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Optical afterburner for an x-ray free electron laser as a tool for pump-probe experiments
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We propose a new scheme for two-color operation of an x-ray self-amplified spontaneous emission free
electron laser (SASE FEL). The scheme is based on an intrinsic feature of such a device: chaotic
modulations of electron beam energy and energy spread on the scale of FEL coherence length are
converted into large density modulations on the same scale with the help of a dispersion section, installed
behind the x-ray undulator. Powerful radiation is then generated with the help of a dedicated radiator (like
an undulator that selects a narrow spectral line), or one can simply use, for instance, broadband edge
radiation. A typical radiation wavelength can be as short as a FEL coherence length, and can be redshifted
by increasing the dispersion section strength. In practice it means the wavelength ranges from vacuum
ultraviolet to infrared. The long-wavelength radiation pulse is naturally synchronized with the x-ray pulse
and can be either directly used in pump-probe experiments or cross correlated with a high-power pulse
from a conventional laser system. In this way experimenters overcome jitter problems and can perform
pump-probe experiments with femtosecond resolution. Additional possibilities like on-line monitoring of
x-ray pulse duration (making “optical replica” of an x-ray pulse) are also discussed in the paper. The
proposed scheme is very simple, cheap, and robust, and therefore can be easily realized in facilities like

FLASH, European XFEL, LCLS, and SCSS.
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L. INTRODUCTION

Free-electron lasing at wavelengths shorter than the
ultraviolet can be achieved with a single-pass, high-gain
free electron laser (FEL) amplifier operating in the so-
called self-amplified spontaneous emission (SASE)
mode, where the amplification process starts from shot
noise in the electron beam [1-3]. Present acceleration
and FEL techniques allow one to generate powerful, co-
herent femtosecond pulses in wavelength range from vac-
uum ultraviolet (VUV) [4-6] through soft x-ray [7,8] to
hard x-ray [9].

There is growing interest among FEL users in pump-
probe experiments with femtosecond resolution, extended
into the x-ray regime [10-12]. However, synchronization
of pulses from an x-ray FEL with optical pulses from a
conventional laser with femtosecond accuracy is not a
trivial task due to a jitter in an electron bunch arrival
time. The most simple and reliable way to get around
this obstacle is to produce an x-ray pulse and a long-
wavelength radiation pulse by the same electron bunch
[13,14]. If the optical pulse is sufficiently powerful, it
can be directly used in a pump-probe experiment.
Otherwise this long-wavelength radiation pulse can be
used for a cross-correlation measurement with a powerful
pulse from a conventional laser (that is used in the pump-
probe experiment) [15]. This allows one to determine a
relative delay between two pulses for every shot and then
to sort out experimental data using this information.
Different scenarios were considered [13—17] for producing
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visible or infrared radiation by the same electron bunch
that lases in an x-ray undulator.

Here we propose a very cheap and robust method, based
on natural features of a SASE FEL. Namely, chaotic mod-
ulations of electron beam energy and energy spread on the
scale of FEL coherence length are converted into large
density modulations on the same scale with the help of a
dispersion section, installed behind the x-ray undulator
(see Fig. 1). Powerful radiation is then generated with the
help of a dedicated radiator (like an undulator that selects a
narrow spectral line), or one can simply use, for instance,
broadband edge radiation or synchrotron radiation from a
bend.

The paper is organized as follows. In Sec. II we describe
the physical effect of producing long-range microbunching
and introduce simple scaling relations. In Secs. III, IV, and
V we illustrate a possible application of this effect to
different facilities (European XFEL [12], FLASH [7,8],
LCLS [9]) considering different solutions for dispersion
sections and radiators. In Sec. VI we draw the readers’
attention to an additional possibility of using the consid-

To pump-probe

SASE undulator ?A‘T’g:r:z'on Radiator  experiment
R Ve (T,
\
To electron
beam dump

FIG. 1. (Color) Scheme of the afterburner for pump-probe ex-
periments at an x-ray FEL.
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FIG. 2. Scaled radiation power (left), beam energy loss (middle), and the variance of energy distribution (right) versus scaled
position along the bunch for a SASE FEL operating close to saturation (two field gain lengths before saturation). Undisturbed energy
spread is Ay = 0.2. Simulations were performed with the 1D version of the code FAST [20]. The electron bunch profile is shown in

dashed lines.

ered effect, namely on-line monitoring of x-ray pulse
duration by translating its width and shape into optical
range, i.e., making an “‘optical replica’ of an x-ray pulse.

II. EFFECT DESCRIPTION

SASE FEL is a high-gain FEL amplifier starting up from
shot noise in an electron beam. The properties of such a
device are described in detail in [18]. On top of density and
energy modulations in the electron beam on the scale of a
resonant wavelength A,, there are long-scale envelope
modulations. The latter modulations have a typical scale
of FEL coherent length, /. = A,/(27p), where p is the
FEL parameter [19]. There are mean energy losses in the
electron beam, modulated on the same scale, /.. However,
there are no spectral components of beam density in the
range A = [. (more precisely, there can be small modula-
tions of the order of p =~ 107*~10"3 when SASE FEL
reaches saturation). Here we propose a simple trick which
can be used in order to get large density modulations of the
order of unity.

Let us consider a continuous electron beam of which
longitudinal phase space at the exit of the FEL undulator
can be described by a distribution function f(P, s), where
P = E — E, is energy deviation from a nominal value, and
s is the coordinate along the bunch. It is convenient to use
scaled variables P = P/(pE,) and § = pk,s, where k, =
27/ A,. Before FEL interaction we assume the function
f(P, §) to be independent of 3, i.e., to have distribution in P
with the rms width AT which is constant along the beam. In

the following we will assume that /A\T < 1 since it is
usually the case. The distribution function is normalized
such that after integration over P one gets unity for the
unmodulated beam case. The FEL process modifies the
distribution function: there are energy and density modu-
lations on the scale of A, with a chaotically changing
envelope on the scale of I. (i.e. when A§=1), and a
mean energy loss on the same scale. Note that FEL-
induced energy modulation and mean energy loss are

typically P = 1 at saturation and P << 1 in the exponential
gain regime before saturation. For illustration we present in
Fig. 2 some results of numerical simulations (for a finite
bunch length). FEL radiation power W is scaled as follows:
W = W/(pW,), where W, is the electron beam power.
FEL operates close to saturation (two field gain lengths
before saturation).!

Let us install behind the SASE undulator a dispersive
element (like a simple four-bend chicane) with longitudi-
nal dispersion characterized by matrix element Rss. After
the beam passes the dispersive section, a particle’s coor-
dinate changes such that one should use the substitution
s — s — Rs¢P/E, in the distribution function. In scaled
variables this would read f(P,§ — PRsg), where Rsq =
p*k,Rsq. Even a relatively small strength of the dispersion
section is sufficient to completely smear short-scale mod-
ulations due to the energy spread. The condition for that

can be formulated as /A\TIQ% > p, and it will always be
fulfilled in the rest of the paper. Therefore, after the dis-
persion section we only deal with long-scale modulations.
Let us first consider the case when Rs¢ << 1. In this case the
distribution function can be expanded as follows:

N PN A Of A
P,§ — PRsg) = f(P,§) — —PRss + - —
f(P,s s6) = f(P, 5) 95 56 T 5 g

+ ...

Note that the distribution function before the dispersion
section is differentiated here, but the short-scale modula-
tions are assumed to be smeared as discussed above.
Integrating over P (and exchanging differentiation and
integration) we get current modulation

'Note that in the exponential gain regime the patterns of
radiation power and of beam energy loss for a given shot are
identical (with a small shift A§ < 1). This also holds, with
minor distortions, for the presaturation regime, shown in
Fig. 2. At saturation point and beyond the identity is lost.
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FIG. 3. Modulation of current in the electron beam, modified by FEL interaction as shown in Fig. 2, after passing the dispersion

section with Rsg = 0.2 (left), Ry = 1 (middle), and Rss = 5 (right). The undisturbed energy spread is AT = (.2. The current profile
for Rsg = 0 is shown in dashed lines.

.9 L R% . . II1I. APPLICATION TO EUROPEAN XFEL
I/IO=1—R56—A[PfdP+— P2 fdP + - -- . , .
9§ 2 Let us consider a possible operation of long-wavelength
afterburner behind the SASE1 undulator of the European
which can be rewritten as XFEL. To be specific, we assume that it operates at 0.1 nm.
Electron energy is 17.5 GeV, peak current is 5 kA, normal-
Y, P} 2 92(P?) ized emittance is 1.4 mm mrad, and local energy spread is
I/Iy=1— Rs 9% 2 e (1) 1.5 MeV. Other parameters of the electron beam as well as
§

parameters of the undulator and of FEL radiation can be
found in [12]. The simulations of the FEL process were

A linear term here is connected with the derivative of  performed with three-dimensional, time-dependent code
beam energy loss due to the SASE process. The second-  gasT [20]. Then particles’ positions in the bunch were
order term depends on induced Ims encrgy spread and  changed in accordance with their energies and applied
mean energy loss. At saturation (P) and (P?) are typically Rs¢. Parameter p in the considered case is equal to 4 X

of the order of 1; they change on a typical scale of coher- 1074, Thus, it is easy to calculate that the value of Rss =
ence lengAth A§ =1, so that cul.'rent mod'ulatlon 18 of the 100 wm corresponds to the scaled parameter Rsg = 1. Asa
order of Rsq. Although Eq. (1) is not valid when Rss =1, technical realization of the dispersion section for XFEL we

one can extrapolate the tendency and estimate that in this  consider a simple four-bend chicane with a bend length of
case one can reach very strong current modulation, on the 1 m and a total length of 10 m. In Figs. 4 and 5 (left plot),
order of 1. This is confirmed by numerical simulations  one can see chaotic modulations of the beam current for the
performed with 1D version of the code FAST (see Flg 3) case when R56 of the chicane is equal to 50 pum. For
One can also notice that for small values of Rsg the current  smaller values of the Rsq, the pattern remains the same
modulation pattern remains unchanged while its amplitude but the amplitude reduces proportionally. For larger values
linearly increases with Rsg, as it follows from Eq. (1). of the Rs¢, the pattern gets strongly modified as one can see
When Rsg = 1 the pattern is modified due to high-order ~ from Fig. 5, the modulations have longer scale. Figures 4
terms. When A;Rsg = 1, the smearing effect due to the  and>5 are calculated for a given shot. It is worth mentioning
energy spread becomes essential, and the spectrum is sig-
nificantly redshifted.

Since we deal with a stochastic process, the spectrum of
the density modulation as well as the spectrum of radiation,
produced by such a beam in a radiator, have a spiky

7000 ~

6000

structure, and the pattern changes from shot to shot. 5000
Correspondingly, the radiation pulse energy fluctuates o 4000+
shot to shot: the more narrow bandwidth of a radiator, = 3000
the stronger the fluctuations. If the SASE FEL operates 2000

in linear regime and in a long-pulse limit [18], fluctuations
of pulse energy from a long-wavelength radiator would ' ' ' ' ‘
scale as 1/y/Aw T for Aw,q > 1/T, where Aw,,, is the 0 oo (um)“ s o

radiator bandwidth and T is SASE pulse duration. If the

SASE FEL reaches saturation then the fluctuations are FIG. 4. Modulation of current in the beam passed SASE1
reduced. undulator [12] and a dispersion section with Rss equal to 50 wm.
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FIG. 5. Modulation of current in the beam passed SASE1 undulator and a dispersion section with Rs¢ equal to 50 um (left plot,
enlarged fraction of Fig. 4), 200 um (middle plot), and 500 um (right plot).

that the pattern would change shot to shot since SASE is a
stochastic process.

Note that the operation of SASE1 and consequent con-
version to long-scale density modulations were calculated
for a rather conservative value of normalized emittance
1.4 mm mrad [12] of electron beam. In that case only core
in transverse distribution of electron bunch efficiently con-
tributes to lasing, so that a relatively large part of the beam
is unmodulated and does not contribute to long-scale den-
sity modulations after conversion. That is why the ampli-
tude of modulations is limited to 10%—20% level in our
calculations. In recent experiments with the first hard x-ray
FEL [9], however, a routine operation with a significantly
smaller emittance, 0.4 mm mrad, was demonstrated. In
such a case a larger part of the electron beam is involved
in SASE process, so that larger long-scale modulations
behind a dispersive section can be expected.

In Fig. 6 we present an ensemble average modulus of the
bunch form factor |F(A)| (Fourier transform of the bunch
profile). This is a useful notion because energy spectral
density of radiation produced by a bunch in any radiator is
given by

p()\) = pl(A)[Ne + Ne(Ne - l)lF(A)lz]’ (2)
where p,(A) is the energy spectral density produced by a
single electron, and N, is the number of electrons in the
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bunch. The linear in N, term gives usual incoherent radia-
tion (spontaneous emission). Thus, a modulated bunch
radiates by a factor N,|F(A)|?> more energy at a given
wavelength than an unmodulated bunch. Here we consider
the bunch with the charge of 1 nC (N, = 6.2 X 10°) so that
one can expect an enhancement over spontaneous emission
by a factor up to 4 X 10%, using |F(A)| from Fig. 6.

One should not be surprised by the fact that the ampli-
tude of modulations in Figs. 4 and 5 is typically 10%—-20%,
while the form factor is much smaller. For a monochro-
matic modulation the value of form factor would indeed
have been of the order of 0.1. Chaotic spikes, however, add
randomly to the Fourier transform and the result is sup-
pressed roughly by a square root of the number of spikes,
and the spectrum is broadband. One should also note here
that single shot form factors are also chaotically modu-
lated, while the smooth curves in Fig. 6 are the result of
statistical averaging.

Form factors for different values of Rse are presented in
Fig. 6. For Rss = 50 pm the high-frequency cutoff is at the
wavelength about 100 nm which coincides with the coher-
ence length of SASE FEL operating at 0.1 nm (note that
one can have a significant enhancement over spontaneous
emission even at 40-50 nm). For larger values of the Rsg,
one can observe a redshift. Thus, by varying Rs¢ one can
easily optimize the form factor in the wavelength range
from VUV to infrared.
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FIG. 6. Ensemble average modulus of the bunch form factor versus wavelength for SASE1 afterburner, and an enlarged fraction of
this plot, for the Rs¢ of the dispersion section equal to 50 wm (solid), 200 wm (dotted), and 500 wm (dashed).
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Let us now discuss how to produce radiation that can be
transported to the experimental hall and used in pump-
probe experiments as described in [15]. In principle, one
can make use of edge radiation [15]. In that case a broad-
band radiation would be produced (which can be then
filtered if necessary). The estimated number of photons
per shot would be on the order of 10'2. The spectrum width
would correspond approximately to the width of a form
factor curve in Fig. 6. The distance between the end of the
SASEI undulator and a bending system downstream is
about 200 m which is comparable to a formation length
Ay? (y = 3 X 10* being relativistic factor, A = A/21r) for
a visible part of the spectrum. For longer wavelengths, a
few um, divergence of the radiation would increase, and
the spectral properties of radiation at the experiment would
depend on a design of the optical transport system.

We also consider here an alternative radiator, namely a
long-period undulator (similar to that installed in FLASH
[13,21]). Let us consider as an example, a ten-period un-
dulator with a period length 70 cm and a maximum field
1.2 T. For the electron energy of 17.5 GeV, one can tune the
resonant wavelength between 50 nm and 1 um by chang-
ing the undulator field. To calculate radiation pulse energy,
one should use the fact that in a planar undulator with large
K-value 0.011 photons per electron are radiated spontane-

ously within a central cone (given by 4/A/L,,, where L,, is
the undulator length). Then, using Eq. (2) and Fig. 6, we
end up with Fig. 7, from which we see that pulse energies
are in the uJ range within a central cone and with spectral
bandwidth 10%. Estimated shot-to-shot fluctuations will
be below 10%.

If we compare the two scenarios of producing radiation,
the latter promises relatively narrow bandwidth (with
wavelength tunability) with roughly the same number of
photons as in the former case within a wide band. In other
words, spectral brightness of the undulator radiation is
larger by 1 order of magnitude in the considered case.
Note that transverse coherence is guaranteed for both
sources (since the condition € < A, € being electron
beam emittance, is well satisfied). However, source size

2.0 4

E (wJ)

0.5

0.0

0.0 02 04 0.6 038 1.0
A (um)

FIG. 7. Radiation pulse energy within a central cone of the
SASEI! afterburner undulator versus wavelength for the Rsq of
the dispersion section equal to 50 um (solid), 200 xm (dotted),
and 500 um (dashed).

and divergence are very much different in the two cases. In
the case of visible edge radiation the divergence is about
1/7. In fact, exact calculation in [15] gives a half angle of
50 prad for the first maximum of edge radiation. In the

case of undulator radiation the central cone 4/A/L,, is in the
range 100400 urad for the wavelength range shown in
Fig. 7.

IV. APPLICATION TO FLASH

FLASH is the SASE FEL operated as the user facility in
the wavelength range 6.5-50 nm [5,7,8]. There is a nine-
period FIR (far infrared) undulator [13,21] installed down-
stream of the main SASE undulator. Its wavelength range
spans from sub-xm up to 200 pwm. The Rsq of an undulator
is given by a simple formula: Rss = 2N, A,, where N, is
the number of periods and A, is the resonant wavelength.
Thus, the Rs¢ of this undulator can be tuned from O to a few
mm, and it can serve in the considered scheme as a
dispersive section and a radiator (radiating at higher har-
monics) at the same time. In addition, edge radiation can be
produced downstream of this undulator (there is a few
meter drift space between the undulator and the beam
dump, so that there is enough space for formation of
such radiation in the visible and the near-infrared range).
We illustrate with a numerical example a possible opera-
tion of an afterburner. We consider lasing at 7 nm and use
in simulations an electron beam with the parameters close
to those used in [7] but rescaled to 1 GeV. The bunch with
the charge of 0.5 nC consists of a few ps long low-current
tail and a short high-current leading peak (shown in Fig. 8
in dots) that produces FEL radiation. We illustrate conver-
sion of FEL-induced energy modulations to modulations of
beam current by applying the Rsq = 250 wm (which cor-
responds to tuning of the FIR undulator to 14 pm resonant
wavelength). In Fig. 8, one can see a realization of such
modulations in the time domain, and Fig. 9 shows form
factor, corresponding to this specific shot. Note that the
form factor of undisturbed bunch decays at 5-10 um, and

30004
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15001
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0 T T T
10 20 30
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FIG. 8. Modulation of current in the head of electron bunch
lasing at 7 nm in the VUV undulator of FLASH and passing FIR
undulator with Rsg equal to 250 pwm (solid), and with Rsq = 0
(dots). Only the small part of the bunch is shown; the bunch head
is on the right.
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FIG. 9. Modulus of the bunch form factor (corresponding to realization in the time domain shown in Fig. 8) versus wavelength, and

an enlarged fraction of this plot.

the effect, described in this paper, allows one to extend the
possibility to produce powerful radiation to 1 um and
below.” For instance, in a given example the radiation in
the range 0.7-1 pxm would be about 4 orders of magnitude
above the spontaneous emission level. Since it is synchro-
nized with soft x-ray radiation, it can be used for timing
purposes in a pump-probe experiment on a 10 fs time scale.

V. DUMP DIPOLE AS A BUNCHER AND A
RADIATOR

After passing the x-ray undulator the electron beam is
directed towards beam dump. A bending system upstream
of the dump, consisting of one or several dipoles, has
dispersive properties, on the one hand, and forces the
beam to radiate, on the other hand. We note that under
some circumstances the beam can be efficiently bunched
on the scale of the FEL coherence length and then produce
coherent synchrotron radiation (CSR). In this case the
scheme in Fig. 1 becomes trivial (no dispersive chicane
and no dedicated radiator). Although such a configuration
is not very efficient, it is the most cost-saving solution.

Longitudinal dispersion in a dipole increases as follows:
Rs¢(z) = R63(z)/6, where 7 is the longitudinal coordinate
along the beam line, and 6(z) = z/R is a current bending
angle, R is the bending radius. It means that density
modulation also increases as a third power of z (assuming
here Rsg < 1). This happens until it gets suppressed by a
transverse beam size o in the bending plane due to the
Rs, effect [22-24], i.e., when 0(z)o| = A. Thus, maxi-
mum density bunching appears at the position z,, =
RA/o |, and the corresponding longitudinal dispersion is
Rsq = RA?/(607)). It is interesting to note a sharp depen-
dence of radiated power on the transverse beam size and,
therefore, on emittance € and beta function 8 in a bending
plane. Indeed, maximum density bunching scales as z.,,
and the maximum radiation power as z§, = o % = (eB8) 3.
In this consideration we assumed that (AR2)'/? < z,, <
L,, where L, is the dipole length and (AR%)!/? is the

>Note that some observations of such a kind were done at
FLASH, and now we can hope for systematic studies.

formation length of coherent synchrotron radiation. The
strongest intensity burst would sweep around the angle
A/o | in the bending plane with the divergence (A/R)'/3
in the other plane. Since one deals with broadband density
modulation, shorter wavelengths have maxima at smaller
bending angles, i.e., one has a rainbowlike phenomena.

As an example, let us consider the bending system of the
Linac Coherent Light Source [9,10]. It consists of several
dipoles; the first one is 1.5 m long, and its bending angle is
about 40 mrad. Let us assume that the SASE FEL saturates
at 0.15 nm with electron energy 13.6 GeV and normalized
slice emittance 0.4 mm mrad [9]. Let us consider CSR at
the wavelength A = 700 nm, assuming beta function 8 =
10 m in the bending plane. In that case we estimate that
Z,, = 35 cm (while the radiation formation length is about
5 cm), the corresponding bending angle is 10 mrad, and
longitudinal dispersion is Rss =~ 6um. One can expect a
burst of CSR with an opening angle (A/R)"/? ~ 1.5 mrad
and a significant pulse energy (a few orders of magnitude
higher than that of incoherent synchrotron radiation at a
given wavelength).

VI. ON-LINE MONITORING OF X-RAY PULSE
DURATION

Measurement of duration of an x-ray pulse from a SASE
FEL is a difficult task. One can obtain indirect information
from spectral measurements, fluctuation analysis [4,5,7],
etc. Recently, at FLASH there were attempts of measuring
width and shape of extreme ultraviolet (XUV) femtosec-
ond pulses in time domain [25,26]. Using the effect con-
sidered in this paper, one can make a considerable step in
this direction. Indeed, this effect leads to ‘‘visualization”
of x-ray pulse, i.e., translating its width and shape into
optical range, where direct on-line measurement of femto-
second pulses is possible with the help of frequency-
resolved optical gating (FROG) [27] or similar techniques.
FROG works very well in the IR, visible, and UV, and can
measure temporal and spectral distributions of extremely
complex pulses. FROG was proposed to be used in an
optical replica synthesizer (ORS) [28], a device for diag-
nostics of femtosecond electron bunches. Recently, the

030701-6



OPTICAL AFTERBURNER FOR AN X-RAY FREE ...

Phys. Rev. ST Accel. Beams 13, 030701 (2010)

80

60 -

20 -

04
0 50 100 150 200 250 300

t (fs)

0.8 4

0.6 4

0.4 4

W, (arb.units.)

0.2

0.0 T T T T T u
0 50 100 150 200 250 300
t (fs)

FIG. 10. (Color) Left: Power distribution in a single x-ray pulse from the SASE1 undulator [12]. This shot was used to calculate beam
modulations in Fig. 4. Right: Averaged power distribution (red) and its reconstruction (blue), see the text for details.

ORS setup was successfully tested [29] at FLASH. In this
paper we discuss a possibility of making an optical replica
of an x-ray pulse.

Let us consider a long-pulse case (much longer than FEL
coherence length). The simplest measurement, aiming at
ensemble averaged shape of the SASE FEL radiation
pulse, can be described as follows. When the SASE FEL
operates in the exponential gain regime and just before the
saturation, the average shape of the radiation pulse is
imprinted in the electron bunch, i.e., it is repeated by the
shape of beam energy loss. After a dispersion section with
a small Rsg this shape is transferred into the density modu-
lation. If the bandwidth of a radiator is much larger than the
inverse duration of the FEL pulse, Aw.,q > 1/T, the
ensemble averaged shape of field amplitude of the optical
radiation pulse would repeat the averaged shape of the x-
ray intensity pulse. The shape of the field amplitude of an
optical pulse can be measured by FROG.? Then one can
average the traces over the ensemble of realizations.
Alternatively, one can do adjacent averaging of a single
pulse (moving a small time window along the trace) at the
expense of some remaining modulations.

It is interesting to see how this method would work in a
somewhat more complicated (but practically important)
situation: FEL operates at saturation, and Rsg is not too
small, otherwise optical intensity might be too weak. As an
example let us consider again the case of the SASEI
undulator of the European XFEL. In Fig. 10 (left) we
show a single FEL pulse—this specific realization was
used to calculate Fig. 4; there we applied Rss = 0.5.
Then the optical radiation pulse is produced by a bunch,
presented in Fig. 4. For the following we have to assume a
bandwidth of a radiator, optical transport system, etc. To be
specific, we let the bunch from Fig. 4 go through a band-
pass filter between 250 and 350 nm to simulate amplitude
of the electric field of the optical pulse. Finally, we used
adjacent averaging with a 20 fs time window. The result is
shown in Fig. 10 in blue, and is compared with the original

3FROG shows intensity trace in time domain, so that one
should take a square root of it

averaged FEL intensity (shown in red). Some 10%-20%
broadening can be explained by FEL saturation effects, a
significant Rss = 0.5, and adjacent averaging procedure.
Nevertheless, such an accuracy of pulse width determina-
tion would be a great step towards detailed diagnostics of
x-ray pulses from SASE FELs.

Finally, let us point out a potential possibility of mea-
suring fine structure of a specific pulse from an x-ray FEL.
Indeed, as one can see from Fig. 2, a pattern of energy
modulation is a copy of an intensity pattern in FEL pulse,
as soon as the FEL operates before saturation. For small
Rs¢ the derivative of this pattern gives the density modu-
lation. Then this beam radiates, and the information about
x-ray pulse structure is transferred into the optical range,
where it can be extracted much easier than directly in the
x-ray range. Unfortunately, at saturation the identity be-
tween FEL intensity and energy modulation is lost, so that
one can only measure ensemble averaged intensity as
described above. As for the possibility to measure rela-
tively short SASE pulses (a few intensity spikes), we
estimate that the accuracy of the method would be reduced
but it would still be useful if there is a lack of alternatives.

VII. DISCUSSION

In this paper we have described a novel effect associated
with an x-ray FEL operation. There can be different appli-
cations of this effect (as well as some drawbacks [30]), and
we have chosen two of them to illustrate an importance of
the optical afterburner. In our opinion, a pump-probe (PP)
experiment could be the most interesting application of the
proposed scheme. Indeed, the time jitter between x-ray
pulse and a pulse from an optical laser is the main obstacle
on the way to PP experiments with femtosecond resolution.
The jitter originates in the electron beam formation system
and amounts, for instance, to 0.5 ps [31] at FLASH, while
durations of soft x-ray pulses are about 10 fs [7,8]. The
most reliable way to get around this obstacle is to produce
an x-ray pulse and a long-wavelength radiation pulse by
the same electron bunch [13,14]. In a recent experiment at
FLASH [26], a soft x-ray pulse and a coherent far infrared
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radiation pulse, produced in a dedicated undulator by the
same electron bunch [13], were transported by about 100 m
down separate beam lines [8,21] and combined in an
experimental chamber. Measured time jitter between two
pulses was 5 fs (rms) [26]. This experiment has confirmed
validity and importance of the concept “single electron
bunch—two colors for PP experiments”.

In this paper we have proposed a new scheme that allows
one to produce a synchronized x-ray pulse and an optical
pulse without external manipulations with electron beam
(no lasers, etc.). The scheme relies on natural features of
SASE FELs and is very simple, cheap, and robust.
Although in this paper we have mainly considered design
parameters of the European XFEL with relatively long
hard x-ray pulses (100 fs), the scheme will also work
with much shorter, single-digit femtosecond pulses. It is
worth mentioning that a dispersive element behind the x-
ray undulator does not spoil synchronization between two
pulses. Indeed, for a typical Rsq =~ 100 um and an ex-
pected energy jitter on the order of 107, an induced
time jitter would be about 30 attoseconds only.

We have not considered in this paper many details con-
nected with PP experiments themselves. Of course, both
pulses must be transported to an experiment, where ex-
perimenters should be able to delay one of the pulses
depending on the type of the experiment (optical pump—-
x-ray probe or vice versa). Note that x-ray optics allows for
such delays without high losses of intensity. An optical
pulse can be used directly, if its intensity is sufficient for a
given experiment, otherwise it can be first amplified in a
conventional laser amplifier. Alternatively, one can use a
dedicated high-power laser to generate optical pulses for
PP experiments. These pulses can be cross correlated with
the pulses from the afterburner, so that a relative delay is
measured for every shot, and then the experimental data is
sorted out with the help of this information. It was not the
goal of this paper to discuss all the aspects of possible
pump-probe experiments, we have only demonstrated a
possibility of jitter-free generation of x-ray and optical
pulses.

In this paper we have assumed that the electron bunch
before FEL interaction is smooth and sufficiently long, i.e.,
that it does not contain significant spectral components in
optical range. However, in real accelerators, producing
high-brightness electron beams for x-ray FELs, a micro-
bunching instability [32,33] can take place. The most
dangerous effect is the longitudinal space charge driven
microbunching instability [33,34]. The experimental ob-
servations of such an instability [35,36] indicate that am-
plification of microbunching takes place in infrared and
visible ranges, and manifests itself, in particular, in a strong
coherent optical transition radiation (COTR). The question
arises whether or not the microbunching instability can
interfere with the operation of the optical afterburner,
proposed in this paper. At this point we have to mention

that a laser heater was suggested [34] to suppress micro-
bunching instability since the latter is sensitive to a local
energy spread. A particularly clever design of a laser heater
[37] was then developed for the Linac Coherent Light
Source (LCLS). Recently, it was built and experimentally
tested [38] during the commissioning and successful op-
eration of LCLS. It was found that the heater significantly
improves FEL performance. Concerning COTR, “the laser
heater suppresses these coherent signals by orders of mag-
nitude in many cases but does not appear to completely
remove a very small level of COTR after compression”
[38]. This means that when the heater is applied, the
remaining modulations in optical range are much smaller
than the ones induced in the proposed optical afterburner
(that are at the level of tens of percent) and should not
confuse its applications. However, for any specific realiza-
tion of this scheme this has to be checked experimentally:
when the SASE process is suppressed (for instance, by
missteering the beam in the undulator), the optical radia-
tion from the afterburner must be strongly reduced. In this
way, one can make sure that microbunching instability
does not affect the operation of the afterburner.
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