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Simultaneous temporal characterization of multiple 
pulses can benefit ultrahigh intensity laser experiments
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• Pulse characterization/diagnostics in ultrahigh intensity systems

• Multi-beam probing of dynamic processes
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Multiple pulses can be measured by multiple 
instruments, but more convenient solutions are desired

• Large footprint

• Expensive

• Difficult/time-consuming to align
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Multiple instruments Single instrument with
multiple beams

• Smaller footprint

• Less expensive

Diagnostics
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Candidate techniques for multiplexed temporal 
characterization
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• TREEFROG exists for twin-beam 
measurement

• Single-shot requires time-space 
encoding, which can be difficult for 
distorted beams

• Requires 2D spectrometer

FROG

http://www.physics.gatech.edu/gcuo/Tutorial/FROG.html
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Candidate techniques for multiplexed temporal 
characterization (2)
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The second step of the phase reconstruction procedure is
to remove the linear phase term from (17). The most
reliable method of doing this is with a direct measurement of

. The interferometer is calibrated by recording a spectral
interferogram for the pair of pulses without imparting the
spectral shear. In this case, the interfered pulses are identical
and therefore the only phase contribution is . The linear
phase obtained from calibration is simply subtracted from

.
The third step is to reconstruct the spectral phase from the

spectral phase difference. To simplify notation, we define the
phase difference as

(18)

is reconstructed from by concatenating the
spectral phase difference. In practice, there is usually an
unknown constant phase associated with which gives
a linear contribution to the reconstructed spectral phase and
results in an unimportant time-shift of the pulse. Although
the time-shift is unimportant, we usually shift the entire phase
difference data set by before reconstructing
so that the linear contribution is minimal.
Concatenation returns a sampled spectral phase at inter-

vals of across the spectrum. The spectral phase at some
frequency, say , is set equal to zero so that

. The spectral phase for all frequencies that are
multiples of the spectral shear away from follow in this
fashion:

...

...

(19)

By simply adding up the phase differences, we reconstruct
the phase for frequencies separated by the spectral shear. By
virtue of the Sampling Theorem discussed in Section I, this
is sufficient information for reconstructing the electric field
exactly.
If the shear is small relative to the structure of the spectral

phase, the phase difference is approximately the first derivative
of the spectral phase

(20)

Accordingly, the spectral phase can be reconstructed by inte-
gration

(21)

There is little advantage to the integration approximation since
the sampled phase returned from concatenation is adequate for
reconstructing the electric field. It provides, however, a simple

Fig. 4. The SPIDER apparatus. Two pulse replicas that are delayed with
respect to one another by are frequency mixed with a chirped pulse in
a nonlinear crystal. Each pulse replica is frequency mixed with a different
time slice, and hence spectral slice, of the stretched pulse, and, consequently,
the upconverted pulses are spectrally sheared. The resulting interferogram is
resolved with a spectrometer.

means of averaging over the many data sets available in a sin-
gle interferogram. The spectral step size of the data is usually
much smaller than the shear, and, consequently, concatenation
uses only a subset of the available data. Integration, in contrast,
uses all of the data. Of course, one can construct many sets
of the sampled spectral phase by starting the concatenation at
different frequencies, e.g., then
using each sampled set to reconstruct the analytic signal, and
finally averaging the reconstructed analytic signals in the time
domain.
The final step to reconstructing the electric field is to

determine the spectral amplitude. The simplest way to do this
is from a separate measurement of . Note that some
applications, such as adaptive phase compensation, need only

and therefore do not require a separate measurement
of the pulse spectrum.

IV. THE SPIDER APPARATUS

A. Generating the Spectral Shear with
Nonlinear Frequency Mixing
The SPIDER apparatus is shown in Fig. 4. A test pair of

pulses that are both identical to the input pulse and are delayed
in time with respect to one another by are upconverted
with a stretched pulse in a nonlinear crystal. A spectrometer
resolves the frequency-mixed signal. The stretched pulse is
severely chirped and consequently each pulse in the test pair is
upconverted with a different frequency in the stretched pulse.
As a result, the upconverted pulses are spectrally sheared with
respect to one another. That is, nonlinear frequency mixing
simulates a linear temporal phase modulator.
To quantify the shear, consider the action of a pulse stretcher

in the form of a dispersive delay line. An ideal stretcher is
a time-stationary quadratic spectral phase filter with transfer
function

(22)

The analytic signal of the stretched pulse is

(23)

For large enough for all over which the
input pulse is nonzero. In this case, the analytic signal of the

C. Iaconis, Opt. Lett. 23, 1998
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Low-repetition rate, high-intensity laser systems and their applications are fields of prolific

research. However, such systems can exhibit significant shot-to-shot variations, and full char-

acterization of the electric field must be performed on a single shot. The two most popular

techniques for ultrashort pulse characterization are spectral phase interferometry for direct

electric field reconstruction (SPIDER) and frequency-resolved optical gating (FROG). We

demonstrate a novel design of the SPIDER technique, two-beam SPIDER (TB-SPIDER) [1],

which simultaneously measures the electric field of two pulses, reference and probe, on a single

shot, and by calculating the spectral phase difference of the two pulses is able to compensate

for systematic shot-to-shot phase variations originating from the laser system.

Fig. 1. (a) Two-beam SPIDER system schematic, M-mirror, E-etalon, G-grating, P-retroreflector, 2ω-second-harmonic

crystal, D1-short-wave pass dichroic mirror, D2-long-wave pass dichroic mirror. The insets show the relative orientation

of the vertically multiplexed beams throughout the device, T-top beam, B-bottom beam, S-stretched beam, R-replica

beams from the etalon; (b) interferograms for probe and reference beam as they appear on the CCD sensor of the

spectrometer (false color is used to indicate intensity).

The TB-SPIDER utilizes two vertically multiplexed beams and passes each of them

through conventional SPIDER setup (Fig. 1). Both input beams generate their own stretched

and replica pulses that are mixed in a nonlinear crystal. After the crystal, the fundamental

and upconverted pairs of pulses are overlapped using dichroic mirrors and sent to a two-

dimensional spectrometer. Two interferograms are present in each spectrometer image, Fig.

1(b), corresponding to the top and bottom input beams, which are used to reconstruct the

amplitude and phase as in conventional SPIDER.
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Implementation of TB-SPIDER
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TB-SPIDER experimental layout
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TB-SPIDER user interface
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through conventional SPIDER setup (Fig. 1). Both input beams generate their own stretched

and replica pulses that are mixed in a nonlinear crystal. After the crystal, the fundamental

and upconverted pairs of pulses are overlapped using dichroic mirrors and sent to a two-

dimensional spectrometer. Two interferograms are present in each spectrometer image, Fig.

1(b), corresponding to the top and bottom input beams, which are used to reconstruct the

amplitude and phase as in conventional SPIDER.
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TB-SPIDER data acquisition and analysis

• The 2D spectrometer has additional 
degrees of freedom for alignment

• Ideal image from spectrometer:

• Imaging system in the 
spectrometer can lead to curved
field lines at the extremities of 
the image:

• Restricting beams to the center region 
of the entrance slit minimizes curvature

• Independent λ calibration for each 
beam
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Experimental validation of TB-SPIDER

• Measure dispersion for 10cm of 
glass
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TB-SPIDER was deployed as a diagnostic for a single-
shot phase amplification experiment
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TB-SPIDER was deployed as a diagnostic for a single-
shot phase amplification experiment (2)

• The phase-sensitive OPA acts as a 
phase amplifier rather than an 
energy amplifier

• Ideally: Δφout = G Δφin

• Calculation
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TB-SPIDER scaling for characterization of multiple 
pulses

• Design parameters

- Acceptance angle of the nonlinear crystal

- Beam size and overlap
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electric field reconstruction (SPIDER) and frequency-resolved optical gating (FROG). We

demonstrate a novel design of the SPIDER technique, two-beam SPIDER (TB-SPIDER) [1],

which simultaneously measures the electric field of two pulses, reference and probe, on a single

shot, and by calculating the spectral phase difference of the two pulses is able to compensate

for systematic shot-to-shot phase variations originating from the laser system.

Fig. 1. (a) Two-beam SPIDER system schematic, M-mirror, E-etalon, G-grating, P-retroreflector, 2ω-second-harmonic

crystal, D1-short-wave pass dichroic mirror, D2-long-wave pass dichroic mirror. The insets show the relative orientation

of the vertically multiplexed beams throughout the device, T-top beam, B-bottom beam, S-stretched beam, R-replica

beams from the etalon; (b) interferograms for probe and reference beam as they appear on the CCD sensor of the

spectrometer (false color is used to indicate intensity).

The TB-SPIDER utilizes two vertically multiplexed beams and passes each of them

through conventional SPIDER setup (Fig. 1). Both input beams generate their own stretched

and replica pulses that are mixed in a nonlinear crystal. After the crystal, the fundamental

and upconverted pairs of pulses are overlapped using dichroic mirrors and sent to a two-

dimensional spectrometer. Two interferograms are present in each spectrometer image, Fig.

1(b), corresponding to the top and bottom input beams, which are used to reconstruct the

amplitude and phase as in conventional SPIDER.
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Conclusions

• Conclusions

- TB-SPIDER is capable of simultaneously measuring the amplitude and 
phase of two pulses on a single shot

- TB-SPIDER reduces systematic errors in measurements of the effect of 
experimental systems on spectral phase

• Future work

- Expansion of this technique for more than two beams

- Redesign to make it easier to align reference and probe pulse injection

- Use as standard diagnostic for current/future experiments
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