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Abstract: We report on a new approach to measure the accumulated B-integral in the regenerative and
multipass amplifier stages of ultrashort-pulse high-power laser systems by B-integral-induced coupling
between delayed test post-pulses and the main pulse. A numerical model for such non-linear pulse
coupling is presented and compared to data taken at the high-power laser Draco with self-referenced
spectral interferometry (SRSI). The dependence of the B-integral accumulated in the regenerative
amplifier on its operation mode enables optimization strategies for extracted energy vs. collected
B-integral. The technique presented here can, in principle, be applied to characterize any type of
ultrashort pulse laser system and is essential for pre-pulse reduction.

Keywords: Petawatt laser; temporal pulse contrast; B-integral; self-referenced spectral interferometry

1. Introduction

High-power laser systems are powerful instruments enabling a variety of applications in the
fields of high energy density physics and relativistic laser plasma physics, with the prominent
example of compact laser plasma accelerators [1-3]. In particular, the acceleration of protons to multi
10 MeV energies requires full control over interaction conditions and thus excellent temporal pulse
contrast [4-10]. This key property of any high-power laser chain characterizes the temporal pulse
profile relative to the peak intensity on ns to fs time scales [11]. Achievable contrast ratios are in the
range of 10~!2 on temporal scales between ns and few 10 ps prior to the main pulse. Contrast degrading
effects are amplified spontaneous emission (ASE) in the ns range, reflections for the case of discrete
pulses, scattering effects in particular in dispersive elements, incomplete pulse compression effects
and others [12-14]. A dominating nonlinear effect is pre-pulse generation by coupling of discrete
post-pulses, with the main pulse first described by Didenko et al. [15]. Post-pulses are inevitably
generated when the laser pulse passes through transparent elements of the laser amplification chain,
such as amplifier crystals, Pockels cells, or wave plates. As these elements are antireflection treated,
typically with reflectivities of less than 0.5%, post-pulses are generated on a 10~ level or below. They
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are delayed with respect to the main pulse by twice the optical path length of the element. While half
wave plates, as a source of post-pulses in the range of few ps, can be avoided in amplifier chains [16],
active media or Pockels cell assemblies usually cannot and the mitigation of double reflections by
wedging of surfaces [17] is limited.

Amplification of stretched pulses (i.e., chirped pulse amplification, CPA) is conventionally
performed in regenerative and multipass amplifiers. Multipass amplifiers are used for the amplification
of pulses from m]J energy levels to joule levels and beyond. Regenerative amplifiers are applied when
low energy pulses of a few microjoule or less are significantly amplified up to the m] levels with total
gain rates of 10° to 10°. In closed optical cavity configurations, the seed pulse is actively injected,
oscillates for a number of passes in the cavity and is then actively extracted. Linear regenerative
amplifiers consist of two linear arms around a folded geometry of focusing mirrors with the active
medium typically in Brewster cut in between [18]. On the linear arms thin film polarizers and Pockels
cells are applied. Techniques for controlling the spectral amplification cross section can be applied
using thin etalons, spatial masks in dispersive elements, birefringent filters [19] and acousto-optical
programmable gain filters (Mazzler) [20]. During one round trip, the light passes each element twice,
collecting the induced nonlinearities according to the material properties and the specific intensities at
the element’s location. Taking into account the number of roundtrips on the order of 10 to 20 (for Ti:Sa
based high gain systems), regenerative amplifiers are often the main source of material dispersion
and nonlinearities accumulated in laser chains. Thus, any post-pulses generated before or in this
amplification stage can dominantly cause the generation of pre-pulses.

In this paper, we derive from Didenko’s work [15] a numerical simulation of pulse coupling
and generation through nonlinear temporal phase modulation and compare it with measurements of
generated pre-pulses at small delays with respect to the main pulse, compared to the pulse stretching
rate of the CPA system. The measurements are performed making use of the single shot self-referenced
spectral field correlation technique with extended time excursion (SRSI-ETE), enabling measurements
with large temporal windows (18 ps), high dynamic range (10®) and pulse resolving temporal resolution
(20 fs) [8,21]. This technique allowed us to measure the electric field of main, post- and generated
pre-pulses in single shot. In a parallel complementary study, we demonstrated the validity of the
pulse coupling concept and its dependence of the generated pre-pulse level on the square of the
B-integral exploiting the same measurement technique at the ]-KAREN-P laser system [22,23]. Here,
we focus on measurements of the accumulated nonlinearities in a laser chain, namely, the B-integral.
We show that different operation modes of the regenerative amplifier have significant impact on the
collected B-integral.

2. Materials and Methods

2.1. Experimental Setup

The experimental setup employs the CPA1 stage of the Draco high-power laser, a typical
combination of regenerative and multipass amplifiers equipped with an acousto-optical programmable
gain filter (Mazzler, Fastlite) for spectral gain control. Self-Referenced Spectral interferometry with
extended time excursion (SRSI-ETE) is applied for single-shot measurement of pulse coupling efficiency
and thus accumulated B-integral (Figure 1). The Draco laser system bases on the Ti:Sa Pulsar system
(Amplitude Technologies). The CPA1 stage amplifies pulses derived from a mode-locked oscillator
(Femtopower Pro, Spectra Physics)/booster amplifier combination from micro joule level up to 20 m]
with 10 Hz repetition rate. The seed with ~10 ] is sent to the Offner-type stretcher [24] with a stretching
rate of ~8.5 ps/nm leading to stretched pulses with ~0.6 ns duration. The stretched pulses pass an
acousto-optical programmable dispersion filter (Dazzler, Fastlite) [25,26], used for control of spectral
phase together with an automatic feedback loop, and then are seeded into a regenerative amplifier
with an overall length of ~4m, resulting in a round trip time of 27.8 ns. The injection and extraction
of the pulses is achieved with a single fast Pockels cell, providing two gates of 6ns full width at
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half maximum length and variable delay in between the gates in combination with a set of thin film
polarizers. The spectral shape is enhanced to a flat top profile with >60 nm full width at half maximum
(FWHM) and >70 nm at 1/e? intensity point using the Mazzler acousto-optic filter inside the cavity.
After 12 round trips, the individual pulses are coupled out at gain saturation with an energy of ~1 m],
achieved with pump energies adjustable in the range of 6-8 m] at 532 nm. A pulse cleaning Pockels
cell and polarizers, following the regenerative amplifier, enhance the nanosecond temporal contrast.
For amplification up to ~20 m]J, the pulses are transferred into a 6-pass butterfly amplifier pumped by
~75 mJ] pump energy at 532 nm. A fraction of the amplified pulse is sent into a double grating in-air
compressor, compressing the pulses to a pulse length of ~30 fs Fourier transform limit together with a
feedback loop from self-referenced spectral interferometry (SRSI / Wizzler, Fastlite) measurement to
the Dazzler [27,28].
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Figure 1. Experimental setup around the CPA1 stage of the Draco high-power laser system. An oscillator

is followed by a pre-amplifier stage called booster. After that pulses with 10 Hz repetition rate are sent
into a Offner-type stretcher and a Dazzler. The stretched pulses are then seeded into the regenerative
amplifier having a folded (FM folding mirror) geometry and a round trip time between the end
mirrors (EM) of 27.8 ns (upper inset: measurement of roundtrip energy with a photodiode behind
EM). The injection and extraction is performed with a double switching Pockels cell (PC) and a set of
thin film polarizers in the long arm. The active material (CR) is placed between the curved mirrors
(CM1 & CM2). The pump light at 532 nm is focused onto the crystal through CM2. For controlling the
spectral bandwidth, a Mazzler device (MZ) is applied in the short arm. The regenerative amplifier is
followed by a 6-pass amplifier and subsequent a grating compressor, delivering pulses of 30 fs FWHM
temporal pulse length and 10—-20 m] energy. Behind the compressor the SRSI-ETE device is applied for
single-shot measurements using a fraction of the compressed laser pulses. The glass plate generating
post-pulses can be placed at position 2 before the SRSI-ETE device as reference and at position 1 for
measuring the coupling in the laser chain.

For controlled generation of post-pulses close to the main pulse a thin glass plate (BK7, thickness
~180 um, microscope glass slide) is inserted at two different positions within the chain: in front
of the regenerative amplifier and in front of the diagnostics after the compressor, for reference.
The SRSI-ETE measurement setup is then placed behind the compressor to measure the pulses under
the different conditions.
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2.2. Numerical Model

We present a model for the description of the coupling efficiency of post- to pre-pulses, following
the work by Didenko et al. [15]. While his work describes the effect analytically for specific idealized
pulse forms, we follow a direct numerical approach to simulate the coupling and to compare it to our
measurements. Didenko et al. analyzed if the pre-pulse generation originates from amplification effects
or in modulation of the temporal phase and found amplification effects to be negligible. Thus, we
focus on the temporal phase modulation. The B-integral is defined as the total accumulated non-linear
temporal phase shift (g (t) = f - 277'2 -I(t,z) dz along the optical axis z, with 1, being the non-linear
refractive index, d the thickness of the material, A the wavelength and I(t) the temporal intensity
evolution. In our model, we assume the intensity in the relevant materials to be constant, so the
accumulated temporal phase shift is simplified to ¢spm (t) = —zn'#l'l (t), with d being the thickness of
the individual material. In Figure 2 the approach is described schematically together with the steps of
the numerical modelling.
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Figure 2. Description of the numerical simulation routine: (a) a main pulse and a post-pulse are
generated in spectral domain together with their phase (¢;,; spectral phase including delay, wg central
frequency, Aw FWHM bandwidth, Ay envelope). For checking of the initial intensity conditions both
pulses are Fourier transformed with just the delay into time domain; (b) both pulses (blue: main pulse,
red: post-pulse) are Fourier transformed to the temporal domain (stretched) and forming a joint electric
field; (c) the joint electric field leads due to interference to a temporal intensity distribution with a
modulated term. This term leads to a modulated nonlinear temporal phase retroacting back onto the
joint field; (d) compression leads to a newly generated pre-pulse in the temporal domain.

We start with a main pulse being followed by a post-pulse with delay T. After stretching, both
pulses overlap in time leading to a temporal intensity modulation due to interference of the main pulse
with the post-pulse. This intensity modulation induces a temporal phase modulation via the B-integral.
After compression, the newly generated pre-pulse becomes visible.
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For verification of the model, we compare the expression from Didenko et al. for plane waves of
the generated pre-pulse to main pulse ratio for different post-pulse to main pulse ratio:

Ipre . Bz Ipost

— 0.
I, 3 I

)

with our numerical calculations. It is noted that the analytic form depends on idealized pulse forms.

For comparison Equation (1) is used, which is valid for plane waves (spatial and temporal flat top
pulses). This pulse form is not achievable in real laser systems, as well as an idealized Gaussian form.
For real laser pulses, the factor between normalized pre- to post-pulses can differ for different conditions
as seen in Kon et al. [22]. The advantage of applying a numerical approach is the possibility to use any
temporal profile characterizing the real pulse and different temporal and spectral structures of main
and post-pulse are possible to investigate. Nevertheless, to qualify the modeling it is useful to compare
the analytic form to an according numerical calculation. The results are shown in Figure 3. We find a
good accordance of the principle behavior and absolute values as in the work by Didenko et al.; for
small values of the B-integral and small ratios of post- to main pulse, we find good agreements between
numerical model and analytical equation. If any of these values rise, the modelling and analytical
descriptions differ.
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Figure 3. Validation of numerical simulation. We calculated with our model for different B-integral
values (label on right side) and relative post-pulse magnitudes the resulting relative pre-pulse strength
(red). For comparison, the same values were analytically calculated using Equation (1) (blue).

2.3. Amplification Modelling for B-Integral Estimation

For comparison of measured values of the accumulated B-integral in amplifier systems with
expectations from material properties we use a simplified model of amplification in a laser amplifier
based on the Frantz-Nodvik equation [29,30]. The model describes the amplification for one wavelength
(central wavelength A9 = 800 nm) with a uniform beam distribution following Equation (2):

Fin _
Fout = Fs-ln[(l +efls 1)-6""’“"1'1] )
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The initial condition of the inversion ng is derived from the absorbed pump energy. The saturation
fluence is given by Fs = Ue’;l—ao, with 0., being the emission cross section at wavelength Ay. The calculation
is performed for each pass through the active medium with spot size conditions matching the radial
conditions assumed in the regenerative amplifier. According to the extracted energy, the inversion is
reduced after each amplification step as an input value for the next pass. In addition, we set losses of
the pulse energy after each pass of the beam to 0.5% per surface passed in the cavity.

From the calculated values for the retrieved energy per pass through the active medium, we directly
evaluate the B-integral assuming a temporal pulse length of 600 ps according to stretching rate and
bandwidth. We compare the critical components with respect to their individual nonlinear effect in
the regen geometry following "fT'd derived from the definition of B-integral, with A being the area

irradiated by the light at the individual positions. The results are shown in Table 1.

Table 1. Comparison of individual nonlinearities.

Material 1y [mz/W ] Individual Nonlinearity [m/W]
TeO, [31,32] 4.48 x 10719 44 %1071
Sapphire [33] 3x10720 9x 10716
DKDP [34,35] 1x107Y 5% 10716

The comparison shows that the most critical component in the regenerative cavity is the Mazzler
device with TeO, material. One should note that different values for the n, value can be found
in literature [36-38]. While all values are in the range of 10718 m?/W to 1071 m?/W, a value of
4.48 x 107! m?/W was found to be best matching and seems to be typical for the used Mazzler material.
The non-linear refractive index n, of TeO, of the Mazzler generates a factor of at least five higher
individual nonlinearity than the other materials in the regenerative amplifier. Thus, we only considered
the Mazzler to contribute for the comparison. The multipass amplifier, in contrast to the regenerative
amplifier, contributes even less; the individual nonlinearity is in the range of 1.4 X 10~ m/W and the
number of trips through the crystal is 6, making this amplifier even less relevant for the B-integral
accumulation by a factor of more than 100, taking also the number of roundtrips into account.

3. Results

3.1. B-integral Measurement under Normal Operational Conditions

Three measurements of the temporal pulse contrast for different post-pulse conditions are
presented to discuss the measurement concept under normal amplifier operation conditions. The first
contrast curve depicted in Figure 4 serves as general reference and was taken without additional
post-pulse generation by means of a glass plate in the beam path. Secondly, we inserted the glass plate
after the compressor before the SRSI-ETE device for referencing the generated post-pulse (position 2
in Figure 1). Finally, the glass plate was placed in the beam before the regenerative amplifier in the
same manner to generate not only the post-pulse, but also to induce the pulse coupling in the chain
(position 1 in Figure 1).

For this measurement, we fitted the pre-pulse generation by our simulation by changing the
B-integral value until the simulation found the best match with the measurement. The relative level
of the post-pulse to the main pulse are 8.8 X 107* in case of referencing the glass plate effect in front
of the SRSI-ETE device and 5.8 x 107 in case of placing the glass plate in front of the regenerative
amplifier. Assuming a 0° reflectivity of 4.1% at 800 nm for BK7 should result in a double-reflection
generated post-pulse of 16.8 x 107* [39]. Our measured values differ by a factor of 2 to 3, respectively.
We assume that the difference originates in the optical quality of the plate (parallelism and roughness
of the surfaces). Nevertheless, our method is valid, since we can compare post- and pre-pulse in a
single measurement with unchanged conditions. The generated pre-pulse if the plate is placed in front
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of the regenerative amplifier is of 4.3 x 107 relative intensity to the main pulse. For best fitting with
our simulation, we found an accumulated B-integral of 0.41.
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Figure 4. Measurement of non-linear pulse coupling with SRSI-ETE. The shown contrast traces are

derived from the squared AC line of the Fourier transformed interferogram; (a) shows the reference

measurement without any glass plate. (b) shows the measurement if the glass plate is inserted behind

compression (position 2 in Figure 1) and the measurement with pulse coupling if the glass plate is

applied in front of the regenerative amplifier (position 1 in Figure 1). (c) shows the measured trace for

pulse coupling together with the matched calculation leading to a B-integral value of 0.41.
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3.2. Influence of Number of Roundtrips and Gain Saturation on Accumulated B-Integral

In a second measurement, we varied the pump energy of the regenerative amplifier. By increasing
the pump energy, the maximum amplification (gain saturation) occurs prior to the originally chosen
number of round trips until extraction. Increasing the pump energy significantly can be a way of
operation to enhance the extracted pulse energy, if the extraction is done at the new maximum energy
after a reduced number of roundtrips.

The standard number of round trips in our system is 12. We compare this normal operational
mode with operation with higher pump energies for 9 and 7 round trips till maximum amplification.
In our case, the extraction had to be always after 12 roundtrips to keep the dispersion management of
the whole CPA system unchanged. To classify our measurements, we simulated these amplification
conditions for the three different settings and compared it to the measurements of the build-up
dynamics of the regenerative amplifier (Figure 5) and the accumulated B-integral. The results of
relative pre-pulse level from measurement, the fitted B-integral value and the associated values for
B-integral retrieved from the amplification simulation can be found in Table 2.

1.8 4| M simulated 12 round trips 1024
B simulated 9 round trips o,
164 —&— simulated 7 round trips 5
- || measured 12 round trips Fg
:f —X— measured 9 round trips -0.20 =}
"8 1.4 4 —X— measured 7 round trips 8
8, =
v
—
S 12- Jo.16 =
20 £
%) 50
2> 1.0 _gé
= 1012 %
S 08+ =
s D
= =
E <
£ 06 Ho0.08 =3
O
X I
0.4 - ©
4004 m
0.2 4
0.0 0.00

2 3 4 5 6 7 8 9 10 1" 12
pass number

Figure 5. Measurement vs. calculation of the build-up in a regenerative amplifier and the B-integral per
roundtrip. The crosses are showing the intracavity signal during build-up, measured by a photodiode
placed behind one of the regenerative amplifier end mirrors. In comparison to that, the rectangles show
the B-integral per pass during amplification for each setting respectively. The theoretical point of gain
saturation, optimal for extraction, is marked by circles respectively.

Table 2. Roundtrips till gain saturation vs. accumulated B-integral for fixed outcoupling after 12 roundtrips.

Roundtrips Till Gain Relative Value of B-Integral B-Integral Derived from
Saturation Generated Pre-Pulse from Fit Amplification Simulation

12 43x107° 0.41 0.39

9 89x107° 0.69 073

7 2.65x 107 0.97 11

The measurements are in good agreement with our model. The analysis of this data and the
calculations can also be used to derive a specific setting to balance gain and accumulated B-integral in
regenerative amplifiers. Figure 6 shows the calculated extracted pulse energy, if extraction is performed
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at gain saturation, and the associated accumulated B-integral. The calculation shows that with higher
gain and less roundtrips, the B-integral is raising, as well as the extracted pulse energy. In contrast,
with less gain and more roundtrips, the B-integral is lower.

2.00 T T T T T T T T T T T T

1
o
o

1.75

1.50

1
o
o

1.25

B extracted energy [mJ]
| 4
A accumulated b-integral

1.00 +

1
o
~

0.75 T T T T T T T T T T T T T
6 7 8 9 10 11 12 13

round trips till maximum energy

Figure 6. Calculation of extracted energy (black squares) and accumulated B-integral (red triangles) vs.
the number of roundtrips until extraction at gain saturation. More roundtrips (less pump energy) leads
to lower accumulated B-integral and lower extracted energies.

4. Discussion

We demonstrated an approach to measure the integrated B-integral of laser amplification chains.
Our method combines the SRSI-ETE technique, as a single-shot field correlation measurement device,
with a numerical calculation of the B-integral induced pulse coupling of post- to pre-pulses. Following
this approach, we measured the integrated B-integral of a CPA laser system with a regenerative and a
multipass amplifier to be 0.41 under normal operation.

We compared these retrieved values with a simple model for amplification. For the numerical
calculation, we assumed that only the material of the Mazzler device dominated the B-integral.
The analysis of beam sizes in the optical elements relies on geometrical beam size assumptions. These
assumptions are done for the smallest beam scenario leading to maximal values in the individual
nonlinearity. Under these conditions we found the individual nonlinearity of the other materials to be
20% of the Mazzler device, defining the precision of our model.

Operating the regenerative amplifier with output energy enhanced conditions, e.g., in increasing
the pump energy to saturate the amplification with less roundtrips, leads to further increase of
accumulated B-integral. Typically accepted maximal values for accumulated B-integral in high-power
laser chains are 1 with regard to effects like self-phase modulation [40,41].

In contrast, if taking pre-pulse generation through B-integral induced pulse coupling effects into
account the acceptable B-integral is reduced. Considering ionization of matter starts at 10'> W/cm?
to 103 W/cm? and state of the art high power lasers are delivering 102! W/cm? to 10?2 W/cm? in
focus [4], the temporal laser pulse evolution requires a contrast level of pre-pulses of 10~ or better.
If a plasma mirror prior to the final focusing for laser matter interaction is applied, the requirements
of the contrast level can be reduced to 1077, thanks to an improvement of the contrast by at least
two orders of magnitude [8]. On the other hand, post-pulses generated by reflections of unavoidable
parallel anti-reflection coated surfaces (R < 0.1% per surface) can be assumed to be on the 107° level,
compared to the main pulse in best case. Taking this into account and estimating the B-integral induces,
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a pulse coupling of post-pulse level 107° to a pre-pulse level of 107 leads to an acceptable B-integral of
0.55 concerning the pulse coupling effects. This restricts the capabilities of increasing the extracted
energy of the regenerative amplifier. It also has to be taken into account that more B-integral will be
collected in the chain during amplification.

5. Conclusions

The methods presented in this paper are capable of helping improve amplifier design and
understanding. The presented technique can be applied to any part of the laser chain; investigations of
the B-integral of main laser pulse amplifiers up to the tens of joule level are feasible. The numerical
model opens the way to investigate the influence of higher order dispersion terms and larger delays
than presented here. Further studies can also include spectral effects, as well as spatial, and their
influence on the principle pulse and contrast formation of high-power laser pulses for laser driven
relativistic plasma experiments.

One has to note that pulses must not only be replica generated by reflections, but also scattered
light from components of the laser chain, e.g., these scattered light components can form post-pulse
structures, which are then transformed through B-integral coupling to pre-pulse structures degrading
the pulse contrast before the main pulse as well. In conclusion, improvements of high power lasers
concerning B-integral reduction and avoidance of post-pulse generation have to be undertaken to
improve the temporal contrast and circumvent applications of energy costly techniques like plasma
mirrors to enhance the energy efficiency, especially if the peak power of these lasers are increasing and
contrast conditions have to be maintained or even improved.
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