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1. Introduction

Tailoring ultrashort pulses in the mid-infrared wavelength regime is a powerful tech-
nique for applications in spectroscopy [1-3] and particularly coherent control [4-7],
where having adaptive control over the pulse shape can significantly enhance the
outcome of chemical reactions.

Many of the commercially available pulse shaping devices such as liquid crystal
modulators (LCMs) [8] and acousto-optic modulators (AOMs) are normally only suit-
able for the visible and near-infrared (NIR) wavelengths, requiring that alternative
methods be used for other regimes such as the ultraviolet (UV) or mid-infrared (MIR).
Such methods include the use of a micromirror array for phase-only pulse shaping [9]
as well as spectral amplitude and phase shaping with a fused silica AOM [10] for
the UV. Direct shaping of MIR pulses has been demonstrated with dispersive fibres
and/or grating compressors [11-13] but these techniques are not programmable and
therefore not suited to adaptive pulse shaping. More recently however, high resolution
pulse shaping was achieved using a Ge-doped AOM [14] but such acoustic devices are
limited to kilohertz repetition rates.

An alternative approach is to indirectly shape the pulse by initial shaping in the
NIR before transferring the pulse to the MIR using an optical parametric process.
Such a method was initially demonstrated with difference frequency generation (DFQG)

from the leading and trailing spectral edges of a chirped femtosecond pulse [15, 16]



generating wavelengths beyond 10pum. However other schemes have demonstrated
greater wavelength tunability and higher pulse energies from DFG of a spectrally
narrow pulse and a highly complex pulse generating shaped MIR pulses [1,17].

Previously, we have demonstrated adaptive pulse shaping in the MIR using a syn-
chronously pumped optical parametric oscillator (SPOPO) achieving both compres-
sion and the generation of a MIR double pulse output from an originally chirped
NIR pump pulse [18]. Following this demonstration of the potential for this adaptive
MIR pulse shaping technique, we progressed to numerical studies of the fidelity of
transfer, firstly in the simple single pass DFG process [19] and then to the somewhat
more complicated case of the SPOPO [20]. The effects of temporal walk-off (TWO),
group delay dispersion (GDD), signal bandwidth, signal amplification and pump de-
pletion were considered. We found that good fidelity of transfer to the idler could be
achieved by ensuring high pump depletion, low signal amplification, a narrow signal
bandwidth, minimising the pump and idler TWO and GDD, and compensating for
the pump and signal TWO by cavity length tuning.

In this paper, we experimentally investigate the parameters that affect parametric
transfer in a SPOPO, based on the findings from the previous theoretical work [20]. To
the best of our knowledge, this is the first experimental study of parametric transfer
in a SPOPO and by collective consideration of all investigated factors we demonstrate
high fidelity transfer to the MIR idler pulse. In section 2 the experimental arrange-

ment of the SPOPO and pulse characterization are described. Results for experiments



investigating the factors affecting parametric transfer are shown in section 3. Finally,

we conclude in section 4 with a discussion of our results.

2. Experimental Arrangement

A schematic representation of the SPOPO setup is shown in Fig.1. The SPOPO
comprises of a resonator of four mirrors arranged in a bow-tie configuration, a pe-
riodically poled lithium niobate (PPLN) crystal as the nonlinear medium, and an
etalon for spectrally narrowing the signal pulse. The mirrors are highly reflecting at
~ 1200 — 2000 nm, though a small amount of the signal is detected through M4 for
SPOPO monitoring purposes. Two curved mirrors (CM1,CM2) are used to achieve a
near confocal focusing condition for the resonating signal pulse over the crystal length
for optimum gain. The overall resonator length is set such that the signal round-trip
time is comparable to the pump repetition period.

Our continuous pump pulse train was generated by a Nd:YLF laser/amplifier sys-
tem, which was then spectrally broadened via self phase modulation (SPM) in a
polarization-maintaining single-mode fibre. This delivers a train of pulses into the
SPOPO at a repetition rate of 120 MHz, each with a 4 ps pulse-width at a central
wavelength of 1047 nm and a spectral FWHM of ~ 3.5 nm (958 GHz), with an average
power of up to 1.15W. It should be noted that the operation of this system varied
slightly from day to day, resulting in a small variation of the spectral intensity profile

in our different experiments.



The 10.7mm long PPLN crystal was operated at a fixed temperature of 110°C
and had five different poling periods ranging from 29.2 um to 30.2 ym to allow sig-
nal wavelengths between 1480 nm and 1600 nm to be obtained, corresponding to an
idler wavelength range of 3580 nm to 3030 nm. These parameters are summarized in
Fig. 2(a). The Sellmeier equation [21] was used to estimate the group velocity and
its dispersion parameter (GVD) for the interacting pulses in lithium niobate. The
calculated TWO between the pump and idler pulses and that between the pump and
signal pulses for the wavelengths used in our experiment are given in Fig. 2(b). It can
be seen that minimum pump-idler TWO occurs at signal and idler wavelengths of
1505 and 3440 nm, respectively. For our pump pulse parameters, we calculated that
the effect of the GDD in the lithium niobate can be neglected.

Complete characterization of the pump and idler pulses was achieved using the
cross-correlation sonogram technique [22], schematically depicted in Fig. 3. The setup
consists of a temporal delay arm and a spectral gating arm arranged in a zero dis-
persion configuration. Two-photon absorption (TPA) cross-correlations between the
temporally delayed and spectrally filtered pulses were taken at discrete frequencies
to build sonogram traces, from which the spectral phase and amplitude of the input
pulse were retrieved with an iterative deconvolution algorithm. A full sonogram trace
made of fifty discrete frequencies was acquired in less than four minutes. Character-
ization of the pump and idler pulses used similar setups but with one of the major

differences being the use of different detectors, a GaAsP detector for the NIR and an



extended InGaAs detector for the MIR. In both cases, the spectral gating arm em-
ployed a slit of width one-tenth of the total spectral width. Furthermore, we employed
a phase-sensitive detection scheme using a lock-in amplifier to improve the sensitivity
of our setup. A measured and retrieved sonogram trace together with the retrieved
spectral phase and intensity, and the autocorrelation of a typical input pump pulse

are shown in Fig. 4.

3. Results

In this section, we present our investigations on the effects of various SPOPO parame-
ters on the parametric transfer. We cover the effect of parameters such as etalon thick-
ness, input pump power and signal amplification. In addition, the effects of chromatic
dispersion, specifically the TWO between the interacting pulses, are investigated.

In analyzing the transfer fidelity, we compared the autocorrelations, spectral in-
tensities, and sonograms of the pump and idler. However, we will mainly show the
comparison between the pump and idler spectra since, for many of the results, it was
found that the autocorrelations and spectral phases showed similar profiles, and that
much of the change was in the frequency domain. We have therefore chosen a quan-
titative measure of the fidelity based on spectral intensity via the following overlap

relation:
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where € is the frequency detuning and ‘Ep,i(Q)‘z is the spectral intensity of the
pump or idler, as denoted by the subscripts p and 4, respectively. This equation is
analogous to the expression for Z given in Ref. [20], comparing the overlap of the pump
and idler spectrograms. As with Z, the spectral transfer fidelity z, ranges between zero
and unity, where zero corresponds to perfect overlap and unity indicates no overlap.

From our numerical investigations [20], we identified parameters leading to a high fi-
delity parametric transfer, such as, placing an optical band-pass filter in the resonator,
working at high pump depletion and low signal amplification, tuning the cavity length
to compensate for the pump-signal TWO, and selecting the appropriate crystal length
or idler wavelength to minimise pump-idler TWO. We therefore complied with these
requirements by providing the cavity with an etalon whilst maintaining a low loss cav-
ity by using mirrors that are highly reflecting at the signal wavelengths, working with
a pump power at three times above threshold to achieve significant pump depletion
whilst avoiding the back-conversion regime, and choosing the idler wavelength to be
3440 nm. Our subsequent investigations were based on altering individual parameters

around this operating condition.



3.A.  Resonator Parameters and Process Nonlinearity

Operating the SPOPO using the standard configuration described in the previous
section, we start by investigating the effect of the etalon on the signal bandwidth
and on the transfer fidelity. Without an etalon in the cavity, we measured the signal
bandwidth at 1505 nm to be 1.3nm (172 GHz), and the threshold was ~100 mW. We
then placed an etalon in the resonator observing an increase in theshold due to the
losses induced by the etalon. We used two etalons of different thicknesses, resulting in
signal bandwidths, measured with a resolution of 0.1 nm, of 0.5 and 0.8 nm (66 and
106 GHz), and both with similar thresholds at 180mW. The etalon angle was adjusted
to ensure that the centre wavelength of the resonating signal pulse was the same in all
cases. In addition, all results were taken operating at three times above threshold. A
small adjustment of the cavity length was made to symmetrize the spectral transfer
such that the two main idler spectral peaks were of the same height, as is the case
for the pump spectrum (see Fig.4). Figure 5 shows the retrieved idler sonogram data
for signal bandwidths of 1.3, 0.8, and 0.5 nm, corresponding to z = 0.069, 0.020, and
0.012, respectively. These results clearly show a significant improvement in fidelity of
transfer when an etalon is placed within the resonator. Moreover, further narrowing
of the signal bandwidth results in a better transfer of the two central peaks of the
spectrum, a consequence of the convolution relation.

We next consider the effect of the pump depletion on the transfer fidelity. According



to our numerical investigations [20], higher pump depletion without going to the
back-conversion regime results in an improvement of the transfer fidelity, except in
the presence of GDD. The improvement of transfer fidelity with pump depletion is
due to an effective temporal broadening of the signal pulse relative to the pump when
considering a single pass DF'G process. A more detailed explanation of this mechanism
is given Ref. [19]. We find that our experimental SPOPO results agree with these
numerical predictions. Figure 6 shows the idler spectra for pump power ranging from
two to six times above the threshold of 180 mW. It can be easily seen that, in addition
to the variation in the symmetry of the idler spectra, the transfer resolution improves
with increasing input power. The corresponding spectral transfer fidelity is plotted in
Fig. 7(b) showing an optimum at an operation of around four times above threshold.
This point roughly coincides with the maximum pump depletion shown in Fig. 7(a),
which is in agreement with the numerical investigations for negligible GDD.

The final resonator parameter we investigated was the resonator loss by replacing
mirror M4 from Fig. 1 with mirrors of different signal reflectivities. Our numerical
investigations found that increasing the resonator loss and hence increasing the re-
quired signal gain worsens the transfer fidelity as is predicted by the single pass DFG
process [19]. Moreover, we have observed both theoretically [20] and experimentally
that a high resonator loss reduces the effect of the etalon as the signal bandwidth
is broader at steady state. We operated our SPOPO using the standard configura-

tion at two-and-a-half times above the threshold in this investigation, due to the



maximum available pump power. The resulting idler spectra for M4 reflectivities of
65%, 85% and 100%, corresponding to z = 0.040,0.017 and 0.014, respectively, are
shown in Fig. 8. It can be clearly observed that the fidelity improves with increasing
M4 reflectivity, confirming our numerical investigations. The resolution of the central
peaks also improves due to an associated narrowing of the signal spectrum but, unlike
the results for increasing pump power, the overall symmetry of the spectra remain

unchanged.

3.B.  Chromatic Dispersion

Having investigated the effects of the resonator parameters, we now study the effects
of the PPLN chromatic dispersion on the parametric transfer. More specifically, we
investigate the effect of the TWO between the interacting pulses, since the effect of
the GDD is negligible for our experimental configuration.

We start by investigating the effect of the pump-signal TWO. For the combination
of wavelengths we are working at, the signal group velocity is greater than the pump
group velocity, causing the signal to walk through the pump in the PPLN and thus
distorting the parametric transfer. In our numerical work [20], we have established
that this effect can be compensated for by adjusting the cavity length in such a way
that the signal arrives at the crystal after the pump pulse. Note that, in this paper,
we define zero round-trip mismatch to correspond to the resonator length at which

minimum threshold is achieved. This is different from the definition in Ref. [20] that
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corresponds to the length for which the pump and signal pulse peaks enter the crystal
at the same time. Hence, the two definitions are related by some temporal offset which
has not been experimentally determined.

For this investigation, we used our standard SPOPO configuration, where the
pump-idler TWO was ~48 fs, and consequently the pump-signal TWO at ~1 ps. We
used an etalon to restrict the signal bandwidth to ~100 GHz at a centre wavelength
of 1505 nm. Figure 9 shows the measured idler spectra for cavity length detunings
of £80 um, +40 um and O pm, corresponding to round-trip mismatches of +267 fs,
+133fs and 0fs, respectively. An increase in cavity length detuning causes a delay
in the signal pulse arrival at the PPLN entrance, causing the higher frequency spec-
tral peak of the pump pulse, that corresponds to the trailing edge, to be transferred
more efficiently. Note that at zero round-trip mismatch, the heights of the two larger
spectral peaks are not quite equal as they are in the pump. Symmetric transfer to
the idler occurs between a round-trip mismatch of zero and —133fs, although this
seems to be coupled with a slight degradation in fidelity of the center peaks of the
spectrum. Conversely, decreasing the cavity length seems to improve the resolution
of the central peaks but compromises the symmetry of the spectral transfer.

Having investigated the pump-signal TWO, we now investigate the effect of the
pump-idler TWO. In this investigation, we changed the pump-idler TWO by vary-
ing the idler wavelength, which was achieved by using different QPM grating peri-

ods in our PPLN. As in previous investigations, we operated the SPOPO at three
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times above threshold and used an etalon to narrow the signal spectral FWHM to
~100 GHz. Figure 10 shows the idler spectra for five different PPLN poling periods,
whose transfer fidelity z is plotted in Fig. 11. It can be easily seen that the best fi-
delity is achieved at minimum pump-idler TWO where the working idler wavelength is
3440 nm. As the pump-idler TWO becomes more positive, as shown in Fig. 10(c)-(e),
the transfer fidelity of the lower frequency peak worsens. Similarly, as the pump-idler
TWO becomes more negative, the transfer of the higher frequency peak is degraded,
as shown Fig. 10(a).

It is important to mention that the degradation of the transfer fidelity indicated by
the difference in the height of the two main spectral peaks cannot always be rectified
by tuning the cavity length. When the SPOPO had a signal central wavelength of
1600 nm, we varied the cavity length by as much as £120 um, corresponding to a
total round-trip mismatch of £400 fs, and obtained various idler spectra as shown in
Fig. 12. It can be seen from this that increasing the lower frequency peak degrades
the transfer of the middle spectral peaks with no improvement to the general fidelity
of the pulse.

We compared the spectral fidelity z for our SPOPO working at two different wave-
lengths at various cavity length offsets in Fig. 13. For both cases, it can be observed
that minimum 2z coincides with near maximum pump depletion. For A; =1600 nm,
the maximum achievable pump depletion is lower than for A\, = 1505nm and the

rate of change of depletion with cavity length detuning is faster. However, despite the
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relatively small change in the pump depletion behavior, the spectral transfer fidelity
is significantly worsened by the increase in pump-idler TWO. The general trends of
pump depletion and fidelity described here are in good agreement with our numerical

results [20].

3.C.  High fidelity transfer

Finally, based on our investigations, we operated our SPOPO for high fidelity transfer
by placing an etalon in the cavity to reduce the signal spectral FWHM to ~80 GHz,
choosing a PPLN grating with minimal pump-idler TWO working at \; = 3440 nm,
compensating the pump-signal TWO by tuning the cavity length, using a low loss
resonator and operating at four times above threshold to achieve a significant pump
depletion. Figure 14(b) shows the retrieved idler sonogram trace obtained under
these conditions looking almost identical to the retrieved pump sonogram trace in
Fig. 14(a). Closer inspection of the pulses can be seen in Fig. 14(d) where comparison
of the pump and idler spectra and phase show that they are in good agreement except
for a small discrepancy in the middle peaks. Comparison to Fig. 14(c) and (e) where
there is no signal bandwidth narrowing or cavity length tuning emphasizes the im-
portance of implementing the measures that we have identfied for enhancing fidelity.
Such implementation, in this case, has resulted in an order of magnitude improvement

of spectral transfer from z = 0.15 to 0.015.
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4. Conclusions

We have experimentally investigated the factors affecting parametric transfer from
the pump to the idler in a SPOPO. The results presented here are in good agreement
with the numerical predictions in previous work [20]. We have shown that signal
bandwidth narrowing significantly improves the transfer and is easily achieved with
an etalon in the SPOPO cavity. A low loss resonator achieved by the use of highly
reflecting mirrors is required as this minimises the signal gain and helps to maintain
a narrow signal bandwidth. In addition to this, operation should be near maximum
pump depletion, corresponding to around four times above oscillation threshold, and
below the level at which back-conversion begins to distort the transfer.

Although the optimum threshold position is already very close to optimum fi-
delity, cavity length tuning can somewhat improve the fidelity by compensating for
pump-signal TWO. Temporal walk-off between the pump and idler causes significant
degradation of transfer fidelity such that good fidelity can only be achieved within a
small tolerance of the zero walk-off condition for this SPOPO arrangement, severely
restricting the tunability. However, a larger wavelength range could easily be accessed
with shorter crystal lengths or with a tunable pump source to minimise pump-idler
TWO.

For the SPOPO arrangement described in this work, high fidelity transfer was

achieved by implementing the measures identified for fidelity enhancement. The qual-
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ity of transfer was evident in the comparison of the pump and idler sonogram traces
and the retrieved spectral phase and amplitude of the pulses. To quantify the fidelity,
we calculated an order of magnitude improvement in spectral transfer fidelity. This
demonstration of high fidelity transfer in a SPOPO from the NIR to the MIR re-
alises the concept of high resolution MIR pulse shaping, via an optical parametric
oscillator device. Without active preservation of the pulse shape, the work presented
here has shown that the resolution of the required MIR pulse is severely hindered,
thereby compromising the degree of precision that is essential for applications such

as coherent control of molecules.
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Fig. 4. Sonogram data of the input pump pulse: (a) measured sonogram, (b)
retrieved sonogram, (¢) measured (circles) and retrieved (solid curve) autocor-
relation traces and (d) measured (circles) and retrieved (solid curve) spectra
with the retrieved spectral phase.
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Fig. 5. Idler sonogram data for signal bandwidths of 1.3nm (first column),
0.8nm (second column) and 0.5nm (third column). (a)-(c) Retrieved sono-
grams, (d)-(f) measured (circles) and retrieved (solid curve) autocorrelations
and (g)-(i) measured (circles) and retrieved (solid curve) spectra with the re-
trieved spectral phases (solid curve) and measured pump spectrum (dashed
curve) for comparison.
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Fig. 6. Measured pump (dashed) and idler spectra (solid) for increasing input
pump power at (a) 2x, (b) 3%, (c) 4%, (d) 5x and (e) 6x above oscillation
threshold.
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Fig. 7. (a) Pump depletion and (b) spectral transfer fidelity as functions of
the average input pump power. The points represent data and the lines are a
guide for the eye.
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Fig. 8. Measured idler spectra (solid) and input pump spectrum (dashed) for
M4 reflectivites of (a) 65%, (b) 85% and (c) 100%.
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Fig. 9. Measured idler spectra (solid) and input pump spectrum (dashed) for
increasing signal delays of (a) -267fs, (b) -133fs, (c) 0Ofs, (d) +133fs and (e)
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Fig. 10. Measured idler spectra (solid) and input pump spectrum (dashed) for
poling periods (a) 29.2um, (b) 29.5um, (c) 29.8um, (d) 30.0pum and (e) 30.2um
showing variation of spectral fidelity as pump-idler TWO varies.
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Fig. 11. Spectral fidelity z as a function of pump-idler TWO.
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Fig. 12. Measured idler spectra (solid) and input pump spectrum (dashed) for
increasing signal delays of (a) -400fs, (b) -133fs, (c¢) Oum, (d) +266fs and (e)

+400fs in an arrangement where the pump-idler TWO is 589fs.
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Fig. 13. (a) Pump depletion and (b) fidelity as functions of cavity length for
SPOPO arrangements where A\;=1505nm (solid circles) and A;=1600 nm (open
circles). The points represent data and the lines are a guide for the eye.
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Fig. 14. Demonstration of high fidelity parametric transfer. (a) Retrieved
pump sonogram, (b) retrieved idler sonogram for actively preserving para-
metric transfer and (c) retrieved idler sonogram with no attempts to preserve
transfer. (d) and (e) show the retrieved pump spectrum and phase (dashed
curve) compared with the measured idler spectrum (circles) and retrieved idler
spectrum and phase (solid) for the SPOPO arrangements maintaining and not
maintaining high fidelity transfer.
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