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Abstract

The intensity of undulator radiation, not amplified by the
FEL interaction, can be larger than the maximum FEL sig-
nal in the case of an X-ray FEL. In the commissioning of a
SASE FEL it is essential to extract an amplified signal early
to diagnose eventual misalignment of undulator modules or
errors in the undulator field strength.

We developed a numerical code to calculate the radiation
pattern at any position behind a multi-segmented undulator
with arbitrary spacing and field profiles. The output can
be run through numerical spatial and frequency filters to
model the radiation beam transport and diagnostic.

In this presentation we estimate the expected back-
ground signal for the FEL diagnostic and at what point
along the undulator the FEL signal can be separated from
the background. We also discusses how much information
on the undulator field and alignment can be obtained from
the incoherent radiation signal itself.

INTRODUCTION

Based on the successful demonstration of the Self-
Amplified Spontaneous Radiation (SASE) Free-Electron
Lasers (FEL) principle at longer wavelength [1, 2, 3], sev-
eral X-ray FELs have been proposed and are currently un-
der construction [4, 5]. The unique properties of the high-
brightness radiation source allows to study femto-second
processes with an Ångstrom spatial resolution, beneficial
for all branches of sciences [6].

For SASE FELs the seeding field is the spontaneous ra-
diation, although only a small bandwidth is amplified by
the FEL process. The remaining part is emitted as a back-
ground signal, illuminating any detector to measure the
FEL radiation. Because the total emitted power scales with
the square of the energy of the driving electron beam [7],
X-ray Free-electron lasers are more affected by the sponta-
neous radiation than FELs operating at longer wavelength.
It is essential to estimate the spontaneous radiation due to
three reason. First, the radiation power can be larger than
the maximum FEL signal, yielding a large heat load on all
X-ray optics elements. Second, the energy loss is strong
enough to shift the electrons out of the FEL bandwidth,
unless it is compensated by a taper of the undulator field.
Third, spontaneous radiation overlaps with the FEL signal
and defines the background signal for the FEL measure-
ments.
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From the FEL point of view it is essential to know the
spectral and angular distribution of the spontaneous distri-
bution to optimize the experimental set-up for the highest
signal-noise ratio. Because the LCLS undulator lattice con-
sists out of undulator modules and quadrupoles which are
arrange with two short and one long drift sections between
modules and because the closest detector is not place in
the far field zone of the undulator, simple analytical cal-
culations of the spontaneous radiation are not sufficient.
For that reason we developed a numerical code to calcu-
late the explicit background signal at the detector location.
the algorithm is from first principle, based on the Lienard-
Wichert potential [8]. The initial results for the LCLS un-
dulator are presented here.

ANALYTICAL MODEL

The total radiated power from the incoherent part of the
undulator radiation is given by [7]

P =
Nu

6
Z0Iekuγ2K2 , (1)

where Nu is the number of undulator periods, Z0 ≈ 377 Ω
is the vacuum impedance, I the beam current, e the elec-
tron charge, ku = 2π/λu the undulator wavenumber with
λu as the undulator period, γ the electron energy in units
of its rest mass energy, and K the undulator parameter. For
LCLS parameters the emitted power is 75 GW [5], about
10 times larger than the maximum FEL signal. Enhance-
ment due to the coherent emission at longer wavelengths
are negligible.

Eq. 1 allows to calculate the total energy loss, which is
sufficient to derive the required taper of the undulator field
in order to preserve the resonance condition. However it
lacks any angular or spectral information. To calculate the
radiation seen by a detector behind the undulator, the elec-
tric field is

�E =
e

4πε0c

�n× [(�n− �β)× �̇β]

(1− �n�β)3R
, (2)

evaluated at the retarded time. Neither the direction of ob-
servation �n nor the distance R between source and target
is constant for LCLS FEL , where the closest detector is
located 113 m behind the exit of the 130 m long, multi-
segment undulator.

The emission is the strongest due to the maximum
Doppler shift, where the electron moves parallel to the di-
rection of observation, fulfilling the condition

K

γ
sin(kuz) =

nx

nz
. (3)
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Eq. 3 is only valid for observation angles θ between 0
and K/γ in the xz-plane. Beyond that as well as in
the yz-plane the radiation intensity drops like the normal
synchrotron radiation with a characteristic fall-off of 1/γ.
Note that the signal from a single period is antisymmet-
ric in the retarded time frame with respect to the emis-
sion time at z = λ/2. The forward direction shows al-
ternating, equally spaced unipolar pulses. The pulses are
narrow due to the Doppler effect and excite a rich har-
monic content of odd harmonics. To estimate the num-
ber of harmonics, we calculate the pulse length in the re-
tarded time frame. The pulse shape is dominated by the
denominator in Eq. 2 and scales as E ∝ (1− βz)−2. With
βz = 1 − (1 + K2/2)/2γ2 + (K2/4γ2) cos(2ckut) the
full-width half maximum is given by

∆T =
1

cku
cos−1

[
2(1−√2) + K2

K2

]
.

In the retarded time frame it becomes

∆τ =
1 + K2/2

2γ2
∆T − K2

4ckuγ2
sin(cku∆T ) .

The ratio between resonant wavelength and FWHM of the
observed pulse length (c∆τ ) defines the harmonic content.
For LCLS parameters the value is 120.

For larger observation angles in the xz-plane pairs of ad-
jacent unipolar pulses are shifted closer to each other till
they merge to a single bipolar pulse at an angle of θ = K/γ
and beyond. The emission of each nth harmonic has n− 1
knots in the xy-plane and is slightly more confined in the
forward direction than the fundamental, because the ob-
served pulses are wider due to the reduced curvature in the
electron trajectory, where Eq. 3 is fulfilled.

NUMERICAL MODEL

The program SPUR (SPontaneous Undulator Radiation)
has been written to calculated the radiation pattern from an
arbitrary undulator lattice at any point behind the undulator.
It supports parallel architecture with a master-slave config-
uration using the Massage Passing Interface (MPI) method
[9], where a master node assigns the work to slave nodes
and thus optimizes the CPU usage for asymmetric nodes or
unbalanced load upon a symmetric cluster.

Either the radiation pattern from a single electron onto
a two dimensional grid or from multiple electrons onto
a single point in space can be calculated, including sin-
gle electron to single point configuration. The program
is based on Eq. 2, calculating the time-domain signal in
the retarded time frame. Fourier transformation methods
of uneven sampled data [10] have shown an unacceptable
level of noise, compared to standard Fast Fourier Transfor-
mation (FFT) of the signal, after it has been interpolated to
an equidistant grid.

The undulator lattice can be defined down to each in-
dividual pole, including arbitrarily long drift sections be-

tween undulator modules. The electron trajectory is analyt-
ical calculated for each undulator period with a step width,
sufficiently small enough to resolve all harmonics. In the
case for LCLS with more than 100 harmonics, at least 256
steps per period are required and then interpolated to a 4
times finer grid in the retarded time frame to achieve con-
vergence in the spectrum. For LCLS with a total of about
3700 periods it yields record sizes for the FFT of about 7
million sample points. Thus the memory demand is limited
to 100 MByte. To reduce the output for runs with a large
number of grid points, the spectrum can be downsampled
to a frequency resolution, lower than the maximum resolu-
tion ∆f/(λ/c) ≈ 1/Nu.

RADIATION PROPERTIES

At LCLS the first detector station is located 113 m be-
hind the end of the undulator [4]. It is exposed to the
highest intensity of both FEL and spontaneous radiation
compared to the second diagnostic station, which is fur-
ther downstream of the X-ray beam transport line. Due to
the close proximity of the first detector to the undulator, the
calculation of the radiation cannot be simplified by assum-
ing the far field zone. First, the R−2-dependence of the
emission sources along the undulator with respect to the
fixed detector location is noticible. Second, the angle of
observation is not constant for off-axis position, but shifts
towards larger values. As a consequence a systematic red-
shift dominates the width of the harmonics, which minimal
value of 1/Nu can only be observed on-axis. While the in-
trinsic energy spread is smaller than 1/Nu, the finite beam
size and divergence has a non-negligible effect on the band-
width as well.

At the detector location the peak intensity is 20 GW/cm2,
illuminating an area of 6×2 cm2 (full width in the x- and y-
direction). The observed total power is 75 GW, which has a
contribution of 0.6 GW due to the coherent emission of the
bunch profile [11]. Fig. 1 shows the intensity distribution
at the first detector location.

Figure 1: Intensity distribution of the spontaneous radiation
at the detector location, 113 m behind the LCLS undulator.

It is essential for the FEL amplification that all undu-
lator modules are well tuned and aligned to the undulator
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axis. The on-axis field requirement is ∆K/K ≈ 10−4 [5],
which would be desirable to measure it for each undula-
tor module individually. However this information cannot
be extracted from the radiation distribution and intensity,
which are insensitive to such small variation. The most
promising measurement is the width of the harmonics of
the on-axis radiation. While the fundamental harmonic has
an intrinsic width of about 1% – corresponding to 112 un-
dulator periods per module – a change in the width on a per-
cent level is difficult to measure, but the effect of a detuned
module becomes enhanced with higher harmonics. E.g. at
the 100th harmonics the shift in the wavelength due to a
detuning of ∆K/K ≈ 10−4 is 1% and thus comparable to
the intrinsic bandwidth. However the width can be broaden
by beam trajectory alignment and the beam emittance and
thus obscure the measurement. It seems more beneficial
to derive the undulator field quality from the power versus
undulator position measurement of the FEL signal.

BACKGROUND SIGNAL FOR THE FEL
RADIATION

The radiation power of the incoherent emission is about
75 GW and therefore 10 times larger than the expected sat-
uration power level of the FEL at 1.5 Ångstroem. To im-
prove the signal to noise ratio the incoherent background
signal can be either cut by spatial aperture limitation or by
bandpass filters. In this section we estimate the efficiency
of both methods. It excludes the frequency dependent sen-
sitivity of the X-ray detector, which are typically less effi-
cient at higher frequencies than at the FEL frequency [12].
The estimate, given below, is an upper limit for the detected
signal.

Time-dependent FEL codes, such as Ginger or Genesis
1.3, cannot predict the total background signal, because
they model only a narrow bandwidth around the resonant
wavelength for an optimized calculation of the FEL pro-
cess [13]. The typical full bandwidth in the FEL simula-
tion of X-ray lasers such as LCLS and TESLA is between
5% and 10%. In addition the code discretize the radiation
field to a finite set of radiation modes, imposing a limit on
the maximum angle of emission. These cuts do not affect
the result of the FEL simulation because strongly diffract-
ing modes as well frequency deviation larger than the FEL
bandwidth are amplified by the FEL process. To add the
correct background signal, the spontaneous signal from the
FEL simulation is removed first by subtracting the linear
trend in the start-up process of the FEL signal. Then the
background signal, calculate by SPUR, is added.

The FEL signal is much more confined in the spatial di-
rection than the spontaneous radiation. With an rms diffrac-
tion angle of about 1 µrad the FEL signal covers an area of
about 3 mm2 at the detector position 113 m behind the end
of the LCLS undulator. A smaller aperture would cut the
FEL signal, which is not in the interest of the measure-
ment. In the contrary the aperture has to be larger to allow
for jitter in the FEL beam centroid. The dependence of the
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Figure 2: Detected power of the FEL signal and the spon-
taneous radiation for an aperture limit at the detector loca-
tion, 113 m behind the undulator exit.

spontaneous radiation background signal and the FEL sig-
nal on the aperture is shown in Fig. 2. With an aperture
of 1 mm2 0.9 GW of the spontaneous radiation is detected,
resulting in a signal-to-noise ratio of only 10:1. If the de-
tector is array-based like a CCD camera, the measurement
is rather intensity than power based. In case for LCLS the
ratio between the intensities is 100 to 1, an improvement of
one order of magnitude compared to a collecting detector
with the aperture of 1 mm2, mentioned above.

Spatial cuts are inferior to spectral cuts because even un-
der the best circumstances a spatial aperture cannot filter
out higher harmonics. For high K undulator such as LCLS
a large number of odd harmonics are emitted on-axis, some
of them with higher power than the fundamental. A signif-
icant reduction can be achieved when only the emission at
the resonant wavelength is collected. Although higher har-
monics can contribute to the resonant wavelength due to
the red shift for larger emission angles θ, they can be fil-
tered out by a loose spatial cut. For the second harmonic
the angle to shift the wavelength to the fundamental wave-
length is 100 µrad and can be easily collimated by a 1 cm2

aperture in front of the LCLS detector.
Due to the intrinsic width of δf/f0 = 1/Nu of the spon-

taneous signal the radiation at the resonant wavelength is
confined in the opening angle of

∆θ =
K

2γ

√
1

Nu
,

with ∆θ = 1.5 µrad for LCLS parameters. This cor-
respond to an emission of 1 MW per 0.1% bandwidth.
The full FEL signal falls within this bandwidth, yielding
a signal-to-noise ratio of about 104:1. Even wider band-
width cuts are still superior to the spatial collimation. The
detectable FEL signal for LCLS and various methods of
reducing the spontaneous background is shown in Fig. 3

From the point of view of detecting the FEL signal the
situation is improved when the FEL is operated at lower en-
ergy, because the saturation power has a weak dependence
on the energy while the incoherent radiation is 10 times
smaller for a FEL wavelength of 1.5 nm. In addition the
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Figure 3: Detectable FEL signal for various method to re-
duce the background signal of the spontaneous radiation.

Table 1: Power level of the LCLS FEL and background
signal for various spatial and spectral cuts at the near hall
detector.

Signal 1.5 Å 1.5 nm
FEL 8 GW 4 GW

Spontaneous Radiation 75 GW 7.5 GW
Spectral Cut: 0.1% 1 MW 100 kW
Spectral Cut: 1.0% 10 MW 1 MW
Spatial Cut: 1 mm2 0.9 GW 9 MW
Spatial Cut: 4 mm2 3 GW 30 MW

opening angle is increased by
√

10, so that the on-axis in-
tensity drops by two orders of magnitude for spatial cuts.
Because the coherence angle is also increased the spectral
power in a narrow bandwidth is improved only by a factor
of 10. Tab. 1 summarize the different power levels of the
FEL and background signal for the two limits in the FEL
wavelength of LCLS.

CONCLUSION

We have written a numerical code to calculated the back-
ground signal from the spontaneous radiation at a given lo-
cation to detect the X-ray FEL signal. Due to the complex
lattice of the undulator and the close proximity of the detec-
tor the spontaneous radiation can be estimated analytically
only in crude approximation and detailed numerical calcu-
lations are required. With a given intensity distribution and
the associated spectrum of the background signal the X-ray
optics and detector can be optimized to maximize the signal
to noise ratio of the FEL signal.

Because the on-axis spectrum is rich in harmonics,
spatial collimation are less efficient than spectral filters
(monochromators or dispersive optical elements). In the
ideal case, when only 0.1% of the spontaneous radiation
illuminates the detector the background signal is dropped
to 1 MW, while the FEL signal is not affected. Detection
of the FEL signal after 20 m of undulator becomes possi-
ble. All modules after that point can be examine by the

exponential growth for optimum alignment and tuning.
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