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Abstract: We report record output pulse energies from a cryogenic 8-pass Yb:YLF amplifier
system operating at 10 Hz repetition rate. When seeded with 20-mJ, 1-ns stretched pulses, the
amplifier produced output pulses with 305 mJ of energy at 1018.5 nm with a spectral width
supporting sub-ps pulse-duration. The output beam profile was quite symmetric and had a
measured beam quality factor (M?) of ~1.45. To achieve this performance, the diameter of the
beam inside the gain element is gradually increased via an adjustable telescope from around
4.6 mm to 6.2 mm. This enables adjustment of the fluence to a moderate value in subsequent
passes: high enough for efficient extraction and low enough to prevent laser induced damage.
To our knowledge, this is the highest pulse energy reported from cryogenically cooled Yb:YLF
amplifiers to date. Further scaling in peak power and repetition rate is anticipated in future work.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High energy and high peak power laser amplifiers are desired in many advanced scientific
applications such as optical parametric chirped-pulse amplification [1-5], high harmonic
generation [6—8], high power THz generation for tabletop acceleration [9] and free-electron
lasers [10]. For the past few decades, Yb3*-doped gain media have been widely used for that
purpose due to their small quantum defect minimizing the heat load. Yb:YAG attracted great
attention due to its long fluorescence lifetime, large emission cross section and favorable thermo-
mechanical properties [11-14]. Operating Yb:YAG at cryogenic temperature turns Yb:YAG
into a four-level laser and further improves its amplification efficiency and thermo-mechanical
properties [15—17]. However, the gain bandwidth of Yb:YAG narrows at cryogenic temperatures
significantly (full-width-half-maximum: ~1.2 nm), leading to significant gain narrowing during
the amplification process. As a result, it is quite challenging to operate cryogenic Yb:YAG
systems with sub-picosecond pulse duration.

As an alternative, Yb:YLF gain media possess a broad (~10 nm) and rather smooth gain
profile in its E//a axis at cryogenic temperatures potentially enabling generation/amplification of
sub-250-fs pulses [18-24]. Moreover, when cooled with liquid nitrogen, Yb:YLF exhibits small
negative thermo-optic and small thermal-expansion coefficients (pump-face bulging) leading to a
small overall positive thermal lens in well designed gain-elements particularly when a bonded
end-cap is used on the pump side. This can provide lower amount of beam distortion per heat
load compared to Yb:YAG. Conversely, Yb: YLF has a relatively small emission cross section
even at cryogenic temperatures (~0.7 x1072° cm?, which is about 4 times lower than that of
room-temperature Yb:YAG). However, due to its long lifetime (~2 ms), one then ends up with a
moderate gain amplifier medium. The saturation fluence of Yb:YLF (~14 J/cm?) is well above
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the laser induced damage threshold (LIDT) of typical cavity optics (~3 J/cm? for 1-ns pulses)
[22], which is a drawback. As a result, compared to Yb:YAG, it is quite challenging to design
efficient Yb:YLF based amplifiers, as it requires fine optimization of operation fluences for
efficient extraction.

Yb:YLF has already been successfully employed in the development of high-power cryogenic
lasers and amplifiers. Demirbas et al. achieved an output power >300 W with broad-tunability
(995-1020.5 nm) from a continuous-wave cryogenic Yb:YLF laser [21]. In Q-switched operation,
60-ns pulses with an average power of 50 W were demonstrated at 10 kHz repetition rate [25]. By
using 1-mJ seed pulses from a 10 kHz regenerative amplifier [26], Miller ef al. demonstrated an
8-pass amplifier outputting 10-mJ pulses with 865 fs pulse duration at 10 kHz repetition rate [27].
Pulse energies up to 20-mJ with an average power as high as 70 W was achieved from a 1018 nm
regenerative amplifier [20]. Working with high pulse energy and low repetition rate, Kawanaka
demonstrated a regenerative amplifier producing 30-mJ pulses with 800 fs pulse duration at
20 Hz [28]. Later, Ogawa et al. improved the amplified pulse energy to 107 mJ by pumping
harder with several diode modules in a similar amplification geometry [29]. Recently, Cankaya
et al. further improved the output pulse energies and reported 190 mJ level pulses at 10 Hz by
employing a pair of cryogenically cooled four-pass Yb:YLF amplifiers [22].

In this paper, we present up to 305-mJ of pulse energy from a compact 8-pass Yb: YLF amplifier
system working at 10 Hz repetition rate. To reach this performance, an adjustable telescope
was used intra-cavity, which enabled optimization of the spot size of the circulating seed for
efficient extraction in subsequent passes through the gain medium. The amplified spectrum
supports sub-ps pulses centered at 1018.5 nm, and the quite symmetric output beam profile was
characterized with a beam quality factor below 1.5 in both axes. The system only requires a seed
energy of 20 mJ, that can be directly obtained from our upgraded regenerative amplifier [20],
which can enable construction of high energy Yb:YLF amplifier systems with lower-cost, smaller
foot-print and improved stability. Our numerical simulations show that, the 8-pass system is also
capable for high repetition rates [30].

2. Experimental setup

Figure 1 shows the schematic of the cryogenic Yb:YLF 8-pass amplifier that was used in our
study. The system is seeded by a combination of a 1018-nm fiber front-end, a cryogenically
cooled Yb:YLF regenerative amplifier and a cryogenically cooled Yb:YLF 4-pass amplifier. The
1018-nm fiber front-end delivers 15-nJ seeding pulses at 38 MHz repetition rate. The seed pulse
is stretched to 1 ns by fiber Bragg gratings with a stretching ratio of ~400 ps/nm [31]. The pulse
energy of the stretched seed pulse is first amplified to 10 mJ inside the 10-Hz cryogenically
cooled Yb:YLF regenerative amplifier. The regenerative cavity consists of a 4-mirror bowtie
ring geometry with a 1.5 mm beam diameter and uses a 1.75-mm long, 25%-doped Yb:YLF
crystal as the gain medium that is pumped with a 280-W, 960-nm diode [32]. The 10-mJ output
beam from the regen is first expanded to a 4-mm beam diameter and then coupled to the 4-pass
Yb:YLF amplifier. The cryogenically cooled 4-pass amplifier includes two 0.5%-doped Yb:YLF
gain-crystals in tandem [22], and scales the pulse energy up to 140 mJ. These Yb:YLF gain
elements were soldered with indium to a metal heatsink. The heatsink was then thermally
contacted by compressing an indium gasket to the cooling plate of the Dewar to complete
assembly, boiling liquid nitrogen in the Dewar provided primary cooling from the top. For these
experiments, we directed 20 mJ of the 4-pass output to the 8-pass amplifier system instead of
directing from the regenerative amplifier to avoid potential optical damages. Note that we have
recently developed, in parallel, a regenerative amplifier system that can produce pulses of 25 mJ
energy at up to 3 kHz [20]. Hence in future work, the 4-pass amplifier will be eliminated for
further simplification of the system as is also shown in Fig. 1 with the red dashed arrow.
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Fig. 1. Schematic of the cryogenically cooled Yb:YLF 8-pass amplifier system seeded by a
combination of a 1018-nm Yb:fiber front-end, a Yb: YLF regenerative amplifier, and a 4-pass
Yb:YLF amplifier. ISO: isolator, HWP: half waveplate, QWP: quarter waveplate, TFP: thin
film polarizer, DM: dichroic mirror. Inset pattern inside the red rectangle dashed line shows
the angular separation of beam paths on the lens positioned to compensate astigmatism. In
the 8-pass amplifier, the two 0.5% Yb doped, 20-mm long YLF crystal are pumped from
both sides by recycling the unabsorbed pump light.

The beam diameter of the amplified seed at the output port of the 4-pass amplifier is slightly
enlarged from a 4 mm to 4.6-mm diameter at 1/e? and coupled into the injection line of the
8-pass amplifier consisting of a thin-film polarizer (TFP), an isolator with 12 mm aperture, a
half-wave plate (HWP), a second TFP, two dichroic mirrors (DMs), and a vacuum telescope
in consecutive order. Following the optical architecture prescription in Ref. [27], off-center
propagation directions with <1° angle are applied to realize the design of the 8-pass geometry
and fulfill angularly multiplexed paths shown in the inset red rectangle dashed line inside Fig. 1.
Astigmatism introduced by the off-center propagation directions can be compensated by displacing
the returning beam from lens center in the orthogonal direction with respect to the incoming
beam [27]. The seed pulse passes eight times through two c-cut Yb:YLF crystals in series, that
are attached to a copper heat sink cooled down to 78 K by boiling liquid nitrogen. These two
20-mm Yb:YLF crystals with an aperture of 10x15 mm have 0.5% Yb-doping concentration and
3-mm un-doped caps on both sides to minimize surface deformations. Both crystals are kept
in a vacuum chamber with pressure less than 10~ mbar at 78 K. The E//a-axis of the Yb:YLF
crystal is employed in amplification. The polarization of the seed pulse is switched between s and
p-polarization by using a quarter waveplate (QWP) in the double-pass geometry, after second and
sixth passes through the gain media. Therefore, the QWP works together with TFPs to realize the
8-pass geometry relying on off-center propagation directions. The thermal lens originating inside
gain media is compensated after every second pass by adjusting a concave-convex telescope in
the compensation arm shown in Fig. 1. The intracavity telescope consists of a -75 mm concave
lens and a 100 mm convex lens. These two Yb:YLF crystals are pumped by a diode laser module
providing up to 2 kW average power at 940 nm. The pump beam is delivered into the crystals via
a fiber with a 600 um core diameter (NA 0.2) and coupled out with a telescope, mode-matching
the beam into a flat-top profile with 4.14-mm beam diameter at the beam waist. The 8-pass
system is pulse-pumped with 5-ms long pump pulses at 10 Hz. The unabsorbed pump beam is
separated by a DM and retro-reflected back to Yb:YLF crystals. The single pass absorption of
the 940 nm pump passing through the Yb:YLF gain media was measured to be around 80%, and
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hence the overall pumping efficiency was estimated to be 96% for the case with the retro-reflected
pump beam.

3. Results and discussion

Figure 2(a) shows the measured variation of the 8-pass amplifier output pulse energy with incident
pump fluence. The data is taken at several different seed energy levels between 2 mJ and 20
mlJ. To illustrate the benefit of double-side pumping, the data with 15 mJ seed is taken with
and without the retro-reflected pump beam (15 mJ (S) indicates single side pumping). Before
taking the energetics data, the telescope inter-lens separation is adjusted to over compensate the
thermal lens of the Yb:YLF crystals: the incident beam diameter (4.6 mm) is expanded to acquire
a 6.2 mm diameter at the output of the 8-pass amplifier while pumping the system at the full
pump power (2 kW peak power, 100 W average power). Once adjusted, the inter-lens distance is
kept fixed; hence at low pump fluencies, due to the smaller thermal lens, the output beam was
even larger, resulting in aperture loss (since the telescope was optimized for full pump fluence
configuration). We note here that the average loss per pass of the seed propagating through
the 8-pass amplifier is measured as 18% (the loss observed by the seed for the cold cavity),
which includes losses of the intracavity optics, as well as the aforementioned aperture losses that
become minimum for the pumped cavity.

350 ; . : . . 350 . - : ; . T
b
00T g mj (a) = —, 300 —=— experimental results ( ) 1
g 250 10m J / E —a— numerical fitting
E250f ——10m v E 250} .
> —v—15mJ /A >
D200t 15mJ (S v/-ono- . :
g mJ (S) ) g near field
@150} —+—20mJ // {@ 1s50] ]
5 5
S0} / / {& 100} 1
3 3
© ol /;é/‘ 1° sl far field |
6 bt ,’.’»—-//‘”/ 0 L—-'“—’.". |
0 25 50 75 100 125 150 0 25 0 75 100 125 150
Pump fluence [J/cm?] Pump fluence [Jicm?]

Fig. 2. (a) Measured variation of 8-pass amplifier output energy as a function of pump
fluence at 10 Hz repetition rate, for input seed energies of 2 mJ, 5 mJ, 10 mJ, 15 mJ and 20
mJ. For the 15 mJ seed energy, single-side pumping results are also shown for comparison
[15 mJ (S)]. (b) Comparison of experimental results with numerical estimations for the
case with 20 mJ input seed energy. The measured near and far- field beam profiles at the
maximum output energy (305-mJ) are shown as inset figures.

As shown in Fig. 2(a), for 2 mJ seed energy, the 8-pass amplifier reaches an output energy of
around 50 mJ, corresponding to an overall amplification of 25. As the seed energy is increased,
the system can extract better and reach higher output energies. It is instructive to compare single
and dual-side pumping results data, taken for the input seed energy of 15 mJ. As one can see,
retro-reflecting the unabsorbed pump back, improves the overall absorption of the pump from
80% to 96%, and increases the output energy from around 119 mJ to 254 mJ (a 16% increase
in absorbed power level provides a 114% increase in output energy, clearly underlining the
saturating nature of the amplifier). For the input seed energy of 20 mJ, the output of the 8-pass
system reaches a record energy of 305 mJ (corresponding to an overall amplification of around
15). We have not observed any optical damage in the amplifier components, which we believe is
due to the gradually increased beam diameter design that was employed in this work (will be



Research Article

OSA CONTINUUM

Vol. 3, No. 10/15 October 2020/ OSA Continuum 2726

discussed in more detail later: Fig. 4). The calculated signal fluence of the 8 pass amplified
pulse through the gain medium is 2.73 J/cm?, which is slightly below the estimated damage
threshold of optics for 1-ns stretched pulses (3 J/em?).

Figure 2(b) shows the measured variation of the 8-pass output energy with pump fluence
for the case with 20 mJ input seed energy (black curve). The graph also shows a simple
energetics calculation using the standard Frantz-Nodvik analysis [33]. A relatively good fit to
the experimental data was observed (blue curve) by considering factors such as pump and seed
mode-matching efficiency, and variation of seed diameter in subsequent passes. We note here
that, some of the optics used such as the dichroic mirrors and Dewar windows had non-ideal
passive losses for the 1020 nm wavelength, and hence the performance of the amplifier can be
optimized in future studies by employing custom designed lower-loss optics. Figure 2(b) also
shows measured near and far filed output beam profiles at the 305 mJ energy level. As can be
seen, the output beam profile was quite symmetric and had a Gaussian intensity distribution
(97% fit, a further confirmation of operation of the amplifier below saturation fluence). The
measured beam quality (M? factor) of the output beam was below 1.5 in both axis, and was
almost astigmatism free, confirming the good spatial quality of the system output (Fig. 3).
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Fig. 3. Measured caustic of the 8-pass amplifier at the focus of a 500 mm focal length lens.

Earlier, we have mentioned that, the record pulse energy obtained in this study is partly due to
the usage of different fluence values in subsequent passes through the amplifier. To elaborate on
this issue further, Fig. 4 shows the estimated increase in pulse energy (red curve) and estimated
variation in spot size (blue dashed curve) as the 20 mJ seed propagates through the 8-pass
amplifier. The estimated thermal lens focal length is around 20 m for each gain crystal [20]
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Fig. 4. Calculated variation of the energy (red curve) and radius (blue dashed curve) of the
seed beam as it propagates through the 8-pass amplifier at an incident pump fluence of 150

J/em?.
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at 150-J/cm? input pump fluence. The corresponding effective telescope focal length of the
thermal lens compensation telescope is ~-14 m. As we can see from Fig. 4, as the seed beam
gets amplified, the beam radius gradually gets larger as desired, with the overall effect of thermal
lensing in Yb:YLF crystals and the concave-convex telescope. This successfully avoids potential
optical damage during the amplification process. The signal fluence of the 2-pass, 4-pass, 6-pass,
and 8-pass amplified pulse are 0.48 J/cm?, 0.93 J/cm?, 1.68 J/cm?, and 2.73 J/cm?, which are
lower than the damage threshold 3 J/cm? for 1-ns pulses.

Figure 5 shows the measured spectra of the seed pulse (@ 20 mJ), 8-pass output (@ 305-mJ)
along with the emission cross section of the Yb:YLF gain medium at 80 K for the E//a axis.
The seed spectrum is centered around 1018.5 nm and has a spectral bandwidth (FWHM) of 2.1
nm. Note that, around this wavelength region the Yb:YLF gain profile has a relatively flat and
smooth profile. Hence, as we can see from the amplified beam spectrum, there was a negligible
gain narrowing effect during the amplification process in our study. The transform limited pulse
duration corresponding to the spectrum of the amplified pulse is 830 fs, and is shown as an inset
to Fig. 5.
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Fig. 5. Spectra of the amplified output pulse from the 8-pass amplifier (black curve), E//
a axis emission cross section of cryogenically cooled Yb:YLF at 80 K (red curve) and the

20-mJ input pulse (blue curve). Inset picture shows the transform limited pulse profile of the
305-mJ output pulse.

4. Conclusion and outlook

In conclusion, we report a cryogenically cooled 8-pass Yb:YLF amplifier delivering 305-mJ
pulses. This 8-pass amplifier relies on the chirped pulse amplification architecture and uses a
gradually increasing beam diameter in subsequent passes for efficient extraction of energy. This
is the highest pulse energy reported from a cryogenically-cooled Yb:YLF amplifier system to
date. The amplified pulse with 2.1-nm spectral bandwidth centers at 1018.5 nm supporting 830
fs transform-limited pulse with a Gaussian pulse profile. The pulse width of the amplified pulse
in our study is currently limited by the limited bandwidth of the current seed source. In future
work, employing broader seed sources can eliminate this limitation and enable amplification of
potentially sub-250 fs level pulses. Furthermore, the system is far from saturated operation and
thus, the repetition rate of the system can be further scaled up. With the aid of our Frantz-Nodvik
analysis we estimate that the 8-pass system is capable of generating pulse energies above 200 mJ
at repetition rates of 1 kHz. Such sources have great potential for applications such as pumping
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of high energy and average power optical parametric amplifiers, high energy THz generation,
spectral broadening & compression of high energy pulses and ultrafast X-ray generation [1-5].
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