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Abstract:  We demonstrate that multiple spectral-shearing interferometry
increases the precision and accuracy of measurements of the spectral
phase of a complex pulse (time-bandwidth product = 125) arising from
self-phase modulation in a gas filled capillary. We verify that the measured
interferometric phase is accurate to 0.1rad across the full bandwidth by
checking the consistency between the spectral phases of each individual
shear measurement. The accuracy of extracting pulse parameters (group
delay dispersion, pulse duration and peak intensity) for single shear
measurements were verified to better than 10% by comparison with the
multishear reconstruction. High order space-time coupling is quantified
across a single transverse dimension, verifying the suitability of such pulses
for usein strong field experiments.
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1. Introduction

Ultrashort optical pulses provide a means both to study and to control dynamics of atoms,
molecules and solids on time-scales comparable with electronic and nuclear motion. These
capabilities are predicated on the ability to shape the space-time fields incident on the matter,
and to measure the scattered or radiated fields with high accuracy and precision. New insight
into and control of these dynamical processes will therefore accrue from better ways to shape
and to measure broadband coherent optical fields across arange of wavel engths and timescal es.

In recent publications it was shown that spectral multishearing interferometry can be used
to increase the precision of the measurement whilst still maintaining spectral resolution and
to overcome any relative phase ambiguities between digjoint spectral regions[1, 2]. In this pa
per we demonstrate a means to quantify and improve the accuracy and precision for complete
characterization of ultra-broadband optical pulses generated viaanonlinear process (self-phase
modulation in a gas-filled capillary) by the application of spectral multishearing interferome-
try to the measurement of the spectral phase of the pulse. Precision is enhanced compared to
single-shearing interferometry due to an over-determination of the spectral phase; accuracy is
enhanced by ensuring the relative phase across spectral nulls are recovered. The accuracy in
the reconstruction of the spectral phaseis estimated by comparing the different shear measure-
ments. We use this method of experimentally estimating the accuracy of the spectral phase
reconstruction to perform an extensive systematic study on the quality of the space-time char-
acterization of a hollow-core fiber pulse compressor system for generating intense few-cycle
pulses for use in strong field experiments. We utilize the improved accuracy to measure the
complete temporal pulse as a function of a single transverse dimension and to quantify the
complexity of the pulse based on its time-bandwidth product.

1.1. Choice of a measurement technique

Currently there exists a plethora of devices for complete temporal characterization of ultrafast
optical pulses [3]; the most commonly used devices are based on spectrographic or spectral-
shearing methods (e.g. FROG [4, 5] and SPIDER [6, 7]). Each specific device has its own ad-
vantages and disadvantages and variants of these methods have been designed for measuring
aparticular class or set of classes of pulses. One particular set of pulses of current interest are
those that have been modified by a nonlinear process, such as self-phase modulation [8] or
ionization [9]. These processes have proven useful for generating intense few-cycle pulses[10]
for use in strong-field physics [11, 12], super-continuum generation [13] for spectroscopy and
self-guided propagation for LIDAR [14], to name a few examples. Since the electric field is
a fundamental entity in these processes, and is the quantity studied in simulations, and since
the dynamics of the nonlinear propagation can be very sensitive to the incident (space-time)
field, quantitative agreement between experiments and simulations can only be obtained if ac-
curate and precise (space-time) measurements of the electric field incident on and emerging
from the nonlinear processes are made. In the case of highly nonlinear processes such as fila-
mentation, the accuracy requirements for these measurements are much more stringent if one
isto be able to unambiguously determine the relative contributions of different nonlinear pro-
cesses (e.g. high-order Kerr effects and ionization). Additionally, single-shot acquisition may
aso be important to understand shot-to-shot statistics [15, 16], for example in studying opti-
cal rogue waves [17]. Hence improving the accuracy, precision and capabilities of complete
characterization methods are still vitally important in the study of nonlinear dynamics.
Complete characterization of pulsesfrom nonlinear interactionsis a challenging task: (1) the
generation of new frequencies prevent reference based methods from being used without awell
characterized external source with the same bandwidth; (2) fragmentation into multiple pulses
and digoint spectral regions increase the complexity of the pulse under study and therefore
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increase the spectral and temporal resolution requirements; (3) coupling between the spatial
and spectral/temporal degrees of freedom require a device that is capable of measuring this
space-time coupling, (4) the nonlinear interaction is more sensitive to perturbations in the input
field, hence single-shot acquisition is preferred.

Interferometric methods have several advantages over spectrographic and tomographic meth-
ods in respect to measuring pulses from nonlinear interactions: the measured data and informa-
tion extracted are encoded with the same number of dimensions (e.g. an imaging spectrometer
can be used to measure the spectral and one spatial dimension of a pulse on a two-dimensional
array detector in a single acquisition), and thus can easily be extended to measure space-time
coupling in the pulse [18, 19]. The measured spectrum is linear in the input spectral intensity,
enabling the measurement of low intensity spectral regions. Additionally, low intensity tem-
poral sub-pulses manifest themselves as a strong modulation in the spectral intensity and/or
oscillations in the spectral phase and so can often be easily detected. Finally, the reconstruction
of the spectral phase is algebraic (non-iterative), providing a means to test the precision and
consistency of the data; and local, thus any error in the spectral phase can be attributed to a
specific spectral region.

The most common interferometric self-referencing methods are based on spectral-shearing
interferometry, which has some disadvantages. For example, the measured interferometric
phase is integrated across the spectrum to obtain the test pulse spectral phase. In the case of
a nonlinear process, the output pulses have a strongly modulated spectrum that needs to be
sampled with high spectral resolution; but as the bandwidth can span an octave or more, this
can result in the accumulation of alarge error across the full spectrum. Additionally, the rela-
tive phase of digjoint spectral regions (i.e. spectral regions separated by aregion of zero or low
spectral intensity) can belost since the measured phase in the spectral null is undefined. Finally,
these methods contain no direct temporal information and so at first would appear to have no
means to check the integrity and thus accuracy of the reconstructed temporal profile. Consis-
tency checks on single shear measurements [20] ensure a suitable shear is used for the pulse
being measured, but cannot verify other systematic errors, for example ensuring the ancillary
pulses are monochromatic over the test-pulse duration. By performing spectral multishearing
interferometry, these limitations can be overcome and additional consistency and accuracy tests
can be performed, whilst maintaining all the advantages of interferometry previously described.

2. Experimental setup

The spectral phase of the test pulse (TP) is measured by means of spectral-shearing interferom-
etry: two spectrally shifted pulse replicas are interfered and the spectral phase extracted from
the interferogram (referred to later as the SPIDER phase) is extracted via the Takeda algo-
rithm [21]. For small spectral shears, this phase is approximately equal to the spectral phase
gradient, or chirp of the TP. Although this provides for an intuitive understanding, the phase of
the TP can be recovered exactly (in the absence of noise) via concatenation with a sampling
frequency equal to the spectral shear. In the case of multishearing interferometry, the purposeis
to find the spectral phase that is most consistent with measurements made with various shears.
This can be achieved via a simple matrix inversion adapted from [1].

For our measurements, we utilize a spatially encoded arrangement spectral phase interferom-
etry for direct electric-field reconstruction (SEA-SPIDER) device specifically designed for the
measurement of few-cycle pulses. The details for this device can be found in [22]; for clarity
the concept is explained in Fig. 1. The spectral shear is varied by atering the arrival time of
one of the chirped pulses with respect to the other. A calibration trace is taken by setting the
delay between the two chirped pulses to zero, such that the spectral shear is then zero. Since
al measurements are referenced to this calibration trace, the measurements presented here cor-
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SEA-SPIDER
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Fig. 1. SEA-SPIDER concept. The two signal pulses (SP; & SP,) are created via type
Il sum frequency generation (SFG) in a x(z) nonlinear crystal (e.g. 30 um BBO) of the
test pulse (TP) with two spatialy tilted and highly chirped ancillary pulses (CP; & CP»)
separated in time by adelay 1. During the SFG, the TP interacts with two different quasi-
monochromatic frequencies, resulting in two spectrally sheared replicas of the test pulse
centered near twice the fundamental frequency. The upconverted interference pattern is
filtered using a blue filter (BF) and spatial filter (SF), then imaged onto the entrance slit of
an imaging spectrometer. The spatial tilt results in spatial fringes, enabling the extraction
of the spatially-dependent spectral phase. Experimentally, focusing mirrors are used for f1
and f, to prevent chromatic aberration and dispersion of the TP,

respond to HOT-SPIDER [23] where one of the signal pulses (SP,) acts as a local oscillator
and thus its spectral phaseisirrelevant. A major advantage of this geometry is that there is no
error in the reconstructed phase due to an error in the calibration of the time-delay between
the pulses [24]: this is guaranteed to be zero since the pulse is referenced to itself. We chose
a scanning method to enable measurements on the space-time coupling of the pulses emerging
from the hollow-core fiber compressor, to ensure that they were suitable for strong field exper-
iments such as high harmonic generation. One can perform the exact same analysis presented
in this paper on single-shot measurements made with the device described in [2] if shot-to-shot
statistics are required.

Since the different spectral shear measurements are taken sequentially by varying the de-
lay, T, between the two chirped pulses via a manual translation stage, it is necessary to ensure
that the pulse being measured does not vary significantly during the experiment. Therefore we
measured the fundamental spectrum on a fiber-coupled spectrometer between each successive
shear measurement. The measured spectrum and its statistics are shown in Fig. 2. The intensity
error in Fig. 2 (a) is calculated as a percentage error with respect to the ensemble average with-
out normalization of each individual measurement. We do not normalize to a constant energy
to emphasize the shot-to-shot stability. Since the total nonlinearity after propagating through
the capillary is significant (resulting in spectral broadening by a factor of three or more), any
fluctuations in the pulse shape (as a result of intensity, phase or coupling instabilities) would
also manifest themselves in the broadened spectrum. Using a motorized stage would enable
automation of the process, significantly reducing the acquisition time and thus minimizing the
effects of fluctuationsin the TP,
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Fig. 2. Pulse spectrum variation during measurement acquisition. (a) Intensity error be-
tween measured spectrum and ensemble average. (b) Histogram of spectral error (counts
along horizontal axis). (c) Measured spectra (blue=zero intensity, red=maximum intensity,
smoothed to remove electronic read-out noise); the pulse's spectral moment (black dots)
and RMS width (white dots) are superimposed. (d) Ensemble average (black line) and
standard deviation (red band).

3. Spectral phasereconstruction

After performing Fourier filtering of the measured SPIDER interferogram via the Takeda al-
gorithm, the interferometric term D (0, Q) = Erp(® — ocp — Q) Efp (0 — xcp) is obtained in
terms of the test pulse analytic field Evp. Here, acp is the quasi-CW upconversion frequency
derived from CP; during the calibration measurement and Q is the spectral shear (defined such
that a positive shear shifts the pulse to higher frequencies). The SPIDER phase is then defined
as

6 (©,9) = ag[D (© + wcp, Q) Dy (0 + cp)] @
— prp(0— Q) — drp(@).

This equation can be expressed in terms of amatrix equation relating measured SPIDER phases
to the unknown test pulse phase via a set of linear operations:

N—1
9(m+Ms) = 2,0 [A(m+Ms)n - B(m+Ms)n] n, (2
n=

where ¢n = ¢ (on) is the desired test pulse phase sampled at points {on} and Oy ms) =
0 (wm,Qs) is the measured two-dimensional SPIDER phase mapped into a vector and sam-
pled at frequencies {wm} for shears {Qs}; n=0,1,....N—-1, m=0,1,...,M -1, and
s=0,1,...,S—1areinteger indices; N is the number of sampling points for the reconstructed
test pulse phase; M isthe number of frequency sampling pointsfor the measured SPIDER phase

and Sisthe number of shear measurements.
If om = on = @+ NQy and Qs = asy where ag is an integer (wy is the first sampled
frequency and ap = 1), then Amimsim = —B(mims)(mas) = 1 and zero at al other points, as
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described in [1]. Since this requires the shears to be integer multiples of each other, it is nec-
essary to be able to accurately set the shear during acquisition, or to be able to oversample the
two-dimensional SPIDER phase and then interpolate onto the evenly sampled grid. The former
method is not always practical or feasible, whereas the latter method requires the shear axis to
be sampled with the same resolution as the spectral axis; the resolution being determined by
the test pulse shape according to the sampling theorem. In this situation, only a subset of the
measured data is directly used in the reconstruction; maximal accuracy and precision can only
be achieved (for a given amount of resources) if the whole data set is used directly. Therefore
we proceed with a slightly more general approach: the test pulse phase at frequencies { om} —
the measured sampling points — and { wn — Qs} are calculated via a piece-wise polynomial in-
terpolation of the evenly sampled unknown test pulse phase sampled at frequencies {w,}. The
details of thismethod are described in [25]. The resulting matrix is now avertical concatenation
of band-diagonal (c.f. bi-diagonal) sub-matrices, with the width of the band determined by the
order of the interpolation. We find that cubic interpolation is normally optimal.

4, Results

For each value of the shear, 100 SEA-SPIDER interferograms were recorded to enable statis-
tics to be performed on the reconstructed data and any parameters extracted from this data;
the SPIDER phase was extracted from each interferogram using a 2D Takeda algorithm and
then only the spectral information at the center of the beam was used for the analysis below.
When performing the temporal reconstruction, we used the mean spectral intensity with high
frequency noise (due to electronic readout noise) removed. Since we used a silver focusing
mirror to image the crystal onto the spectrometer, the detection of wavelengths below 400 nm
are compromised. We therefore also spectrally filtered the fundamental spectrum for use in
determining the accuracy and temporal intensity (indicated by the yellow region in Fig. 3(a)).
In any real experiment, fluctuations in the spectral intensity would also change the temporal
reconstruction. However, the purpose of this paper is to demonstrate the effect different sized
shears have on the spectral phase reconstruction and to demonstrate the improvements obtained
by using the multishear algorithm. Hence we want to isolate the effects of inaccuracies and
imprecision in the spectral phase from fluctuations/inaccuracies in the spectra intensity. The
dominant effect causing dispersion in the test pulse temporal reconstructions arise from the test
pulse spectral phase reconstruction and not from the spectral intensity.

4.1. Accuracy measurements

One important feature of performing multiple shears is that this provides multiple indepen-
dent measurements of the same pulse. Therefore each shear measurement should reconstruct
the same spectral phase. This is illustrated in Fig. 3(a), which plots the reconstructed TP
spectral phase for the different shear measurements via the mid-point/trapezium integration
method [26], the multishear reconstruction, the TP spectral intensity and the signal pulse spec-
tral intensity for Q = 0 (shifted by wcp to overlap with the fundamental). The 100 measure-
ments for each phase reconstruction enables the probability density function for ¢rp (@) to be
estimated; thisisindicated by the intensity of the lines. The agreement of the global phase (e.g.
the GDD) between the different reconstructions is excellent. Note that in the case of a large
spectral shear, the phase in the wings should be disregarded since the intensity of the interfer-
ogram in this region is very low. Two important features can be seen as the magnitude of the
shear isincreased: (1) the precision improves (the deviation from the mean of the individual
measurements at a given shear is reduced) and (2) the fine structure on the phase is washed out.
The multishear reconstruction remains precise and recovers the fine structure simultaneously,
thus qualitatively showing an improvement in precision and accuracy compared to single-shear
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Fig. 3. Spectral and temporal reconstructions; the probability that the phase/intensity is a
given valueisrepresented by the intensity of theline at that value. (a) Spectral intensity and
phase. The phases have been offset from each other for clarity. The SP spectrum has been
shifted in wavelength to overlap with the fundamental. (b) Temporal intensity reconstruc-
tions and FWHM pulse durations after phase compensation — see text; the color scheme
isthe sameasin (a). The Fourier transform limited temporal profile (dark red) is cal culated
from the fundamental spectrum.

measurements.

The consistency of the different shear measurements can be calculated by using the spectral
phase reconstructed via the multishear algorithm to estimate the SPIDER phase for each indi-
vidual shear measurement (Fig. 4). For each shear, the probability density function isindicated
by the intensity of the line, and the SPIDER phase estimated from the multishear spectral phase
is superimposed as a black dotted line. The agreement is excellent for all shears where the in-
terferometric amplitude (not drawn for clarity) is above the noise floor. It is clear that the fine
structure on the SPIDER phase is physical since it is reproduced for all shears. Therefore we
can conclude that all measurements are consistent with each other and thus we can believe that
the reconstructed spectral phase is an accurate estimate of the true spectral phase.

We quantify the accuracy estimate of the measurement by calculating the RMS phase er-
ror [26], n (Q), between the measured SPIDER phase, Omeas (®,Q2) and the SPIDER phase
calculated from the test-pulse phase reconstructed from the multishear algorithm, s (®,Q),
asfollows

11D (@, )/ [0ms (@, ) — Ohmess (@, Q) deo |
n(Q) = : (€)

/1D (w,Q)|2dw

The RMS phase error is measured to be approximately 0.1rad in al cases, quantifying ex-
cellent agreement. In the spectral range 420-440 nm, the precision in the SPIDER phase is
reduced (especially near 420nm) as a result of the nulls in the spectral intensity. This is the
main cause of poor precision in the reconstructed spectral phase for small shears since the ac-
cumulation of phase error resulting from the integration / concatenation across this spectral
region is quite large. Larger shears require less points in the concatenation and therefore the
accumulated phase error is smaller, resulting in higher precision. In the multishear algorithm,
over-determination of the measured phase reduces the effect of random errors.
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Fig. 4. Extracted SPIDER phases for the different shear measurements. The intensity of
each line represents the probability distribution cal culated from 100 measurementsfor each
individual shear. For each shear, the SPIDER phase has also been calculated using the TP
spectral phase reconstructed via the multishear algorithm and is superimposed as a black
dotted line. The RM S phase error between the measured and reconstructed SPIDER phase
for each shear is written above each measurement. The SPIDER phases have been offset
from each other for clarity.

Figure 3(b) plotsthetemporal reconstruction of the test-pul se after compensating the spectral
phase accumulated after propagating to the center of a vacuum chamber for high harmonic
generation experiments (1 mm fused silica entrance window and 1.6 m of additional path length
inair). The pulse duration measured at full width half maximum (FWHM) is shown next to each
plot. Again the agreement between the the different shear measurementsis excellent, except for
the two shears of the smallest magnitude. This is a result of poor precision in regions of low
spectral intensity, thus increasing the error in the relative spectral phase of adjacent spectral
regions separated by a spectral null.

Table 1 listsaselection of quantitiesthat can be extracted from the reconstructed data (GDD,
pulse duration and peak power), aswell asthe precision and accuracy of the reconstructed data.
This data quantitatively demonstrates the features described above, namely that the precision
improves as the magnitude of the shear isincreased. The accuracy however remains acceptable
(0.2-0.2), but not optimal (< 0.1) for all but the smallest shears. Thiscan be attributed to the fact
that the size of the shear is a balance between a large enough shear to span spectral nulls such
that the relative phase between these two regions is well defined, and a small enough shear to
accurately recover the fine structure. From this data, it is clear that in this case a spectral shear
of approximately 10% of the pulse bandwidth is optimal; this value is specific to this pulse
shape. If afiner spectral resolution was required, a smaller shear would be necessary, resulting
in poorer accuracy in the reconstruction.

4.2. Pulse complexity

Asdiscussed in 81.1, nonlinear propagation can result in quite complex optical pulses, evenin
the case of generation of few-cycle pulse via nonlinear pulse compression. The complexity of a
pulse can be quantified by its time-bandwidth product (TBP). One such definition of TBPisthe
number of points required to sufficiently sample its analytic function, i.e. the ratio of the pulse
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Table 1. Quantitative results from multishear, concatenation (top line for each shear) and
integration (bottom line for each shear) methods. Three quantities of interest have been
chosen: (1) the GDD (¢(?), calculated via a weighted polynomial fit about the center of
mass of the fundamental spectrum) of the pulse before compensating the optical path to the
experiment , (2) the pulse duration measured at FWVHM (Atpwim ) and (3) the peak power
(Ip) of the pulse after compensating the optical path to the experiment. In each case, the
mean values from the sample distributions are shown aong with the standard deviation of
the sample estimate in brackets, and hence the precision of the estimated value (note this
is not the standard error in the estimate of the mean). The percentage error (A) has been
calculated with respect to the multishear value, since thisis deemed as the best estimate of
the true value from our experimental data. The precision (o) is a measure of the standard
deviation of the RMS pulse error for the sample distribution [20]. The accuracy (¢) is
calculated from the RM S error between the pul se means reconstructed from the multishear
algorithm and the individual shear reconstructions [26].

Shear ¢? AtrwHm Po o €
radlfs  [fhrad] A (%) it A [TW] A%
Multi -41.9(0.4) 9.12(0.01) 452(0.2) 0.03
63352 BO@O 1429 014000 02 51301 133 005 007
302 40509 -320 905(001) -08 490(0.3) 84 003 024
02403 ~65(L4 1085 911005 -02 40507 -105 005 012
403 411(10) -190 916(006) 04 461(05 20 004 017
61305 000 454 948016 39 409(L5) 96 007 018
309 28417) 826 956(0.13) 48 424(07) -63 006 021
seaGo 5408 B30 886(003) 28 47409 47 007 016
300 77 177 9020002 11 480(09 61 005 015
173g 07028 288 1037(013) 137 9(LY -229 011 035
S8 296(26) -548 1089(0.12) 194 334(09) -263 011 037
15702 ©L5(@D 4678 1311(ade) 437 287(42) -365 015 06
102) " £gg43) 4021 1133(1.94) 242 313(41) -309 016 057

spectrum to the sampling rate determined by the sampling theorem:

Ngg = o (4)
where B is the full spectral support (in angular frequency) and T the full temporal support for
the pulse. Since a pulse cannot have compact temporal and spectral support simultaneously, the
dynamic range must be specified in order to determine N, this is denoted in decibels as a sub-
script. Thisvalue depends strongly on the application. For example in high harmonic generation
with a peak intensity of < 10 Wem~2, adynamic range of 20dB should suffice. Laser parti-
cle acceleration, however, with peak-powers > 101 Wem~2 will require much higher dynamic
range since a very weak pre-pulse/background will still have sufficient intensity to field-ionize
the medium and thus change the dynamics of the process. It is also necessary to consider nu-
merical aliasing of the analytic signal, e.g. a sub-pulse with peak power ~ 1% of the main pulse
peak power and aliased to coincide with the peak of the main pulse in the time domain can mod-
ify the main pulse peak power by up to ~ 20% as aresult of numerical interference of the two
fields. Thusiit is necessary to ensure the pulse is measured with a dynamic range at least 100
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times as required for their application. For example, we would recommend a dynamic range
in the measurement of 40-50dB for high harmonic generation. Performing very high dynamic
range measurements is a challenging task. We used the multiple shears to estimate the accuracy
of the temporal reconstruction down to 50dB, thus enabling the quantification of the TBP at
this level. The 50dB TBP was measured to be 125 (NET' = 45), indicating the importance of
accurate spectral phase measurements.

4.3. Space-time reconstruction

Since SEA-SPIDER spatially resolves the spectral phase, it is possible to perform a space-time
reconstruction of the test pulse (in one transverse direction). This requires the fundamental
spectrum to be spatially resolved as well. However, there are a couple of effects that need to be
considered. Thefirst is that the upconversion process results in the signal pulses having pul se-
front tilt since the group front of the signal pulses matchesthat of the test pulse, but the direction
of propagation is off-axis due to conservation of momentum [27]. Therefore an accurate cali-
bration of the upconversion geometry is required to account for this. The second effect is that
any space-time coupling on the ancillaries is also mapped to the signal pulses. It is therefore
important to spatialy filter the ancillaries [27]. In the absence of an accurate calibration of the
upconversion geometry, and without sufficient spatial filtering, it is necessary to assumethat the
relative time-delay of the pulse at each spatial position is unknown. The relative phase infor-
mation between each spatial position cannot be measured directly with SEA-SPIDER; simply
spatially resolving a spectral-shearing interferogram aone is not sufficient — either a refer-
ence wavefront or additional operations are required (e.g. sampling asingle position, adding an
additional lateral shear, measurements at multiple longitudinal positions) [28-31]. Therefore
SEA-SPIDER alone is unable to measure the spatial phase, which is required to propagate the
pulse to any arbitrary plane.

Position [mm]

~30 -20 " -10 0 10 20 30 40 50
Time[fg]
Fig. 5. Space-time temporal reconstruction of the test pulse with the first order (linear)
pulse-front tilt removed. The spatially dependent time of arrival of the peak (dotted) and of
the pulse and hal f-maximum intensities (dashed) are overlaid.

For our device, we performed spatia filtering of the ancillaries by passing through an ad-
justable aperture (iris). For small amounts of space-time coupling, as in our case, this is suf-
ficient. We verified that this was sufficient filtering by monitoring for changes in the interfer-
ogram as a function of the iris diameter. More extensive spatial filtering could be performed,
as described in [27], but at the expense of signal intensity. The spatial filtering ensures that the
ancillary pulses have an approximately flat wavefront and frequency-independent propagation
direction, thus acting as a constant reference across the spatial extent of the test pulse, enabling
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the relative time-delays of each spatial slice to be measured. However, we did not perform
an accurate calibration of the upconversion geometry, and therefore the first order (i.e. linear)
pulse-front tilt cannot be measured. In order to measure small variations in the temporal inten-
sity as afunction of position, it is clear that accurate temporal measurements are key. We have
therefore used the multiple shear method to ensure accurate temporal reconstructions for all
spatial positions. A space-time temporal reconstruction is shown in Fig. 5 with the linear pulse-
front tilt removed. Since the ancillary pulses were spatialy filtered, higher order pulse-front
tilt can be measured. The RMS deviation of the peak arrival time as afunction of position was
measured to be 0.68fs (280 mrad, Ag ~ 720nm). The spatial mean FWHM pulse duration is
10.2fswithaRM S deviation of 0.4fs. Thusit is evident that the space-time coupling output of
the hollow fiber is minimal, and is thus an excellent source of few-cycle pulses for strong-field
interactions such as high harmonic generation.

5. Conclusion

Intense pulses propagating in transparent media can result in a nonlinear interactions, signifi-
cantly altering the temporal and spectral intensity and phase of the pulse. Such an effect can
result in spectral broadening to over an octave, with very fine structure in both the intensity
and phase (a signature of self-phase modulation), thus resulting in a large complexity / RMS
time—bandwidth product, even though most of the pulse energy may be contained within afew
femtoseconds. Dueto the spectral broadening, only self-referencing methods are able to be used
to completely characterize the temporal profile of the pulse. In the case of spectral-shearing in-
terferometry, the choice of the shear used to measure the spectral phaseisakey parameter of the
measurement: it needs to be small enough to sample the fine structure adequately but also large
enough to minimize noise accumul ation across the spectrum and to step over any regions of low
spectral intensity. For the correct choice of shear, it is possible to determine specific parameters
of the pulse, such as GDD, pulse duration or peak power, with an accuracy better than 10%
and with high precision (better than 0.5%). Using the multishear reconstruction, it was possible
to verify the accuracy of the individual SPIDER phase measurements to be 0.1rad (RMS). By
combining multiple shear measurements, the precision and accuracy of the measurement pro-
cess was significantly improved. This improved accuracy and precision enabled very precise
quantification of the pulse time-bandwidth product and the space-time coupling in one trans-
verse momentum (except for linear pulse-front tilt). Even though the pulse duration consisted
of only several oscillations of the electric field over the pulse full width at half maximum, the
TBP for the pulse was found to be quite large (Nsp = 125) as adirect consequence of the struc-
tured spectral phase resulting from the nonlinear process. We also found minimal deviation in
the pulse arrival time and pulse width (0.68fs and 0.4 fs RMSS respectively) as a function of a
single transverse position in the beam. The benefits of spectral multishearing will be key in the
study of strong field and relativistic experiments since accurate and precise measurements of
the pulse are required to be able to perform accurate simulations of the experiments.
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