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ABSTRACT

A methane Raman cell optimized for generating high en-
ergy laser pulses at 1.54 microns wavelength is charac-
terized. 15 Stokes conversion efficiencies up to 43% —
equivalent to 62% photon conversion efficiency — were
measured. Experimental results show output average
power in excess of 17.5 W, pulse energies of 350 mJ at
50Hz, with good beam quality (M2 < 6.) Narrow band-
width output is produced when pumping with a single
longitudinal mode Nd:YAG laser and seeding the Stokes
process with a narrowband laser diode.

1. INTRODUCTION

The nonlinear process of Stimulated Raman scatter-
ing (SRS) represents a useful and simple approach to
the generation of intense, frequency-shifted radiation.
Briefly described, Raman scattering occurs when a pho-
ton isinelastically scattered from a molecule leaving the
molecule in an excited state and the photon wavelength
shifted. If the intensity of the incident beam isvery high,
the initially scattered photons can further enhance the
process and lead to stimulated scattering.

Raman shifting 1064 nm light from a Nd:YAG laser to
1543 nm in methane gasis an efficient means of generat-
ing high energy laser pulses in the region with the high-
est possible eye-safety[1; 2]. Unfortunately, early high-
energy methane Raman shifters required frequent optics
cleaning, and provided poor beam quality and limited
pulse repetition frequency (PRF). Although many these
practical limitations have been addressed, this now out-
dated idea of the troublesome methane Raman shifter per-
sistsin the lidar community[3].

2. DESIGN CONSIDERATIONS

Historically, for efficient stimulated Raman scattering in
methane, high-energy lasers were tightly focused inside
pressurized cellg[4]. The high energy density from these
focused-geometry cells often led to laser-induced break-
down, which was shown to be a factor limiting the con-

version efficiency and the quality of the Stokesbeams.[5]
Furthermore optical breakdown of methane led to soot
deposits, potentially damaging the Raman cell optics, and
required frequent cleaning.[6; 7; 8] Experiments have
shown H:CH,4 mixtures have higher photochemical sta-
bility compared with to pure methane [9]; however, soot
formation is most effectively eliminated by reducing the
energy density of the pump beam. Efficient SRS conver-
sion with reduced pump intensity is possible by increas-
ing the path length in a folded cell geometry.[10; 1] This
approach grestly improves the reliability of CH, Raman
shifters making them suitable for long term operation.

An additional past problem in high-energy methane Ra-
man cells are the reactions between the gas and the anti-
reflection coatings of cell windows. The inner faces of
the cell windows were often etched at the exact loce
tion of the laser spot. This effect has been attributed
to the laser-induced generation of reactive radicals.[5] A
simple solution to this problem is to use cell windows
with no coatings,[9] while a more elegant approach with
higher throughput utilizes uncoated windows at Brew-
ster’s angle.[8] For our multipass design, retro-reflecting
prisms were designed with a Brewster angle interface.
The absence of al coatings further increases the Raman
shifter durability as they are often prone to optical dam-

age.

The limitation of higher PRF with methane Raman
shifters is the local heating effect. It has been shown
that without gas circulation, there is considerable optical
distortion in the beam path which degrades Raman con-
version efficiency.[6] The cell described herein employs
a simple yet effective method to circulate the methane.
Internal circulation is provided by an array of low-cost
axial fans. The cell mechanical design includes internal
shrouding and flow straighteners so the gas flow is lami-
nar (minimize index changes from turbulence) and trans-
verse to the beam plane (minimize the distance the heated
gas must travel before the next laser pulse).

Without an external Stokes seed, the SRSfield isinitiated
by spontaneously emitted photons. This stochastic pro-
cess causes the energy and spatial characteristics of the
output beam to fluctuate. Seeding of Raman amplifiers
serves to stabilize the Stokes output[11]. Prior experi-
ments utilizing a Stokes seed in a methane Raman cell
resulted in improved conversion efficiency, especialy at



lower gas pressures.[1] Those tests were performed with
a broadband Nd:YAG pump laser and Stokes seeding
with a narrowband distributed feedback (DFB) cw laser.
Further tests were conducted for this paper including ex-
periments using a narrowband Nd: YAG pump laser.

3. EXPERIMENTAL RESULTS

3.1. Optimization of Stokes conversion efficiency
and beam quality at 10Hz

The experimental arrangement used a pump beam from
a 10-Hz Q-switched Nd:YAG laser (Continuum Surelite
[11) a 1064 nm with a pulse width of 6 ns. An optical

isolator was used to protect the laser from back-scattered
light. Following theisolator, the pump beam waslinearly
polarized with about 615 mJ per pulse. The experimental

layout is shown in figure 1. The 1! Stokes SRS process
was seeded with a continuous-wave (telecommunication
c-band) DFB laser. The Stokes seed beam was matched
to the pump laser input diameter and overlapped in space
as well as wavelength matched to Stokes centerline. The
Stokes output from the Raman cell was isolated from the
residual pump and any four-wave mixing (FWM) using
a combination of a dichroic mirror and high dispersion
Pellin Broca prism.

The initial pump beam diameter of 9 mm was reduced
with a lens set as explained in Mayor and Spuler[1]. For
this work a range of lens sets was explored to deter-
mine the influence of different pump beam geometries
(i.e., dlight convergence, divergence and entrance beam
diameter) on the SRS conversion efficiency. It was found
that roughly matching the fluence at the input and out-
put of the cell produced the highest conversion efficiency.
As the pump beam was heavily depleted, thisrequired a
slightly converging beam to maintain the same fluence
throughout the cell. The optimal fluence was estimated
at about 1.7 Jcm? assuming a Gaussian intensity profile.
The true profile and variations (e.g., hot-spots) were not
accounted for in this estimate. The optimal lens arrange-
ment placed the theoretical pump beam waist radius ( 1
mm) approximately 2 meters from the exit of the cell.
The Stokes output had an M? of 11, while achieving con-
version efficiencies of up to 37% at pressures from 8.2
to 13 atm. The quantum or photon conversion efficiency
in this case would be 54% since one 1064-nm photon is
annihilated to create another at 1543 nm.

Toimprovethe Stokesbeam quality Argon gaswas mixed
with methane as a buffer gas.[12; 9] The buffer gas in-
creases the wave-vector mismatch thereby decreasing the
FWM efficiency. At active gas pressures of 6-7 atm and
buffer gas pressures of 5-6 atm the Stokes beam quality
was measured as an M? of 7. At these reduced pressures
there was a dight (about 5%) reduction in conversion ef-
ficiency from the peak. However, there was a strong de-
pendence on Stokes seeding to maintain conversion effi-
ciency and suppress FWM. When the Stokes seed was
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Figure 1. Experimental layout.

blocked the pump beam fluence increased (due to the
dightly converging beam and reduced conversion), which
damaged optical components of the cell and downstream
optics. Asa compromise of reliability, beam quality, and
conversion efficiency, amixture of 9.5 and 4.1 atm partial
pressures of CH,4 and Ar; respectively was selected. This
mixture produced a Stokes conversion efficiency of 35%
with an M2 = 9 beam quality parameter.

Following these optimization tests the Raman shifter was
installed as part of a eye-safe lidar system for afield op-
eration over a four week period. The cell, pumped with
the Nd:YAG laser described above was operated for over
100 hours. At the end of the experiment the optics were
carefully examined and showed no trace of contamina
tion or damage. Furthermore, the Raman shifter was able
to maintain the stringent pointing stability requirements
(<100 prad) of the lidar instrumentation throughout the
entire project without re-alignment.[13]

3.2. Conversion efficiency and beam quality at
higher PRF using narrowband Nd:YAG pump

In the next phase of the experiment, the pump laser was
replaced with a 50-Hz Q-switched Nd:YAG laser (Con-
tinuum Powerlite 9050) with a pulse width of 9 ns. The
laser isinjection-seeded for single-longitudinal-mode op-
eration whereas the pump in the previous experiment
did not have any line-narrowing mechanism. Accord-
ing to the manufacturer specifications the laser has a 90
MHz bandwidth when seeded. Following theisolator, the
pump beam was linearly polarized with about 905 mJ per
pulse.

Stokes conversion efficiencies and beam quality were
measured pumping the cell at PRFs ranging from 10 to
50 Hz. Stokes pulse energies of up to 390 mJ/pulse were
measured with a 6 ns duration. Conversion efficiencies
of 43% to 38% were measured from 10 to 50 Hz; respec-
tively. The beam quality, M? parameter, was lessthan 6 at
all PRFs. Theresultsare showninfigure 2. Asanote, the
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Figure 2. Experimental results of conversion efficiency
(solid squares) and beam quality (open circles) as a func-
tion of pulse repetition frequency.

pump beam convergence was increased at higher repeti-
tion rates to maintain high conversion efficiencies. This
was likely due to increased thermal lensing at the higher
pulse rates. For all PRFs the beam convergence was set
just below the threshold where backward SRS was de-
tected.

3.3. Stokeslinewidth using narrowband pump laser

For a pump wavelength of 1064 nm, the full-width half
maximum (FWHM) Raman linewidth, Avg, in methane
can be calculated according to following empirical for-
mula given in[14]

Avg(p) =8.7+0.39p [GHZ] (1)

where p is the methane pressure in atmospheres. Eq. (1)
predicts a Raman linewidth of 12.7 GHz at a pressure of
10.2 atm.

As discussed in the literature{15; 16] when the laser
bandwidth is much smaller than the Raman linewidth,
and when the gain is high, line narrowing occurs by am-
plifying the center part of the Stokes line more strongly
than the wings. The gain narrowed Stokes linewidth is

given by [17]
Avsgn(p) = Avs(p)y/In2)/In(E¢/E3) (2

where I; and E¢ are theinitial and final Stokes energy.
Assuming an initial Stokes energy equa to one spon-
taneously emitted photon (E; = h ¢/)\s), and the final
Stokes energy of ~ 300 mJ, Eq. (2) predicts again nar-
rowed linewidth of approximately 1.6 GHz FWHM.

A Fizeau interferometer-based wavelength and linewidth
meter (High Finesse WS-7 IR) was used to measure the

beam quality, M-squared

spectral properties reported. As shown in the experi-
mental layout, Fig. (1), a smal fraction of the Stokes
beam was picked off with awedged window and focused
onto a multi or single mode fiber which was connected
to the interferometer. Without Stokes seeding the output
Stokes beam had a bandwidth of approximately 1.3 GHz
(10.0 pm) which is in reasonable agreement of the ex-
pected gain narrowed linewidth. With ~5 mW of Stokes
seeding at 1543.817 nm and pumping at 1064.500 nm,
the Stokes linewidth was measured to be 210+34 MHz
(1.67+0.27pm) with a center wavelength 1543.807 nm.
This apparent line narrowing when Stokes seeding the
SRS process is not fully understood at thistime.

In the final phase of testing, the Stokes output of the Ra-
man cell was tuned over a molecular absorption feature
by adjusting the Stokes seed wavelength. As shown in
Fig. (1) asmall fraction of the beam was passed through
two, 10 cm length, H'3CN absorption cells. The pressure
in the cells was 25 Torr and the experiment targeted the
P(2) line, which has a center wavelength of 1543.8094
nm. At this pressure the linewidth of the feature is about
15 GHz FWHM. The Stokes linewidth, center wave-
length, and pulse energy, and Stokes seed and Nd:YAG
seed wavelength were measured for a one minute aver-
age for each point across the scan. Theresult isshown as
figure 3.

To create a reference curve, the DFB seed laser (band-
width <10 MHz) was tuned over the absorption fea-
ture. Thisis shown in Fig. 3 as a line and open cir-
cles. The Stokes output, shown as filled squares in the
figure, was obtained by tuning the Stokes seed. How-
ever, it was noted that if the energy difference between
the Stokes seed and pump wavelength was greater than
4100 MHz (0.80 pm) from the Raman shift wavelength
of 3428.61 nm the points no longer followed the ref-
erence curve! Therefore, the pump wavelength was
also tuned at discrete intervals by adjusting the Nd:YAG
seeder wavelength. The bandwidth of the Stokes output,
measured with the Fizeau interferometer, over the entire
scan range from 1543.796 to 1543.866 nm, was 192+69
MHz (1.53+-0.55pm).

4. CONCLUSIONS

This paper describes the optimization and characteriza-
tion of a Raman shifter designed for high pulse energy
applications. Experimental tests show that conversion ef-
ficiencies of ~40% are obtained with good beam quality
at PRFs up to 50 Hz. Initial tests show the output Stokes
pulses have narrow linewidth and some tunability. For
future work, we intend to implement the above transmit-
ter to achieve long range and fast atmospheric scans. We
also intend to explore the potential of aerosol backscatter
calibration at 1.5 microns wavelength. If the linewidthis

For clarification, the energy is described as a function of wave-
length as 1/1064nm (pump)-1/3428nm(Raman shift) = 1/1543nm
(Stokes output)
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Figure 3. Experimental transmission measured tuningthe
Stokes output of the Raman cell over the H2CN P(2) line
(squares). A reference curve (open circles and line) was
measured by scanning feature with a DFB laser.

indeed narrow and stable, and a suitable device for use
in the receiver can be created to produce equally narrow
but complete absorption, it would be possible to separate
molecular from aerosol backscatter.
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