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The JILA multidimensional optical nonlinear spectrometer �JILA-MONSTR� is a robust, ultrastable

platform consisting of nested and folded Michelson interferometers that can be actively phase

stabilized. This platform generates a square of identical laser pulses that can be adjusted to have

arbitrary time delay between them while maintaining phase stability. The JILA-MONSTR provides

output pulses for nonlinear excitation of materials and phase-stabilized reference pulses for

heterodyne detection of the induced signal. This arrangement is ideal for performing coherent

optical experiments, such as multidimensional Fourier-transform spectroscopy, which records the

phase of the nonlinear signal as a function of the time delay between several of the excitation pulses.

The resulting multidimensional spectrum is obtained from a Fourier transform. This spectrum can

resolve, separate, and isolate coherent contributions to the light-matter interactions associated with

electronic excitation at optical frequencies. To show the versatility of the JILA-MONSTR, several

demonstrations of two-dimensional Fourier-transform spectroscopy are presented, including an

example of a phase-cycling scheme that reduces noise. Also shown is a spectrum that accesses

two-quantum coherences, where all excitation pulses require phase locking for detection of the

signal. © 2009 American Institute of Physics. �DOI: 10.1063/1.3184103�

I. INTRODUCTION

Multidimensional Fourier-transform spectroscopy is an

important tool for elucidating structure and dynamics of

matter.
1

It was developed at radio frequencies using a se-

quence of electromagnetic pulses, although it is applicable to

any region of the electromagnetic spectrum where there ex-

ists the ability to generate, manipulate, and detect pulsed

radiation. Over the past decade, multidimensional concepts

have been applied in optical experiments
2

where short in-

tense pulses are generated by lasers. In the infrared, these

techniques can explore vibronic resonances to determine the

structure and coherent dynamics of molecules.
3–6

At higher

optical frequencies, the light excites and probes electronic

transitions in molecules
7,8

and semiconductors.
9,10

Multidimensional Fourier-transform spectroscopy ex-

plicitly tracks the phase of an induced nonlinear signal gen-

erated by the sequence of excitation pulses.
11

Tracking the

phase with respect to the time delays between excitation

pulses results in a multidimensional time-domain data set,

which is converted to a multidimensional spectrum with a

Fourier transform. This technique has several advantages

over other electromagnetically driven spectroscopic tech-

niques: the phase is tracked explicitly, capturing the induced

complex polarization in the sample; coherent coupling be-

tween states is consequently resolved; the nonlinear response

is unfolded onto a multidimensional plane, thus separating

and isolating otherwise overlapping spectral contributions in

the response; and coherent nonradiative contributions can

also be isolated with the appropriate time-ordering of the

excitation pulses.

Numerous methods exist for implementing optical mul-

tidimensional Fourier-transform spectroscopy, all of which

require subwavelength stability. These methods can include

passive stabilization, such as sturdy construction and com-

mon paths through optical elements,
12–14

or active stabiliza-

tion that employs feedback loops to suppress the effects me-

chanical drift.
15–17

Previously published schemes include

combinations of diffractive optics elements to create spa-

tially separated pulses,
12,13

and pulse shapers to vary the time

and phase of individual pulses.
8,18,19

There are noncollinear,

partially collinear, and fully collinear implementations of

two-dimensional Fourier-transform �2DFT� spectroscopy,

the latter of which require phase cycling to extract the

signal.
8,20,21

Most commonly employed is the background-

free transient four-wave mixing �TFWM� geometry.
12–14,16–18

In this paper, we present an ultrastable platform that pro-

vides four identical laser pulses in a noncollinear box geom-

etry. This platform is designed for optical multidimensional

Fourier-transform spectroscopy, and has been dubbed the

“JILA multidimensional optical nonlinear spectrometer”

�JILA-MONSTR�. The JILA-MONSTR is based on a three-

pulse TFWM excitation scheme, using the fourth pulse as a

phase-stable reference pulse. The versatility of the platform

is demonstrated with several 2DFT projections, including a

technique that extracts two-quantum coherent and requires

all excitation pulses to be phase locked. Also presented is an

optional, straight forward implementation of phase cycling toa�
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reduce noise from scattered pump light in the noncollinear

geometry.
22

Note that all-optical phase retrieval is not dis-

cussed because extensive details are found in Ref. 23. Semi-

conductor quantum wells
24,25

and potassium vapor
26

are used

to demonstrate the regular and phase-cycling operation of the

JILA-MONSTR, respectively.

II. EXPERIMENTAL

A. Excitation scheme

The JILA-MONSTR is based on a three-pulse excitation

scheme, which enables the acquisition of one-, two-, and

three-dimensional spectra. The excitation pulses are assigned

the notations A�, B, and C, where pulse A� is phase conju-

gated with respect to pulses B and C. In the noncollinear box

geometry, the excitation pulses lie on three corners of a

square. The TFWM signal therefore has a phase-matching

condition �ksig� that is some permutation of the excitation

wave vectors −kA, kB, and kC. Any permutation of the phase-

matching condition can be measured by changing the time-

ordering of the pulses without altering the signal collection

path. Note that results from two-pulse excitation schemes

can also be recorded in a different direction that requires a

change in the signal collection path.

Figure 1 shows the possible pulse sequences available

with three-pulse excitation. The pulse ordering is germane to

the dephasing information induced in the excited material. In

Fig. 1�a�, the first and third pulses are phase conjugated with

respect to one another. This excitation sequence undoes the

effect of sample inhomogeneity, leading to a photon echo.

Hence, this pulse sequence is referred to as either SI or

“rephasing.” In this case, because the first and third time axes

are interrogated, the Fourier transform gives a spectrum with

respect to �� and �t �see inset�. Figure 1�b� is a variant of the

rephasing projection where the Fourier transform is with re-

spect to time axes T and t, allowing the nonradiative contri-

butions of the second time period to be explored.
27

In Fig.

1�c�, the conjugate pulse is second in the sequence and, un-

like Fig. 1�a�, the inhomogeneity is not cancelled leading to

a free decay. This scheme is therefore referred to as either SII

or “nonrephasing.” Similarly, in Fig. 1�d�, rephasing does not

occur because the conjugate pulse is third in the sequence.

Hence, this sequence is known as SIII. Since the first two

pulses are not phase conjugates of one another, they can

coherently add allowing access to two-quantum information.

Hence, the second and third time periods are Fourier trans-

formed to yield the 2DFT spectrum.

This scheme requires three noncollinear excitation

pulses and a heterodyne reference �Ref� and/or tracer �Tr�

pulse. All pulses must be controlled with subcycle precision

over delay ranges that are large compared to the coherence

length of the TFWM emission in most materials. This re-

quirement can be achieved using mechanical translation

stages and sturdy apparatus construction, enhanced by active

feedback electronics. Phase control between any two pulses

can be achieved using the error signal of a copropagating

continuous-wave �cw� laser beam in a Michelson interferom-

eter. In which case, the error signal is the interfering term

between the superposition of the cw light in each arm of the

interferometer. Phase control of four pulses can be achieved

with a set of nested interferometers �see the schematic dia-

gram shown in Fig. 2�. In this setup, the pulses exit through

the dichroic mirrors �DCMs� and the cw laser is reflected,

producing error signals at the diagnostic ports. Error signals

are recorded and fed into electronic loop filters that adjust

piezoelectric transducers �PZTs� in each interferometer �not

shown in this diagram�. Several delay stages are placed in
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FIG. 1. �Color online� Schematic diagrams of the pulse ordering of optical

2DFT techniques available with a three-pulse excitation scheme: �a� repre-

sents the “rephasing” SI technique, �b� is a variant of �a� where the middle

time axis is scanned to examine nonradiative contributions, �c� is “non-

rephasing” SII technique, and �d� is the two-quantum SIII technique. In each

case, axes 1 and 2 are labeled for comparison to the inset of �a� showing

which axes are plotted in the resulting 2DFT spectrum.
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FIG. 2. �Color online� Schematic representation of the nested Michelson

interferometer layout. A�, B, C, and Ref are the Ti:sapphire laser pulses used

to perform the 2DFT experiment. The HeNe laser beam is reflected from the

DCM to provide diagnostic information for the interferometers. The pro-

posed layout is folded such that the DCM is a common optical element.
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convenient locations within the setup. To create the box of

output pulses this system must be folded.

B. The JILA-MONSTR

The scheme presented above is implemented in the

JILA-MONSTR, which comprises two decks with the optics

for an interferometer on each deck and an additional inter-

ferometer between the decks.
28

Computer-aided design

�CAD� drawings of the lower and upper decks are shown in

Figs. 3�a� and 3�b�, respectively. The decks are made from

cast aluminum and have a mass of 19 kg each. This material

avoids both longer term relaxation of rolled metal slabs and

reduces shorter term thermal drift. Each deck is milled, using

computer numerical control software to house the optics for

each interferometer: the lower deck supports the interferom-

eter for pulses C and Ref; the long delay stage �U�, which

moves C and Ref together with respect to the top deck

pulses; the PZT for the bottom-deck interferometer; and the

short delay stage �Z�, which changes the time delay between

pulses C and Ref. The top deck supports the interferometer

for pulses A� and B; the PZTs to control the phase of the

top- and interdeck interferometers; and two short delay

stages �X and Y�, which allow arbitrary variation in time

position of pulses A� and B. This platform has a total of four

direct-drive linear translation stages with subnanometer res-

olution: X, Y, and Z stages have 5 cm of travel and the U

stage has 20 cm of travel.

The decks and optical mounts are custom made, except

for two sturdy three-axis, kinematic mirror mounts. All mir-

rors are coated with protected Ag for operation close to 800

nm. Three broadband beamsplitters �BS� divide the input la-

ser pulse into four replicas. The BS coatings are centered at

800 nm, on thin and low group-velocity dispersion sub-

strates. Compensation plates made from identical substrates

balance the dispersion in the appropriate arm of each inter-

ferometer. All transparent and semitransparent optics are an-

tireflection coated and mounted in strain-minimizing mounts

with o-rings to prevent induced birefringence.

The decks form the exoskeleton of the JILA-MONSTR,

enveloping the optics in a 5 cm gap �see Fig. 3�c��. Five

mounting points ensure a sturdy enclosure. The small gap

reduces exposure of the optics to air currents, and they are

further protected with side panels. After assembly, the 5 cm

DCM is attached to the front of the JILA-MONSTR, reflect-

ing the cw laser light back into the device and completing the

interferometers. The interferometric error signals are shown

as dashed lines emerging from the right-hand side of the

JILA-MONSTR �denoted as R in the figure�. The laser

pulses that perform the 2DFT experiment emerge through the

DCM in a square that is 5 cm along each side. Figure 4

shows a photograph of the closed JILA-MONSTR with the

input and output beams highlighted.

Alignment of the JILA-MONSTR starts with the sepa-

rated decks individually prior to assembly. Each deck must

provide two parallel output beams that do not deviate when

the delay stages are scanned while producing clean interfer-

ence patterns at the diagnostic port. �Only one interferometer

works per deck before closing the assembly.� When the as-

sembly is closed, the folded interferometers are completed
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FIG. 3. �Color online� CAD drawings of the JILA-MONSTR’s �a� lower

and �b� upper interferometer decks. P refers to the periscope between decks

and R indicates the right-hand side on each deck. Laser input is on the left

side of the lower deck and the Ti:sapphire pulses emerge from the front

through the DCM, two from each deck. Error signals for each interferometer

emerge from the right-hand side as dashed lines, two from the bottom, and

one from the top decks. �BS=beamsplitter, CP=compensation plate, PZT

=piezo-electric transducer, and QD=quad-diode photodetector.� �c� Three-

dimensional CAD drawings of the entire assembly showing how the two

decks are combined.

FIG. 4. �Color online� Photograph of the JILA-MONSTR highlighting the

input beam on the right-hand side of the picture and four output beams

focused to a single location.
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by the single 5 cm DCM, which requires accurate alignment

to optimize all three interferometeric error signals at the di-

agnostic port. Consequently, the JILA-MONSTR has been

designed such that excess degrees of freedom are removed

from the optical paths. Two quadrant-diode photodetectors

assist with daily optimization of the alignment.

Figure 5�a� shows the error signals of the three interfer-

ometers of the JILA-MONSTR, recorded at the diagnostic

port with the active feedback loops disengaged. The path

length of the interferometer arms drift over several minutes,

leading to changes in phase of �2�. In contrast, the error

signals are held at 0 V when active stabilization is engaged

�see Fig. 5�b��. Note that the bottom-deck and interdeck error

signals are offset by 1 V. The variations in the locked error

signals are normal distributions, with a standard deviation

that corresponds to �2 nm of motion. This motion corre-

sponds to phase stabilization of � /130 up to � /400, assum-

ing that the laser pulses for the 2DFT experiment have a

wavelength of 800 nm.

To perform a 2DFT scan, an individual time delay must

be moved many 100 s of times with perfectly spaced incre-

ments. Each of these increments is computer controlled. This

control process is discussed in more detail in the next sub-

section, after the introduction of the setup downstream from

the JILA-MONSTR.

C. Setup

Figure 6 shows the entire experimental setup for multi-

dimensional spectroscopy. The pulsed laser source is a

mode-locked Ti:sapphire oscillator. It operates at 76 MHz,

producing �100 fs pulses that are tuned near 800 nm or to

768 nm for the semiconductor or potassium vapor experi-

ments, respectively. The cw stabilization source is a HeNe

laser operating at 632.8 nm. These are combined on a DCM

situated before the entrance to the JILA-MONSTR.

The pulses from the JILA-MONSTR are focused by a

single lens to overlap at the sample under investigation, as

shown in the photograph �Fig. 4� and schematic diagram

�Fig. 6�. Three of the pulses are excitation pulses, generating

the TFWM signal. The fourth pulse is attenuated and is used

as the heterodyne reference pulse. Note that for many 2DFT

experiments the reference �local oscillator� transmits through

the sample. In some cases however, the nonlinear signal is

too sensitive to the excitation conditions. Hence, a phase-

stabilized reference is routed around the sample and recom-

bined with the signal further downstream �details not shown

in Fig. 6�.
17,23

In either case, the signal and reference pulses

propagate collinearly to the spectrometer, temporally delayed

by several picoseconds. A spectral interferogram is captured

by the spectrometer �see inset of Fig. 6�, from which the

complex spectrum is obtained.
29

A 2DFT spectrum is constructed by incrementally ad-

justing one time delay while recording spectral interfero-

grams. The complete set of data is converted to a 2D spec-

trum by a one-dimensional numerical Fourier transform

along the direction of the scanned time axis. The incremental

adjustment and acquisition of the 2DFT spectrum is auto-

mated, as shown in the flow chart in Fig. 7�a�. The sequence

of events is: the feedback loops of the appropriate interfer-

ometers are disengaged; the desired translation stage�s� are

moved a specific distance; after a short time, allowing the

delay stage to reach its new position, the feedback loops are

re-engaged; and a spectral interferogram is recorded. This

procedure is the main loop of the 2DFT acquisition algo-

rithm, and is repeated until the length of the scan is sufficient

to collect the full dephasing of the TFWM signal. Within the

main loop, the locked and unlocked error signals are re-

corded every time the feedback loops are disengaged. The

recorded values are used to recalculate the distance to move

the delay stage for that step. Repeating this calculation every

step ensures that the feedback loops are never forced to the

extremes of their compensation range and speeds up the scan

rate. Even though a timeout can occur before the feedback
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FIG. 5. �Color online� The error signals for the top-deck, bottom-deck, and

interdeck interferometers recorded for approximately 10 min �a� without and

�b� with active stabilization engaged. In �a� circles link each trace to the

appropriate label. In �b� the bottom-deck and interdeck signals are offset

from zero for presentation purposes.
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FIG. 6. �Color online� Experimental setup for 2DFT spectroscopy showing

the pump and phase stabilization laser, the JILA-MONSTR with diagnostic

port, and feedback loops. Also shown are the arrangement of the sample and

the collection of light in the spectrometer. A heterodyne reference pulse is

used to perform spectral interferometry and reconstruct the time axis t. The

inset shows a typical spectral interference pattern recorded for the quantum

well sample.
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loops are re-engaged, the scan is sufficiently stable that only

a catastrophic electronics glitch cannot be corrected. While

scan rates are high, continuous scanning methods can poten-

tially improve acquisition rates to shorten the overall acqui-

sition time.

In addition to recording the error signals and PZT volt-

ages, the experimenter can monitor the error signals in real

time on a 100 MHz, 4-channel oscilloscope. Figure 7�b�

shows a typical screen capture of one error signal during a

single step of distance commensurate with 4 HeNe fringe.

�Nyquist undersampling is used during the data analysis to

correctly determine the frequency of the 2DFT signal after

the Fourier transform.
17

� The fast oscillations are due to the

motion of the stage when the feedback loop is disengaged.

The shaded regions show when the feedback loops are en-

gaged while the spectral interferogram is recorded.

Two samples are used to demonstrate the versatility of

the JILA-MONSTR. First, data is shown from the four-

period multiple quantum well sample grown by molecular

beam epitaxy. The semiconductor sample consisting of 10

nm GaAs wells and Al0.3Ga0.7As barriers, with an etch stop

layer that allows chemical removal of the thick GaAs sub-

strate. Measurements are performed in a cryostat and cooled

to �6 K. Second, results are presented from a thin potas-

sium vapor cell, where the potassium is heated to 523 K

�250 °C�. The thickness of the cell is approximately 6 �m.

In both samples the effective optical thickness is chosen to

minimize reabsorption of the induced radiation.

III. RESULTS

The JILA-MONSTR is capable of performing one-

dimensional linear and nonlinear spectroscopy as well as

two-dimensional and three-dimensional nonlinear spectros-

copy. Versatility arises from the pulse layout. Single-pulse

linear measurements can be performed to obtain the absorp-

tion or photoluminescence. Two-pulse nonlinear pump-probe

measurements can also be performed using the attenuated Tr

pulse as a probe and any one of the other pulses as a strong

pump. Three-pulse excitation results in TFWM signals and

higher-dimensional Fourier-transform spectroscopy. In this

section, 2DFT results are presented with references to related

work.

Linear absorbance for the quantum well sample is shown

in the top panels of Fig. 8. Two resonances are observed,

which are associated with bound electron-hole pairs or exci-

ton states. The lower and higher energy absorption peaks are

the heavy-hole �Xhh� and light-hole �Xlh� excitons, respec-

tively. Increased absorption in the higher energy side of Xlh is

due to absorption from the heavy-hole valence band to the

continuum conduction states at energies above the discrete

states of the quantum wells. The binding energy of the Xhh is

approximately 8 meV, which is similar to the Xhh and Xlh

separation in this sample.
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stage has been moved. V0 is half the maximum peak-to-peak error signal, X

is maximum attempts to wait for the error signal to obtain a value within

Vrange �near zero�, and N is the total number of spectrum acquired in the
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error for the top-deck interferometer while it is being scanned 4 HeNe
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ing �SI�, and �e� two-quantum SIII techniques. The 2DFT spectra are nor-

malized to the strongest feature, and the thicker contour line encloses the

regions of the negative signal. All 2DFT spectra are for T=0 fs excitation.

The single-quantum ��b� and �c�� and two-quantum �e� spectra are acquired

for cocircular and cross-circular excitation, respectively.
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A. 2DFT spectra

The complexity of the coherent response of semiconduc-

tor quantum wells lends itself to study by 2DFT spectros-

copy because this technique separates many of the compet-

ing processes. Figures 8�b�, 8�c�, and 8�e� shows the real part

of the rephasing, nonrephasing, and two-quantum 2DFT

spectra. The emission axis defines the numerical sign of the

photon energies. Due to the location of pulse A� in the exci-

tation sequence, the absorption energy is in the positive

�negative� quadrant for nonrephasing �rephasing�. These

spectra are normalized to their respective strongest features.

Spectral features that appear on the diagonal �in the

single-quantum spectra� and double diagonal �in the two-

quantum spectrum� are coherent intra-action of the Xhh or

Xlh. Off-diagonal features correspond to coherent interaction

between these states. The coherent response of the quantum

well is very sensitive to the excitation conditions, and the

spectral features reveal the presence of many-body

interactions.
30,31

Additionally, elongation of features in the

rephasing 2DFT spectra arises from inhomogeneous broad-

ening due to well width fluctuations.
32

Figures 8�b� and 8�c�

are acquired with cocircularly polarized pump pulses, which

exclude the formation of biexcitons. Biexcitons are observed

for other polarization configurations and their 2DFT spectro-

scopic fingerprint have been discussed recently.
31,33

Biexci-

ton contributions are also observed in the two-quantum

2DFT spectra.
34,35

The coherent two-quantum transition in semiconductor

quantum wells has been previously studied with TFWM.
36

However, these experiments have left many unresolved ques-

tions. Excitation of two-quantum coherences requires that all

excitation pulses be phase locked,
37,38

and the first two

pulses �in a three-pulse scheme� must not be phase conju-

gated with respect to one another. For SIII�� ,�T ,�t�, the

pulse sequence is B then C followed by A� �see Fig. 1�d��.

The final pulse then examines coherent transitions from the

two-quantum to one-quantum states.

Figure 8�d� shows the linear absorption for the quantum

well sample. The excitation laser is tuned over the Xhh. Fig-

ure 8�e� shows an example of the real part of 2DFT spectrum

of GaAs quantum wells using the two-quantum technique,

where �=0 fs and the polarization configuration is cross-

circular. The two-quantum spectrum is plotted as a function

of two-quantum absorption energy �2��T� versus the emis-

sion photon energy ���t�. The dashed line marks the double-

diagonal. In the SIII spectrum the two-quantum contributions

are many-body scattering states.
34,37,38

B. Phase cycling and noise reduction

Phase cycling has been used in multidimensional NMR

�Ref. 1� and collinear optical 2DFT spectroscopy
8,20,21

to ex-

tract signals and remove noise, interference effects, or mul-

tiple quantum contributions. It is therefore useful for noncol-

linear experiments
22

that suffer from a low signal-to-noise

ratio. Some situations may be dominated by noise sources

such as pump scatter, which emanates from the same loca-

tion as the TFWM signal. In 2DFT spectra, pump scatter is

observed along the diagonal of the single-quantum spectra,

because the pump is only self-coherent, i.e., only correlated

when ��=�t. This is not an issue for the two-quantum spec-

tra because the Fourier transform yields a different spectral

range without pump scatter. In the single-quantum 2DFT

spectra, cycling the phase of the excitation pulses during a

2DFT scan suppresses the noise along the diagonal.

In NMR spectroscopy, phase alternative pulse sequences

�PAPS� are used, where the relative phase of the two RF

pulses switch between in phase and out of phase every time

step in a scan. Incorrectly phased artifacts in the detected

signal then cancel when the Fourier transform is performed,

leaving only the signal in the 2D spectrum. The optical anal-

ogy of PAPS employed here records and averages two spec-

tral interferograms that have nearly identical time delay and

a controlled phase shift between two pairs of beams, thus

allowing the incorrectly phased noise to cancel when aver-

aged. The example used here is for an adjustment of the

second time period T, such that the phase that is cycles is

proportional to �T=n�+�TT, where the first term is toggled

between 0� and 1� for every time step along axis �. Figure

9�a� shows how the phase-cycling scheme is implemented in

the four pulses excitation sequence of the JILA-MONSTR.

The phase between the first two pulses �A� and B� and the

second two pulses �C and Ref� are shifted. In the JILA-

MONSTR, this is achieved by moving the long delay stage

�U� back and forth for every incremental position of the first

excitation pulse �see the inset of Fig. 9�b��. The motion uses

the same disengage-move-re-engage algorithm shown in the

main loop of Fig. 6�a�. In practice, the wavelengths of the

excitation and phase-control lasers are incommensurate: the

FIG. 9. �Color online� �a� Schematic method of the phase cycling operation

for 2DFT spectroscopy. While a time delay is scanned, pulses C and Ref are

simultaneously toggled back and forth by � and two spectral interferograms

are recorded per data point. �b� Shows the Fourier transform of the recorded

spectral interferograms taken when T and � are approximately 1 ps. The

dashed line is a result of a single interferogram �i.e., normal operation� and

the solid line is for the difference of the two interferograms. The inset shows

the stepped slope of the scanned pulse A� and the toggled pulses C and Ref.

073108-6 Bristow et al. Rev. Sci. Instrum. 80, 073108 �2009�

Downloaded 13 Apr 2010 to 131.247.209.205. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



example presented here is performed on the D1 and D2 lines

of potassium vapor; thus, the Ti:sapphire excitation wave-

length is 768 nm. The most convenient step size of the U

stage is therefore 6 HeNe fringes, which corresponds to ap-

proximately 5� at the Ti:sapphire wavelength.

Figure 9�b� shows an example of the TFWM signal plot-

ted along the reconstructed emission time t, with and without

phase cycling. The reconstructed axis is obtained by the nu-

merical Fourier transform of the heterodyne-detected inter-

ferogram. In this transient, the time delays � and T are set to

1 ps. The dashed transient is acquired for normal operation

of the JILA-MONSTR, and thus constructed from a single

interferogram at 0�. In contrast, the averaging of the phase-

cycled spectral interferograms is shown as a solid line, where

contributions from A� and B are suppressed.

Figure 10 shows 2DFT spectra for both normal and

phase-cycling operation of the JILA-MONSTR. The top

�bottom� row shows nonrephasing �rephasing� data, and the

left column is acquired without phase cycling, where diago-

nal streaks are seen in both spectra. These diagonal streaks

are suppressed in the right-hand side of the figure, showing

the advantage of phase cycling and the rapid temporal flex-

ibility of the JILA-MONSTR. Note that more complex

phase-cycling schemes can be employed to remove the effect

of all pump pulses.

IV. CONCLUSION

In summary, we have shown a versatile platform for per-

forming optical multidimensional Fourier-transform spec-

troscopy. The JILA-MONSTR uses an active stabilization

scheme to provide four identical phase-locked pulses ar-

ranged in a box geometry. The active, computer-controllable

feedback loops combined with electromechanical delay

stages allow the phase-locked pulses to be ordered in any

sequence with arbitrary time delays. The JILA-MONSTR

has a stability of greater than � /100 and employs a stepping

scheme that allows for acquisition of full 2DFT spectra, even

for samples with long dephasing times.

The JILA-MONSTR can perform one-, two- and three-

dimensional spectroscopy. It can be used for numerous exci-

tation techniques within the scope of the various dimensions.

Here we have demonstrated selected examples of SI, SII, and

SIII techniques. In addition to the versatility, stability, and

speed of acquisition, the JILA-MONSTR offers straightfor-

ward implementation of phase cycling to improving data

quality. Here we have demonstrated a useful phase-cycling

scheme to suppress pump scatter.

The JILA-MONSTR has proven to be a robust platform

for producing multidimensional spectra. It is a viable way to

separate and isolate the competing contributions to coherent

light-matter interactions. This sophisticated device has great

potential in the future of optical spectroscopy.
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