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Abstract

We propose a new scheme for two-color operation of
an X-ray Self-Amplified Spontaneous Emission Free Elec-
tron Laser. 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 gen-
erated with the help of a dedicated radiator (like an undu-
lator that selects a narrow spectral line), or one can simply
use, for instance, broadband edge radiation. Typical radia-
tion wavelength can be as short as FEL coherence length,
and can be red-shifted by increasing the dispersion section
strength. In practice it means the wavelength range from
vacuum ultraviolet to infrared. The long-wavelength radi-
ation pulse is naturally synchronized with x-ray pulse and
can be either directly used in pump-probe experiments or
cross-correlated with high power pulse from a conventional
laser system. In this way experimenters overcome jitter
problems and can perform pump-probe experiments with
femtosecond resolution. The proposed scheme is very sim-
ple, cheap and robust, and can be easily realized in facilities
like FLASH, European XFEL, LCLS, and SCSS.

INTRODUCTION

Free-electron lasing at wavelengths shorter than the ul-
traviolet can be achieved with a single-pass, high-gain FEL
amplifier [1]. Due to lack of powerful, coherent seed-
ing sources, short-wavelength FEL amplifiers work in the
so called Self-Amplified Spontaneous Emission (SASE)
mode, where the amplification process starts from shot
noise in the electron beam [2, 3, 4]. Present acceleration
and FEL techniques allow to generate powerful, coherent
femtosecond pulses in wavelength range from vacuum ul-
traviolet (VUV) [5, 6, 7] through soft X-ray [8, 9] to hard
X-ray [10].

There is a growing interest among FEL users in pump-
probe experiments with femtosecond resolution, extended
into X-ray regime [11, 12, 13]. However, synchronization
of pulses from an X-ray FEL with optical pulses from a
conventional laser with femtosecond accuracy is not a triv-
ial 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 [14, 15]. If the optical
pulse is sufficiently powerful, it can be directly used in a
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pump-probe experiment. Otherwise this long-wavelength
radiation pulse can be used for cross-correlation measure-
ment with a powerful pulse from a conventional laser
(that is used in pump-probe experiment) [17]. This al-
lows one to determine a relative delay between two pulses
for every shot and then to sort out experimental data us-
ing this information. Different scenarios were considered
[14, 15, 16, 17, 18] for producing visible or infrared radia-
tion by the same electron bunch that lases in X-ray undula-
tor. Here we propose very cheap and robust method, based
on natural features of a SASE FEL.

EFFECT DESCRIPTION

SASE FEL is a high-gain FEL amplifier starting up from
shot noise in electron beam. The properties of such a device
are described in details in [1]. On top of density and energy
modulations in the electron beam on the scale of a reso-
nant wavelength )., there are long-scale envelope modula-
tions. The latter modulations have a typical scale of FEL
coherent length, I. ~ \,./(27p), where p is the well-known
FEL parameter [19]. However, there are no spectral com-
ponents of density modulation in the range A ~ [. (more
precisely, there can be small modulations of the order of p
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 one.

Let us consider a continuous electron beam of which lon-
gitudinal phase space at the exit of FEL undulator can be
described by a distribution function f(P,s), where P =
E—&p is energy deviation from a nominal value, and s is the
coordinate along the bunch. It is convenient to use scaled
variables P = pP/&y and § = pk,s, where k,. = 27/ ;..
Before FEL interaction we assume the function f (]5, 3) to
be independent of 3, i.e. to have distribution in P with the
rms width A which is constant along the beam. In the fol-
lowing we will assume that Ap < 1since it is usually the
case. The distribution function is normalized such that af-
ter integration over P one gets unity for unmodulated beam
case. FEL process modifies the distribution function as it
was noticed above: there are energy and density modula-
tions on the scale of )\, with a chaotically changing enve-
lope on the scale of . (i.e. when AS ~ 1). Note that FEL
induced energy modulation and mean energy loss are typ-
ically P ~ 1 at saturation and P < 1 in the exponential
gain regime before saturation.

Let us install behind SASE undulator a dispersive el-
ement (like a simple four-bend chicane) with longitudi-
nal dispersion characterized by matrix element Rzg. Af-
ter beam passes the dispersive section, a particle’s co-
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ordinate changes such that one should use the substitu-
tion s — s — Rz P/&p in the distribution function. In
scaled variables this would read f(P,§ — PRsg), where
R56 = p?k,Rs6. Even a relatively small strength of the
dispersion section is sufficient to completely smear small-
scale modulations due to the energy spread. The condition
for that can be formulated as ATRE,(; > p, and it will al-
ways be fulfilled in the rest of the paper. Therefore, after
dispersion section we only deal with large-scale modula-
tions. Let us first consider the case when R56 < 1. In this
case the distribution function can be expanded as follows:

Of - -

1 2
— PRs6+ o°f
0§

2 9352

f(P,5—PRsg) ~ f(P,5)— P2RZ.+ ...
Note that the distribution function before the dispersion
section is differentiated here, but the small-scale modula-
tions are assumed to be smeared as discussed above. Inte-
grating over P (and exchanging differentiation and integra-
tion) we get current modulation
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which can be rewritten as
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A leading term here is connected with the derivative of
beam energy loss due to SASE process. The second term
depends on induced rms energy spread and mean energy
loss. At saturation < P > and < P? > are typically of
the order of one, they change on a typical scale A§ ~ 1,
so that current modulation is of the order of ]%56. Although
Eq. (1) is not valid when Rg,(; ~ 1, one can extrapolate
the tendency and estimate that in this case one can reach
very strong current modulation, on the order of one. This
is confirmed by numerical simulations performed with 1-D
version of the code FAST [20]. One can also notice that for
small values of ]:256 the current modulation pattern remains
unchanged while its amplitude linearly increases with Rsg.
When R56 ~ 1 the pattern is modified due to high-order
terms, some red shift of the modulation spectrum can be
observed. When ApRsg ~ 1 the high-frequency compo-
nents of current modulation (that appeared at low ]:256) are
smeared, and the spectrum of the modulation is strongly
red-shifted. This tendency is illustrated in the next Section.

APPLICATION TO EUROPEAN XFEL

Let us consider a possible operation of long-wavelength
afterburner behind SASE1 undulator of the European
XFEL. To be specific, we assume that it operates at 0.1 nm.
Parameters of the electron beam, undulator, and FEL radia-
tion can be found in [13]. The simulations of the FEL pro-
cess were performed with 3-dimensional, time-dependent
code FAST [20]. Then particles’ positions in the bunch
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Figure 1: Modulation of current in the beam passed SASE!1 un-
dulator [13] and a dispersion section with Rs6 equal to 50 pm.

were changed in accordance with their energies and ap-
plied Rs6. Parameter p in the considered case is equal
to 4 x 10~%. Thus, it is easy to calculate that parame-
ter Rs¢ = 100 pum corresponds to the scaled parameter
]%56 = 1. As a technical realization of dispersion section
for XFEL we consider a simple and compact 4-bend chi-
cane. In Fig. 1 and Fig. 2 (left plot) one can see chaotic
modulations of the beam current for the case when R5g dis-
persion section is equal to 50 pm. For smaller values of the
R5¢ the pattern remains the same but the amplitude reduces
proportionally. For larger values of the Rsg the pattern gets
strongly modified as one can see from Fig. 2, the modula-
tions have longer scale. Figs. 1,2 are calculated for a given
shot. It is worth mentioning that the pattern would change
shot-to-shot since SASE is stochastic process.

In Fig. 3 we present ensemble average modulus of the
bunch form factor |F'(\)| (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(A) =p1(N) [Ne + Ne(N. = D)|[F(N] . ()

where p;()) is the energy spectral density produced by a
single electron, and N, is the number of electrons in the
bunch. Linear in N, term gives usual incoherent radiation
(spontaneous emission). Thus, a modulated bunch radiates
by a factor N.|F()\)|> 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'(\)| from Fig. 3.

One should not be surprised by the fact that the ampli-
tude of modulations in Figs. 1,2 is typically 10-20 %, while
the form-factor is smaller by almost 2 orders of magnitude.
For a monochromatic 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 suppressed roughly by square root of number of
spikes, and the spectrum is broad-band. One should also
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Figure 2: Modulation of current in the beam passed SASE1 undulator and a dispersion section with Rs¢ equal to 50 pm (upper plot,
enlarged fraction of Fig. 1), 200 ym (middle plot), and 500 pm (lower plot).
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Figure 3: Ensemble average modulus of the bunch form factor
versus wavelength for SASE1 afterburner, and an enlarged frac-
tion of this plot, for the Rs¢ of the dispersion section equal to
50 pum (solid), 200 pum (dot), and 500 pum (dash).

note here that a single shot form factor are also chaotically
modulated, while the smooth curves in Fig. 3 are the results
of statistical averaging.

Form factor for different values of Rsg is presented in
Fig. 3. For Rss = 50 pum the high-frequency cut-off is at
the wavelength about 100 nm which coincides with the co-
herence 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 red shift. Thus, by varying R5¢ one can
easily optimize form factor in the wavelength range from
VUV to infrared. Let us now discuss how to produce radia-
tion that can be transported to experimental hall and used in
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Figure 4: Radiation pulse energy within a central cone of the
SASEL1 afterburner undulator versus wavelength for the Rs6 of
the dispersion section equal to 50 pm (solid), 200 pm (dot), and
500 pm (dash).

pump-probe experiments as described in [17]. In principle,
one can make use of edge radiation as described in [17]. In
that case a broad-band radiation would be produced (which
can be then filtered if necessary). We consider here an al-
ternative radiator, namely a long-period undulator (similar
to that installed in FLASH [21]). Let us consider as an
example, a ten-period undulator with a period length 70
cm and a maximum field 12 kGs. For the electron energy
17.5 GeV one can tune resonant wavelength between 50 nm
and 1 um. To calculate radiation pulse energy one should
use the fact that in a planar undulator with large K-value
0.011 photons per electron is radiated spontaneously within
a central cone (given by \/\/L,,, where L,, is the undu-
lator length). Then, using Eq. (2) and Fig. 3 we end up
with the Fig. 4 from which we see that pulse energies are
in pJ range within a central cone and with spectral band-
width 10%. Estimated shot-to-shot fluctuations will be be-
low 10%. Note that similar long-wavelength afterburners
can be installed behind other SASE undulators, in particu-
lar after SASE3.

APPLICATION TO FLASH

FLASH is the SASE FEL operated as the user facility
in the wavelength range 6.5-50 nm [6, 8, 9]. There is nine-
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Figure 5: Modulation of current in the head of electron bunch
lasing at 7 nm in VUV undulator of FLASH and passing FIR un-
dulator with Rs¢ equal to 250 pm (solid), and with Rs¢ = 0
(dots). Only small part of the bunch is shown, bunch head is on
the right

period FIR (far infrared) undulator [21] installed behind the
main SASE undulator. Its wavelength range spans from
sub-um up to 200 pm. The Rj5¢ of an undulator is given by
a simple formula: Rsg = 2N, A, where N,, is the number
of periods and \,. is the resonant wavelength. Thus, the Rs5¢
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 harmonics) at the same
time. In addition, edge radiation can be produced behind
this undulator (there is a few m drift between the undulator
and the beam dump, so that there is enough space for for-
mation of such radiation in visible and near-infrared range).
We illustrate with a numerical example a possible opera-
tion of afterburner. We consider lasing at 7 nm and use in
simulations an electron beam with the parameters close to
those used in [8] 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. 5
in dots) that produces FEL radiation. We illustrate conver-
sion of FEL-induced energy modulations to modulations
of beam current by applying the Rs¢ = 250 pum (which
corresponds to tuning of FIR undulator to 14 ym resonant
wavelength). In Fig. 5 one can see a realization of such
modulations in time domain, and Fig. 6 shows form factor,
corresponding to this specific shot. Note that form factor
of undisturbed bunch decays at 5-10 pym, and the effect,
described in this paper, allows one to extend the possibility
to produce powerful radiation to 1 zm and below !. For in-
stance, in a given example the radiation in the range 0.7-1
pm would be about 4 orders of magnitude above sponta-
neous emission level.
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and an enlarged fraction of this plot.
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