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ABSTRACT

The design of an ultrafast double-pulse stretcher-compressor, which can be utilized in applica-
tions like Raman chirped adiabatic passage experiments, is presented. Experimental PG FROG traces
obtained for a single-pulse output of such a stretcher—compressor support the design. However, the
FROG traces of a double-pulse output are notintuitive and not fully retrievable. Therefore, a code was
developed to simulate these FROG traces and investigate their dependence on the delay between
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the two slices of the double-pulse. The results are presented here and can be employed as a diag- RCAP
nostic tool in different applications where ultrafast laser double-pulses are used. The simulations
reveal that the FROG traces strongly depend on the delay between the two slices of the double-
pulse when this delay is comparable to the pulse duration. The simulations also suggest that using a
transform-limited single-pulse as the gate in the PG FROG instrument leads to simpler FROG traces.

1. Introduction

Quantum control has been utilized in many areas of sci-
ence including quantum information [I,2], control of
chemical reactions [3-6], and even high precision mea-
surements [7-9]. Different schemes have been developed
for the selective excitation of electronic, vibrational, and
rotational states of atoms and molecules. Among these,
adiabatic passage techniques have opened new opportu-
nities for modern quantum control. Refs. [10-12] provide
reviews of different adiabatic passage schemes. Raman
Chirped Adiabatic Passage (RCAP) is one of these effec-
tive schemes which was proposed more than two decades
ago [13]. Two ultrafast laser pulses with centre frequen-
cies w1 and wy (w; > w,), where the high-frequency
pulse has negative chirp and the low-frequency one has
positive chirp, can be used to climb the anharmonic
vibrational ladder of a molecule through the RCAP pro-
cess, provided that the introduced chirp is large enough
to support the anharmonicity of the ladder. Theoretical
analysis of RCAP process for H, and H; molecules sug-
gest it as an efficient scheme to selectively populate the
higher vibrational levels and to dissociate the molecular
bonds while maintaining a very low final kinetic energy
of the fragments [13,14]. Numerical calculations show
that RCAP is a feasible scheme to climb the vibrational
ladder of oxygen and chlorine molecules, even when the
respective rotational levels are included in the model [ 15].

More recently, it was shown that HCI molecule can also
be exited using RCAP to high vibrational levels. X-ray
Absorption Spectroscopy (XAS) was suggested in that
work as an effective technique to monitor the vibrational
dynamics built by RCAP [16,17]. On the experimental
side, enhanced ionization of CO; molecule in the pres-
ence of two oppositely chirped pulses has been attributed
to the occurrence of RCAP process and was introduced
as the first experimental realization of vibrational ladder
climbing through the RCAP process. A dual-wavelength
Ti:Sapphire amplifier, two separate compressors, a wave-
length separator, a chirp inverter, and two delay lines were
used for controlling the phase of the two pulses needed
for the experiment [I8]. Alternatively, our proposed
double-pulse stretcher—-compressor is self-contained and
compatible with conventional Ti:Sapphire amplifiers as
well as other broadband laser sources which significantly
simplifies the implementation of RCAP experiments for
a variety of different molecules. It can also be utilized for
other applications where a simple, low-cost instrument
for the generation of phase-controlled ultrafast double-
pulses is desired.

Many different techniques based on prism [19,20],
grating [21,22], or grism [23-25] arrangements, chirped
mirrors [26,27], and pulse shaping [28,29] are available
for the control of the phase of ultrashort laser pulses.
Good reviews about the topic are provided in [30,31].
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Pulse shaping of ultrafast pulses can be accomplished
using a variety of different spatial light modulator tech-
niques such as liquid crystal, multiple quantum well
(MQW), micro-electromechanical systems (MEMS),
acousto-optic modulators (AOMs), etc. In the particu-
lar case of Fourier transform pulse shapers, conventional
liquid crystal spatial light modulators (SLMs) are used
to modify the spectral amplitude and phase of femtosec-
ond laser pulses. SLMs present limitations for shaping
very intense pulses due to the fact that these pulses can
cause laser-induced permanent damage to the SLM’s sub-
strate. The laser-induced damage threshold (LIDT) of
conventional SLMs depends on several pulse characteris-
tics like wavelength, pulse duration, repetition rate, beam
diameter, pulse spatial and temporal profile, and angle of
incidence [32,33]. But in general, their damage thresh-
old is much lower than other conventional techniques
like prism or grating arrangements, which makes them
an unattractive option for high-power applications.
Grating arrangements can provide a larger dispersion
compared to prism-based ones and are ideal for the appli-
cations where a large chirp needs to be introduced to the
pulse. In a grating arrangement the spectrum of the short
pulse is separated by angular dispersion in such a way that
different wavelengths experience different optical path
lengths. If red wavelengths have longer optical paths in
the arrangement, negative second-order dispersion (also

called negative group delay dispersion or negative lin-
ear chirp) is introduced and the arrangement is termed
a compressor. If blue wavelengths have longer optical
paths positive linear chirp is introduced to the pulse and
the arrangement is termed a stretcher. One of the most
common arrangements, proposed by Martinez, uses two
diffraction gratings in anti-parallel configuration and a
1:1 telescope placed between them. This setup can be
used as stretcher or compressor by translating one of
the gratings on either side of the focal plane [34,35].
This design can be folded by a mirror, requiring only
one lens and one grating in the setup which makes it
much easier to align [35,36]. In order to avoid material
dispersion in the lenses and reduce the chromatic and
spherical aberrations, all-refractive grating pair [37,38]
and all-reflective single-grating [39-41] stretchers have
been implemented. Our proposed stretcher—compressor
setup is inspired from the Zhou [39] and Banks [41]
designs and enables us to simultaneously introduce posi-
tive chirp to one of the two slices of a double-pulse, while
introducing negative chirp to the other slice.

2. Methods

2.1. Experimental setup

The transform-limited output of a Ti:Sapphire ampli-
fier operating at 1 kHz centred at ~804nm with a
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Figure 1. (A) Schematic of the single-pulse stretcher—compressor, (B) schematic of the double-pulse stretcher-compressor, (C) splitting
the input single-pulse to a double-pulse. The high-frequency and low-frequency slices are shown. (D) Simulated transform-limited FROG
trace of the input pulse (E) Experimental transform-limited FROG trace of the input pulse.



pulse duration of ~ 40 fs was directed to the experimen-
tal setup shown in Figure 1(A). The input and output
pulses were characterized using a single-shot PG FROG
(polarization-gating frequency-resolved optical gating)
instrument.

The experimental setup (Figure 1(A)) is indeed an
all-reflective single-grating arrangement [39,41] which
we propose to be converted to a double-pulse stretcher—
compressor (Figure 1(B)) by replacing the M2 dielectric
mirror with two similar dielectric mirrors M2 and M3.
This splits the input pulse into a high-frequency and a
low-frequency slice as shown in Figure 1(C). The two
slices can be then delayed with respect to each other
(first order dispersion) using a translational stage (TS2 in
Figure 1(B)). The second-order dispersion of each slice
can be adjusted by tilting the M2 or M3 mirrors, as we will
demonstrate in Section 3.1. The proposed setup enables
one to generate two oppositely chirped pulses which can
be employed in different applications including RCAP
experiments.

It is important to note that cutting the spectrum at the
position of M2 and M3 does not affect the beam quality,
as the beam is at a focus. Some frequency components
are lost in the gap, but the components which get through
have an intact beam profile.

2.2. Simulations

A Gaussian ultrafast laser pulse can be mathematically
described in the frequency domain using the following
equation [31].

b3 (0—wp)? .
E(w) = Eyt /—e_rz S s (1)
2In2

where 7 is the pulse duration (full-width at half-
maximum, FWHM, of the temporal intensity profile), wy
is the centre frequency, and ¢ is the spectral phase. This
pulse is then multiplied by two linearly decreasing func-
tions to split it into two slices in the frequency domain
and generate the double-pulse shown in Figure 1(C). The
spectrum of the original pulse is cut with a linear roll
off. However, the results are not sensitive to the exact cut,
as a simple notch yielded virtually identical results. Dif-
ferent orders of dispersion were added to the pulse by
adjusting the spectral phase. The PG FROG traces were
constructed using the following equation [42].

2
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The transform-limited experimental and simulated
FROG traces are shown in Figure 1(D,E), respectively.
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3. Results and discussion

3.1. Equivalence of applying chirp by moving the
grating or by tilting the centre mirror

The main objective of the proposed stretcher is to gener-
ate oppositely chirped pulses where the high-frequency
slice of the double-pulse has negative second-order dis-
persion and the low-frequency slice has positive second-
order dispersion. Such oppositely chirped double-pulse
can be utilized to climb the anharmonic vibrational
ladder of a molecule through the RCAP process, as
shown in Figure 2. As mentioned in Section 2, this
can be achieved by tilting the M2 and M3 mirrors in
Figure 1(B). In regular stretchers, linear chirp is applied
by translating the reflective grating (RG in Figure 1(A))
toward or away from the curved mirror. In this section,
we demonstrate that titling the centre mirror (M2 in
Figure 1(A)) has the same effect as translating the reflec-
tive grating.

The upper left image in Figure 3 shows the FROG
trace of a single-pulse chirped negatively by translat-
ing the reflective grating (RG in Figure 1(A)). Positive
chirp is achievable by translating the grating in the oppo-
site direction as shown in the bottom left image of the
figure. The middle column of Figure 3 confirms that tilt-
ing the centre mirror has the same effect as translating
the grating and can introduce positive or negative chirp
depending on the direction of the tilt. The right column
of the figure shows the results of simulations where only
second-order dispersion (negative chirp for upper image
and positive chirp for the lower one) was applied to the
spectral phase. This confirms that translating the grating
or tilting the mirror merely introduces second-order dis-
persion in our experimental setup and higher orders of
dispersion are negligible.

Figure 2. An oppositely chirped double-pulse can be utilized to
climb the vibrational ladder.
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Figure 3. Introducing positive/negative chirp by tilting the centre mirror (middle column) is equivalent to introducing the chirp by
translating the reflective grating (left column). The right column shows the results of simulations when only second-order dispersion

is present.

These results confirm that it is possible to introduce
opposite chirp to the two slices of the double-pulse by tilt-
ing the M2 and M3 mirrors in Figure 1(B). Since we want
the high-frequency slice to have negative chirp and the
low-frequency slice to have positive chirp, the outer edges
of the two mirrors need to be titled towards the curved
mirror (CM). This ensures that the highest and the low-
est frequency components experience the shortest optical
path and arrive earliest.

3.2. FROG traces of the double-pulses with different
time delays between the two slices

FROG retrieval algorithms have limited capability to
reconstruct the delicate features of double-pulse FROG
traces. Moreover, the information about the time delay
between the two slices of the double-pulse is difficult
to obtain from FROG retrieval algorithms. Simulated
FROG traces of single-pulses and a few transform-
limited double-pulses [31,42,43] are already available
in the literature. However, simulated FROG traces for
double-pulses having dispersion, and their dependence
on the delay between the two slices of the double-
pulse have not been published, to the best of our
knowledge. Moreover, our application has the addi-
tional complexity that the two slices have different non-
overlapping spectra. Thus, simulated FROG traces are
required for the development of our proposed double-
pulse stretcher—compressor and can also be utilized as
a diagnostic tool for other double-pulse applications, as
direct retrieval is not an option. Therefore, a MATLAB

script was written to simulate the relevant FROG traces.
The results of the simulations are provided in this and the
following sections.

The dependence of the FROG traces on the delay
between two slices of the double-pulse when this delay
is comparable to the pulse duration (small-delay limit)
is investigated first. The case of both zero second-order
dispersion and non-zero second-order dispersion were
considered. Figure 4 shows the simulated FROG traces
for the case where the second-order dispersion is zero,
at three different time delays (0, 60, and 120 fs) between
the two slices. As seen in the left panel, a double-pulse as
short as the input single-pulse is achievable if the delay
between the two slices is zero. However, the FROG traces
are counterintuitive for longer delays.

The FROG traces are even less intuitive when the
second-order dispersion is non-zero and the two slices
are oppositely chirped. Figure 5(A) shows the FROG
trace of a double-pulse where the high-frequency slice
has negative chirp, and the low-frequency one has pos-
itive chirp, while the delay between the two slices is kept
zero. As seen, the FROG trace looks nothing like the
schematic in Figure 2. Similar to the previous case, the
FROG traces change shape as the delay between the two
slices is increased, as shown in Figures 5(B,C). From
an experimental standpoint, precise control of the delay
between the two slices, corresponding to the use of a
translational stage with small enough step size (TS2 in
Figure 1(B)), is required to obtain a FROG trace simi-
lar to the one predicted in Figure 5(A). Note that at a
large delay (Figure 5(D)), the FROG trace begins to look
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Figure 4. Dependence of the FROG traces on the time delay between the two slices (small-delay limit), when no second-order dispersion

is present.

zero delay

(B)

60 fs delay

860 15 16
’g 840 12
=
£ 820 {8
° 800
> 4
® 4
= 780

760 0 0

120 fs delay (D) 1000 fs delay
860 -
" J

’g 840
=
£ 820 12
6 15
o)
B 800
= 1
= 780 05

760 0

-300 -150 0 150 300 -300 -150 0 150 300
time (fs)

Figure 5. Dependence of the FROG traces on the time delay between the two slices when they are chirped oppositely.

like what one would expect from Figure 2, but since the
two slices are not occurring at the same time, the actual
double-pulse is not like Figure 2.

FROG traces when the delay between the two slices
of the double-pulse is significantly larger than the pulse
duration (large-delay limit) are interesting. As shown in
Figure 5(D), such FROG trace looks increasingly like
what is expected intuitively for two oppositely chirped
pulses, although, again, this is deceptive, as the two slices
are very farther apartin time. In this case, the FROG trace
has additional features that need to be explained. During
a FROG measurment, as the gate pulse scans the time

domain (#), it convolutes with the double-pulse at three
different instants in convolution times () indicated in
Figure 6(B-D). This creates three images separated by
a time interval equal to the time delay between the two
slices of the double-pulse (at —1500, 0, and 1500 fs in the
FROG trace of Figure 6, where the time delay between
the two slices of the double-pulse is 1500 fs).

Since the convolution signal around zero convolution
time (f.), indicated by C in the figure, has two com-
ponents with a delay in time (t), an interferogram is
generated after transforming to the frequency domain.
The resultant interferogram at zero convolution time is
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Figure 6. Formation of three images in the FROG trace for large-delay limit.

shown in the right bottom panel of Figure 7. The spac-
ing between the fringes of the interferograms depends
on the delay between the two slices of the double-pulse
and is reduced as the delay between the two slices is
increased, as seen in Figure 7. The spacing between the
fringes is clear when the delay between the two slices of
the double-pulse is 1000 fs (top left panel of Figure 7), but
it becomes very small and barely distinguishable for 3000
fs (top right panel of Figure 7). To detect theses inter-
ferograms experimentally the resolution of the FROG
detector needs to be sufficiently smaller than this spacing.

3.3. Using a transform-limited single-pulse as the
gate

Given the complexity of the FROG traces, our simula-
tions suggest that using a transform-limited single-pulse
as the gate can produce simpler FROG traces. However,
the alignment of the FROG instrument would be more
difficult in this case.

The top panel in Figure 8 shows the FROG traces for
double-pulses with zero second order dispersion in both
small-delay (0 fs, Figure 8(A)) and large-delay (1500 fs,
Figure 8(B)) limits, when a transform-limited pulse is
used as the gate. Results of similar simulations for oppo-
sitely chirped double-pulses are shown in the bottom
panels (Figure 8(C,D)). As seen, the FROG traces for

both small-delay and large-delay limits are much sim-
pler when a transform-limited gate is used, compared to
the ones that obtained previously (Figure 4 and Figure 5)
with a replica of the signal as the gate.

3.4. Dependence on the cutting width

The cutting width of the spectrum is another parameter
affecting the FROG traces and needs to be investigated.
The cutting width is the gap between the two maxima
of the double-pulse in the frequency domain, caused
by the elimination of the centre part of the spectrum
in the experimental setup. A non-zero cutting width is
inevitable due to the fact that there needs to be a non-
zero distance between the M2 and M3 mirrors in the
experimental setup (Figure 1(B)).

Results for both small-delay and large-delay limits for
a double-pulse with oppositely chirped slices at three dif-
ferent cutting widths (0, 21, and 42 nm) are shown in
the upper and lower panels of Figure 9. As expected, the
only major effect is a reduced intensity at the centre of
the FROG traces when the cutting width is increased. It
would be ideal to keep the cutting width minimal in the
experimental setup to make use of the entire spectrum
of the pulse. All the simulations in the previous sections
were generated by considering a 21 nm cutting width.
Furthermore, as mentioned above, the results are insensi-
tive to the exact functional form of the cut. For example,
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Figure 7. Dependence of the FROG traces on the time delay between the two slices (large-delay limit). The spacing between the fringes

of the interferograms depends on the delay between the two slices.

a straight notch with the same width gives very similar
results.

4, Conclusion and future work

It was demonstrated experimentally that tilting the cen-
tre mirror of the stretcher—compressor is equivalent to
translating the reflective grating and introduces pure
second-order dispersion to the input pulse. This equiv-
alence is the principle working mechanism of our pro-
posed double-pulse stretcher—compressor. The desired
second-order dispersion can be introduced to each slice
of the double-pulse separately by tilting the respective
centre mirror. This enables us to generate a double-pulse
with oppositely chirped slices which is ideal for RCAP
experiments.

The challenging part is the characterization of the
generated double-pulses. The relevant PG FROG traces
are counterintuitive and strongly depend on the delay
between the two slices. FROG retrieval algorithms have
limited capability in the reconstruction of delicate fea-
tures of these double-pulse FROG traces and the infor-
mation regarding the time delay between the two slices

is not readily available. Therefore, a code was developed
to simulate these FROG traces under different experi-
mental conditions and to investigate their dependence on
the delay. The results of the simulations are presented in
this work and provide a diagnostic tool for the charac-
terization of double-pulses generated using our proposed
double-pulse stretcher—compressor, as well as other sim-
ilar ultrafast laser double-pulses.

The simulation results show that an output double-
pulse almost as short as the input single-pulse is
achievable, when zero dispersion is introduced by the
stretcher—compressor. Therefore, if an autocorrelator is
used to measure the pulse duration experimentally, a
close value should be obtainable for both the input and
output pulses. The respective FROG traces in this case
are almost analogous, as well. However, the FROG traces
of the output double-pulse strongly depend on the delay
between the two slices when the delay is comparable to
the pulse duration.

The FROG trace of an oppositely chirped double-
pulse with zero delay between the two slices is
counterintuitive and varies quickly with a change in
the delay. Therefore, it is very likely for the zero-delay
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point to be missed when experimental FROG mea-
surements are made, without having the current sim-
ulations as a guide. Achieving a zero-delay between
the two slices of the double-pulse is essential for con-
ducting dynamical measurements like RCAP. There-
fore, a very precise control of the delay between

the two slices in the experimental setup along with
the simulated FROG traces at hand are required to
achieve the zero-delay point. Our simulations also sug-
gest that the use of a transform-limited single-pulse
as the gate in the PG FROG instrument leads to
simpler FROG traces compared to the case when a



replica of the stretcher—compressor output is used as the
gate.

We plan to employ the zero-delay oppositely chirped
double-pulses, shown in Figure 5(A), for RCAP measure-
ments on nitrogen and iodine molecules and demon-
strate the first experimental realization of excitation on
the vibrational ladder through RCAP for these molecules.
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