalized emittance as the commonly used
5D brightness, which is defined as

2
Bsp=—>—. (4)
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This allows us to arrive at the proportionality commonly
used in the motivation of high brightness beams for the
optimal performance of an FEL:

p By (5)

The motivation for moving to high gradients was demon-
strated in [6] and therefore we will simply state the main
results from this derivation. It was illustrated that the 5D
brightness from an rf photogun goes with the extracted
electric field strength (E,) as

BSD [S3 ES’ (6)

where n is between 1.5 and 2 [7]. This proportionality
drives the decision to move to a higher cathode electric
field, commonly referred to as “gradient.” The work
presented in [7] describes the use of a high cathode fields
for a standing-wave rf photogun. However, the argument
for high gradients does not specify the requirements of a
standing-wave mode. Therefore, we generalize this argu-
ment to our TW case. How to achieve these higher
gradients without degrading operational reliability, through
an increase in the rf breakdown rate, is a heavily studied
topic in accelerator physics. One significant result which
has come from the studies of many TW X-band accelerat-
ing structures is that the breakdown rate (BDR) scales
strongly with the peak surface electric field (E;) and the rf
pulse length (7). An empirical formula for this dependence
was developed from the results of dozens of accelerating
structures tested over many years. These results gave the
proportionality [8]:

BDR « E3%7°. (7)
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These studies illustrated that there is a motivation to move
to shorter 1f pulse lengths to achieve higher electric fields.
However, as observed in the equation above, the increase in
the surface electric field goes as E, « 7~'/¢. Consequently,
we require a significant reduction in pulse length to see a
real benefit. Furthermore, whether the exponents in this
formula vary for rf photoguns is still a matter of future
investigations.

The minimum pulse length that can be used, to achieve
the nominal energy gain for a given input power, is
determined by the filling time of the rf structure. The
filling time of a standing-wave cavity is given as

20, 209
o el +p) ®

Irsw =
where Oy and Q; are the unloaded and loaded quality
factors, respectively, and f is the coupling coefficient
[9,10]. We find that designing SW photoguns with shorter
filling times is possible through an increase in the coupling
coefficient (f) or through an increase in frequency (w).
Such techniques have been employed on SW photogun
designs past and present [11]. One such example is the
SwissFEL photogun which has a = 2 and filling time of
1 ps [12]. More recently, a C-band SW rf photogun, which
is also under development as part of the IFAST programme,
was designed with a # = 3 resulting in a filling time of just
165 ns [13].

Another more novel approach to reduce the filling time
of photoguns is to shift to TW technology. The filling time
of a TW structure is given by the formula:

2 L

where v, is the group velocity, L is the length of the
structure, and yu is the attenuation parameter. Comparing
Egs. (8) and (9), we find that the attenuation parameter ()
of a TW structure is the analog of the coupling coefficient
(f) in a SW cavity with respect to the filling times. Such
attenuation coefficients for TW structures can be easily
designed such that y < 1, therefore, the designed filling
time of a TW structure is able to be much shorter than a
critically coupled (# = 1) SW structure. When compared to
overcoupled SW structures, the TW structure has other
advantages. First, TW guns can be designed with many
more cells than possible in SW structures, whose total
number of cells is limited by mode separation. Second, a
TW gun does not require an rf circulator as the input power
passes through the structure into the output RF loads rather
than being reflected back towards the power source. This
makes TW guns appealing for higher frequency applica-
tions where the design of rf circulators is complicated.
Furthermore, TW structures are less sensitive to design
tolerances making them easier to fabricate and operate,

particularly at high rf pulse repetition rates. Additionally,
TW gun can use phase manipulation schemes for electron
bunch compression and energy spread reduction. Finally,
TW guns have the ability to operate with rf pulse lengths
shorter than the filling time of the TW 1f photogun while
maintaining a nominal peak cathode field. The implications
of this final point are expected to be wide reaching as this
allows for operation with very short rf pulses and the
possibility of energy modulation without beam quality
degradation due to a reduced cathode field strength. This
final point will be elaborated on briefly in the further
discussion section.

There are some drawbacks of TW guns. TW systems
generally have a wider bandwidth than SW systems. This
results in them being more sensitive to changes in the rf
driver stability. One must take this into account when
discussing the pulse-to-pulse variation of the beam proper-
ties. Related to this is the broadband nature of TW devices
which means that the modes are quite close to one another
making it possible to drive multiple modes with very short
rf pulses.

III. RF DESIGN OF A TW RF PHOTOGUN

Given the arguments above, a design for a TW rf
photogun operating at C-band frequencies was first pursued
in 2013 and published in [3] and [14]. This past paper
demonstrated the beam dynamics performance of the TW rf
photogun and discussed how the cell lengths were opti-
mized. Below, we will briefly review this original rf design
and discuss how it was improved upon in this new design
with the ultimate goal of realization.

A. Discussion of the previous TW rf photogun design

The original aim of the project was to fabricate the
original TW rf photogun design with minimal modifica-
tions [14]. This design, illustrated in Fig. 1, featured ten
regular cells with a phase advance per cell of 27/3. The
input coupler was a coaxial style where a waveguide
coupler fed the rf into the coaxial waveguide that was
guided toward the input coupling cell. A virtual cell was
used to prevent the need for a very small gap between the
regular coupling iris and the cathode edge. To prevent the rf
from feeding upstream from the input coupler, an input
filtering cell was employed. This prevented field leakage at
the joint where the inner conductor was mechanically
connected to the input coupler. The ability to remove this
inner conductor was to allow a cathode exchange in the
event of its degradation. Downstream of the regular cells,
the rf is coupled out through a coaxial coupler. Similar to
the input coupler, this output coaxial coupler also featured a
filtering cell to prevent field leakage downstream of the
output waveguide coupler. Unlike the input coupler, the
output coupler had an rf choke placed along the coaxial
waveguide. The function of this rf choke was to allow the
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output coupler to be removed in order to place the solenoid
around the rf photogun. Given that this design featured
mechanically removable components of the coaxial input
and output couplers, it was important to understand the
tolerance requirements when reattaching these in order to
determine the complexity of operating this device. A
tolerance study on the allowable error in the alignment
of these inner conductors when mounted was performed for
the input and output rf couplers. This study was performed
using CST’s frequency-domain solver, using 9.15 million
tetrahedral cells, and the results are illustrated in Fig. 2 [15].

Original design for the TW rf photogun with the major components labeled [3,14].

A major finding of the tolerance study was that the long
inner conductor of the input coupler was very sensitive to
translational and angular misalignments in the y and z axes
where the y axis represents the plane where the input
couplers are located and the z axis is the beam axis. Taking
the example of a 200-pm translation in the y plane, a
reasonable misalignment possible when mechanically
mounting a flange, one observes an increase in the reflected
power from the input coupler from —35 dB to —12 dB.
Similar results were also found when the cathode was tilted
in this plane. This inner conductor was designed to be
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FIG.2. The tolerance study results for the original TW rf photogun design from the input coupler’s (top) and output coupler’s (bottom)
inner conductor. The terms dx, dy, and dz represent an offset of the inner conductor in the two transverse axes and the longitudinal axis,

respectively.
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exchangeable to allow the cathode to be replaced during
operation. Given this, it was concluded that realigning this
inner conductor, every time the cathode was exchanged,
would be very complicated during normal SwissFEL
operation and, therefore, a more robust solution was
required. In order to fix this alignment sensitivity, it is
important to understand its root cause. Further investigation
into the alignment sensitivity found two causes. The first
cause was an asymmetry in the phase advance within the
coaxial waveguide which resulted from the offset of the
inner conductor toward the rf input couplers. The second
cause was a perturbation of the volume of the input
coupling cell when the cathode was shifted, which led to
a change in its resonant frequency. With this insight, it was
determined that it would be possible to correct these
changes in the reflected power caused by such coaxial
misalignments through the use of a phase shifter on one
input waveguide port, amending cause 1 and an offset of
the inner conductor in the z axis, amending cause 2.
Figure 3 demonstrates the reflected power (S;;) for various
phase differences between the two input ports and for
various translations of the inner conductor in z-axis for the
situation of a 200-pm misalignment in the cathode in the y
axis. The cross within the figure illustrates the reflected
power without a phase difference between the input ports or
an adjustment to the inner conductor in the z axis. It is
observed that with a 50-um shift in the z axis and a phase
difference of 0.15 radians between the input ports, one
could re-establish the nominal reflected power of
< —45 dB, illustrated as a circle. However, this technique
does not fix the possible changes to the beam dynamics
resulting from the asymmetric field profiles on the cathode
caused by such a translation.

The tolerance study was repeated for the output coupler’s
inner conductor. Interestingly, this inner conductor

10

phase shift [rads]

FIG. 3. Amending the reflection (S;;) through an added phase
shift on one input power and through tuning in z. Different colors
represent shift of the cathode in z between —100 pm and 100 pm.
The cross represents the reflection given a 200 pm error in the y
axis and the circle represents the reflection after the two step
amendment.

misalignment issue was not observed on the output coupler.
The reasons for this were the following. The volume of the
output coupling cell did not contain the inner conductor
therefore shifts in its location would not perturb the volume
of this cell. Additionally, any asymmetry in the phase
advance of the coaxial waveguide on the output coupler
would be seen at the two rf outputs of the gun. These are
simulated as separate outputs in the electromagnetic sim-
ulations and therefore do not affect one another. In practice,
this means that it is important that such rf waveguide
outputs are terminated separately with individual rf loads or
if they are combined, the phases should be carefully
matched to compensate for any phase advance. In sum-
mary, the tolerance study determined only the input coupler
required a new conceptual design for the style of coupler.

Despite only the input coupler suffering from the severe
tolerance issues, there were further features that were
considered undesirable in the rf design. The use of rf
chokes and filtering cells in the original design resulted in a
complex rf design that was possibly prone to multipacting
[16]. The choke was added to the original design to allow
the output coupler to be removable in order to assist in the
mounting of the main solenoid. The filtering cells, added to
both the input and output couplers, aimed to reduce the
fields at the location where the inner conductors of the two
coaxial waveguides were mechanically connected to the
flange. With all of the results above in mind, it was decided
that an updated TW rf photogun design should be modified
such that: (1) It was less sensitive to fabrication tolerances
whether that be through a new design or more robust
joining of the inner conductors; (2) it should remove all rf
chokes and filtering cells while still being able to mount the
solenoid around the structure; (3) the rf lengths of the
regular cells, input coupling cell, and output coupling cell
were extensively optimized in the original design and
therefore it was desirable to leave these dimensions
unchanged. With these points in mind, a design study of
the new rf input and output couplers was undertaken.

B. Updated input coupler

Given the tight alignment tolerances of the inner con-
ductor in the input coupler, it was important that the inner
conductor could be fixed in place with brazing rather than
mechanically aligned each time the cathode was removed.
For this reason, the original electrically coupled input
coupler was exchanged with a magnetically coupled input
coupler with coupling slots. These coupling slots are visible
in both the vacuum and mechanical models, illustrated in
Figs. 4 and 5, respectively. The use of coupling slots rather
than the freely hanging inner conductor that formed a
coupling iris, used in the original design, allowed the inner
conductor of the coaxial waveguide to be joint to the outer
conductor. Consequently, it needed to be aligned only once
during the assembly after which it is brazed in place. This
could be done to significantly higher precision than a inner
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Magnetic Coupling Slots

Waveguide Input
Coupler

Waveguide-to-Coaxial T
Transition

Input Coupler Coaxial’s
Inner Conductor

Input Coupling Cell

Waveguide-to-Coaxial

Waveguide Output Coupler Transition

Output Coupling Cell

Output Coupler Coaxial’s

Inner Conductor
Regular Cells

FIG. 4. Vacuum design of the TW rf photogun with annotations of the key components.

conductor mechanically attached using a beampipe flange.
As a consequence of this new design, the input filtering cell
and virtual cell of the original design could be removed
from the design reducing the overall complexity.

To keep the possibility of a replaceable cathode, the inner
conductor for the input coaxial was designed to be hollow
with the cathode inserted through the center of the inner
conductor. This new concept is illustrated in the mechanical
diagram (Fig. 5). The cathode plug, visualized in cyan, is
placed at the end of arod and inserted through the center of the
inner conductor of the input coaxial waveguide. This new
design also allowed for a cathode plug design similar to that of

Rod

Bore Radius of Solenoid

FIG. 5.

/ (WR187)

Beampipe Flange
(CF40)

Cooling Water Ports

the current SwissFEL rf photogun [17]. This was important
when considering the possibility of the TW rf photogun’s use
in SwissFEL, which would require a load-lock capability.
The gap between the rod, which holds the cathode plug, and
the inner conductor was enlarged to improve vacuum
pumping behind the cathode. Additionally, the cathode plug
had wedge-shaped slots cut into it to provide better pumping
in the region of the rf contact spring. The total length of the
input coaxial waveguide was primarily driven by the dimen-
sions of the main solenoid and bucking coil that will be
described below. Finally, an additional chamfer was added
to the waveguide-to-coaxial transition of the coupler.

Waveguide Flange

Coupling Slot

Cathode
Plug

Cooling Channels

Diagrams of the mechanical design of the TW rf photogun with annotations.
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The functionalities driving the motivation for this chamfer are
twofold. The first was an increase in the coupler’s bandwidth
from 53 to 100 MHz when considering the region where the
reflection is less than —30 dB. The second functionality was
to remove the local minimum in the electric field magnitude
that occurred between the inner conductor and cell wall. This
local minimum is a region that could be prone to multipacting
and therefore removing it was thought to be prudent [18].

C. Updated output coupler

For the output coupler, the tolerance study illustrated that
the concept of a “free-hanging” inner conductor was
feasible and that it did not require coupling slots, as was
the case for the input coupler. However, the presence of the
rf chokes and filtering cells was still something that needed
to be addressed. In order to remove the need for the rf choke
and output filtering cell, while also allowing the solenoid to
be placed over the TW rf photogun, the output coupler
needed to be redesigned. This was because the original
waveguide arms were too long to slip a solenoid, of
reasonable bore radius, over the end. A new radially
compact rf coupler was designed with the aim that the
waveguide flanges have a maximum radius of less than
70 mm. The reduced radius allows for the main solenoid
and bucking coil to be placed over the TW rf photogun

without the need to dismount the entire output coupler, as
was proposed in the original design. Without the rf choke
and output filtering cell, the length of the output coaxial
waveguide was reduced drastically from 150 to 50 mm. The
minimum length of this output coaxial waveguide was
ultimately limited by the mechanical design. This design
sees the WRI187 waveguide flange embedded into the
photogun body to keep the outer radius of the output
coupler below 70 mm (Fig. 5). As was implemented in the
input coupler, the output coupler also had a chamfer added
to remove this undesirable local electric field minimum and
increase the coupler bandwidth.

D. Regular cells

In [3], extensive beam dynamics calculations were
performed to optimize the length of the input coupling
cell and choose the optimal phase advance. For this reason,
it was decided that the regular cell geometry of the new gun
would be the same as in the original design. Two separate
phase advances were investigated as part of this original
study. It was found that a phase advance of 7/6 performed
better in terms of beam dynamics performance, with the 5D
brightness achieved 50% greater than that of the 2z/3 case
given a cathode gradient of 135 MV/m. However, the
shunt impedance was considerably lower resulting in a 54%

Vim
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14000 —
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(a) Electric field.

(b) Magnetic field.

FIG. 6. The absolute magnitude of the electric and magnetic fieldmaps within the TW rf photogun for a peak input power of 1 W.

103401-7



THOMAS GEOFFREY LUCAS et al.

PHYS. REV. ACCEL. BEAMS 26, 103401 (2023)

increase in the power requirements. For this reason, it was
decided that the new design would use the 27/3 phase
advance. Given the low power dissipation and low number
of total regular cells, a constant impedance design was
chosen. Finally, to also keep with the philosophy of not
changing features that would affect the beam dynamics
simulations performed in the past, the total number of

regular cells was kept to ten, with two additional cou-
pling cells.

E. Electromagnetic simulations and
high-power performance metrics

With the newly updated rf design, it was important to
know whether any of these changes would affect the high-
power performance. For this, one can use certain 1f metrics
to predict the performance and understand what may be the
limitations. Figure 6 displays the absolute magnitude of the
electric and magnetic fields for the new TW rf photogun
design. It is observed that the greatest electric fields are
located on the cathode. For an input power of 82 MW, the

peak electric field at the center of the cathode is
200 MV/m. The peak electric field on the irises is
12.5% below that of the central cathode electric field
and, therefore, it is expected that most breakdowns will
occur on the replaceable cathode plug rather than on the
cells. An important check for the new magnetically coupled
input coupler was to ensure that the magnetic field on the
coupling slots was not too high. For pulsed systems, a high
magnetic field can cause damage through thermal stresses
known as pulsed surface heating. It has been previously
observed that pulsed surface heating should be restricted to
below 50 K [19] to prevent cracks in the surface of the
copper. The temperature rise from pulsed surface heating
can be calculated through the formula

ENGL

1
AT = =R, ,
2 T pcon/may

(10)

where R, is the surface resistance, 7 is the rf pulse length, H
is the complex surface magnetic field, @, is the thermal
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FIG. 7. Electromagnetic distribution for the cells of the TW rf photogun.
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TABLE I. rf parameters of the updated TW rf photogun.
Parameter Value Units
Frequency 5.712 GHz
No. of accelerating cells 12

Cell length 17.495 mm
Structure active length 250 mm
Phase advance 120 °
Attenuation —1.41 dB
Group velocity 0.79 Yoc
Filling time 90 ns
Input power 82 MW
Peak E field (irises) 175 MV/m
Peak E field (cathode centre) 200 MV/m
Peak H field 558 kA/m
Pulsed surface heating (100 ns) 30.6 K

diffusivity, c,. is the specific heat at constant strain, and p is
the density [19]. Taking an rf pulse length of 100 ns and a
peak magnetic fields of 558 kA/m, it is found that the
temperature change due to pulsed surface heating is 30 K
which is below the 50-K threshold. It is observed that the
electric and magnetic fields on the output coupler are much
lower than the input coupler and, consequently, are not
expected to cause any issues. Figures 7(a) and 7(b) depict
the longitudinal electric field along the beam axis. These
plots illustrate a well-tuned structure with a peak central

cathode field of 200 MV/m. Finally, the S parameters
[Fig. 7(c)] are found to give a reflection less than —40 dB,
an attenuation of —1.41 dB and a total bandwidth of 3 MHz
for a reflection below —30 dB. A comprehensive list of rf
parameters is included in Table I. To ensure the accuracy of
the rf simulations, all ANSYS HFSS simulations were also
verified with simulations in CST’s frequency-domain
solver, which found similar results [20].

F. Tolerance requirements

Using the same methodology as the tolerance study
performed for the previous design, the couplers were
investigated for their sensitivity to misalignments. The
simulations were performed in CST’s frequency domain
solver with approximately 15.5 million tetrahedral mesh
cells. The increase in mesh cells, compared to the tolerance
study above, came as a result of the more complex
geometry of the magnetic coupling slots. The tolerance
study investigated the alignment of the inner conductor in
the input and output couplers. The advantage of the new
design is that the inner conductors of the two coaxial
couplers are automatically aligned by the mechanical
geometry and then brazed in place. Consequently, the
alignment only has to occur once. Nevertheless, it is
important to understand the requirements for the initial
assembly. Figure 8 illustrates the results of the tolerance
study. These results illustrate that the new input coupler is
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The tolerance study results for the updated TW rf photogun design from the input coupler’s (top) and output coupler’s (bottom)
inner conductor. The terms dx, dy, and dz represent an offset of the inner conductor in the two transverse axes and the longitudinal axis,
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FIG. 9. Sources of input and output power for the thermal simulations. Input power comes from rf power dissipation and the total
power dissipation is illustrated for the 1 kHz operation case. The cooling comes from the cooling water flowing (green) and the heat

dissipation to the surrounding environment (blue).

still sensitive to the offset of the coaxial toward the wall.
However, due to the better matching of the new design, we
find that an offset of up to 200 pm is still tolerable. The
coaxial is extremely insensitive to offsets in the axis
perpendicular to the couplers where we see that even for
an offset of 200 pm, the coupling remains below —50 dB.
A misalignment in the longitudinal dimension, z, also does
not lead to a significant change in the matching. For the
output coupler, we find that the tolerances are even less
sensitive to changes and misalignments up to 200 pm in all
axes still achieve a matching below —40 dB.

IV. THERMAL SIMULATIONS OF HIGH
REPETITION RATE OPERATION

Operation at higher rf pulse repetition rates is desirable
for future FELs. Given its short filling time and low
attenuation, the TW rf photogun has the ability to operate
at a very high rf pulse repetition rates. In order to under-
stand what may limit this repetition rate, steady-state
thermal simulations of the TW rf photogun were performed
in CST’s thermal and mechanical solver. The simulations
performed were unidirectional and do not account for the
expansion of the TW rf photogun with a change in
temperature. However, the simulations aim to illustrate
the temperature change in the regions known to be more

temperature sensitive, i.e., have a narrow bandwidth. In the
case of the TW rf photogun, these are the regular cells and
input coupling cell.

The simulations began by coupling the electromagnetic
solver results, in particular, the surface power dissipation, to
the thermomechanical solver. This surface power dissipation
isillustrated in Fig. 9(a). The transfer of heat out of the system
was assumed to occur through two processes, the convection
of heat into the cooling water and the convention of heat to
the air in the surrounding environment [Fig. 9(b)]. These
processes were assigned heat transfer coefficient values of
7000 W/m?/K and 5 W/m? /K, respectively. These values
were obtained through analytical calculations and modeling
in ANSYS Fluent for a water speed of 1.5 m/s [21,22]. The
cooling water was assigned a temperature such that the mean
temperature of the TW rf photogun’s regular cells was the
nominal operational temperature of 313.15 K. The air of the
surrounding environment was assigned an ambient temper-
ature of 293.15 K. Given all temperatures were near room
temperature, losses due to radiation were not included in the
simulation. Conduction losses to waveguides and the
mechanical support systems were assumed to be low.
Figure 10 illustrates the temperature distribution for 100-
Hz and 1-kHz rf pulse repetition rate operation for the
nominal operational power of 82 MW and a total rf pulse
length of 100 ns leading to a 10-ns stable rf time. Such values

103401-10
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FIG. 10. Thermal simulations of the TW rf photogun for two rf pulse repetition rates.

do not include the pulsed surface heating resulting from the
magnetic fields of the driver rf power, mentioned above, or
the pulsed heating from the photocathode laser, which will be
elaborated on below in the further discussion. It is found that
for 100 Hz operation, the maximum steady-state temperature
within the TW rf photogun is 1.45 K above the nominal
operational temperature while for 1-kHz operation, this
increases to 14.05 K. This maximum temperature occurs
on the region of the cathode adjacent to the magnetic
coupling slots where the power dissipation is greatest and
in aregion that is more thermally isolated due to the presence
of the magnetic slots and gap between the cathode plug and
inner conductor. It will be important to establish a good
contact between the removable cathode plug and the inner
conductor of the input coupler to prevent overheating of the
cathode. It is to be seen whether an adjustment of the
cathode’s position to rematch the coupling of the input
coupling cell is required due to the temperature increase.
However, the total length of the cathode plug is expected to
increase only 6 pm for a 14-K temperature increase, which is
within the required machining tolerances. Along with the
increased temperature of the cathode, the temperature
decreases around the waveguide-to-coaxial transition where
the power dissipation is low. This is particularly noticeable in
the input coupler. Given the very wide bandwidth of the
waveguide-to-coaxial transition, it is expected that this
temperature difference will not affect the performance of
the TW rf photogun. These results illustrate that 1-kHz

operation is feasible for this device with respect to power
dissipation.

V. PERFORMANCE AT ULTRAHIGH VACUUM

rf photoguns require extremely high vacuum levels for
nominal operation, particularly to prevent the degradation
of the cathode when made from a semiconductor material
such as cesium telluride (Cs,Te). Vacuum simulations of
the rf photogun were performed using the Molflow+ software
package [23] to ensure that within this complex geometry,
the required vacuum can be obtained both for the high
gradient operation of the rf photogun and the prevention of
the degradation of a semiconductor cathode. The initial
calculations were performed for nitrogen particles in order
to generally judge the complexity of pumping the device to
reasonable pressures for operation. The copper was
assigned an outgassing rate of 5 x 10~'! mbar/1/s/cm?,
which is a conservative value for baked copper when
considering the effect of the dynamic desorption during
the gun operation. One important factor to consider will be
how quickly one can pump down the structure to the
nominal operating pressure after an rf breakdown. This will
be the focus of investigation during the high-power testing.
The vacuum simulations for N, are depicted in Fig. 11 for
pumping rates of 50 1/s on each waveguide port and at the
tee in the manipulator. It was found that the vacuum has a
maximum value of 5.9 x 10~ mbar in the central cells of
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FIG. 11. The molflow+ simulations of the rf photogun and the
manipulator which will house the cathodes during the initial
evacuation of the system.

the photogun. The vacuum at the cathode is approxi-
mately 1.5 x 10 mbar.

When pumping the gun from atmospheric pressure, the
strategy will be to pump with the cathode retracted into the
load-lock system. This load-lock system will already be
under vacuum and separated from the TW 1f photogun by a
vacuum valve. The retracted cathode will ensure adequate
pumping speeds inside the hollowed inner conductor region
where the cathode will eventually pass through for inser-
tion. Once the photogun has reached its minimum pressure
during pumping, the vacuum valve will be opened and the
cathode will then be inserted. This will ensure that any
semiconductor cathode always experiences a high vacuum
environment. The maximum pressure within the manipu-
lator is located between the rod and the inner conductor
where the vacuum is approximately 6.6 x 10~ mbar.
However, this value is calculated for the situation when

mbar
5x10°

5x109

FIG. 12. The molflow+ simulations of the rf photogun cathode
cell region for water vapor. The dashed box represents the region
represented in the vacuum simulation.

the cathode is fully inserted. rf power is also not present
inside this region so it is not expected to cause issues. The
pressure within the main load-lock chamber is less
than 10~ mbar.

When considering the contributions of poor vacuum to the
cathode lifetime, one must consider other gases such as water
vapor, O,, CO, and CO,. Literature on the outgassing rate of
these gases for oxygen-free high-conductivity copper are
scarce. However, one source quotes the outgassing of water
vapor as 3 x 10~!" mbar/1/s/cm? [24]. Using this outgas-
sing rate, the simulations were performed again and the
results of the pressure near the cathode, which is expected to
be most affected by the water vapor, are illustrated in Fig. 12.
We find that in the region of the cathode, the water vapor
pressure is less than 5 x 10~ mbar. This is a little high for
semiconductors and it is to be seen whether this will cause
issues for the operation of Cs,Te cathodes.

VI. MAIN SOLENOID AND BUCKING COIL

Important for emittance preservation and beam trans-
mission, all rf photoguns must be accompanied by a
solenoid magnet. A basic design of the magnet was
described in [3,14] and used for the original beam dynam-
ics simulations. In this work, we extend upon the original
simple design by creating a more realistic model that also
fits the new bore radius requirement. The reader will recall
that this was defined by the outer radius of the output
waveguide flanges. The new model also includes power
dissipation and cooling requirements. The magnetic yoke is
assigned to be steel and the design aimed to keep the
maximum magnetic field within the steel yoke to below 2 T.
The coils an 8-by-8 mm square conductor with a 5-mm
bore diameter cooling channel. Figure 13 demonstrates the
solenoid model around the updated design. The design uses
the same concept as the original magnet where the main
solenoid and bucking coil have their yokes connected.
Below the rendering is a plot of the axial magnetic field.
The cathode lies at z = 0 where the total magnetic field is
zero. This ensures no addition to the emittance due to local
magnetic fields [25]. For a peak field of 0.61 T, the coils of
the main solenoid require a current density of 7.01 A/mm?.
Such a value is high but still feasible for a normal
conducting solenoid [26]. The temperature rise, due to
the resistive losses, and cooling requirements can be
estimated using the specific heat capacity equation [27].
First, the resistive power losses, due to the high current
density, is 10.75 kW for the main solenoid. To cool this,
keeping the temperature rise to 21 K, the cooling water
must have a pressure of 2.8 bar flowing at 1.24 m/s inside
the bore. Such a calculation can be performed for the
bucking coil also, which has a current density of
3.22 A/mm?. The resistive losses in the bucking coil are
much lower at 906 W. Using cooling water of 0.7 bar
flowing at 0.55 m/s leads to a temperature rise of just 10 K.
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FIG. 13. Combined main solenoid and bucking coil with the

axial magnetic field plotted below.

VII. BEAM DYNAMICS SIMULATIONS OF A
SWISSFEL INJECTOR UPGRADE

In order to understand the possibilities of the TW rf
photogun as an injector upgrade for SwissFEL, detailed
beam dynamics simulations of the new photogun design
were performed, along with simulations of the current
SwissFEL photogun as a comparison, and to validate the
new simulations against previous simulations and mea-
surements. In [14] and [3], the beam dynamics performance
at two different gradients was illustrated so here we only
simulated for the high gradient case to illustrate that the
beam dynamics performance is maintained. All of the beam
dynamics simulations were performed in General Particle

Solenoids

Gun Solenoid

TABLE II. Summary of the beam dynamics performance of the
current SwissFEL injector compared to the proposed injector
upgrade.

S-band SW TW 1f
Parameter gun [12,14]  photogun
Cathode gradient (MV/m) 100 200
Bunch charge (pC) 200 200
Extraction field strength (MV/m) 75.3 173.8
Transverse laser profile Uniform Uniform
Longitudinal laser profile Uniform Uniform
Laser beam radius (pm) 342 322
Thermal emittance (mm mrad/mm) 0.55 0.55
Laser pulse width (FWHM) (ps) 9.9 2.83
Laser pulse energy (nJ) 200 200
Energy (after gun) (MeV) 7.1 18.3
Energy (end of injector) (MeV) 130 130
Correlated energy spread (%) 0.22 0.16
Bunch length (um) 931 326
Projected emittance (mm mrad) 0.221 0.185
Sliced emittance (mm mrad) 0.208 0.148
Peak current (A) 19.74 55.5
Central 5D brightness (TA/m?) 905 5155

Tracer (GPT) with mesh-based 3D space charge and a
Dirichlet boundary condition on the cathode [28]. For the
TW rtf photogun, the full 3D electric and magnetic
fieldmaps were used in order to understand whether
multipole components, which may result from the rf input
couplers or magnetic-coupling slots, will affect the beam
quality. The simulations were performed for the beginning
of the SwissFEL injector, as illustrated in Fig. 14. This
beamline consists of an 1f photogun, with its main solenoid,
along with two 4-m S-band TW accelerating structures
(TWS). The two accelerating structures each are allowed to
operate up to an accelerating gradient of 20 MV/m. The
two TW structures each have four solenoids around them.
When changing between the current SwissFEL S-band SW
photogun simulation and the TW rf photogun, the only
changes made to the beamline were to change the photogun
and its main solenoid, and to adjust the distance between
the gun and the first structure, while keeping the distance
between the first and second accelerating structure the
same. This aims to make as few changes to SwissFEL as

S-band SW Photogun/
C-band TW Photogun

FIG. 14. Beamline setup for the simulations.
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FIG. 15. The projected beam parameters for the current SwissFEL injector as well as the TW rf photogun for a cathode gradient of
200 MV/m.
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possible while still increasing the performance making it a
feasible and cost-effective upgrade to SwissFEL.

In order to find the operational points for the injector, a
multivariable genetic optimization was employed. An in-
depth description of this optimizer can be found in the GPT
manual [28]. The optimizations were performed for a
bunch with 5000 macroparticles. The goals of the opti-
mizations were to have a projected emittance less than
0.2 mm mrad, a pulse length less than 1.2 ps and a total
energy spread less than 0.1% at the end of the second
structure. The measurement point for the optimization is
illustrated as a spot in Fig. 14, 15 m downstream of the
cathode.

The normalized emittance and bunch length relate to the
sliced emittance and the peak current, and, therefore, relate
to the 5D brightness [see Eq. (4)]. The beam parameters at
the cathode are described in Table II. Both the S-band SW
photogun and TW rf photogun cases were performed with a
200-pC bunch charge with a uniform transverse and
longitudinal laser distribution. It should be noted that the
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uniform charge distribution is an idealized case and in
practice, it is complicated to achieve particularly at short
laser pulse lengths. Each situation was also assigned the
same intrinsic emittance of 0.55 mm mrad/mm [29]. After
the optimized value was found, the simulations were
performed with 200,000 macroparticles to ensure that
the solutions had converged to the correct values. Given
the significant increase in the extraction electric field
strength for the TW rf photogun, the electron bunch length,
which was able to be maintained on the cathode, was 3.5
times shorter. It was found that the highest beam brightness
came from a short bunch length on the cathode rather than a
smaller laser spot size. Figure 15 illustrates the projected
beam parameters along the beamline. A noticeable differ-
ence between the two situations is that the transverse and
longitudinal bunch size along the beam line is significantly
smaller for the TW rf photogun. This is a result of the much
higher accelerating gradient and, consequently, the beam
becoming more rigid when compared to the SW photogun
case. The total energy spread, which is overwhelmingly
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FIG. 16. Sliced parameters at the end of the second S-band structure for the current SwissFEL injector as well as the C-band TW rf

photogun for an operational gradient of 200 MV /m.
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correlated energy spread, is slightly lower in the TW rf
photogun case which operates with the first structure
slightly off-crest and therefore is able to reduce the energy
spread induced by the TW rf photogun. The normalized
emittances can be seen to have very similar behavior with a
modest 25% reduction for the TW rf photogun at the end of
the injector. The local increases in the emittance along the
injector result from the solenoids introducing an angular
momentum onto the beam. Finally, what is observed is that
the bunch length is primarily determined by the laser pulse
length and any further changes resulting from the rf are
small.

For further information on the bunch’s performance in an
FEL, Fig. 16 illustrates the sliced beam parameters. It is
found that the peak current in the bunch increases from
19.74 to 55.5 A due to the reduced bunch length. The
higher gradient also allows a slightly better emittance
preservation which is 25% lower for the TW rf photogun
compared to the current SwissFEL gun. These two factors
combine to result in a 5D brightness of 5155 TA/m? which
is greater than a fivefold increase when compared to the
current SwissFEL S-band SW photogun. We defined the
mismatch parameter as

1
¢ :E(ﬂoy—aoa+}’oﬂ) 21, (11)

where a, f3, and y are the sliced Twiss parameters while «),
Po, and y, are the projected Twiss parameters. It is the goal
to have this mismatch parameter as close to 1 as possible,
where 1 represents a perfect matching between the trans-
verse phase-space ellipses over the length of the bunch. The
simulations results indicate that the matching between the
slices is suitable for downstream lasing.

Here we have illustrated the 200 MV /m case to illustrate
that the new design achieved similar results to the past
design. However, in [14], it was illustrated that using a
more conservative gradient of 135 MV /m already doubled
the five-dimensional brightness when compared to the
SwissFEL S-band gun.

VIII. MODELING OF DARK CURRENT
PRODUCTION

Field emission from the cathode, and other high field
regions, may limit the peak field that can be used for
operation. When captured within the rf fields of an rf
photogun or accelerating cavity, these field emitted elec-
trons form a “dark current.” Such dark current can degrade
the beam quality extracted from the cathode, increase local
radiation and, in extreme circumstances, cause beam
loading within the rf cavity [30,31]. Consequently, under-
standing the production of this dark current within the
photogun is important to understanding the high gradient
limitations caused by this phenomenon. Unfortunately, to
know the exact amount of dark current produced still

requires experimental measurements due to the high
variability of the field emission levels with respect to the
level of surface conditioning [31]. Here, we aim to
approximate the level of dark current produced by the
TW rf photogun based on some assumptions of the surface
properties and using past measurements of the SwissFEL
gun [32]. The energy spectrum and transport can be
modeled accurately through detailed particle tracking
simulations.

In order to model the dark current produced by the TW rf
photogun, we follow the approach described in [30]. To
begin, the rf model (Fig. 4) was first imported into the
frequency domain solver of CST MICROWAVE STUDIO. A
virtual cylinder with extremely fine meshing was place
around the beam axis with a radius equal to the regular cell
iris radius, this was vital for the accurate generation of the
field emission at the area of largest surface electric field,
the cathode, as well as for the particle tracking through the
photogun. The electromagnetic fieldmaps were solved in
this frequency domain solver and coupled into the Particle-
In-Cell (PIC) solver. The imported fieldmaps were split into
two sections: the fieldmap around the cathode, where the
field emission source is located, and the fieldmap in the rest
of the photogun. The fieldmap around the emitter was set to
step size of 20 pm while the fieldmap in the rest of the
structure the step size was set to 100 pm.

In CST’s PIC solver, the emission surface is set to be the
cathode region and its emission properties follow the
current density of the Fowler-Nordheim equation [33].
This Fowler-Nordheim equation describes the field emis-
sion process from a surface with high surface electric fields.
The current density produced can be written as follows:

J = aE? exp(—b/E}), (12)

where a and b are constants defined by the material
properties, and E; is the local electric field. The local
electric field is a microscopic property of the material. We
make the assumption that the microscopic field enhance-
ment is the same across the whole surface, given no
information is known on this scale and it is known that
these microscopic properties vary significantly during rf
conditioning [31,34]. To take into account these micro-
scopic field effects, we set

EL ::BEsv (13)

where f is the field enhancement factor and E; is the
macroscopic surface electric field that has been calculated
through the electromagnetic simulations [30]. The value of
p is taken to be 70. This value comes from measurements
on the SwissFEL rf photogun [32]. As the exact position of
the field emission is not known, and in fact can change over
time as mentioned above, the field emission source is
distributed uniformly across the areas with the greatest

103401-16



TOWARD A BRIGHTNESS UPGRADE TO THE ...

PHYS. REV. ACCEL. BEAMS 26, 103401 (2023)

MeVv

19]
16—

14—

12—

FIG. 17. The PIC model of the dark current production in the TW rf photogun.

surface electric field. In the case of the TW rf photogun, this
is the entire cathode plug. The total area of field emission is
set to equal the measured emission area from the SwissFEL
gun which was 0.01 pm? with an additional scaling to
account for the overall geometry difference between the
two cases. Finally, the emission time-step size was refined
also until the total emission no longer changed while
reducing the time step.

Running the PIC solver for 10 ns allowed the PIC
simulation to reach a steady-state solution. It should be
noted that the simulations are for the rf fields in their
steady-state solution and do not include the transient
situation during the filling of the structure. For this reason,
all results below will be for the situation where the structure
is completely filled with rf. Figure 17 displays the PIC
solver after 10 ns. It is observed that the field emitted
electrons from the cathode are bunched with a separation of
three cells. This is expected due to the 120-degrees phase
advance regular cell design. Two important properties to
investigate with the dark current simulations were the
energy spectrum and bunch charges reaching the end of
the structure. Figure 18(a) illustrates the energy spectrum of
a single dark current bunch that reaches the end of the TW
rf photogun. It is found that the dark current peaks at an
energy of 18.2 MeV, which is the same as the electron
bunch intended for acceleration. The level of dark current
emitted from the photogun for a peak field of 200 MV/m
on the cathode is expected to be high. Taking the surface
properties of the SwissFEL photogun cathode, one calcu-
lates that the TW rf photogun will produce bunches of
547 and 735 fC per rf period at the end of the gun without
and with the main solenoid on, respectively. This equates
to a capture efficiency of 29% and 41%, respectively
[Fig. 18(b)]. In the previous sections, the option of using
Cs,Te cathodes was discussed. Such cathodes are desirable
for the generation of electron bunches due to their low work
functions and high quantum efficiencies. However, with
this reduced work function, one would expect it to impact
upon the amount of dark current produced. Repeating the
dark current simulations above while introducing a Cs,Te

layer on the cathode’s flat region, and assuming a work
function of 3.3 eV for this region, it is found that the field
emission increases by approximately a factor of 15.
Consequently, one expects up to 11 pC of dark current
per 1f period. This level of dark current may impede upon
operation. However, it is yet to be seen the extent of its
impact and this will be subject to investigation during the
upcoming high power tests. Recent results from [11]
suggest that it may be possible to significantly reduce
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FIG. 18. Properties of the dark current in the TW rf photogun.
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the amount of dark current produced through increasing the
surface electric field well above the operational point and
then reducing the electric field for nominal operation.

IX. FURTHER DISCUSSION

In this paper, we have comprehensively presented the
electromagnetic and mechanical design of the TW rf
photogun and aimed to predict its ultimate performance.
However, there are still some open questions which will be
addressed in future work. The first of these is the mode
excitation of adjacent modes due to the very short rf pulse
lengths. This can be somewhat overcome by slowly
ramping the 1f before the flattop to reduce the bandwidth
of the rf pulse. However, this would require an increase in
the power dissipation reducing the possibilities of high rf
pulse repetition rate operation. What makes such a study
particularly complex is the broadband nature of the TW rf
photogun in comparison to a SW gun which has clearly
defined separate modes. Consequently, one must not just
consider adjacent modes but a band of frequencies.
Furthermore, such modes, along with others outside the
bandwidth of the driving amplifier, may also induced by
wakefields. It will be important to perform a wakefield
study of the TW RF photogun to understand what limi-
tations wakefields may play on the beam dynamics
performance. Adding to the complexity of the wakefield
simulations is that the first few cells where the beam is
subrelativistic. The following sections are short discussions
of some open questions yet to be fully explored in the TW
rf photogun and will be the subject of further investigations
in future work.

A. Factors contributing to sliced energy spread

A newly emerging topic for high brightness injectors,
which we has yet to be addressed in this paper, is the effect
of intrabeam scattering (IBS). Recently, measurements
have suggested that IBS may play a key role in the sliced
energy spread of the beam produced by an injector,
ultimately limiting the achievable compression and perfor-
mance of an FEL [35-38]. In [39], the limitations of using
5D brightness as a metric for electron source performance
were discussed. It should be noted by the reader that due to
the greater charge densities used in this TW rf photogun,
one does expect IBS to play a more dominant role in its
operation. Understanding exactly how much such effects
limit the potential improvement of beam brightness is a
complicated question that must take into account these
effects of IBS, as well as microbunching instabilities during
the bunch compression and also the reduced compression
ratio required in the bunch compressor stages of the FEL
when operating with shorter bunch lengths. Future inves-
tigations of the use of this TW rf photogun at SwissFEL
will look at how IBS will limit its ultimate performance.

B. Sub filling-time rf pulses for the TW rf photogun

Another interesting concept for TW guns is their ability
to operate with rf pulse lengths shorter than the filling time
of the TW rf photogun while maintaining a nominal peak
cathode field. Given the nature of traveling-wave devices,
the rf field amplitude builds as the rf propagates through the
structure rather than filling all cells simultaneously, as is the
case for a standing-wave device. The consequences of this
is that the first cell, which in the case of the traveling-wave
gun contains the cathode, reach its peak electric field before
the cells downstream. This peak cathode field is what is
required to generate high brightness bunches and, there-
fore, these bunches can be generated before the tf fields
finish their propagation through the structure. With this
concept, it will be important to understand how the rf in the
downstream cells affects the beam quality given they are
still in their transient phase and the TW rf photogun’s wide
bandwidth. Taking Eq. (7), we see that the potential
benefits from this are to operate at even greater cathode
electric fields for a given breakdown rate. One could also
envisage performing more intricate amplitude modulation.
The potential applications of this are expected to be wide
reaching. An example is that the beam energy could be
changed without reducing the electric field on the cathode.

C. Heating due to the photocathode laser

One other consideration in the heating of the rf photogun
is the photocathode laser. Such systems can provide
significant peak power and understanding this power
dissipation is important, in particular to prevent damage
to the cathode. The laser parameters are described in
Table II. To begin, we start with the average power
dissipated by the laser. For the current SwissFEL photogun,
the laser pulse energy is approximately 200 nJ for a 200-pC
bunch charge and therefore we expect a similar laser pulse
energy for the TW rf photogun [40]. When converting this
to an average power for 100-Hz or 1-kHz operation, we find
a value of 20 and 200 pW, respectively. This is several
orders of magnitude below the power dissipation from the
input rf. Therefore, we can neglect the laser power in
steady-state temperature calculations, particularly because
a significant portion of this energy is reflected from the
surface and does not dissipate on the cathode.

For the pulsed heating due to the large peak power of the
laser, we can make estimations of the temperature increase
based on a one-dimensional semi-infinite body, similar to
that used in rf pulsed surface heating (Sec. IITE). The
model to calculate the temperature increase on the cathode
surface due to an incoming square laser pulse is given as

(1-n=R)F

v 2kpc,t;

where 7 is the quantum efficiency, R is the reflectivity, F'is
the fluence, « is thermal conductivity, p is the density, c, is

AT = (14)
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the specific heat, and 7; is the laser pulse length [41,42].
One may notice that this equation is similar to Eq. (10),
which described the rf pulsed heating. For a Cs,Te cathode,
we find that it has a 40 nm layer of Cs,Te with a copper
substrate [43]. The first open question is, how much power
is dissipated in the Cs,Te and how much in the bulk Cu
substrate. For completeness, one can calculate the two
extreme scenarios which are as follows: the case that all the
power is dissipated in the Cs,Te layer; and the case that all
the power dissipated in the Cu substrate. Taking Eq. (14)
and inputting typical thermodynamic values for bulk
copper, it is found that the laser pulsed heating is
6.75 K if one assumes no reflection or power loss to
photoemission. For the case that all of the power dissipated
into the 40-nm Cs,Te layer, we must identify key thermo-
dynamic properties of the material. Such properties are not
widely reported in literature. Two separate studies have
reported that the specific heat and thermal conductivity of
Cs,Te are 198.75 JK~'kg=' [44] and 0.17 Wm™!' K~!
[45], respectively. With these values, we find that the
expected temperature rise is 683 K, assuming no reflection
or power losses to photoemission. The nonzero reflectivity
and quantum efficiency means that this value is an
overestimation. It is yet to be seen whether this causes
an issue for the Cs,Te and it may be necessary in the future
to move to a new operational point for the quantum
efficiency of the Cs,Te, when compared to that used in
SwissFEL. SwissFEL currently operates with a lower
quantum efficiency, than that possible with Cs,Te, in order
to improve the cathode lifetime [46]. Moving to a higher
quantum efficiency will reduce the required laser pulse
energy and therefore laser pulsed heating, at the expense of
cathode lifetime. Further studies into the use of semi-
conductor cathodes for the TW rf photogun will come with
the realization of the device.

X. CONCLUSIONS

With the aim of producing a higher brightness electron
source, a project to design, fabricate, and test the first TW rf
photogun is underway at the Paul Scherrer Institute. The rf
design of the TW rf photogun is based on a past design
although with significant modification to the input and
output couplers to ease fabrication and increase the robust-
ness of the design. In addition to this, the mechanical
design adds a load-lock capability for the exchange and use
of semiconductor cathodes. Thermal simulation illustrate
that this new design has the ability to operate at rf pulse
repetition rates up to 1 kHz, which is highly desirable for
the next generation of rf photoguns and FELs. Vacuum
simulations of the complex geometry have illustrated that
the vacuum level within the structure are suitable for high
gradient operation although maybe a little high for sensitive
semiconductor cathodes. Ultimately, when combined with
a novel main solenoid, which has the bucking coil
integrated into it, the TW rf photogun is able to produce

a 5D brightness over 5 times greater than the current state-
of-the-art S-band SW rf photoguns.
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