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Abstract 

We report on a new broadband, ultrafast two-dimensional white-light (2DWL) 

spectrometer that utilizes a supercontinuum pump and a supercontinuum probe generated with a 

ytterbium fiber oscillator and an all-normal dispersion photonic crystal fiber (ANDi PCF).  We 

demonstrate compression of the supercontinuum to sub-20 fs and the ability to collect high quality 

2D spectra on films of single-walled carbon nanotubes. Two spectrometer designs are investigated. 

Supercontinuum from ANDi PCF provides a means to generate broadband pulse sequences for 

multidimensional spectroscopy without the need for an optical parametric amplifier. 
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1. Introduction 

Broadband two-dimensional electronic spectroscopy (2DES) has been used to uncover 

information about electronic couplings, ultrafast dynamics, and energy transfer in many materials 

and condensed phase systems1–8. Most 2D experiments employ non-collinear optical parametric 

amplifiers (NOPAs)9 to obtain spectral coverage throughout the visible and near-infrared region 

of the electromagnetic spectrum. It is also common to utilize a NOPA pump followed by a white-

light continuum probe10,11. Additionally, there are also broadband 2D electronic spectrometers that 

do not utilize a NOPA at all, but instead use continuum generated either in gas12,13 or pressurized 

gas-filled fibers14–16. We have begun using white-light generated in bulk media like YAG, 

sapphire, and CaF2 for both the pump and the probe pulses in 2D spectroscopy3,17,18, as has been 

used for many years to generate broadband probe pulses in transient absorption spectroscopy19–21. 

We call this approach 2D White-Light (2DWL) spectroscopy. White-light is straightforward to 

generate in this manner but necessitates an amplified laser source with ~1 µJ-level pulse energy 

for bulk-materials and  hundreds of µJ for continuum in gas22. Thus, whether using a NOPA or 

WL as a pump, the majority of 2D electronic spectrometers are based on amplified laser systems. 

In this article, we report a 2D White-Light spectrometer that does not require an amplified laser 

source by using an all-normal dispersion photonic crystal fiber (ANDi PCF) to generate the 

supercontinuum.    

 Nonlinear photonic crystal fibers (PCFs) have been used extensively for supercontinuum 

generation. The most common types of nonlinear PCF have a zero-dispersion wavelength and 

exhibit anomalous dispersion on one side of the zero-dispersion wavelength and normal dispersion 

on the other.  By pumping in the anomalous dispersion regime, soliton fission from a high order 

soliton leads to extreme spectral broadening at relatively low pump peak powers of 1-10 kW23,24.  
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The resulting supercontinuum is very structured both spectrally and temporally and the pulse-to-

pulse fluctuations can be unsatisfactorily low due to noise from soliton fission25–27. One method 

of suppressing soliton fission and thereby improving pulse-to-pulse coherence is to generate 

coherent supercontinua using a PCF with two zero-dispersion wavelengths28. Compressed 

supercontinuum generated in this type of fiber has been successfully implemented in both coherent 

anti-Stokes Raman29 and transient absorption30 microscopy. Alternatively, soliton fission can be 

avoided by pumping in the normal dispersion regime at the cost of output spectral bandwidth23.  

Highly coherent, octave-spanning spectra have been generated in all-normal dispersion (ANDi) 

PCF31. Besides all-normal dispersion, ANDi PCF have a flat dispersion profile near the maximum 

dispersion wavelength. Supercontinuum generation in ANDi PCF results in less spectral 

broadening than when pumping in the anomalous dispersion regime, but the supercontinuum is 

highly coherent and reasonably smooth spectrally and temporally, which makes it an attractive 

source for ultrafast experiments31–33.  Several experiments have successfully demonstrated the 

compression of supercontinuum from ANDi PCF down to sub 10-fs34–37. Supercontinuum via PCF 

is widely used in nonlinear and ultrafast spectroscopy, but we believe that this is the first report 

using the compressed output of ANDi PCF and the first time that 2D spectroscopy has been 

performed using PCF of any type.  

 In this paper, we demonstrate two designs of 2DWL spectrometer, each of which uses 

supercontinuum generated from ANDi PCF pumped by a Yb fiber oscillator. We demonstrate 

2DWL data collection in the visible and near infrared (NIR) region of the electromagnetic 

spectrum.  Using only chirped mirrors to compress the pulse, we achieve 12 fs full-width at half-

maximum (FWHM) pulses in the NIR and 18 fs FWHM in the visible. The spectrometers generate 
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2DWL spectra in the pump-probe geometry38 using variations of a Babinet-Soleil compensator39–

41. The spectrometer is demonstrated on thin films of semiconducting carbon nanotubes (CNTs). 

2. Experimental methods 

2.1 Spectrometer layout 

 

Figure 1. Diagram of experimental layout of 2DWL spectrometer. W: half-wave plate, P: polarizer, AL: aspheric lens, 

F: ANDi PCF, OAP: 90° off-axis parabolic mirror, M: mirror, SM: spherical mirror, PS: periscope, EF: edge-pass 

filter, CM: chirped mirror, BS: beam splitter, αB: α-BBO plate, BWP: α-BBO wedge pair, DS: delay stage, C: optical 

chopper, DM: dispersive material, S: sample, B: beam block, L: lens. 

The experimental layout is shown in Figure 1.  The output of a Yb fiber oscillator (Coherent 

Fidelity, 1070 nm, 45 fs, 70MHz, 2.2 W) passes through a half-wave plate and polarizer to 

attenuate the power followed by a second half-wave plate to control its polarization.  An aspheric 
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lens (8 mm focal length) couples the laser output into a ~5 cm long piece of ANDi PCF (NEG-

1050-NL, NKT Photonics) to generate supercontinuum. Previous studies have shown that the 

broadening of the input spectrum increases with increasing input peak power32.  The laser has a 

built-in prism compressor to pre-compensate for dispersive optics and we adjusted it to optimize 

for the broadest output spectrum, meaning the pulse is as short as possible at the fiber. The output 

is collimated with a 90° off-axis parabolic mirror (15 mm reflected focal length).  We define the 

coupling efficiency as the measured power directly after collimation relative to power measured 

immediately before the aspheric lens.  In this work, coupling efficiencies of 35 – 40% were readily 

achieved.  The collimated supercontinuum was directed into a reflective telescope consisting of 

two spherical curved mirrors (300 mm and 50 mm focal lengths) to reduce the spot size by a factor 

of 6.  The ANDi PCF is not polarization maintaining, so there is some depolarization of the output 

relative to the input pulse42. A periscope and polarizer are used to rotate and clean the 

supercontinuum polarization such that it is horizontal.  An edge-pass filter with a cutoff 

wavelength dependent on the spectral range of the experiment filters the pulse spectrum. A pair of 

chirped mirrors (Laser Quantum) designed to correct for the dispersion of 4.4 mm of CaF2 per pair 

of bounces from 600 – 1200 nm compensates for most of the dispersion in path.  A long focal 

length spherical curved mirror (500 mm focal length) is used to gently focus the beam through the 

rest of the spectrometer and keep the spot size reasonably small.  An 80/20 broadband beam splitter 

(Layertec Gmbh) splits the pulse into the pump (80 %) and probe (20 %).  Another periscope 

rotates the pump polarization by 45°. A modified Babinet-Soleil compensator is used to create a 

pair of collinear pump pulses separated by a time delay, τ, using a sequence of an α-BBO plate 

followed by two pairs of α-BBO wedges39–41. The pump pulses are modulated at 500 Hz using a 

chopper. To match the dispersion from the α-BBO wedges on the pump pulses, the probe is 



6 
 

transmitted through a CaF2 window, fused silica window, and a single pair of α-BBO wedges to 

finely adjust the probe dispersion. The pump-probe delay, T, is controlled using an optical delay 

line on a linear translation stage and a polarizer is used to control the polarization of the probe.  

The pump and probe are both focused onto the sample with a 90° off-axis parabolic mirror (50 

mm reflected focal length), the pump is blocked after the sample, and the probe is dispersed in a 

spectrograph (SpectraPro 2150, Princeton Instruments) onto a linear InGaAs image sensor 

(Entwicklungsbüro Stresing).  Data from the detector is read at 1 kHz with an integration time of 

900 µs.  To keep from saturating the detector, neutral density filters are used after the sample to 

attenuate the light entering the spectrograph and detector.  To remove pump scatter, the position 

of the final pump mirror was modulated to wash out spectral interference between the pump and 

probe at the detector43. 

To collect a 2D spectrum, a pair of collinear pump pulses separated by delay τ interact with 

the sample.  After time T, a probe pulse interacts with the sample and is dispersed in a spectrograph 

onto a linear sensor array.  To remove the background of the probe spectrum, the pump pulses are 

modulated with an optical chopper and the change in optical density is calculated.  Since we 

calculate the signal as a change in optical density induced by the pump, ground state bleach (GSB) 

and stimulated emission (SE) signals are negative, and excited state absorption (ESA) signals are 

positive.  Because the pump pulses cannot be modulated independently, the transient absorption 

background from each individual pump pulse must be subtracted at each probe pixel.  Finally, at 

each probe pixel the Fourier transform is computed to generate the pump frequency axis. For the 

2D spectra, the real part of the Fourier transform of the time domain data is used, and the Fourier 

transform is computed only for values of τ ≥ 0 fs. Because τ cannot be exactly set to be equal to 0, 

τ is typically scanned starting at a slightly negative value.  For each set of 2D spectra, a spectral 
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interferogram is collected with the pump light to both properly calibrate the pump frequency axis39 

and phase the spectra44. Because the data is collected in the pump-probe geometry, the peaks have 

absorptive lineshapes, and any apparent dispersive lineshapes are due to interference between 

neighboring ground state bleach/stimulated emission and excited state absorption signals45. 

2.2 All-normal dispersion photonic crystal fiber 

The dispersion profile of the fiber used in this work is shown in Figure 2, as provided by 

NKT Photonics. The maximum dispersion wavelength is located at approximately 1020 nm. Here, 

the wavelength dependent dispersion parameter, 𝐷𝜆, is related to the group velocity dispersion 

(GVD), 𝛽2, by Equation (1) shown below.  

 𝐷𝜆 = −
2𝜋𝑐

𝜆2
𝛽2 (1)  

Figure 2b shows the group delay dispersion (GDD) calculated from the dispersion profile for a 5 

cm length of fiber. It should be noted that there is a sign difference between 𝐷𝜆 and 𝛽2; since the 

fiber has normal dispersion, 𝛽2 is positive while 𝐷𝜆 is negative.  The GDD curve has a nonlinear 

shape indicating a non-negligible amount of higher order dispersion.  Because the chirped mirrors 

used for pulse compression primarily correct for second order dispersion (linear chirp), the higher 

order dispersion is uncompensated. 
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Figure 2. (a) Dispersion profile of ANDi PCF (provided by NKT Photonics). (b) Group delay dispersion of 5 cm of 

ANDi PCF calculated from the dispersion profile. Data from 600 – 1000 nm is shown in blue and data from 950 – 

1300 nm is shown in orange. 

3. Results and Discussion 

3.1 Supercontinuum generation in ANDi PCF 

Due to the large amount of higher order dispersion in the generated continuum, and because 

we use a chirped mirror compressor which compensates primarily for 2nd order dispersion, we 

could not compress the entire bandwidth of the supercontinuum. Therefore, we utilized and 

compressed two spectral regions of the supercontinuum separately: the NIR spanning 950 – 1200 

nm, and the visible region covering 630 – 800 nm.  To generate NIR, 3.5 nJ was focused into the 

fiber to generate the supercontinuum.  A long-pass filter with a cutoff wavelength of 950 nm was 

used to set the short wavelength edge of the spectrum, while the long wavelength edge was set by 

the reflectivity of the chirped mirrors. To generate the visible, 14 nJ of the laser output was focused 

into the fiber to generate a continuum.  A short-pass filter with an 800 nm cutoff wavelength was 

used to filter out longer wavelengths.  The NIR supercontinuum along with the input Yb laser 

spectrum is shown in Figure 3a and the visible supercontinuum is shown in Figure 3b. Stability of 

the supercontinuum over the course of data collection time is shown in the Supporting Information. 
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For day-to-day use, the alignment into the ANDi PCF was optimized after starting up the laser and 

would not need to be re-aligned during over the course of running experiments with operation 

typically lasting 8-10 hours. 

 

Figure 3. (a) NIR supercontinuum generated in ANDi PCF (blue) and input Yb laser spectrum (orange). The short 

wavelength cutoff at ~950 nm is set by the long-pass filter while the drop in intensity at ~1200 nm is due to the drop 

in reflectivity of the chirped mirrors. (b) Visible supercontinuum generated in ANDi PCF. The long wavelength cutoff 

at ~800 nm is set by the short-pass filter while the short wavelength edge of the spectrum is the extent of spectral 

broadening with 14 nJ input into the ANDi PCF. 

3.2 Compression of supercontinuum 

The large amount of higher order dispersion due to the relatively long length of the fiber 

meant that the chirped mirror compressor could not simultaneously compress the visible and NIR 

wavelength regions. For the NIR region 14 double bounces in the chirped mirror compressor 

produced the shortest pulse at the sample position. The pulses were characterized using an all-

reflective, home-built frequency resolved optical gating (FROG) setup based on second harmonic 

generation (SHG)46.  In the FROG setup, the input pulse is spatially split using the edge of a square 

mirror.  The inter-pulse delay is controlled with an optical delay line on a linear translation stage 

and the two pulses are focused non-collinearly into a 20 µm thick β-BBO crystal.  The second-
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harmonic is frequency-resolved in a fiber-coupled spectrometer (ASEQ Instruments). The 

measured FROG trace of the NIR supercontinuum is shown in Figure 4a with the retrieved trace 

in Figure 4b; besides the asymmetry in the measured trace due to imperfect alignment in the 

experiment, the retrieved and measured traces show good agreement.  The retrieved spectral 

intensity and phase are shown in Figure 4c.  The phase is relatively flat and stays within < 3 radians 

throughout the spectrum with some small oscillation due to higher order dispersion.  The retrieved 

temporal intensity is shown in Figure 4d.  The main pulse has a full-width at half-maximum 

(FWHM) of 12 fs with two smaller side pulses: one with ~30 % and one with <10% of the intensity 

of the main pulse. 
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Figure 4 Characterization of NIR supercontinuum. (a) Measured SHG FROG trace. (b) Reconstructed SHG FROG 

trace. (c) Retrieved spectrum (blue) and phase (orange) of NIR supercontinuum. (d) Retrieved temporal intensity of 

NIR supercontinuum (FWHM = 12 fs). 

 

For the visible spectral region 17 pairs of bounces in the chirped mirror compressor were 

required.  Even though an iris aperture was used to spatially filter the second harmonic beam from 

the fundamental pulses after the β-BBO crystal, the small amount of leak-through was enough to 

saturate the detector in the FROG measurements.  To overcome this, a UV bandpass filter which 

transmits 325 – 380 nm was placed after the β-BBO crystal.  The measured FROG trace of the 

visible supercontinuum is shown in Figure 5a and shows good agreement with the retrieved trace 

shown in Figure 5b.  The retrieved spectral intensity and phase is shown in Figure 5c.  The spectral 
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phase stays within < 3 radians over the optical bandwidth, but also shows higher order dispersion.  

The effects of the higher order can be seen in the retrieved temporal intensity shown in Figure 5d 

which shows the main pulse with a FWHM of 18 fs and a tail extending to ~35 fs and a side pulse 

with a relative intensity of ~40% of the main pulse. 

 

Figure 5 Characterization of visible supercontinuum. (a) Measured SHG FROG trace. (b) Reconstructed SHG FROG 

trace. (c) Retrieved spectrum (blue) and phase (orange) of visible supercontinuum. (d) Retrieved temporal intensity of 

visible supercontinuum (FWHM = 18 fs). 

The major contribution of higher order dispersion comes from the fiber as shown in Figure 

2b. Previous studies have shown that significant broadening of the input spectrum occurs after ~1 

cm of propagation, and broadening is complete after ~3 cm of propagation in the fiber31,37.  Due 

to practical constraints from the available fiber handling equipment, the shortest segment of fiber 
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we were able to cleave was ~5 cm.  Because the dispersion due to transmission is linearly 

dependent on the length of the transmissive material, using a fiber length of ~1 cm or less would 

greatly reduce the amount of dispersion from the fiber without sacrificing optical bandwidth or 

power. 

3.3 Transient absorption and 2DWL spectroscopy 

We demonstrated the ability to use supercontinuum generated from an ANDi PCF for 

ultrafast transient absorption and 2DWL spectroscopy on thin film samples comprised of mixtures 

of semiconducting carbon nanotubes (CNTs). Sample preparation methods are described in the 

Supporting Information.  Figure 6a shows the absorption spectrum of a mixture of (7,6), (7,5), and 

(6,5) chirality nanotubes.  Figure 6b shows the absorption spectrum zoomed in on the S1 region of 

the nanotubes and the NIR supercontinuum overlaid which overlaps with the S1 transitions of all 

3 nanotube chiralities. 

 

Figure 6 (a) Linear absorption spectrum of CNT film. Transitions from each nanotube chirality are labeled. (b) Zoom 

in of absorption spectrum highlighting the S1 region of the three CNT chiralities (blue) with the NIR supercontinuum 

spectrum (orange). 

 For the transient absorption and 2D measurements in this work, the probe and pump pulses 

all have the same polarization.  To collect transient absorption scans the coherence time, τ, is set 



14 
 

to 0 fs, and the waiting time, T, is scanned.  For 2D measurements, the coherence time is scanned 

at a fixed waiting time to generate a single spectrum.  Multiple spectra are collected at different 

waiting times.  In the S1 region, the coherence time was scanned from -10 fs to 400 fs in steps of 

0.5 fs.  Each individual τ was averaged for 500 ms before stepping to the next τ.  The motor used 

to remove pump scatter did not remove the scatter completely.  To remove the residual interference 

between the pump and probe, a low pass filter was used along the probe axis.  Additionally, a 

Gaussian filter function with a 200 fs FWHM is multiplied with the interferogram before 

computing the Fourier transform45. The effect of the window function on the spectra is negligible 

(see Supporting Information). For each set of 2D spectra collected, a spectral interferogram of the 

pump pulses is also collected by scanning τ and measuring the pump light.  This is done to calibrate 

the pump wavelength axis and properly phase the data for each data set.  Additionally, the spectral 

interferogram is processed in the same way as the 2D data so the 2D spectra can be normalized to 

the pump spectrum.  This removes any possible distortions in the data that come from variations 

in the pump spectrum. For both the transient absorption and 2D measurements, the pump energy 

is 57 pJ and the probe is 23 pJ per pulse.  The transient absorption of the SWCNT film is shown 

in Figure 7a with 5 main features are apparent: stimulated emission (SE) and ground state bleach 

(GSB) signals corresponding to bandgap nanotube transitions as well as blue-shifted excited state 

absorption (ESA) signals from the (7,6) and (6,5) nanotubes.  The excited state absorption of the 

(7,5) nanotubes is obscured in the transient absorption due interference with the nearby GSB and 

SE signals.  Fits to the GSB and SE signals in the transient absorption data are shown in the 

Supporting Information. The observed signals decay on similar timescales as previously studied 

CNT films47 (lifetimes are not expected to be precisely the same, because exciton lifetimes are 

strongly dependent on film preparation conditions48).  The 2D spectra are shown in Figure 7b-f.  
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Each spectrum is normalized to the intensity of the GSB/SE of the (6,5) S1 transition (peak AA) at 

λpump, = 1000 nm, λprobe = 1010 nm. 

 

Figure 7. (a) Transient absorption spectra in the S1 region of the CNT film with NIR supercontinuum pump and probe 

as a function of waiting time, T. (b-f) Broadband 2DWL spectra of the S1 region of the CNT film with NIR 

supercontinuum pump and probe at different waiting times. 

In the 2D spectra, peaks AA, BB, and CC correspond to the GSB/SE diagonal peaks of the 

(6,5), (7,5), and (7,6) chiralities, respectively, indicating that the signals are pumped and probed 

at the same frequency. Cross-peaks between two chiralities are labeled with two different letters. 

For example, peak AB corresponds to the cross-peak between the (6,5) to the (7,5) nanotubes. 

Only diagonal GSB/SE and cross-peak GSB/SE signals are labeled. At early waiting times, 

diagonal GSB and SE peaks corresponding to the S1 transition from each of the three nanotube 

chiralities as well as their blue shifted ESAs are the main apparent features.  At small waiting 

times, T = 0.1 ps and T = 0.25 ps, the peaks are elongated along the diagonal indicating 

inhomogeneous broadening.  It should be noted that the added spectral dimension of the 2D spectra 
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compared to the transient absorption spectra allow for the ESA of the (7,5) nanotubes to be 

observed at λpump = 1060 nm, λprobe = 1030 nm.  As the system evolves at larger values of T, the 

cross-peak AB begins to appear at T = 0.5 ps indicating energy transfer from the (6,5) to (7,5) 

chiralities becoming more intense at T = 1 ps.   Additionally, peaks AA and BB become more 

rounded indicating spectral diffusion as photogenerated excitons sample different energetic 

environments during the waiting time.  At much a much longer waiting time, T = 10 ps, cross-

peaks between all three nanotube chiralities are observed and peaks AA, BB, and CC show 

contributions of homogeneous broadening.  Although the film studied here was prepared by 

different methods and contains different SWCNT chiralities compared to films previously studied 

by 2D spectroscopy3, the results qualitatively match. 

To demonstrate the applicability of the visible supercontinuum generated from the ANDi 

PCF, we measured spectra in the S2 region of a CNT film that has transitions covered by the optical 

spectrum shown in Figure 8b. The CNT film contains four main chiralities; the S1 transitions are 

well resolved for the four chiralities, but the S2 transitions of the (8,7) and (8,6) CNTs overlap at 

725 nm and the (7,6) and (7,5) S2 transitions overlap at 650 nm.  
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Figure 8 (a) Linear absorption spectrum of a different CNT film. Transitions from each nanotube chirality are labeled. 

(b) Zoom in of absorption spectrum highlighting the S2 region of the four CNT chiralities (blue) with the visible 

supercontinuum spectrum (orange). 

In the S2 region, the coherence time was scanned from -10 fs to 150 fs in steps of 0.5 fs.  

Each τ was averaged for 500 ms and a Gaussian window with a FWHM of 5 fs 75as multiplied 

with the interferogram before computing the Fourier transform. The effect of the window function 

in the visible is negligible (see Supporting Information). The data was normalized in the same way 

as the NIR data. At the sample position, the pump energy was 56 pJ and the probe energy was 13 

pJ per pulse.  The transient absorption trace is shown in Figure 9a shows 3 main features over the 

detections range: GSB and SE signals at 650 nm and 725 nm, and an ESA signal at 680 nm. Fits 

to the GSB and SE signals of the transient absorption trace are shown in the Supporting 

Information.  The signals decay more rapidly than the transient signals in the S1 region, which is 

consistent with previous measurements3.  The 2D spectra are shown in Figure 9b-f.  Each spectrum 

is normalized to the GSB/SE peak of the (8,7) and (8,6) SWCNTs at λpump = λprobe = 725 nm. 
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Figure 9. (a) Transient absorption spectra in the S2 region of the CNT film with visible supercontinuum pump and 

probe as a function of waiting time, T. (b-f) Broadband 2DWL spectra of the S2 region of the CNT film with visible 

supercontinuum pump and probe at different waiting times. 

 

The 2DWL spectra follow the same labelling scheme as in Figure 7 with EE and FF 

corresponding to diagonal peaks of the (7,6)/(7,5) and (8,7)/(8,6) nanotubes, respectively. Peaks 

FE and EF correspond to cross-peaks between the diagonal peaks. At the earliest waiting times, 

both diagonal peaks and cross-peaks are present.  The (7,6)/(7,5) peak (labelled EE) and the 

(8,7)/(8,6) peak (labelled FF) show some degree of inhomogeneous  broadening indicated by 

elongation along the diagonal.  At subsequent waiting times, cross-peak EF becomes more intense 

indicating energy transfer in the S2 manifold between the (7,6)/(7,5) and (8,7)/(8,6) chiralities.  The 

peaks also very rapidly become homogeneously broadened.  Both observations are consistent with 

previous measurements3.  Additionally, a weaker cross-peak FE appears above the diagonal at all 

waiting times.  This signal is hypothesized to be due to a Stark shift from charge generation3.  The 
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ability to measure high quality 2D spectra in both the visible and NIR regions show that 

supercontinuum in the NIR generated from ANDi PCF is a suitable light source for ultrafast 

spectroscopy. 

3.4 Single wedge pair geometry 

Finally, we demonstrate an even further simplified 2DWL spectrometer using only a 

Babinet-Soleil compensator to generate the pump pulse pair.  This method of generating a pair of 

phase-locked pulses has been used previously in the mid-infrared49.  The experimental layout is 

shown in Figure 10.  By taking the 2nd wedge pair out, a pair of pulses travels along pump and 

probe path.  As the one wedge is translated relative to the other, the inter-pulse separation, τ, is 

incremented as well as the absolute arrival time of the final pulse at the sample.  However, the 

delay time between the pump and probe, T, remains fixed. 
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Figure 10. Diagram of experimental layout of 2DWL spectrometer using single wedge-pair geometry. W: half-wave 

plate, P: polarizer, AL: aspheric lens, F: ANDi PCF, OAP: 90° off-axis parabolic mirror, M: mirror, SM: spherical 

mirror, PS: periscope, EF: edge-pass filter, CM: chirped mirror, BS: beam splitter, αB: α-BBO plate, BWP: α-BBO 

wedge pair, DS: delay stage, C: optical chopper, DM: dispersive material, S: sample, B: beam block, L: lens. 

In the single wedge pair geometry, the beam splitter is placed after pulse pair generation.  

Since the pulses are generated via birefringence, they are perpendicularly polarized.  To have the 

pump pulses in the same polarization state, they pass through a polarizer oriented at 45°.  To have 

a single probe pulse selected for the experiment, the probe pair passes through a polarizer oriented 

at 90° so that the relative polarization between the pump and probe is 45°. In practice, to have full 

control over the relative polarization between the pump and probe, a half-wave plate could be used 
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to rotate the polarization of either the pump or probe.  To keep the pulse duration the same as the 

measurements in the previously described setup, the second pair of wedges was placed in the path 

of the pump beam with a fixed position so that the total amount of material is constant at every τ.  

With the single wedge pair, the overall amount of material changes linearly with τ.  This would 

have a greater effect in the visible portion of the spectrum due to α-BBO having larger dispersion 

at shorter wavelengths. For example, scanning τ by 200 fs requires a change in thickness of α-

BBO of 0.485 mm which introduces 44.7 fs2 at 700 nm for the ordinary ray (33.6 fs2 for the 

extraordinary ray). For a 10 fs Gaussian pulse centered at 700 nm, this would stretch the ordinary 

pulse to 16 fs and the extraordinary pulse to 13.7 fs. In the NIR, the dispersion is negligible: a both 

polarizations of a 10 fs pulse centered at 1100 nm would be stretched to just over 11 fs over the 

same scan range.  

 To demonstrate using the single wedge pair geometry with a supercontinuum from ANDi 

PCF we measure transient absorption and 2DWL spectra on the same SWCNT film in Figures 8 

& 9.  The results are shown in Figure 11.  The transient absorption results are shown Figure 11a 

and the 2D results are shown in Figure 11b-f. 

 



22 
 

 

Figure 11. (a) Transient absorption spectra using the single wedge pair geometry in the S2 region of the CNT film with 

visible supercontinuum pump and probe as a function of waiting time, T. (b-f) Broadband 2DWL spectra using the 

single wedge pair geometry in the S2 region of the CNT film with visible supercontinuum pump and probe at different 

waiting times. 

 

 The data shown in Figure 11 is collected using pump pulses polarized at 45° relative to the 

probe pulses.  This polarization scheme is used to measure electronic state lifetimes independent 

of reorientation dynamics in a two-dimensional sample like the CNT film measured here50. 

Excellent signal-to-noise is achieved, demonstrating that the simpler experimental setup with a 

single wedge pair can also be used to collect high quality 2D spectra. 

4. Conclusions 

We have designed a broadband, ultrafast 2D electronic spectrometer that uses 

supercontinuum generated by pumping an ANDi PCF with a Yb fiber oscillator as the only light 

source. Two different experimental geometries are demonstrated: one using both a single set and 
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one using a double set of birefringent wedge-pairs to generate the pump pulse pair to collect 2D 

spectra. Compression down to sub-20 fs is achieved by only using chirped mirrors as dispersion 

compensation, and compression over a broader bandwidth level would be possible with a shorter 

length of fiber with the same compensation scheme37. Even though the region of the 

supercontinuum near the pump wavelength has significant variations in intensity, normalization of 

the data to the pump and probe spectra mitigate the effect of these variations in the data yielding 

high quality 2D spectra. To our knowledge, this is the first example of using supercontinuum 

generated in ANDi PCF in multidimensional spectroscopy.  

 While this work shows ANDi PCF supercontinuum works very well for ensemble 

multidimensional spectroscopic measurements, this method of supercontinuum generation also has 

strong implications for broadband microscopy measurements.  The ability to use a 70 Mhz 

repetition rate oscillator to generate ultrabroadband spectra that are highly coherent is easily 

adaptable to broadband nonlinear microscopies which typically rely on very high (>MHz) 

repetition rates to raster scan over an image. Thus, microscopy experiments analogous to transient 

absorption microscopy51–55 might be performed along with the capability of collecting spatially-

resolved broadband 2DWL spectra56. 
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