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Abstract: We introduce a spectral-interferometry (SI) technique for
measuring the complete intensity and phase of relatively long and very
complex ultrashort pulses. Ordinarily, such a method would require a high-
resolution spectrometer, but our method overcomes this need. It involves
making multiple measurements using SI (in its SEA TADPOLE variation)
at numerous delays, measuring many temporal pulselets within the pulse,
and concatenating the resulting pulselets. Its spectral resolution is the
inverse delay range—many times higher than that of the spectrometer used.
Our simple proof-of-principle implementation of it provided 71 fs temporal
resolution and a temporal range of 100 ps using a few-cm low-resolution
spectrometer.
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1. Complex ultrafast waveforms and their measurement

Currently, there is great interest in the generation of arbitrary complex ultrafast waveforms in
time, typically ~1 ns long with ~100 fs substructure, for telecommunications [1], frequency
combs [2,3], coherent control, and spectroscopy [4]. However, measurement techniques to
precisely measure both the intensity and phase of such pulses do not yet exist.

Femtosecond pulses are very well characterized using a variety of methods, including
frequency-resolved optical gating (FROG) [5] and spectral interferometry (SI) [6]. Counter-
intuitively, the development of techniques for measuring longer pulses from many ps to 1 ns
(even simple ones) has lagged far behind those for measuring shorter fs pulses. This is
because many-ps pulses are still too short to be well resolved in time, and, from the classical
uncertainty principle, such relatively long pulses can have narrow spectral features, which
also can be difficult to resolve. A pulse with a temporal length of Az exhibits spectral features
ow ~ 1/At wide, which must be resolved for its measurement. The complete measurement of
fs near-IR pulses requires an easily attained spectral resolution of only ~1 nm. But any
frequency- or time-frequency-domain measurement of, say, a 100 ps, 800 nm pulse requires a
difficult-to-attain spectral resolution of < 0.01 nm. If the pulse also has 100 fs temporal
structure, then, by a similar uncertainty-principle argument, it simultaneously requires a
spectral range of > 10 nm—a difficult combination of capabilities. The spectral-resolution
problem is exacerbated in standard Fourier-transform SI (FTSI) by its requirement of an
additional factor of ~ 5 in spectral resolution in order to reconstruct the unknown pulse from
the interferogram.

In its favor, SI is conceptually very simple: it involves simply measuring the spectrum of
the sum of a known reference pulse and the unknown pulse. The pulses are aligned to have a
separation in time of about five pulse lengths (to yield spectral fringes, which yield a simple
pulse-retrieval procedure), hence the additional factor-of-five required spectral resolution.
Despite its theoretical simplicity, SI is, in practice, very difficult to perform. In addition to the
higher spectral resolution it requires, it is also hampered by numerous spatial alignment issues
associated with its requirement of perfectly collinear beams. As a result, over the past few
years, we have developed an experimentally simpler version of it, called SEA TADPOLE [7].
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It involves overlapping the unknown and reference pulses in time and crossing the beams in
space in a direction perpendicular to the frequency axis at the spectrometer’s camera. Its use
of crossed beams rather than collinear beams and its use of fibers to introduce the beams into
the device significantly ease the burden of alignment associated with standard SI.
Additionally, its use of temporally overlapped pulses allows the pulse’s frequency-domain
field, E(w), to be retrieved without loss of spectral resolution [8—11], and SEA TADPOLE
often achieves spectral super-resolution, because it measures the pulse’s complex spectral
electric field, rather than the simple spectrum. The result is that it can measure very
complicated, relatively long pulses easily.

Using SEA TADPOLE, we have been able to measure pulses with time-bandwidth
products as large as ~ 400 [7,12], using only a simple few-cm spectrometer—a measurement
that would require a ~ 1/2 m spectrometer using standard SI. SEA TADPOLE is a significant
improvement over standard SI for measuring the temporal electric field of complex pulses.

There are several variations on this idea that also avoid the spectral-resolution loss
associated with FTSI [13]. What distinguishes SEA TADPOLE is its use of optical fibers as
the pulse input conduit, so it also has spatial resolution and so can be used to measure the
pulse in time and space by scanning the entrance fiber across the beam. We have used this
approach to measure the spatiotemporal field of focusing pulses [12,14] and Bessel-X pulses
[2,15]. Furthermore, we have used near-field scanning optical microscopy probes to
simultaneously achieve sub-micron spatial resolution and high spectral resolution [16].

Here we extend the temporal range of SEA TADPOLE to measure the complete temporal
intensity and phase of even longer and more complex arbitrary waveforms. Rather than using
a reference pulse at just one delay, as in standard SI and SEA TADPOLE, we use many
delays, making SEA TADPOLE traces for all temporal slices of the long pulse and then
concatenate them to reconstruct the entire pulse in time. We call this technique MUItiple
Delay for Temporal Analysis by Dispersing a Pair of Light E-fields (MUD TADPOLE). The
effective spectral resolution of MUD TADPOLE is many times that of SEA TADPOLE, and
it is independent of the spectral resolution of the spectrometer. Instead, the spectral resolution
is equal to the reciprocal of the reference-pulse delay range. In other words, it can measure
pulses as long as the delay that can be generated. Since it is much easier to generate delay
than to improve spectral resolution, this is a significant advantage, akin to that of Fourier-
transform spectrometers over grating spectrometers, but without the stringent alignment
issues.
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Fig. 1. Experimental setup for MUD TADPOLE. Both the unknown pulse and the reference
pulse are coupled into two equal-length single-mode fibers. The unknown pulse passes through
a delay stage, which provides the variable delay. Although here it is shown that the unknown
pulse is delayed with respect to the reference, it is inconsequential which pulse is delayed with
respect to the other. In the horizontal dimension, the light is collimated by the spherical lens
and spectrally resolved by the spectrometer. In the vertical dimension, the beams cross at a
slight angle resulting in spatial fringes at the camera.

Other techniques for measuring arbitrary waveforms have been proposed. Several time-
domain techniques have been introduced [17,18]. One such method has measured pulses up to
100 ps long with 220 fs resolution yielding a record length-to-resolution ratio of 455 [17].
Unfortunately, these methods measure only the intensity, and not the phase.

Several variations on spectral interferometry have been introduced. One variation of SI,
known as dual-quadrature SI (DQSI), which does not suffer from the spectral-resolution
reduction issue of FTSI [13], was recently reported by Weiner and coworkers and is capable
of measuring pulses up to 100 ps in length with 1 ps resolution, resulting in a temporal range-
to-temporal resolution ratio of 100 [19]. The measurement of 200 ps-long pulses has also
been reported using four-quadrature spectral interferometry, another variation of SI [20].
Furthermore, Weiner and coworkers demonstrated a modified version of DQSI using spectral
shearing and a periodically poled LiNbO; (PPLN) waveguide called dual quadrature spectral
shearing intereferometry to measure complex frequency combs up to 30 ps in length [21].
However, all of these variations of SI retain the alignment issues of standard SI.

In contrast, MUD TADPOLE is easily aligned and places no constraints on the pulse
being measured (except for SI's usual condition that the reference pulse spectrum contain that
of the unknown pulse). Using a simple Fourier-filtering algorithm, MUD TADPOLE directly
retrieves both the intensity and phase of the unknown pulse. Additionally, it can in principle
be easily extended to measure extremely complex nanosecond long pulses with fs resolution,
achieving temporal range-to-temporal resolution ratios of ~ 210,000, while measuring
complex pulses with time-band-width products of ~ 70,000.

Although the version of MUD TADPOLE that we discuss here is a multi-shot technique,
we believe that the long temporal range, or equivalently its high spectral resolution, provides
a substantial improvement to the field of arbitrary waveform metrology. Furthermore, we are
working on a single-shot version and will report on it in a future publication.

2. MUD TADPOLE: Extending SEA TADPOLE to longer pulses

The condition that the length of a pulse measured by SEA TADPOLE is limited to the inverse
spectral resolution of the spectrometer can also be expressed in terms of the temporal length
of the reference pulse at the output of the spectrometer. A fundamental, but often overlooked,
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property of spectrometers is that they stretch ultrashort pulses [22]. This has been
experimentally verified for ps pulses [23] and fs pulses [12] by measuring the pulse at the
output of a spectrometer.

This is easily understood by considering that spectrometers map a small range of
frequencies, dw, equal to the spectral resolution, to each pixel of the detector. From the
uncertainty principle, such a narrow band of frequencies can only be contained in a pulse that
has a temporal duration:

T, 2 L (1)
ow

Therefore, the reference pulse broadens in time inside the spectrometer by the reciprocal
of the spectrometer’s spectral resolution, 7,. Because SEA TADPOLE (and other SI
techniques) requires the formation of fringes, it also requires temporal overlap of the
reference and unknown pulses. Thus it can, at best, be used to measure a pulse only 7, long.
(In principle, the same broadening occurs to the unknown pulse, but the unknown pulses of
interest here are, by assumption, already as long as, or longer than, 7, so their temporal
duration is assumed to be negligibly broadened by the spectrometer.)

In order to measure longer pulses, SEA TADPOLE must be outfitted with a higher
resolution spectrometer, which would yield a longer zy,. Unfortunately, high-resolution
spectrometers are extremely large, inconvenient, and expensive due to the proportional
relationship between a spectrometer’s spectral resolution and number of grooves illuminated
on the grating (and hence its size).

Instead of using a high-resolution spectrometer, we introduce a technique that uses a delay
stage to scan the unknown pulse in time, resulting in multiple SEA TADPOLE measurements
at different delays. Each SEA TADPOLE measurement retrieves a different temporal section
of the electric field of the unknown pulse, where the range of each individual measurement is
7y, and is much shorter than the unknown pulse duration. The retrieved spectral fields are then
Fourier transformed to the time domain yielding the retrieved section of the unknown pulse in
time. Lastly, the retrieved sections are concatenated in time to reconstruct the entire unknown
pulse.

3. MUD TADPOLE retrieval algorithm

The MUD TADPOLE retrieval algorithm consists of three parts, a spatial Fourier-filtering
step, a temporal filtering step, and concatenation.
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Fig. 2. The MUD TADPOLE retrieval algorithm using simulated data. In Step 1, each SEA
TADPOLE trace—corresponding to a different temporal slice—is spatially Fourier filtered,
resulting in the electric field at each delay, Ej(w). In Step 2, the retrieved fields are temporally
filtered, keeping only the region in which the unknown and reference pulses are temporally
overlapped. Each retrieved field, Ei(w), is Fourier transformed to the time domain and

temporally shifted to the lab frame yielding £, ,, « --,). In the figure, each color represents the

retrieved field at a different delay. Although, only the amplitudes are shown, after re-phasing,
the same process is done with the retrieved phases. In Step 3, the retrieved amplitude and
phase are separately concatenated using a weighted average, resulting in the retrieval of the
entire unknown pulse.

3.1 Spatial Fourier filtering

The first step of the MUD TADPOLE pulse-retrieval algorithm is identical to the SEA
TADPOLE Fourier-filtering algorithm [7,9]. In SEA TADPOLE, the electric field of the
unknown pulse is retrieved from a spectrally resolved spatial interferogram resulting from the
crossing of two beams. The interferogram is given by the following equation:

S('xc > a)) = Sref (a)) + Sunk (a)) + 2\’ Sref (a)) \/ Sunk (CU) COS(kaC Sin 9 + ¢unk (w) - wref (a)))9 (2)

where 0 is half the beam crossing angle, and x, is the spatial coordinate along the crossing
dimension shown in Fig. 1.

The entire electric field of the unknown pulse, consisting of both the phase and spectral
amplitude can be retrieved from Eq. (2) by isolating the argument and amplitude of the cosine
term. This is done by applying a one-dimensional Fourier transform along the x.-dimension
[7,9]. Once in k-space, the phase and non-phase information (the first two terms in Eq. (2))
from the interferogram separate out as illustrated in Fig. 2(b). Either of the side-bands is
isolated from the rest of the data and then Fourier transformed back to the position domain.
This results in the product of the unknown and reference pulse complex fields. Additionally,
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using FROG, the phase of the field of the reference pulse must be measured, and divided out,
thereby completely characterizing the unknown pulse.

S @)5,(@) exD[ ~i(0 (@)~ 9 (@)

SEA TADPOLE trace Spatial Fourier Transform
] / 1D Fourier
Transform
fromxtok .
'S
=
[]
Q
©
o
w
x
810 815
Wavelength (nm) Wavelength (nm)

(a) (b)

Fig. 3. Retrieving the phase and spectrum in SEA TADOLE. A typical SEA TADPOLE trace
of a heavily chirped pulse is shown in 3(a). Fig 3(b) shows how the one-dimensional spatial
Fourier transform separates the data into three bands. The side-bands contain both the spectral
phase difference and the spectrum of the unknown pulse, and so one of these is kept, and then
inverse Fourier transformed back to the position domain. Due to the fibers, no spatial
information about the pulse is present, so we sum the resulting field over the camera’s position
axis. At this point, the known reference pulse’s field is divided out in order to extract the
unknown pulse’s intensity and phase.

A typical MUD TADPOLE data set consists of N SEA TADPOLE traces like the one
shown in Fig. 3(a). Figure 2 illustrates the multiple SEA TADPOLE traces. Since the
reference pulses are successively delayed in time by a constant, z,,, each retrieved spectrum,
Si(w), and spectral phase difference,

Ap ()= Punk, () ~ @y, (o), (3)

corresponds to a measurement of the unknown pulse at a different time, 7;. Here 7; is the delay
between the reference and unknown pulse for the i SEA TADPOLE trace. Each SEA
TADPOLE trace combined with a FROG measurement of the reference pulse determines the
spectral phase of the unknown pulse, ¢,,.(®), yielding the entire electric field,

E (@) =[S, (@) 4)

At the spectrometer, the duration of each reference pulse in time is given by t,,. Each
reference pulse interferes with the unknown pulse over a temporal width of zy,. Therefore,
each E(w), will contain spectral information about the unknown pulse in the time window,

T T
ri—%<t<ri+‘—é”. Q)

Therefore, the first step of the MUD TADPOLE retrieval algorithm yields N
measurements of the electric field of the unknown pulse centered about different times,
Eisj:Mo).

3.2 Temporal filter

The second step of the MUD TADPOLE algorithm involves temporal filtering each of the N
measurements described above. In this step, the retrieved electric fields are Fourier
transformed from the spectral domain into the time domain. This results in electric fields
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centered about each 7;. Because the reference pulse interferes with a section of the unknown
pulse of length z,,, which is smaller than the time-axis of the retrieved pulse, only information
within this region is kept while that from larger and smaller times is discarded. Specifically,
we crop each field so that:

- 7,
E (1) for z, —7< 1<z, +

E ()= (6)

0 otherwise

After temporally filtering, each retrieved electric field is shifted in time because the field
retrieved by the i reference pulse, E, (1) , is centered around ¢ = 0, the local zero time value of
the reference pulse. In other words, the i" retrieved field, E, (1), is measured in a time frame
relative to the i” reference pulse. Since the goal of MUD TADPOLE is to piece together the
entire unknown pulse in time, the retrieved fields must be transformed from the local time
frame of each reference pulse to the lab frame in which all of the reference pulses occur at
different times. This means that the i” retrieved field, E, (») , is linearly shifted by 1;,

En=E,,(-1). @)

3.3 Concatenation

Although the spectrum and phase of the pulses from the mode-locked laser are quite stable,
slight non-uniformity of the spatial fringes over a significant period of time, noise, and shot-
to-shot jitter of the reference pulses cause discontinuities when concatenating the fields. To
reduce these discontinuities we use a weighted averaging scheme.

Since each E, ,(r-r,) corresponds to an independent measurement by the i" reference

pulse from the laser, each retrieved field is weighted by a Gaussian weighting function with a
half width at 1/e, 7, which is less than z,, and centered on the i" reference pulse

2
G,(t—7,) =exp —[t Tf) : ®)
z-G

The weighting function was chosen to be a Gaussian function because the temporal
response function is approximately Gaussian in form [12,24].

The accuracy of the experimental results are unaffected by variation of the width of the
Gaussian weighting function as long as the width is less than z,,, and greater than or equal to
the delay spacing between the reference pulses, 7., or,

T,y ST <T,,. )

Because the delay between reference pulses, 7., is less than 7, a given section of the
unknown pulse is reliably retrieved by more than one reference pulse. Therefore, we average
together this redundant information to obtain a better retrieval. But due to the spectrometer’s
finite resolution, the accuracy of an individual measurement decreases as you move away
from its temporal origin. The purpose of the weighting function is to account for this.
Therefore, we choose the weighting function to be Gaussian (rather than square) so that it
more heavily weighs information that originates from the temporal center of the individual
measurements. And keeping the weighting function’s width less than z,, assures that no
information from delays greater than z,,, are included in the average, because this information
is outside the spectrometer’s temporal window and therefore, not accurate. This process
reduces the noise in the retrieval and helps to avoid discontinuities when concatenating the
independent measurements together.
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Since 17, is directly related to the spectral resolution of a spectrometer, it can be obtained
by measuring the fringe contrast of interference spectra at different delays [12,24]. In our
experiment we measured 7, = 9.2 ps. Therefore, using a delay spacing of 7,,, = 1.46 ps
satisfied the condition that 7, < 7,

Finally, the retrieved fields are concatenated together. We do this by separating each
E,,,(t—t,) into its constituent phase and amplitude,

E,.,(-1)=A-1)e""". (10)

Before concatenating the phase, each measured phase, ¢,(#-7;), must be re-phased (that is,
its zeroth-order phase value is matched to that of the neighboring pulselet). The reason for
this is that our interferometer is not actively stabilized. Therefore, there is a slow drift in the
phase over the course of an entire MUD TADPOLE scan, just as there is in SEA TADPOLE
[7,14].

Accordingly, the retrieved temporal phases have a different absolute phase, which must be
removed before concatenation. This can be done easily because the temporal sections of the
unknown pulse measured by subsequent reference pulses overlap. Therefore, the absolute
phase of two individual measurements of the same time are set equal, which effectively
removes the effect of drift in MUD TADPOLE.

This re-phasing procedure uses the fact that the absolute temporal phase does not contain
any frequency vs. time information [5]. Therefore, before concatenating, the absolute phases,

(O)i, where,

@ (t—1)= o + o (t—7,)+ o (t—7, )2 s (11)

are re-phased. Specifically, the absolute phase of the i"+1 retrieved field, ¢”’;, , is set equal to
that of the previous retrieved phase at the midway point between the two, or:

(0) Z-iJrl + Ti (0) z-i+1 + Ti
= L= | —L ], 12
¢z+l [ 2 j ¢1 ( 2 j ( )

This re-phasing is performed sequentially, beginning with ¢, and ending with gy.

After re-phasing, both the phases, ¢i(t-7;), and amplitudes A (#-t;), are separately
superposed using a weighted average, yielding the entire temporal amplitude of the unknown
pulse:

iGj(t—rj)Aj(z—rj)

Afinal (t) = = N
> Gt-1)
i=1

; 13)

Z G,(t=1))p;(t~1))

j=1
wﬁnal (t) = : N
> G-t
i=1

The product of the amplitude and phase yields the entire temporal amplitude and phase of
the unknown pulse.

(14)

Eﬁnal (t) = Aﬁnal (t)ei‘pﬁzml (1) ) (15)
Figure 2 graphically represents the MUD TADPOLE retrieval algorithm.
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4. Experimental setup

We performed experiments using a Coherent MIRA Ti:Sapphire oscillator. The pulses were
centered at 805 nm, with a FWHM bandwidth of 6 nm. Using a Swamp Optics
GRENOUILLE 8-50USB [25], the input pulse was measured to have a temporal width of 168
fs. The pulses were stretched to a FWHM length of 40 ps using a single-grating pulse
compressor [26].

The SEA TADPOLE set-up shown in Fig. 1 is described in more detail in [7].
Specifically, for our set-up we used a 250 mm focal-length spherical lens to collimate and
cross the beams emanating from the fibers. Additionally, a 600 grooves/mm grating and 200
mm focal-length lens were used for mapping wavelength to position in the spectrometer. The
delay stage used was a Newport MFA Series Miniature Linear Stage with a Newport ESP100
single-axis controller.

5. Results and discussion

We performed two experiments to demonstrate MUD TADPOLE’s unique capabilities
relative to a conventional high-resolution spectrometer and to SEA TADPOLE. These
experiments demonstrate how MUD TADPOLE overcomes the limitations of a conventional
spectrometer as well as those of SEA TADPOLE. In both experiments MUD TADPOLE
provides the necessary spectral resolution to completely characterize the intensity and phase
of the unknown pulse.

In the first experiment, we measured the stretched 40 ps pulse using MUD TADPOLE
with 100 SEA TADPOLE traces each having a different reference-pulse delay using the set-
up shown in Fig. 1. The reference pulses were separated in time by 1.46 ps. This temporal
spacing was chosen to provide a significant amount of overlap with neighboring reference
pulses, thereby reducing discontinuities during the concatenation routine, which is helpful,
but not necessary. The half width at 1/e of the weighting function was chosen to be equal to
the temporal separation of the reference pulses, 75 = 1.46 ps.

Figure 4(a) shows the retrieved temporal amplitude and phase of the 40 ps pulse. Since
there is no commercial device capable of measuring the full intensity and phase of such a
pulse, we compared the retrieved spectrum to that of an Ocean Optics HR 4000 spectrometer
shown in Fig. 4(b). In this instance, the spectrometer provided enough spectral resolution to
accurately measure the relatively smooth spectrum of the pulse. This is because the pulse
compressor modifies the spectral phase rather than the spectral intensity. The result is that the
linearly chirped pulse did not have finer spectral intensity features than the resolution of the
spectrometer. Instead, the spectral phase of the chirped pulse contained the fine spectral
features, which the spectrometer is unable to measure. In contrast, MUD TADPOLE is able to
measure the phase, as demonstrated by the complete measurement of the temporal intensity
and phase of the 40 ps pulse shown in Fig. 4(a).
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Fig. 4. a. The MUD TADPOLE-retrieved temporal amplitude and phase of a chirped 40 ps
pulse. b. The MUD TADPOLE-retrieved spectrum compared to an independently measured
spectrum using a spectrometer. c. The measured SEA TADPOLE spectrum compared to the
independently measured spectrum. The overly narrow SEA TADPOLE spectrum shows the
need for MUD TADPOLE. d. Concatenation of the retrieved temporal amplitudes, A{(#-7;).
Similar to Step 3 in Fig. 2, each color represents the retrieved amplitude at a different delay,
which shows the multiple measurements overlapping in time as discussed in Section 3.3. e.
Concatentation of the retrieved temporal phases after re-phasing, (t-7;).

Figure 4(c) highlights the limitations of SEA TADPOLE compared with MUD
TADPOLE. It shows the spectrum measured by SEA TADPOLE and also by a spectrometer.
It is clear that the spectrum retrieved from SEA TADPOLE is too narrow. Since the 40 ps
pulse was highly chirped, different colors occurred at different times in the pulse, and the
reference pulse inside the spectrometer of SEA TADPOLE stretched only long enough to
interfere with ~1.9 nm of the chirped-pulse spectrum. The other wavelengths are missing
from the SEA TADPOLE spectral measurement. In contrast, Fig. 4(b) shows that MUD
TADPOLE retrieves the entire 40 ps pulse.

Figure 4(d) and 4(e) show the concatenation of both the amplitude and phase used in Step
3 of the concatenation routine. As illustrated in Fig. 2, the amplitudes and phases were
individually concatenated, and the different colors represent different measurements made
with each individual SEA TADPOLE trace.

Our next experiment highlighted the large temporal range and high temporal resolution of
MUD TADPOLE. Additionally, it also exposes the limitations of a conventional
spectrometer. In this experiment we measured a chirped double pulse at multiple delays. At
delays larger than 40 ps, the double pulse exhibited fine spectral-intensity features that were
resolvable by MUD TADPOLE, but unresolvable by a conventional spectrometer.

The double pulse was generated by placing a Michelson interferometer after the single-
grating pulse compressor. For this experiment we reduced the bandwidth of the incident pulse
to 3.4 nm in order to fit the entire pulse within the temporal range of MUD TADPOLE, which
is limited by the scanning range of our delay stage. As a result, we used a 300 mm focal
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length cylindrical lens inside the spectrometer to further spread out the reduced bandwidth on
on the camera.

In contrast to the previous measurement shown in Fig. 4, the reduced bandwidth of the
incident pulse on the compressor resulted in the stretching of the incident pulse to 22 ps
FWHM.

Figure 5 shows both the measured and simulated temporal intensity and phase of two
linearly chirped pulses at variable delays with respect to one another. Fig. 5 demonstrates a
phenomena known as chirped pulse beating [27], which occurs because at each point in time
the frequency content of each pulse differs by a constant beat frequency. This beat frequency
is proportional to the delay, 7, between the two pulses.

Measured 1.6 ps double pulse Measured 4.6 ps double pulse Measured 9.2 ps double pulse Measured 24 ps double pulse Measured 50 ps double pulse
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Fig. 5. A comparison of the measured and calculated temporal profiles of a chirped double
pulse at variable delays. a,b. The MUD TADPOLE retrieved and simulated temporal profile of
two 22 ps linearly chirped pulses separated by 1.6 ps. c.d. The retrieved and simulated
temporal profile after increasing the delay between pulses to 4.6 ps. e,f. The retrieved and
simulated temporal profile after increasing the delay between pulses to 9.2 ps. gh. The
retrieved and simulated temporal profile after increasing the delay between pulses to 24 ps. At
this large delay the temporal phase develops a cusp which MUD TADPOLE is able to retrieve.
i,j. The retrieved and simulated temporal profile of a 50 ps double pulse. At such a large delay
the temporal beating is not as noticeable as at much shorter delays because fewer frequencies
are temporally overlapped. In all examples the agreement between the retrieved and simulated
results is good. These results simultaneously highlight the extended temporal range and high
temporal resolution of MUD TADPOLE.

Figure 5 simultaneously highlights the high temporal resolution and the large temporal
range of MUD TADPOLE. The temporal resolution of MUD TADPOLE is determined by the
spectral range of the spectrometer used in Fig. 1. In this experiment our spectrometer had a
spectral range of 30 nm and a temporal resolution of 71 fs. This high temporal resolution was
put to good use in the measurement of the double pulse with a 24 ps delay shown in Fig. 5(g).
The fast temporal beating which had a temporal period of 622 fs is well resolved by MUD
TADPOLE.

A double pulse afforded us another opportunity to check the validity of our measurements.
Using an optical power meter, the ratio of the intensities of the two pulses in the double pulse
was found to be 0.99, or almost equal. MUD TADPOLE confirms this measurement as shown
in Fig. 5(i), where the intensities of the retrieved fields are shown to be roughly equal.

Another interesting aspect to note is that MUD TADPOLE has the capability to measure
pulses with phase cusps shown in Fig. 5(g) and 5(1).

Although the experimental and simulated results agree quite well, there is some
disagreement, which is attributed to the slight instability of the Michelson interferometer used
to make the double pulse. The use of an actively stabilized interferometer to make the double
pulse would result in better agreement between our simulations and experimental results.
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Figure 5(i) highlights the long temporal range of MUD TADPOLE, which is an equivalent
measure of its spectral resolution. This fact is better explained by examining the spectrum
corresponding to the 50 ps double pulse.

Figure 6(a) and 6(b) show both the retrieved temporal profile and the retrieved spectrum
of the 50 ps double pulse. Since the two pulses are separated by such a large time delay, the
spectral fringes are too fine for the high-resolution Ocean Optics spectrometer to resolve; the
spectral fringes due to a double pulse measured by a spectrometer with .01 nm spectral
resolution wash out completely at around 40 ps. In contrast, MUD TADPOLE resolves them
accurately.

Apart from the spectral fringes, Fig. 6(b) shows that the envelope of the MUD
TADPOLE-retrieved spectrum and that of the spectrometer measured spectrum agree, as they
should.
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Fig. 6. a. The MUD TADPOLE-retrieved temporal intensity and phase of a 50 ps chirped
double pulse. b. The retrieved spectrum compared to an independently measured spectrum.
The spectrum shows the high spectral resolution of MUD TADPOLE, and it highlights a
conventional spectrometer’s limitions. c. Concatenation of the retrieved temporal amplitudes,
A(t-t;). Similar to Step 3 in Fig. 2, each color represents the retrieved amplitude at a different
delay. e. Concatentation of the retrieved temporal phases after re-phasing, p(t-7;).

Additionally, the measurement of the temporal phase of each of the pulses (shown in
green in Fig. 6(a)) gives us more confidence in MUD TADPOLE. We expect the measured
temporal chirp to be almost equal, given that both pulses were chirped equally by the single
grating pulse compressor. Although the chirp of the two pulses is not exactly the same due to
the geometry of a Michelson interferometer, where one pulse makes three passes through a
partially reflecting 1 cm beam splitter, while the other pulse makes only a single pass, this
amount of added chirp is negligible compared to that introduced by the pulse compressor.

Figure 6(c) and 6(d) show the concatenation of both the amplitude and phase used in Step
3 of the concatenation routine. As illustrated in Fig. 2, the amplitudes and phases were
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individually concatenated. Fig. 6(d) shows that the concatenation routine described in section
3.3 is able retrieve phases with cusps.

6. Summary, limitations, and future work

In summary we have used a variation of SEA TADPOLE that we call MUD TADPOLE to
completely characterize pulses up to 100 ps in length with 71 fs resolution, achieving a
length-to-resolution ratio of over 1400. MUD TADPOLE has successfully measured complex
pulses with time-bandwidth products of ~700.

There is no fundamental limit to the length (or complexity) of a pulse that can be
measured by MUD TADPOLE. Experimentally, the limit is given by the scanning range of
the delay stage in Fig. 1. This limit will also depend on the dynamic range of the camera,
because for extremely long pulses, the fringes will not be visible in the presence of potentially
more intense DC terms. As the unknown pulse duration increases, the fringe contrast for each
measurement will decrease, because fringes only occur at times where the pulses temporally
overlap (z,,), so most of the intensity will be in the DC. In the perfect case where the
reference pulse temporally overlaps with the entire unknown pulse, the ratio between the
signal term and the DC term will be 1/2. But if the unknown pulse duration is 1000z, the
ratio between the DC and signal term will be 1/2000 requiring a dynamic range of more than
2000 (greater than 10 bits). In other words, a 10 bit camera (maximum of 1024 counts) could
measure a pulse of maximum length 500z,,. For this latter case, for a pulse with a bandwidth
of 5Snm, and 7y, = 10ps, the maximum TBP of a pulse that can be measured using MUD
TADPOLE is ~ 70,000.

Additionally, there is no fundamental limitation to the spectral range, or equivalently, the
temporal resolution of the device. Experimentally, the spectral range is limited by the camera
size. By choosing a camera with a larger array size, MUD TADPOLE could accommodate
larger bandwidths.

One fundamental limitation of MUD TADPOLE is that it is an interferometric method
that requires a well-characterized reference pulse. Therefore, it can only measure pulses that
are temporally and spectrally overlapped with the reference pulses. Furthermore, since MUD
TADPOLE is a multi-shot method, it requires the unknown source to be stable over the entire
scanning range of the delay stage. The experiments performed in this paper lasted about 15
minutes and consisted of 100 traces. This makes it ideal for measuring pulses modified by a
time-stationary filter [28], such as a pulse stretcher and/or compressor [26]. In contrast, pulses
generated from phenomena with rapid variations from shot to shot, like continuum generation
[29], may be difficult to measure accurately using MUD TADPOLE.

Additionally, an experimental limitation of MUD TADPOLE is imposed by the accuracy
of the delay stage. The accuracy of the delay stage is important with regards to Step 2 of the
MUD TADPOLE retrieval algorithm described in Section 3.2. In this step, each retrieved
temporal electric field is temporally shifted from the reference pulse time frame to the lab
frame. It is important that the accuracy of the time delay control (the delay stage in Fig. 1) be
much less than the temporal resolution of MUD TADPOLE. Otherwise, each retrieved field
will not be properly shifted resulting in discontinuities when concatenating.

The scanning stage used had an accuracy of 0.035um corresponding to a delay accuracy
of 0.12 fs. This is sufficient as it is much less than the temporal resolution of MUD
TADPOLE which was 71 fs considering the spectral range of the spectrometer was 30 nm.

A modified version of the MUD TADPOLE retrieval algorithm could be applied to dual
quadrature spectral interferometry [13] to increase its temporal range or equivalently its
spectral resolution. The only modification in the setup would be an additional delay stage in
the reference arm of the Mach-Zehnder interferometer to provide the variable delay.

In contrast, Fourier-transform spectral interferometry (FTSI) [6] could not be improved in
this manner because a large delay is required between the reference and unknown pulses, and
this cannot be scanned, because the Fourier retrieval algorithm requires filtering along the
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spectral dimension. In contrast, MUD TADPOLE does not have this limitation, because its
filtering is performed in the spatial domain.

In the future, we plan to implement MUD TADPOLE in a manner similar to [14] in order
to measure the full spatio-temporal field of long complex pulses and also to modify it for
single-shot measurements.

We believe that this simple, compact, and inexpensive device can measure pulses with
time-bandwidth products in excess of 70,000 using inexpensive, off-the-shelf components.
Also, it could improve the spectral resolution of any spectrometer by a large factor.
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