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Abstract: Using two Michelson interferometers, we describe an experimental scheme for
sensitive pump-probe spectral interferometry measurements at long time delays. It has practical
advantages over the Sagnac interferometer method typically used when long-time delays are
required. First, with the Sagnac interferometer, achieving many nanosecond delays requires
expanding the size of the interferometer so that the reference pulse arrives before the probe
pulse. Because the two pulses still pass through the same region of the sample, long-lived effects
can still affect the measurement. In our scheme, the probe and reference pulses are spatially
separated at the sample, alleviating the need for a large interferometer. Second, in our scheme, a
fixed delay between probe and reference pulses is straightforward to produce and is continuously
adjustable while maintaining alignment. Two applications are demonstrated. First, transient
phase spectra are presented in a thin tetracene film with up to 5 ns probe delay. Second, impulsive
stimulated Raman measurements are presented in Bi4Ge3O12. The signal-to-noise using the
double Michelson technique is comparable to previously described methods with the added
advantage of arbitrarily long pump-probe time delays.

1. Introduction

Spectral interferometry is a commonly used technique in ultrafast optical pump-probe experiments.
After initial explorations by Kobayashi et al. [1–3], it has been employed in measurements
of the optical Kerr effect [4–6], rotational and rovibrational dynamics in gases [7], impulsive
stimulated Raman scattering (ISRS) [8], field ionization [9], and transient phase spectroscopy
[10–12]. It also forms the basis of many optical 2D spectroscopy techniques [13,14]. Some of
these applications require or benefit from the possibility of long time delays between the pump
pulse and the probe pulse. But in the most straightforward technique, based on producing probe
and reference pulses with a Michelson interferometer, the time between pulses is limited by
spectrometer resolution. As a result, a Sagnac interferometer has often been used when long
time delays are required [1]. In contrast to the methods mentioned above which rely on temporal
separation of the probe and reference, we demonstrate a practical alternative technique using
two slightly misaligned Michelson interferometers to achieve spatial separation of our probe and
reference beams which enables arbitrarily long pump-probe time delays.

Spectral interferometry requires two pulses to be generated, with one pulse serving as a
clean reference that is used to measure the spectral phase of the other pulse. Depending on
the repetition rate of the laser, spectral interferograms can be recorded pulse-by-pulse, but it is
advantageous to average many together, so relative phase stability over a few seconds is needed.
In a pump-probe experiment, the pump pulse must not affect the reference pulse or artifacts
will appear in the spectral phase and amplitude extracted from the interferogram. A technique
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must then arrange for the reference pulse to not overlap the pump pulse using either spatial or
temporal separation. In principle, a Mach-Zehnder interferometer achieves this, but because
the probe and reference beams propagate along different paths, this scheme is susceptible to
air currents and vibrations and requires day-to-day effort to keep it aligned when changing
samples. Michelson interferometers produce two pulses with an adjustable time delay and have
the advantages of easy alignment and compactness. Compactness helps stability, as only within
the interferometer is the beams’ relative phase stability affected by vibrations and air currents.
However, the co-propagation of the pulses makes spatial separation of the probe and reference
pulses impossible, so temporal separation is required. The pump pulse must arrive between
the reference and probe pulses in time, and the need to resolve the spectral interference fringes
means that the maximum temporal separation is typically on the order of picoseconds. For the
broadband supercontinuum used in this experiment, our spectral resolution corresponds to a
maximum separation of less than 1 ps between the probe and reference pulses.

Misawa and Kobayashi previously showed that a Sagnac interferometer can be used to measure
phase and amplitude spectra over long time delays [1]. In a Sagnac interferometer scheme,
the probe and reference pulses counterpropagate through the sample. By placing the sample
near the beamsplitter of the interferometer, a large time delay is achieved between the reference
and the probe beam when they pass through the sample [14,15]. The maximum time delay
achievable with a Sagnac interferometer depends on its length. Using the Sagnac interferometer,
Wilson et al. demonstrated impulsive stimulated Raman scattering [8], while a more recent
implementation by Hotchkiss et al. [12] achieved phase spectroscopy with a better signal-to-noise
ratio than [1]. Here, we introduce an alternative technique that separates the probe and reference
beams spatially at the sample using two slightly misaligned Michelson interferometers. Like
the Sagnac interferometer, our technique is mostly common path, but with added advantages of:
easy alignment, continuously adjustable probe/reference time delay and full polarization control.
The setup can be conveniently switched between standard transient absorption (TA) spectroscopy
and simultaneous transient amplitude/phase spectroscopy.

2. Experiment

A Yb:KGW laser (Light Conversion Carbide [16]) with central wavelength 1030 nm and 200
fs pulse duration is used to produce pump and probe beams. The laser repetition rate is set to
3 kHz. Half of the 1030 nm laser output pumps an optical parametric amplifier (OPA, Light
Conversion Orpheus [16]), the signal output of which (or its second harmonic) is the pump
beam. We use a mechanical chopper synchronized to the laser repetition rate to block two out
of every four laser shots in the pump beam path. A small part of the 1030 nm laser output is
split off before the OPA and used to generate supercontinuum in a water cell. This 1030 nm
beam has an adjustable delay for the pump-probe experiment. A dielectric mirror (CVI TLM1-
1030-0 [16]) is used to separate the fundamental at 1030 nm from the visible supercontinuum.
A camera (Princeton Instruments ProEM [16]) records spectra at 3 kHz. A diagram of the
phase-sensitive pump-probe setup is illustrated in Fig. 1. Before it is directed to the sample,
we split the supercontinuum into co-propagating probe and reference pulses using a Michelson
interferometer (labeled M1). The interferometer is constructed using a beam splitter (Thorlabs
BSS10 [16], which has approximately 50% reflectivity over a broad spectrum for s-polarized
light) a dispersion-compensating window (Thorlabs BCP4310 [16]), and protected silver mirrors.
Propagation of the broadband supercontinuum in the water cell and glass results in group delay
dispersion of approximately 1300 fs2, resulting in a wavelength-dependent pump-probe time
delay.

With one interferometer, the spectral interferograms measured by the camera are

I1(ω) ∝ |Eref(ω)|
2 + |Epr(ω)|

2 + 2|Eref(ω)| |Epr(ω)| cos[ωτ1 + ϕpr(ω) − ϕref(ω)], (1)
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Fig. 1. (a) Diagram of the experiment. A broadband supercontinuum is generated using
a delayable 1030 nm pulse in a water cell (WC). A Michelson interferometer (M1) splits
the probe supercontinuum into reference and probe pulses. The interferometer is slightly
misaligned so that the reference beam does not pass through the same spot on the sample as
the probe beam, as shown in the central inset. The pump beam (shown in cyan) overlaps with
the probe spot but not the reference spot (shown in red). A second Michelson interferometer
(M2) compensates for the misalignment of M1 so that fringes are observed. The upper right
inset shows the position of the four output beams (each has been assigned a unique color)
at the spectrometer slit when the two interferometers have been purposely misaligned. (b)
Schematic showing the temporal sequence of pulses at the spectrometer entrance plane.

where Eref is the reference electric field, Epr is the probe electric field, and τ1 is the time delay
between pulses from the relative optical path difference within M1. Using Fourier techniques, the
interference term can be isolated and the relative spectral phase ϕpr(ω) − ϕref(ω) can be extracted
[17]. This scheme has been used to measure the optical Kerr nonlinearity in transparent media
[4] and is especially effective in gases [5]. However, as mentioned before, when the time delay
between the pump and probe pulses is longer than the time delay between the probe and reference
pulses, the response of the medium to the pump pulse can affect the reference pulse too, resulting
in the distortion and/or cancellation of the measured spectral phase. There is unfortunately a
strong constraint on the maximum achievable τ1. The spectral fringe spacing is 1/τ1, so as τ
increases, the spectral fringes become finer and finer. As the fringe spacing approaches the finite
resolution of the spectrometer, fringe visibility is reduced and eventually lost. Thus, there is a
maximum achievable time delay τres. In our case, we use a grating with 300 grooves per mm in
order to capture a large bandwidth, and τres ≈ 800 fs.

To overcome this time delay limit, we add a second identical interferometer (labeled M2
in Fig. 1) after the probe propagates through the sample and is collimated. As depicted in
Fig. 1(b), the second interferometer produces a replica of both probe and reference pulses. The
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interferogram is now

I2(ω) ∝ |Eref,1(ω)|
2 + |Eref,2(ω)|

2 + |Epr,1(ω)|
2 + |Epr,2(ω)|

2

+ 2|Eref,1(ω)| |Eref,2(ω)| cos[ωτ2 + ϕref,1(ω) − ϕref,2(ω)]

+ 2|Epr,1(ω)| |Epr,2(ω)| cos[ωτ2 + ϕpr,1(ω) − ϕpr,2(ω)]

+ 2|Eref,1(ω)| |Epr,1(ω)| cos[ωτ1 + ϕref,1(ω) − ϕpr,1(ω)]

+ 2|Eref,2(ω)| |Epr,2(ω)| cos[ωτ1 + ϕref,2(ω) − ϕpr,2(ω)]

+ 2|Eref,1(ω)| |Epr,2(ω)| cos[ω(τ1 + τ2) + ϕref,1(ω) − ϕpr,2(ω)]

+ 2|Eref,2(ω)| |Epr,1(ω)| cos[ω(τ1 − τ2) + ϕref,2(ω) − ϕpr,1(ω)],
(2)

where τ2 is the time delay between pulses from M2. We can now increase τ1, which determines
the maximum pump-probe time delay. Provided |τ1 − τ2 |<τres, the last term produces observable
fringes between the probe and reference pulses, and if τ1 and τ2 are both large compared with τres,
no fringes from the other terms can be resolved. Introducing the second interferometer results in
a reduction in transmitted power. It also reduces fringe visibility, because only two of the four
pulses impinging on the spectrometer produce interference fringes. Since the supercontinuum
typically must be attenuated to avoid saturating the camera, the loss of transmitted power is not a
large concern. The loss of fringe visibility reduces the signal-to-noise ratio, but the advantage
of going to long time delays outweighs this for many applications. It should be noted that the
probe-reference delay does not need to be changed during the pump-probe scans: once it is set
and fringes are optimized, it need not be adjusted for the duration of an experiment.

With the second interferometer, we can increase the maximum pump-probe delay to approxi-
mately 30 ps, limited only by the range of motion of the translation stages in the interferometers.
Crucially though, the second interferometer allows us to bypass the spectral resolution issue
altogether. Tilting one of the mirrors in the first interferometer by an angle θ produces a
displacement of the probe and reference beams at the sample. Now the pump pulse does not
affect the reference pulse because they do not overlap spatially. For a path length x1 between the
tilted mirror and the focusing lens, the reference beam is offset on the focusing lens by θx1 and is
offset on the sample by θf , where f is the focal length of the lens. This misalignment moves the
reference spot off the spectrometer entrance slit. To restore the spectral fringes, we misalign the
second interferometer in the opposite way, which has the effect of moving reference beam 2 back
onto the entrance slit. The misalignment results in reference beam 1 and probe beam 2 being
blocked by the spectrometer entrance slit, as shown in the upper right inset of Fig. 1(a). The
interferogram is now simply

I2,mis(ω) ∝ |Eref,2(ω)|
2 + |Epr,1(ω)|

2

+ 2|Eref,2(ω)| |Epr,1(ω)| cos[ω(τ1 − τ2) + ϕref,2(ω) − ϕpr,1(ω)],
(3)

restoring the fringe visibility. With this “compensated misalignment” technique, we are able to
measure at time delays limited only by the length of our pump-probe delay stage.

3. Results

We exhibit the double Michelson scheme on two femtosecond spectroscopy techniques that
depend on long pump-probe time delays: transient phase spectroscopy and impulsive stimulated
Raman scattering (ISRS) spectroscopy.

3.1. Transient phase spectroscopy

Related to transient absorption (TA) spectroscopy by a Kramers-Kronig transformation [11],
transient phase (TP) spectroscopy is the measurement of the time-dependent probe phase shift as
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a function of probe photon energy. For the measurement of some phenomena, TP spectroscopy
has advantages over TA [12]. It was recently found that refractive index changes can cause
artifacts in pump-probe measurements of polariton dynamics [18], and direct measurements of
the amplitude and phase may allow these effects to be more reliably disentangled.

Figure 2 displays TA (Fig. 2(a)) and TP (Fig. 2(b)) data for a tetracene film with pump-probe
time delay up to 5 ns using a pump wavelength of 470 nm. Tetracene films (200 nm) were
thermally evaporated onto quartz substrates at a base pressure of < 5 × 10−5 Pa connected to an
N2 purged glovebox (<1 ppm H2O, O2). The material was evaporated from a quartz crucible
with an evaporation rate of 0.2 nm/s. The sample was then transferred to an N2 purge cell for
optical measurements. For this experiment, the probe beam was focused using a curved silver
mirror (focal length 10 cm) and the pump beam was focused using a 30 cm focal length lens.
After the sample, the probe beam was collimated using a 10 cm focal length achromat lens, sent
through the second Michelson interferometer, and finally focused on the entrance slit of the
spectrometer using a curved silver mirror (focal length 10 cm).

Fig. 2. Measured (a) transient absorbance and (b) transient phase shift as a function of
wavelength and time delay for a 200 nm tetracene film.

The TA spectrum is consistent with previous results on similar samples [19] while careful
analyses of the excited state kinetics can be found elsewhere [19,20]. No polarization dependence
was observed, indicating that the sample is isotropic on the spatial scale of the laser spots. At each
time delay, average pump-on and pump-off interferograms are calculated. Denoting values from
the pump-on interferogram with prime (e.g. E′

pr is the probe field with the pump unblocked and
Epr is the probe field with the pump blocked), we extract |E′

pr,1(ω)|, |Epr,1(ω)|, ϕref,2(ω) − ϕ
′
pr,1(ω)

and ϕref,2(ω) − ϕpr,1(ω) from the interferograms using standard techniques [17]. The transient
absorbance spectrum is ∆A(ω) = (|E′

pr(ω)|
2 − |Epr(ω)|

2)/|Epr(ω)|
2, and the transient phase shift

spectrum is ∆ϕ(ω) = ϕ′pr(ω) − ϕpr(ω).
For the scan shown in Fig. 2, we averaged 50000 spectra (17 seconds) per time delay.

Absorbance and phase spectra at four time delays from this data set are shown in Fig. 3. We
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generated statistical error bars by partitioning the data into 20 intervals and calculating the
standard deviation of the phase and amplitude for each wavelength and time. The width of each
line in Fig. 3 indicates the standard deviation of the mean value of ∆A or ∆ϕ. The uncertainty in
∆A and ∆ϕ is greater for shorter wavelengths because the probe spectral intensity is smaller on
that side of the spectrum due to increased absorption by the tetracene film.

Fig. 3. Absorbance (a) and phase shift (b) spectra for the 200 nm tetracene film at four
pump-probe time delays: −5 ps (blue), +3 ps (orange), +98 ps (green), and +5 ns (red). (c)
The standard deviation of the mean of ∆ϕ(ω) calculated using 50000 spectra.

Because phase noise performance is central to this paper, we directly compared our noise
level to a recent measurement by Tanghe et al. [21], who reported a phase uncertainty value of
0.29 mrad for 2 seconds averaging using a single Michelson interferometer with probe/reference
separation (and hence pump/probe delay) limited to t ≤ 2 ps. Using the data set of Fig. 2
but restricting the average to 6000 shots (2 seconds), we observe a similar phase standard
deviation of 0.27 mrad near 600 nm. In addition to the experimental approach (dual Michelson
interferometers reported here), stability involves specific local factors such as vibration isolation,
room temperature stability, room air currents, and quality of optics. Our experiments were done
on an optical table that was not floated; the optical path was not enclosed or protected from
room air currents and temperature fluctuations; and the optical components were common quality
(e.g., Thorlabs standard mirror mounts KMS and KM100 [16]). With more attention to details,
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it is possible that our phase stability could have been improved. On the other hand, it may be
dominated by other noise sources, for example from the camera. In any case, the phase stability
was sufficient to achieve similar results to Tanghe et al. [21].

We have also measured phase spectra of laser dyes. As in [12], we find good agreement
between the phase spectrum measured and that calculated from the absorbance spectrum via a
Kramers-Kronig transformation.

3.2. Impulsive stimulated Raman scattering

Pump-probe techniques can have advantages over continuous wave techniques for Raman
spectroscopy, particularly for very low frequency phonon modes [22]. Detection by a chirped
probe pulse is also sometimes done in multidimensional Raman spectroscopy [23]. In transparent
media, where Raman scattering is nonresonant, coherent phonons primarily produce a phase
shift of the probe pulse [15,24]. Spectral interferometry measurements of the phonon-induced
phase shift were demonstrated by Wilson et al. [8]. Achieving optimal spectral resolution in a
coherent phonon experiment requires long pump-probe time delays, though a technique based on
a synthetic temporal aperture was developed to get around this requirement while still using a
Michelson interferometer [25]. To demonstrate the ability of our technique to do nonresonant
impulsive stimulated Raman scattering, we measured bismuth germanate (Bi4Ge3O12 or BGO),
which has a long-lived A symmetry phonon with a large amplitude near 2.7 THz. Our sample is
a (001) oriented, 0.5 mm thick crystal (MTI [16]).

Results are shown in Fig. 4. For this experiment the pump beam was centered at 760 nm and a
tight focusing geometry was employed to minimize pump-probe walkoff inside the crystal due to
group velocity mismatch. A microscope objective was used to focus both the pump and probe

Fig. 4. Measured phase shift and optical Kerr response (spike near zero delay) in bismuth
germanate (BGO) using the double Michelson technique. In this material, the ISRS response
in the near infrared to visible is independent of wavelength. The time-dependent phase shift
is constructed from data taken as a function of pump-probe time delays. The inset shows
the discrete Fourier transform of the time-dependent signal, yielding a peak at 2.7 THz, the
expected frequency of the strongest low frequency A symmetry phonon in BGO.
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beams onto the sample. The frequency domain pump-induced phase and amplitude change was
transformed to the local probe pulse time axis by a discrete Fourier transform, which requires
knowledge of the probe pulse’s spectral chirp [4]. We averaged 10000 frames at each time delay
before extracting the phase. Due to our use of a 200 fs pump pulse, we did not observe modes
with higher frequency than 2.7 THz in BGO.

Figure 4 shows delays up to 9 ps. We emphasize that with a single interferometer, we would
not be able to measure the coherent phonon response at time delays longer than 1 ps due to the
limit set by the resolution of the spectrometer, because the phase shift of the probe pulse would
be distorted by the phase shift of the reference pulse. It would be enhanced if the probe-reference
time delay is set to one half the period of the coherent phonon [25]. While this condition can
be achieved for one mode at a time, it becomes less practical if there is more than one mode in
the spectrum. Here, as in [8], the reference pulse is not affected by the pump pulse, in our case
because there is no spatial overlap.

4. Conclusion

In summary, we have demonstrated a novel double Michelson technique for pump-probe spectral
interferometry at long time delays. We used it to perform sensitive measurements of transient
phase and absorption spectra in a tetracene film. We also used it to perform phase-sensitive
ISRS measurements of coherent phonons in bismuth germanate (BGO). It has a number of
practical advantages over a Sagnac interferometer. Switching between a phase-sensitive probe
measurement and standard transient absorption spectroscopy is done simply by blocking the
reference arm of the first Michelson interferometer. The time delay between probe and reference
pulses is continuously adjustable.

The capability of this technique to measure at long time delays with easy-to-use and relatively
stable Michelson interferometers will have application in other contexts, including measurement
of rotational wavepacket revivals [7], rotational permanent alignment [26], and time-resolved
spectroscopy of laser-excited plasmas.
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