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Abstract:
We demonstrate how quasi-phase-cycling achieved by
sub-cycle delay modulation can be used to replace optical chopping in a
box-CARS 2D IR experiment in order to enhance the signal size, and, at the
same time, completely eliminate any scattering contamination. Two optical
devices are described that can be used for this purpose, a wobbling Brewster
window and a photoelastic modulator. They are simple to construct, easy
to incorporate into any existing 2D IR setup, and have attractive features
such as a high optical throughput and a fast modulation frequency needed
to phase cycle on a shot-to-shot basis.
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1.

Introduction

In recent years, 2D IR spectroscopy has developed rapidly into a powerful technique for studying structural dynamics of increasingly large and complex molecules [1–19]. For the application of 2D IR spectroscopy to low concentration analytes such as proteins, signal-to-noise and
signal-to-background ratios place constraints on what systems can be studied. The challenge
is to develop experimental setups that produce the strongest 2D IR signal and measure it with
the minimum amount of signal loss. A number of experimental techniques have been developed for acquiring 2D IR spectra, each with their own balance of simplicity, flexibility and
signal-to-noise levels [19].
In this paper, we focus on experimental arrangements where the 2D IR signal can be spatially
isolated from the three incident beams through phase matching and then heterodyne detected
using a separate local oscillator pulse (which, for brevity, we will denote loosely as a ‘boxCARS’ arrangement). The box-CARS geometry allows for the most flexible control of all pulse
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parameters, and is, at the same time, potentially the most sensitive 2D IR setup. However, not
only the desired heterodyned 2D IR signal is measured but also unwanted contributions which
originate from interference between scattered light of any pairwise combination of the three
incident beams, the local oscillator and the signal field. Scattering occurs when imperfections
in the windows are present (scratches, fingerprints), when the sample is impure or when the
sample is intrinsically scattering (polycrystalline materials [20], macroscopic aggregates [21]).
The scattering signal appears on the diagonal of the 2D IR spectrum and adds significantly to
the challenge of measuring small signals.
In most realizations of 2D IR spectroscopy, an optical chopper is used to block one of the
incident beams every other laser shot. By taking the difference between the two measurements,
all contributions that are present in both measurements (i.e. all combinations except those which
include the chopped beam) will be removed, while the signal remains. However, chopping
comes at a high price, as the signal is measured only every other laser shot. Furthermore, it
does not remove scattering contributions involving the chopped pulse.
In NMR spectroscopy, carefully chosen phase-cycling sequences are used to select certain
contributions and remove others [22]. In short, if the phase difference between two measurements is π , the sign of the two measurements is opposite and a subtraction will result in double
the signal of a single measurement while an addition will result in total elimination. Comparable schemes have been implemented for the optical counterparts, see for example Wiersma and
coworkers [23], Jonas [24], Warren [25], Marcus [26], Zanni [18, 27], Ogilvie [28] and Cundiff [29]. While phase shifts and pulse delays are completely independent in NMR sequences,
this is not necessarily the case for optical spectroscopy (Fig. 1). With a pulse shaper or an acoustic optical modulator (AOM), phase and delay can in fact be modulated independently [30]. If
some of the pulses are collinear, as in a pump/probe 2D IR setup [18], a single pulse shaper
can modulate the phase of two interactions [18, 27, 28]. Modulation of an experiment with four
independent beams, such as a box-CARS 2D IR arrangement, would imply adding more pulse
shapers or AOMs to achieve the necessary phase control, as for example Marcus does in the
visible [26], with the drawback that IR AOM’s are not very efficient (30-50%).
In this paper, we will present a simple quasi-phase-cycling scheme achieved by sub-cycle
delay modulation, which makes full use of all available laser shots in order to maximize the
2D IR signal-to-noise ratio. A sub-cycle delay modulation is introduced by either a wobbling
brewster window or a photo-elastic modulator (PEM), both of which modulate the optical path
length. Despite the fact that these devices generate a sub-cycle pulse delay rather than a pure
phase shift (Fig. 1a), we will show that they affect the desired 2D IR signal only minimally over
a bandwidth of many 100 cm−1 , while at the same time completely suppressing all scattering
contributions in a way similar to pure phase-cycling. These devices are simple to construct
and can easily be incorporated into any existing 2D IR setup, as they do not redirect the beam
path. Furthermore, they have essentially 100% throughput and do not cause any light losses.
We focus our discussion on 2D IR spectroscopy, but the concepts will work equally well in the
visible or UV spectral range.
2.

Theory

We describe all relevant laser fields in the time domain as
E(t) = Ẽ(t)e−i(ω0t+φ ) ,

(1)

where Ẽ(t) is the envelope, ω0 the carrier frequency and φ the phase. The frequency domain
representation of this pulse is:
E(ω ) = Ẽ(ω )e−i(ω t0 +φ ) ,
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Fig. 1. A pure π phase shift versus a quasi-phase shift achieved by a sub-cycle delay. (a)
In the time domain, a pure π phase shift will move the carrier only but keeps the pulse
envelope constant in time. A quasi-phase shift, in contrast, will move both the envelope
and the carrier. (b) In the frequency domain, the spectral phase of a pure phase modulation
is independent of the frequency (solid line). A quasi-phase shift will have a spectral phase
that varies linearly with frequency (dotted line).

where t0 is the time delay of the pulse, and where we assume Ẽ(ω ) to be real-valued (i.e.
a bandwidth-limited pulse). For spectral interferometry, the interference between any pair of
pulses i and j is given as
|Ei (ω ) + E j (ω )|2 = Ẽi2 (ω ) + Ẽ 2j (ω ) + 2Ẽi (ω )Ẽ j (ω ) cos(ω Δt + Δφ )

(3)

where Δt the time delay difference between the two pulses and Δφ the phase difference. We are
only interested in the cross term, which we define as
Si j (Δt, Δφ ) ≡ Ẽi (ω )Ẽ j (ω ) cos(ω Δt + Δφ )

(4)

In this expression, pulses Ei and E j can be any pairwise combination of the incident pump
pulses E1 , E2 , E3 , the local oscillator ELO , and the signal field E2DIR .
In a heterodyne detected 2D IR experiment (Fig. 2), three incident fields E1 , E2 , E3 with
different k-vectors k1 , k2 and k3 interact with the sample and generate the signal field E2DIR ,
which is emitted in a certain phase matching direction (k2DIR = ±k1 ∓ k2 + k3 ). It is then heterodyned with the local oscillator by spectral interferometry, Eq. (4), to give E2DIR ELO . This term
is measured as a function of t1 by scanning pulses 1 and/or 2 in time and Fourier transforming
it to obtain the ω1 axis of the 2D spectrum, while the Fourier transformation with respect to
time t3 , revealing the ω3 axis, is measured directly using a grating spectrometer and an array
detector.
In addition to the desired E2DIR ELO term, many other interference terms are present on the
detector. These originate from scattered light so phase-matching can no longer be used to eliminate them. For example, pulse 1 might scatter into the direction of the local oscillator and
interfere on the detector, causing a signal E1 ELO . As time t1 is scanned during the experiment,
this signal will oscillate according to Eq. (4) (Δt equals t1 + t2 + t3 in this case), and will give
rise to a signal along the diagonal of the 2D IR spectrum after the t1 -Fourier transformation.
The goal of this work is to suppress these types of signals.
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Fig. 2. A schematic drawing of the box-CARS 2D IR setup. An IR pulse is split into four
pulses E1 , E2 , E3 and ELO . Pulses 1 and 2 are transmitted together through one modulator
before they are split, while pulse 3 is modulated independently. The three incident pulses
generate the signal field E2DIR , which is heterodyned with the local oscillator by spectral
interferometry. The timing notation is defined at the bottom of the figure.

Finally, we note that depending on the phase matching geometry, pump-probe signals can
be present as well. They are 3rd-order signals that take two field interactions from either of
the pump-pulses 1, 2, or 3, and use the local oscillator for both the 3rd field interaction as
well as heterodyning. The pump-probe signals are inherently not phase sensitive, thus are not
oscillatory. They will appear at essentially zero-frequency after the t1 -Fourier transformation,
and hence are not so much of a concern here because they will be suppressed anyway.
Nevertheless, the phase-cycling schemes described below will also suppress these pump-probe
contributions.

2.1.

Simple phase-cycling scheme

In order to illustrate the basic concept of phase-cycling, and also the difference between a pure
phase shift and quasi-phase shift achieved through sub-cycle delay modulation, we start out
with a simple phase-cycling scheme that modulates only pulse 3. That is, pulse 3 will have
phase φ3 = 0 for one laser shot, and phase φ3 = π for the next. The phase of the signal field
E2DIR depends on the phases of all three incident pulses:

φ2DIR = ±φ1 ∓ φ2 + φ3 ,

(5)

hence, it will have the same phase as φ3 and thus will be modulated as well in this phase-cycling
scheme. Subtracting the two measurements results in
S̃2DIR,LO (Δt) = S2DIR,LO (Δt, Δφ = 0) − S2DIR,LO (Δt, Δφ = π )
= 2Ẽ2DIR (ω )ẼLO (ω ) cos(ω Δt)

(6)

Since the sign of the two measurements is opposite due to the π -phase shift in the second
measurement, subtraction will double the signal.
The optical devices we discuss below cause a sub-cycle delay modulation δ t rather than a
pure phase modulation (Fig. 1a). Equation (4) then becomes
Si j (Δt + dt) = Ẽi (ω )Ẽ j (ω ) cos(ω (Δt + δ t)).
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where we assumed that the pure phase difference is Δφ = 0. In effect, the sub-cycle delay
modulation δ t will take over the role of a phase shift Δφ . That is, we will use a time delay
δ t that equals half an optical period of the carrier frequency, δ t = π /ω0 . This will result in
a spectral phase that equals π at the center of the pulse bandwidth (ω = ω0 ) but will deviate
linearly from π for ω = ω0 (Fig. 1b). Equation (6) is then modified into
S̃2DIR,LO (Δt)

= S2DIR,LO (Δt) − S2DIR,LO (Δt + π /ω0 )
 


πω
ωπ
= 2Ẽ2DIR (ω )ẼLO (ω ) sin ω Δt +
sin
.
2ω0
2ω0

(8)

The oscillatory term is slightly different (in fact we have sin(ω Δt + πω /2ω0 ) ≈ cos(ω Δt) for
ω ≈ ω0 ), but more important is the additional sin(ωπ /2ω0 )-term, which can be interpreted as
a spectral response. For the center frequency of the pulse (ω = ω0 ), the spectral response is 1
and the pure and quasi-phase shift have the same amplitude. For off-center frequencies ω = ω0 ,
the spectral response is < 1. However, the signal reduction is very small, less than 1.2% for a
frequency window of ±10% around the center frequency. For convenience, we will call a subcycle delay of δ t = π /ω0 a quasi-phase shift Δφ ∗ = π ∗ in the following, where the asterisk
denotes that this is strictly correct only for ω = ω0 .
We reiterate that both pure and quasi-phase modulation will double the 2D IR signal compared to a configuration with a chopper, simply because the signal is measured every single
laser shot while the chopper wastes half of them. At the same time, the subtraction will suppress, for example, the scattering term E1 ELO , since neither pulses 1 nor the local oscillator
are phase modulated, hence do not change sign in the two measurements. The same holds for
E2 ELO . In contrast, the scattering term E3 ELO is not suppressed; in fact it is amplified just like
the 2D IR signal. Nevertheless, this term is not modulated as time t1 is scanned, hence it appears at zero frequency after the t1 -Fourier transform and is suppressed this way. It is therefore
crucial to put a single phase-modulator into beam 3, and not beam 1 or 2.
However, there are additional scattering terms that will not be suppressed by this simple
phase-cycling scheme. Consider for example the term E1 E3 , which originates from interference
of light scattered from pulse 1 with light scattered from pulse 3. Pulse 3 is phase-modulated
in this scheme, hence the sign of E1 E3 is inverted just like that of the desired 2D IR signal,
and the intensity of this scattering term is actually doubled. A chopper would not suppress
this type of signal either. One might assume that E1 E3 is small because it is the interference
between two scattered and thus weak fields. However, pulses 1 and 3 are intense, whereas the
local oscillator is typically much weaker, hence we observe in our lab that scattering terms like
E1 E3 are actually not so much smaller than scattering terms like E1 ELO , and severely disturb
2D IR spectra as well. In the next section, we will introduce a quasi-phase-cycling scheme that
eliminates all scattering terms.
2.2.

Double phase-cycling

To remove all scattering terms, we introduce a second modulator that phase-shifts pulses 1
and 2 together, while pulse 3 is modulated independently. The cycle is now periodic over 4
measurements. The upper part of Tab. 1 shows the states of the two modulators during these
four measurements and the signs with which they contribute to the final signal (see also Fig. 3a).
We will compare two sequences which differ by φ3 in the fourth measurement that is either +π ∗
or −π ∗ . If these were pure phase shifts, then +π and −π would of course be identical, but the
same is not true for quasi-phase shift. We will see that a −π ∗ quasi-phase shift leads to an
exact suppression of all scattering terms for all frequencies. A +π ∗ quasi-phase, in contrast,
suppresses them only at ω = ω0 , with the scattering amplitude rising linearly around the center
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Fig. 3. Comparison of exact and first-order sequences. (a) The positions of the pulses in
time for the four measurements. (b) The spectral phases of the four measurements exemplified by the scattering term E1 E3 . (c) Spectral responses. A chopper measures the 2D IR
signal only for every other laser shots, hence the overall signal is half. With quasi-phasecycling, every laser shot is used, so the signal is larger, but a tiny frequency dependence of
the response is present (see Eqs. (11) and (12)). The exact sequence will completely eliminate scattering (see Eq. (9)), while scattering will rise linearly off the center frequency for
the the first-order sequence (see Eq. (10)).

frequency. We therefore will call the former sequence the ‘exact sequence’ while we refer to
the latter as a ‘first-order sequence’ (higher order suppression can be achieved in this case as
well, see Ref. [31]).
We demonstrate the scattering suppression for the specific case of E1 E3 , though the result is
general. Measured with the exact sequence, we obtain:
S̃13 (Δt)

=

+S13 (Δt, Δφ ∗ = +π ∗ ) − S13 (Δt, Δφ ∗ = 0)
+S13 (Δt, Δφ ∗ = 0) − S13 (Δt, Δφ ∗ = +π ∗ ) = 0

(9)

where Δφ ∗ is the overall spectral phase of that term (Tab. 1). The first and fourth measurement
make a pair with the same time delay Δt − δ t, so do the second and third measurement with time
delay Δt (Fig. 3a, right panel). The frequency domain equivalent of this statement is depicted in
Fig. 3(b), right panel: pairwise two measurements with identical spectral phases are subtracted,
hence the elimination of the scattering term is exact (Fig. 3c).
In contrast, the first-order sequence eliminates scattering only incompletely. That is, the second and third measurement again form a pair that exactly cancels, but the first and fourth
measurement have different time delays Δt ± δ t (Fig. 3a, left panel), or opposite spectral phases
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Table 1. The states of the two modulators for the four measurements of the phase cycle
(row 2-3) and the sign (row 4) with which they contribute to the final signal. For the fourth
measurement, two different phase-shifts are introduced for φ3 , leading to the first-order
(φ3 = π ∗ ) and the exact (φ3 = −π ∗ ) sequence, respectively. The first column lists all possible combinations of fields that may interfere on the detector, the second column the overall
phase of this term which is then spelled out in column (3-7) for each of the four measurements of the cycle. The two right-most columns list the final signal for the first-order and
the exact sequence, respectively. The asterisk means that the result is not exact when quasiphase shifts are used, i.e. 0∗ refers to Eq. (10) and 1∗ to Eq. (11) or Eq. (12), respectively.

Fields
E1 E2
E1 E3 , E2 E3
E1 E2DIR , E2 E2DIR
E1 ELO , E2 ELO
E3 ELO
E3 E2DIR
E2DIR ELO

Measurement
1
2
3
4
∗
∗
∗
Phase φ1,2 π
π
0
0
Phase φ3∗
0 π ∗ 0 +π ∗ −π ∗
Sign + − +
−
Overall phase Δφ ∗
φ1 − φ 2
0
0
0
0
0
φ1 − φ 3 , φ2 − φ 3 π ∗
0
0 −π ∗ +π ∗
φ1 − φ2DIR , φ2 − φ2DIR π ∗
0
0 −π ∗ +π ∗
∗
∗
φ1 − φLO , φ2 − φLO π
π
0
0
0
φ3 − φLO
0 π ∗ 0 +π ∗ −π ∗
φ3 − φ2DIR
0
0
0
0
0
φ2DIR − φLO
0 π∗ 0
π∗
−π ∗

1st -ord
0
0∗
0∗
0
1∗
0
1∗

Ex.
0
0
0
0
1∗
0
1∗

(Fig. 3b, left panel), respectively. Hence, their subtraction does not eliminate the scattering contribution completely. The remaining scatter of E1 E3 is:
S̃13 (Δt)

=
=

+S13 (Δt, Δφ ∗ = +π ∗ ) − S13 (Δt, Δφ ∗ = 0)
+S13 (Δt, Δφ ∗ = 0) − S13 (Δt, Δφ ∗ = −π ∗ )


ωπ
−2Ẽ1 (ω )Ẽ3 (ω ) sin (ω Δt) sin
ω0

(10)

For the center frequency ω = ω0 , the second sine-term is zero and the scatter is eliminated.
However, around the center frequency the sine term rises linearly and scatter elimination will
be incomplete (Fig. 3c). For a frequency that is ±10% off-center, roughly 15% of the scatter
remains.
Table 1 summarizes what we have just demonstrated for E1 E3 . For the exact sequence, all
possible scattering terms are eliminated exactly for all frequencies despite the fact that we
achieve only a quasi-phase shift. The only exception is E3 ELO , however, this term will be eliminated after the t1 -Fourier transformation, as discussed earlier.
For the 2D IR signal, the exact sequence will reveal a response
S̃2DIR,LO (Δt) = +S2DIR,LO (Δt, Δφ ∗ = 0) − S2DIR,LO (Δt, Δφ ∗ = +π ∗ )
+S2DIR,LO (Δt, Δφ ∗ = 0) − S2DIR,LO (Δt, Δφ ∗ = −π ∗ )


πω
2
= 4Ẽ2DIR (ω )ẼLO (ω ) cos(ω Δt) sin
2ω0

(11)

that varies slightly more with frequency than the first-order sequence:
S̃2DIR,LO (Δt) = +S2DIR,LO (Δt, Δφ ∗ = 0) − S2DIR,LO (Δt, Δφ ∗ = +π ∗ )
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Fig. 4. (a) An optical window mounted on an electromagnetically driven torsional oscillator
for use as a pulse delay modulator. (b) The upper panel shows the oscillation of modulator
1,2, the lower panel shows the modulation of modulator 3. For the exact sequence (solid
line) the modulator has a ±π ∗ amplitude at a quarter of the laser repetition rate. For the
first-order sequence (dashed line), the amplitude is π ∗ with half the laser repetition rate.

+S2DIR,LO (Δt, Δφ ∗ = 0) − S2DIR,LO (Δt, Δφ ∗ = +π ∗ )
 


πω
πω
= 4Ẽ2DIR (ω )ẼLO (ω ) sin ω Δt +
sin
2ω0
2ω0

(12)

Again, we have sin(ω Δt + πω /2ω0 ) ≈ cos(ω Δt) for ω ≈ ω0 . For the first-order sequence,
the spectral response, sin(πω /2ω0 ), varies by ≈1.2% within a frequency window of ±10%
around the center frequency, while that of the exact sequence, sin2 (πω /2ω0 ), varies by ≈2.4%
(Fig. 3c). In both cases, this is a much smaller effect than that imposed by the spectral intensity
of, for example, a 50 fs pulse, whose FWHM would be roughly ±10% (i.e. 300 cm−1 ) at
ω0 = 1600 cm−1 .
3.
3.1.

Experimental
Wobbling brewster window

Mounting a window on a resonant torsional oscillator to tilt it periodically is a simple and
robust method to rapidly modulate the delay of a laser pulse train with controlled frequency,
phase and amplitude. The major design parameters are Δθ , the torsion angle required to generthe entire rotor and κ , the spring
ate an appropriate delay change δ t, the moment of inertia I of 
constant of the oscillator (giving the resonance frequency f = κ /4π 2 I). The delay time modulation δ t/Δθ increases with increasing overall window angle θ , so it is convenient to rotate
the window about the Brewster angle. For example, a 3 mm thick ZnSe Brewster mounted window (≈ 67.6◦ at λ =6 μ m) will, when rotated by Δθ = ±0.07◦ make a delay δ t equivalent to
plus/minus half an optical cycle for an infrared pulse of 6 μ m center wavelength.
Figure 4(a) shows schematically a typical device. An optical window (1) is glued to an aluminum block (3). Also glued onto each end of the block (4) are 3.2 mm square NdFeB magnets. The block is then attached either mechanically or with glue to a torsion member (5), itself
clamped to a mounting block firmly secured to the optical bench. Driver coils (2) (10 μ H,
Imax ≈ 0.14 A DC) are positioned to within 1 mm of the oscillator magnets, with one coil used
to drive the oscillator and the other as a pickup for diagnostic purposes. The torsion members
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tested here are single ended pivot (flexure) bearings (Riverhawk) and thin stainless steel tubes.
A flexure bearing is an arrangement of stainless steel spring leafs connecting two independently
rotating cylinders, allowing limited low friction torsional movement of one of these cylinders.
In the device we constructed, the ZnSe window had dimensions 3 × 1 × 0.3 cm3 . The flexure
bearing had a factory specified spring constant and moment of inertia of 21 N cm/degree and
4.4 g cm2 , respectively. The total moment of inertia of the bearing, window, magnets and aluminum block together was 8.2 g cm2 , giving a resonance frequency of 550 Hz with a width of
a few Hz. For the 1 kHz repetition rate lasers used in our experiments, the modulator resonance
was adjusted to ≈500 or 250 Hz by adding mass to the aluminum block. When using a steel
tube as torsion member, in contrast, the spring constant of a tube with length L and shear modulus G is κ = Gπ (D4 − d 4 )/32L (where D and d are the outer and inner diameters, respectively).
Therefore the resonance frequency can be adjusted simply by changing the length of the tube
protruding from the mounting block. For the devices tested, the coils and magnets used are
capable of driving both torsion members at amplitudes of several degrees with drive levels of
less than 10 V. This corresponds to tens of optical cycles scanned at 6 μ m.
The devices are driven by a square wave with either 250 or 500 Hz, divided down from
the regenerative amplifier 1 kHz Pockels cell trigger (since oscillation of the wobbler is a
resonance effect, driving it with a square wave results in a sine-modulation). A tunable delay
is used to adjust the wobbler’s phase relative to the Ti:S laser pulse train, and a tunable gain
amplifier to adjust the amplitude of the modulation. Adjustments of these parameters are made
during operation of the 2D IR experiment to optimize for signal and at the same time minimize
scatter.

3.2.

Photo elastic modulator

For higher laser repetition rates, a Photo Elastic Modulators (PEM) can be used. A PEM compresses and stretches a crystal at its acoustic resonance frequency. The two extremes have opposite birefringence and act as waveplates in perpendicular directions. PEMs are commonly used
as a way to change the polarization of a beam but can also be used to introduce a quasi-phase
shift by orienting the modulation induced optical axis parallel or perpendicular to the beam polarization. The crystal is driven at its sharply defined resonance frequency and is factory-set for
an individual device. This makes it necessary to synchronize the laser to the PEM [32]. For the
simple two-cycle scheme (Sect. 2.1), the laser frequency is derived from the PEM frequency as
fLaser = 2 fPEM /(2n + 1), using a phase locked loop (PLL, to double fPEM ) and a subsequent
divider by an odd number. The integer number n is chosen such that the repetition rate fLaser
closely matches that for which the Ti:S amplifier is optimized. In this way, one laser shot will
see one extreme of the crystal oscillation, and the next laser shot the other extreme (after a
proper phase adjustment of the oscillation).
A ZnSe based PEM (Hinds Instruments) with a resonance frequency of 50 kHz is used here.
The modulation depth of this PEM is sufficient to achieve a π quasi phase shift for wavelengths
less than 6.5 μ m. Anti reflective coating of the ZnSe crystal gives 80-90% transmittance
between 3 and 6 μ m. In principle, a 50 kHz resonance allows for laser repetition rates of up to
100 kHz (i.e. n = 0), or even 200 kHz if the four phase-cycle sequence is used. However, in the
latter case, two PEM’s have to be synchronized to each other.

3.3.

Experimental verification

The quality of scattering elimination was tested using two wobbling brewster windows. Pulses
1 and 3 (with a pulse separation of Δt ≈ 1.5 ps) were scattered from a 30 μ m pinhole and their
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Fig. 5. Experimental scattering elimination using the first-order and the exact sequences.
(Top) ) Original scattering signal, (middle) suppression using the first-order sequence; the
10x zoom (thin line) illustrates that the elimination is complete only for the center frequency (around 1640 cm−1 ). (Bottom) Exact sequence, which reduces the scattering by a
factor 400.

interference was measured on an array detector. Both the first-order and the exact sequences
have been implemented. In the first case, modulator 3 produced a π ∗ phase shift at 500 Hz (i.e.
half the laser repetition rate, see Fig. 4(b), lower panel, dotted line) and modulator 1,2 a π ∗
phase shift at 250 Hz (Fig. 4b, upper panel). In the second case, modulator 3 produced a ±π ∗
phase shift at 250 Hz (Fig. 4b, lower panel, solid line). Note that both the wobbling brewster
window and the PEM can only produce a sine-shaped delay modulation, since these are resonant oscillators. However, by introducing a proper amplification and delay for modulator 1,2,
the required quasi-square modulation with φ1,2 = (π ∗ , π ∗ , 0, 0) can be realized (Fig. 4b, upper
panel).
Figure 5 summarizes the results of these experiments. The full scattering amplitude E1 E3
Eq. (4) is shown in the upper panel, and its suppression by the first-order sequence in the
middle panel. The suppression is complete for the center frequency (1640 cm−1 in this case),
but the scattering amplitude increases linearly around it according to Eq. (10). In contrast, the
exact sequence suppresses the scattering by more than a factor 400 (see Eq. (9) and Fig. 5,
lower panel). The remaining signal can be attributed to the slight non-linearities in δ t/Δθ , the
precision to which the amplitudes of the modulators can be matched, and the small lateral offset
introduced by the wobbling Brewster windows.
4.

Discussion and conclusions

As has been stressed before by many authors [18, 24, 30], delay modulation and phase modulation are the same only for monochromatic light. For short pulses with non-negligible Δω /ω , the
spectral phase becomes important and makes the design of a pulse sequence more complicated.
Nevertheless, as we demonstrate in this paper, by properly placing and operating sub-cycle delay modulators, one can double the 2D IR signal (compared to a configuration with a chopper).
The signal deviates very little from what would be obtained by pure phase-cycling, with a spectral response variation that is much smaller than that originating form the limited bandwidth of
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the pump pulses. Furthermore, population time t2 is modulated as well, effectively reducing the
t2 -time resolution by 10 fs for 6 μ m light. At the same time, all possible scattering contribution
are suppressed exactly for all frequencies, despite the fact that only a quasi-phase-cycling is
achieved. Both modulation devices discussed here (wobbling brewster window and PEM) are
simple and can be implemented in essentially any existing 2D IR setup, as they do not require
any change of the beam geometry. Furthermore, in particular the wobbling brewster window
has practically no losses since the window is introduced in the Brewster angle.
Modulating the pulses on a shot-to-shot basis gives the best correlation between laser shots
and hence the lowest possible noise. The home built phase modulator devices were designed
to operate at the 250 Hz frequencies dictated by the 1 kHz amplifier. As higher laser repetition
rates are becoming more common, we also investigated the feasibility of achieving higher modulator resonance frequencies. A 1 × 1.5 × 0.1 cm3 BK7 window mounted on an L = 0.35 cm
tube was found to have a resonance frequency of 2.5 kHz and Δθ = 0.1 ◦ for a 10 V drive
level, indicating that based on the principles described here, suitable IR modulators may be
constructed for laser systems running at up to 10 kHz. We note that a more complicated tapered
rod design for mirror scanning is described in the literature that achieves large angular excursions at frequencies up to 10 kHz [33]. For repetition rates that are beyond the feasibility of a
wobbling Brewster window, a PEM can be used.
We have restricted our discussion to infrared modulation. We note that for visible experiments, although modulator options are more varied (e.g AOMs, EOMs, liquid crystal modulators etc.) than for the infrared, the modulators proposed here offer a convenient and low cost
alternative as well.
A detailed scheme of the wobbling Brewster window is available from the authors and will
be developed into a kit for interested laboratories.
Acknowledgments
We would like to thank Jan Helbing for helpful discussions and Martin Haller for friendly
technical support. This work was financially supported by an ERC advanced investigator grant
(DYNALLO).

#136705 - $15.00 USD

(C) 2010 OSA

Received 20 Oct 2010; revised 11 Nov 2010; accepted 16 Nov 2010; published 8 Dec 2010

20 December 2010 / Vol. 18, No. 26 / OPTICS EXPRESS 27078

