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A B S T R A C T

The computer simulation of a cavity-based (oscillator) Free-Electron Laser (FEL) requires the modelling of both
the electron-light interaction in the FEL undulator and the radiation propagation within the optical cavity. The
unaveraged 3D FEL simulation code Puffin has been coupled with the Optical Propagation Code (OPC) to allow
a broadband, high temporal-resolution cavity FEL to be modelled for the first time. This requires the translation
of the radiation field formats between the Puffin and OPC codes. This translation is described and the coupled
codes are then used to model an example of a Regenerative Amplifier FEL operating in the VUV.
Introduction

In order to model a Free Electron Laser operating in an optical cavity
(oscillator), two simulation codes are usually required: one code to
model the FEL interaction in the undulator system, and one to model
the radiation propagation within the optical cavity.

Several 3D FEL simulation codes, such as Genesis 1.3 [1], can be
used to model the FEL interaction based on the Slowly Varying Enve-
lope Approximation (SVEA). However, Puffin [2,3] (available from [4])
is an unaveraged FEL code that does not apply the SVEA approxi-
mation and does not use undulator period averaging of the electron
trajectories. The radiation field retains the fast-oscillating term and
allows the modelling of broadband (few cycle radiation field) and more
complex electron dynamics. This paper describes how such unaveraged
modelling can be achieved in a FEL oscillator system.

Previously, the FEL simulation code Genesis 1.3 has been used with
the Optical Propagation Code (OPC) [5,6] (available from [7]), to
simulate a cavity based Regenerative Amplifier FEL operating in the
VUV, by using both codes sequentially within the optical cavity [8].
OPC includes 3D mirror reflection and free-space propagation through
the optical path of the cavity.

Here, OPC is used to model the optical propagation inside a cavity
while the unaveraged FEL interaction is modelled using Puffin. This
paper first describes the translation of the optical field between the
Puffin and OPC code formats, necessary for linking the output of the
radiation from one code into the other. The translation code is available
here [9].

When designing a FEL oscillator to operate at shorter wavelengths
towards the X-ray, the optical components used to create the cavity can
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be a limiting factor due to their reduced reflectivity, higher absorption,
and also lack of tunability when using e.g. Bragg reflectors. The Re-
generative Amplifier FEL (RAFEL) uses a sub-saturation, high-gain FEL
undulator system together with a reduced optical feedback cavity to
obtain FEL saturation in a few cavity round-trips. The RAFEL typically
uses low reflectivity mirrors for the optical cavity and can operate into
the short wavelength regime [10]. An overview of RAFEL operation
over a wide range of parameters in the 1D limit is given in [11].

A RAFEL design operating in the VUV at ∼65 nm is then modelled.
The optical cavity was designed to satisfy the cavity stability condition
and to match the undulator and cavity lengths to the electron beam
repetition rate.

Format conversion

The Puffin radiation field data consists of a 4D array in a HDF5 (.h5)
file format with a dimension of (2, 𝑛𝑧, 𝑛𝑦, 𝑛𝑥) describing two orthogonal
𝑥 and 𝑦 polarised 3D fields, with 𝑛𝑧 representing the direction of field
propagation. A schematic illustrating the format conversion for a short
Gaussian pulse is shown in Fig. 1. It is seen that the Puffin output field
includes the ‘fast’ oscillatory terms of the radiation for both 𝑥 and/or
𝑦 polarisations, so that both planar and circular polarisations may be
converted.

While Puffin uses a single HDF5 file to store the radiation field, OPC
uses two files. The first is the field in a binary data format as used in
the Genesis (.dfl) field file [1]. Each data point consists of an 8-byte
(64-bit) floating number which is stored in a 1D array. The size of the
array is the product of the number of grid points in 𝑥, 𝑦 and 𝑧, with
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Fig. 1. The format of the Puffin output radiation field and the conversion methods to and from the OPC radiation field format. Left: Puffin-to-OPC and Right: OPC-to-Puffin.
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grid-size parameters, number of slices in 𝑧 etc, stored in a second OPC
parameter (.param) text file. The transverse optical field data consists
of two of a complex number, which interleave in the array by odd and
even indices of the 1D data array. For the temporal information in the
OPC data, the number of slices defines the additional axis of the array
corresponding to the 𝑧-direction of the optical propagation.

The Python conversion script from the Puffin to OPC file format
egins by considering the envelope of the optical field in its complex
orm. The conversion method treats both 𝑥 and 𝑦 polarisation of the

Puffin field independently. For a simple plane wave, the radiation field
of a single polarised orientation that would be obtained from Puffin can
be written in Eq. (1) as:

𝐴𝑝𝑢𝑓𝑓𝑖𝑛(𝐫, 𝑡) = 𝐴0(𝐫, 𝑡) cos (𝑘𝑧 − 𝜔𝑡 + 𝜙(𝐫, 𝑡)), (1)

here 𝐴𝑝𝑢𝑓𝑓𝑖𝑛 is the scaled radiation field with amplitude 𝐴0, radiation
ave number 𝑘, angular frequency 𝜔 and phase 𝜙. An analytic form is

hen used to translate the real-value field 𝐴𝑝𝑢𝑓𝑓𝑖𝑛 into the complex rep-
esentation of the OPC field format by using a Hilbert transform [12],
hich also has the effect of shifting the phase of the original signal by
𝜋∕2. The Hilbert transform, denoted by a ‘hat’, of the Puffin field can

hen be written as:
̂𝑝𝑢𝑓𝑓𝑖𝑛(𝐫, 𝑡) = [𝐴𝑝𝑢𝑓𝑓𝑖𝑛(𝐫, 𝑡)]

= 𝐴0(𝐫, 𝑡) sin (𝑘𝑧 − 𝜔𝑡 + 𝜙(𝐫, 𝑡))
(2)

he OPC envelope is then constructed from the original Puffin field via
ts Hilbert transform, as:
̃𝑜𝑝𝑐 (𝐫, 𝑡) = 𝐴𝑝𝑢𝑓𝑓𝑖𝑛(𝐫, 𝑡) + 𝑖𝐴̂𝑝𝑢𝑓𝑓𝑖𝑛(𝐫, 𝑡)

= 𝐴0(𝐫, 𝑡) exp [𝑖(𝑘𝑧 − 𝜔𝑡 + 𝜙(𝐫, 𝑡))]
(3)

n this way, 𝐴𝑝𝑢𝑓𝑓𝑖𝑛(𝐫, 𝑡) = Re(𝐴̃𝑜𝑝𝑐 (𝐫, 𝑡)).
In practice, Puffin stores the radiation field data as a function of

2 = (𝑐𝑡− 𝑧)∕𝑙𝑐 , where 𝑙𝑐 = 𝜆𝑟∕(4𝜋𝜌) is the cooperation length, 𝜆𝑟 is the
esonant radiation wavelength and 𝜌 is the FEL parameter [2]. When
onverting the Puffin field into the OPC format, the negative imaginary
art must therefore be used so that:
̃𝑜𝑝𝑐 (𝐫, 𝑧2) = 𝐴𝑝𝑢𝑓𝑓𝑖𝑛(𝐫, 𝑧2) − 𝑖𝐴̂𝑝𝑢𝑓𝑓𝑖𝑛(𝐫, 𝑧2)

= 𝐴0(𝐫, 𝑧2) exp [𝑖(𝑧2∕2𝜌 − 𝜙(𝐫, 𝑧2))]
(4)

The parameters describing the grid size, number of grid points etc,
n both transverse and temporal directions, are then calculated from
he Puffin scaled parameters as described in [2], into the OPC scaling,
nd written into the OPC parameter text file.

For the backward conversion from OPC binary format to Puffin
DF5 format, the process extracts the real part of the OPC data file then

eads the number of grid points, grid size etc. from the OPC parameter
ext file, and writes these into the Puffin HDF5 file format.
2

imulation parameters

In the simulation presented here, a steady-state (non-pulsed) inter-
ction is assumed, and the parameters used are similar to those of the
GLS conceptual design report [13] for a RAFEL operating in the VUV.
he electron beam energy is 600 MeV with Gaussian energy spread
𝐸 = 0.01% with a peak current 𝐼 = 355 A and a normalised beam
mittance of 𝜖𝑥,𝑦 = 2 mm-mrad. The matched transverse electron beam
ize in the undulator with natural focusing is given by:

𝑥,𝑦 =

√

√

√

√

𝜖𝑥,𝑦𝜆𝑢
√

2𝜋𝑎𝑤
, (5)

where 𝜆𝑢 is the undulator period, and 𝑎𝑤 is the RMS undulator param-
eter.

A helical undulator of length 12 m, consisting of 200 periods of
wavelength 𝜆𝑢 = 6 cm, and an undulator parameter of 𝑎𝑤 = 1.414
ives a resonant radiation wavelength of 𝜆𝑟 = 65.28 nm and matched

transverse electron beam size of 𝜎𝑥,𝑦 = 138 μm. The electron beam FEL
parameter is 𝜌 = 0.002487 and a gain length of 𝑙𝑔 = 𝜆𝑤∕4𝜋𝜌 = 1.92 m
to give a 1D scaled length in the high gain regime of 𝑧̄ = 6.25 [11].

The round-trip cavity length, 𝐿𝑐𝑎𝑣 is set to match the electron bunch
repetition rate, 𝑓𝑟𝑒𝑝 and is given by:

𝐿𝑐𝑎𝑣 = 𝑐
2𝑓𝑟𝑒𝑝

. (6)

A stable symmetrical cavity is used in this simulation to demonstrate
simple RAFEL operation, where the radius of curvature is the same for
both mirrors, (𝑅1 = 𝑅2 = 𝑅). In this case, the optical waist position is
located at the centre of the cavity where the waist size is given by:

𝑤2
0 =

𝜆𝑟
2𝜋

√

𝐿𝑐𝑎𝑣(2𝑅 − 𝐿𝑐𝑎𝑣). (7)

At a position 𝑧 from the cavity centre the optical beamwaist size is
then:

𝑤(𝑧) = 𝑤0

(

1 +
(

𝑧
𝑧𝑅

)2
)

, (8)

where 𝑧𝑅 is the Rayleigh range:

𝑧𝑅 =
𝜋𝑤2

0
𝜆𝑟

. (9)

From Eqs. (7) and (9), the radius of curvature of both mirrors is
then:

𝑅 =
2𝑧2𝑅 + 1𝐿𝑐𝑎𝑣. (10)

𝐿𝑐𝑎𝑣 2
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Fig. 2. Schematic of the RAFEL used in the simulation. The cavity of length 𝐿𝑐𝑎𝑣 uses
two spherical mirrors with the same radius of curvature 𝑅 and of reflectivity 𝑟. The
optical waist is positioned at the centre of the cavity, coincident with the centre of the
FEL undulator of length 𝐿𝑢. The upstream mirror uses a hole for out-coupling of the
radiation.

In the RAFEL cavity, the optical waist size is matched to the electron
beam transverse size to obtain optimum coupling and is given by:

𝑤0 =
√

2𝜎𝑥,𝑦 (11)

The RAFEL needs only a small optical feedback cavity to achieve
optimum output [11]. The layout of the undulator and optical cavity
used here is shown in Fig. 2. The cavity length is set to 𝐿𝑐𝑎𝑣 = 34.62 m
to match the electron pulse repetition rate of 4.33 MHz. The simulation
takes the output field of Puffin from the undulator exit translates it
into its OPC format, as described above, which then propagates it via
the cavity mirrors 𝑀1 and 𝑀2 back to the undulator entrance, where
it is transformed back to the Puffin format to seed the next incoming
electron pulse.

The radiation is first reflected off mirror 𝑀1 with radius of curvature
𝑅 = 17.5 m, as calculated from Eq. (10), so that its focal length is
17.5∕2 = 8.75 m. It is placed 11.31 m away from the undulator exit with
a 1.0 mm diameter out-coupling hole. The second mirror, 𝑀2, before
the undulator entrance, has a radius of curvature the same as 𝑀1 for a
symmetrical cavity with concentric configuration, i.e. it forms a stable
resonator. The reflectivity of the mirrors used in this simulations here
are in a range of 𝑟 = 20% to 60%. The RAFEL operation should then
reach saturation within a relatively few cavity round-trips [8,11].

The design parameters used here offers a straightforward repre-
sentation of the integration of the Puffin and OPC simulation codes.
3D simulations were conducted using a steady-state method which
applies periodic boundary conditions to the (constant current) electron
beam and radiation over an integer number of radiation wavelengths.
This means that, while optical diffraction is modelled, pulse effects,
such as the electron pulse length, slippage, and cavity detuning, are
neglected here. A more in-depth understanding of pulse effects may
be found in [14], which describes full 3D, short-pulse simulations,
of an Infra-Red FEL oscillator operating with sub-wavelength cavity
detunings.

Example simulation

The above Puffin-OPC radiation field conversion method is now
tested in a simple steady-state RAFEL configuration, as described by the
above parameters. The simulation uses a steady-state periodic boundary
window of 10 radiation wavelengths, and starts up from the Puffin
simulation of the shot-noise of the electron beam as the spontaneous
radiation source in the first pass through the FEL undulator. The spon-
taneous radiation output from the Puffin code is then converted into the
OPC format as described above. The grid sizes of the two codes must be
matched at the beginning of the simulation setup. The OPC main input
file contains all of the optical path and the optical elements, i.e. mirrors,
and output coupling hole. The converted field then propagates through
the optical cavity system using OPC via free-space propagation and the
two mirrors 𝑀1 and 𝑀2 back to the undulator entrance. This field at
the undulator entrance is then converted from OPC format back into
3

Fig. 3. The schematic shows the flow chart of the RAFEL simulation. It begins with the
first pass, Puffin to OPC conversion script, and then enters the cavity loop which is a
simple Bash shell script. (1) is the radiation propagation from the undulator exit to 𝑀1
using OPC with a hole out-coupling diagnostic point (1′). (2) The OPC propagation of
the reflected radiation at 𝑀1 to 𝑀2. (3) The OPC propagation from 𝑀2 to the undulator
entrance where the field is converted to Puffin format and is used as the radiation seed
field for the next pass through the undulator.

Puffin format and used as the radiation seed file in the Puffin main
input file for the next pass through the FEL undulator. The process runs
sequentially, as shown in Fig. 3.

The simulation output of the 10-wavelength periodic optical field
as a function of 𝑧2 and the scaled transverse intensities at different
points through the cavity are shown in Fig. 4 . It is seen that the
simulation using Puffin and OPC maintains the fast-oscillating term of
the radiation field in 𝑧2. The diffraction of radiation through the cavity-
undulator system, and the radiation output from the hole out-coupling
mirror 𝑀1, are all clearly visible.

The RAFEL operation can be analysed via the hole out-coupled
radiation pulse energy as plotted in Fig. 5. Note that the output includes
all losses that can occur in the system such as, cavity diffractive losses,
mirror reflectivity losses, and out-coupling losses. The results demon-
strate that there is sufficient optical feedback to achieve saturated
RAFEL operation for mirror reflectivities of 𝑟 = 20%, 40%, and 60% for
both mirrors 𝑀1 and 𝑀2, and for the output mirror 𝑀1’s out-coupling
hole of diameter 1.0 mm. The RAFEL system is seen to saturate at
around 5 to 15 round-trips for decreasing mirror reflectivities. The
similar saturated energy outputs for the two higher reflectivities, 𝑟 =
40% and 60%, and the lower energy for 𝑟 = 20%, are consistent with
the previous results of [8], which used no hole-output coupling in the
cavity.

Conclusion

The unaveraged FEL Puffin and OPC optical simulation codes are
now able to be used together in FEL simulations requiring optical
components, such as a cavity-based FEL oscillator. Conversion scripts
have been developed to enable radiation field transfer between the two
simulation codes. This was demonstrated by the modelling of a periodic
mode (steady-state) model of a VUV-RAFEL design. This will enable
the development of FEL models for future potential ultra short-pulse
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Fig. 4. The steady-state (saturated) radiation field (top sub-plots) and the optical
transverse intensity (bottom sub-plots) at different diagnostic positions for one pass
through the RAFEL. The top sub-plots show the positive (red) and negative (blue) values
of the electric field for the 10 wavelength periodic radiation field sample. The plots start
from the mirror 𝑀2 (top-left) which is propagated by OPC to the undulator entrance
(top right) where it is translated into Puffin format as a seed field. Puffin then models
the FEL interaction through the undulator waist (middle left) and to the undulator exit
(middle right) where it is translated into OPC format. OPC then propagates it to mirror
𝑀1. Part of the radiation is then transmitted through the output hole (bottom-right).
The reflected radiation (bottom-left) is then propagated back to 𝑀2 and the simulation
process repeats. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

(few-wavelength), broadband simulations in cavity-based FEL designs.
Other, yet to be explored methods, that require the use of unaveraged
FEL and optics simulations, should also now be enabled for the first
time.
4

Fig. 5. The RAFEL scaled output pulse energy, as measured at the hole out-coupling,
contained within the 10 radiation wavelengths of the steady-state model, as a function
of cavity round-trip number. Mirror reflectivities of 𝑟 = 20%, 40% and 60% were used
and saturation is seen to occur at around 15, 6, and 5 round-trips respectively.
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