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Plasma-blueshift spectral shear interferometry
for characterization of ultimately short

optical pulses
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We introduce a bandwidth-unlimited, dispersion- and shear-self-calibrated, timing-jitter-free pulse measure-
ment technique based on a quasi-linear temporal phase modulation in a gas weakly ionized by a long pump
pulse. Results of a 5 fs pulse characterization are reported. © 2008 Optical Society of America
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Temporal characterization of ultrashort ultraweak
laser pulses with over-an-octave wide spectra poses a
well-known challenge because of the spectral overlap
of harmonic orders. The problem of the interference
between the nonlinear signal and the fundamental
spectrum can be mitigated in both frequency-
resolved optical gating [1] and spectral shearing in-
terferometry (SPIDER) [2] techniques by using a
noncollinear geometry of sum-frequency generation.
However, the suitable phase-matching bandwidth for
frequency conversion is ensured as a rule by using
several micrometer-thick nonlinear crystals with a
corresponding low conversion efficiency. Additional
issues that become increasingly important as the
pulse duration shrinks are the minimum added dis-
persion of the pulse characterization apparatus [3]
and the time-delay accuracy/jitter between the inter-
fering pulse replicas in SPIDER [4].

To address these issues we introduce a new
SPIDER variant based on a controlled blueshift of
one test pulse replica in the field of a long weakly ion-
izing pump pulse, while preserving another replica of
the test pulse. We use this technique, dubbed
i(onization)-SPIDER, to temporally characterize
weak �150 nJ� 5 fs pulses with a central wavelength
around 750 nm derived from a chirped-mirror-
compressed output of a Kr-filled 100 �m capillary.
The ionizing pump was a 120 �J, �70 fs pulse with a
central wavelength of 390 nm.

For weakly ionized gases the instantaneous fre-
quency � of the phase-modulated test pulse is shifted
by � [5]:

���� =
e2L

2c����0me�

dNe�t�

dt
, �1�

where me and e are the electron mass and charge, c is
the speed of light, �0 is the electric permittivity of free
space, L is the interaction length, and Ne is the free-
electron concentration. In Fig. 1(a) a numerical simu-

lation of the buildup of Ne by the ionizing pump pulse
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in our 5-mm-long krypton target with a neutral gas
pressure of 2 bars is presented. The buildup of Ne
was calculated using the cycle-dynamics formalism of
Yudin and Ivanov [6]. It is important to point out that
in our experiments the ionization mechanism was de-
liberately set to be multiphoton (Keldysh �=4–5) to
achieve a smooth quasi-linear (within a 30 fs time
window) temporal dependence of Ne. A longer time
window with a quasi-linear increase of Ne can be
achieved by using a correspondingly longer pump
pulse.

Fig. 1. (Color online) Spectral blueshifting of a weak 5 fs
750 nm laser field as the result of a quasi-linear refractive
index change of a Kr gas target that is being ionized by a
70 fs 390 nm pump pulse. (a) Numerical simulations, show-
ing normalized instantaneous intensities of the blue pump
pulse (peak intensity 2.5�1013 W/cm2) and a 5 fs test
pulse and the evolution of the plasma density. The linear
slope indicates a constant ionization rate required to pro-
duce a 1 THz blueshift at 800 nm for a 5-mm-long Kr tar-
get at a pressure of 2 bars. (b) Experimental spectra and
the calculated magnitude of the blueshift, ����. Note the
good agreement between the measured (�) and calculated

blueshift.
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In Fig. 1(b) the experimentally observed ionization-
induced blueshift of a 5 fs test pulse is presented and
compared with the input spectrum. The small differ-
ences in the observed spectral shapes are due to
slight changes in the incoupling to the optical fiber
delivering the light to the spectrometer. The observed
blueshift was about 1 THz around 800 nm. The maxi-
mum spectral shift that can occur owing to cross-
phase modulation (XPM) in neutral atoms [7] be-
tween the 390 nm pump field and the 800 nm probe
field is estimated to be about 20 times smaller than
the ionization blueshift under our experimental con-
ditions. The largest frequency shift owing to XPM
corresponds to the steepest gradient dI /dt, i.e., the
fastest change of the intensity envelope I�t�, resulting
in a redshift on the leading edge of the pump pulse
and a blueshift on the trailing edge. Conversely, in
the case the pump pulse does not saturate ionization,
the steepest dNe /dt gradient occurs around the peak
of the field, i.e., near dI /dt=0. Therefore, under our
conditions, the frequency shift owing to XPM at the
zero-delay between pump and test pulse is about 2
orders of magnitude smaller than the ionization-
induced blueshift. The ionization rate obtained in our
simulation agrees well with the ionization rate
needed to achieve the observed blueshift of 1 THz at
800 nm.

The experimental i-SPIDER setup is depicted in
Fig. 2. The pump-pulse polarization is perpendicular
to the test-pulse polarization, and the pump and test
pulses cross under a small angle (about 1.5°) in the
interaction region. Because of the extreme ease of de-
tecting spectral interference of even very weak
beams, 1-mm-thick uncoated flat parallel fused silica
plates were used as splitting and recombining beam
splitters. This arrangement satisfies the most strin-
gent timing jitter requirements put forward in [4] for
the case of a SPIDER measurement of a single-cycle
pulse. At the target, the delay between the reference
pulse and the test pulse is about 10 ps, sufficient to
ensure that there is no temporal overlap between the

Fig. 2. (Color online) Experimental i-SPIDER setup and
the explanation of the pulse sequence (circles 1 and 2). The
required time separation between the pulse pair creating a
spectral interferogram is obtained by a slight angular de-

tuning of the recombining beam splitter.
reference pulse and the ionizing pump pulse, which
preserves the reference pulse unaffected. The 10 ps
delay between the two replicas also allows one to
check for and calibrate the plasma dispersion in the
apparatus when the first pulse replica arrives at the
target before the pump pulse and the other replica
arrives after the pump pulse. Under our experimen-
tal conditions, the contribution of plasma dispersion
was found to be negligible by comparing i-SPIDER
calibration phases with and without the ionizing
pump pulse.

Since uncoated flat parallel fused silica plates are
used as splitting and recombining beam splitters,
four pulses with approximately equal energy arrive
at the spectrometer. Two pulses, one blueshifted and
one not, arrive within a few 100 fs after each other
and are responsible for the observed fine modulation
on the interferogram [see Fig. 3(a)]. This delay can be
controlled by a angular tuning of the recombining
beam splitter. The other two pulses, one arriving
about 10 ps before, the other arriving about 10 ps af-
ter the two pulses with subpicosecond time separa-
tion, contribute to the unmodulated background of
the observed spectra. In principle, using a spectrom-
eter with a sufficiently high spectral resolution, much
finer spectral modulations caused by the picosecond
time separation would also be observable. Even in

Fig. 3. (Color online) Retrieved i-SPIDER data for a 5.3 fs
test pulse. (a) Input interferograms and calibration rou-
tine. The spectrum detail in the left inset shows the appar-
ent blueshift. i FT, (inverse) Fourier Transform. The FT of
the low-pass-filtered time domain images serves as spectral
shear calibration; the FT of the high pass recovers the spec-
tral phase. (b) Spectral phases retrieved by i-SPIDER for a
nearly transform-limited pulse and a pulse transmitted
through 0.3 mm of fused silica and 1 m of air. Left inset,
retrieved pulse; right inset, retrieved interferometric

autocorrelation.
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this case, the reconstruction of the phase of the test
pulse remains straightforward, since the Fourier fil-
tering in the algorithm can be set to only detect the
modulation caused by the two pulses that arrive with
a subpicosecond time separation. On the other hand,
the second beam splitter is not needed when a spec-
trometer with sufficient resolution is used or when a
much thinner beam splitter is used to create the test
and reference pulses and precaution is taken such
that the reference pulse is not affected by the ioniz-
ing pump. Since the pulse reflected off the front sur-
face of the first plate is blueshifted, the retrieved
spectral phase is that of the pulse as it is before the
apparatus.

i-SPIDER has several advantages compared with
traditional SPIDER arrangements in which both
pulse replicas are shifted to their new respective cen-
tral frequencies:

First, in the absence of temporal overlap with the
pump pulse, i-SPIDER turns into a linear spectral in-
terferometer for characterization of the dispersion of
the apparatus including, if relevant, the contribution
of the plasma dispersion. The group delay of the
test pulse can be obtained as ����= �	nl��−��
−	lin���� /����, where 	nl and 	lin are the spectral
phases retrieved from an i-SPIDER and a linear in-
terferogram, respectively, using a conventional
Takeda algorithm [2]. Evidently, this fully takes the
frequency-dependent blueshift ���� into account,
posing no limitations to the bandwidth of the pulses
to be characterized, as long as the blueshift can be
spectrally resolved;

Second, both the linear (no temporal pump-test
pulse overlap) and nonlinear (pump-test pulse over-
lap) signals are equally strong, because no frequency
conversion is involved in rendering a nonlinear inter-
ferogram. Therefore the minimum pulse intensity of
the test pulse to perform its complete phase charac-
terization is dictated by the spectrometer sensitivity;

Third, since one (reference) replica of the pulse re-
mains unshifted, the amount of spectral shear ����
is directly computed from the pump-on and pump-off
(or no temporal overlap) interferograms, using low-
pass Fourier filtering. In the pump-off case this spec-
trum is given as 2 I���, whereas in the pump-on case
it is given as I���+I��−��, where I��� is the original
and I��−�� the blueshifted spectrum. Because the
blueshift and the phase are retrieved from different
Fourier components, slight differences between the
retrieved input and blueshifted spectrum have no in-
fluence on the retrieved phase.

From a linear interferogram without the pump
field on, we inferred the error bars for our i-SPIDER
measurement. In this case, a smooth, mostly qua-
dratic phase is expected. We have used the deviations
from this expected phase to construct the error bars.
The error bars are clearly larger in spectral regions
with less intensity compared with spectral regions
with more intensity. This indicates that the sensitiv-
ity and dynamic range of the 12-bit AD converter of
our spectrometer (Ocean Optics USB2000) are the
limiting factors for the phase retrieval in the spectral
regions with lower intensity. The i-SPIDER retrieval
and its results for a 5.3�−0.2+0.4� fs test pulse are
shown in Fig. 3. The spectral phase retrieved for a
pulse that traveled through a known amount of addi-
tional material before the i-SPIDER apparatus is
also presented. For the compressed 5.3 fs pulse, a
measured interferometric autocorrelation trace is
compared with the one calculated from the i-SPIDER
data, showing good agreement.

An i-SPIDER apparatus can be readily integrated
in the beamlines used for many higher-field physics
applications, which typically already include all the
hardware necessary for an i-SPIDER measurement.
However, an i-SPIDER apparatus does not have to be
based on ionization of a gas; it may as well be con-
structed with a semiconductor, such as ZnSe [8,9],
serving as the medium to be ionized. In this case, the
frequency shift may be chosen as a blueshift or red-
shift. A possible drawback in this scheme is that the
frequency-shifted test pulse may suffer significantly
more losses than the reference pulse, and the semi-
conductor introduces extra dispersion acting on the
frequency-shifted pulse in the apparatus, which com-
plicates the measurement.
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