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Abstract
The possibility of ultra-short beam, very low charge,

short wavelength Free Electron Lasers (FEL) at Sorgente
Pulsata Auto-amplificata di Radiazione Coerente (SPARC)
has been recently investigated. This paper explores the de-
velopment of a longitudinal diagnostic that will provide
the capability to characterize the short wavelength radiation
based on the Frequency Resolved Optical Gating (FROG)
technique. The paper includes studies of pulses simulated
for the SPARC case using GENESIS and reconstructed us-
ing the FROG algorithm as well as proposed experimental
layouts for the device.

INTRODUCTION
Recently, a broad user community has begun to real-

ize the potential applications of FEL’s as robust and var-
ied light sources [1]. Some fields include the biological
sciences, biomedical sciences and material sciences where
the full gamut of FEL characteristics are employed. Full
pulse characterization, however, including amplitude and
pulse length, as well as full phase information, which is
required for many experiments, has been somewhat diffi-
cult to acquire. Pulse amplitude information can be ob-
tained through an autocorrelation, but the phase informa-
tion has remained somewhat illusive due to the nature of
the autocorrelation signal and the one-dimensional phase
retrieval problem. Past experiments have succeeded in ob-
taining the phase information using a process called Fre-
quency Resolved Optical Gating [2]. Some FROG geome-
tries, however, were somewhat complex and operated only
for small bandwidth. This paper explores the possibility
of implementing a new geometry based on the Transient-
Grating (TG) nonlinear interaction [3]. It has the advantage
of minimal alignment degrees of freedom and the range of
operation extends from the UV to the IR. The design of
such a geometry is studied with start to end simulations of
low charge, ultra-short pulses where the wavelength of ra-
diation is 400 nm and 800 nm at SPARC, which have been
simulated using GENESIS and reconstructed using Fem-
∗gmarcus@physics.ucla.edu

tosoft Technologies FROG software [4]. Initial tests of the
apparatus are proposed at the Visable-Infrared SASE Am-
plifier (VISA) FEL at BNL [5].

FROG
The FROG technique involves using a nonlinear opti-

cal process to obtain an autocorrelation signal, which is
then spectrally resolved to yield a spectrogram, or FROG
trace [6]. A FROG trace is a two-dimensional plot of the
signal spectrum vs. time delay. The phase information is
stored within this trace and is retrieved using inversion al-
gorithms found in commercial software. Previous experi-
ments used to characterize FEL pulses have utilized multi-
shot geometries [2]. This technique works well for conven-
tional lasers because the shot to shot variability within the
pulse is extremely small. However, FEL pulses are depen-
dent upon the free electron bunches which create them and
are somewhat less reliable in their shot to shot characteris-
tics than their conventional laser counterparts. Therefore,
single-shot methods are preferred to characterize the FEL
pulse on a shot to shot basis and to quantify the variations
between pulses.

Many experiments using conventional lasers often em-
ploy a rather robust and very simple FROG apparatus called
GRating-Eliminated No-nonsense Observation of Ultrafast
Incident Laser Light E-fields (GRENOUILLE) [6]. This
particular geometry uses a thick Second Harmonic Gener-
ation (SHG) crystal as the nonlinear medium, which pro-
vides the autocorrelation signal and acts as a spectrometer.
This is possible because SHG crystals have small phase-
matching bandwidths. Therefore, certain wavelengths will
be phase matched at particular angles from the optic axis
within the crystal. Providing a large enough incidence
angle allows the crystal to spectrally resolve the pulse.
The SPARC FEL, however, will be capable of operat-
ing with wavelengths ranging from the UV to the IR.
This bandwidth is far to large for a single SHG crystal.
Also, the lower wavelength limit for SHG crystal opera-
tion does not extend into the UV [7]. For these reasons
the GRENOUILLE geometry is not a suitable choice for
a FROG device at SPARC. A new FROG geometry, there-
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Figure 1: Transient-grating FROG geometry proposed for SPARC FEL as described in Ref. [3]

fore, must be developed utilizing a different nonlinear pro-
cess to create the autocorrelation signal.

FROG Geometry

The geometry proposed by Dongjoo Lee et al. (Fig. 1),
operates on a single shot basis and boasts a minimum num-
ber of alignment degrees of freedom among its many ad-
vantages, much like GRENOUILLE. First, the pulse ob-
tained from the transport is expanded to a relatively large
diameter and passed through a mask to split it into three
beams. These beams then pass through a cylindrical lens,
which brings each pulse to a line focus within the nonlin-
ear medium. Before reaching the medium the beams pass
through a fresnel bi-prism, which serves to cross interfer-
ing beams at a relatively large angle. Crossing the beams
at an angle maps a relative delay along one of the beam’s
transverse dimensions, here along the vertical axis. Thus,
this particular geometry operates on a single shot basis and
does not require any additional delay lines. A major ad-
vantage of the bi-prism is that it is automatically aligned in
space and time. The interaction of the three beams within
the crystal generates an autocorrelation signal, which is se-
lected by the output mask. The signal is then spectrally
resolved by passing it through a homemade spectrometer
consisting of a collimating lens, diffraction grating and fo-
cusing lens. Imaging the spectrally resolved signal pulse
along the horizontal transverse dimension into a camera
yields a FROG trace.

Nonlinear Interaction
The process that creates the autocorrelation signal within

the nonlinear medium is a Transient-Grating nonlinear in-
teraction termed Degenerate Four-Wave Mixing (DFWM)
[8]. DFWM can be analyzed using a grating picture. The
top two beams (beam 1 and beam 2) in Fig. 1 interfere and
form a grating within the nonlinear medium. Bragg diffrac-
tion of the bottom beam from this grating produces a signal
beam with wave-vector

�ksig = �k1 − �k2 + �k3 (1)

as shown in Fig. 2
This process may also be described through the use of a

nonlinear polarization. The three beams from Fig. 1 induce
a nonlinear polarization (PNL) with a term [8]

P (NL) = εoχ
(3)E 3 (2)

Here, εo is the electric permittivity of free space, χ(3) is the
third-order susceptibility of the nonlinear medium, and E
is the total electric field

E (�r, t) =
3∑

i=1

Ei(�r, t) (3)

where Ei is an individual beam electric field given by

Ei(r, t) =
1
2
Ai(z)ei(�ki·�r−ωit) + c.c. (4)

and Ai is the electric field amplitude. The nonlinear polar-
ization that results is
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Figure 2: Above: Diagram showing the interaction of three
input beams within the nonlinear medium and the resulting
signal field selected by the output mask. Below: �ki vectors
(i = 1, 2, 3, sig) in the transverse plane associated with the
interacting input beams resulting in the signal beam. The
result of the interaction is a signal beam with wavevector
�ksig = �k1 − �k2 + �k3.

PNL(ω) =
εo

2
χ(3)A1A

�
2A3e

i(ωt+�kp·�r) + c.c (5)

ω = ω1 − ω2 + ω3 (6)
�kp = �k1 − �k2 + �k3 (7)

Here, �kp is the polarization wave vector.
Because �kp = �ksig the polarization has a constant phase

related to that of the diffracted wave. Therefore, PNL and
Esig are automatically phase matched. The TG nonlinear
process is not limited by the phase matching bandwidth
that SHG is. Also, since all three beams are of the same
frequency the signal wave and polarization also propagate
with the input frequency. These are advantages utilized in
this customized TG FROG geometry [9].

SIMULATION
Start to end simulations of low charge, ultra-short beam

pulses lasing at 400 nm and 800 nm at the SPARC facil-
ity were investigated. Beam creation and propagation were
simulated using PARMELA and ELEGANT while FEL
operation was simulated using GENESIS. Experimental
FROG traces were also generated and analyzed using Fem-
tosoft Technologies FROG software. The FROG trace gen-
erated by GENESIS as well as its reconstruction for the

800 nm simulation are pictured in Fig. 3. Notice the good
agreement between the original trace and its reconstruction.

Figure 3: FROG trace from simulation (left) and its recon-
struction (right) for the 800 nm case at SPARC. The FROG
error for the 512× 512 trace was 0.14%.

Figure 4: Above: plots of the reconstructed temporal in-
tensity and phase (left) and the spectral intensity and phase
(right). Below: corresponding plots generated by GENE-
SIS simulations.

Fig. 4 shows both the temporal and the spectral re-
constructed intensities and phases as well as their corre-
sponding GENESIS plots for the 800 nm simulation. Note
the agreement between the reconstructed images and their
GENESIS counterparts for both the pulse and spectral
shapes.

Similar simulations were also done for the case of las-
ing at 400 nm. The FROG trace generated by GENESIS as
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well as its reconstruction for this case can be seen in Fig. 5.
Again, there is agreement between the original trace and its
reconstruction. The retrieved spectrum as well as the phase
can be seen in Fig. 6

Figure 5: FROG trace from simulation (left) and its recon-
struction (right) for the 400 nm case at SPARC. The FROG
error for the 512× 512 trace was 0.11%

Figure 6: Above: plots are the reconstructed temporal in-
tensity and phase (left) and the spectral intensity and phase
(right). Below: corresponding plots generated by GENE-
SIS simulations.

This figure shows both the temporal and the spectral re-
constructed intensities and phases as well as their corre-
sponding GENESIS plots for the 400 nm simulation. As in
the case for the 800 nm simulation the agreement between
the reconstructed images and their GENESIS counterparts
for both the pulse and spectral shapes is apparent. For both

the 400 nm and 800 nm simulations pulse lengths, ampli-
tudes and full phase information was extracted.

CONCLUSION
A relatively simple, broadband TG FROG device de-

signed by Lee et al. will be the most efficient and effec-
tive way to characterize FEL pulses at the SPARC facility.
The device’s ability to operate for a broad range of wave-
lengths with minimal alignment offers an attractive alter-
native to the popular GRENOUILLE apparatus, which is
undesirable because SHG only operates for a limited band-
width. Because the TG FROG beam geometry has the abil-
ity to operate in both the UV and the IR without requir-
ing the change of any optical components, it is especially
suited to function at two wavelengths of special interest,
namely 400 nm and 800 nm. Start to end simulations us-
ing PARMELA, ELEGANT and GENESIS were done for
both of these wavelengths at SPARC. FROG traces were
obtained and reconstructed using Femtosoft Technologies
software. The agreement between the initial trace and
its reconstruction is clearly evident for both wavelengths.
Also, the reconstructed spectral and temporal intensities
matched well with the corresponding GENESIS plots. Rel-
evant information about the pulse, including the spectral
phase information, was retrieved and full pulse characteri-
zation was obtained.

The VISA FEL offers an attractive location at which to
test the apparatus because the wavelength of operation as
well as nonlinear harmonics are close to those of interest
at SPARC. The current wavelength of SASE operation is
845 nm with the second and third nonlinear harmonics at
423 nm and 281 nm respectively [10]. Seeded operation
is also planned at a wavelength of 1064 nm [11]. These
wavelengths would allow testing of the full spectral range
provided by the TG FROG device.
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