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Table 1. Nominal specifications of the proposed laser system. 

Front End System 

Component Description Parameters 

Oscillator Spectra-Physics Tsunami 1.4 W average power, 0.8 
microns 

Oscillator Pump Spectra-Physics Millennia eV10 10 W average power, 0.53 
microns 

Regenerative Amplifier Custom Z-cavity 10 Hz, 2-3 mJ, 0.8 microns 

Multi-pass Amplifier Bow-tie, 1 cm crystal 10 Hz, 30 mJ, 0.8 microns 

10 Hz Pump Laser Spectra-Physics Lab 170 10 Hz, 400 mJ, 0.53 
microns 

OPA Altos Inc. TOPAS HE 10 Hz, 1 mJ , 1.5 and 
1.8 microns 

DFG Custom non-collinear GaSe 10 Hz, 10 uJ, 10 microns 

CO2 Amplifier Chain 

Component Description Parameters 

Preamplifier PaR systems, UV preionized 
discharge, 22x22x830 mm3, 12 bar, 
small signal gain of ~10X per pass 

1 Hz, 1 mJ, 10 microns 

Main Amplifier PaR systems, UV preionized 
discharge, 22x22x830 mm3, up to 12 
bar, unstable resonator, operating in 
saturation 

1 Hz, 1 J, 10 microns 

2. UNSTABLE RESONATOR CONCEPT
A schematic of the unstable resonator concept is shown in Fig. 1.  The approach is to inject a high intensity seed 
pulse through a hole in the primary mirror.  Such an approach has actually been used successfully in the past5,6,7, 
only with longer injection seeds, and therefore, longer pulses upon final output.  In our case, an injection pulse of 
about 1 mJ gives suitable fluence and intensity to achieve power broadened, saturated operation, assuming the seed 
pulse is focused onto the feedback mirror with a diameter of roughly 1 mm.  The advantages of this configuration 
include resistance to parasitic amplified spontaneous emission, and a rough balance between geometric attenuation 
and gain.  The latter characteristic follows from the constant transverse expansion of the pulse as it propagates 
through the unstable resonator.  The possibility of maintaining a high intensity through the amplifier is advantageous 
because power broadening of the gain is effective from the beginning.  Moreover, if the fluence is maintained near 
the saturation fluence, energy is efficiently extracted from the volume. 

Figure 1. Schematic of injection seeded unstable resonator. 
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a sub-four-cycle pulse duration and are currently compressed to
fewer than eight optical cycles due to uncompensated higher-
order phase from the grating compressor, which will be addressed
in the future.

A schematic representation of the OPCPA is shown in Fig. 1
and follows the previously proven concept of our 3 μm OPCPA
system [19]. The front-end of the system, which seeds both the
pump and optical parametric amplifier (OPA) stages, is a multi-
color all-fiber laser (Menlo Systems GmbH) [20]. The seeder is
based on a mode-locked Er:fiber oscillator and power amplifier,
which deliver 1.55 μm wavelength, nanojoule-level pulses at a
repetition rate of 100 MHz. The output is split into two arms,
the first of which is compressed in fiber to 72 fs with 3 nJ pulse
energy. The second output is coupled into a highly nonlinear fiber
where the spectrum is broadened to an optical octave via super-
continuum generation. The portion of the broadened spectrum
around 2 μm is subsequently split into two arms. The first is used
to seed a chain of broadband Tm:Ho fiber amplifiers and delivers
3 nJ energy pulses centered at 2040 nm, which we compress in
free space to 130 fs. The second arm is spectrally narrowed to
1.5 nm before seeding a chain of Tm:Ho fiber amplifiers. At
the output we obtain 4 nJ, few picosecond pulses.

The mid-IR seed for the OPA chain is generated through dif-
ference frequency generation (DFG) of the femtosecond outputs
of the fiber laser. Seed generation using DFG was demonstrated to
generate large bandwidths in the mid-IR [21], and furthermore, if
the input pulses for the DFG originate from a common oscillator,

the output will be intrinsically CEP stable [22,23]. Passive CEP
stabilization has proven to be robust and reduces the overall
complexity of the laser system [24]. We chose the nonlinear
crystal CdSiP2 (CSP) as the generation medium due to its
unique combination of a high effective nonlinear coefficient
!d eff ∼ 84.5 pm∕V", broad phase-matching characteristics in the
mid-IR, and a wide transmission window [25]. Using an AR-
coated 1.5 mm thick CSP crystal (BAE Systems), the DFG stage
produces CEP-stable optical pulses with up to 150 pJ of energy at
100 MHz [26]. The generated spectrum, which is shown as the
gray line in Fig. 2, is centered around 6.5 μm and spans the range
between 5.5 and 8 μm.

The pump laser is a central component of an OPCPA as it
largely determines the performance of the overall system.
Currently, the majority of high-intensity mid-IR sources rely
on parametric amplifiers pumped by laser systems operating at
1 μm [19,27,28]. However, extending the operating wavelength
of OPCPA to longer wavelengths has so far been hindered by an
increasingly unfavorable pump-to-idler photon ratio as well as a
scarcity of nonlinear crystals with suitable optical and mechanical
properties or transparency [29]. Scaling the pump laser to longer
wavelengths circumvents these obstacles and has recently been
achieved with pump laser systems based on Ho-doped gain media
delivering high energy, femtosecond [30] and picosecond [31,32]
pulses around 2 μm, suitable for pumping OPAs.

The pump laser of the OPCPA described in this work relies on
chirped pulse amplification (CPA) using Ho:YLF as the gain
medium [31]. The CPA line is seeded with the narrow-band,
2 μm pulses from the fiber front-end. The few picosecond 2 μm
pulses are temporally stretched using a chirped volume Bragg gra-
ting (CVBG; OptiGrate Corp.) to a measured duration of 170 ps,
suitable for seeding the high gain amplifiers without risk of optical
damage. Upon stretching, the pulses are picked at 100 Hz rep-
etition rate and directed toward a Ho:YLF ring regenerative am-
plifier (RA). Injection and ejection from the cavity are achieved
using a rubidium titanyle phosphate (RTP) Pockels cell operated
at half-wave voltage. The nanojoule seed pulses are amplified to
4 mJ in the RA and then sent to a single-pass, cryogenically cooled

Fig. 1. (a) Layout of the OPCPA concept featuring an all-fiber seeder,
a DFG stage, a 2 μm Ho:YLF pump laser, a chain of three consecutive
ZGP OPAs, and a reflective grating-based compressor. HNLF, highly
nonlinear fiber; NBF, narrow-bandwidth filter; Stretch., stretcher;
PM, pick-off mirror; Comp., compressor. (b) Layout of the Ho:YLF
CPA featuring a CVBG stretcher, a pulse picker, a ring regenerative am-
plifier, a single-pass cryogenically cooled booster amplifier, and a CVBG
compressor. QWP, quarter-wave plate; CVBG, chirped volume Bragg
grating; PC, Pockels cell; TFP, thin-film polarizer.

Fig. 2. Spectrum of the mid-IR pulses amplified in the ZGP OPAs
(black line, shaded) measured using a scanning monochromator and seed
spectrum from the CSP DFG stage (gray line) measured with a Fourier
transform infrared spectrometer. The spectral width of the OPCPA
output at the 13.5% point is 1360 nm—corresponding to the 85 fs
transform limit.
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OPCPA was conceived in 1986,45 while the first demonstration including pulse 

compression was done in 1992 by Dubietis et al.
12 The concept has been subsequently 

expanded by Ross et al.
13 to determine the practical limits of the technology in obtaining 
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Figure 3.2. Optical parametric chirped pulse amplification 

Figure 3.3. Single-pass gain in a 10 mm long BBO 

crystal; λs=1054 nm, λp=532 nm. 
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2. Theoretical description of coherent pulse stacking with a single Gires-Tournois 
Interferometer 

This section provides a detailed theoretical description of coherent pulse stacking with a 
single Gires-Tournois Interferometer, the requirements for a stacking cavity and input pulse 
burst parameters, and of the main performance characteristics. 

2.1 Reflecting resonant cavity 

 
Fig. 1. Coherent pulse stacking in a traveling-wave Gires-Tournois interferometer, showing the 
stacking-signal pulse sequence at its input and the stacked solitary pulse at its output. 

A reflecting interferometer can be configured either as a linear or a traveling-wave cavity. A 
linear reflecting cavity is essentially a Fabry-Perot interferometer with one completely 
reflecting mirror, which is commonly referred to as a Gires-Tournois interferometer (GTI). 
The practical advantage of a traveling–wave reflecting cavity, shown in Fig. 1, is that it 
allows one to spatially separate the incident input and reflected output beams. For usage 
convenience we will also refer to this traveling-wave cavity as a GTI. Let’s consider a 
traveling–wave GTI cavity, consisting of a partially reflecting front-mirror M (with power 
reflectivity R = r2 < 1), and K completely reflecting beam-folding mirrors M1, M2, …, MK, 
schematically shown in Fig. 1. Ideally we should have Rk = 1 for all k = 1, 2, … K, but in 
practice it will always be Rk ≈1. We can denote the round-trip cavity transmission as α = r1⋅ 
r2⋅… rK, where rk is the corresponding k-th mirror amplitude reflection coefficient. Then α2 = 
R1 ⋅ R2⋅… RK describes power loss per each round trip due to the finite reflectivity of the 
folding mirrors. If the round trip distance in this traveling-wave cavity is P, then the round 
trip time is ΔT = P/c (here c is the speed of light), and the round-trip phase is δ = 2πP/λ0 = 
ω0⋅ΔT (here λ0 and ω0 are, respectively, the signal central wavelength and angular frequency). 
We can describe electric field transmission through this cavity by a transmission matrix [T]: 

 [ ] 1 0

0
.iT

e δα
=

⋅
ª º
« »¬ ¼

 (1) 

The incident and reflected fields at both sides of the front mirror M can be described by a 
unitary scattering matrix [S], which can be written in a symmetric form [8]: 
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CO2 is the current state of the art for LWIR production

• high energy (1 J) needed to reach TW peak 
power with relatively long pulses (ps) 

• limited tunability 
• no CEP (yet)  
• limited repetition rate (discharge in CO2)

10 bar isotopic active medium used in our experiments with the
maximum at 9.22 μm. It also has a smooth, relatively broad spec-
trum envelope, suitable for amplifying 1.5–2 ps bandwidth-
limited pulses without the rotational pulse splitting that occurs
in regular-gas CO2 lasers due to the spectral modulation of the
pulse on the periodic rotational structure of the gain spectrum [7].

Before injecting the seed pulse into the regenerative amplifier,
the pulse is positively chirped (the longer wavelength is in the
head of the chirped pulse, and the shorter one is in its tail) in
a Martinez-type grating stretcher [10]. Figure 2 (top) is a sche-
matic of the stretcher. The stretcher itself is arranged in a folded,
single-grating configuration with 75 lines/mm replicated ruled
grating (Optometrics, Al-coated glass). The second function of
the stretcher is to act as a bandpass filter to select a part of the
spectrum of the seed pulse that matches the desired branch of
the gain spectrum. Simulations using the co2amp code, which
realistically models the amplification of an ultrashort pulse in a
CO2 active medium and its propagation through arbitrary optical
systems [11], show that, due to gain narrowing [12], a 1 ps trans-
form-limited (0.44 THz) pulse is the optimum seed for the 9R
CO2 branch. Therefore, the size of the diffraction grating that
defines the bandwidth of the “filter” is chosen to accommodate
the bandwidth of a 1 ps pulse while, at the same time, blocking
the undesired wavelengths corresponding to other branches of the
gain spectrum. The configuration of the stretcher allows expand-
ing a 1 ps pulse to 80 ps.

The energy of the laser pulse after the stretcher is ∼1 μJ.
Spectral mismatch between the broadband output of the OPA

and the narrower gain spectrum of the CO2 amplifier is the main
reason for the loss of the energy of the seed pulse; this issue
potentially will be eliminated in the future provided that an
OPA system producing a picosecond, transform-limited pulse
becomes available.

A CdTe half-wave Pockels cell, accompanied by a polarizing
splitter located between the stretcher and the regenerative CO2

amplifier, serves as an active optical isolator. For the regenerative am-
plifier, we used a UV-pre-ionized, transverse electric discharge laser
with an active volume of 1 cm × 1.5 cm × 80 cm (SDI HP-5).

The seed pulse is injected into the amplifier’s cavity through a
flat Ge coupler with 85% reflectivity. The second cavity mirror is
a concave spherical Cu reflector with R ! 500 cm curvature. The
cavity’s length is tuned to 367.5 cm to match the mode-locking
period of the Nd:YAG laser that we use to control the ejection of
the amplified pulse on a Ge optical switch, as described below.
This cavity matching supports the easy optimization of the num-
ber of round trips in the regenerative cavity by choosing different
control pulses from the Nd:YAG train. A relatively long cavity
better suppresses self-lasing of the amplified spontaneous emis-
sion (ASE) by injecting a seed pulse early on in the gain’s up-ramp,
and extracting it at the gain’s maximum. Achieving the same ASE
suppression in a shorter cavity over the same time would require a
bigger number of passes through the amplifier (defined by the
duration of the pumping discharge), which would result in further
temporal expansion of the pulse due to gain narrowing. The
TEM00 mode’s size inside the active medium and at the Ge
switch is ∼5 mm FWHM. We chose the mode’s size such as
to optimally cover the cross section of the active volume (the
inter-electrode distance is 10 mm). This configuration allows
us to suppress the parasitic ASE without a mode-limiting intra-
cavity aperture, thus minimizing round-trip losses.

The amplified laser pulse is extracted from the regenerative
cavity using a semiconductor switch. A 0.5-mm-thick germanium
wafer (n-type, 60 Ω · cm), oriented at Brewster’s angle and nor-
mally transparent for p-polarized mid-IR radiation, controlled by
a picosecond mode-locked Nd:YAG laser, is used as the active
element for extracting the amplified pulse. A near-IR laser pulse
illuminating the germanium creates a plasma of free carriers in a
thin surface layer exceeding 3 × 1019 cm−3, making it reflective
for the mid-IR light over a time of ∼200 ps, as defined by the
speed of diffusion and recombination of the free carriers [13].
After reflecting the pulse, the germanium wafer remains absorp-
tive for hundreds of nanoseconds due to the relatively slow recom-
bination of free carriers after their diffusion from the surface into
the material. Such prolonged absorption helps to suppress the de-
velopment of self-lasing after extracting the pulse.

A Treacy-type grating compressor [14] used to recompress the
pulse after its amplification is arranged in a folded configuration
with two 58 mm × 58 mm, 75 lines/mm replicated ruled gratings
(Richardson Gratings, Al-coated Cu) located next to each other
in the same plane. Figure 2 (bottom) is a schematic of the
compressor.

Our instruments for pulse diagnostics include a streak camera
(Hamamatsu, C10910) together with a single-pulse autocorrela-
tor and mid-IR grating spectrometers constructed by us.

For the spectrometers, we used a simple slitless configuration:
a collimated laser beam is dispersed by a diffraction grating
(Richardson Gratings, 75 lines/mm) and then is focused by a lens
onto an infrared camera (Ophir Spiricon, Pyrocam III or Sofradir,

Compressor

Stretcher

YAG Coupler

Semiconductor
switch

Amplifier vessel
Pockels

cell

Polarizing
splitter

Photo-
detector

Osc.

OPA
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Fig. 1. Principal diagram of the experimental setup.

Fig. 2. Optical schematic of the stretcher (top), and the compressor
(bottom).

Research Article Vol. 2, No. 8 / August 2015 / Optica 676

M. N. Polyanskiy et al., Optica (2015)

CPA in CO2

Solid
State
Front
End Injection

Pulse
(1 mJ, 1 ps)

r
CO2 Discharge Volume

(200 cm3)

1

Output Pulse
(1 J, 1 ps)

Table 1. Nominal specifications of the proposed laser system. 

Front End System 

Component Description Parameters 

Oscillator Spectra-Physics Tsunami 1.4 W average power, 0.8 
microns 

Oscillator Pump Spectra-Physics Millennia eV10 10 W average power, 0.53 
microns 

Regenerative Amplifier Custom Z-cavity 10 Hz, 2-3 mJ, 0.8 microns 

Multi-pass Amplifier Bow-tie, 1 cm crystal 10 Hz, 30 mJ, 0.8 microns 

10 Hz Pump Laser Spectra-Physics Lab 170 10 Hz, 400 mJ, 0.53 
microns 

OPA Altos Inc. TOPAS HE 10 Hz, 1 mJ , 1.5 and 
1.8 microns 

DFG Custom non-collinear GaSe 10 Hz, 10 uJ, 10 microns 

CO2 Amplifier Chain 

Component Description Parameters 

Preamplifier PaR systems, UV preionized 
discharge, 22x22x830 mm3, 12 bar, 
small signal gain of ~10X per pass 

1 Hz, 1 mJ, 10 microns 

Main Amplifier PaR systems, UV preionized 
discharge, 22x22x830 mm3, up to 12 
bar, unstable resonator, operating in 
saturation 

1 Hz, 1 J, 10 microns 

2. UNSTABLE RESONATOR CONCEPT
A schematic of the unstable resonator concept is shown in Fig. 1.  The approach is to inject a high intensity seed 
pulse through a hole in the primary mirror.  Such an approach has actually been used successfully in the past5,6,7, 
only with longer injection seeds, and therefore, longer pulses upon final output.  In our case, an injection pulse of 
about 1 mJ gives suitable fluence and intensity to achieve power broadened, saturated operation, assuming the seed 
pulse is focused onto the feedback mirror with a diameter of roughly 1 mm.  The advantages of this configuration 
include resistance to parasitic amplified spontaneous emission, and a rough balance between geometric attenuation 
and gain.  The latter characteristic follows from the constant transverse expansion of the pulse as it propagates 
through the unstable resonator.  The possibility of maintaining a high intensity through the amplifier is advantageous 
because power broadening of the gain is effective from the beginning.  Moreover, if the fluence is maintained near 
the saturation fluence, energy is efficiently extracted from the volume. 

Figure 1. Schematic of injection seeded unstable resonator. 
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Fig. 4. The Neptune CO2 master-oscillator power-amplifier laser chain 

3.1 Short 10µm seed production 

There are various methods by which a picosecond 10µm seed pulse can be generated using a 
short 1µm pulse, the most common of which is semiconductor switching [12]. An alternative 
method makes use of the ability of the short intense 1µm pulse to gate the 10µm radiation 
using the Kerr effect [13]. In mediums that exhibit the optical Kerr effect, the index of 
refraction is dependent on the intensity of an optical pulse according to the following [14]: 

 2
( ) ,

o
n I n n I= +   (3) 

where 
o

n is the linear index of refraction, 
2

n represents the strength of the Kerr effect in the 

medium, and I is the intensity of the pump pulse in W/cm2. This change of the refractive 
index along the polarization axis of the pump pulse induces a birefringence in the medium 
which can be used as a transient phase retarder for a weaker 10µm pulse. To obtain full 90° 
rotation of the 10µm polarization, the following equation must be satisfied [14]: 

 ( )
2

,
o

In n
d

λ
− =   (4) 

where ( )In is the index of refraction according to Eq. (3), 10 mλ µ= , and d is the length of the 

Kerr medium. 
The Kerr medium chosen is carbon disulfide, CS2, due to its transparency at 10µm (1µm) 

and large nonlinear refractive index of n2 = 2x10−14cm2/W [15]. Group velocity dispersion in 
CS2 between the wavelengths of the pump pulse (1µm) and the probe pulse (10µm) is 1ps/cm, 
therefore the length of our Kerr cell is limited to 1cm to avoid broadening of the 10µm seed 
pulse. For the above stated parameters, 90° rotation is provided with an intensity of 
25GW/cm2, a practical value for picosecond pulses. 

An Nd:glass 1µm CPA system was built for controlling the CS2 Kerr switch. A GLX-200 
glass oscillator produces 500fs pulses which are stretched to ~1ns in a grating stretcher. The 
pulses are then amplified in a glass regenerative amplifier and two single-pass booster 
amplifiers to ~4mJ. Finally the pulses are compressed down to 3ps containing 3mJ. 
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High-power solid-state sources in the MIR are 
 pushing towards the LWIR range

90 GW peak power few-cycle mid-infrared pulses
from an optical parametric amplifier
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We demonstrate a compact 20Hz repetition-rate mid-IR OPCPA system operating at a central wavelength of
3900nm with the tail-to-tail spectrum extending over 600nm and delivering 8mJ pulses that are compressed to
83 fs (<7 optical cycles). Because of the long optical period (∼13 fs) and a high peak power, the system opens a range
of unprecedented opportunities for tabletop ultrafast science and is particularly attractive as a driver for a highly
efficient generation of ultrafast coherent x-ray continua for biomolecular and element specific imaging. © 2011
Optical Society of America
OCIS codes: 320.7110, 190.4970.

Recent progress in theoretical and experimental strong
field physics has stimulated the quest for intense mid-
infrared (MIR) few-cycle driver sources in spite of the
lack of laser materials suitable for developing ultrashort
pulse lasers and amplifiers in this notoriously difficult
spectral region. The challenges of designing such intense
MIR sources are offset by numerous advantages, which
are especially prominent for the sources of secondary
coherent radiation driven with a long optical period light
[1]. Several research groups are pursuing the goal of gen-
erating coherent kilo-electron-volt (keV) photon-energy
x-ray pulses via the mechanism of higher-order harmonic
generation (HHG) in atomic gas targets. Recently, theo-
retical predictions on the λ−5 HHG photon flux scaling
and on the extension of the cutoff frequency of the
HHG spectrum have been put to the test in a number
of experiments that employed IR optical parametric
amplifiers (OPA) pumped by Ti:sapphire lasers [1–3].
Such OPAs operate in the near-infrared (NIR) range
of 1:3–2:1 μm.
The extension of the OPA output into the MIR range

above 3 μm at multi-millijoule pulse energy levels and
few-cycle pulse widths faces principal challenges such
as the low quantum conversion efficiency of the NIR
pump pulse energy into the MIR idler wave, the lack
of nonlinear crystals for high-energy few-cycle pulse am-
plification, the difficulties with the generation of MIR
seed light, etc. Microjoule-level ∼100 fs, 3 μm pulses have
been produced at 20–100 kHz repetition rates using 1 μm
picosecond and femtosecond pump lasers [4–6]. The ob-
jective of this work is to develop an energy and repetition
rate scalable system delivering few-cycle pulses in the
3–4 μm range with the energy of several millijoules.
The target MIR pulse energy level is backed by theoreti-
cal predictions and extrapolated experimental data for
shorter wavelengths driver pulses and is required for
achieving a phase-matched HHG regime. Phase matching
ensures a high keV photon flux despite the unfavorable
HHG wavelength scaling at the atomic dipole level.
During recent years, the generation of NIR millijoule-

level femtosecond pulses at 1:5 μm in Type-II KTA/KTP
(RTP) crystals pumped by picosecond Nd lasers and

exploiting chirped pulse optical parametric amplification
(OPCPA) of a signal wave have been reported [7–9]. In
this Letter, we utilize the 3:9 μm idler wave and report
on the implementation of a collinear OPCPA scheme that
provides a well-managed MIR beam and straightforward
3:9 μm pulse compression with a diffraction grating pair.

Figure 1 presents our hybrid femtosecond laser
chirped pulse amplification (CPA) and picosecond OPC-
PA scheme for the generation of few-cycle 8mJ idler
wave pulses at the center wavelength of 3:9 μm. The front
end of the system is a home-built, room-temperature
190 fs Yb:CaF2 CPA amplifier driving three cascades of
a white-light (WL) seeded optical parametric amplifier
(fs KTP OPA) at the repetition rate of 0:5 kHz. A 2 μJ por-
tion of the pump light is used for WL generation in a 6mm
long, uncoated YAG crystal, which provides higher spec-
tral brightness in the vicinity of 1500 nm as compared to
10mm long sapphire or 6mm long CaF2 crystals, typi-
cally used for WL generation in the UV visible spectral
region (see Fig. 2). The generated WL seed is amplified
in three subsequent OPA stages based on KTP crystals
which are pumped by 190 fs, 1030 nm pulses. The output
energy in the signal wave after the last OPA stage is 65 μJ.
The bandwidth and the energy of the OPCPA idler pulses
at 3:9 μm sensitively depends on the optimization of the
femtosecond KTP OPA. Therefore, the spectrum of the
OPCPA seed pulses is preshaped by a slight detuning

Fig. 1. (Color online) Layout of the 3:9 μm OPCPA system
(see text for details).
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Figure 1 shows the optical layout consisting of a seeder OPA
[Fig. 1(a)], a CEP stabilized 2.09 μm Ho:YAG pump laser
[Fig. 1(b)], a slow loop for CEP stabilization [Fig. 1(c)],
and a CEP-stable MIR OPA with a bulk-pulse stretcher and
compressor [Figs. 1(d) and 1(e)]. As demonstrated in [15],
the 2.09 μm seeder [Fig. 1(a)] can have two alternative designs:
based on a Tm,Ho-doped fiber oscillator [19] or on an OPA
driven by a 1.03 μm femtosecond CPA (Pharos, Light
Conversion Ltd.). Here we focus on the latter configuration
because of the advantage of passive CEP stabilization [20] of
the 2.09 μm seed pulse. As is shown in Figs. 1(a) and 2, passive
CEP stabilization is achieved through a DFG process at the
second OPA stage. Before amplification, the 2.09 μm seed
is stretched to 140 ps pulse duration with a grating-based
Martinez stretcher containing an amplitude shaper, which helps
to compensate a gain narrowing during amplification. In order
to handle higher-order dispersion, we employ an acousto-optic
programmable dispersive filter [AOPDF, (Dazzler, Fastlite)]
operated in a low jitter mode for phase noise reduction. The
stretched seed is amplified in a ring-cavity regenerative ampli-
fier (RA) based on a water-cooled Brewster-cut Ho:YAG crys-
tal, which is pumped by a 100 W, 1907 nm Tm-fiber laser
(TLR-100-WC-Y12, IPG Photonics). The RA is capable of
generating 9.5 mJ pulses before compression at a 1 kHz rep-
etition rate. In the present experiments, however, in order to
reduce the B-integral and to maintain good spatial quality
and compressibility of the generated pulses, the amplifier
was operated in the regime of moderate amplification. At a rep-
etition rate of 1 kHz, 5 mJ pulses were extracted from the RA at
pump power of 30 W and compressed to 1 ps pulse duration in
a Treacy compressor having transmission efficiency of 60%.

The generated 2.09 μm pulses were employed to drive a ZGP
OPA [Fig. 1(d)] operating at a 5.2 μm central wavelength. Since
it is rather difficult to produce seed in the vicinity of either
5.2 μm (idler wave) or 3.5 μm (signal wave) directly from
2.09 μm, we opted for cascaded seed generation. For the gen-
eration of white light (WL), a portion of 2.09 μm light was fre-
quency doubled in a BBO crystal. Because of the nonlinear
conversion, second-harmonic pulses are shortened to 800 fs,
which allows stable WL generation in the vicinity of 1.5 μm
in a 10 mm long YAG crystal. Amplification of the WL in a
10 mm long type II KTA crystal (θ ! 41°;ϕ ! 0°), pumped
by the remaining 1047 nm light, results in the generation
of CEP-stable idler pulses in the vicinity of 3.5 μm. The
3.5 μm pulses were amplified in the second-stage OPA

(10 mm long type II KTA, θ ! 39°, ϕ ! 0°, noncollinear angle
Δθ ! 2°) to typically 5 μJ. In the third stage, containing a type I
ZGP (θ ! 53°, 4 mm or 8 mm long) pumped at 2.09 μm, the
3.5 μm pulses were injected as seeds, resulting in the generation
of 50 μJ, 5.2 μm idler pulses. As a result of a DFG between
constant CEP 2.09 and 3.5 μm pulses in the ZGP-based
OPA, the 5.2 μm pulse is also CEP stable. Table 1 summarizes
the phase relationships among different pulses throughout the
chain. The input phase Φin from the Yb CPA is random.
The phase jitter introduced by DFG processes is insignificantly
small, and the main source of jitter, δpump, is the mechanical drift
of the grating-based stretcher and compressor in the Ho CPA.

The CEP of the Ho laser was measured using an inline
2f -3f nonlinear interferometer, Fig. 1(c), that also provided
a slow-loop feedback signal for δpump correction. A SH pulse,
shortened by frequency doubling of 2.09 μm in a BBO crystal,
drives efficient WL generation in an undoped YAG crystal
through self-phase modulation (SPM) and additionally broad-
ens the spectrum of the THG pulse through cross-phase modu-
lation (XPM), as explained in Fig. 2(a). The THG of the
2.09 μm pulses is a result of filamentation of the fundamen-
tal-frequency pulses in the YAG plate. Figure 2(b) shows a mea-
sured 2f -3f interferogram corresponding to a sawtooth
modulation applied to an SF11 prism pair in the injection
arm of the Ho CPA. The highest-fidelity CEP spectral fringes
were observed around 900 nm, corresponding to the region of
optimum spectral overlap and optimal accumulated delay be-
tween the THG and SH-WLG pulses. Note, the CEP value of
the SHG pulse does not distort the CEP value of the THG
pulse. This is because the amount of XPM-assisted spectral
broadening of the THG spectrum depends on the SHG pulse
intensity and not on its CEP. However, pulse-to-pulse intensity
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Fig. 1. Optical layout consisting of (a) a passively CEP stabilized seeder OPA, (b) a CEP stabilized 2 μm pump (Ho:YAG), (c) a 2f -3f interferometer,
(d, e) CEP stabilized MIR OPAs, and (f) the typical beam profile of the 5.2 μm pulses. PC, Pockels cell; TFP, thin-film polarizer. Note that in (c),
TH of 2 μm, its spectral broadening by XPM, WL of 1 μm are generated/induced simultaneously by a two-color filamentation in the YAG crystal.

Table 1. CEP Management

CEP Phase Jitter

WLG at 690 nm Φin —
Seeder OPA1 at 2027 nm Φin —
Seeder OPA2,3 at 2094 nm const. small
Ho:YAG output at 2094 nm const. δpump
SH of 2094 nm const. 2δpump

MIR OPA1 at 1.5 μm const. δpump

MIR OPA2 at 3.5 μm const. small

MIR OPA3 at 5.2 μm const. δpump
MIR OPA3 at 3.5 μm const. small
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a sub-four-cycle pulse duration and are currently compressed to
fewer than eight optical cycles due to uncompensated higher-
order phase from the grating compressor, which will be addressed
in the future.

A schematic representation of the OPCPA is shown in Fig. 1
and follows the previously proven concept of our 3 μm OPCPA
system [19]. The front-end of the system, which seeds both the
pump and optical parametric amplifier (OPA) stages, is a multi-
color all-fiber laser (Menlo Systems GmbH) [20]. The seeder is
based on a mode-locked Er:fiber oscillator and power amplifier,
which deliver 1.55 μm wavelength, nanojoule-level pulses at a
repetition rate of 100 MHz. The output is split into two arms,
the first of which is compressed in fiber to 72 fs with 3 nJ pulse
energy. The second output is coupled into a highly nonlinear fiber
where the spectrum is broadened to an optical octave via super-
continuum generation. The portion of the broadened spectrum
around 2 μm is subsequently split into two arms. The first is used
to seed a chain of broadband Tm:Ho fiber amplifiers and delivers
3 nJ energy pulses centered at 2040 nm, which we compress in
free space to 130 fs. The second arm is spectrally narrowed to
1.5 nm before seeding a chain of Tm:Ho fiber amplifiers. At
the output we obtain 4 nJ, few picosecond pulses.

The mid-IR seed for the OPA chain is generated through dif-
ference frequency generation (DFG) of the femtosecond outputs
of the fiber laser. Seed generation using DFG was demonstrated to
generate large bandwidths in the mid-IR [21], and furthermore, if
the input pulses for the DFG originate from a common oscillator,

the output will be intrinsically CEP stable [22,23]. Passive CEP
stabilization has proven to be robust and reduces the overall
complexity of the laser system [24]. We chose the nonlinear
crystal CdSiP2 (CSP) as the generation medium due to its
unique combination of a high effective nonlinear coefficient
!d eff ∼ 84.5 pm∕V", broad phase-matching characteristics in the
mid-IR, and a wide transmission window [25]. Using an AR-
coated 1.5 mm thick CSP crystal (BAE Systems), the DFG stage
produces CEP-stable optical pulses with up to 150 pJ of energy at
100 MHz [26]. The generated spectrum, which is shown as the
gray line in Fig. 2, is centered around 6.5 μm and spans the range
between 5.5 and 8 μm.

The pump laser is a central component of an OPCPA as it
largely determines the performance of the overall system.
Currently, the majority of high-intensity mid-IR sources rely
on parametric amplifiers pumped by laser systems operating at
1 μm [19,27,28]. However, extending the operating wavelength
of OPCPA to longer wavelengths has so far been hindered by an
increasingly unfavorable pump-to-idler photon ratio as well as a
scarcity of nonlinear crystals with suitable optical and mechanical
properties or transparency [29]. Scaling the pump laser to longer
wavelengths circumvents these obstacles and has recently been
achieved with pump laser systems based on Ho-doped gain media
delivering high energy, femtosecond [30] and picosecond [31,32]
pulses around 2 μm, suitable for pumping OPAs.

The pump laser of the OPCPA described in this work relies on
chirped pulse amplification (CPA) using Ho:YLF as the gain
medium [31]. The CPA line is seeded with the narrow-band,
2 μm pulses from the fiber front-end. The few picosecond 2 μm
pulses are temporally stretched using a chirped volume Bragg gra-
ting (CVBG; OptiGrate Corp.) to a measured duration of 170 ps,
suitable for seeding the high gain amplifiers without risk of optical
damage. Upon stretching, the pulses are picked at 100 Hz rep-
etition rate and directed toward a Ho:YLF ring regenerative am-
plifier (RA). Injection and ejection from the cavity are achieved
using a rubidium titanyle phosphate (RTP) Pockels cell operated
at half-wave voltage. The nanojoule seed pulses are amplified to
4 mJ in the RA and then sent to a single-pass, cryogenically cooled

Fig. 1. (a) Layout of the OPCPA concept featuring an all-fiber seeder,
a DFG stage, a 2 μm Ho:YLF pump laser, a chain of three consecutive
ZGP OPAs, and a reflective grating-based compressor. HNLF, highly
nonlinear fiber; NBF, narrow-bandwidth filter; Stretch., stretcher;
PM, pick-off mirror; Comp., compressor. (b) Layout of the Ho:YLF
CPA featuring a CVBG stretcher, a pulse picker, a ring regenerative am-
plifier, a single-pass cryogenically cooled booster amplifier, and a CVBG
compressor. QWP, quarter-wave plate; CVBG, chirped volume Bragg
grating; PC, Pockels cell; TFP, thin-film polarizer.

Fig. 2. Spectrum of the mid-IR pulses amplified in the ZGP OPAs
(black line, shaded) measured using a scanning monochromator and seed
spectrum from the CSP DFG stage (gray line) measured with a Fourier
transform infrared spectrometer. The spectral width of the OPCPA
output at the 13.5% point is 1360 nm—corresponding to the 85 fs
transform limit.
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We have developed MIR OPAs at 2-5 µm

2’ x 3’ 2’ x 2’

G. Xu, S. Wandel, and I. Jovanovic, Rev. Sci. Instrum. (2014) 
S. Wandel, G. Xu, Y. Yin, and I. Jovanovic, J. Physics B (2014) 
S. Wandel, G. Xu, and I. Jovanovic, Opt. Express (2016) 
S. Wandel, M.-W. Lin, Y. Yin, G. Xu, and I. Jovanovic, JOSA B (2016)

• 2 µm source now 
operates at 0.5 kHz 

• 5 µm source reactivation 
in progress 

Previously: 10 Hz 
Now: 0.5 kHz
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Amplified pulse spectrum supports transform-limited 
 pulse duration of 50 fs (~3 optical cycles)

3000 3500 4000 4500 5000 5500 6000
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength HnmL

In
te
ns
ity
Har
b.
u.
L

OPA II OPA I 

OPG 

Calculated 

A simple 1D coupled-wave OPA model is in relatively good agreement with 
the measured spectrum.
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Amplified 5-µm pulses exhibit excellent shot-to-shot 
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Local depletion of the pump in the last 
OPA yields a significant pulse energy 
stability improvement. 

High pump depletion in the OPA II 
significantly improves the energy stability.

Near-field beam profile measured 
with InSb array camera
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Local depletion of the pump in the last 
OPA yields a significant pulse energy 
stability improvement. 
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We need to transition to OPCPA to 
support higher pulse energies
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OPCPA was conceived in 1986,45 while the first demonstration including pulse 

compression was done in 1992 by Dubietis et al.
12 The concept has been subsequently 

expanded by Ross et al.
13 to determine the practical limits of the technology in obtaining 
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Our technical approach is based on 8-12 µm OPCPA in GaAs 
pumped by coherently pulse stacked 2.75 µm Er:ZBLAN
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2. Theoretical description of coherent pulse stacking with a single Gires-Tournois 
Interferometer 

This section provides a detailed theoretical description of coherent pulse stacking with a 
single Gires-Tournois Interferometer, the requirements for a stacking cavity and input pulse 
burst parameters, and of the main performance characteristics. 

2.1 Reflecting resonant cavity 

 
Fig. 1. Coherent pulse stacking in a traveling-wave Gires-Tournois interferometer, showing the 
stacking-signal pulse sequence at its input and the stacked solitary pulse at its output. 

A reflecting interferometer can be configured either as a linear or a traveling-wave cavity. A 
linear reflecting cavity is essentially a Fabry-Perot interferometer with one completely 
reflecting mirror, which is commonly referred to as a Gires-Tournois interferometer (GTI). 
The practical advantage of a traveling–wave reflecting cavity, shown in Fig. 1, is that it 
allows one to spatially separate the incident input and reflected output beams. For usage 
convenience we will also refer to this traveling-wave cavity as a GTI. Let’s consider a 
traveling–wave GTI cavity, consisting of a partially reflecting front-mirror M (with power 
reflectivity R = r2 < 1), and K completely reflecting beam-folding mirrors M1, M2, …, MK, 
schematically shown in Fig. 1. Ideally we should have Rk = 1 for all k = 1, 2, … K, but in 
practice it will always be Rk ≈1. We can denote the round-trip cavity transmission as α = r1⋅ 
r2⋅… rK, where rk is the corresponding k-th mirror amplitude reflection coefficient. Then α2 = 
R1 ⋅ R2⋅… RK describes power loss per each round trip due to the finite reflectivity of the 
folding mirrors. If the round trip distance in this traveling-wave cavity is P, then the round 
trip time is ΔT = P/c (here c is the speed of light), and the round-trip phase is δ = 2πP/λ0 = 
ω0⋅ΔT (here λ0 and ω0 are, respectively, the signal central wavelength and angular frequency). 
We can describe electric field transmission through this cavity by a transmission matrix [T]: 

 [ ] 1 0

0
.iT

e δα
=

⋅
ª º
« »¬ ¼

 (1) 

The incident and reflected fields at both sides of the front mirror M can be described by a 
unitary scattering matrix [S], which can be written in a symmetric form [8]: 
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Er:ZBLAN GaAs OPCPA
0.5-1 J, 1 ns, 2.75 µm 

Coherent pulse stacking 
(A. Galvanauskas talk)

50-70 mJ, <100 fs 8-12 µm 
Long-stretch (ns)

2.75 µm  —> 10 µm + 3.8 µm

Theoretical maximum conversion efficiency: 2.75/10 = 27.5%
Expected experimental conversion efficiency: ~10 %

up to kHz
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Path to TW solid-state LWIR source 
scalable to high average power

Seed 
generation
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stretcher

70-100 
mJ

50-70 mJ, 
8-12 µm
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pump compressor

OP-GaAs     2.75 µm -> 10 µm + 3.79 µm
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Atmospheric transmittance is a consideration in source design

Pump Idler Signal
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Transparency is an important characteristic of crystals 

Absorption Spectra: OPGaAs, OPGaP, ZGP, CSP  
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The other major consideration is the gain and bandwidth

T. Skauli et al., J. Appl. Phys. (2003)
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range of temperatures between 22 and 95 °C. To derive the
refractive index, we have used several interferometric tech-
niques, as well as QPM nonlinear optical frequency conver-
sion of different QPM orders !1st–11th order" in orientation-
patterned GaAs. Two expressions for the refractive index as
a function of wavelength and temperature were fitted to mea-
sured data. The estimated uncertainty of the refractive index
data and the fitted functions is 0.2%, which is dominated by
a systematic scaling error, rather than random scatter. Refrac-
tive index differences between different wavelengths can be
predicted within the same uncer-tainty of 0.2%, which cor-
responds to uncorrelated errors of no more than

!0.007% in the refractive index at the wavelengths in-
volved. Both fitted dispersion relations are in excellent
agreement with numerous QPM nonlinear optical experi-
ments. The agreement is superior to that given by previous
dispersion relations found in the literature. Residual predic-
tion errors can typically be compensated by small !less than
5 °C) temperature adjustments. Our results enable accurate
design of QPM structures based on GaAs, such as tempera-
ture tunable devices or optical amplifiers with extremely
wide parametric gain bandwidths.
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FIG. 8. Predicted phasematched signal and idler pairs as a function of the
QPM period for the pump wavelengths indicated at the top. The solid and
dashed lines are for 20 and 120 °C, respectively. The dash-dotted line indi-
cates degeneracy at room temperature. No significant difference between the
two fits is seen on this scale.

FIG. 9. Parametric gain coefficient for QPM interactions scaled to the peak
value in 10 mm long GaAs gratings where the period # has been optimized
for large bandwidth. The solid line represents a pump wavelength of
3.059 $m, which results in a bandwidth of 4.1–11.7 $m with relative gain
variations of 50%. The dashed line represents a pump wavelength of
3.217 $m, which results in less than 1% variation in gain from 4.9 to 9.2
$m. The values shown are calculated using the fitted Pikhtin form at 20 °C.
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OP-GaAs is limited in aperture, but multi-mJ pulses 
are possible with nanosecond OPCPA

Damage threshold for both GaAs and ZGP: 2.5 J/cm2, ns @ 2 µm
Operate at 1.5 J/cm2 -> the required beam size for 1 J pulse is ~1 cm

Maximum OP-GaAs crystal thickness produced by BAE Systems
(P. Schunemann): 3 mm

Assume 2 mm beam size on crystal, 1.5 J/cm2: we can pump OP-GaAs 
with a maximum of ~50 mJ  

3 mm

2 mm pump, 1.5 J/cm2, ~50 mJ

OP-GaAs Assuming real-world efficiency of 10%:
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OP-GaP: Recent Results 
1.5-µm-pump OPO: 2.6-4.2 µm fs freq. comb (Vodopyanov, CREOL) 

30 

maximum energy of ~5 mJ from OPGaAs
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To take this OPCPA approach to TW (~100 mJ) 
and beyond, we can consider two possibilities

With large-aspect-ratio elliptical beams (20:1), 
we could obtain 100 mJ!

3 mm
OP-GaAs

Stacked 133-µm 
thick GaAs wafers

50 mm3.5 J 350 mJ
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OPA

16

Generation of seed ultrashort pulses for LWIR OPCPA

Direct  generation 
from Er:ZBLAN

DFG to LWIR using 
NIR ultrafast laser

Nonlinear frequency 
divider to LWIR

Er:ZBLAN 
oscillator

tapered 
chalcogenide fiber

2.75 µm 

3.6-4.2 µm
OPA

8-12 µm

A. Marandi et al., CLEO 2012

Ti:sapphire 
CPA SPM

8-12 µm

0.85-0.89 µm1x8 mm. The crystal was cut such that the interacting beams propagate perpendicular to the 
inverted domain boundaries when the beam enters the crystal at the Brewster angle. The 
domain reversal period is 34.8 µm and designed for type-0 (e=e+e) phase matched 
subharmonic generation (1560 -> 3120nm) at a temperature of 32°C. With this poling period, 
our PPLN crystal length amounts to only 14 (or 6) quasi phase matching domain reversal 
periods. 

 

Fig. 1. Schematic of the ring-cavity OPO setup. Here M1 is a dielectric mirror for in-coupling 
of the pump, M2 and M3 are concave and M4-M6 are flat gold-coated mirrors, PD1 is an InAs 
detector, the filter is a Ge-based long pass (> 2.5 µm) filter, OC is a pellicle outcoupler, and 
PZT is a piezo actuator stage. 

Our ring cavity produces an eigenmode with a calculated w=15 µm (1/e2 intensity radius) 
beam waist inside the PPLN crystal. For near optimal mode matching, the pump laser beam is 
conditioned by a reducing telescope to a diameter and wave front curvature before mirror M1 
such that after reflecting from short focal length mirror M2 its waist inside the PPLN crystal 
was approximately w=11 µm, approximating a 'confocal' pumping condition. 

Astigmatism inside the OPO cavity, caused by slightly oblique (4°) incidence on the 
mirrors M2 and M3 is compensated by opposite-sign astigmatism of the Brewster angle PPLN 
crystal. As a result, the calculated beam ellipticity (a-b)/a (where a and b are the beam radii in 
two orthogonal planes) is substantially reduced: 4% for 0.5-mm PPLN and 20% for 0.2-mm-
long PPLN. The inset to Fig. 3 shows the near circular experimental beam shape for the 0.5-
mm crystal. 

An additional 0.9-mm to 3-mm thick plane-parallel plate of ZnSe having positive (148 
fs2/mm) group velocity dispersion (GVD) at 3120 nm is inserted inside the cavity at Brewster 
angle to compensate the negative GVD of PPLN (�583 fs2/mm). The output is extracted with 
a 2-µm-thick pellicle beam splitter having R~8% reflection over a broad bandwidth. 

Oscillation occurs when signal/idler waves are brought into simultaneous resonance near 
degeneracy by fine-tuning the cavity length with the piezo stage (PZT) attached to M4. 
Several of these resonances occur, separated by λ/2 (~1.56µm) increments in the roundtrip 
cavity length (Fig. 2), where λ is the central wavelength [17]. For some measurements, the 
OPO was operated in a „ramp mode‟ where the intracavity piezo actuator was driven with a 
linear ramp of 10 µm (roundtrip length variation 20 µm), tuning the OPO sequentially 
through several resonances as shown. Continuous operation of the OPO is achieved by 
locking its cavity length to one of the resonances with a simple locking circuit. The circuit 
imposes a small frequency dither on the pump laser oscillator (via piezo translation of an 
intracavity mirror). The output of the OPO thus exhibits slight intensity modulation which is 
monitored by an InAs detector PD1 (Fig. 1) and demodulated in a phase sensitive detector 

#141771 - $15.00 USD Received 26 Jan 2011; revised 25 Feb 2011; accepted 25 Feb 2011; published 18 Mar 2011
(C) 2011 OSA 28 March 2011 / Vol. 19, No. 7 / OPTICS EXPRESS   6298

N. Leindecker et al., Opt. 
Express 2011

• Pumping by Er:ZBLAN? 
• Locking to Er:ZBLAN

• Separate source 
• Short term testing

• Single source 
• Automatic locking to 

pump laser
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We will first demonstrate the LWIR OPCPA architecture 
using surrogate seed and pump sources 
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MURI R&D roadmap at the University of Michigan
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OPCPA design
Surrogate pump construction

Seed generation

Er:ZBLAN source design

8-12 µm 
measurements

5 µm measurements

OPCPA construction

Er:ZBLAN source construction
Er:ZBLAN/OPCPA 
integration

5 µm source optimization

Existing 5 µm source at CUOS
S. Wandel, G. Xu, and I. Jovanovic, Opt. Express 24, 5287 (2016)
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Conclusions

• LWIR solid-state sources are in their infancy 
• Under this MURI we will demonstrate a novel 8-12 OPCPA architecture 

based on GaAs and pumped by a 2.75 µm Er:ZBLAN fiber 
• The new architecture is scalable to high peak and average power 
• We will compress and use our existing 5 µm OPA source to conduct 

measurements at 5 µm


