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Abstract
We present a novel RF design for a field enhanced elec-

tron source driven by field emission cathodes. The proposed
electron source relies on the enhanced high electric field gra-
dients at the cathode to simultaneously extract and accelerate
electrons. The system will be tested in a conduction-cooled
superconducting radio-frequency cavity recently demon-
strated at Fermilab. In this paper, we present electromag-
netic and thermal simulations of the setup that support the
feasibility of the design.

INTRODUCTION
Recent developments in Superconducting Radio-

Frequency (SRF) technology are foreseen to be the pathway
for lower costs and higher performance accelerators [1].
Higher quality-factor structures will lower the cost of
both cryogenic infrastructure and operation [2]. New
technologies in cryogenic cooling can eliminate the
use of cooling fluids and replace it with a simpler, less
space-equipping cryocoolers [3, 4]. A key component in
enabling the production of high-quality beams at low cost
and with compact footprints is the electron source. Electron
sources, when coupled to SRF, form the main component
of the accelerator. Specifically, the design and operation
of SRF electron source have so far exclusively relied on
the use of photoemission with a low field on the cathode
[5]. The use of photoemission sources requires complicated
laser system, increasing the cost and the size of the design.
Field Emission (FE) offers an appealing alternative due to
its simplified setup. Likewise, FE occurs when emitted
surfaces are exposed to strong electric fields. In this
paper, we present the electromagnetic design and thermal
analysis of an experiment aimed at testing the performance
of field-emission cathodes in a high repetition-rate SRF
electron source.

CONCEPTUAL DESIGN
The overall design of the proposed electron source is

based on 650 MHz single cell elliptical cavity presented in
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Fig. 1(a). The single cell is flanked with 50 mm beam pipes
with flanges attached on each side. The flanges incorporate
auxiliary instrumentation including an excitation antenna
and an electromagnetic-field probe. Since the fields in the
beam pipes are decaying fields, the cavity is not ideal for
the emission of a high-quality electron bunch. To overcome
this limitation, a cylindrical rod with its extremity located in
the high-field region is adapted; see Fig. 1(b). The addition
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Figure 1: Geometry of the nominal (a) and modified cav-
ity (b) associated with electromagnetic fields [(c) and (d)
respectively]. In (c) and (d) the upper and the lower plots
corresponds to the normalized electric and magnetic field,
respectively.

of the cylindrical rod in the cavity allows the cavity fields
on the cathode surface located at the rod extremity. The
experimental setup available includes a cryocooler and a
solid-state low-level radio-frequency (LLRF) system used to
excite the fields. The LLRF setup operates in CW mode at a
central frequency of 650 MHz with a full-width bandwidth
∆ f =5 MHz. The cooling capacity of the cryocooler is
limited to 1.6 W. Hence, the power dissipated by the formed
electron beam should be maintained to a low level.

ELECTROMAGNETIC SIMULATION
For the nominal and the modified cavity, the electromag-

netic simulation were performed using superfish [6] and
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omega3p [7]. The two program use different convention
for the output parameters. Therefore, we normalize the out-
put parameters based the cooling capacity of the cryocooler
(Pd = 1.6 W). For instance, the EM fields are renormalized
by a multiplicative factor

√
Pm

Pd
. Table 1 compares some of

the electromagnetic parameters simulated with superfish
and omega3p for the nominal cavity.

Table 1: Comparison Between superfish and omega3p
Electromagnetic Results

parameter superfish omega3p unit
resonant frequency f 650.057275 650.00135 MHz
stored energy1 93.9 εo/2 J
dissipated powerPd 403.6 2.9 × 10−11 W
peak field at center 60.9 × 106 26.5 V m−1

values renormalized to Pd = 1.6 W
stored energy U 0.372 0.373 J
peak field at center Ê0 3.833 3.837 MV m−1

1 by default superfish normalized the stored energy for an accelerating
voltage of 1 MV/m while omega3P stored energy is set to ε0/2.
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Figure 2: Relative frequency shift (top) and peak electric
field at the rod extremity Ez(max) computed at (r = 0, z =
Lr ) (bottom) as a function of the rod length Lr . The blue
and read markers/traces are respectively computed with su-
perfish and omega3p.

The rod affects the field configuration and resonant fre-
quency [8]. The electromagnetic fields associated with the
modified cavity [see Fig. 1(b)] were solved using omega3p.
All the conductors (cavity and rod) were taken to be made
of niobium, and the rod was parameterized by its length
(Lr ) and radius (ϱr ). Two cases of radii ϱr = [3,5] mm and
variable length Lr ∈ [140 - 283] mm were considered. The
shift in the resonance frequency f as a function of the rod
parameters appear in Fig. 2(a). The redistribution of the
fields inside the cavity leads to an enhanced electric field

at the extremity of the rod along with a higher magnetic
field on the rod’s side surface; see Fig. 1(c,d). For a given
dissipated power, we find that field amplitude at the rod ex-
tremity increases with the rod length; see Fig. 2(b). Rod
lengths Lr ≤ 220 mm (resp. Lr ≤ 240 mm) for a radius
ϱr = 5 mm (resp. for for a radius ϱr = 3 mm) give an
acceptable relative frequency shift within the LLRF-system
bandwidth δ f / f0 ≤ ∆ f /(2 f0) ≃ 0.75%. Such geometry
produces a peak field of respectively ∼ 15 and ∼ 30 MV/m
on the emitting surface; see Fig. 2(b).

For a cylindrical rod, the maximum field values are at-
tained at the edge of the rod’s tip. In order to circumvent this
peripherical region to be the site of spurious dark current,
we consider smoothing the edges of the rod. We considered
rounding the rod edge with a fillet with a radius of curvature
Rf . Figure 3 gives the electric fields (axial and radial) at
the rod extremity as a function of r for different value of
Rf . The later figure indicates that fillets with increasing
radii introduce a radial electric field Er (r, z = Lr ) on the
rod extremity which is non-vanishing for r ≥ ρr − Rf . We
also remark that the maximum radial field does not decrease
significantly for radii of curvature Rf > 1 mm (and remain
approximately at ∼ 1/2 of the maximum value observed
for the sharp edge). It should also be noted that increas-
ing the fillet radius also reduces the usable emitting area.
Likewise, the axial electric field Ez(r, z = Lr ) is affected by
the fillet and start increasing for r > ρr − Rf . Form these
electromagnetic considerations we selected a fillet radius of
Rf = 1 mm. Likewise, in order to limit the maximum field
we chose Lr ≤ 240 mm and ϱr = 5 mm.
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Figure 3: Axial Ez (top) and radial Er electric field as a
function of the radius of curvature of the fillet. The colored
vertical lines correspond to the radial distance where the
fillet starts.
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Figure 4: Thermal model of the cavity and auxiliary systems.
The colors represent steady-state solution of the temperature
(blue and red respectively correspond to 4.97 and 6.02 K).
The model was sectioned in half to show the cylindrical rod.

THERMAL SIMULATIONS
A critical aspect of the proposed setup is the design and

optimization of the conduction-cooling links to ensure all the
niobium masses associated with the cavity and the rod are
maintained at a temperature below the critical temperature
Tc =9.3 K [9].

The operational temperature of the cavity was simu-
lated using the finite-element analysis (FEA) software an-
sys workbench 18.1 . The thermal model includes the
niobium cavity, the cylindrical rod, flanges, and the high-
purity-aluminum conduction link; see Fig. 4. The simula-
tions were performed using the steady-state thermal-analysis
package given that the time-dependent field have a period
τ < 1

650×106 ≃ 1.5 ns much faster than any thermal time
constants associated with the setup. A fixed temperature
boundary condition was used to simulate the cryocooler.
Although the cryocooler’s operating temperature depends
on the experienced heat load, our steady-state simulation
assumes steady-state conditions for the heat load of the cry-
ocooler [3]. Additionally, a number of discretized heat-flux
boundary conditions, applied to the surfaces of the cavity
and cathode mount, were used to simulate the dissipated
power. The dissipated power per unit area on the surfaces
exposed to the electromagnetic field is given by

dP
dA
=

1
2

Rs |HHH |2, (1)

where Rs is the surface impedance and HHH the magnetic field
on the surface. Given the dependence of the surface resis-
tance on the temperature an iterative method was used: the
dissipated power dP(0)

dA was evaluated from the electromag-
netic simulation and loaded as thermal heat flux in ansys
for all the surfaces exposed to the electromagnetic field. The
resulting temperature T (0) simulated with ansys was then

used to compute the dissipated power following the recursive
relation (for n = 0)

dP(n+1)

dA
=

1
2

Rs(T (n))|HHH |2. (2)

The above process was repeated a few times until con-
vergence is achieved by requiring ϵn ≡

�� dP(n)

dA − dP(n−1)

dA

�� to
reach a small value. Figure 5 summarizes the steady-state
temperatures reached for the various cases of rod length con-
sidered. It indicates that rod with lengths Lr < 260 mm and
radius ρr = 5 mm yield a steady-state temperature below
the critical temperature. Fig. 5(a) also confirms that the rod
tip is the location of the the maximum temperature.
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Figure 5: Steady-state temperature reached for the various
values of rod length Lr along the rod (a) and external cavity
wall (b). The shaded area in (a) indicates region T ≥ Tc .
The ordinate z is defined in Fig 1(b).

CONCLUSION
We presented electromagnetic and thermal simulations in

support of a proof-of-principle experiment aimed at testing
the operation of field-emission cathode in a conduction-
cooled SRF cavity. Such an experiment will be an important
step toward the development of compact and simple high-
current electron source for a variety of societal applications.
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