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Abstract
The Self Amplified Spontaneous Emission (SASE) op-

eration of high-gain Free Electron Lasers (FELs) allows
for amplification from noise when no suitable seed sources
are available. While SASE FELs can achieve high pow-
ers and short radiation pulses within the X-ray region, they
are hindered by large linewidths and fluctuations in ampli-
tude and temporal profiles. Various approaches have been
proposed to clean up the spontaneous emission and pro-
duce better effective seed signals. This paper presents the
use of monocapillary X-ray optics as an alternative to cur-
rent methods to improve SASE operation. A monocapil-
lary tube placed at the beginning stages of the undulator
can reduce the bandwidth and enhance a narrow band of
the spontaneous emission amplified by the FEL. Monocap-
illary tubes guide radiation due to total external reflection,
and the critical angle of the guiding is dependent on the fre-
quency of the radiation (and indirectly on the surface pro-
file and materials). These properties allow for the selection
of desired frequencies which are reflected back towards the
axis, while all other frequencies are lost through diffrac-
tion. The effectiveness of the monocapillary tube was sim-
ulated using a simple model for the X-ray mirror. LCLS-
like parameters in the hard X-ray regions were simulated
and the results are presented.

INTRODUCTION
The radiation produced within a SASE free electron laser

is temporally and spectrally noisy, due in part to the inco-
herence of the shot noise responsible for starting the pro-
cess. It is beneficial to have the startup radiation be filtered
prior to the amplification and bunching processes within
the undulator. Current schemes, such as the HXRSS on the
Linac Coherent Light Source (LCLS) use a monochrome-
ter to clean-up the radiation after a fixed length of the un-
dulator, and then reintroduces this radiation to the electron
bunch later as an effective seeding mechanism [1]. This so-
called self seeding process is effective and does give posi-
tive results, but the process introduces additional complex-
ity, length and operational constraints. By introducing a fi-
nite monocapillary tube, placed at the start of the undulator,
it may be possible to effectively clean up the radiation with-
out the redirection of the electron beam and without the use
of chicanes. A monocapillary tube, often made of glass due
to the surface quality achievable, is a type of cylindrical
waveguide whose guiding is based on the principle of total
external reflection. The reflectivity of monocapillaries is a
function of the frequency of the radiation being guided and
the angle at which the radiation impinges on the surface of

the tube (Fig. 1). Because the energy of the radiation is de-
pendent on its frequency, the tube can be used to select and
preferentially guide certain frequencies of the spontaneous
radiation, whose bandwidth is otherwise large. In some
SASE applications, it may also be possible to use incident
angle filtering. The work presented here is a first attempt to
understand this in situ filtering and model the process using
a numerical code.

Figure 1: The reflectivity of a silica monocapillary tube
over an angular spread at 8 keV. There is a sharp dropoff
in the function at θ = 0.2 ◦, indicating the critical angle of
guiding.

MONOCAPILLARY TUBES
Reflection of an electromagnetic wave occurs at the

boundary between two regions of differing indices of re-
fraction. Total internal reflection occurs when the first
medium has a greater reflective index than the second
medium and the incident angle is greater than the critical
angle. The value of the critical angle is directly determined
from Snell′s law. Because of this, total internal reflection is
often used to guide electromagnetic radiation, as seen with
optical waveguides and fiber optic cables. However, this
method of guiding is not possible for hard X-rays since the
refractive indices of all materials are less than unity. The
Drude model provides a simple formulation:

n(ω)2 = 1−
ω2
p

ω2
(1)

where

ω2
p =

e2ne
ε0me

(2)
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The Drude model can be applied here because at X-ray
wavelengths, all materials are essentially a sea of free elec-
trons, and appear as plasmas [2]. Thus in order to guide
hard X-rays, total external reflection is used. Like total in-
ternal reflection, total external reflection occurs when radi-
ation crosses the boundary of two media, with the second
medium having a smaller index of refraction. This condi-
tion can only be fulfilled if the radiation is first traveling
through a vacuum, n = 1, and is incident on the walls of a
monocapillary tube, n < 1. The critical angle of guiding of
a monocapillary tube is small and an overestimate is given
by:

θc =
ωp

ω
= 1 (3)

More sophisticated models as well as databases of mea-
sured quantities allow for the calculation of reflectivity as
a function of the critical angle. For radiation with wave-
length of 1.5 angstrom, the critical angle is 3.75 mrad for
most materials (Fig. 1). The critical angle can be enhanced
by using bi-layered and multilayered monocapillary tubes
[3].

START-UP WITH MONOCAPILLARY
TUBES

The concept of using monocapillary tubes in SASE FELs
involves placing a monocapillary tube at the early stages of
the FEL, to allow the guiding a narrow band of the spon-
taneous emission. The radiation from this first part of the
FEL then acts a seed for the second segment of the undula-
tor, where normal high-gain amplification occurs, but now
with a filtered SASE signal (Fig. 2). In general, the emis-
sion from the first part of the undulator is both broad-band
(Eq. 4) and large-angle (Eq. 5):

∆ω

ω
∼ 1

Nu
(4)

φ ∼ 1

Nu
(5)

with Nu being the number of undulator periods. Since
monocapillary tubes guide only a narrow-band and narrow
angular spread of x-ray photons, at energies of interest (e.g.
∼<8 keV), this lensing is rather effective [4]. Thus, by in-
serting this monocapillary tube, the photon flux near and
on-axis will be enhanced for a small bandwidth. To be

Figure 2: A cartoon of an FEL amplifier showing two sec-
tions of an undulator, the first acting as a seed to the sec-
ond. Radiation within the seed undulator is emitted at a
diffraction angle θ � 1. A monocapillary tube would re-
flect radiation with θ < θc back torwards the axis of the
undulator.

effective, the tube has to have several bounces, just as in
fiber optics (Fig. 3). The crisscrossing of the X-ray signal
from multiple bounces may produce several undesired ef-
fects [5]. On the other hand, the crisscrossing helps to mix
the spatial and temporal variations from the spikes analo-
gous to reverse slippage.

Figure 3: The guiding utilized to achieve the self-seeding
is shown along with relevant geometry. Radiation within
experiences multiple bounces to increase selectivity.

There are some important areas to consider: bandwidth,
coherence, and mode competition.

Bandwidth
The FEL parameter, ρ, is typically a few times 10−3.

Diffractive and refractive X-ray optics have natural line
widths of about 10−3. This can be increased through coat-
ings, but it can also be narrowed through coatings. Still,
these numbers are similar. The impact of the altered spon-
taneous emission spectrum, even if modest, may have a
dramatic influence over the first few gain lengths as the
bunching evolution is sensitive here. The interplay between
the guided signal and the resulting bandwidth must be stud-
ied.

Coherence
For the longitudinal coherence, the capillary may not

have a strong influence on the evolution. Normally, the
longitudinal coherence builds through slippage over a co-
herence length. With a capillary there is the possibility of
“mixing” the radiation in a way not well accounted for just
by slippage (i.e. radiation from further back in the bunch
can reflect back towards further ahead of the bunch). So,
simulations may have to be used to understand the coher-
ence effects of the guided radiation.

Mode Competition
If the guided signal is not of sufficient amplitude to over-

whelm the general SASE signal, the FEL may amplify two
or more modes. Establishing the correct capillary parame-
ters to assure a large guided signal is one path to avoiding
multi-mode operation; other approaches may be possible.
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MODELING OF THE START-UP PROCESS
A monocapillary tube can be modeled as a simple

waveguide with lossy boundaries. A highly simplified case
has a perfect reflecting boundary within the critical angle
and a narrow bandwidth and zero reflectivity otherwise:

R =

{
1 θ < θc , ω = ωr ± ∆ω

ω

0 θ ≥ θc , ω 6= ωr ± ∆ω
ω

(6)

A simple condition for the tube to influence the bunching
factor of the electron beam is that the power of the guided
radiation must be large enough to overcome the effective
SASE power. Thus, the minimum length of the tube can
be estimated to be on the order of the gain length. The
diameter of the tube, though unrealistic in practice, can be
set to the electron beam diameter, to assure that the tube
interacts with the radiation.

To model the monocapillary tube and its effect on the
emitted radiation, simulations were performed in Genesis
1.3, a time-dependent three-dimensional FEL code. Gene-
sis 1.3 was selected due to its ability to study the time evo-
lution of a SASE FEL, a crucial element in FEL startup, as
well as source code availability.

Genesis 1.3 maps the electron beam distribution and the
radiative field onto a radial and Cartesian mesh, respec-
tively, and then uses computational integration methods
to solve the self-consistent FEL equations [6]. To reduce
the high memory requirements that normal time-dependent
simulations require, Genesis discretizes the electron beam
and radiation fields into slices in t, and allows for these
slices to influence subsequent slices to account for slip-
page. By modifying the behavior of the boundary con-
ditions, a monocapillary tube with prescribed angular and
energy acceptances was simulated.

The code’s calculation of the diffraction angle was mod-
ified from using the entire mesh to only including a thin
ring that represented the radiation impinging on the walls
of the tube (Fig. 4). Since the calculation of the diffrac-

Figure 4: Discretization of the tube onto the Cartesian mesh
in Genesis 1.3. The tube is centered around the radiation
field.

tion angle requires the standard deviation of all the field
points, field points that did not lie on this ring were tempo-
rally given a value of zero to remove their contributions to
the standard deviation. The values of the diffraction angle
were then stored into an array which determined the type
of boundary condition applied to the fields at each longi-
tudinal integration step. If the angle was greater than that
of the tubes acceptance, the boundary condition was set to
a Dirchelet boundary; if less, the Neumann boundary was
enforced. The Neumann boundary was calculated by sum-
ming together the field magnitudes of the points located
directly on the edges of the tube and the points located one
meshpoint prior to these edges. This reflecting boundary
condition included a loss factor which represented the fi-
nite reflectivity of the tube.

AN LCLS-LIKE CASE

The LCLS represents a challenging benchmark for this
self-seeding scheme: the high energy beam (≈14 GeV) im-
plies a low divergence angle for the radiation and the small
FEL parameter (∼ 10−3) implies a narrow line width (Ta-
ble 1).

Table 1: Simulation Parameters

Parameter Value

Undulator Type Planar
Peak Current 3400 A
Undulator Period Length 3 cm
Radiation Wavelength 1.5 Å
Simulated Undulator Length 60 m
Electron Beam Energy 13.6 GeV
RMS Diffraction Angle ∼6.8µrad

An unphysical tube (Table 2) was chosen to yield a
strong effect: a realistic tube would have to be much shorter
and have a larger diameter. The tube was chosen to be
roughly twice the power gain length (20 m), and have a
diameter equal to the beam size (34 m).

Table 2: Tube Values

Parameter Value

Width 34µm
Height 34µm
Length 20 m
Critical Angle 3.75 mrad

Using the modified Genesis 1.3 code described above,
results thus far show guiding of the radiation by the tube as
compared to the free space case (Fig 5). Little to no impact
on the FEL start-up process has been observed with this
overly simplified model. Wavelength and angle selectivity
will be implemented in future work.
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Figure 5: (Top) Guiding without the effect of the mono-
capillary tube. Simulated for 10 meters. (Bottom) Guid-
ing with the effect of the tube, simulated over 2 meters.
The radiation field is constrained by the tube. Disconti-
nuities in both graphs are errors due to missing slices in
post-processing.

FUTURE WORK
The present model of self-seeding with monocapillary

tubes is lacking in a number of aspects. Future work will
include spectral filtering; reflectivity as a function of fre-
quency; and circular geometry. In addition to a more real-
istic model, additional FEL parameter sets will be consid-
ered. Finally, an experiment will be proposed at an existing
facility.
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