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Hybrid fs/ps coherent anti-Stokes Raman scattering (CARS) 
thermometry often utilizes ps probe pulses derived from pulse 
shaping or spectrally filtering the primary laser source or by 
synchronization with a low repetition rate external laser. This 
results in limited energy, spectral resolution, and/or repetition 
rate of the ps probe. In this work, a master-oscillator power-
amplifier (MOPA) laser was synchronized to the oscillator of a 
Ti:Sapphire regenerative amplifier to achieve high-energy (600 
µJ), narrowband (58 ps) probe pulses at kHz repetition rates. 
Temporal filtering allows the pulse characteristics to be 
adjusted for each application. At 25 torr, relevant to high-speed 
flows, the kHz-rate MOPA system generated signal-to-noise 
ratios 3x higher in nitrogen and had improved  precision relative 
to a 10 ps probe derived from spectral filtering and the power 
amplifier. The MOPA system also enabled single-shot ro-
vibrational  hybrid fs/ps CARS thermometry in 650 K heated 
air. © 2024 Optical Society of America 
http://dx.doi.org/10.1364/OL.99.099999 

Interest in ultrafast coherent anti-Stokes Raman scattering (CARS) 
for gas-phase thermometry has grown significantly since the first 
femtosecond (fs) [1] and picosecond (ps) [2,3] CARS temperature 
measurements, as summarized in a comprehensive review by Roy et 
al. [4]. The combination of these approaches, referred to as hybrid 
fs/ps CARS [5], was then demonstrated for gas-phase vibrational 
thermometry, rotational thermometry and line-width measurements, 
and rotational/vibrational temperature and species measurements by 
Meyer and co-workers [6–9]. The ability of hybrid fs/ps CARS to 
resolve molecular spectra that are free of nonresonant background 
and collisional effects [6,7] has enabled precise and accurate 
temperature measurements at high repetition rates over a wide range 
of reacting and non-reacting conditions, making it an attractive tool 
for model validation in high-speed flow applications [10,11]. 
However, application in supersonic and hypersonic wind tunnel 
facilities is a challenge due to the low pressures (<100 torr) of the 
working gas [12]. These low pressures degrade the single-shot 
precision of temperature measurements over a wide range (~100–
6000 K) due to the quadratic dependence of CARS signal intensity 

on number density. High beam energies can be used to increase the 
signal, but the fs pump and Stokes beams have a practical limitation 
of tens of microjoules per pulse to avoid the effects of Stark 
broadening and stimulated Raman pumping [13]. Therefore, the 
main challenge for hybrid fs/ps CARS measurements revolves 
around the generation of a high-energy narrowband ps probe pulse, 
which is generally accomplished using one of two approaches: (i) 
inherently time-synchronized ps pulse generation directly from the 
fs source using spectral filtering, pulse-shaping, power-amplifier 
(PA) systems, or second harmonic bandwidth compressors (SHBC) 
(single-laser systems); or (ii) electronically synchronizing a ps laser 
with the fs source (two-laser systems). 
 The disadvantage of single-laser systems that use spectral filtering 
or pulse shaping is low ps probe pulse energy, typically limited to 
tens of microjoules per pulse [14]. Single-laser systems based on 
SHBCs can generate >1 mJ/pulse but have difficulty generating a 
narrowband, transform-limited ps probe pulse [15]. Narrowband 
spectral amplifiers (NSAs) also allow mJ/pulse-level ps probe 
generation but require extra wavelength conversion using an optical 
parametric amplifier (OPA) or have been implemented with limited 
bandwidth and output energy using Ytterbium systems [10,16–19]. 
By contrast, two-laser systems that electronically synchronize 
separate fs and ps lasers can produce ps probe energies with well-
defined pulse characteristics and tens of millijoules per pulse [20–
22]. For example, Bohlin and coworkers synchronized a fs laser with 
either a 70 or 90 ps pulsewidth laser operating at 20 Hz for one-
dimensional and two-dimensional (2D) hybrid fs/ps CARS 
measurements across large fields-of-view with low jitter (<1 
ps) [23–25]. The main drawback of two-laser systems has been the 
single-shot repetition-rate, which is typically limited to 10–20 Hz by 
the ps laser, though improvement to 50 Hz measurement rates was 
achieved by Escofet-Martin et al. [26]. Miller et al. performed two-
laser, kHz-rate, 2D fs/ps CARS using a ps probe generated from a 
burst-mode laser, but this was limited to ~10 pulses per burst [27]. 
  Recently, a commercial, high-energy, continuously-pulsed kHz-
rate ps laser has become available (e.g., Ekspla; PL2210A-PLL) 
with fixed pulsewidths of 22 ps or 80 ps and synchronization jitter of 
~6 ns. Using a phase-lock loop, the jitter can be reduced to ~3 ps, 
although vibrations and acoustic noise can increase this up to 30 ps. 
While this laser is certainly a feasible option for achieving kHz-rate 



fs/ps CARS with a synchronized ps laser, here we present an 
alternative compact, narrowband ps laser system using a master-
oscillator power-amplifier (MOPA). This approach combines a 
master-oscillator (MO) design similar to that of Miller et al. [27] and 
a power-amplifier (PA) similar to that of Rahman et al. [16] for 
continuous two-laser fs/ps CARS at ≥1 kHz. This enables: (i) a high-
energy 58 ps full-width at half-maximum (FWHM) 532 nm probe; 
(ii) simple and robust synchronization with kHz-rate fs systems; (iii) 
kHz-rate two-laser vibrational CARS (VCARS) using a single OPA; 
(iv) a small footprint (0.3x0.6 m2); and (v) scalability to higher 
energies and other pulse durations for rotational, vibrational, or ro-
vibrational CARS thermometry in a single laser system. 
 As shown in Fig. 1, the optical output of the fs master oscillator of 
an 80 MHz Ti:Sapphire laser is sent to a photodiode with a rise time 
of <40 ps and a bandwidth >8.5 GHz (ALPHALAS; UPD-40). The 
photodiode generates an 80 MHz RF signal which is sent to a wide 
bandwidth (DC–5 GHz) solid state absorptive switch (RF Gate, 
ZASWA2-50DR-FA+) with a rise/fall time of 4 ns. A pulse 
generator (PG, Quantum Composers; 9530 Series) triggered from 
the Ti:Sapphire timing delay generator (TDG) at 1 kHz and clocked 
at 80 MHz from the Ti:Sapphire MO is used to generate a 10 ns, 1 
kHz signal to gate the RF switch. The 1-kHz RF switch controls an 
RF ps pulser that can produce a range of pulsewidths from 100 ps to 
25 ns (Highland Technology; T240 Pulse Generator). The 
amplitude, pulsewidth, and delay of the RF signal can be controlled 
remotely and is used to generate 100 ps FWHM pulses at 1 kHz. The 
RF pulser output is amplified (iXblue; DR-PL-20-MO) and used to 
drive a 20 GHz bandwidth (EOSPACE, Inc) electro-optic modulator 
(EOM). This EOM slices the output of a cw diode laser (Thorlabs; 
DBR1064-PN) into 100 ps FWHM pulses at 1 kHz with 2 fJ/pulse 
of energy, measured with a fiber power meter (Thorlabs; PM20A). 
A ytterbium-doped (Nuphoton Technologies) fiber amplifier (FA) is 
then used to amplify these 100 ps pulses to 400 fJ/pulse. An acousto-
optic modulator (AOM, Gooch and Housego; Fiber-Q) is gated at 1 
kHz and used to reduce the amplified spontaneous emission from the 
first FA (FA1). A second FA (FA2) further amplifies the 1-kHz 
pulses to 3 nJ/pulse. This 1064 nm ps seed pulse is then free-space 

 

Fig. 1. MOPA system experimental setup. TDG, timing delay generator; 
PD, photodiode; EOM, electro-optic modulator; DL, diode laser; FA1 and 
FA2, fiber amplifiers; AOM, acousto-optic modulator; PG, pulse generator; 
OPA, optical parametric amplifier; VBG, volume Bragg grating. The dashed 
box indicates components used for generating a 532 nm, 10 ps probe pulse.  

 

Fig. 2. Experimental setup of the PA system. MO, master-oscillator; FC, 
fiber collimator; FM, flip mirror; OPA, optical parametric amplifier; PH, 
pinhole; HWP, half-wave plate; OI, optical isolator; PBS, polarizing beam 
splitter; FR, Faraday rotator; KTP, 10x10x8 mm3 potassium titanyl 
phosphate crystal. Lens focal lengths are indicated in mm. 

coupled to a PA system, which is triggered at 1 kHz and has a similar 
layout to a PA system described previously [16], shown in Fig. 2. 
Two identical diode-pumped Nd:YAG PA modules (Northrop 
Grumman Corp.; RBAT24-1P) are double-passed in series, 
providing up to 950 µJ/pulse at 1064 nm. This is expanded to a beam 
size of ~5 mm by a telescope and converted to 532 nm through an 8 
mm KTP crystal to produce a ps probe with up to 600 µJ/pulse and 
shot-to-shot fluctuations of <2.7%. This narrowband, high-energy 
probe is then routed to a two-beam hybrid fs/ps RCARS system [16]. 
After polarization gating and spectral filtering, the final hybrid fs/ps 
RCARS signal is imaged using an EMCCD (Andor; Newton) and 
0.75-m spectrometer (Princeton Instruments; SpectraPro HRS-750). 
 The 98 ps FWHM, near-Gaussian pulsewidth of the 1064 nm ps 
seed after FA2 and before amplification by the PA is measured with 
a 30 GHz photodiode (Thorlabs; DXM30BF) and 23 GHz 
oscilloscope (Tektronix; MSO72304DX), as plotted in Fig. 3(a). 
The slight asymmetry is due to a typical rise time of 75 ps in the RF 
ps pulser. The 58 ps FWHM, near-Gaussian  pulsewidth of the 532 
nm ps probe is measured via pump-probe cross-correlation of the 
nonresonant signal in argon, as shown in Fig. 3(b). An overall 
temporal jitter of 3.4 ps is found from the standard deviation of the 
delay between the FA2 output and 80 MHz fs optical input from the 
Ti:Sapphire MO. This jitter corresponds to a temperature uncertainty 
of ~3 K at 300 K based on a phenomenological N2-RCARS model 
with high SNR and a 116 ps probe delay [28]. The temporal jitter 
can be further reduced to <1 ps by incorporating an analog 50 ps 
pulse generator (Alnair Labs; EPG-210), as demonstrated 
subsequently to the current measurements for utilizing alternate ps 
pulsers to achieve lower pulsewidths or other pulse shapes for high-  

 

Fig. 3. Temporal profile of the ps probe after the (a) acousto-optic 
modulator and (b) second harmonic KTP crystal. 



 To experimentally verify the model-predicted precision, low 
number density temperature measurements made with the MOPA 
system were compared to single-shot, jitter-free measurements made 
with a 10 ps probe. The 10 ps probe was generated using an NSA 
seeded by the narrowed 1064 nm output of an OPA [16], as shown 
by the alternative seed laser path of the dashed box in Fig. 1. A 
vacuum cell supplied with room-temperature N2 and evacuated with 
a vacuum pump produced the low pressures required for comparison 
between the 58 ps MOPA and 10 ps NSA probe pulses. The internal 
state of the cell was measured using a pressure transducer (Druck; 
UNIK 5000 Premium Accuracy) with 0.3 torr uncertainty. For 
comparing measurements using the current 58 ps and prior 10 ps 
probe pulses, an 800 nm pump/Stokes energy of 70 µJ/pulse and 532 
nm probe energy of 200 µJ/pulse was used for both. The delay 
between the pump/Stokes and probe beams was set at ~2x the ps 
probe pulsewidths to ensure that there were no contributions from 
nonresonant background. At low pressures, these probe delays also 
ensure minimal effects of collisional dephasing on the temperature 
measurements [29]. Signal-to-noise ratios (SNRs), defined as the 
peak signal intensity divided by the standard deviation of the noise, 
achieved with the two probes for pressures <150 torr are shown in 
Fig. 4(a). Using an SNR of 20 as the minimum for useful data [16], 
the 58 ps probe beam reached this limit at ~22.5 torr, while the 10 ps 
probe reached this limit at ~30 torr. An average increase in RCARS 
signal intensity of ~2–3 for the 58 ps probe when compared with the 
10 ps probe at the same pressure is in accordance with the spectrally 
narrower RCARS lines in the 58 ps probe RCARS spectra, shown 
at 30 torr in Fig. 4(b) and (c). As such, the 58 ps probe was found to 
improve SNRs at low pressures relevant to high-speed flows [30]. 
 For comparison of precision between the two probes, 1000 single- 
shot measurements per condition were obtained over the same range 

 

Fig. 4. (a) Peak SNR achieved at low pressures for the 10 and 58 ps 
probes 200 µJ/pulse of energy. Error bars represent one standard deviation. 
The dashed line represents the minimum SNR for usable data. Absolute 
signal intensity of single-shot RCARS spectra at 30 torr using the (b) 58 ps 
and (c) 10 ps probes with equal pump/Stokes and probe energies. The 
intensity scale tick distances are the same in (b) and (c). 

 

Fig. 5. (a) Example single-shot RCARS spectra and corresponding best-
fit simulation at 300 K and 150 torr with the 58 ps MOPA-generated probe. 
(b) Relative standard deviation (RSD) of 1000 single-shot temperature 
measurements for pressures below 150 torr using the 58 ps and 10 ps probes. 

of low pressures. A sample single-shot spectrum and corresponding 
spectral fit at 300 K and 150 torr using the 58 ps probe generated 
with the MOPA is shown in Fig. 5(a). Figure 5(b) shows the relative 
standard deviation (RSD) of the 1000 measurements for pressures 
below 150 torr, with RSD defined as the standard deviation divided 
by the mean and expressed as a percentage. Despite the 3.4 ps jitter 
of the 58 ps MOPA probe, both the 10 ps and 58 ps probes had 
similar accuracies and attained precisions of ~2% above 60 torr. 
However, the 58 ps probe achieves ~2.5% precision at 25 torr, while 
the 10 ps probe exceeds ~2.5% precision below ~35 torr, as expected 
from the SNRs in Fig. 4(a). This reveals the possibility of increased 
precision for hybrid fs/ps RCARS measurements at low pressures 
due to the improved SNR of the spectrally narrower probe and 
confirms the viability of this kHz-rate MOPA system when 
compared to a jitter-free single-laser alternative.  
 Another immediate benefit of using a separate MOPA system 
when compared to the previously reported NSA system [16] is the 
elimination of the OPA for generation of the 1064 nm seed beam, 
which used ~60% of the fs source laser energy. Thus, when 
compared to the NSA system, the MOPA approach greatly reduces 
the energy requirement from the fs source laser by eliminating the 
OPA in the case of RCARS and by requiring only a single OPA for 
VCARS. In the current hybrid fs/ps ro-vibrational VCARS 
measurements, the OPA generated a 50 µJ/pulse, 675 nm pump 
beam used in conjunction with a 60 µJ/pulse, 800 nm Stokes beam. 
The ps probe beam had an energy of 200 µJ/pulse and relative delay 
of 116 ps. A single f = 300 mm, 50 mm diameter spherical lens was 
used to focus the three beams, and phase matching was satisfied in a 
single plane across a heated air jet. The 474 nm VCARS signal was 
captured using the same EMCCD/spectrometer as the RCARS 
measurements. A sample spectral fit is shown in Fig. 6(a). The 
average heated air jet temperature was measured to be ~650 K with 
a thermocouple (Omega; Type K). An average VCARS temperature 
of 662 K with a standard deviation of 17 K was measured across 250 
single-shots for an accuracy of 1.5% and precision of 2.56%, as 
shown in Fig. 6(b). This illustrates the ability of the two-laser MOPA 



 

Fig. 6. (a) Single-shot experimental VCARS spectra with theoretical fit 
at 660 K. (b) Histogram of 250 single-shot VCARS temperature 
measurements with 2.56% precision. 

system to resolve ro-vibrational VCARS spectra at kHz-rates, with 
the narrowband probe enabling sensitive hybrid fs/ps CARS 
thermometry over a wide range of temperatures [31]. Additionally, 
the use of longer ps probe pulsewidths via the variable pulsewidth 
pulse generator would allow the system to further resolve RCARS 
spectra for pressure measurements [32] or ro-vibrational spectra for 
the measurement of vibrational/rotational nonequilibrium [33]. 
 In summary, a small-footprint MOPA ps laser system has been 
developed for probe pulse generation in two-laser kHz-rate hybrid 
fs/ps CARS measurements. A 58 ps, 532 nm probe is generated with 
a ps pulse slicer that is electronically synchronized to the master-
oscillator of a Ti:Sapphire laser with low jitter and allows for 
continuous measurements at 1 kHz. The general design of the 
MOPA allows for a simple, robust method of generating a high-
energy ps probe since the MOPA system before the PA is entirely 
fiber-coupled and requires no alignment or long delay lines. Since  
the repetition rate is limited only by the MO, application with a 5- or 
10-kHz Ti:Sapphire system is also feasible with development of the 
PA. When compared to a 10 ps probe generated with a single-laser 
system, the MOPA system achieved improved SNRs at low 
pressures with the 58 ps probe using the same energy, illustrating the 
need for ps probe pulses that can be adapted for thermometry in low-
pressure applications such as high-speed flows. The MOPA system 
also allowed for two-laser kHz hybrid fs/ps VCARS measurements 
in a heated air jet without the need for a second OPA to seed the PA. 
Since the MOPA system can generate 1064 nm pulsewidths from 
100 ps to 25 ns, selectable in the ps slicer control software, higher 
pulsewidths should enable higher levels of amplification and output 
energies (e.g., for line measurements). Additionally, this system 
could be readily used to generate high-energy ns probe pulses for 
hybrid ps/ns or fs/ns CARS measurements [34–36], which 
overcomes a limitation of SHBC or NSA-based systems that rely on 
spectral filtering or shaping to achieve narrowband probe pulses. 
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