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Accurate characterization of laser pulses used in experiments is a crucial step to the analysis of their
results. In this paper, a novel single-shot frequency-resolved optical gating (FROG) device is described,
one that incorporates a dispersive element which allows it to fully characterize pulses up to 25 ps in
duration with a 65 fs per pixel temporal resolution. A newly developed phase retrieval routine based
on memetic algorithms is implemented and shown to circumvent the stagnation problem that often
occurs with traditional FROG analysis programs when they encounter a local minimum. Published by
AIP Publishing. https://doi.org/10.1063/1.5044526

I. INTRODUCTION

As laser pulses become an essential element of many
experiments in various scientific fields ranging from quan-
tum information to the physics of fusion, the precise mea-
surement of these pulses becomes an increasingly important
task. For sufficiently long pulses (>30 ps), high temporal
resolution optical streak cameras used in conjunction with
optical spectrometers are able to characterize the pulses spec-
trally and temporally. However, for short pulses, other meth-
ods must be used to measure the temporal evolution of the
pulse; one notable example is frequency-resolved optical gat-
ing (FROG)—originally developed by Trebino.1 However,
with most current commercial single-shot FROG devices, the
maximum pulse length that can be measured is limited to
∼5 ps.2

To that end, a novel single-shot FROG device based on
second-harmonic generation has been developed for the short
pulse of the Vulcan laser at the Central Laser Facility.3 This
instrument can measure pulses up to a theoretical limit of 25 ps.
High energy laser facilities are home to many important
high energy density (HED) science experiments. Laser-plasma
instabilities, such as stimulated Raman scattering (SRS), are
heavily studied processes not only to gain a better understand-
ing of the fundamental physics behind the interactions, but
also for their applications in areas such as inertial confinement
fusion,4 laser-plasma particle accelerators,5 and Raman ampli-
fication.6 To be able to properly interpret the results of experi-
ments conducted at these facilities,3 accurate characterization
of the laser pulses is required.

To be able to analyze the results from our second-
harmonic generation FROG, we have also developed a
retrieval algorithm based on memetic algorithms used in two-
dimensional phase retrieval. Such algorithms are advantageous
compared to the traditional iterative Fourier transform-based

a)Electronic mail: ramy.aboushelbaya@physics.ox.ac.uk

algorithms which tend to stagnate at times when they encounter
a local minimum in the solution space, thus preventing them
from converging to the optimal solution and properly retrieving
the pulse.

In this paper, the design of the single-shot FROG diagnos-
tic device is presented in Sec. II. In Sec. III, the new memetic
algorithm is described, as are its advantages over the traditional
iterative Fourier transform algorithms. In Sec. IV, some exper-
imental results are presented for two distinctly different pulse
measurements and the limitations of the device in range and
resolution are discussed. Finally, a summary of the research
and the potential future developments is presented in Sec. V.

II. DESIGN

A FROG device is usually composed of two main parts:
an autocorrelator and a spectrometer. In traditional autocorre-
lators, the pulse is split using a 50/50 beam splitter and one
half is propagated through a variable delay stage. A nonlinear-
process combining the two halves of the split pulse (either
second- or third-harmonic generation, for example) generates
a signal, called an autocorrelation, that is a function of the
delay between the pulses. By taking Fourier transform of the
autocorrelation at different delays using the spectrometer, one
generates a two-dimensional (2D) signal that is resolved in
both frequency and time. This is the FROG trace. One dis-
advantage of these traditional systems is that to generate the
full trace, multiple shots are needed to capture the signal at
different delays and the temporal resolution is limited by the
size of the steps of the variable delay stage.

Our design is based on second-harmonic generation,
where the pulse halves are recombined on a barium borate
(BBO) crystal to generate the autocorrelation. However,
instead of using a variable delay stage, the pulses are recom-
bined at an angle. As shown in Fig. 1, this causes dif-
ferent points on the crystal’s axis to have different delays
between the pulse halves. That way, the time delay axis of the
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FIG. 1. Diagram showing the two pulses mixing at angle θ on the second-
harmonic generation crystal. The bigger the angle, the larger the maximum
temporal window of the autocorrelator.

autocorrelation is mapped onto the transverse spatial axis of the
crystal, thus getting a full autocorrelation in a single shot. The
temporal window of the FROG can be expressed as follows:7

τ(x)= 2(x/c) sin(θ/2). (1)

The maximum temporal window of the FROG can then be
shown to be τmax = (2d/c) tan(θ/2),7 where d is the diameter
of the beam and θ is the recombination angle between the two
pulse halves, as shown in Fig. 1. This technique allows for
a full FROG trace with each shot. Both the traditional scan-
ning FROG devices and their single-shot counterparts have
their advantages and disadvantages. The former is agnostic to
the quality of the transverse profile of the beam and does not
require the use of large imaging spectrometers. However, as
the latter nets the full FROG trace in a single-shot, it is better
suited for use with high power laser systems as they usually
have a low repetition rate and can have a significant varia-
tion between shots which would make the use of the scanning
FROG highly impractical. It also proves very useful for cer-
tain applications where only a limited number of laser shots
are available such as in certain high intensity laser facilities.3,8

The single-shot FROG has been used extensively in
many experiments across a varied number of scientific disci-
plines;9–11 however, with most current commercially available
single-shot FROG devices, their temporal window is limited
to around ∼5 ps.2 In order to be able to measure longer
pulses, a diffraction grating has been used to add a pulse-front
tilt to the laser pulse. By doing so, the recombination angle
increases, increasing the maximum temporal window up to a
theoretical limit of 25 ps. It should be noted that there is a

trade-off between the size of the temporal window and the tem-
poral resolution of the device; this can be adjusted by changing
the diffraction order used by the autocorrelator. With the zeroth
order, there is no pulse-front tilt and so the temporal window
is at its minimum and by using higher orders, the size of the
window is increased.

Figure 2(a) shows a schematic of the FROG, clearly indi-
cating that the autocorrelation is then split using a 50/50 beam
splitter, where one half of the signal is imaged onto a charged
coupled device (CCD). This camera helps with the alignment
of the pulse in the autocorrelator so that second-harmonic
generation can first be confirmed before aligning the rest of
the device. The second half is then focused using a cylindri-
cal lens onto the slit of a Princeton Instruments Spectra Pro
SP300 spectrometer to measure Fourier transform of the auto-
correlation along one axis. This is because for a single-shot
measurement, one axis contains the spectral information and
the other contains all the time delay information. Due to the
design of the slit of this spectrometer, the second harmonic
had to be inverted using a periscope in order to get the proper
axis on the grating, as shown in Fig. 2(b).

The device was aligned using a high-repetition oscillator
that produces short pulses that are only visible using an IR
viewer. The challenge with aligning the second-harmonic into
the spectrometer lies with the fact that it is very weak. To com-
bat this, a green diode laser is fed into the device and aligned
with the second-harmonic. This is accomplished by putting
two irises and using the autocorrelation camera to ensure that
the green laser and the second-harmonic are co-propagating.

FIG. 2. (a) Schematic detailing the major optical components of the FROG.
(b) (i) The second-harmonic generation autocorrelator used to generate the
second harmonic signal for the FROG, (ii) the periscope and cylindrical lens
used to flip the signal in the proper orientation and focus it onto the spectrom-
eter’s slit, and (iii) the PI SP-300 spectrometer with the Andor NEO camera
used to generate the FROG signal.
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Using this method, we have managed to transport the
device between different locations on the site and align it suc-
cessfully at these different locations using low-energy high
repetition rate pulsed sources.

III. MEMETIC ALGORITHM

With the measured FROG trace, it is possible, using
an appropriate retrieval algorithm, to determine the origi-
nal pulse completely. This is despite the fact that the FROG
trace contains only amplitude information about the spectro-
gram (spectrum of the autocorrelation) of the pulse. This pro-
cess is referred to as two-dimensional phase retrieval. Unlike
the one-dimensional case, it can be proven that there is a
quasi-unique solution for each trace (except for a few triv-
ial ambiguities such as the uncertainty in the absolute phase of
the pulse12). In the case of the second-harmonic generation-
FROG, there is an additional ambiguity as the direction of time
cannot be determined due to the time reversal symmetry of the
second-harmonic generation process.

Traditional FROG algorithms are usually based on an
iterative Fourier transform/projection process that seeks to
minimize an objective function which is measuring the error
between a numerically simulated FROG trace (generated from
an initial guess) and the experimentally measured trace. The
most commonly used function for this is the mean-squared
error which is defined at the i-th iteration to be as follows:12

F(E(i))=

√√√
1

N2

N∑
j,k=0

|Imeas
FROG(τj,ωk) − I (i)

FROG(τj,ωk)|2, (2)

where Imeas
FROG(τj,ωk) is the value of the measured FROG trace

and I (i)
FROG(τj,ωk)| is the value of the simulated FROG trace

generated from the i-th iteration of the estimation of the pulse’s
electric field E(i). As these functions are discrete, the temporal
and spectral axes are labeled by j and k, respectively.

This method is known to generally converge well if the
objective function is convex over the space of possible solu-
tions.12 Unfortunately, this is often not the case for FROG
measurements.

To illustrate this, the FROG trace of an unchirped double
pulse, shown in Fig. 3(a), was numerically generated. Many
guesses “close” to the true signal were then generated by vary-
ing two parameters: the duration of the double pulse and its
chirp. The objective function was computed for all of these
guesses. In general, the actual solution space has more than
two dimensions, but we have restricted ourselves to these
two parameters for purely illustrative reasons. The results are
shown in Fig. 3(b).

It is clear from Fig. 3(b) that in addition to the global
minimum at the correct parameters, there are multiple local
minima at other parameter combinations. Within these min-
ima, the traditional algorithm can stagnate and never reach
the best possible estimation for the pulse. To combat this, a
memetic algorithm that is based on a routine used in phase
retrieval in x-ray diffraction13 (a mathematically similar prob-
lem that faces many of the same obstacles) was used. Instead
of starting with a single guess, this algorithm initializes many
guesses simultaneously which means it explores multiple areas

FIG. 3. (a) Numerical FROG trace produced from a double pulse showing
the distinct interference pattern that is usually used to calibrate FROG devices
and (b) 3D surface plot of the objective function across the two parameter
scans of the guesses “around” the double pulse.

of the solution space at the same time. After performing a few
iterations of the traditional iterative algorithm on each guess,
it selects a sample of them quasi-randomly (with a bias for the
“closest” guesses) and mixes them up to generate the popu-
lation for the next iteration. There is also a probability of a
random “mutation” happening that alters some components in
the guesses. A beneficial consequence of these steps is that
it is very difficult for the algorithm to get stuck in any local
minimum.

This exploration can be quite slow especially when very
large solution spaces are considered. However, combined with
an efficient local improvement step that exploits each guess,
the algorithm runs quite efficiently.14 The flow chart in Fig. 4
gives the basic overview of one iteration of the retrieval routine
which is expanded upon in Subsections III A–III G below.

A. Initialization

The first step in the algorithm is to generate an initial
population of guesses. To do so, we start with some initial guess
for the pulse, Einit(t). The initial population {Ei(t)}i=1,...,N is
then generated by randomly changing the phase at each time
step of each pulse,

Ei(tj)= |Einit(tj)| exp(iφj),
φj = arg(Einit(tj)) + R · rand[−π, π].

(3)
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FIG. 4. Flow chart of the memetic algorithm.

The parameters that govern this step are N ∈N, the size of the
population used in the algorithm, and R ∈ [0, 1], the degree
of randomness in generating the initial population out of the
initial guess. N can greatly affect the performance of the algo-
rithm; by increasing it, there are more guesses that explore
the solution space; however, this is at the cost of considerably
slowing down the algorithm as there are many elements that
have to go through the local improvement.

B. Selection

This is a crucial step in the algorithm as it is the process
by which elements of the population are chosen to become
“parents” for the next generation. First, the current population
is ordered with respect to the objective function (in our case
the mean squared error) from best to worst. The algorithm then
draws from a biased distribution to get the ranking of the ele-
ment that will be selected. A bias that heavily favors the best
elements will speed up the convergence. However, it runs the
risk of getting stuck in a local minimum as it does not explore
the solution space. On the other hand, choosing elements com-
pletely randomly, while it increases the exploration, runs the
risk of taking too much computing time. The ranking is drawn
using the following distribution:

n=
[(

rand(0, 1) β
)
· N

]
+ 1. (4)

The parameter that controls this step is β ≥ 1, which adjusts
the bias of the distribution.

C. Crossover

In this step, the next generation of guesses is produced.
Inspired by the genetic crossover that is the driver of natural
evolution,15 differential crossover randomly mixes different
components from the parents. Using the selection process out-
lined above, four parents are chosen. The offspring are then
created as follows:

Enew(tj)=

{
E1(tj) if rand[0, 1) ≥C,
E2(tj) + D · (E3(tj) − E4(tj)) else,

(5)

where C ∈ [0, 1], called the balancing coefficient, controls
how much crossover happens at each iteration and D, called
the differential coefficient, controls the contribution of the third
and fourth parents.

The number of offspring can in fact be smaller than the
current population size, No = G·N, where G ∈ [0, 1] is usually
called the genetic function.13 In those cases, the next genera-
tion is supplemented with elements from the current one, also
chosen using the biased distribution outlined in Sec. III B, so
that all the generations have the same size as the initial one.

D. Mutation

In this step, for each element, the phase of each time step
is modified by adding a random phase,

Ei(tj)=

{
Ei(tj) if rand[0, 1) ≤M,
Ei(tj) exp(iRM · rand[−π, π]) else,

(6)

where M ∈ [0, 1] is the mutation coefficient, which controls
the likelihood of a mutation occurring at any given time step.
RM ∈ [0, 1] controls the range of the added phase, hence con-
trolling the “degree” of the mutation. This step increases the
exploration of the solution space to regions that might not have
been reached in the initialization step.

E. Local improvement

The last step in the cycle is subjecting each element of the
current generation to several iterations of a traditional retrieval
algorithm. In our case, the iterative Principal Component Gen-
eralized Projections (PCGP) algorithm, which is well suited
for the second-harmonic generation FROG,16 was used. For
each guess vector E, an autocorrelation matrix is created by
computing the outer product EET. By rearranging the matrix
and taking the squared magnitude of its Fourier transform, a
numerical FROG trace can be created, which then can be com-
pared to the measured one. If the guess is not “close” enough,
the magnitude of the rearranged matrix is replaced with the
square root of the measured FROG. By performing a singu-
lar value decomposition (SVD) on the resulting matrix, it can
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then be written as a product of two orthogonal matrices and a
diagonal matrix. By taking the columns corresponding to the
largest singular value in the diagonal matrix, the “improved”
guess is attained. This process can, however, be computation-
ally costly as larger matrices are used; however, it can be sped
up by implementing what is called the power method.16

The parameter that controls this step is N i which deter-
mines the number of iterations of the PCGP algorithm we run
on each generation. At the end of the iteration, the objective
function is again computed for all the members of the cur-
rent population and the “best” guess is kept in memory as the
routine goes into the next iteration.

F. Practical difficulties

A number of difficulties usually arise with this algorithm.
The first is the choice of the parameters. Due to the large num-
ber of parameters that significantly impact the result of the
algorithm, trial and error must be employed to determine the
optimum set of parameters for each class of “similar” pulses.
Also, as with most FROG retrieval algorithms, since there is
an iterative Fourier transform step, the size of the temporal
window and the frequency resolution are intrinsically related,
as are the extent of the frequency window and the time resolu-
tion. More explicitly, if a large temporal window is required,
the frequency resolution must be small enough to enable its cal-
culation and vice versa, or else performing numerical Fourier
transform would be impossible.

G. Comparing the memetic algorithm
to traditional algorithms

To compare the performance of the memetic algorithm rel-
ative to just the traditional PCGP algorithm, both of them were
used on the FROG trace generated by the double pulse used
above to showcase the solution space in Fig. 3(a). The param-
eters used for the memetic algorithm were N = 40, N i = 10,
R = 0.5, M = 1, C = 0.5, D = 0, G = 1, and β = 0.15.

FIG. 5. The graph shows the different progression for the two algorithms. It
should be noted that each iteration of the memetic algorithm contains multiple
iterations of the local improvement using the PCGP.

As can clearly be seen in Fig. 5, the traditional algorithm
encounters a local minimum and is unable to improve beyond
it, no matter how many iterations are performed. However, the
memetic algorithm does not get stuck and is able to continue
and reduce the error by more than two orders of magnitude
over ∼100 iterations.

It should be noted that the memetic algorithm runs in
∼30 min on a laptop. The main parameters that affect its run-
time are N, N i, the number of iterations of the full algorithm,
and the size of the FROG trace, the latter of which would affect
it if the power method is not used.

IV. EXPERIMENTAL RESULTS

The device was tested in two very different conditions.
The first is measuring the output of a femtosecond oscillator
which produces a train of pulses at a 50 Hz repetition rate with a
pulse duration on the order of hundreds of femtoseconds. This
is the source that was used to first calibrate the FROG. The
calibration was done by introducing a prepulser between the
oscillator and the device. The prepulser splits each pulse into
two with equal energies, separated in time by a controllable
delay. When two pulses enter the FROG, the trace has a very
distinct shape, similar to the one shown in Fig. 3(a), which has
three separate 2D peaks separated in time by the delay between
the two pulses.17 The central peak also shows a distinct spectral
interference pattern where the peaks are separated with the
reciprocal of the delay. By varying the delay and measuring
the effect on the FROG traces, we can calibrate the spectral
and temporal axis of the FROG trace. We find that the device
has a pixel temporal resolution of 65 fs and a pixel spectral
resolution of 0.01 nm.

After calibration of the device, the FROG trace produced
by the oscillator, without the prepulser, is then run through
the memetic retrieval algorithm. Figure 6(b) shows the results
of this process. The retrieved pulse fits well with a Gaussian
with a FWHM of 390.01 fs. The phase shows a slight chirp.
The direction of this chirp is ambiguous since, as noted in
Sec. III, both positive and negative chirps have the same effect
on the trace of second-harmonic generation-FROG. There is,
however, a way to break this symmetry by introducing a small
prepulse.17 This breaks the time reversal symmetry of the pulse
which lifts the ambiguity in the retrieved pulse.

The device was then used to measure the pulse duration
and relative phase shift of a high power short pulse from the
Vulcan laser system.3 Figure 7 shows the results of a measure-
ment of the 10 J short pulse. It should be noted that the beam
profile was smoothed using a random phase plate18 both for the
purposes of the experiment and because the single-shot FROG
is quite sensitive to spatial non-uniformity. The FWHM of the
retrieved intensity is 4.7 ps which is in the expected range,
with the phase showing an ambiguous chirp. We have also
confirmed this measurement by taking the spectrum of the
retrieved pulse and comparing it to the independently mea-
sured spectrum of the laser. It should be noted that in all
cases, the phase points of the retrieved signal that are beyond
the temporal width of the intensity envelope were dropped as
they convey no physical meaning since they represent points
where the actual measured signal was below the intensity
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FIG. 6. (a) FROG trace produced by the femtosecond oscillator and (b) intensity of the retrieved pulse and its phase.

FIG. 7. (a) FROG trace produced by the Vulcan short pulse beam and (b) intensity of the retrieved pulse and its phase.

threshold required to register as a constituent part of the laser
pulse.

V. CONCLUSION

A new single-shot FROG device based on second-
harmonic generation was developed, one that can measure
the duration and relative phase of high intensity pulses up to
∼25 ps with high temporal resolution. This was achievable pri-
marily due to the use of dispersive optical elements to introduce
a pulse front tilt to a laser pulse so as to increase the maximal
measurable temporal window. This is very relevant to char-
acterize picosecond laser pulses used in many different high
energy density physics experiments. The device was developed
and tested on the Vulcan laser at the Central Laser Facility,
Rutherford Appleton Laboratory. The new, relatively low-cost
instrument is suitable for implementation on any short-pulse
laser facilities, such as the OMEGA laser19 and the National
Ignition Facility.8

A novel memetic-style algorithm was developed for the
retrieval of the pulses from the FROG trace. This algo-
rithm avoids the stagnation problem that can happen with the
traditional algorithm when it encounters a local minimum.
By randomly exploring the solution space, the evolutionary
algorithm seems to be resilient to the stagnation problem
and continues to improve the guess beyond the traditional
algorithm.
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