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ABSTRACT: We demonstrate use of spatial interference for the complete electric field
reconstruction of two-dimensional (2D) coherent spectroscopic signals generated through
four-wave mixing (4WM) in a single laser shot. Until now, the amplitude and phase
characterization of 4WM signals has relied primarily on Fourier transform spectral
interferometry (FTSI), which limits the measurement’s sensitivity and resolution. We show
that spatial spectral interferometry (SSI) is a generalized approach to 4WM signal
detection that eliminates these inherent limitations of FTSI without introducing additional
experimental complexity. SSI is used to measure the 2D photon echo spectra of two
systems with dramatically different line widths, the coupled D line transitions in rubidium
vapor and the energy-transfer dynamics in the light-harvesting protein LH2.

. . . 1-4
wo-dimensional Fourier transform spectroscopy

(2DFT) probes correlated optical transitions and femto-
second time scale dynamics in complex, condensed-phase
molecular systems. Applications of two- and higher-dimensional
coherent s(?ectroscopic methods in the infrared,® visible,® and
ultraviolet® spectral regions have been demonstrated for
probing various photophysical properties in a wide range of
materials and biological systems such as semiconductors,””
atomic alkali vapors,”'® hydrogen-bonded networks,'' and
pigment—protein complexes.lz’13

One main method for measuring 2DFT spectra is by
acquiring the phase-matched signal radiated in a four-wave
mixing (4WM) process. The advantages of this method include
background-free measurements (in the case of a fully
noncollinear phase-matched geometry) and reduced acquisition
time when directly detecting the signal field in a spectrograph.
GRadient-Assisted Photon Echo Spectroscopy (GRAPES),'>'*
an extension of the three-pulse photon echo (3PE) method for
2DFT spectroscopy, acquires a 2DFT spectrum in a single laser
shot, greatly reducing the mechanical stability requirements and
further minimizing the acquisition time compared to conven-
tional delay-scanning approaches. GRAPES harnesses a spatial
dimension of the excitation pulses to spatially encode temporal
information in the sample, multiplexing what would otherwise
be parametric sampling of pulse delay times. Here, we
demonstrate the use of spatial interference (at the detector)
in the 4WM signal detection alongside the inherent spatial
interference (at the sample) that spatially encodes the signal in
GRAPES. The introduction of spatial interference allows for
higher resolution in spectral phase recovery and greater
sensitivity compared to spectral interference alone.

Fourier transform spectral interferometry™>~>° (FTSI) is a
well-developed method for measuring the spectrum and
spectral phase of 4WM signals. FTSI relies on spectral
interference between the signal field and a reference field
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(separated in time by several pulse durations), therefore
requiring frequency resolution at the detector several times that
needed to merely resolve the spectral features in the signal
field.*" Practically, this limits the frequency resolution of the
recovered spectral phase to a fraction (typically about one-fifth)
of the spectrometer resolution.”" For signal fields with spectral
widths on the order of the spectrometer resolution, FTSI will
fail because the spectral fringe spacing necessary to isolate the
interference peaks from low-frequency (DC) peaks in the
Fourier transformed spectral interferogram will fall below the
spectrometer resolution.

Spatial spectral interferometry (SSI) is an extension of
spectral interferometry in which the signal and reference beams
cross and overlap spatially at the detector such that spatial
interference fringes are formed. This technique has been
utilized®** for pulse characterization, where it enables shot-to-
shot recovery of the pulse spectrum and spectral phase with
high frequency resolution. SSI does not require a time delay
between signal and reference fields, although it can
accommodate such a configuration. Fourier transforming
along the spatial dimension enables the signal—reference
interference terms to be isolated. Because the interference
occurs along a spatial dimension orthogonal to the spectrally
dispersed dimension, the full resolution of the spectrometer can
be utilized in spectral phase recovery.’' In addition, use of
spatial interference fringes for signal isolation in SSI, as
opposed to spectral fringes as in FTSI, reduces the required
spectral resolution to only that necessary to resolve the signal
spectrum.
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In this work, we demonstrate the application of SSI to
GRAPES for detecting 4WM signals generated in rubidium
(Rb) vapor and in LH2, a light-harvesting complex found in
purple bacteria. These systems have transitions with widely
different spectral widths, ranging from less than 1 cm™" for the
collisionally broadened rubidium vapor D lines to more than
300 cm ™" for the B800 and B850 bands in LH2, demonstrating
the flexibility of SSI. Due to the exceptional narrowness of the
Rb D lines, whose widths are on the order of our spectrometer
resolution (~0.5 cm™"), this experiment would not be possible
with traditional FTSL

Spatial interference (induced by a nonzero crossing angle
between beams) can be used either on its own or in
conjunction with spectral interference (induced by a nonzero
time delay between fields). When used together, spatial
interference compliments spectral interference by relaxing
frequency resolution requirements and therefore increasing
sensitivity. In principle, use of SSI instead of FTSI introduces
no new experimental complexity to a GRAPES experiment
because the signal—beam 4 crossing angle must be charac-
terized in either case. Likewise, no additional calibration
measurements are necessary for SSI compared to FTSI,
although new methods for processing and utilizing these
calibration measurements are presented here.

The theory of 2DFT spectroscopy has been described
elsewhere,>***** and therefore, we will focus on the aspects
related to GRAPES and signal recovery. In conventional 2DFT
spectroscopy, the time delay 7 between pulses 1 and 2 (Figure
la.) is sequentially scanned to build up a set of interferograms
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Figure 1. (a) Ilustration of (ai) the pulse sequence and (aii) the
noncollinear phase-matching geometry used in GRAPES with SSI with
additional views (a.ii) in the x—y plane prior to the sample and (a.iv)
in the x—z plane at the sample for coincident pulses. (b) Different
stages in data processing, including (b.i) the signal pulse 4 spatial
spectral interferogram with the pulse 4 interferogram subtracted, (b.ii)
the Fourier transform of (b.i) demonstrating peak shift/tilt due to a
nonzero angle between pulses 3 and 4, and (b.iii) the pulse-tilt-
corrected 2DFT spectrum. (Diagrams are not drawn to scale.)

prior to Fourier transformation. This process is multiplexed in
GRAPES, where a range of 7 delays are sampled simultaneously
by tilting beam 1 relative to beam 2 and focusing with a
cylindrical mirror to a line in the sample (Figure laii). Each
point along the focal line in the sample has a unique 7 value and
is imaged onto a 2D image sensor in a spectrograph, yielding a
set of 7-dependent interferograms for each laser shot.
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In the work presented here, the wave vectors of beams 1, 2,
and 3 and the signal (kl, kz, k3, and ks, respectively) form a
rhombus (or diamond) at the crossing point in the sample
(Figure la.i and a.ii). Beams 1, 2, 3, and 4, initially parallel to
one another, impinge on a GRAPES mirror, followed by a
cylindrical concave mirror with its cylindrical axis aligned along
x that focuses the beams to a line in the sample. The GRAPES
mirror tilts beams 1 and 4 such that they cross beams 2 and 3 in
the sample at a common focal line. Moving beam 1 further
from beams 2 and 3 increases the crossing angle 8, = 6, — 0,
in the sample (see Figure la.iv), thereby extending the range of
sampled 7 delays. Because beams 2 and 3 have a zero crossing
angle in the x—z plane (see Figure la.iv), the time delay
between pulses 2 and 3, or waiting time T, is constant along x.

When two plane wave electric fields (E; and E) of the form

E(r, 0) = e(o) expligp(e) + ik(w) 1] 1

overlap spatially, their electric fields sum, yielding a
spatiospectral intensity interference pattern given by

I(r, )  [E, + B = B + B + BE] + B, (y
where [E* and |E I* are the intensity spectra of fields i and j,
respectlvely, e(a)) is the spectral envelope, ¢(®) is the spectral
phase, k(w) is the complex wave vector, and r is the position.
(A circumflex or “hat” is used to denote complex-valued
quantities, and bold face type is used for vectors.) The
rightmost two terms in eq 2 contain the interference between
the two fields. Using eq 1 to expand the EE”< interference term
yields

B(r, 0)E)(r, 0) = (0)g(0) X explildy(®) — ¢()]

+ilk (@) - k()]1) -
which contains the spectral phase difference [¢(@) — ¢;(@)]
and the spatiospectral interference wave vector [ki(@) — k()]
between fields i and j.

For the typical case of propagation through a transparent
medium (e.g,, visible light in air), the imaginary part of the
wave vector k(w) is negligible such that k(a)) Re[ k(a))
k(w). Along the direction parallel to [ki(@) — k()] defined
by a spatial detection unit vector uy,, the spatial interference
frequency is

g.
““w_ k(w k()| = 2||k(®)]|| sin| =~
(@) = k(@) - k(@)]| = 2liK(@)] (2) »

where |[k(w)]| = lk(o)]| = |lk(a)]|.

When using SSI, the GRAPES signal—reference interfero-
gram (Figure 1b.i) is spatially modulated due to the spatially
varying spectral phase difference between the signal and
reference fields. The spatial dependence of the relative
signal—reference spectral phase arises from the combination
of two effects. First, a spatially varying 7, imprinted onto the
sample by a nonzero tilt between pulses 1 and 2 [i.e,, ||k, (@) —
k,(@)|| # 0], results in a spatially varying signal spectral phase
due to the inherent 7 evolution of the third-order polarization
in the sample; this is the phase that we ultimately want to
retrieve. Second, a spatially varying signal—reference time delay
is present at the detector due to a nonzero tilt between the
signal and reference fields [ie., ||k,(@) — ky(@)]| # 0]. In order
to recover the 7-evolution of the signal relative to pulse 3, the
signal—reference interferogram must be corrected to account
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for the tilt between pulses 3 and 4 because pulse 3 defines the
zero of the spectral phase; this pulse tilt causes the peak shifts/
tilts in Figure 1b.ii. First, to correct for variations in the
spectrum and beam mode of the reference pulse, the signal—
reference spatial spectral interferogram is divided by the square
root of the spatial spectral interferogram containing only pulse
4. Second, the signal—reference spatial spectral interferogram is
interpolated from an axis with equal wavelength steps onto an
axis with equal frequency steps. The tilt correction is
accomplished by multiplying the interpolated signal—reference
spatial spectral interferogram I (w,,x) (Figure 1b.i) by a
complex-valued factor, yielding

k3(a)t)] X} (5)

where [ky(®w,) — ky(@,)] is extracted from spatial spectral
interferograms between pulses 3 and 4 (see the Experimental
Methods). Taking the fast Fourier transform of I (w,; x) along
x yields the 2D signal S(a)t,Ak) Substituting for k = wn/c
gives the 2D signal spectrum S,p(@,,@,) (Figure 1b.ii) as a
function of the excitation frequency (w,) and detection
frequency (®,). This tilt correction procedure, which is valid
for any signal—beam 4 crossing angle, i is 2 eneralization of the
process used in prior GRAPES studies'”™** that treated the
special case of zero signal-beam 4 crossing angle. This
procedure is robust to changes in optical alignment as long as
the spatial spectral interferograms between beam pairs are
acquired along with the signal interferograms under the same
conditions.

2DFT spectra of Rb vapor and LH2 were measured using the
GRAPES setup. Laser pulses with wavelengths spanning from
750 to 850 nm were generated through filamentation by
focusing the output of a 1 kHz Ti:sapphire regenerative
amplifier (Coherent, Legend Elite) into a pipe filled with 1 bar
of argon, as previously described*® The output of the
filamentation stage was compressed by a chirped mirror
compressor and subsequently split using dielectric beam
splitters into four beams, three excitation beams (for pulses 1,
2, and 3, each with 375 nJ pulse energy or ~1.3 X 107%/cm?
pulse fluence) and one reference beam (for pulse 4). The signal
field was detected by SSI using a reference pulse (pulse 4) that
propagates through the sampIAe at an angle relative to the phase-
matched signal direction [k(w,) = k(—w;) + 122(602) +
k3(a)3) ], such that k, was rotated by ~1° relative to k, toward
k, (see Figure laii). SSI detection is simple to implement
because modification of the crossing angle of the reference
pulse relative to the signal field is the only alteration to the
GRAPES apparatus that is necessary.

The collisionally broadened rubidium vapor D, (8%, —
%P, )3, Ay = 794.8nm) and D, (5°S,/, =5°P3),, A,, = 780.0nm)
transmons are ideal candidates for detection by SSI since their
peak shapes are exceptionally narrow (~0.3 cm™ for 650 Torr
of neon buffer gas) such that conventional FTSI with a
spectrograph of typical resolution (§ @/ 2 7c &~ 1 ecm™") would
be unable to extract the spectral phase of the signal. In addition,
the narrow peaks help demonstrate the frequency resolution
and frequency accuracy of SSI. Both being coupled to a
common ground state, the D, and D, transitions are expected
to exhibit off-diagonal cross peaks due to excitation at one
transition frequency producing signal at the other transition
frequency.

The spatial spectral interferogram between the phase-
matched 4WM signal from Rb vapor (at T = 1 ps) and the
reference pulse shown in Figure 2 exhibits both high-frequency

fsi(a)t, x) = IS4(a)t, x) exp{i[k4(wt) -
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Figure 2. Spatial spectral interferogram of the 2DFT signal radiated by
the D, transition (first panel) and the D, transition (second panel)
interfering with pulse 4 as well as slices at the D, and D, central
transition frequencies (indicated by dotted lines in the leftmost two
panels) in the detection (w,) axis (rightmost two panels, blue lines).
The beam 4 spatial profile along x is plotted for comparison
(rightmost two panels, green lines). The 2DFT relaxation spectrum
constructed from this spatial spectral interferogram is shown in Figure

3.

spatial modulation due to the nonzero signal—reference angle
and low-frequency spatial modulation due to the beating
between signals radiated at the D, and D, transition
frequencies. In order to resolve the D lines from one another
in the @, dimension, the range of 7 values sampled must be
large enough to observe at least one period of their beat
(difference) frequency 7y, _p, = [(a) D‘)/Zfz]_1 = 140 fs in

the spatial spectral interferogram, where a)eg and a)eg are the
transition frequencies for the D, and D, lines, respectively.
Beating between the D, and D2 transitions 1s clearly visible in
the slices taken from w, = a) and @, = a) ’ in the rightmost
two panes of Figure 2. While the total dephasing time of the
collisionally broadened Rb D lines is on the order of 100 ps, the
full extent of signal decay along 7 is apodized by the finite
transverse spatial mode of the beams. Because the 7 range used
here (~400 fs) was much smaller than the total dephasing time
of the sample, along the @, dimension, the shape and width of
peaks in the measured 2DFT spectra are mostly determined by
the beam transverse spatial profile and the sampled 7 range,
respectively.*®

The absolute value 2DFT relaxation spectrum in Figure 3
contains D; and D, transition peaks along the diagonal (w, =
—®,) and two cross peaks indicating coupling between the D,
and D, transitions. As stated above, the peak shapes and widths
along the @, dimension are merely reflective of the excitation
frequency resolution function of the experimental apparatus.
However, this is not a fundamental limitation because the o,
resolution can be increased to match the ®, resolution by
increasing the experimentally sampled 7 range, as is planned for
future work. Along the w, dimension, the expected D transition
line widths are on the order of the resolution of the
spectrograph. The peaks at w, = a) > exhibit slight splittin
that can be attributed to absorptive propagatlon distortions™*”
wherern the radiated 4WM signal is reabsorbed by the
sample.'®

A constant offset (~270 cm™) in the D line peak positions is
present in the excitation frequency (®,) axis compared to the
detection frequency (®,) axis. While the accuracy of both
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Figure 3. Absolute value 2DFT relaxation spectrum of the D, and D,
transitions of Rb vapor in Ne buffer gas at T = 1ps. The signal detected
at the D, (D,) transition frequency is shown in the left (right) pane.
The axis scales have been adjusted to show similar peak widths in each
dimension and an axis break introduced between the D, and D,
transitions in the detection axis.

frequency axes is limited by the calibration accuracy of the
spectrograph, the excitation axis is also limited in accuracy by
two additional effects, (1) the accuracy of Ar,(x) values
derived from the spatial spectral interferogram between pulses
1 and 2 and used to determine the 7 axis and (2) the accuracy
of the tilt correction factor in eq S derived from the spatial
spectral interferogram between pulses 3 and 4.

LH2 has two main absorption bands in the near-infrared,
B800 (e = 799 nm) and B850 (4, = 847 nm). These
spectrally broad (61 > 40 nm) bands are coupled, resulting in
cross peaks that evolve in T as the system relaxes. The intense
above-diagonal cross peak arises from energy transfer, while the
faint below-diagonal cross peak appears due to band coupling.'®

An absolute value “rephasing-like” (see the Experimental
Methods) 2DFT spectrum of LH2 at a waiting time of 1000 fs
is shown in Figure 4. Initially at T = 0, diagonal peaks at w,/27c

@:/(2xc) [1000 em™~]

T=1000 fs

12.0 12.5 13.0
@/(27c) [1000 cm™']

Figure 4. Absolute value 2DFT rephasing-like spectrum of LH2 at T =
1000 fs, smoothed along @, to match the frequency resolution of ..

= 12000 and 12750 cm™! are present, attributed to the B850
and B800 bands, respectively. By T = 1000 fs (Figure 4), the
diagonal B800 peak has diminished, transferring amplitude into
an above-diagonal cross peak shared between the B800 and
B850 bands. (The structure in the higher-frequency peak(s) is a
consequence of structure in the spectrum and beam mode of
the excitation and reference pulses.) This above-diagonal cross
peak contains signal radiated by the B850 band arising from
excitation of the B800 band and grows as a function of waiting
time, indicating that a population of chromophores initially
excited to the B800 state relax to the B850 state on a ~1 ps
time scale. By T = 2000 fs, the B800 diagonal peak is almost
completely gone, leaving only two features in the 2DFT
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spectrum, the B850 diagonal peak and the above-diagonal cross
peak.

In order to empirically compare the results of SSI and FTSI,
an additional set of 2DFT spectra of LH2 was collected under
identical experimental conditions except that a time delay
between pulses 3 and 4 was introduced and the spectrograph
entrance slit was narrowed to increase spectral resolution. The
resulting data were grocessed using the FTSI method as in
previous work.'>*>*® Compared to SSI, a narrower slit is
necessary with FTSI in order to sufficiently resolve the sharp
spectral interference fringes induced by a time delay between
pulses 3 and 4. Decreasing the slit width causes a corresponding
reduction in the throughput of the spectrograph, ultimately
leading to lower signal detection efficiency. In our case, the
integrated intensity from one camera exposure of the signal—
pulse 4 interferogram (after subtraction of the pulse 4
interferogram) was more than 2.5 times greater with SSI than
that with FTSIL

Slight variations in the time delay between pulses 1 and 2 as
well as pulses 3 and 4 (due to mechanical vibrations of the
experimental apparatus, air currents, etc.) cause interference
fringes to shift spatially on the detector over time. Because
partial cancellation occurs when summing multiple camera
exposures with shifted interference fringes, fringe amplitude
does not linearly increase with the number of camera exposures
summed, reducing the effectiveness of signal averaging. Such
losses in averaging are more severe for FTSI than SSI in our
experiment, likely due to the higher spatial frequency of spectral
fringes present at the detector in FTSI. For a typical data set
containing 100 camera exposures, these differences amount to a
factor of ~S improvement in signal collection efficiency for SSI
compared to FTSL

The 2DFT spectra of LH2 produced by SSI and FTSI are
qualitatively identical. Peak shapes and widths are visually
indistinguishable at the full range of measured waiting times (T
= 0—2000 fs), and the same relaxation dynamics are observed
when using both methods.

In conclusion, we have demonstrated the recovery of 4§WM
signals using SSI. SSI is a generalized approach to
interferometry that exploits both the spatial and spectral
properties of light to fully characterize its spectrum and phase.
We applied the SSI method to measuring 2DFT spectra of Rb
vapor and LH2 protein, which exhibit drastically different line
widths. SSI improves the frequency resolution of spectral phase
recovery compared to conventional FTSI methods, enabling
the full frequency resolution of the spectrograph to be utilized
and thus improving the ability to study chromophores with
narrow spectral features. Combining spatial interferometry with
spectral interferometry introduces additional methods for
isolating the signal from DC contaminants, thereby increasing
the sensitivity of 4WM measurements. In addition, SSI enables
more efficient and sensitive signal detection by alleviating the
need to resolve high-frequency spectral interference patterns.
Best of all, these improvements in frequency resolution and
sensitivity compared to FTSI GRAPES are achieved without
any additional experimental complexity.

B EXPERIMENTAL METHODS

Pulse Timing and Tilt Characterization. The relative spectral
phases and spatiospectral interference wave vectors between
pulses 1, 2, 3, and 4 are extracted from spatial spectral
interferograms between pairs of pulses using a Fourier
transform method. Starting from a spatial spectral interfero-
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gram [I;(4;,x)] between pulses i and j containing the light
intensity as a function of a spectral dimension (4,) and an
orthogonal spatial dimension (x), the interferogram is
interpolated along A, onto an axis of equally spaced frequency
points (w,). The resulting interpolated interferogram is fast
Fourier transformed (FFT) along both @, and x axes to
produce I;(t,Ak,). As long as each pair of beams has a relative
time delay, a relative wavefront tilt along the x axis, or both,

(t Ak,) can be filtered to eliminate the DC peak [centered at
I,](t = 0,Ak, = 0], leaving only the AC interference peaks. The
filtered data is then inverse FFT along both dimensions to give
the filtered, interpolated 1nterferogram I (0 ).

(wt,x) is FFT along x, yielding (wt,Ak ). For beams that
cross entirely in the plane normal to x, no spatial interference is
formed along x, resulting in only a DC peak at Ak, = 0.
Otherwise, two AC peaks are observed at Ak, = iki-;‘t (related
by reflection symmetry about the line Ak, = 0). For beams with
spatiotemporal profiles differing only in their angles relative to
the x axis, the AC peaks are tilted due to the frequency

dependence of the wave vector k:]“ , lying along the lines

won (0
Ak (@) = £k(@,) = £2—— s1n( ’)
c 2 (6)

where 0; is the angle between the beams i and j forming the
interferogram. The recovered §; [or, equivalently, k(@) ] is
used in signal isolation and processing to compensate for the
signal—beam 4 angle.

The filtered, interpolated interogram [I{j(a)t )] is FFT along
w,, yielding F(tx). This contains the spatiotemporal cross
correlation between pulses i and j with peaks lying along t =
+Ar7, (x) = +sm(9 Jxn/c, where A, (x) is the relative time
delay between pulses iand j. The recovered Azy,(x) for beams
1 and 2 is used to generate the 7 and @, axes. Similarly, A7,3(x)
for beams 2 and 3 determines the waiting time T, which has no
x dependence in this beam geometry due to the zero crossing
angle (relative to the x axis) between beams 2 and 3.

Rubidium Vapor Sample. A 22 mm diameter, 1 mm path
length quartz sample cell containing a small amount of solid
rubidium metal and filled with 650 Torr of neon buffer gas at
24 °C (Triad Technology) was heated to 120 °C, increasing
the vapor pressure” of Rb to ~0.84 mTorr. The neon buffer
gas collisionally broadened the Rb D, and D, lines to the point
that the hyperfine structure was unresolved. On the basis of the
temperature and partial pressures of gases in the sample cell,
the peak absorbance of the D, transition was calculated to be
~3.7.

LH2 Sample. LH2 in a pH 8 TRIS buffer solution was
circulated by a peristaltic pump through a 250 um path length
flow cell. The peak absorbances of the B800 and B850 bands
were 0.27 and 0.43, respectively. 2DFT “rephasing-like” spectra
were collected at waiting times ranging from T = 0 to 2000 fs.
The 2DFT spectra are described as rephasing-like because the
introduction of a small (~200 fs) delay between pulses 1 and 2
causes positive (rephasing) 7 delays to be more heavily
weighted than negative (nonrephasing) 7 delays, approximating
a 2DFT rephasing spectrum in which only positive 7 delays are
sampled.
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