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Abstract
Important radio-frequency (RF) cell parameters such as

the shunt impedance 𝑅s, the quality factor 𝑄, and the ratio of
accelerating to peak field, depend on the cell geometry. Thus,
it is desirable to optimize the cell profile to maximize the
performance of the cell. The use of B-splines to optimize cell
profiles with an evolutionary algorithm has previously been
demonstrated. The RF field solver Superfish, however, does
not support defining cell geometries using B-splines. Here
we discuss a similar approach using only linear and elliptical
segments supported by Superfish to define the cell geometry,
making it possible to carry out genetic optimizations with
Superfish.

INTRODUCTION
The effectiveness of radio-frequency (RF) cells in accel-

erating and bunching particle beams depends on parameters
such as the shunt impedance 𝑅s, the unloaded quality fac-
tor 𝑄, and the maximum achievable accelerating gradient,
which is limited by the peak field the cell can sustain. These
parameters are in turn dependent on the cell geometry. Op-
timizing the cell profile for any particular application is
therefore necessary to maximize the cell performance. Evo-
lutionary optimizations have been used for this purpose, as
described in Ref. [1]. Evolutionary optimizations require per-
forming large numbers of simulations, making light-weight
RF field solver codes like Superfish [2] well suited to carry
them out.

In the work described in Ref. [1], the cell profile was
defined as a B-spline. The positions of the points defining
the B-splines could then be varied to optimize the cell profile.
Superfish does not support the use of B-splines. In Superfish,
the cell profile can be defined by a series of elliptical and
linear segments. The parameters defining these segments
can be varied to perform the optimization.

In this work, we describe a system developed for perform-
ing genetic optimizations of cell profiles using Superfish.
This system has been implemented in Python which allows
the use of packages such as PySuperfish [3] and Xopt [4].
These packages and the flexibility offered by Python enable
the use of a variety of optimization approaches beyond ge-
netic algorithms, and make it easy to optimize for many
different possible objectives. In the last section we show a
basic example of a genetic optimization performed using
this system.
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SYSTEM DESCRIPTION
In this section we describe the optimization approach.

In general, the workflow can be described as an iterative
procedure consisting of the following steps:

1. Generate parameters for defining the cell profile

2. Validate the cell profile

3. Perform simulations with Superfish

4. Evaluate results

Each of these steps is described in greater detail in the
following subsections.

Cell Profile Parameters
As discussed in the introduction, we define the cell profile

using a series of elliptical and linear segments. Each segment
is defined by the segment endpoints as well as the slopes of
the tangent lines at each endpoint. Defining the segments in
this way makes it easy to ensure that the segments define a
continuous curve with a continuous derivative. Therefore,
the optimization variables are the endpoint coordinates of
the segments and the endpoint tangent slopes. The number
of segments is determined from the number of endpoints
and endpoint slopes given.

Superfish only allows segments from axis-aligned ellipses,
which can be described by the equation (𝑧−ℎ)2

𝑎2 + (𝑟−𝑘 )2

𝑏2 = 1.
This can be rewritten as

(𝑧 − ℎ)2 + 𝑐(𝑟 − 𝑘)2 = 𝑎2. (1)

This can be differentiated to obtain expressions for the tan-
gent slopes. Substituting in endpoint coordinates (𝑧𝑛, 𝑟𝑛)
and (𝑧𝑛+1, 𝑟𝑛+1) and endpoint slopes 𝑠𝑛, 𝑠𝑛+1, conveniently
yields a set of linear equations which can be expressed in
matrix form as follows
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Together with Eq. (1) and 𝑐 = 𝑎2/𝑏2, Eq. (2)
can then be used to find ℎ, 𝑘, 𝑎, 𝑏, which are the pa-
rameters used by Superfish to define ellipse segments.
Thus the optimizer (e.g. Xopt) generates a set of
coordinates (𝑧1, 𝑟1), (𝑧2, 𝑟2), ..., (𝑧𝑁+1, 𝑟𝑁+1) and slopes
𝑠1, 𝑠2, ..., 𝑠𝑁+1. The ellipse parameters are then obtained
using Eqs. (1) and (2). Figure 1 shows an example of a cell
profile defined in this way.
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PREPRIN
TFigure 1: Example of profile generated using elliptical seg-

ments for Superfish simulations. This example is the profile
resulting from the optimization discussed in the subsequent
section.

Profile Validation
The procedure described can result in invalid parameters

or unphysical profiles. If 𝑐 < 0, the parameters ℎ, 𝑘, 𝑎, 𝑏 de-
fine a hyperbola instead of an ellipse. Furthermore, as seen
in Fig. 2, the resulting segments can intersect or meet at a
cusp. Cusps can result because two ellipse segments, a long
one and a short one, are both defined by the same set of end-
points and slopes. Superfish always uses the short segment,
but the segment that meets the neighboring segment to form
a smooth joint may instead be the long segment. In this case,
two neighboring short segments meet forming a cusp. This
can easily be identified by computing the tangent vectors of
neighboring segments. If the scalar product between these
vectors is negative, the two segments meet at a cusp, and the
profile is invalid. In summary, after the segment parameters
have been obtained, we check if 𝑐 < 0 (this can be done
analytically because the segments are linear and elliptical),
if there are intersections, and if any segments meet at a cusp.
If any of these is true, the profile is discarded.

Superfish Simulations
Once a valid profile has been generated, an autofish (.AF)

file for Superfish is created. This file requires a header setting
parameters such as mesh resolution, boundary conditions,
material properties, etc., followed by lines with the segment
parameters defining the cell geometry. The header is copied
from a file indicated by the user. The use of a header file
allows flexibility to define the Superfish problem as desired.
An autofish file is created for each cell profile which is then
used by PySuperfish to perform the RF simulation.

PySuperfish can be used to run Superfish on containers,
allowing it to be run on Linux. This option offers a great
advantage as most computer clusters run Linux operating
systems, as is the case for the high-performance computing

Figure 2: Example of invalid profile.

cluster at Los Alamos National Laboratory, used for the work
presented here. PySuperfish can also be used to load the sim-
ulation results. Figure 3 shows the RF fields computed from
simulating the profile shown in Fig. 1 using PySuperfish.

Figure 3: Electric fields from Superfish simulations of profile
shown in Fig. 1.

Results Evaluation
Once the simulations are completed, the output is ana-

lyzed to obtain the values of the objective variables. Xopt
uses these to generate a new set of parameters. To allow
flexibility in choosing the objectives, the analysis function
is defined separately and specified by the user. The function
takes a PySuperfish object used to load the simulation results
which are used to compute the desired objectives and other
desired quantities which are then returned in dictionary form.
Multiple objectives and constraints can be set.

In summary, Xopt generates a set of endpoint coordinates
and slopes which are used to find the parameters for linear
and elliptical segments to define a cell profile. The profiles
are then validated and written into autofish files. PySuperfish
is used to simulate the RF fields and cell parameters. The
desired quantities including the optimization objectives are
computed, and the process is repeated.
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EXAMPLE OPTIMIZATION
Now we show an example optimization performed using

the system described. The objective was

𝐺 =
𝑅s

𝐸peak/𝐸acc
,

as also used in Ref. [1]. 𝐸peak is the peak surface electric
field and 𝑅s is the time-dependent shunt impedance per unit
length given by 𝐸2

acc𝐿/𝑃diss, where 𝐿 = 1 cm is the cell
length and 𝑃diss is the dissipated power. The accelerating
gradient is given by 𝐸acc = 1

𝐿

∫ 𝐿/2
−𝐿/2 𝐸𝑧 (0, 𝑧) cos (𝜔𝑧/𝑐)𝑑𝑧.

Table 1 provides the ranges over which the parameters are
varied. This optimization is a proof of principle and not for
any particular application. The coordinates and slopes for
the endpoints are given by

𝑧𝑖 = 𝑢𝑖𝑍, 𝑟𝑖 = 𝑣𝑖 (𝑅 − 𝑟) + 𝑟, 𝑠𝑖 = 𝑡𝑖𝑅/𝑍.

See Fig. 4 for reference on the values and definitions of 𝑅, 𝑍 ,
and 𝑟.

Table 1: Optimization parameters and ranges for example
optimization described.

Point 𝒖 𝒗 𝒕

1 0 1 0
2 1 0.3 − 0.9 -∞
3 1 0.3 − 0.8 -∞
4 0.7 − 1 0.1 − 0.5 0 − 5
5 0.5 − 0.9 0.05 − 0.3 ∞
6 0.6 − 1.1 0 0
7 𝐿/𝑍 0 0

Figure 4: Reference figure for parameters used in the ex-
ample optimization. 𝑍 = 0.9 cm, and 𝑅 could vary be-
tween 1.7 cm and 2.3 cm with the frequency constrained
to 5.712 ± 0.1 GHz

Figure 5 shows the convergence of the objective value𝐺 as
the optimization progresses. The profile and corresponding

fields shown in Fig. 1 and Fig. 3 are the final optimized cell
profile and fields. The time-dependent shunt impedance per
unit length for this cell is 85.7 MW/m with a peak surface
electric field to accelerating gradient ratio of 1.96. These
values assume a beam traveling at the speed of light.

Figure 5: (Top) Value of optimization objective for each
generation. (Bottom) Semi-log plot of the fractional error of
the objective relative to the final objective value. The plot
scale is limited by machine precision.

CONCLUSION
We have developed a system for performing RF cell profile

optimizations using Superfish. This system is well suited for
genetic optimizations similar to those described in Ref. [1].
The optimization parameters consist of a series of points
and slope values that define a profile consisting of linear
and elliptical segments forming a smooth curve (i. e. con-
tinuously differentiable). This system leverages Xopt and
PySuperfish to enable a variety of optimization approaches
and parallelization and makes it easy to analyze the simula-
tion results and define optimization objectives. As a proof
of principle, we show the results of an optimization of a
cell optimized to maximize the ratio of the time-dependent
shunt impedance to the peak surface field normalized by the
accelerating gradient.
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