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Abstract: Many of the scientific applications for X-ray free-electron lasers seek to exploit the
ultrashort pulse durations of intense X-rays to obtain femtosecond time resolution of various
processes in a “pump-probe” scheme. One of the limiting factors for such experiments is the
timing jitter between the X-rays and ultrashort pulses from more conventional lasers operating
at near-optical wavelengths. In this work, we investigate the potential of using X-ray-induced
changes in the optical second harmonic generation efficiency of a nonlinear crystal to retrieve
single-shot arrival times of X-ray pulses with respect to optical laser pulses. Our experimental
results and simulations show changes to the efficiency of the second harmonic generation of
12%, approximately three times larger than the measured changes in the transmission of the 800
nm center-wavelength fundamental pulse. Further experiments showing even larger changes in
the transmission of 400 nm center-wavelength pulses show that the mechanism of the second
harmonic generation efficiency modulation is mainly the result of X-ray-induced changes in the
linear absorption coefficients near 400 nm. We demonstrate and characterize a cross-correlation
tool based on this effect in reference to a previously demonstrated method of X-ray/optical
cross-correlation.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

X-ray free-electron lasers provide a powerful tool for investigating fundamental structures and
dynamics of materials in physics, chemistry, and biology [1–5]. One significant advantage of
X-rays from free-electron lasers is the ability to create pulses with a very short duration compared
to typical picosecond-duration pulses from third-generation synchrotron radiation sources. This
development allows both structural and electron dynamics to be followed on a femtosecond time
scale. Since the majority of pump-probe experiments currently conducted at X-ray free-electron
lasers use femtosecond pulses from optical-wavelength lasers in combination with the X-ray
pulses, the temporal resolution is typically determined not only by the pulse durations of the
X-ray and optical pulses but also by the timing jitter between them. Although significant efforts
have been undertaken to improve the synchronization between the FEL and laser systems [6,7], it
is a challenge to limit the timing jitter to levels below a few tens of femtoseconds.
One widely adopted solution to obtain time resolution below the jitter limit is to measure

directly the single-shot arrival times of X-ray pulses with respect to pulses from the laser during
a pump-probe measurement. There are several different approaches to this that have been
demonstrated [7–16]. One such method involves using the external laser to generate THz pulses,
which then modulate the energy of photoelectrons liberated from a gas by the absorption of X-ray
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photons [7,12,17]. This method is capable of measuring the X-ray pulse duration in addition to
the arrival time but requires intense probe pulses at THz frequencies combined with a relatively
complex detection system housed in a vacuum chamber. Another method involves using the
X-rays to modulate the optical properties of a solid-state material on femtosecond time scales and
then measuring these changes via the reflectivity or transmission of ultrashort pulses derived from
the external laser system [8–11]. This is typically accomplished by using the X-rays to produce a
large number of electron-hole pairs in a semiconducting or insulating material, which modulates
the refractive index [18,19]. In order to measure these changes over a long time interval using
only a single probe pulse, the interaction time of the probe is extended either by introducing
spectral chirp to the probe or by introducing a large angle between the X-ray pump and laser probe.
When using chirped laser pulses as a probe, time-dependent changes in transmission can then be
probed with the measured spectrum from the linear relationship between time and wavelength.
Alternatively, the use of a large angle between the pump and probe gives a strong correlation
between pump-probe delay and position along one spatial direction. The probe light transmitted
or reflected from the interaction region is then imaged onto a camera. Since the position along
one direction along the camera is linearly correlated to the pump-probe delay, the modulation of
the probe along this direction gives a direct measure of the time-dependent changes in the optical
properties in this so-called “spatial timing tool.” Both spectral- and spatial-encoding methods
generally suffer from the drawback that in order to obtain high sensitivities, a large number of
X-ray photons must be absorbed by the solid target. This, in turn, limits the X-rays available for
the actual experiment. This has led to considerable interest in optimizing the optical sensitivity
of such tools, so as to minimize these absorption losses for the X-rays.

Current realizations of this concept of solid-state single-shot timing diagnostics are all based
on X-ray induced changes in the linear susceptibility. In optical spectroscopy, however, nonlinear
processes often offer enhanced sensitivity to small perturbations, and in some cases can provide
nearly background-free signals. Here we investigate the potential of using a prototype χ(2)

process, second harmonic generation, to measure the X-ray induced changes and to explore its
potential usefulness as an X-ray timing diagnostic.
In this work we performed measurements and theoretical simulations on the X-ray-induced

changes of second harmonic generation (SHG) from a single crystal of LiB3O5 (LBO). In the
experiment, we perform pump-probe measurements where hard X-rays excite the LBO and
the changes in optical properties are probed by monitoring the efficiency of second harmonic
generation from a femtosecond pulse with a center wavelength of 800 nm. These changes in
efficiency can in principle arise from several different physical processes, including (i) X-ray
induced changes of the second-order nonlinear susceptibility χ(2); (ii) X-ray induced changes
in the real part of the index of refraction n for either the fundamental or second harmonic
wavelengths (thus modulating the phase matching condition); or (iii) X-ray induced changes in
the imaginary part of the index of refraction k for either the fundamental or second harmonic
wavelengths. Our results reveal that changes in neither the second-order susceptibility χ(2) nor
the phase-matching play a major role in the observed modulation of SHG signals in LBO. They
are rather dominated by the change in optical absorption induced by the X-rays in the LBO
crystal at fluences below 150 mJ/cm2 at 7 keV photon energy. We support this conclusion with
simulations employing a one-dimensional coupled-wave model.

2. Experiment setup

The experiment was carried out in the Bernina endstation at the SwissFEL Aramis hard X-ray
beamline [20]. The Aramis beamline delivers X-ray pulses with photon energies up to 12 keV. In
our experiment, the photon energy was tuned between 7 keV and 9 keV with a repetition rate of
50 Hz. The electron bunch was around 50 fs RMS. It was estimated to produce an X-ray pulse
duration below 50 fs. A Ti:Sapphire femtosecond laser, electronically synchronized with the
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free-electron laser, provides the optical probe pulses with a center wavelength of 800 nm and a
fully compressed pulse duration of 30 fs [21]. Although the maximum pulse energy generally
available for experiments is 10 mJ, only approximately 1 µJ was required for this experiment.

The experimental setup is shown in Fig. 1. The X-ray beam is focused by a pair of Kirkpatrick-
Baez mirrors. The LBO crystal is placed into the converging beam which at this position has
a spot size of 200 µm (FWHM). Using the beamline solid-state attenuator system (silicon and
diamond filters) the X-ray pulse energy is attenuated to 170 µJ. The LBO crystal is 50 µm thick,
with an X-ray transmission of approximately 85% at 7 keV. The entrance and exit surfaces of
the LBO crystal are at 31.6 degrees from the optical axis in the XY principal axis plane to meet
the type I SHG phase matching condition for 800 nm at normal incidence. To probe the optical
response of the crystal, a lens focuses the 800 nm beam onto the crystal with a spot size of 100
µm, crossing the X-rays within the LBO at an angle of 0.8 degrees. We adjust the pulse energy
of the 800 nm beam to keep the peak intensity below 1010 W/cm2, where the SHG remains in
the small-signal-gain regime. After the LBO, a grating spectrometer measures the transmitted
probe spectrum, including the second harmonic generated by the LBO. The spectrometer covers
the spectral range from 200 nm to 1100 nm with approximately 0.5 nm resolution. Since the
fundamental 800 nm pulse is much more intense than the second harmonic, a 99.9% high
reflection mirror for 800 nm is placed before the spectrometer entrance slit to attenuate the 800 nm
pulses to avoid saturation of the detector in the spectrometer. The near-infrared laser pulses were
temporally stretched to around 400 fs by detuning the grating compressor, resulting in a negative
chirp that was used to encode the arrival time information spectrally on both the fundamental and
SH signals. A linear delay stage in the 800 nm beam path controls the average arrival time relative
to the X-rays. This delay stage is also used to calibrate the relationship between wavelength and
arrival time for both the fundamental and SH pulses. In the measurements described in section 3,
a total of 200 laser shots are recorded for each time step. The pump laser is operating at twice
the repetition rate of the FEL pulses sampling alternately pumped and unpumped spectra for
reference.

Fig. 1. Schematic view of the experimental setup. The BBO crystal and bandpass filter in
the dashed frame are placed only for the 400 nm measurements and the 10 cm CaF2 stretcher
is placed only for correlation with spatial encoding. The Y3Al5O12 (YAG) plate and the
camera are used for the spatial encoding timing tool.

As is briefly discussed in the introduction, the second harmonic generation can be influenced
by the absorption of X-rays in the LBO in several different ways. One such mechanism is an
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X-ray-induced change in the linear absorption of the generated second harmonic pulses. To
investigate this, we performed another set of experiments where a 50 µm-thick BBO crystal
was inserted into the stretched 800 nm beam, generating pulses with a wavelength centered at
400 nm. A 400 nm bandpass filter removes the residual 800 nm before interaction with the
LBO. Measurements are then conducted using the 400 nm pulses and varying the pump-probe
delay. This allows us to measure the effect that X-ray excitation has on the time-dependent linear
absorption coefficient of the 400 nm light.
We also performed benchmark comparisons of our SHG-based cross-correlator to a more

conventional setup based on spatial-encoding of the time delay, which we will refer to as the
“spatial timing tool” [7–9,16]. For the spatial timing tool, 30 fs compressed pulses are used,
while for the SHG experiment the laser pulses are stretched to 200 fs by passing through a 10-cm
rod of CaF2. The results are described in Section 3.

3. Results and discussions

3.1. X-ray induced changes in SHG

3.1.1. Experimental results

Figures 2(a) and 2(b) show the spectra of the fundamental and SHG, respectively. The blue
curves show the spectra without the X-ray pump. The red curves show the spectrum when the
X-ray pulse overlaps with the chirped laser pulse. The arrival time information can be extracted
by analysis of the difference between the pumped and unpumped data.

Fig. 2. Typical spectra of the transmitted probe through the LBO under optimized phase-
matching conditions where the X-rays are blocked (blue) and where the X-rays are applied,
overlapped in the middle of the laser pulse (red), in the vicinity of the fundamental (a) and
second harmonic wavelengths (b). The spectra shown are normalized to their peak value.
The residual of the fundamental is centered at 800 nm with a width of 44 nm (FWHM) and
the second harmonic is peaked at 400 nm with a width of 16 nm (FWHM). The insets present
the normalized difference between the corresponding spectral signals with and without
X-rays.

Figure 3(a) shows the difference between the fundamental spectra measured with and without
X-ray pulses versus the average pump-probe time delay as determined by the delay line stage
position. Increasing values indicate that the optical pulses arrive later relative to the X-rays. The
difference is normalized to the peak intensity without X-ray pulses. Figure 3(b) shows the same
for the second harmonic spectra. The measurements clearly show X-ray-induced changes in both
spectral ranges when the optical pulse arrives after the X-ray pulse. The onset time of the change
depends on the wavelength, with shorter wavelengths requiring longer probe delays. This is an
expected consequence of the negative chirp of the fundamental, which gives a linear relationship
between the effective pump-probe delay and wavelength. For delay stage settings where the
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optical pulse overlaps the X-ray pulse in time, the wavelength dependence of the intensity can be
used to determine the arrival time of the X-rays on a per-shot basis.

Fig. 3. Measured X-ray induced signal changes over wavelength and time delay between
the X-ray pulse and the laser pulse for the fundamental (a), the SHG in the LBO crystal (b)
and the pre-generated 400 nm measurement (c). Note that due to the somewhat larger chirp
of the pre-generated 400 nm, the range and step size of the 400 nm measurement (c) is larger
than that of the SHG measurement. Panels (d), (e) and (f) present the slices of (a), (b) and
(c) at delays of 240 fs (green), 30 fs (red) and −180 fs (blue). The dashed lines are simulated
signal differences in the spectrum of the fundamental (c), and the second harmonic generated
in the LBO crystal (d) and 400 nm radiation generated separately in the BBO crystal before
the absorption measurement (e) when the X-ray pulse overlaps the center of the chirped
pulse for zero delay. A negative delay indicates that the X-ray pulse comes before the center
of the external laser pulse.

To make a more direct comparison between the X-ray induced changes in the fundamental and
second harmonic, we show in Figs. 3(d) and 3(e) plots of the difference spectra for pump-probe
delays of 240 fs, 30 fs, and −180 fs. The spectra look quite similar, but the X-ray induced change
in the second harmonic is approximately three times larger than that of the fundamental. This
indicates that the second harmonic signal is significantly more sensitive to the X-ray-induced
changes to the sample.
Figure 4(a) shows the SHG spectrum (without X-ray interaction) as a function of the angle

of the LBO sample from the optical axis, rotated within the XY plane. Figure 4(b) shows the
dependence of the difference between the X-ray pumped and unpumped signal as a function of
wavelength and angle, at a delay of 200 fs and an X-ray fluence of 150 mJ/cm2. The difference
is almost identical in shape and position to the unpumped signal, which indicates that the
phase-matching angle is not strongly modified by the X-ray pulse.

We also measured X-ray-induced changes to the transmission of compressed optical pulses at
a center wavelength of 400 nm, generated before the sample. The spectral changes of this 400
nm pulse with the same X-ray excitation parameters are depicted in Fig. 3(c) as a color map, and
in Fig. 3(f) as a line-out. The overall shape of the spectrum at these delay times is comparable
to the spectrum at late delay times for the 800 nm pulses. We note, however, that the overall
magnitude of the change is even larger for the pre-generated 400 nm than for the second harmonic
signal from the LBO.
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Fig. 4. (a) SHG spectrum as a function of phase matching angle, (b) the change of the
pumped spectral signal with respect to the unpumped spectral signal as a function of the
phase matching angle.

3.1.2. Simulations

To gain further insight into our experimental observations, we performed simulations using
a coupled-wave model for SHG [22,23]. Guided by the experimental results, we model the
X-ray induced changes as a sudden, step-like change in the linear absorption coefficients at the
fundamental and second harmonic wavelengths. Let A1,2(z,t) be the amplitude of the electric field
at a depth z and a time t for the fundamental and second harmonic beams, respectively. For times
t after the X-ray pulse interaction, the coupled-wave theory then predicts that these amplitudes
must satisfy

∂A1
∂z
= −αFC1A1 − ivg1

∂A1
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∂2A1
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1deff
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2deff
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1e
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Nλ21,2q

2

4π2ε0mcc3nτ
(1)

where A1,2, ω1,2, vg1,2, β1,2, λ1,2 and k1,2 are the electric field amplitudes, center frequencies,
group velocities, group velocity dispersions, wavelengths and wave vectors of the fundamental
and the second harmonic probe pulses. Here deff is the second-order nonlinear coefficient with
a value of 0.749 pm/V for 800 nm SHG of LBO. The parameters αFC1 and αFC2 are the free
carrier absorption coefficients of the fundamental and second harmonic wavelengths of light
which originate from the X-ray generated electron-hole pairs [24]. q, ε0, mc, c, n, and τ are the
fundamental charge, the vacuum permittivity, the conductivity effective mass of the free carrier,
the speed of light, the real component of the refractive index and the mean time between collisions
of the oscillating particles and the nuclei. N represents for the concentration of the free carriers
which is proportional to the X-ray intensity in the crystal (I0e−γxz) with γx the X-ray attenuation
coefficient of LBO crystal. The free carrier absorption coefficient can be simplified into a form
of αFC = α0e−γxz with α0 the free carrier absorption coefficient at the X-ray entrance point of the
crystal (z=0). This formulation, Eq. (1), is valid only in the approximation that the X-ray induced
changes occur before the optical probe interaction, and that the time-dependence of changes
to the absorptions αFC1 and αFC2 are negligible over the time scale of the SHG interaction. To
obtain the final spectra of the fundamental and the second harmonic pulse, we used the split-step
method to propagate the pulses through the crystal with a step size of 0.5 µm.

In the simulations, we used the same X-ray and crystal parameters as those in the experiment.
γx is obtained from the X-ray database for the absorption of 7 keV photons in LBO crystal,
which is 6.6 cm−1 [25]. The free carrier absorption coefficients α0 of 800 nm and 400 nm were
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calculated to be 3 cm−1 and 9 cm−1 with the X-ray parameters of our experiments for LBO.
Since we did not observe a clear modulation caused by the phase-matching condition in the
experiment, the contribution due changes of the wave vectors is neglected in the simulation. For
the simulation in the pre-generated 400 nm case, we considered the absorption by free electrons
produced by X-rays as well.
The dashed line in Fig. 3(e) shows the simulated results of the signal change due to X-ray

absorption. The differences are normalized to the spectral signal without X-ray absorption. In
comparison with the experimental results in Fig. 3(e), the simulated results agree well with the
experimental results. This suggests that the main contribution to the X-ray induced change in
the second harmonic is an increase in the absorption coefficient at 400 nm. The simulations
also show that the change in the 400 nm region of the spectrum is smaller for the SHG in the
LBO crystal than for the pre-generated 400 nm pulse, in agreement with the experimental results.
This is because the SHG in the LBO crystal was kept in the small-gain region, and the signal is
therefore amplified as it moves through the crystal, as compared to the pre-generated case which
only suffers absorption.

3.2. Timing retrieval and correlation with the spatial encoding tool

In order to successfully apply this method to perform corrections for timing jitter, it is necessary
to examine the transmitted spectra of the chirped pulses on a single-shot basis. The timing jitter
of the X-rays relative to the external laser will cause small shifts in the spectrum that can then be
read out. As a benchmark, we compare these single-shot measurements of the relative timing
to the spatial timing tool discussed in Section 2 and sketched in Fig. 1. For the spatial timing
tool, a 500 µJ X-ray beam with a photon energy of 8 keV and beam diameter (1/e2) of 600 µm
was transmitted through a 20 µm thickness YAG plate at an angle of 45°. A 30 fs, 800-nm pulse
derived from the Ti:Sapphire laser enters at normal incidence to the YAG plate, overlapping
both spatially and temporally with the X-ray beam. The transmitted 800-nm beam at the exit is
captured by a CCD camera. For the SHG measurements, the 800 nm pulse was chirped to 200 fs
via transmission through a 10-cm CaF2 rod, while maintaining a spectral bandwidth of 35 nm.

We used the X-ray-induced signal change in SHG for the spectral timing signal. Typical
single-shot signals from both the SHG and the spatial timing tool are plotted in Fig. 5. In order to
extract a value for the X-ray pulse arrival time from the SHG spectrum, each single-shot spectrum
is first sent through a digital low pass filter which removes contributions from frequencies higher
than 0.1π/pixel using a minimum-order filter with a stopband attenuation of 60 dB. The arrival
time of the X-rays is then identified with the pixel value on the spectrometer detector that gives
the time when the pump-probe effect first reaches half its maximum amplitude, which is always
at higher pixel values than the position of maximum effect because of the negative chirp.
The spatial timing tool data is analyzed in a similar way. The binned camera images are first

sent through the same digital low-pass filter for the spectral timing tool. The filtered data is then
differentiated with respect to the pixel position. The position of the maximum of the derivative is
then taken as the arrival time (in pixels) of the X-rays.

To determine the relation between the arrival time and the pixel position extracted from each
of the two methods, we performed calibration measurements for the two timing tools by scanning
the delay between the X-ray pulse and the laser pulse with two independent delay stages. The
measured signals are averaged for 200 shots at each delay point. According to the calibration
measurements, one pixel in the spatial encoding signal corresponded to 1.2 fs, while the SHG
spectral encoding signal is 10.8 fs per pixel.

The correlation between the retrieved arrival time from the spatial timing tool and SHG spectral
timing tool over 2500 shots is shown in Fig. 6(a). A clear correlation between the two timing
techniques confirms that the changes in the SHG spectrum can serve as a timing diagnostic for
single-shot timing corrections. The SHG spectral encoding and spatial encoding methods give
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Fig. 5. Measured SHG spectral encoding (a) and spatial encoding (b) signals. The different
colors show single-shot data for three different delays between the X-ray and optical laser
with retrieved delays in the line legends. The thin red lines represent the data after applying a
low pass filter. The time axis calibration are (a) 10.8 fs/pixel and (b) 1.2 fs/pixel, respectively.

estimates of the timing jitter between the laser and FEL of 80 to 90 fs RMS, respectively, as
shown in Figs. 6(b)–6(d).

Fig. 6. (a) Measured the correlation between the SHG spectrum encoding and spatial
encoding. (b) and (d) present the distributions of the arrival time measured with the SHG
spectral timing tool and the spatial timing tool, respectively. (c) The distributions of the
difference in the retrieved arrival time between the two timing tools (blue: all signal; red:
signals in the timing jitter window from −50 fs to 100 fs).

The measurement time window of the spectral encoding is about 200 fs, which is slightly
smaller than the overall jitter range. In order to evaluate the performance of the spectral encoding
tool in comparison to the spatial timing tool, in Fig. 6(c) we show a histogram of the difference
between the single-shot timing values for each shot. The width of this distribution gives a
measure of the overall timing error for both methods. The blue curve shows the histogram where
we consider data from across the entire range of the spectral encoding timing window and gives
an RMS width of 14.8 fs. If we instead restrict the range of considered shots to those showing
the onset of the X-ray induced changes at wavelengths with the largest signals (from −50 fs to
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100 fs) the RMS width becomes 13.2 fs, which is slightly improved. Typically in SwissFEL, the
timing jitter between the FEL pulse and the laser pulse is around 30-40 fs RMS. The temporal
resolution of the SHG spectral encoding could be improved further with a spectrometer with
better spectral resolution or with broader bandwidth laser pulses.

4. Discussion

Our results demonstrate the implementation of a method to use X-ray induced changes to SHG
efficiency to measure on a single-shot basis the arrival time of hard X-rays from an FEL with a
precision of approximately 15 fs, comparable in performance to methods based on X-ray induced
changes in transmission or reflectivity of solid-state materials. The maximum X-ray induced
change in the SHG efficiency in LBO at the wavelengths we used was approximately 12%. We
also demonstrated by comparison with simulations that the mechanism for these X-ray induced
SHG changes in LBO for 800 nm incident pulses is determined predominantly by changes in
the linear optical absorption at the wavelength of the second harmonic. This was confirmed by
X-ray pump, 400 nm probe experiments that show an even larger X-ray induced change in the
transmission of 400 nm than is seen in the SHG efficiency, suggesting that a cross-correlator
based on measuring changes in the transmission of 400 nm pulses would be in fact a more
sensitive measurement of the arrival time in this particular case. There is to our knowledge
no prior experimental study of the probe wavelength dependence of transmission-based cross
correlators for X-rays, and our result suggests that further exploration of this is a promising route
to increase sensitivity for this type of timing diagnostic. The reason for the enhanced sensitivity
at 400 nm appears to contradict the predictions of a simple model of the excited crystal as a Drude
metal [26,27], which would yield smaller effects at shorter wavelengths. The enhancement of the
transmission change in this case may be due to the band structure of LBO: 3 eV photons have
energy closer to the 7.78 eV bandgap of LBO, and is therefore more sensitive to changes in the
occupation of valence and conduction band electrons redistributed by the X-rays. This would
suggest that the optimization of the photon energy relative to the band gap could be an important
control parameter.

In order to design an SHG-based timing diagnostic with clear advantages over a scheme based
on X-ray driven changes to linear optical properties, much stronger modulation of the phase
matching conditions and/or nonlinear susceptibility is required. One possibility for improvements
is to narrow further the difference between the optical photon energy of the generated second
harmonic with the optical bandgap of the SHG crystal. This should act to enhance possible X-ray
induced changes in phase matching and/or χ(2), potentially leading to nearly background-free
cross correlation signals that will allow for wider timing windows and higher measurement
precisions.
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