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Recent advances in ultrafast extreme ultraviolet (EUV) and x-ray light sources provide direct access to fundamental time
and length scales for biology, chemistry, and materials physics. However, such light pulses are challenging to measure
due to the need for femtosecond time resolution at difficult-to-detect wavelengths. Also, single-shot measurements
are needed because severe pulse-to-pulse fluctuations are common. Here we demonstrate single-shot, complete field
measurements by applying a novel version of frequency resolved optical gating. An EUV free electron laser beam creates
a transient grating containing the pulse’s electric field information, which is read out with a 400 nm probe pulse. By
varying the time delay between two copies of the EUV pump, rather than between the pump and the probe, we separate
the needed coherent wave mixing from the slow incoherent response. Because this approach uses photoionization, it

should be applicable from the vacuum ultraviolet to hard x rays.
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1. INTRODUCTION

Ultrafast extreme ultraviolet (EUV) and x-ray free electron lasers
(FELs) promise truly new insights by combining the coherence
of lasers with x-ray scattering and spectroscopy [1-3]. However,
to fully realize this potential, new diagnostics for complete field
(amplitude and phase) measurement of these pulses are needed
[4-7]. Most FELs display significant jitter in intensity, spectrum,
and pulse duration, which limits signal-to-noise ratio and reso-
lution. Shot-by-shot measurements of the pulse shapes would
ameliorate many of these limitations. Also, more complete diag-
nostics can lead to better understanding and control, including
new capabilities to produce subfemtosecond pulses [8] and
two-color pulses [9]. Moreover, complete field measurements
would extend broadband phase-sensitive spectroscopies like 2D
spectroscopy to shorter wavelengths [10].

Femtosecond pulses cannot be fully characterized with typical
electronics, which are far too slow. However, attosecond resolu-
tion is accessible with nonlinear optics, where the light—matter
interaction provides a fast “shutter.” This concept is widely used,
for example, in frequency resolved optical gating (FROG) [11],
which allows the electric field to be extracted from a spectrally
resolved nonlinear optical signal versus delay (the FROG trace).

2334-2536/21/040545-06 Journal © 2021 Optical Society of America

A wide variety of nonlinear processes may be employed for FROG,
although an instantaneous material response is preferred.

Extending FROG to shorter wavelengths is problematic for
several reasons: first, short-wavelength spectrometers are low
throughput; second, nonlinear optics with EUV and x-ray pulses
is in its infancy, with few reports [12—14] demonstrating coherent
wave mixing; and third, the dominant process is photoionization,
with a slow material recovery. These difficulties have led to the
use of photoelectron-based techniques for measuring EUV and
x-ray pulses [6,7,15-19]. While photoelectron techniques have
many advantages, extending the suite of optical FROG techniques
to higher frequencies could allow for new capabilities such as
single-shot and spatiotemporal characterization of FEL pulses.

In this paper we demonstrate an optically detected measure-
ment of short-wavelength femtosecond pulses, addressing each
challenge. First, diffracting an optical probe from an EUV-induced
grating transfers the EUV pulse information to an optical field and
allows detection with a standard visible camera and a single-shot
geometry. Transient gratings have long been used for FROG [11],
but the potential of a transient grating cross-correlation FROG
(XFROG) to shift detection to a convenient wavelength was only
recently recognized [20]. Second, introducing pulse-front tilt in
the probe beam allows for sufficient time resolution [21] despite
severe phase-matching angles, making it possible to identify
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the short-lived coherent four-wave-mixing (FWM) response of
interest. Third, scanning the EUV pulse-pair separation uses the
dephasing time of photoionization as a fast time-gate [22]. We
present a first demonstration of this concept by measuring the
intensity and phase of 31.3 nm pulses at the FERMI FEL [2].

2. METHOD

Figure 1 summarizes our experimental concept. Two copies of
the EUV beam [Fig. 1(a)] create an interference pattern, causing
a spatial modulation in the sample’s optical properties known as
a transient grating [23]. An optical probe diffracts from the per-
turbed sample, gaining information about the material response
and the EUV pulses. For optimal efficiency, the probe incidence
angle should satisfy the phase matching, or Bragg, condition
[23]; the large wavelength difference requires a steep probe angle
(~45°). Unfortunately, steep angles would decrease time res-
olution to more than a picosecond because the probe averages
over a time range 8¢ = (w/¢) tan Oy, where w is the probe beam
width and ¢ is the speed of light. Since the coherent FWM here
is very short-lived, this averaging would likely blur the needed
information. We overcome this by using a grism (a convenient
combination of a grating and prism to avoid angular deviation) to
introduce pulse-front tilt, so that the optical pulse front impinges
parallel to the sample surface [24,25]. Imaging the grism onto the
sample avoids any spatial chirp or pulse-front tilt [21]. Figure 1(b)
also shows how the crossing angle is used to map EUV pulse-pair
delay to position for single-shot measurements. Imaging the
sample along the in-page direction and spectrally resolving along
the out-of-page direction yields the FROG trace. A novel phase
retrieval algorithm, taking the material response into account, is
applied to extract the amplitude and phase of single EUV pulses
from the FROG traces [Fig. 1(c)].

To demonstrate this method, experiments were carried out at
the DiProl end-station equipped with the mini-TIMER split and
delay line [26] at FERMI [2]. The FEL was operated at 50 Hz,
with a bunch charge of about 600 pC and bunch length over 1 ps.
The EUV pulses were centered at 31.1 nm and obtained by tun-
ing the FEL to the eighth harmonic of a 249 nm seed laser. The
EUV pulse was split into a pair of beams using the hard edge of
a mirror before being crossed and focused on the sample, which
was a free-standing 500 nm Si3Ny film. The energy and spot size
of the EUV pump pulses at the SizN4 sample were ~30 1] total
in a 100 um x 800 um line focus, or a fluence of ~38 mJ/cm?.
For generating test FEL pulses, the FEL seed pulse was chirped
by about 2290 fs? by inserting 10 mm UV fused silica in the seed
pulse. For generating structured low-temporal-coherence test
pulses, the transversal coherence of the FEL pulse was controlled
by means of the magnetic strength of the R56 dispersive section
[7,27]. The spectrum of each EUV pulse was recorded upstream of
the experiment with a grating spectrometer [28].

The optical probe was generated from an 8 pJ, 785 nm pulse
from the same laser used to seed the FERMI FEL and had an RMS
timing jitter with respect to the FEL pulses of about 67 fs [29]
and a 50 fs pulse duration. This pulse was frequency doubled in
a 0.4 mm beta-barium borate (BBO) crystal and narrowed with
a bandpass filter (Edmund Optics model 12-276) to obtain a
150 nJ, 104 fs pulse at 397 nm, which was incident on the sample
atapproximately 45°. The grism was a 1870 line/mm transmission
grating between two 42° apex UV fused silica prisms (Wasatch
Photonics) and was imaged onto the sample in the horizontal
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direction with a pair of cylindrical lenses. The grism was inserted
a minimum amount into the beam in order to minimize temporal
dispersion (~1000 fs?). A separate cylindrical lens was used to
focus in the vertical direction and produce a spot size matching the
FEL beams. During data collection, the probe remained at a con-
stant time delay, typically between —200 and 0 fs. The diffracted
probe (the nonlinear signal) was imaged onto the detection camera
(PI-MTE2048, 13.5 um pixel size) with a pair of 50 mm spherical
lenses, between which a 1000 gr/mm grism (also from Wasach
Photonics) was placed. This grism was oriented to disperse along
the vertical dimension so that wavelength was mapped to the
vertical direction.

The pump beams were incident at 3.35° to either side of the
surface normal. Phase matching, which here can be expressed as
sin Oope = (Aope/Aeuy) 8in Oeyy, required the pulse be incident at
49°. Because the pump absorption length in our silicon nitride
sample is very short (25 nm), this phase-matching condition is
not strict, and a 45° incidence angle for the probe gave acceptable
signal. The EUV crossing angle and spot size provided a pump-
pair time range of 300 fs, while the sample-to-detector imaging
conditions and camera pixel size give a time step of 5.49 fs. The
time resolution of a FROG electric field retrieval depends on this
step size and the spectral bandwidth of the detected signal. As a
single-shot technique, the resolution is unaffected by timingjitter.

3. RESULTS AND DISCUSSION

The two transient grating measurements in Fig. 2 illustrate how
the FEL pulse amplitude and phase can be measured using photo-
ionization as the material response. In Fig. 2(b), the optical probe
pulse delay was scanned (i.e., a pump-probe measurement), and in
Fig. 2(c) the delay between the two FEL pulses, or the pump-pump
delay, was scanned. FROG almost always uses an instantaneous
nonlinear response (with notable exceptions [30,31]); but here
the light—matter interaction is dominated by photoionization
[Fig. 2(a)] and has a long recovery time of hundreds of picoseconds
or more as shown in the probe scan in Fig. 2(b) [32]. Consequently,
extracting the FEL pulse from the probe scan would require a
challenging deconvolution [7,33,34]. Instead, we can use the
transient grating to separate the coherent FWM interaction,
present only near time zero, from the long-lived part of the signal,
by instead scanning the pump-pump delay. This works because
a grating is only created if the material polarization induced by
the first copy of the pump survives until the second copy arrives;
this time scale is the dephasing time, and it is related to the free
induction decay [22]. By choosing a sample with a featureless
absorption spectrum at the pump wavelength, the dephasing
time will be nearly instantaneous. Consequently, even though the
pump-excited sample has a slow recovery, the transient grating
signal as a function of pump-pump delay roughly resembles a
cross-correlation made using an instantaneous medium as seen in
Fig. 2(c) [35].

The data in Fig. 2 also show that the FWM signal during pulse
overlap contains the bandwidth of the EUV pulse. Physically, an
ionized atom supports a material polarization until the outgoing
wavepacket loses spatial overlap with its hole. After that, the non-
linear signal contains only frequencies already in the probe, has
no phase relationship with the pump, and can be considered an
incoherent pump-probe signal. The difference between coherent
FWM and incoherent pump-probe signal is demonstrated in
Fig. 2(b) by the increase in bandwidth at time zero compared to
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Fig. 1. Encoding the pulse shape of a single EUV pulse in an optical nonlinear signal. (a) EUV pulse information is transferred to a visible probe pulse.
(b) Aline focus allows for single-shot measurement, where the crossing angle between two to pump beams maps their delay with respect to one another into
position. (c) The complete electric field is extracted from each FROG trace. The diagram in (a) is a view from above at a slight angle and that in (b) is a view
from above.

later times. By inspection of Figs. 2(b) and 2(c), we see that this
extra bandwidth is present in Fig. 2(c), suggesting that the coherent
FWM response is preserved in the pump-delay scans.

Therefore, we can implement FROG in the EUV using photo-
ionization and scanning the pump-pump delay as done in Fig. 2(c).
While this largely isolates the coherent FWM, there remains some

incoherent response that must be taken into account. The FROG
trace is

IrroG (@, T) = | F(Ege(2, 1),

where F(¢) indicates a Fourier transformation. We use an empiri-

cal model for the signal field:
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Fig.2. Isolating the coherent material response. (a) An electron absorbs a single photon from the EUV pulse pair. While the outgoing wavepacket over-
laps the nascent hole, a coherent polarization exists. (b) The spectrally resolved signal versus pump-probe delay reveals coherent wave mixing during pulse
overlap and a long-lived incoherent response. (c) Signal versus pump-pair separation provides a quasi-instantaneous response, preserving the coherent wave
mixing.
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Fig. 3.

Measurements of single EUV pulses: Top row, left to right: measured traces under standard conditions, with a chirped seed laser, and with low

temporal coherence. Second row: reconstructed traces. Third row: retrieved spectral fields and independently measured spectra. Bottom row: retrieved tem-

poral fields.
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R(#) is the material response function given by

R(t = 1) Eew (¢) L, (£ — Tew)dr.

euv

R(t)=68(2) +cpO(2),

where §(z) is the Dirac delta function representing the coher-
ent FWM, O () is the Heaviside step function representing the
incoherent part of the response, and ¢y is an adjustable complex
constant (see Supplement 1). This model describes an instanta-
neous dephasing and assumes the ground-state recovery is slow
compared to the pulses. We find this simple model sufficient for
applying phase retrieval to extract the EUV field.

Figure 3 shows measured single-shot FROG traces along with
the results of phase retrieval. The left-side column shows a mea-
surement under FERMTI’s standard conditions and represents a
typical pulse. The measured spectrogram reveals a small amount
of chirp in the tilt, and the overall shape appears well represented
in the retrieved trace. Figure 3(c) shows the retrieved spectral
intensity and phase compared to an independently measured spec-
trum of the same pulse, showing a good match except for the tails.
Figure 3(d) shows the retrieved pulse as a function of time, which
shows a main pulse that is reasonably fit by a 71 £ 6 fs Gaussian,
compared to the predicted 70 fs [7]. Gray lines are retrieved inten-
sities for several other pulses, showing good pulse-to-pulse stability
as expected from a seeded FEL.

Asaseeded FEL, FERMI uses an optical “seed” laser to manipu-
late its electron bunch in order to control the emission of EUV
light. There is much interest in shaping the seed pulse to achieve
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more sophisticated control over the EUV pulse. The middle col-
umn of Fig. 3, therefore, shows a measurement while chirping
the seed laser, which produced more bandwidth. Interestingly,
although the trace appears significantly narrowed in time, the
retrieved electric field is only modestly shorter (60 fs) than in the
standard configuration. This comes from the residual incoherent
signal, which dominates the central portion of the spectrogram
and is not indicative of pulse shape. The right-side column shows
a measurement made with a low-temporal-coherence FEL beam,
which produced structured pulses. For these two columns, despite
low retrieval errors, there are discrepancies remaining in the
retrieved spectra compared to the reference spectra. This likely
stems primarily from signal-to-noise limitations in these measure-
ments, making it more difficult to measure weaker features or the
tails of the FROG traces. Our signal-to-noise ratio was limited by
probe scatter inside the EUV vacuum chamber, which could be
straightforwardly improved in future work. The accuracy of the
model could also introduce some error, but from our simulations
(see Supplement 1), this is expected to play a minor role.

The EUV electric fields were extracted from the FROG traces
using a General Projections algorithm. We used derivative-free
downhill simplex minimization routine to implement the pro-
jection to the mathematical form constraint set. The projection
to the data constraint set is implemented by spectrogram mag-
nitude replacement as is typical. Single-shot spectrograms were
Fourier filtered to remove noise, real-space filtered to remove
residual probe scatter, and binned into a 64 x 64 grid with 10 fs
steps prior to running the phase retrieval algorithm. The retriev-
als shown in Fig. 3 used ¢y = 0.67exp(im/4) and required 50
iterations, which took about 6 min; however, straightforward
improvements in the algorithm, such as using a gradient-based
optimization and a faster programing language, should make
this significantly faster. Retrieval quality is judged with the “G”
error [11], G= Sqrt(zl{?}‘|[meas(wi’ Tj) — (@, Tj)lz/N2);
with ~1% being considered the threshold for a good retrieval. See
Supplement 1 for more details on the phase retrieval algorithm.

4. CONCLUSION

In summary, we report a novel, all-optical measurement of the
pulse shape of short-wavelength FEL pulses that we believe will
be generally useful across the EUV, soft- and hard-x-ray spectral
ranges, and also to tabletop EUV sources. Single-shot measure-
ments were achieved, paving the way for online diagnostics of
detailed pulse shapes at x-ray FEL facilities.
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