UC Irvine
UC Irvine Previously Published Works

Title
Ideal spatio-temporal pulse distribution for exawatt-scale lasers based on simultaneous
chirped beam and chirped pulse amplification.

Permalink
https://escholarship.org/uc/item/4jf0c5wm

Journal
Optics Express, 31(4)

ISSN
1094-4087

Authors
Chesnut, KD
Barty, CPJ

Publication Date
2023-02-13

DOI
10.1364/0e.480302

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at bttgs://creativecommons.org/licenses/bv/4.0/{

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4jf0c5wm
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

/'\.\ | Research Article Vol. 31, No. 4/13 Feb 2023/ Optics Express 5687 |
] | : = -

Check for OptICS EXPRESS % \
updates ~

Ideal spatio-temporal pulse distribution for
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chirped beam and chirped pulse amplification
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Abstract: This paper presents the ideal spatio-temporal pulse structure that is required to produce
exawatt-scale pulses based on simultaneous chirped beam and chirped pulse amplification in
a Nd:Mixed-glass laser system. It is shown, that a 100 fs Fourier transform-limited pulse is
created from a 20 ns duration stretched beam-pulse after propagating through an appropriate
six-grating compressor arrangement. Quantitative results, from a ray-tracing model of the six-
grating compressor, provide the detailed spatio-spectral and spatio-temporal pulse distributions
of the stretched pulse along with the higher-order phase distortions compensated by this pulse
compression scheme.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High-intensity laser systems have grown tremendously over the past few decades based on chirped
pulse amplification (CPA) technology [1]. Here, intensity induced damage to the amplifier
medium is mitigated by stretching the optical pulse in time prior to amplification [2]. Most
recent efforts at ELI-NP have pushed high-intensity lasers based on CPA in Ti:Sapphire to 10 PW
peak-power, ~243 J in ~22.7 fs, from a single beam line [3]. Extension of Ti:Sapphire systems to
higher powers is limited by available crystal sizes and, more importantly, by final optics issues.
In all CPA systems the intensity is highest on the final grating of the pulse compressor and all
down-stream optics. Overcoming field-induced damage on these optics is a primary challenge
with respect to extending visible and IR laser systems to the exawatt-class peak powers. At
intensities above 103 W/cm?, the laser field strength is sufficient to liberate bound electrons
from dielectric and metal surfaces. At these levels, damage is determined not by the quality of
the optical coating but by the intrinsic limit of valence electron ionization. Assuming an ultimate
final optic intensity limit of 100 mJ/cm? at 10 fs, implies a final optics area of at least 10 m?> for
exawatt pulse production. The upstream gratings within a four-grating compressor require an
even larger area. Three strategies have been proposed to circumvent this issue, namely:

(a) Coherently combine multiple independent 10 PW, CPA beamlines—such as the Ti:Sapphire
system mentioned above—with an array of focusing optics post-compression [4]. With
this technique each amplifier can have a different prompt wavefront distortion shot-to-shot
making phasing a challenge and lowering the final achieved focused intensity. This issue
becomes more prominent as the compressed pulse duration from the independent amplifiers
is decreased.

(b) Compress a single large-area, high-energy beamline via a tiled-grating compressors and
final optics [5,6]. Large-aperture (40 cm x 40 cm) Nd:Mixed-glass lasers have demonstrated
kJ-level energy with ~100 fs pulse durations [7,8]. The potential exists to extract up to
~25 kJ given a ~20 ns stretched pulse [9]. Additionally, a wide-angle noncollinear optical
parametric CPA system (WNOPCPA) has been proposed to produce ~7 fs pulses with
energies exceeding 500 J to reach exawatt peak-power [10]. Both amplification schemes
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would require beam expansion to reduce the fluence below the damage threshold of the final
optics along with a grating compressor comprised of many coherently tiled, meter-scale
gratings. Each of these gratings has five degrees-of-freedom that need to be aligned with
accuracy on the order of ~1 pRad about the rotation axes and ~10 nm along the translation
axes to reach an acceptable level of wavefront quality and pulse compression [11].

(c) The pulse spectral content is chirped both in time and space as it transits the amplifier—a
technique which we will call chirped pulse juxtaposed with beam amplification (CPJBA)
for brevity [12,13]. The CPJBA approach produces a ~20 ns stretched pulse that can safely
extract up to 25 kJ from a single, large-area Nd:Mixed-glass amplifier and be recompressed
down to a Fourier transform limit (FTL) pulse of ~100 fs without the need for tiled
gratings. To avoid damage on the final optic the pulse is split into multiple identical
copies by a dispersion balanced beam splitter arrangement prior to complete compression
by final grating pairs. The fundamental advantages of this approach are compatibility
with existing, high-efficiency, high-damage threshold grating designs, use of monolithic,
non-tiled gratings in the compressor, amplification in a single amplifier aperture allowing
for a singular wavefront distortion and the phasing of inherently similar beamlets.

This paper covers the compression scheme of CPJBA, patented in 2004 and first presented at the
International Committee on Ultra-High Intensity Lasers Conference 2014, which was proposed
as an analog technique to go beyond the stretched pulse limits of CPA [12,13]. The two laser
architectures, based on direct amplification, that have been constructed to produce multi-petawatt
peak-power are kJ-class amplifiers based on Nd:Mixed-glass [8] and fs-class amplifiers based
on Ti:Sapphire [3,14]. A third laser architecture, based on optical parametric chirped pulse
amplification (OPCPA), has achieved a 4.9 PW peak-power pulse at the CAEP-PW laser [15]
along with several planned multi-petawatt peak-power facilities awaiting commissioning [16].
Scaling high-intensity lasers towards the exawatt class peak-power regime is largely hampered
by B-integral effects (a measure of nonlinear phase accumulation due to pulse intensity) in the
amplifier medium for kJ-class amplifiers and intensity dependent damage to the final compressor
grating and optics for all amplifier architectures. Atlarge B-integral values, there is risk of runaway
small-scale self-focusing leading to catastrophic damage of the amplifier medium [17]. Increasing
the stretched pulse duration lowers the pulse intensity and increases the amount of energy that
can be safely extracted from a given amplifier. Large saturation fluence materials—such as
Nd:Glass and Yb:Glass—require a larger stretched pulse duration (multi-ns) than that needed for
Ti:Sapphire systems. In the case of high-energy Nd:Glass systems the B-integral limit is often
based on a phenomenological operating limit of 3 with 5-6 as the upper limit [18,19]. A single
NIF beamline has demonstrated 26 kJ using a 23 ns pulse for extraction [9], corresponding to an
operating fluence that is ~4 times greater than the saturation fluence of Nd:LG-770.

In CPA pulses are stretched or compressed by causing a frequency dependent group delay in
the pulse, called group delay dispersion (GDD). Most commonly, stretchers generate positive
GDD, where blue travels a longer distance than red, and compressors generate negative GDD,
where red travels a longer distance than blue. In a grating pair compressor, the first grating
induces angular dispersion on the pulse, having the red components diffract at a larger angle
than the blue, and the second grating removes the angular dispersion. The path length difference
of the frequency components as they travel between the two gratings produces negative GDD
on the pulse. Increasing the difference in group delay between the red and blue components,
to recompress a longer stretched pulse, requires that the grating pair separation is increased.
This necessarily creates a larger projected area on the second grating. A standard four-grating
compressor scheme for CPA would require an impractically large grating aperture to compress a
~20ns pulse down to a ~100 fs FTL pulse. Instead, simultaneously chirping the pulse in both time
and space enables a more efficient use of a fixed grating aperture for pulse compression if a novel
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six-grating, versus a four-grating, compressor arrangement is used. We will consider the case that
corresponds to an existing efficient, high-damage threshold grating design [20] and a NIF-like
aperture [9], also used at high-energy laser facilities such as Omega EP [21], Laser Mega-Joule
(LMJ) [22], and the Laser for Fast Ignition Experiment (LFEX) [23]. While this aperture is
assumed, the following argument applies to lasers with smaller or larger apertures as well. The
following presents the ideal spatio-temporal pulse structure that can be compressed to the FTL
by the six-grating CPIBA compressor, as well as the higher-order phase distortions present in the
stretched beam-pulse. CPJBA provides a path to extract the full 25 kJ from a NIF-like beamline
and recompress the pulse to ~100 fs—breaking through the current limits of high-intensity laser
technology to potentially produce a 0.2 exawatt peak-power pulse post-compression.

2. Chirped pulse juxtaposed with beam amplification (CPJBA)

In CPA a laser pulse is temporally stretched to reduce the pulse intensity in the amplifier medium.
Post amplification, the temporally chirped pulse is compressed with two grating pairs in a
traditional four-grating compressor arrangement that induce a negative GDD on the pulse, which
is linearly proportional to the normal separation of the two gratings that compose the grating
pair [24]. The amount of GDD that can be removed by a grating pair is limited, in part, by
the maximum available grating aperture. The tooling used by Plymouth Grating Laboratory
and Lawrence Livermore National Lab to produce multi-layer dielectric (MLD) gratings can
be extended to produce 2 m aperture gratings with further process development [25]. In this
paper we presume the availability of 2 m wide by 40 cm tall gratings; however, the argument that
follows is valid for any fixed maximum grating aperture size. For large beams, the CPA scheme
effectively utilizes only a small fraction of the grating aperture for temporal pulse compression.
As illustrated in Fig. 1 below, the grating aperture size, along with the spatial and spectral width
of the temporally chirped pulse, are the limiting factors in the maximum normal separation
distance between two gratings of a grating pair. The maximum normal separation is given by,

w

. T e
~ tan (6,) — tan (6p)’

Lmax ( 1 )
where G is the width of the second grating, w is the input beam width, v is the input angle to
the first grating, and 0y, and 0, are the diffracted angles of representative blue and red portions
of the pulse spectrum respectively. In addition to the intensity dependent final optic damage, a
main challenge in achieving an exawatt-class laser is the necessity to create sufficient stretched
pulse duration such that saturation may be achieved in the amplifier medium without exceeding
a threshold value of nonlinear phase accumulation, i.e. B-integral. In the NIF ARC PW laser
beam line, the stretched pulse duration is ~1.2 ns. At this duration approximately 1 kJ may be
extracted safely in a 18.5 cm by 37 cm beamlet [26]. To extract the full 25 kJ of stored energy
from a 37 cm by 37 cm NIF-like amplifier and maintain a B-integral of < 5, the pulse must be
stretched to >20ns. For exawatt-class peak-power production, and to utilize the full bandwidth
of a Nd:Mixed-glass amplifier, this 20 ns stretched pulse must be compressed to ~100 fs. Given
a maximum grating aperture of 2 m with a high-damage threshold grating design [20], this
compression ratio requires a grating aperture width of 6.14 m in the plane of diffraction for the
second and third grating. With an optimistic damage fluence threshold of 1 J/cm?, the height of
the gratings must be 5.4 m for the total area of the final grating aperture to sufficiently reduce the
beam fluence. The end result, assuming the maximum grating size posited above, necessitates
the tiling of 11 grating apertures for gratings 1 and 4, and the tiling of 44 grating apertures for
gratings 2 and 3 for a total of 110 gratings and a total grating area of 835,920 cm?.

By simultaneously spatially and temporally chirping the spectral content of the pulse, one
can better utilize the temporal compressive effect of a grating pair with a fixed grating aperture.
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Spatial chirp, as it is commonly defined, is a spatio-temporal distortion that results in the different
frequency components of a pulse spatially separated transverse to the direction of propagation
[27]. Here, each frequency can be thought of as its own beamlet whose center is determined
by the degree of spatial chirp, which yields a function, xo(w), whose derivative with respect to
frequency is called the spatial dispersion. With the correct direction of input spatial chirp, the
red beamlet and blue beamlet will undergo an image inversion as they travel from the first to the
second grating, shown in Fig. 1(c). This enables a larger grating separation for a fixed size of the
second grating with a maximum grating separation of,

G — w2 —x)

_ cos(y)
~ tan(6,) — tan(6)’ @

max

To normalize the spatial chirp to the beamlet size we introduce the spatial chirp parameter
that characterizes the total beam width expansion factor. A y of two represents a spatial chip
resulting in a beam width twice the original width (i.e. the centers of the red beamlet and blue
beamlet are separated by the original beam width, xo(w,) — xo(wp) = w). For this spatial chirp
the maximum separation of the grating pair is not limited by the input beam width but only by
the size of the second grating aperture and the spectral bandwidth of the pulse. This allows for
larger negative GDD to be generated by the grating pair for a fixed second grating aperture. For
example, we consider grating pair with maximum aperture of 2 m, a groove density of 1780
lines per mm, and an input beam at an angle-of-incidence (AOI) of 76.5 degrees. With a blue
wavelength of 1040 nm and red wavelength of 1080 nm, a 37 cm wide non-spatially chirped
beam will generate a GDD of -3.49¢7 fs? in this grating pair. Meanwhile, a 18.5 cm beam that is
spatially chirped with a y of two (i.e. a total beam width of 37 cm) can generate -1.83E8 fs? in
the same grating pair—a 425% increase in GDD removed for a single grating pair.

Fig. 1. Diagrams showing the maximum grating pair separation for a fixed grating aperture
for a) a full-width pulse without spatial chirp b) a half-width pulse without spatial chirp and
¢) a spatially chirped pulse with a i, of two and full-width composed of half-width beamlets.

3. Six-grating compressor

In the compression scheme for CPJBA, shown in Fig. 2, the pulse will first travel through a
standard four-grating compressor, albeit with a larger grating pair spacing, emerging partially
compressed temporally but with the same degree of spatial chirp. It then enters a final grating
pair, with a smaller grating separation, that removes the spatial chirp and performs a small
(~15%) amount of final temporal compression.

Multi-layer dielectric gratings have been developed with a proven groove design at LLNL
for the National Ignition Facility’s Advanced Radiographic Capability PW laser [20] to have
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Fig. 2. Schematic of the six-grating compressor for CPJBA designed to compress a
37 x 37 cm aperture simultaneously spatially and temporally chirped 20 ns pulse down to an
18.5 %37 cm aperture 100 fs Fourier transform-limited pulse.

meter-scale size and high-damage-threshold. These gratings are designed to be efficient at
1053 nm with a groove density of 1780 lines per mm and an AOI of 76.5 degrees [28]. Given a
beam aperture from a NIF-like amplifier of 37 cm x 37 cm and an AOI of 76.5 degrees gratings
G1 and G4 need to be 1.6 m wide. The modeled beam is an 8-order super-Gaussian spatial
distribution with a 37 cm diameter at 1% peak fluence. This is consistent with the main laser
beam in NIF that has a 37.2 cm diameter at 0.1% peak fluence [29]. The spectral pulse, shown
below in Fig. 3, is also an 8"-order super-Gaussian centered at 1060 nm with a FWHM of
30.2 nm, producing a sinc?-like temporal pulse with a Fourier transform-limited FWHM of 100
fs. The red-most and blue-most spectral components are defined by the spectral components that
constitute 1% of the peak spectral power. Cutting off the spectral distribution at these points
has minimal effect on the temporal pulse distribution. Studies have shown that a pre-amplifier
composed of Nd:phosphate glass (APG-1) mixed with Nd:silicate glass (K-824) can support this
spectral bandwidth to an amplifier with total gain 10* and producing ~100 fs pulses [7].
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Fig. 3. Output of the CPJBA six-grating compressor. a) 8t order super-Gaussian spectral
distribution of the pulse centered at 1060 nm with a FWHM of 30.2 nm and b) the Fourier

transform-limited temporal pulse of the spectral distribution with a FWHM of 100 fs.

With a maximum producible grating width of 2 m, grating pairs G1-G2 and G3-G4 can have a
maximum separation, along the direction normal to the grating faces, of ~1.914 m while not
clipping any spectral content. The output beam from the six-grating compressor has a width of
18.5 cm in the direction of grating dispersion giving the final grating G6 width of 0.8 m. For full
containment of the spectrum this allows for a maximum separation between G5 and G6 of ~0.780
m in the direction normal to the grating faces. The full geometry is summarized below in Table 1.
In this six-grating compressor set-up there is a total grating separation of 4.608 m. This same
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grating design in a standard CPA scheme is not able to handle the spectral bandwidth required for
a 100 fs pulse. As shown in Eq. (1), as the spectral bandwidth increases the maximum allowable
grating separation decreases; for a pulse with the spectral and spatial properties outlined above,
the grating separation of G1-G2 is small enough that the second grating will physically clip the
incoming beam in a standard CPA arrangement.

Table 1. Geometry of the six-grating compressor

Dimensions Grating Separation
Grating X Aperture [m] Y Aperture [m] Normal [m] Transverse [m]
Gl 1.6 0.4 - -
G2 2.0 0.4 1.914 4.665
G3 2.0 0.4 - -
G4 1.6 0.4 1.914 4.665
G5 1.6 0.4 - -
G6 0.8 0.4 0.780 1.902

The arrangement shown in Fig. 2 still does not address the intensity damage problem on the
final grating. To drop the fluence below the damage threshold of the gratings the pulse is split
into 30 identical copies before entering the final grating pair. Correctly phasing together the 30
beams requires a beam splitter arrangement, shown below in Fig. 4., that imparts an equivalent
amount of dispersion to each pulse copy by having each beamlet experience the same number
of transmission events [13]. After the final grating pairs, the identical beamlets are coherently
combined using a tiled, parabolic mirror array. Similar to the construction of large aperture
telescopes [30], this optical system allows for the construction of a large, low f-number focusing
mirror composed of multiple smaller, moderate f-number mirror segments. Here, each beamlet is
incident on an individual segment of the parabolic mirror, whose piston and tip-tilt is controlled
by three piezo actuators. By producing identical beamlets from a single aperture, the task of
phasing multiple beams together is considerably simpler than combining multiple, separate
amplifier beam lines.

eee Z

NN

W

TS

(N

‘ NN

L, N

Fig. 4. Unit cell of a dispersion balanced beam splitter arrangement that can be repeated to
split the beam into N identical copies. Each beamlet undergoes one transmission event in a
beam splitter to ensure equal dispersion for each copy.
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4. Analysis of pulse spatio-spectral and spatio-temporal structure

To determine the ideal spatio-spectral and spatio-temporal structure of the pulse that can be
compressed by the six-grating compressor to a ~100 fs FTL pulse, we backpropagated the FTL
pulse through the compressor and analyzed the beam-pulse structure at the input to the full
six-grating compressor. This ray trace model was done with LightTrans’ Virtual Lab Fusion
[31]. In the ray tracing software an analysis plane records the spatio-spectral amplitude and
phase of each frequency component in the pulse. With this we can create a 2D heat map of the
pulse spatio-spectral structure to quantify the spatial chirp present in the beam, shown below in
Fig. 5. Horizontal lineouts of the 2D map represent the spectral content at that transverse beam
position (see Fig. 2 for the coordinate system). The asymmetry of the spectral content across the
transverse beam center is a result of the diffracted angle of each beamlet, given by the grating
diffraction equation, being nonlinear with respect to wavelength.

a) 1.0 b)
Spatio-Spectral Intensity 1. Spatio-Spectral Cross Sections,,
0.8
— 185 - —
] 9.3
E A € 1.0 —
& 925 3 9.2
0.6 4
c E 0.8 01
L2 9 =
= =06 9.0
4 04 3
O _ 0.4 8.9
g 925 %‘
x @02 8.8
-18.5 0.2 E .
1035 1045 1055 1065 1075 1085 0.0 .

1040 1050 1060 1070 1080
Wavelength [nm]

Wavelength [nm]

0.0

Fig. 5. The spectral cross-section of the beam changes with position along one of the
beam’s transverse axes (see Visualization 1). (a) 2D heatmap of the spatio-spectral pulse
that is compressed by the six-grating compressor and (b) the spectral content and phase of
the pulse at various beam transverse positions: 12.5cm (A), O cm (B), and -12.5 cm (C).

Performing a line-by-line Fourier transform across the transverse beam width on the spectral
pulse ascertains the full spatio-temporal pulse structure. Due to the high spectral frequency
resolution needed for the large stretch factors involved, the Fourier transform was performed by a
post-processing Python script [32]. A form of this hybrid ray tracing and numerical analysis
technique was used by Laboratory for Laser Energetics to analyze the pulse structure from a tiled
grating pulse compressor [33]. Below, in Fig. 6, the horizontal lineouts in the 2D spatio-temporal
heat map give the pulse duration at each transverse cross-section of the beam. The spatial chirp
results in a non-uniform pulse duration distribution along the spatial transverse axis of the beam.
The maximum pulse duration FWHM is 18.9 ns at x-position 1.5 cm. The edges of the beam,
while having a shorter pulse duration, have reduced energy content keeping the intensity low.

4.1. Higher-order phase effects

Clearly seen in Fig. 6(a) is an asymmetric temporal pulse structure that is due to the appreciable
amount of third-order dispersion (TOD) removed by the compressor system; this is a natural
consequence of any grating-based compressor. The substantial TOD reduces the effective pulse
duration and can lead to increased B-integral accumulation in the amplification chain under full
energy extraction conditions. This TOD effect should be minimized as much as possible to flatten
the temporal cross-section and reduce the B-integral allowing for greater energy extraction from
the amplifier.

The shortest possible FTL output pulse duration is desirable for building a high-peak-power
laser. However, longer duration FTL output pulses may be useful for applications such as narrow
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Fig. 6. Due to the changing spectral content along the one of the beam’s transverse axis
the temporal cross-section changes as well (see Visualization 2). (a) 2D heat map of
the spatio-temporal structure of the pulse intensity that is compressed by the six-grating
compressor and (b) the temporal cross-sections of the pulse at beam transverse positions
12.5¢cm (A), Ocm (B), and -12.5 cm (C) with FWHM pulse durations of 6.0 ns, 18.2 ns, and
4.6 ns respectively.

bandwidth laser-Compton scattering [34] and pumping OPCPA systems [10]. A longer FTL
pulse duration equates to a smaller spectral bandwidth allowing for a larger grating separation for
a fixed aperture grating pair. This modifies the spectral phase distribution that is removed by the
compressor, which can be approximated as a Taylor series about the center frequency given by,

1 1
p(w) = ¢y + GD(w — wy) + EGDD(a) —wy)* + ETOD(a) —wo) e ()

Here, ¢y is the total phase of the center frequency, wy is the center frequency, GD is the group
delay, GDD is the group delay dispersion, and TOD is the third order dispersion. This phase
function is fit to the spectral phase output from LightTrans to determine the GDD and TOD
induced by the six-grating compressor. Table 2 details the maximum grating pair separation,
the on-beam-center input pulse FWHM duration, as well as the GDD and TOD induced by the
compressor configuration for various output FTL pulse durations.

Table 2. TFL pulse duration effects on six-grating compressor

Grating Separation Dispersion
TFL Pulse Stretched Pulse G1/G2-G3/G4 G5/G6 GDD [fs?] TOD [fs]
FWHM [fs] FWHM [ns] [m] [m]
100 18.2 1.914 0.780 -4.64E + 08 9.04E + 09
200 20.6 4.178 1.704 -1.01E+09 2.03E+ 10
500 21.1 10.684 4.356 -2.57TE+09 5.01E+ 10
1000 20.7 21.365 8.715 -5.14E+09 9.96E + 10

While the TOD term increases linearly with pulse duration, its effect on a spectral component’s
phase decreases to the third power with an increase in pulse duration due to the decreased
spectral bandwidth. Figure 7, below, clearly shows this reduction of the TOD effect on the
spatio-temporal intensity distribution as the pulse duration increases, which manifests itself as a
temporal asymmetry.

An alternative route to modify the spatio-temporal distribution is to sculpt the spectral content
of the pulse. Shown below in Fig. 8(b) is a modified spatio-temporal distribution resulting from
a simple spectral sculpting, seen in Fig. 8(a). While the spectral sculpting has a precipitous effect
on the spatio-temporal distribution, the effect on the FTL pulse duration and structure, plotted in
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Fig. 7. Normalized spatio-temporal intensity distribution at the input of the six-grating
compressor that compresses down to a FTL pulse with FWHM pulse duration of a) 100 fs,
b) 200 fs, ¢) 500 fs, and d) 1000 fs. (e) Temporal cross section at the spatial center of the
beam for the various TFL pulse widths.

Fig. 8(c) and (d), is minimal with the sculpted spectrum having a FTL FWHM of 100 fs. In this
manner one can preserve the short duration FTL output pulse while removing any temporal spikes
that would cause excessive B-integral accumulation in the amplifier. The sculpted spectrum in
Fig. 8(a) is the full power spectrum of the pulse after it has been amplified and spatial chirp
removed by the six-grating compressor. The input power spectrum to the amplifier is quite
different due to typical gain saturation effects, where amplification is more efficient for the red
wavelength components at the leading edge of the temporal pulse, as well as new transverse gain
dynamics inherent to CPJBA. Here, both the spectrum and fluence vary with transverse position
in the beam. The temporal gain saturation effects are well studied on NIF and are compensated
for by appropriately shaping the spectrum prior to amplification in the front end injection laser
system (ILS) [35]. The transverse gain effects are comparable to the transverse gain distribution
experienced at NIF due to flash lamp pumping, where the center of the amplifier slab experiences
higher gain than the edges [35]. For CPIBA, we can deal with this issue like NIF, by modulating
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the transverse energy distribution in the laser front end [35], or by adjusting the gain distribution

in the amplifier slab with a different spatial distribution of the pump energy.
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Fig. 8. (a) Spectrum of a sculpted pulse contrasted with the original non-sculpted spectrum.
(b) The spatio-temporal profile of the sculpted pulse prior to entering the six-grating
compressor. The resulting Fourier transform-limited temporal pulses of the sculpted and
original spectrum (c) along with a log plot of the FTL temporal pulses (d).

5. Conclusion

With CPJBA one can increase the negative GDD produced by a fixed aperture grating pair by
spatially chirping the beam in addition to temporally chirping. This chirped beam-pulse is
recompressed, temporally and spatially, by a novel six-grating compressor arrangement that has
been detailed here. Initial production of the chirped beam-pulse is possible by over stretching
the pulse temporally with a multi-pass regenerative stretcher [36] and then spatially chirping
the beam with a single pass grating pair. Early in the laser system the beam width is small and
the modest spatial chirp required for CPJBA can be easily achieved with small aperture gratings
and minor grating pair separation. Both the gain saturation and transverse gain effects of the
chirped beam-pulse amplification will be pre-compensated in the front end of the laser system in
a similar manner as the ILS on NIF. The full simulation of the amplifier and its optimization is
planned for a future publication.

Using existing high-efficiency, high-groove-density grating designs and assuming the extension
of multilayer dielectric grating manufacturing to 2 meter apertures, it is shown that CPJBA
combined with the six-grating compressor can compress a spatially and temporally stretched
18.9ns pulse to a spatially-uniform, FTL pulse duration of 100 fs. This stretched pulse duration
has the potential to extract ~25 kJ from a large, single-aperture Nd:Mixed-Glass amplifier
providing a promising pathway to extend high-peak-power laser systems into the exawatt-class
without using tiled gratings or multiple independent amplifiers. A noticeable temporal pulse
asymmetry on the stretched beam pulse is necessary in order to compensate for higher-order phase
effects in the six-grating compressor. This asymmetry can be mitigated by either reducing the
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spectral content of the desired FTL pulse or by sculpting the input pulse spectrum. While CPIBA
was initially proposed with Nd:Mixed-Glass amplifiers in mind, this technique, along with the
six-grating compressor, can be extended to many laser systems that require stretch-compression
factors beyond what a traditional CPA arrangement can provide.
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