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Abstract: Frequency-resolved optical gating (FROG) is a common technique for measuring
ultrashort laser pulses using an instantaneous, nonlinear-optical interaction as a fast time-gate to
measure the pulse intensity and phase. But at high frequencies, materials are often absorbing
and it is not always possible to find a medium with a fast nonlinear-optical response. Here we
show that an ultrashort, ultraviolet (UV) pulse can be measured in a strongly absorbing medium,
using the absorption as the nonlinear-optical time-gate. To do this, we build on our recent
implementation of FROG, known as induced-grating cross-correlation FROG (IG XFROG),
where an unknown, higher-frequency pulse creates a transient grating that is probed with a
lower-frequency, more easily detectable reference pulse. We demonstrate this with an 800 nm
reference pulse to characterize 400 nm or 267 nm pulses using ZnS as the nonlinear-optical
medium, which is absorptive at and below 400 nm. By scanning the delay between the two
UV pulses which create the transient grating, we show that the phase-sensitive instantaneous
four-wave-mixing contribution to the nonlinear signal field can be detected and separated from
the slower, incoherent part of the response. Measuring a spectrally-resolved cross-correlation
in this way and then applying a simple model for the response of the medium, we show that
a modified generalized projections (GP) phase-retrieval algorithm can be used to extract the
pulse amplitude and phase. We test this approach by measuring chirped UV pulses centered
at 400 nm and 267 nm. Since interband absorption (or even photoionization) is not strongly
wavelength-dependent, we expect IG XFROG to be applicable deeper into the UV.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The recent development of bright, coherent sources of ultraviolet (UV) to extreme UV (XUV)
femtosecond pulses from optical parametric amplifiers, harmonic generation [1], or Free Electron
Lasers [2,3] allows for completely new types of time-resolved spectroscopy at higher-energy
transitions (e.g. [4—6]), and for pushing any technique to higher spatial and temporal resolutions
(e.g. [4,7]). However, to successfully use any of these light sources, whether it is to optimize the
light source or for data collection and interpretation, it is necessary to measure the amplitude and
phase of the pulses.

Because ultrashort laser pulses are too short to time-resolve with electronics, they are typically
measured using a nonlinear-optical interaction as the fast “time-gate” or shutter, since the
light-matter interaction can be as fast as attoseconds. This concept is employed in the widely
used method of characterizing ultrashort pulses, Frequency-Resolved Optical Gating (FROG) [8].
In a typical FROG arrangement, two or three copies of the pulse to be measured interact in an
effectively instantaneously-responding nonlinear-optical medium (e.g. a x® or ¥ interaction)
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generating a nonlinear-optical signal which contains a time-gated slice of the unknown pulse
electric field, E, (7). Varying the delay of one of the interacting pulses with respect to the
other(s) and measuring the spectrum of the nonlinear-optical signal light generated at each delay
produces a spectrogram of the pulse, known as the FROG trace. Conventional phase-retrieval
algorithms, such as those based on the method of generalized projections (GP), are used to
uniquely reconstruct the complete electric field versus time (E,,x(¢)) of the pulse from the FROG
trace. FROG has the added advantage that it can determine the stability of a pulse train [9], and
has recently developed improved algorithmic approaches [10—13].

The FROG technique is quite flexible and has been applied in a wide frequency range, from the
infrared to the UV. While nearly all FROG measurements have been made using an instantaneous,
transparent medium, there are some noteworthy exceptions. In one case, a contribution from a
Raman response was accounted for [14]. More recently, FROG was implemented using the fast
onset of near-infrared (NIR) induced transient absorption as a time-gate for measuring infrared
pulses [15] and plasma mirrors for measuring UV pulses [16]. Similarly, extension of FROG
deeper into the UV, where the light-matter interaction is almost always dominated by a long-lived
(picoseconds to nanoseconds [17]) transient absorption due to photoexcitation of electrons across
the bandgap or photoionization, will require accounting for or using this non-instantaneous
response. As a result, most applications of FROG in the deep and extreme UV have bypassed this
by relying on the detection of photoelectrons (e.g. [18,19]), rather than having an optical readout.

In this work, we demonstrate that a UV pulse can be measured in a medium that is strongly
absorbing using the absorption as the nonlinear-optical time-gate. To do this, we use a novel
version of FROG that we recently introduced called Induced-Grating Cross-correlation FROG
(IG XFROG) [20]. In IG XFROG, two copies of an unknown UV pulse cross and temporally
overlap, creating a transient grating (TG) in a nonlinear medium. A third reference pulse with
a different central wavelength, in the NIR, is diffracted from the transient grating to produce a
nonlinear-optical signal also in the NIR. Varying the delay between the two UV pulses encodes
the intensity and phase of the UV pulse in the NIR nonlinear-optical signal. In this previous
work, we introduced IG XFROG as a convenient method for encoding a UV pulse shape in an
easily-detectable NIR nonlinear-optical signal. But, so far, we only demonstrated this method in
an instantaneously responding, optically transparent medium, restricting its application to lower
UV frequencies where an optically transparent medium can be found.

Here, we show that IG XFROG can also be performed in a medium that is absorbing at the
unknown, UV pulse wavelength. Even a long-lived material response like transient absorption
has an initial fast and coherent component [15]. We show that by varying the delay between the
UV pulse-pair, it is possible to separate out the fast, coherent part of the material response from
the very slow (picoseconds or longer) recovery of the ground state. This results in a nonlinear
signal consisting of both an instantaneous, phase-containing contribution and a non-instantaneous,
non-phase-containing contribution, but the two contributions can be distinguished and accounted
for in the phase retrieval. We demonstrate this by measuring 400 nm and 267 nm chirped pulses
in the medium ZnS.

2. Experimental setup

To demonstrate that we can measure femtosecond UV pulses using IG XFROG in an absorbing
medium, we built the experiment in the schematic shown in Fig. 1. The light source was a
regenerative Ti:Sapphire amplifier at a 1 KHz repetition rate and a center wavelength of 800
nm. A beam splitter (BS1) formed a NIR reference field, E,.r, and the UV unknown field, E,, .
The unknown UV pulses were centered at 400 nm or 267 nm and were generated by frequency
doubling or tripling the 800 nm pulses in BBO crystals. BS2 formed a pair of beams from E,,
for generating the transient grating. All three beams were directed to a 250 mm focal length
lens which focused and spatially overlapped the beams at the sample, a 2 mm thick ZnS crystal.
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The FROG trace was measured as the spectrum of the nonlinear signal versus the delay between
the pair of UV pulses, 1,,. For comparison, and to find time-overlap between the three pulses,
we also scanned the reference pulse delay, 7,,r. Phase-matching was achieved by satisfying the
Bragg condition: sinf,.; = (4, / Ayy) sind,,,. Crossing angles 6, and 6,,; were approximately
1.72° and 3.43° for the 400 nm pulses and 0.747° and 2.24° when measuring the 267 nm pulses.
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Fig. 1. Experimental setup for Induced-Grating XFROG. 400 nm or 267 nm test pulses
were generated by frequency doubling or tripling the 800 nm pulse from a Ti:Sapphire laser
system. The 267 nm light was separated from the fundamental and second harmonic light
using a harmonic separator and a bandpass filter (HS). Chirped test pulses were measured
using glass rods of SF11 or UV-grade fused silica to introduce the chirp. In both experiments,
the nonlinear medium was zinc sulfide (ZnS). Phase matching is achieved by satisfying
the Bragg condition: $inGef = (Ayer [ Ayy) sinfy,y,. Oref and 6,,, represent the half-crossing
angles for the reference and unknown UV pulses. The half crossing angles for the unknown
UV and reference pulses are also labeled accordingly. A 3 nm variable wavelength bandpass
filter (BPF) centered at 800 nm was used to spectrally narrow the reference pulse.

To more easily identify phase information in the IG XFROG traces, we found it helpful to
spectrally narrow the reference pulse using a 3 nm bandpass filter (BPF). As with any version
of XFROG [8,20], IG XFROG requires that the reference field be known and that E.¢(¢) is an
input into the phase-retrieval algorithm. We obtained our reference pulse from a commercial
GRENOUILLE measurement which indicated that it was ~400 fs long with an approximately
flat spectral phase. Having discovered from a reference pulse delay scan measurement that
the reference pulse also contained a weak post pulse ~850 fs later (outside of the range of our
GRENOUILLE), we accounted for this in E,¢(¢) by adding a second delayed, weaker replica
of the main pulse. Accounting for this feature in the reference pulse, which modulates the
spectrum of the nonlinear signal, improved the accuracy of the UV pulse retrievals shown later
(see Supplement 1 for more details on the reference pulse).

Finally, refractive optics were used, since their dispersion had a negligible effect on the < 2.5
nm bandwidth UV pulses which we considered here. To extend this method to shorter < 50 fs
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UV pulses, it would be straight-forward to implement an all-reflective version of the setup shown
in Fig. 1 (see for example chapters 13 and 14 in Ref. [8]).

3. Results

3.1. Isolating the instantaneous contribution to the nonlinear signal

Figure 2(a) shows a schematic of the beam geometry used in IG XFROG to measure UV pulses,
where two copies of the unknown UV pulse (shown in blue) overlap in space and time such
that they induce an interference pattern which modulates the optical properties of the medium,
producing a transient grating (TG). There are two major differences here compared to previous
TG pulse-measurement techniques [8,21,22]. One is that the grating is generated by the unknown
pulse, rather than the reference pulse. This has the major advantage of producing a NIR nonlinear
signal, as we pointed out in past work [20]. The second difference is that we scan the delay, 7,,,
between the two interfering unknown pulses that create the grating, rather than the delay of the
reference pulse, 7,.¢, which probes the grating. As we also showed in past work [20], varying 7,
is essential for preserving the phase information of the UV pulses, since the nonlinear-optical
signal versus 7, only contains the UV pulse intensity.
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Fig. 2. (a) A schematic of the beam geometry used in Induced-Grating XFROG. The
unknown UV, reference, and signal beams are the solid blue, solid red and dashed red
lines respectively. Two delays are shown. 7..¢ is the reference pulse delay and 7y is the
grating-pulse-pair delay. The amplitudes of the traces generated by varying 7, (b) and 7y
(c) in an absorbing medium (ZnS). (d) The amplitude of the trace for the same measurement
as (c), but made using an instantaneous medium (fused silica, see [20]) and rescaled by a
factor of 0.2. (e) A comparison of the frequency marginal of (c) (orange) to the frequency
marginal of (d) (cyan) and the spectral amplitude of the reference pulse (black). Note that in
(b) the nonlinear signal extends well into positive delays, while in (c) the full duration of the
signal is shown.

Another major advantage of scanning 7, in an absorptive medium is illustrated in Figs. 2(b)-(e).
Here we used ZnS as the nonlinear medium, which has a nominal bandgap of ~3.5 €V, and
becomes absorptive at around 400 nm [23]. Figures 2(b) and 2(c) show the amplitude of the
spectrally resolved nonlinear signals versus the two different delays. Figure 2(b), shows two
distinct features: a spectrally broader component near zero delay and a narrower-bandwidth
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long-lived component. The spectrally broader component is suggestive, although not definitive
proof, of coherent four-wave-mixing (FWM) (i.e. incoherent optical switching is also possible,
which could cut the pulse in time without preserving the phase). This is important since a
coherent material interaction is needed to preserve the UV pulse phase information in the signal.
The longer-lived component, which persists after the pulses no longer temporally overlap, is the
timescale for relaxation of the photoexcited electrons back to their ground state (i.e., the lifetime).

In contrast, a trace versus 7, in ZnS is shown in Fig. 2(c), which does not show the long-lived
response seen in Fig. 2(b). This is because the induced grating, and hence the nonlinear signal,
only exists while the UV pulses temporally overlap (to within the material dephasing time
[24-27]). Thus, the duration of the nonlinear signal versus 7, is approximately reduced to the
length of a cross-correlation, similar to that reported in [28]. The image in Fig. 2(c) also again
suggests a coherent FWM contribution to the signal. This is best seen by comparison to Fig. 2(d),
a measurement of the same pulse using UV fused silica as the nonlinear medium, which has an
instantaneous and purely coherent FWM response [20]. There is a broader-band component in
the ZnS measurement in Fig. 2(c) which matches, both in tilt and bandwidth, to that seen in
the fused silica measurement in Fig. 2(d). This suggests that the measurement in Fig. 2(c) does
contain the amplitude and phase of the UV pulse.

Still, some dephasing occurs within the UV pulse duration and the image in Fig. 2(c) also
has a non-phase-containing contribution: the round, central portion not seen in the fused silica
measurement. The bandwidth of this round, central portion matches that of the NIR reference
pulse.

3.2. Incorporating the material response into the generalized projection phase-retrieval
algorithm

As illustrated above, the FROG trace in Fig. 2(c) contains an instantaneous and a non-instantaneous
contribution, both of which need to be accounted for in the phase retrieval. We follow the
approach used by Delong et al. [14] where polarization gating FROG was done in the presence of
Raman effects, resulting in a non-instantaneous contribution to the signal. The nonlinear signal
Eyio(2,7), is treated as a sum of the instantaneous and non-instantaneous contributions. Using an
empirical model for the signal field we write:

Esig(t’ T) = Eref(t - Tref) fioo dl,R(t - t,)E::u(t,)Euv(t, = Tuy)- (D
In the above expression, R(f) represents the response of the medium and is given by,
R(1) = 6(1) + ce®(1), @

or the sum of a delta function, J(¢), and a Heaviside step function, ®(¢), scaled by ce to adjust the
relative amplitudes of these two terms. In this model, the Heaviside function alone is sufficient for
providing a needed fast time-gate as pointed out in previous work using NIR transient absorption
as a fast time-gate [15]. Here the delta function has been included to adjust the relative amplitudes
of the phase-containing and non-phase-containing contributions, to better match the model to the
measurements. To fit the model to the data, we chose the constant empirically, finding that a
value of cg =5, typically fit our data sufficiently well. Figure 3 shows an example of a simulation
we did to determine R(¢). The comparison suggests that the simple model sufficiently captures
the material response and can be used for phase retrieval.

To retrieve the UV pulse from our spectrograms, the signal field given by Eqs. (1) and (2) was
incorporated into a modified GP phase-retrieval algorithm where the FROG trace is given by
IrroG (wW,T) = |.F [ES,-g(t,T)]lz, where .# indicates a Fourier transformation. The algorithm that
we used here follows the procedure outlined in [20], where the reference field is a known input,
and the derivatives for the nonlinear signal given in Eq. (1) are used in the gradient minimization.
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Fig. 3. Simulated trace amplitude (left) and measured trace amplitude (right) for a chirped
pulse. Simulation was generated using E,.¢(f) and R(?) as described in the text.

3.3. 1G XFROG measurements of UV pulses using an absorbing medium

To illustrate the method described above, we performed two sets of measurements on pulses
with known amounts of chirp introduced by propagating the pulses through glass. In the first
measurement, 400 nm test pulses were propagated through 20 mm and 50 mm long rods of SF11
glass. These measurements are shown in Figs. 4(a)-(c). We used the modified GP algorithm
discussed in section 3.2 to reconstruct E,,, () from the measured traces. The reconstructed traces
along with the retrieved pulses plotted vs. time and wavelength are shown in the 2", 3/, and 4
rows of Fig. 4 respectively. The second set of measurements was made on pulses centered at 267
nm using a 50 mm rod of UV-grade fused silica (UVES) to introduce chirp. These traces are
shown in Figs. 5(a) and 5(e). The reconstructed traces along with the retrieved pulses plotted vs.
time and wavelength are shown in the 2", 3, and 4™ rows of Fig. 5 respectively. In the retrievals
shown in Figs. 4 and 5, the G errors (rms difference between the measured and retrieved trace
intensities) [8] for each reconstruction were all below 1% indicating convergence [8]. For each
measurement, the raw trace was binned to a 128x 128 array prior to running the phase-retrieval
algorithm.
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Fig. 4. Measurements of chirped 400 nm pulses using an 800 nm reference pulse. The
columns correspond to no added dispersion (left) and dispersion introduced via propagation
through 20 mm (center), and 50 mm (right) of SF11. (a-c) Measured Traces. Measured
traces were binned to 128128 arrays. (d-f) Retrieved Traces. (g-i) Temporal intensity (red)
and phase (blue) of the retrieved pulse. (j-1) Independently measured spectra (light green),
retrieved spectra (dark green), retrieved spectral phase (purple), expected spectral phase
calculated from the Sellmeier equations for SF11 (dashed black line).



Research Article Vol. 29, No. 8/12 April 2021/ Optics Express 11401 |

Optics EXPRESS 4 N ‘

No Added Dispersion 50 mm UVFS

[}
8o
E S €) 038
- 2
[ T_:. 0.6
z E 0.4
[
2 0.2
0
o 1
g o 038
o .
T
- 2 06
s < 0.2
& G-error = 0.0046
0
-1000 0 1000 -1000 0 1000
Delay (fs) Delay (fs)
1
= C) 2) 20
s B
> =
7 05 _Ret. 0 g
c “Intensi s
3 o
j= — Ret. 20
Phase
-1000 1] 1000-1000 0 1000
Time (fs) Time (fs)
) h) 20
s B
> :—
g ° 3
s =
£ 20+
- = "Phase
260 265 270 260 265 270
Wavelength (nm) Wavelength (nm)

Fig. 5. Measurements of chirped 267 nm pulses using an 800 nm reference pulse. The
columns correspond to no added chirp (left) and that with 50 mm (right) of UV-grade fused
silica (UVES). (a) and (e) Measured Traces. Measured traces were binned to 128128 arrays.
(b) and (f) Retrieved Traces. (c) and (g) Temporal intensity (red) and phase (blue) of the
retrieved pulse. (d) and (h) Independently measured spectra (light green), retrieved spectra
(dark green), retrieved spectral phase (purple), expected spectral phase calculated from the
Sellmeier equations for UVFS (dashed black line).
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4. Discussion

The measurements presented above demonstrate that a UV femtosecond pulse can be measured
using absorption as the nonlinear-optical interaction or time-gate. A key innovation here, is
that by measuring the nonlinear signal versus the delay, 7,,, between the pulses making the
grating, we significantly reduce the slower incoherent contribution and encode the phase of the
UV pulse in the nonlinear signal. This can be understood intuitively by considering that the
transient grating is only present when the interfering UV pulses temporally overlap, thus any
component of the material response that lasts longer than their interference does not contribute to
the nonlinear signal. Figure 2 illustrates this. Figure 2(b) shows a conventional TG measurement
where the UV pulses temporally overlap and the reference pulse delay, 7, is scanned, which
primarily probes the relaxation of the grating. The nonlinear signal versus the grating-pulse-pair
delay, 7, much more closely resembles the measurement made in an instantaneously-responding
medium, which is shown for comparison in Fig. 2(d) (as also seen in [28]). The initial rise in the
reference scan in Fig. 2(b) contains the UV and NIR temporal profiles, which could be extracted
with a deconvolution [29], however this signal does not contain the phase of the UV pulse, only
its intensity.

The tilt seen in the measurements in Figs. 4 and 5 clearly demonstrates sensitivity to the phase
of the unknown UV pulses. The chirp, which we introduced with the glass rods, causes the
redder colors to arrive before the bluer colors. More chirp resulted in more tilt. On top of the
tilted component, there is a central region of the trace which remains unchanged when chirp
is added; this is the non-phase-containing contribution discussed in sections 3.1 and 3.2 that
we included in our model via the step function, due to the fact that some decoherence happens
within the pulse duration [24-27]. Note that it was important to set the delay of the reference
pulse to zero to maximize the phase-containing contribution. We found that performing a scan
of 7, as shown in Fig. 2(b), and then selecting the reference pulse delay that maximized the
bandwidth of the nonlinear signal, was a good approach for finding zero delay.

Appling the phase-retrieval algorithm discussed in section 3.2 to the measured IG XFROG
traces further confirms that the pulses can be measured in an absorbing medium, and that the
simple model in Egs. (1) and (2) sufficiently captures the material response for this purpose.
The reconstructed traces from each retrieval are shown in the second row of Figs. 4 and 5. The
G errors of < 1%, indicate convergence of the algorithm [8]. The full-width-half-maximum
temporal widths of the retrieved pulses in Figs. 4(g)-(i) and Figs. 5(c) and 5(g) are approximately
121 fs, 537 fs, and 936 fs, and 119 fs and 316 fs respectively. In Figs. 4(j)-(1) and Figs. 5(d) and
5(h), we compare the retrieved pulse spectrum (dark green) to an independent measurement of
the pulse spectrum (light green) made using an Ocean Optics spectrometer, showing relatively
good agreement. We also confirmed accurate retrievals by calculating the group delay dispersion
(GDD) introduced using the Sellmeier equations for SF11 [30] and UVES [31], plotted as dashed
black lines in Figs. 4(k)-(1) and Fig. 5(h). As seen from a comparison of the retrieved and
calculated curves shown in Figs. 4 and 5, the calculated values are in good agreement with the
retrieved spectral phases (purple). The retrieved GDDs for the two chirped 400 nm pulses were
found to be about 19,470 fs? and 44,978 fs2, in good agreement with the calculated values of
17,813 fs? and 44,577 fs?. For the chirped 267 nm pulse, the retrieved GDD was found to be
10,657 fs2, also in good agreement with the calculated value of 9,826 fs2. Minor discrepancies
could be due to inaccuracies in the lengths of the glass rods used to introduce the chirp, for
example if the rods were slightly tilted, or to the Sellmeier equations used for the calculations
not being a perfect match for the rods used in our measurements. Nonetheless, the agreement
between the calculated and retrieved phases are within ~10% and suggest that we have accurately
extracted the spectral phase using IG XFROG in a slowly responding medium. Comparison to
the measurements in Ref. [20], where the same chirped 400 nm pulses were measured, also
confirms the accuracy of this technique.
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The modulation seen in the FROG traces was confirmed to be from a weak post pulse in
the reference pulse that occurred ~850 fs after the main pulse, as mentioned in Section 2. The
long-lived grating in ZnS results in contributions to the nonlinear signal over a broad time-window,
so that the weak post pulse in the reference also contributes to the nonlinear signal. Since
we were not able to experimentally remove this artifact, incorporating the post pulse into our
reference pulse shape as a weak replica of the main pulse improved the accuracy of the IG
XFROG retrievals.

In all of the measurements reported here, we used a fluence of < 10 mJ/cm?. We expect
that lower fluences would also be sufficient by using a longer integration time on the camera.
While the nonlinear medium used in the measurements presented here was ZnS, which is
completely opaque at 267, but has a transmittance of ~50-55% at 400 nm [32], we expect that the
measurements would work similarly (perhaps with some adjustment to R(f)) with any medium that
is absorbing at the unknown pulse wavelength but transparent at the probe wavelength. Moreover,
we estimate the groove density of our induced gratings to be about 98 and 150 grooves/mm for
the 267 nm and 400 nm measurements respectively. The angular dispersion produced by such
low-density gratings is small and did not interfere with the collection of the nonlinear signal in
the measurements presented here. In the case of non-negligible angular dispersion from the
induced grating (e.g. if a spectrally broader reference pulse is used), imaging the sample onto the
detector and spectrally dispersing the signal in the perpendicular dimension should alleviate any
effects. Also, because the phase-matching bandwidth of this technique is relatively broad (>~100
nm here), shorter pulses should also be measureable with this technique. The phase-matching
bandwidth can be increased, if need be, by changing the beam size and the focal length of the
optics used to focus the beams onto the nonlinear medium (see [20,21]).

Here, we used a spectrally narrow and relatively long duration reference pulse (~400 fs)
because this made it easier to visually see the tilt in the spectrograms due to the phase of the
UV pulse. This is not a requirement, but is convenient for quick intuitive visual feedback from
the measurement (similar to XFROG [8]). Having performed a number of simulations with
different reference pulse durations, we find that IG XFROG works well for reference pulses that
are shorter or longer than the unknown pulse, placing no strict requirements on its duration; it just
needs to be characterized. Similar to standard XFROG, we recommend, when possible, to use a
simple reference pulse that is at least close in duration to the unknown pulse, to avoid introducing
unnecessary spectral or temporal complexity into the measurement and spectrogram [8]. Finally,
we point out that IG XFROG measurements are not very sensitive to errors in the reference pulse,
since the reference pulse is encoded in the trace differently than the unknown pulse (again similar
to standard XFROG [33]). As shown in Supplement 1, relatively large amounts of chirp can be
added to the reference pulse with minimal changes in the spectrograms.

An interesting direction for future work could be to develop an algorithm that extracts both
the UV pulse and the medium’s response function, similar to the double blind-FROG approach
[8,33]. Another option could be to extract the material response from a reference scan [15,29].
Nevertheless, the measurements provided here indicate that the simple model in Egs. (1) and (2)
is sufficient for most applications, and this approach has the major advantage of being easy and
fast to implement in the phase-retrieval algorithm.

5. Conclusion

In summary, we presented proof-of-principle measurements which demonstrate IG XFROG’s
ability to measure UV pulses using band-gap absorption as the nonlinear-optical time-gate. We
show that, by scanning the delay between the two UV pulses, IG XFROG selectively detects the
instantaneous, phase-preserving contribution to the nonlinear signal; the initial, fast part of the
photoexcitation where the light remains coherent with the photoexcited electrons. We presented
a simple model for the response of the medium and incorporated this model into a modified GP
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phase-retrieval algorithm. We used this algorithm to retrieve chirped UV pulses centered at 400
nm and 267 nm from experimentally measured traces and showed that accurate measurements
of the pulse spectral phase are obtained. While we demonstrated this method at 400 and 267
nm, the process of absorption, whether it is across the bandgap or into the continuum, (i.e.
photoionization) is not strongly dependent on wavelength. Thus, we expect IG XFROG to be
applicable deeper into the UV and possibly even at x-ray energies. Moreover, like other versions
of FROG [8], single-shot IG XFROG measurements should also be feasible [34], potentially
providing access to single-shot optical-read-out pulse measurement from the UV into the x-ray
range.
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