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1. Introduction
In recent years the scientific interest towards
matter extreme conditions of pressure and tem-
peratures has grown and so did the technolo-
gies employed to study such exotic states. A
still poorly known phase of matter, called Warm
Dense Matter, in between the solid and plasma
states, is dominant in many compounds sub-
jected to temperatures above 10,000 K at den-
sities in between 10−2 to 10 g/cm3. The valida-
tion with experimental data of theoretical mod-
els of such state would be crucial for the fields of
planetary science, fundamental condensed mat-
ter studies, industrial applications and Inertial
Confinement Fusion.
One of the most used methods to achieve GPa
pressures and tens of thousands of Kelvin de-
grees is the laser driven dynamic compres-
sion. This approach, which involves the use of
high power laser pulses to generate compression
waves propagating through the sample, is cur-
rently adopted for the experiments conducted at
the High Power Laser Facility (HPLF) of ESRF.
There, samples are probed with synchrotron ra-
diation to obtain, through XAFS spectra, infor-
mation on the evolution of their internal struc-
ture during the compression [1]. Beside laser

pulse energy and spatial intensity distribution,
it is known that the type of compression (steady
shock, decaying shock or ramp) produced in the
sample is mostly dependent on the its time du-
ration and intensity temporal profile.[2].
Within this framework, the work summarized
here aimed at studying the temporal distortion
caused by the amplification for the specific case
of the HPLF and the optimal compensation of
such distortions for any desired target shape and
energy.
Furthermore, the adaptation to our specific case
and the installation of the Passive Pulse Repli-
cation System, conceived by Marciante et al. in
2007 [3], has been carried out. This last project
was aiming at improving the quality of the mea-
surements of the drive laser temporal profile,
thus allowing users to use this cleaner and more
reliable shape as input for hydrodynamic simu-
lations of the specific compression experiment.

2. HPLF description
The solid state laser employed at the HPLF is
the Premiumlite100 produced by ©Amplitude
company. It is a Nd:Glass (1053 nm) able to de-
liver nanosecond pulses of the order of 100 joules.
The seed source is generated inside the ©iXBlue
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ModBox Front End where the temporal profile
is shaped in fiber components. The nanojoule
pulse, now in free space propagation, is then am-
plified through different stages using flash-lamps
pumped Nd:Glass rods and disks. Firstly a Re-
generative Amplifier (RGA) increases the pulse
energy up to 10 mJ through multiple passages
before the Pockels cell switch. Then a double
pass through a ϕ 5mm diameter rod (D5) and
another double pass through two ϕ 25mm diam-
eter rods (D25) brings the energy to 15 J at max-
imum power. The last amplification stage con-
sists in two double passages through four disk
amplifiers (P100) for a final theoretical output
energy of 100 J.

3. Laser pulse amplification and
seed reconstruction

A common effect with high-fluence pulses of ap-
preciable time duration is that during the pas-
sage through the amplifier the gain medium suf-
fers a significant depletion of the inverted pop-
ulation caused by the first temporal portion of
the beam; thus the trailing edge experiences a
damped gain. The result is a temporal distor-
tion of the intensity profile. This effect, called
gain saturation is well described by the Frantz-
Nodvik equations [4]:
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These coupled equations, derived from the
4-levels systems rate equations, relate the
instantaneous intensity of a travelling pulse
with the population inversion distribution in the
medium along the propagation direction once
the initial conditions of I0 and N0 are given.
Main parameters are the saturation fluence Γs,
the stimulated emission cross-section σs.

The implementation of these equations into a
conceived Python based script allowed for the
simulation of the amplification and temporal dis-
tortion of the laser pulse. For this scope other
aspects as spatial filtering and spot-size changes
throughout the whole chain have been consid-
ered in the simulation. Initial values of the
population inversion distribution, initially un-
knowns, have been tuned accordingly to obtain
the best fit of the simulated temporal profile
with the measured one.
Moreover, a self-consistent iterative process has
been developed for the reconstruction of the seed
pulse shape and energy for a given target shape
and energy. It is based on the backward run of
the target pulse, transformed at each passage by
the reversed Frantz-Nodvik equations, down to
the seed that is then used as new input. The
convergence, depending on the tolerance and on
the initial guess shape is achieved in less than
one second, after ≈ 15 iterations.

3.1. Results
The pulse shapes obtained from the simulation,
for a 10 ns top-hat target of 100 J out of the
P100, with the mentioned intermediate energies,
are depicted below.

Figure 1: Simulated temporal profiles through
the amplification stages to compensate the gain
saturation effect and produce a top-hat final
shape.

A better insight of the script capabilities is ob-
tained when the amplification is simulated start-
ing from the measured ModBox output, and
measured temporal shapes and energies for suc-
cessive stages are compared.
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Figure 2: Comparison between simulation and
measurements of the temporal profile out of each
amplification stage. Measured energies were re-
spectively 10.6 mJ, 150 mJ, 8.8 J and 55 J. The
input shape of the simulation was the measure-
ment of the seed profile out of the ModBox.

The agreement between measurements and sim-
ulation results is quite good for all the cases.
The main mismatch is in the first halves of the
pulse, where the exponential gain is prevailing
over the saturated one. In this region noisy fluc-
tuations of the input signal are over-amplified
in the simulation. Moreover, the main hypoth-
esis accounting for the actual smaller height of
the first spike is that its intensity gets cut by
the transient in the Pockels cells transmissivity
window switching. Energies obtained for such
temporal shapes are in agreement with the mea-
sured ones. Higher values found are indeed ex-
pected, meaning that for real cases significant
energy losses occur.

4. Energy estimation from tem-
poral measurements

The presented results of the simulation have
been obtained using as ModBox output pulse
energy a quantitative estimation retrieved from
its temporal measurement. Indeed, not knowing
this energy from direct measurement, due to lack
of proper instrumentation, it would have been a
further unknown parameter of the simulation.
Thus all the pipeline from the fiber, passing

through the photodiode, to the oscilloscope has
been modeled with conversion factors and the
sources of power losses.

Ein = 10θ

RλRload

( ∫ τ+τp
τ Voscdt− τp

τ

∫ τ
0 noscdt

)
(3)

The energy, given by 3, depends on the pho-
todiode responsivity Rλ, on the load resistance
Rload, on the sources of losses θ, and on the in-
tegral of the voltage signal cleaned of the elec-
trical noise. The main unknown losses, in the θ
term, concerned the fiber-photodiode coupling,
the fiber-fiber connection and the eventual free
space- fiber injection. Different measurements
have been taken with different configurations of
fibers and connectors and a least square prob-
lem for the linear over-determined system of the
form has been set.
The solution was obtained with ®MATLAB
function for constrained linear least squares
problems and bonds of 0 and 10 dB were given
respectively for lower and upper limits of loss
terms. Results are reported in Table 1.

ModBox output pulse energy 5.6711 nJ
ModBox fiber - photodiode coupling 6.5516 dB
Normal fiber - photodiode coupling 5.2644 dB

ModBox fiber - normal fiber 7.5519 dB
Normal fiber - fiber coupling 0.7984 dB

Absence of AR 0.0 dB
Free space - fiber coupling 2.6618 dB

Table 1: Least squares solution for the unknown
term of losses and ModBox output energy

Residuals absolute values are below 0.5 dB,
within the variability, translated in dB, of every
voltage measurement with respect to its average
over 6 recordings.
Obtained value of the energy is in agreement
with the expected as well as the loss values for
each case. Smaller active area of the photodiode
with respect to the fiber core diameter is the
main source of loss together with the connection
between two different types of fiber. Only ex-
ception is the zero amount of losses due to the
absence of AR coating, clearly forced by the con-
straints. However, also recorded voltages were
unexpectedly lower for fibers equipped with AR
coating with respect the others.
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5. Passive Pulse Replication
System

As mentioned in the Introduction, this tech-
nique allows to improve significantly the
signal-to-noise ratio (SNR) of temporal profile
measurements through the average of many ex-
act replicas of the single pulse. It is particularly
suited for single-shot experiments, as in our
case, for which it is impossible to make averages
with measurements of other shots, but on the
other hand a high SNR is required.
The system mainly consists in a structure made
of optical fibers of different lengths and optical
couplers. Once a bounce of photons from the
single pulse is injected into a fiber, the idea is to
make it run through a series of optical couplers
that are able to split the incoming pulse into
two identical parts of half the initial power each,
and make them travel through two different
paths. It is clear that, if a proper delay is
introduced between the two outgoing branches
of each coupler, i.e. extending the length of
one of them with the help of optical fiber, the
splitted pulses will not overlap when passing
through the subsequent couplers, allowing for
the creation of a train of ideally identical pulses.

Figure 3: Train of replicas at the photodiode.
Different amplitudes of the replicas peaks de-
pend, in principle, on the number of connectors
and fiber length each pulse has passed through,
which are the main causes of energy loss.

Looking at time for which the cross-correlation
function of the first replica with respect to the
train is maximum, it is possible to know exactly
the delays among replicas, to slice the train ac-
cordingly and to perform the average.
In our case we produced a train of 32 replicas
and managed to obtain their peak power aver-

age almost equal to the peak of the single shot
measurement.

Figure 4: Effect of the self-average of 32 repli-
cas on the SNR. For the single pulse a ND filter
of 7 was required not to saturate the photodi-
ode, while using the PPRS, that due to multiple
splitting of the incoming pulse lowers the peak
power to the photodiode, it was reduced to 4.

The improvement of the quality of the measure-
ment is clearly visible especially in the first tem-
poral region. However, the calculated SNR did
not improved by a factor

√
32 as expected when

averaging stochastic variables, even using the
same signal for the two SNR calculations. One
hypothesis for this disagreement may be the not
perfect randomness of the noise in each sliced
replica. Indeed, due to photodiode discharge
current the temporal region among replicas still
might contain some signal, while the baseline be-
fore the arriving of the single pulse is truly ran-
dom. This would explain the lower SNR trend vs
the number of replicas considered, with respect
to the theoretical one.

6. Conclusions
The implementation of the Frantz-Nodvik equa-
tions into a computer simulation designed for
the specific case of the HPLF of ESRF, pro-
duced results of energies and temporal profiles of
the drive laser in good agreement with measure-
ments. This is crucial for the monitoring and the
shaping of the laser pulses in each stage. It will
be helpful for estimating and individuating the
major sources of losses, and the possibility to re-
trieve the optimal compensated seed shape rep-
resents is an useful tool for users and beamline
operators to obtain the desired target shapes.
However, important further developments can
be done, starting from a complete modeling of
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the ModBox in order to be able to put hands
on its digital inputs rather than only check its
optical output.
The estimated energy of the ModBox output will
be soon compared with the actual one obtained
with a direct measurement, and this would of-
fer the possibility to refine the proposed pipeline
model, and exactly tune the initial population
inversion for each amplifier. By now the current
estimation is however able to confirm the the
suspects of loss of power raised by ©Amplitude
laser engineers.
To conclude, the installation at the Facility of
the PPRS is an important upgrade for the laser
diagnostic. Besides the benefit produced by the
self-average, such system makes possible to ex-
ploit all the optical power that the fiber system
can withstand without the risk of damaging, to
increase the signal over the noise level of the os-
cilloscope. This in principle allows to maximize
its potentiality adding more couplers and fibers
to the present system, up to the point at which
the maximum voltage peak of the train is right
below the saturation threshold of the photodi-
ode for an optical power input of the single pulse
right below the damage threshold of the fiber.
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