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High field science relies on ultrashort pulse lasers with multi-joule pulse energies for studying light-matter interactions
under extreme conditions and for driving particle accelerators and secondary radiation sources of x rays, gamma rays,
neutrons, positrons, muons, and protons. Next-generation laser drivers will require a 10> —10* times increase in pulse
repetition rates, producing multi-joule energies at multi-kilowatt average powers to enable practical applications in
nuclear engineering, advanced materials, medicine, biology, homeland security, and high-energy physics. Spatially
coherently combined femtosecond fiber lasers are recognized as a pathway to these next-generation drivers, with signifi-
cant practical advantages including high efficiency and the possibility of compact integration. However, chirped pulse
amplification in fibers is capable of extracting only a small fraction (usually ~1%) of the maximum stored energy. Here
we demonstrate near-complete maximum stored energy extraction with low accumulated nonlinearity from a large-core
fiber amplifier using coherent pulse stacking amplification. We have amplified a 81-pulse stacking burstin a 85 ptm core
chirally coupled core Yb-doped fiber, extracting up to 9.5 mJ (~90% of stored energy) with <4.5 radians of accumulated
nonlinear phase, temporally combined this burst into a single pulse, and achieved 4.2 m] pulses of 313 fs bandwidth-
limited duration after compression. This represents, to our knowledge, the highest energy extracted and compressed
into a femtosecond pulse from a single fiber amplifier, enabling approximately two orders of magnitude size reduction of
future high-energy coherently spatially combined fiber laser arrays. © 2024 Optica Publishing Group under the terms of the
Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.533803

1. INTRODUCTION beyond the capability of current Ti:sapphire-based ultrafast laser
technology.
New laser media promising to achieve CPA of ultrashort

pulses at the required high repetition rate and high energy include

High field science has been enabled by the emergence of
Ti:sapphire based chirped-pulse amplification (CPA) laser sys-

tems that produce 1-10 J high-energy sub-100-fs ultrashort pulses
needed for driving laser wakefield acceleration (LWFA) [1,2],
secondary radiation sources [1,3,4], and other intense laser—matter
interactions [5]. However, practical applications and further
development of high-field science are limited by the low (typically
<1 Hz) repetition rates of these lasers. Potential high-impact appli-
cations in medicine, material science, high-energy physics, nuclear
spectroscopy, and homeland security [1-8] require very high radi-
ation fluxes and high-precision control of laser-target interactions,

achievable only at laser pulse repetition rates of 1-100 kHz, far

2334-2536/24/111540-09 Journal © 2024 Optica Publishing Group

Yb:YAG thin-disk [9], Tm:YLF solid-state [10], and Yb-doped
fiber lasers [11], which have much higher pumping efficiency and
significant thermal dissipation advantages over Ti:sapphire lasers.
Among these new media, fiber lasers can provide the shortest dura-
tion pulses, can be compactly integrated into very robust systems,
and have by far the highest efficiency, with wall-plug efficiencies
of up to 50% reported for industrial 100 kW continuous-wave
(CW) lasers [12,13]. Power and energy scaling in fiber lasers can be
achieved through coherent beam combination (CBC) of multiple
parallel amplifiers [14], which has been demonstrated at multi-kW
average powers in both CW and ultrashort-pulse formats [15,16].
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Fig. 1.  Effects of nonlinear phase accrual in fiber CPA: (a) calculated
compressed pulse traces for increasing levels of peak nonlinear phase
accrued for a 10 nm FWHM spectrum (inset) and (b) calculated depend-
ence of percent of maximum stored energy extracted on chirped pulse
duration, with B < 77 and bulk damage [18] boundaries shown.

CW fiber CBC systems with ~10? parallel channels are now the
dominant technology for laser systems operating at >100 kW.
However, due to very limited energies achievable per individual
fiber CPA channel, ultrashort-pulse CBC array sizes will need to
contain approximately 104—10> parallel amplifiers for reaching
the 1-10 J range of pulse energies required by high-field science,
approximately two to three orders of magnitude more channels
than for current 100-kW-class CW systems.

Large array sizes result from the fact that Yb-doped fiber
CPA is limited by nonlinear phase accrual to a few percent of the
maximum stored energy in a fiber, on the order of a few hundred
microjoules for state-of-the-art 80-85 wm large-core fibers [17].
When the accrued nonlinear phase, characterized by the B-integral
[17], becomes too high, it distorts compressed pulses, lowering
their peak power and adding pre- and post-pulse “wings.” As an
illustration, Fig. 1(a) shows the calculated effect of increasing
B-integral on compressed pulse quality in a 300 fs bandwidth-
limited CPA system assuming a flat top 1 ns stretched pulse. Since
this is a strongly stretched pulse, its temporal shape is identical to its
spectral shape [19] (shown in the inset). For B < 7 the peak power
remains above 90% of its bandwidth-limited maximum value and
the energy contentin pulse wings remains low. Although this calcu-
lation is sensitive to the spectral shape, in practice B =7 is a good
approximate upper boundary for high-fidelity pulse compression.

The B-integral is proportional to the signal peak power and,
therefore, for a fixed pulse energy, decreases with increasing pulse
duration. Figure 1(b) shows how the pulse energy at the B=m
boundary depends on stretched pulse duration, normalized to
the maximum stored energy (MSE) available in a fiber amplifier
operating in the regime where the pulse repetition period is longer
than the gain recovery time [20]. The normalized dependence
calculated here for a signal at A & 1 pum is universal, approximately

Vol. 11, No. 11 / November 2024 / Optica 1541

independent from fiber doped-core area Aqop. and length L,
because both the B-integral and stored energy are proportional
to each [see Supplement 1]. Only relatively minor fiber-to-fiber
variations result from differences in doping concentrations as well
as other factors [see Supplement 1]. This relatively minor variation
is shown by representing the B = 7 boundary as a band in Fig. 1.
This figure immediately reveals that fiber CPA systems, where
stretched pulse durations are constrained by compressor grating
size to 1-3 ns, are limited to approximately 1%-3% of the MSE
and that full extraction at low nonlinearity requires pulses longer
than 60 ns. Amplification at the maximum stored energy limit can
enable femtosecond pulses with up to 100 times higher energies
from a fiber than are available when only using CPA.

It is important to emphasize the difference between the maxi-
mum stored energy and a stored energy under given operation
conditions in an amplifier. The MSE represents the maximum
achievable inversion in the amplifier, which is maintained only
when the pulse repetition period is comparable or longer than the
gain recovery time (see Supplement 1). When the pulse repetition
period is shorter than the gain recovery time, the inversion (and
thus the gain) does not fully recover between pulses, thus reducing
stored energy to a fraction of the MSE. The gain recovery time
decreases with increasing pumping (see Supplement 1), meaning
that increasing pump power allows us to access MSE-level pulses at
an increasing repetition rate.

In this paper we show that coherent pulse stacking amplification
(CPSA) [21], a coherent time-domain pulse combining technique,
enables femtosecond pulse amplification at the maximum stored
energy limit with low accrued nonlinearity due to its ability to effi-
ciently combine a strongly saturated pulse burst containing a large
number of stretched pulses. We experimentally demonstrate pulse
amplification of up t0 9.5 m]J using an 81-pulse burst of ~1 nslong
stretched pulses (i.e., an effectively 80 ns long signal), followed
by coherent temporal combining of this burst into a single ~1 ns
pulse and then its subsequent compression back to a bandwidth-
limited duration 0f 313 fs. The highest energies achieved constitute
~90% of the maximum stored energy in the 85 pm core (65 pm
MFD) Yb-doped chirally coupled core (CCC) [22] fibers used in
these experiments. Previously reported high-energy femtosecond
pulse amplification results using a divided-pulse amplification
(DPA) technique based on 8-pulse combining with delay lines
[23,24] reported much lower 3.3 m] extraction at 20 kHz from
a similar 62 pm mode-field diameter fiber power amplifier [25],
indicating an operation regime with stored energies well below the
MSE level.

We also show theoretically and experimentally that for ampli-
fication at the MSE level, it is essential to minimize nonlinear
phase accrual by amplifying stacking bursts that have a specially
crafted amplitude profile that produces equal nonlinearity for
each pulse in the burst. These equal-nonlinearity burst profiles are
characterized by a strong front-to-back amplitude variation and
therefore require sufficient degrees of freedom in controlling the
stacking burst and pulse combiner. We demonstrate that CPSA,
which combines pulses using resonant Gires—Tournois interfer-
ometer (GTT) cavities, has enough degrees of freedom to efficiently
combine equal-nonlinearity burst profiles with a large number
of pulses, allowing amplification, temporal combination, and
compression at the fiber maximum stored energy. This work opens
a pathway towards 1-10 J coherently combined fiber laser systems
with only 10?—107 parallel amplifiers.
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2. COHERENT PULSE STACKING AMPLIFICATION

A coherent pulse stacking amplification system consists of three
major steps: (1) stacking burst formation, (2) pulse stretching
and amplification, and (3) pulse stacking and compression. The
stacking burst is formed directly from a high repetition rate fi,.
mode-locked pulse train using a pair of fast amplitude and phase
electro-optic modulators, which imprint individual amplitudes
and phases on each femtosecond pulse in the burst. The burst is
then transformed into a quasi-continuous long pulse by passing it
through a pulse stretcher, where the dispersion is chosen to such
that the stretched pulse duration is nearly the pulse repetition
period Ti, = f;gpl. , after which the quasi-CW burst is amplified to
high energies in an amplifier chain. After amplification, the burst is
coherently stacked (i.e., temporally combined) into a single pulse
using a set of GTI cavities and then compressed to femtosecond
duration in a pulse compressor.

Details of coherent pulse stacking (CPS) using GTI cavities
are presented elsewhere [26], but for the subsequent discussion
it is instrumental to briefly summarize its operating principle. A
GTT cavity is a ring cavity formed by a partially reflecting beam-
splitter and two or more fully reflecting folding mirrors [27]. A
GTTI pulse stacker consists of a sequence of NV (V> 1) such GTI
cavities, where each 7th cavity is characterized by a beamsplitter
reflectivity R;, a round-trip phase ¢;, and a round-trip period
T;. Each cavity round-trip period 7; is defined to be an integer
multiple 7z; of the pulse repetition period Trep, (7; = m; x Tip,),
and the round-trip phase ¢; is defined as a fractional optical-cycle
difference between this period 7; and the exact cavity round-trip
T: T—1 =¢;/2m x L/c, where A is the optical wavelength
of the signal and ¢ is the light velocity. A GTT stacker is a linear
time invariant system. Therefore, it is fully characterized by its
impulse response, in this case the burst of pulses generated when a
single pulse is incident into the stacker. Each pulse in the impulse
response burst has phase and amplitude determined by the choice
of Nbeamsplitter reflectivites’ R and N cavity round-trip phases ¢.

For a lossless stacker, inputting the time-reversed impulse
response yields a single stacked pulse at the output (i.e., the initial
impulse). Thus the time-reversed impulse response constitutes a
stacking burst, comprising of two parts: (1) a main burst with a
finite number of pulses M containing a majority of the energy and
(2) a low-amplitude semi-infinite pre-burst containing at most a
few percent of the overall energy. A properly shaped main burst is
used for energy extraction, while the pre-burst can be truncated
without appreciable effect on stacking efficiency; however, trun-
cation reduces pre-pulse contrast in front of the stacked pulse.
Inclusion of the pre-burst is necessary for maximizing this contrast
through allowing fields to slowly build in the cavities before the
main burstarrives.

A stacker is designed using a numerical optimization procedure
that matches the calculated time-reversed impulse response to the
desired stacking burst amplitude profile by varying each cavity
phase ¢; and beamsplitter reflectivity R;; however, a perfect match
is not always possible. It is an essential feature of GTI-based coher-
ent temporal pulse combining that a stacking burst can deviate
significantly from an exact replica of the time-reversed impulse
response and still provide a very high stacking efficiency. This
means that GTI-based stacking is highly adaptable—once a stacker
design is chosen, i.e., all R; are chosen, the main burst amplitude
profile can be varied over a wide range by controlling cavity phases
¢, and/or individual pulse phases in the stacking burst. Note that

this does not necessarily lead to pre-pulse contrast degradation for
the stacked pulse—we report elsewhere [26] that multiple stacking
burst control strategies exist that simultaneously maintain high
stacking efficiencies and high pre-pulse contrasts. The practical
importance of this inherent-to-CPS adaptability is twofold: it
significantly broadens the range of possible GTI stacker design
options and it enables highly saturated energy extraction from an
amplifier, which will be discussed in Section 3.

The number of pulses A in the main stacking burst depends on
the stacker configuration. A great variety of stacker configurations
are possible that accommodate nearly every different M, each
configuration specified by the number of GTI cavities used NV and
the set of their round-trip durations { 7, 7, ..., Tx}. The simplest
is an equal-length stacker configuration, where all round-trips are
equal and matched to the pulse separation in the stacking burst
I; = Typ. for all 7. The main advantage of an equal-length stacker
configuration of N cavities is that the impulse response can be per-
fectly matched to any desired main-burst shape of M = 2 N pulses
due to the availability of 2V independent design parameters of
cavity phase and beamsplitter reflectivity. However, as full energy
extraction requires main bursts with M ~ 107 pulses (see Fig. 1),
this configuration would need an impractically large number of
cavities.

This problem can be solved with multiplexed-length stacker
configurations, using GTIs with different round-trip durations,
each specified by a corresponding 7z;. As an illustration, consider
one such class of N-cavity stackers consisting of N/2 GTIs with
short m; =1 round-trips, and of N/2 GTIs with long m; =~ N
round-trips—a so-called “/N/2 + N/2” configuration. Since each
group can stack ~ V pulses, but with the pulse-to-pulse separation
Trep. for short-round-trip GTIs and the separation ~N x T,
for long round-trip GTTs, the total number of pulses in the main
stacking burst can be (~ N)2. However, due to the mismatch
between the ~2N cavity design parameters and the (~ N)?
number of main burst pulses, the main burst amplitude cannot
be precisely matched to the impulse response. Nevertheless, the
adaptability of coherent pulse stacking allows accommodation of
the required stacking burst profiles, as illustrated in the following
design example.

This work uses a 4 + 4 GTI multiplexed stacker designed
to stack 81 pulses into one [26]. This design provides an effec-

tive burst length 81 ns (when pulse separation fre_pl

=1ns),
long enough to extract full fiber energy at low nonlinearity.
Multiplexing four cavities of 7;; = 1 ns (30 cm round-trip length)
with four cavities of 7;; =9 ns (2.7 m round-trip length) allows
efficient combining of 81 pulses without using the 40 cavities that
would be needed in the equal-length case. Figure 2(a) shows the
design of this stacker, which is nested to reduce the footprint. The
calculated stacked trace for a pre-burst truncated equal-amplitude
input is shown in Fig. 2(b). The calculated stacking efficiency 7,
(defined as the stacked pulse energy divided by the total stacked-
waveform energy) for a pre-burst truncated input is 98.1% with
19.4 dB pre-pulse contrast; including the pre-burst increases the
stacking efficiency to 99.4% with 27.1 dB pre-pulse contrast. The
pre-pulse contrast is defined as the ratio between the peak powers
of the largest pre-pulse and the stacked pulse.
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Fig. 2.  Design of a 4 + 4 GTI stacker for 81 — 1 pulse stacking:

(a) multiplexed-length GTT cavities, nested to reduce footprint, and
(b) calculated equal-amplitude stacking-burst trace for a pre-burst trun-
cated 81-pulse input, shown in red in the inset, and the calculated impulse
response, shown in blue in the inset. Note that despite the deviation from
the impulse response, the stacking efficiency is calculated to be 98.1%
with 19.4 dB pre-pulse contrast.

3. STACKING BURST PROFILES FOR LOW
NONLINEARITY EXTRACTION APPROACHING THE
MAXIMUM STORED ENERGY LIMIT

The principal advantage of the CPSA technique is adaptability that
allows preservation of high stacking efficiencies even for highly
amplitude shaped stacking bursts from a strongly saturated ampli-
fier. Such reshaping is caused by the amplifier population inversion
depleting along the pulse burst. As a result, the highest gain occurs
at the burst’s leading edge, usually producing a temporally decay-
ing burst profile with the decay increasing as saturation increases
for higher pulse energies. Although in general saturation-induced
gain variation is wavelength dependent, spectral reshaping effects
are negligible for sufficiently narrow-bandwidth signals, such
as ~10 nm used in this work. Analysis in this monochromatic-
approximation limit can ignore saturation-induced reshaping
within each stretched pulse in the burst.

This saturation-induced decrease in gain would lead to increas-
ing accrual of B-integral along the amplified stacking burst
consisting of pulses with equal amplitudes. However, the decreas-
ing profile of a strongly saturated amplified burst mitigates this
effect and, as we show next, can be precision tailored to produce a
B-integral precisely equal for all pulses in the burst. Because the first
pulse accrues the lowest B-integral, such tailoring automatically
minimizes the accumulated nonlinear phase for the whole burst.
The amplified output burst shape can be controlled through shap-
ing of the input burst. Since the required equal-nonlinearity burst
shape varies with degree of saturation, it is important that such
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control be implemented electronically to accommodate varying
amplification conditions in a running laser system.

Equal-nonlinearity stacking profiles within the monochromatic
approximation can be found analytically [28] using the Frantz—
Nodvik equations [29] for saturated energy amplification. For ref-
erence, we provide the analytical derivation in the Supplement 1,
which reveals that equal-nonlinearity burst shape solutions are
achievable even at the MSE level and shows how their general
decaying-amplitude shapes change under varying saturation
conditions.

However, this analytical approximation is derived assuming
exponential gain along the fiber amplifier, which is a significant
oversimplification and inaccurate for high saturation conditions.
Therefore, precise calculation requires a numerical model in which
the input pulse burst P, (#) propagates along z encountering the
actual amplifier inversion profile AN(z, ¢). The calculation can
be done in two separate steps: (1) calculate the inversion profile
A N(2) in steady-state conditions under CW pumping, account-
ing for amplified spontaneous emission (ASE), and (2) propagate
the pulse burst through the inversion using rate equations [30,31].
The calculated B-integral for every pulse in the burst can be
equalized through a simple optimization method. Here we use
this model under the monochromatic approximation; however,
the approach is fully valid for modeling the burst as individual
chirped pulses, each with their own shape and spectrum. For this
calculation circular polarization is assumed, which reduces the
value of 7,7 by 2/3 with respect to the typically measured linear
polarization value.

Figure 3 shows the numerically calculated equal-nonlinearity
pulse bursts at increasing saturation (solid lines) and the ana-
lytically calculated result at 10 m] (dashed line), along with the
calculated nonlinear phase, for the 1.8-m-long 85-pm-core CCC
fiber amplifiers discussed in the next section. The peak powers and
phases of each individual pulse are represented as a smooth curve
for clarity. We can clearly see that the analytical solution confirms
that a decreasing amplitude profile can be used to equalize pulse
burst B-integral and also that the assumption of pulse peak power
exponential growth inaccurately calculates P(#) and underesti-
mates the accrued nonlinear phase. The numerical model properly
accounts for saturation effects, increasing the fraction of energy
at the front of the pulse burst (where gain is near exponential) to
match the B-integral of the heavily saturated pulses at the end of
the burst. The 10 m] pulse burst corresponds to ~90% energy
extraction (measurement described in next section), indicating a
near-complete maximum stored energy extraction at low nonlin-
earity (B-integral is slightly above 7) with ~81 ns burst length,
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Fig. 3. Numerically calculated equal nonlinearity bursts for several

different amplifier output energy levels and the corresponding optimized
phase profile. The dashed line shows a comparison to the analytical
equal-nonlinearity theory.
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consistent with Fig. 1. The stacking efficiency 5, of the equal-
nonlinearity bursts calculated for both the truncated and pre-burst
optimized cases is shown in Fig. 4, indicating stacking efficiencies
above 90% even for the 10 m] bursts.

4. EXPERIMENTAL DEMONSTRATION OF
FEMTOSECOND CPSA OPERATING CLOSE TO
THE MAXIMUM STORED ENERGY LIMIT

The setup for experimental validation is shown in Fig. 5. The 81
pulse stacking burst is generated by amplitude and phase modu-
lating successive pulses from a 1 GHz fiber oscillator [32] using
fiber-coupled 10 GHz electro-optic modulators (EOMs), after
which the pulses are stretched to 900 ps by a Martinez stretcher
yielding ~81 ns long burst. After pulse stretching the burst
rep-rate is down-counted to 100 kHz by a fiber-coupled AOM.
Single-mode fiber preamplifiers compensate loss after the EOMs,
stretcher, and first AOM and increase burst energy to 1 1. Further
amplification is done in a 25-pm-core large-mode area (LMA)
fiber amplifier, after which a final AOM downcounts to the final

Ampl. & Phase
Modulated

1GHz, 75fs 81-Pulse Burst
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rep-rate of 1-10 kHz. Burst energy is increased to 250 pJ by an
~1 m long 85-um-core CCC fiber pre-amplifier before entering
the final stage of 1.8 m of 85-pm-core CCC fiber.

This CCC fiber is an all silica, effectively single-mode large-core
fiber that can store more than 10 m] depending on mode-field
diameter and other parameters [22]. This is a double-clad fiber
(cladding diameter 400 pm), with Yb-ion concentration in the
85 pm core of 5 x 102 m~3, providing ~90% pump absorption
after the 1.8 m at 976 nm. The measured mode-field diameter
is 65 um. We experimentally evaluated stored energy in this
final-stage fiber amplifier by measuring small-signal gain and
pulsed energy gain for varying degrees of saturation and fitting
these results to the Frantz—Nodvik model of this fiber amplifier,
as described in Supplement 1, Section 3. The maximum stored
energy in this amplifier is measured to be 10.6 m], with a corre-
sponding small signal gain of 46 dB, as shown in Fig. 6. With a
200 pJ seed up to 9.5 m]J can be extracted, corresponding to an
extraction efficiency of 88%. All experiments reported in this work
are performed at the pulse repetition rate of 2 kHz, too low for
high average-power efficiency. However, the amplifier has been
validated to store the same energies at up to 8 kHz repetition rate
(limited by the available pump power), indicating that continuous-
wave level efficiencies at the MSE level are achievable from this
amplifier by simultaneously increasing the pulse repetition rate and
pump power.

After amplification the high-energy pulse burst is temporally
combined in the 4 + 4 GTTI stacker described in Section 2 and then
compressed. The beam into the GTT stacker is diffraction limited
due to the effectively single mode operation of the CCC fiber (mea-
sured M-squared is 1.04). The GTI stacker alignment involves
achieving highly accurate spatial and angular beam overlap, as well
as round-trip timing in each cavity using specially developed and
partially automated procedures described in [26]. The compressor
maintains a high measured transmission of 84% due to the use
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of high-efficiency multi-layer dielectric gratings in a double-pass
configuration.

The measured stacking efficiency 7, can deviate from the theo-
retical efficiency due to errors in cavity alignment, stacking burst
phase profile, and beam collimation, as well as due to beam distor-
tions and uncompensated nonlinear phase accrual. Measurement
of stacking efficiency requires resolving pulses separated by a nano-
second and is usually done using the compressed pulses incident on
afast photodiode, where the pulses are shorter than the photodiode
response time. The measured peak voltage is directly proportional
to the pulse energy; however, care must be taken to maintain a
linear response over the whole dynamic range of the measurement.

An ideal GTT cavity has unity power transmission; however, in
practice mirror coatings have some small losses. While the loss per
cavity when using high-quality high-reflectivity (HR) coatings is
negligible, the cumulative loss from eight GTT cavities, turning
mirrors, and beamsplitter anti-reflection (AR) coatings can impact
stacked pulse energy. These cumulative losses can be characterized
by the throughput efficiency 7,, defined as the ratio of the output
average power to the input average power of the stacker. The mea-
sured throughput efficiency of the 4 + 4 GTI stacker used in this
work, in the configuration shown in Fig. 2(a), is measured to be
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N, = 90.5%, somewhat lower than the theoretical value of ~96%
expected for using R =99.99% HR and R =0.2% AR coatings.
The stacked pulse energy is the product of the input burst energy,
the stacking efficiency 7, , and the throughput efficiency 7,.

Each GTI cavity in the stacker must be actively stabilized to
maintain its required round-trip phase ¢; against any phase drifts
in the system in order to achieve stable stacking. For this each cavity
has a mirror mounted on a piezo which is driven by a high-voltage
amplifier controlled by a field-programmable gate array (FPGA).
The FPGA is clocked off the 1 GHz fiber oscillator, providing
1GS/s ADC reads synchronous with the photodetector-measured
stacked waveform and up to 5 GS/s DAC writes for controlling
piezo and modulator (EOM and AOM) drivers. Simultaneous
stabilization of all GTT phases is achieved by using a hill-climbing
algorithm [usually a stochastic-parallel gradient descent (SPGD)
variant], which maximizes the peak power of the stacked pulse,
thus automatically finding and maintaining the correct ¢; values.
Stabilization is initialized by finding the global maxima of the
eight-parameter round-trip phase landscape of the stacker through
a Lissajous scan [28,33]. The SPGD algorithm primarily compen-
sates rapid phase drift from the mode-locked oscillator, as well as
slow mechanical drift of the GTT cavities. Oscillator drift is min-
imized through RF locking the oscillator rep-rate to a rubidium
frequency standard [26].

The stacking efficiency is first tested at low power using the
signal from the last single-mode preamplifier, where the burst
energy is 1 yJ. The amplifier saturation is negligible at this point,
so an equal-amplitude truncated stacking burst is used, achiev-
ing stacking efficiency of up to 90%. The largest contribution to
the difference from the theoretically expected 98% (see Fig. 2) is
attributed to errors in the stacking-burst phase profile, due to its
prescription being based solely on the theoretical stacker response.
We anticipate that implementing real-time stacking-burst phase
optimization in the experiment will further increase stacking effi-
ciency. The SPGD algorithm maintains stabilization indefinitely
(i.e., untilitis stopped) with a stacked pulse peak power noise RMS
0f0.7%, practically the same as that of unstacked pulses.

To test the effect of energy extraction and accrued nonlinear
phase on stacking efficiency and pulse compression, the output
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Fig.7. Photodiode traces of the stacked pulses (red), including the low power result. The insert shows the 7 m] stacking burst at the input of the stacker
(blue) along with the calculated equal nonlinearity burst shape (yellow). The stacked traces are normalized to the peak of the stacked pulse and notated by

the burst energy input to the stacker.
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Fig. 8.  Experimentally measured autocorrelation traces: (a) for final
amplifier output energies from 1 mJ to 9.5 mJ and (b) comparison of
stacked and unstacked traces at 3 mJ and spectrum at the output of the
compressor (inset).

energy from the final amplifier is varied from 1 m]J to 9.5 m]J by
increasing the pump power. At each output energy the amplified
burst shape is matched to the calculated equal-nonlinearity burst
shape for each corresponding degree of amplifier saturation by
adjusting the electrical waveforms applied to the amplitude EOM
and AOMs. The stacked pulses, as measured with a 22 GHz pho-
todiode using 50 GHz sampling oscilloscope, are shown in Fig. 7,
together with the 1 pJ result from the single-mode pre-amplifier.

The autocorrelation traces measured after stacking and com-
pression for each indicated amplified burst energy are shown in
Fig. 8(a). Comparison to the calculated bandwidth-limited (BWL)
autocorrelation trace, represented as solid-filled blue, reveals that
pulses at all energies have identical peak duration of 313 fs equal
to this bandwidth limit. This is consistent with the low B-integral
values anticipated from Fig. 3. This also indicates the absence of
any detrimental effects due to stacking, further confirmed by the
measured at 3m] complete overlap between stacked and unstacked
traces shown in Fig. 8(b).

However, there is a weak satellite pulse appearing in the auto-
correlation trace at 5 mJ, which becomes very strong at 9.5 m].
Although we initially attributed this to the onset of nonlinear
effects, after careful further examination of our system we rec-
ognized that this was primarily caused by significant changes in
the electrical waveform controlling the AOM right before the
LMA preamplifier needed to compensate for increasingly high
saturation of the final CCC stage at 5 mJ and 9.5 mJ. This caused
some beam misalignment at the LMA stage input, leading to an
in-burstvarying excitation of a higher-order mode in this fiber. The
satellite pulse appears due to a difference between fiber mode group
velocities. This is confirmed by the observed onset of spectral beat-
ing (weak for 5 m] and strong for 9.5 m]J), with the ~3 nm period
corresponding exactly to the 1.2 ps separation between the main
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and satellite pulse in the measured autocorrelation traces at these
energies. Autocorrelation measurements are inherently symmet-
ric, so the single satellite pulse appears on both sides of the trace.
The existence of this higher-order mode produced satellite pulse
explains why the structure on the autocorrelation traces in Fig. 8
is larger than is expected for the <4.5 rad of accrued nonlinear
phase, according to Fig. 1(a). Note that due to the mode-filtering
properties of CCC fibers, the single-mode beam quality from the
final stage is not affected.

All stacked-waveform traces in Fig. 7 were obtained in the
same experimental campaign; i.e., once the stacker alignment was
completed, the beam from single-mode fiber pre-amplifier output
was directed into it when measuring the 1 pJ trace, and the beam
from 85 pm core CCC fiber power-amplifier output was directed
into it when measuring m]-scale traces. For this particular stacker
alignment, optimized for high energies, the efficiency 7, at low
energies was 84%. At high energies the highest stacking efficiency
was 79% at 1 m], gradually decreasing with increasing energies to
71% at 7 m]. Gradual decrease of approximately this magnitude is
expected, according to Fig. 4. However, we attribute their overall
lower efficiency compared to low energies (e.g. 79% at 1 m] vesus
84% at 1 m]) to larger errors in equal-nonlinearity stacking-burst
profiles, stemming from their prescriptions being based on two
theoretical-only models—the calculated stacker response and
the numerical model of a saturated fiber amplifier. Furthermore,
there is a rather rapid decrease in stacking efficiency down to 58%
at 9.5 mJ, resulting in 4.2 m] after compression. We attribute
this primarily to the presence of satellite pulses (identified in the
previously discussed autocorrelation traces) which constitute a
separate satellite burst possessing a much lower stacking efficiency.
A small contribution to reduced efficiency is from chirped pulse
reshaping along the burst due to inversion-dependent gain spec-
trum in Yb-fiber amplifiers. We have confirmed that, for the 10 nm
bandwidth stretched pulses used here, there are finite but small
differences between the temporal shape of the first and last pulses
in the 9.5 m] waveform. This indicates that the effect on stacking
efficiency is secondary and the monochromatic assumption in our
equal-nonlinearity model is justified.

For future improvements, we plan to implement additional
stacking-burst optimization loops, operating in real time in a
running laser system, to correct any residual errors in the stacking-
profile approximation using the numerical model. This should
further improve stacking burst profile accuracy, and hence stacking
efficiency, at both high and at low energies. At the highest ~10 m]
energies, reduced compressed-pulse fidelity and lower stacking
efficiency due to satellite pulses are expected to be resolved by
replacing LMA stage with a single-mode preamplifier. If needed
for further refinement, chirped pulse reshaping along the burst
can also be compensated using a technique of in-burst spectral
compensation with a 5 GHzamplitude EOM, reported in [34].

We had recently reported further energy scaling based on this
CPSA technique by using coherent beam combining of four paral-
lel fiber amplifiers to produce record high energies per fiber channel
[35] and are in the process of further average power and energy
scaling. We also used this CPSA system for initial high-intensity
laser—matter experiments demonstrating the first fiber-laser based
generation of neutrons, to the best of our knowledge [36].
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5. CONCLUSIONS

In summary we have validated a new technique of coherent
pulse stacking amplification of femtosecond pulses enabling
a near-complete maximum stored energy extraction with low
accumulated nonlinearity from a high-energy amplifier. The
demonstrated extraction of up to 9.5 m]J in a 81-pulse stacking
burst with the estimated accumulated B-integral of less than
4.5 rad, and the subsequent coherent pulse combining into a single
pulse with its compression to 313 fs, represents, to our knowledge,
the highest energy extracted and compressed to ultrashort duration
from a single fiber amplifier. It constitutes nearly a two order of
magnitude higher energy that is achievable with the same nonlin-
earity from such large-core fiber amplifier using only the CPA. We
show that unique properties of coherent pulse stacking with GTI
cavities enables efficient pulse combining with a strongly saturated
pulse burst. We also show that there is an equal-nonlinearity pro-
file, which minimizes and simultaneously equalizes accumulated
nonlinearity for strong saturation. This validation of the CPSA
technique enables a path to approximately two orders of magnitude
size reduction of future high-energy coherently spatially combined
fiber laser arrays.

The remaining challenge for the demonstrated CPSA technique
is to eliminate residual pre-pulses in the stacked waveform, which
are present due to incomplete destructive interference during
coherent temporal combining. Although it has been shown theo-
retically that contrasts of > 10 might be achievable with coherent
pulse stacking by using pre-burst optimization techniques [26],
this would still fall significantly below what is required for the
intended use of CPSA for driving high-intensity laser—matter
interactions (e.g., pre-pulse contrasts of > 10° are needed for gas
targetsand > 100 for solid targets [6]). Justas in current TW-scale
and PW-scale Ti:sapphire CPA systems, such high contrasts will
only be achievable using external pulse “cleaning” techniques.
Such a new pre-pulse cleaning technique, compatible with multi-J
pulse energies and capable of 90%-95% efficiency when produc-
ing >50 dB contrasts in distortion-free beams, has been recently
presented [37] and is currently pursued experimentally in our laser
system.
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