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Abstract: It has been shown in the past that pulsed laser systems operating in the so-called
“burst mode” are a beneficial approach to generate high peak power laser pulses at high
repetition rates suitable for various applications. So far, most high-energy burst-mode
laser systems put great effort into generating a homogeneous energy distribution across
the burst duration, e.g., by shaping the pump pulse. In this work, we present a new
shaping technique, which is able to produce arbitrary energy distributions within the burst
by pre-shaping the seed pulse burst with a Pockels cell. Furthermore, this technique allows
for the precompensation of any static modulations across the burst, which may be introduced
during the subsequent amplification process. Therefore, a pulse burst with a uniform energy
distribution can also be generated. The method is tested with an ultra-short pulse burst mode
laser amplifier system producing bursts of a 1 ms duration with a pulse repetition rate of
1 MHz and a maximum output power of 800 W during the burst. Furthermore, a method
to predict the influence of the amplifier on a non-uniformly shaped burst is presented and
successfully tested to produce a pre-defined pulse shape after amplification.

Keywords: burst; Pockels cell; temporal shaping; Ytterbium; diode pumped; solid-state
laser; cryogenically cooled; Yb:CaF,; femtosecond laser
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1. Introduction

The so-called “burst mode” is a special operation scheme for a pulsed laser system. In this mode, the
system produces pulses at a relatively high energy and repetition rate, for a short period in time, ranging
from some microseconds to several tens of milliseconds. After this so-called “burst”, a time period
without laser operation allows for thermal relaxation of the system. During the burst, the laser system
approaches the efficiency of a continuously-pumped system, while due to the limited time of operation,
the cooling requirements for the components are vastly reduced in comparison to continuously-operated
systems with a similar output power. This finally allows one to realize comparably small systems with
outstanding performance parameters.

In addition to these advantages, several applications have been developed that specifically use the
unique parameters offered by a burst-mode laser. Among these are, for example, the detection of
fast processes in combustion diagnostics with methods like particle image velocimetry (PIV), planar
laser-induced fluorescence (PLIF) analysis, planar Rayleigh scattering or planar Doppler velocimetry
(PDV) [1-4]. Furthermore, such pulse bursts may be applied in laser ablation [5,6] or in photoinjectors,
which are used to create electron pulses in conventional particle accelerators [7].

A crucial point for the usability of such a laser as a tool in science and industry is a well-defined energy
distribution between the different pulses within the burst. So far, in most cases, a uniform distribution
is desired. Due to the characteristics of the subsequent amplifiers, the generation of such an energy
distribution throughout the amplified pulse burst is a demanding task already. There are, e.g., changes
in the gain due to various reasons, like unbalanced extraction and excitation or heating of the material.
These effects lead to specific burst shapes after amplification, similar to those observed in Ti:sapphire
systems [8]. Such an unbalanced extraction can be precompensated by adjusting the initial inversion
at the beginning of the burst. An equilibrium value can be obtained, e.g., by fine-tuning the start time
of the pump with respect to the arrival of the pulse burst [7,9,10]. Other effects with sufficiently long
time constants, like the heating of the active medium, can be partly counteracted by, e.g., a temporal
modulation of the excitation.

Though the application of these techniques has already allowed for the generation of very stable
bursts, they do not allow for the generation of bursts with an arbitrary energy distribution. Such a
possibility could further broaden the range of applications. For example, it has been demonstrated in
materials processing that the diameters and deformations of laser-drilled holes could be reduced by
applying temporally-modulated pulse bursts [11].

Here, we present a method using a Pockels cell with fixed peak voltage and rise time for shaping
the bursts. Since the laser pulse duration can be considered to be very short as compared to the Pockels
cell’s switching time, temporally shifting the laser pulse across the rising edge modulates its polarization.
Hence, in combination with a polarizing optic, the transmitted pulse energy can be varied arbitrarily.
This allows one to generate bursts with a freely adjustable energy distribution and, additionally, to
pre-compensate any amplitude modulations introduced by the following amplifiers.

A similar technique to shape femtosecond laser pulse bursts after amplification, but within a passive
cavity, has recently been published [12]. There, the disadvantage is that the splitting of the pulses occurs
only after amplification. Shaping at this point of the amplifier chain implies that a single short pulse is
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to be amplified in advance. As the acceptable fluence within the amplifier is significantly lower for a
single pulse than for a burst, this reduces the amplifier efficiency, particularly for materials with a high
saturation fluence, such as Yb:CaF,. Therefore, in our case, the shaping of the bursts is realized just after

the seed laser system at the lowest accessible pulse energy (see Figure 1).
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Figure 1. Basic layout of the laser system.

The modulated bursts are then amplified by a cryogenically-cooled Yb:CaF,-based laser amplifier
(see [9,13] for the details of the system) to an average output power of up to 800 W during the burst. The
changes of the burst envelope introduced due to the amplification characteristics, especially for bursts
with a non-uniform envelope, will be analyzed. Finally, a theoretical approach to estimate the appropriate

initial burst envelope for a targeted output envelope is developed and tested with the amplifier system.

2. Experimental Setup

The shaping technique presented in this work is based on the fact that a Pockels cell cannot be
switched on instantaneously. In contrast, during the switching time ¢, the voltage U(t) at the cell
increases exponentially, following the charging curve of a capacitor:

U(t) = Uy - (1 - e*i) 1)

Here, 7 is the time constant defined by the capacity and Ohmic resistivity of the Pockels cell and its
driver. As the phase shift between orthogonally-polarized waves A® introduced by the Pockels cell is
proportional to U, it follows the same behavior. If we further assume that the total phase shift shall be
% after the Pockels cell is fully switched on, the temporally-dependent transmission 7'(¢) of the Pockels

cell located between crossed polarizers can be written as:

T(t) = sin® (00 : (1 - e—%)) 2)
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where C is a constant. This holds accordingly for the falling edge of the Pockels cell switch.

Such a rising edge of a KD*P Pockels cell switch (cell: Leysop Ltd., Basildon, UK; driver electronics:
Bergmann Messgerite Entwicklung KG, Murnau, Germany) as it is used in our laser is displayed in
Figure 2. The temporal resolution was achieved by sampling with pulses of our Satsuma laser system
(Amplitude Systemes, Pessac, France) in delay steps of 100 ps, while the transmission at each point
was determined as an average value. The curve was fitted using Equation (2). The 10%-90% rise time
was determined to be 7.4 ns. The falling edge, despite not displayed here, was characterized accordingly,
resulting in a fall time of 6.1 ns. Using the inverse fitting function, we can directly calculate the necessary
delay to achieve a particular transmission of the switch.

In the following, we will use the rising edge of the Pockels cell to shape bursts from a continuous pulse
train coming from our front-end. Adjusting the time for the individual triggers allows one to achieve a
predefined energy of a single pulse as indicated by the green spikes in Figure 2. Here, the rising edge
was chosen over the falling edge, since the slower rise ensures a better resolution.

The measurements described below were carried out using the high peak power burst laser system,
which is described in detail in [9,13—-15]. An overview of the system is shown in Figure 1. For the sake
of simplicity, the system was only used up to the amplifier stage S1 (see Figure 1) in this work, producing
a spatially rectangular flat-top beam with up to 800 W average power during the burst.
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Figure 2. Transmission versus time for the rising edge of the Pockels cell.

The chirped pulse amplification (CPA) system was designed for the generation and amplification of
bursts consisting of up to 1000 pulses, each having a duration of sub-500fs. The temporal spacing
between the pulses is 1 us, given by the repetition rate of the seed laser used. The pump laser diodes
of the amplifiers are driven at constant current during the burst. An additional pre-pump time before the
burst is set to establish the appropriate initial inversion in the laser medium. The burst to burst repetition
rate of the amplifier is limited to 10 Hz due to thermal issues.

The modulation of the pulse amplitudes was achieved using a Pockels cell following the patent
pending technique described in [16]. In the meantime, this scheme was also used by another group
for shaping femtosecond laser pulse bursts using a BBO Pockels cell inside a passive cavity [12]. In our

case, the application of the so-called alternating voltage mode, as described in the following, allowed us
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to use a simple KD*P cell at a repetition rate of 1 MHz. KD*P Pockels cells exhibit a larger piezo-optic
effect than BBO, which otherwise limits their use at high repetition rates.

The Pockels cell assembly for the generation of the shaped bursts is implemented directly behind the
Satsuma seed laser system, just before the stretcher. At this point, the single-pulse duration is about
350 fs. This ensures that there is no significant impact on the single pulse duration by the Pockels cell
switch, even if it is operated at the rising edge, as described before.

The shaping assembly consists of a double KD*P Pockels cell (Leysop Ltd., Basildon, UK) followed
by a polarizer. The input polarization is aligned, such that initial transmission is low and pulses can pass
only if the voltage is applied. During the burst duration, every single pulse is switched separately.

The Pockels cell driver (Bergmann Messgerite Entwicklung KG, Murnau, Germany) uses a push-pull
configuration to allow for short opening times, which minimizes the energy dissipation at the 1 MHz
repetition rate phase.

Temporal control of the Pockels cell is realized with a delay generator card (BME_SGO8p, Bergmann
Messgerite Entwicklung KG, Murnau, Germany) synchronized to the internal fs-oscillator of the seed
laser using the signal of an internal photo diode. The on-board memory of this delay generator allows one
to store 251 delay settings for each channel. For every trigger event, the next delay is applied, allowing
one to use different delays for the individual pulses. To achieve a total of one thousand different delays,
according to the number of pulses within a single pulse, four of the six output channels are bundled via a
trigger combination circuitry, which also ensures a constant delay of 30 ns between the on and off switch
of the cell. These on/off trigger events are finally distributed to the trigger inputs of the two push-pull
high voltage switches of the Pockels cell driver to achieve an alternating polarity of the voltage at the
Pockels cell for consecutive pulses. This is achieved by a so-called splitter box (Bergmann Messgerite
Entwicklung KG, Murnau, Germany). This alternating voltage polarity mode is an essential measure
to avoid piezoelectric ringing of the cell, which could otherwise disturb the precise control of the laser
pulse amplitude, due to fluctuations in the polarization of the laser pulse after passing the cell.

All measurements presented in the following were carried out using two photo diodes DET100A
(Thorlabs GmbH, Munich, Germany), one measuring light leaking through a plane mirror before the
Pockels cell and one after the shaping section. The results are based on the relative height of both
signals with respect to each other to compensate for pulse-to-pulse variations of the energy of the
seed laser. A direct measurement was not possible, since the pulse-to-pulse energy fluctuations were
comparably large (about +30%). Despite this measure, not all instabilities could be removed, as the
energy instability of our front-end laser had also some influence on the temporal synchronization,
which can be seen as a high frequency oscillation of the measured amplitudes. The reason for
this is the voltage level of the photo diode used for synchronization. A fluctuation in the pulse
energy in the oscillator therefore transfers into a jitter, since the level is reached at different times.
For a better visibility of the shaping effect, this noise was removed in the following by applying a
band stop filter to the data. The unfiltered data points are also displayed as light grey curves in
the background.
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3. Results and Discussion

3.1. Shaping of Bursts

Based on the technique described above, we have shaped several temporal envelopes of bursts
containing 1000 individual pulses at a repetition rate of about 1 MHz. Two examples are shown in
Figure 3. Essentially, we achieved a good agreement between the targeted shape and the measurement.
Only for pulse energies of less than 5% of the maximum amplitude, the accuracy has dropped. This
can partly be attributed to the accuracy of our cross-referenced measurement scheme, when pulses are
hidden in the noise originating from the photo diodes used for measurement.

meaéurement
N —filtered meas.
\ goal shape

measument
—filtered meas.
goal shape

normalized intensity [a.u.]
normalized intensity [a.u]

0 02 04 06 08 1 0 02 04 06 08 1
time [ms] time [ms]

Figure 3. (Left) Gaussian-shaped burst envelope; (right) house-shaped burst envelope.

Besides the oscillatory noise, which was discussed before, the residual high frequency noise deviating
from the goal function originates from a random jitter in the triggering system. The standard deviation of
this random jitter is around 100 ps. This can in principle be improved by using a better synchronization

and a Pockels cell driver with a longer rise time.

3.2. Amplification of Shaped Bursts

To generate shaped pulse bursts at a high power, the influence of the amplification process has to be
taken into account. In an idealized burst amplifier, which produces bursts with a uniform temporal energy
distribution, an equilibrium excitation has to be maintained by balancing the excitation of the active
medium by the optical pump and the de-excitation by the laser extraction and spontaneous emission
during the full duration of the burst. Taking into account a longitudinally-pumped amplifier, this balance
can be expressed following the considerations given in [10]:
dn_(t) = Pyump — n(t) _ Low(t) — I 3)

dt T hv

Here, n(t) is the volume density of the excited ions integrated over the crystal length, Pyymp is the

excitation rate density integrated over the crystal length, 73 is the fluorescence lifetime and [, and [,
are the output and input intensities of the amplifier, respectively. v is the frequency of the extracted laser
radiation, and A is Planck’s constant.

In the following, we will assume that the change of n in the amplification medium is small.

This implies that F,,, can be considered to be constant (for a constant pump power), as the pump
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absorption does not undergo significant changes. As the extracted laser intensity I, increases
with increasing n, a particular n allows one to balance Equation (3) according to Bpymp to give
‘;—’Z = 0. The quantities required for this equilibrium case will be noted as n.q and Iyyeq. If the
initial density of the excited ions ng is equal to n.q, the temporal energy distribution of the amplified
burst will be homogeneous, as long as the input has a homogeneous energy distribution. In this case,
Equation (3) becomes:

0= Foump — nTefq - ]Out/e;ll L fin 4)

This mode of operation can be achieved in practice, e.g., by adjusting the pump duration prior to the
arrival of the burst or by a temporal modulation of the pump pulse, as demonstrated in [9,10].

Using a pre-shaped burst as the seed for the amplifier, the input shape will no longer be constant.
According to Equation (3), this means that the inversion and, hereby, the gain will no longer be constant
throughout the burst. A lower [;, at the beginning of the burst will lead to lower [, increasing n and,
finally, increasing the gain over time. In contrast, a higher I, will lead to a higher /,,, decreasing n and
decreasing the gain.

In Figures 4 and 5, the input and output energy distributions for a step-shaped burst and a burst
with an alternating level are shown, demonstrating this effect. For these measurements, the amplifier’s
initial inversion was adjusted to produce a uniform energy distribution at an input seed level of 100% by

adjusting the pump duration prior to the burst.

Figure 4. (Left) Stair-shaped input pulse train; (right) resulting output pulse train

after amplification.
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It can be seen from Figure 4 that at the beginning of the pulse, [j, is too low, resulting in an increase
of the gain and n over time, accordingly. Reaching the second step of the input signal, n has increased
sufficiently to balance the output for about 60% of the maximum /;,. In the final steps, however, the
input is too high, leading to an extraction that is too high, which reduces the gain and n over time in the
following. A similar behavior is seen in Figure 5. Here, one observes an oscillation between too much
and too little extraction.

To compensate for the disturbances of the temporal burst shape, a mathematical model is required
that describes the observed changes. For this purpose, we followed the calculation by Will et al. [10]
and adapted it for our system.

To obtain a linear differential equation, we introduce the deviation of the actual excitation density
from the equilibrium value using An(t) = n(t) — ne. Combining Equations (3) and (4) and using the

small signal gain for a multi-pass amplifier leads to:

Iout - ]i e, (5)

Here, m is the number of passes through the active medium and o is the emission cross-section of the
laser medium. Furthermore, one finds:
_ _ZIm moneg | mo An _1 6
dt o (¢ ) ©

Using the approximation ™4™ =~ 1 + mo An(t) for small deviations of n(t) from ne,, the

resulting differential equation:

dAn(t) 1 mlyo
fr—y —A . J— T, pMOMNeq
dt n(t) (Tf LT ) )

can be solved by an exponential approach:

An(t) = An(t=0) - e e (8)

Here, 7. is the characteristic time constant, defining the exponential approach of n(t) towards
Neq. Defining the steady-state output intensity Ioyyeq = Iin - exp(maneq) and the saturation intensity
I = hv/(oTt), Tefe can be calculated by:

Tt

1 + m - Iout/eq

ISE\[

)

Teft =

For our system operating in a 20-pass configuration, I,,.q Was found to approximately vary between
7.5kW/cm? and 9kW/cm? for an input ranging from 20% to 100% of the available seed power.
The values for /,,y.q Were retrieved from measurements of the the output power for bursts with a uniform
energy distribution at different seed levels in combination with the beam area (for details, see [15]).
The comparably small variation of I,yq can be explained by the fact that the equilibrium output power
in a burst mode amplifier is mainly influenced by the available pump power, while the gain can be widely
tuned by only minor variations of n. I is calculated to be 21.6 kW/cm? (based on spectroscopic data
from [17] at 100 K). This results in a range from 239 ps to 204 us for 7.4 depending on /;,, as shown in
Figure 6.



Appl. Sci. 2015, 5 1798

Using Equations (5) and (8), the gain coefficient g = log (I, /I;n) can be calculated as:

g(t) = moneg +mo An(t=0) - e (10)

Therefore, an initial mismatch between [, and the initial excitation density will decay exponentially
with the time constant 7.g.

240

2201
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Iin/lin() (%]

Figure 6. Theoretical change of 7. and m o An.

A second important parameter required to determine the output burst shape is m o An(t=0) as a
function of [;;,. We use Equation (5) for calculating the gain factor g; under equilibrium conditions for a
matched parameter set of fiyi, Jouyeqr and neq;:

]ou e Iou e [in
g1 = M0 Neq1 = log (IL;H) = log (I;/zq]) + log ([_ j) (11)

Here, [, is an input intensity differing from [;,;. For reasonable changes of [, in the range
between 20% and 100%, the according change of Iyyyeq 18 in the range of £10% of the amplifier output.

In combination with a gain of more than 100, we can approximate log(Zouyeqi /Lin2) = 10g(Lowveq2/ Lin2)
with an error of less than 0.1%. This leads to:

[ou e Iin Iin
MO Neql = log Zoutleq2 + log 2) = M O Negra + log 2 (12)
Iin2 Iinl Iin/l

If we now consider that our amplifier has a certain starting excitation density matching, e.g., [iymax»

this allows us to calculate the gain difference m o (neq — Negmax) = M 0 An to any other [, by:

mo An = log (L}/me> (13)
This means that as long as it is known, which [;, in the beginning of a burst will fulfill Equation (4), the
gain coefficient required to satisfy the equilibrium condition of any other [;, can be directly calculated,
as shown in Figure 6. In our case, this is solved by adjusting the delay between pump diodes to obtain a
burst with a homogeneous energy distribution at maximum seed.
Using oy = Iin - exp(g) together with Equation (11), we are now able to predict the output shape of

any input burst starting with a uniform input shape. For the final step towards arbitrarily-shaped bursts,
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we now subdivide the burst into subsections with uniform input energy distributions. Each subsection
may be as small as one single pulse. Starting at the beginning of the burst, where we know our initial
target [;,, we can now calculate the change of the excitation versus time using Equation (8). The new
excitation density at the end of each subsection will be used as the initial one for the next subsection.
Knowing this allows for the calculation of the gain, the output energy distribution and the change of
excitation density in the next subsection, and so on.

Hence, the final output burst shape of any input burst shape can be calculated with this
iterative technique. The predicted forms from this theoretical modeling for the amplified bursts in
Figures 4 and 5 are plotted together with the amplified shape. For the numerical calculation of the output
pulse shapes, a value of 240 us for 7. was found empirically. This is close to the predicted range from
the theoretical calculation. The calculated curves are in good agreement with the measured output.

The inversion of this recursive approach is more elaborate than the inversion of the Frantz-Nodvik
equation, which was described in [18] for pulse shapes and extended in [19] for bursts in amplifier
chains, because pumping and spontaneous fluorescence during the amplification process cannot be
neglected. Therefore, we used the method of successive approximation, i.e., varying the input burst shape
until an acceptable agreement with the calculated output shape was reached. This front-upcalculation
renders a feedback loop in the amplifier system unnecessary if only predictable saturation effects have
to be compensated.

Results of the algorithm are shown in Figures 7 and 8. Here, we used the same energy distributions
as before for the final target shapes. From them, we calculated the required shapes of seed pulse bursts
that have to be further amplified. In the experiments, seed bursts were shaped accordingly, amplified
afterwards and finally recorded. Figures 7 and 8 reveal the good agreement of the measurement with
the initial target function of output burst shapes for these examples. This proves the practicability of the
used methods to produce quasi-arbitrarily-shaped pulse bursts, within the given range of [j;,.
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Figure 7. (Left): input pulse train shaped to obtain a stair-shaped output; (right): resulting
output pulse train after amplification.
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Figure 8. (Left): input pulse train to achieve an output with alternating amplitude;

(right): resulting output pulse train after amplification.

4. Conclusions

We have demonstrated a method for the temporal shaping of ultra short pulse bursts by loss
modulation using a Pockels cell. The obtained output burst shapes showed a very good agreement with
the targeted shapes.

Furthermore, the amplification of shaped bursts within a diode-pumped amplifier based on
cryogenically-cooled Yb:CaF, was investigated. It was shown that the amplification will disturb the
predefined shape, as the amplification within the amplifier will change due to a change of n. The latter
one will exponentially approach an equilibrium value, which is different for different input intensities.
The characteristic decay time for this process was theoretically determined to be in the range from 204 us
to 239 ps for our test amplifier. This is in good agreement with the empirically found value of 240 us.
Based on this result, we employed a simplified model to predict the required input pulse shape for a
desired output pulse shape. Applying this method to sample bursts in the real amplifier gave a very good
agreement between calculation and measurement.

From the obtained results, the employed shaping method has proven to be a promising approach,
both for the generation of application-specific temporal burst shapes and for the compensation of any
temporal modulations within the burst shape introduced by an amplifier system.

The extension of the presented shaping method to more than one amplifier is straight forward
and mainly requires iterating the calculation of the burst shape. The main work will be a careful
characterization of each amplifier stage. This is used to determine its specific parameters, in particular
Terf- An increased accuracy for the final burst shape could be achieved by combining the presented
method with a closed loop system, slightly varying the input into the system depending on the output

burst shape.
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