
Precise measurement of the rotational Raman gain
coefficient in para-hydrogen by the large-signal
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The plane-wave gain coefficient of stimulated rotational Raman scattering in para-H2 was determined for
CO2 laser-pumping pulses. Difficulties caused by lowered substantial gain for stimulated scattering in
the infrared region were overcome by measuring converted energies instead of powers in the large-signal
region. The measured gain coefficients showed excellent agreement with theoretical values.
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I. Introduction

For parahydrogen Raman lasers,1 -5 there has been a
critical difference between gain values estimated the-
oretically and those obtained experimentally. Com-
pared with theoretical coefficients, the coefficients
estimated through experiments of the para-H2 Ra-
man laser6 7 were smaller by a factor of 0.7. Such
disagreement causes a crucial problem in the optimal
designing of the apparatus, especially for scaling up
the laser system. Apart from the practical impor-
tance of this disagreement, generally it is worth
verifying the validity of the polarizability theory8 to
the cases that are pumped with infrared radiation.

The Raman gain coefficient for CO2 laser pumping
has been estimated, in a usual manner, from the
growth rate in the small-signal region.6 7 To over-
come its low effective gain, the para-H2 Raman laser
requires a multiple-pass cell (MPC),9 which provides
a long interaction length with repeated focusing.
However, the beam-crossing effect 0 caused by the
beam trajectory in a MPC makes it ambiguous to
evaluate the gain coefficient, because the precise
evaluation of the interaction length becomes difficult
under such beam-crossing configuration. Corat et
al. 11 claimed that the gain coefficient measured in a
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MPC agreed well with the theoretical one. However,
in their analysis, the contributions of the beam-
crossing effect and the transient response of the
stimulated rotational Raman scattering (SRRS) were
not considered. Transient effects12"13 are critical and
cannot be neglected because the delay of the peak of a
Stokes pulse from the pump pulse is observed clearly,
although the dephasing time of the medium is much
smaller than the width of a pump pulse.

To measure the gain coefficient precisely in the
infrared stimulated Raman scattering (SRS), we pro-
posed and carried out a reliable method that utilized a
single-pass cell. The principle of this method is
described in Section II. Section III presents an
experimental setup for the measurements. In Sec-
tion IV we present the experimental results. In
Section V we discuss the accuracy of the measure-
ment and the cause of the disagreement of the
experimental values reported previously in the litera-
ture.

II. Principle of Measurement

To exclude uncertainty caused by a beam-intersection
effect in a MPC, we chose a cell with only a single
transit for the measurement. However, because of a
low Raman gain for infrared frequencies, a single
transit cannot produce a power gain that is large
enough to be measured. In addition, under such a
low growth of the Stokes wave, it is difficult to
monitor the precise temporal profiles of pulses for the
discussion of transient effect. However, in the large-
signal limit where the power of the Stokes wave
depletes the pump power, the converted Stokes en-
ergy becomes measurable, even with a single-pass
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cell. Additional merits of the single-transit measure-
ment in the large-signal region are as follows: (1)
because powers of both waves are comparable, the
probe Stokes component is separated easily and fil-
tered from the pump wave compared with that for the
measurement in the small-signal region; (2) temporal
and spatial overlapping of the generated pump and
Stokes beams are well defined; and (3) no dynamic
range as wide as that required in the measurements
for the small-signal region is needed for detectors.

Analysis of the experimental data, however, be-
comes somewhat complicated and is helped by a
numerical calculation. For the analysis of transient
SRS, we utilize three differential equations that
describe the pump and Stokes fields and the molecu-
lar vibration or rotation of the Raman medium that is
coupled with the nonlinear polarization.' 4 Conversion
between the pump and Stokes powers and the vibration
amplitude of the Raman medium are described by the
following equations.

dPp (2~P 1/2
Z AS AVt\rrIWp(z)2 + (z)2] (lb)

dsAV^ | W( )2 + Wze] (lb)

dV ( 2 1/2 r'= B JIP*s j'T +WzJ-V (lc)t I \/g |r[W (z)2 + W22 2

where Pp and P indicate the pump and Stokes
powers, respectively; the strength of the medium
vibration is described as V; and op and ws are the
angular frequencies of the pump and Stokes waves,
respectively. The spot sizes of pump and Stokes
beams are written as Wp(z) and W8(z), respectively; F
indicates the dephasing constant of the medium; and
A and B are the constants related to the differential
cross section of the SRRS. The plane-wave Raman
gain coefficient g is expressed as

2AB
g = r. (2)

A detailed explanation and derivation of the equa-
tions are given in Appendix A. The gain coefficient
of the SRRS in para-H 2 is finally determined by fitting
increased Stokes energies, which are acquired by
comparing pulse profiles obtained by simulation with
those obtained by experiment.

In practice, the application of the above numerical
analysis requires the following procedure. First,
powers of both pump and Stokes pulses should be well
suited to the single-pass cell to gain the sufficient
SRRS interaction. Second, the temporal profiles of
the pump and Stokes pulses are monitored at both
the entrance and the exit of the cell. The signals are
digitized and stored into the memory to compare with
the calculation. Third, pulse energies are measured
by energy meters at the same time. The absolute
powers of pulses, Ppi(t), P8 i(t), Pp,(t) and P50 (t), are
then calibrated. Fourth, the amount of converted

energies is estimated. The increment of Stokes en-
ergy, AE8 , is obtained by integrating PSi(t) and P80(t):

AE, = f P,0(t) - Pi(t)dt. (3)

Fifth, the SRS is simulated by using the coupled
equations with the gain coefficient g as a fitting
parameter. The increase of the Stokes energy AE,'
is also estimated from P,0(t)' in the same manner as
AE8. Then we introduce the function that indicates
the difference between AE8 ' and AE:

D(g) = I AE3 - AEsI = 0. (4)

The final gain coefficient go is the value that makes
D(go) = 0.

In practical calculations, we used the finite-
differential method in which dz and dt were set to be 1
cm and 1/30 ns, respectively. For the determination
of the Raman gain coefficient, we continued the
computer calculation until a calculated value of AlE'
agreed with AlE, up to five figures.

Ill. Experimental Setup

The experimental setup is shown in Fig. 1. A pump
pulse was generated by a single-mode transversely
excited atmospheric (TEA)-CO2 laser oscillator with
a low-pressure gain cell and was amplified by a
two-stage TEA-CO2 amplifier. The lasing line was
tuned to lOR (30). A pump pulse presented as (a) in
Fig. 1 was introduced to the MPC filled with 1400
Torr of para-H2 at room temperature. In this condi-
tion, the Stokes pulse with its pump pulse came out of
the MPC, as shown in (b) in Fig. 1. The pump pulse
showed a slight decrement of the power in accordance
with Raman conversion to the Stokes pulse. To
produce Stokes pulses that are suited to the following
A\E, measurement in a single-pass cell, we carefully
adjusted the CO2 laser power by controlling a dis-
charge voltage of the TEA-CO2 amplifiers. Output
pulses from the MPC were already well collimated
and synchronized. These characteristics are essen-
tial for the precise measurement of the gain coeffi-
cient. Before the two coupled pulses were intro-
duced to the single-pass cell, a few percentages of
pump and Stokes powers were split by KC1 and led to
photon drag detectors independently. A BaF2 filter
was inserted on the way to the detector for pump
pulses. For the detection of Stokes pulse profiles, we
attenuated pump powers by the reststrahlen reflec-
tion of laser-induced fluorescence plates.

The single-pass cell had a length of 4 m and was
also operated at room temperature. The pressure of
para-H2 was varied between 130 and 3040 Torr.
The incident-laser beams were focused at the center
of the cell. The spatial-beam profiles were measured
at both the entrance and the exit of the cell. Focus-
ing points and beam-waist sizes of the pump and
Stokes beams were estimated, respectively, by using
the following equations:

W(Z)2= W0
2 1 + - . (5)

4166 APPLIED OPTICS / Vol. 31, No. 21 / 20 July 1992



(c)

SINGLE PASS A |
RAMAN CELL

5mR/ - I rmR

IC - BaF2
r"KCI ~ jKCI n K

Energy
Meter

Fig. 1. Experimental setup. The multiple-pass Raman cell was used as a Stokes generator. Typical pulse shapes at three points are
indicated as inserts (a), (b), and (c).

The averaged profile of a pump pulse measured at the
entrance is shown in Fig. 2. The dashed curve is a
Gaussian curve fitted by the least-squares method.
The curve traces the experimental points excellently.
Excellent agreement with Gaussians curve was also
obtained for the pump pulse at the exit and Stokes
pulses at both the entrance and the exit of the cell.
In numerical calculation, therefore, beam profiles of
both the pump and Stokes beams were ensured to be
in the TEMOO mode. This well-defined beam feature
is an additional advantage that is acquired by the use
of an MPC as a Stokes generator. It is known that
the MPC can exclude higher-order spatial modes and

r;

C'
._c
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then transmits only the TEMOO mode, because of its
resonator structure and long total pass length.' 6"17
After the transit of the single-pass cell, the beams
were corrected to a parallel beam by a mirror that was
5 m in curvature. The temporal pulse profiles were
then detected by photon drag detectors and were
compared with those at the entrance.

The calibration of powers were made as fol-
lows. In general, calibration factors Cp and C for
pump and Stokes pulses, respectively, were obtained
from the measured temporal profiles and energies.
For simplification, instead of measuring energies of
four related pulses at the same time, we measured
only the pump energy at the exit of the single-pass
cell. We chose this measurement because the energy
meter had the widest range of errors among all the
detectors used in our experiment. The energies and
the powers of other pulses were estimated by operat-
ing the calibrating functions:

Ei = f P dt = Ci f F dt,

5 10 15

Radius (mm]
Fig. 2. Spatial distribution of pump intensities at the entrance of
the single-pass Raman cell. The fitted Gaussian curve is shown
with a dashed curve.

(6)

where E, P, and F are the energy, the power, and the
detected pulse profile, respectively; i corresponds to
the pump or Stokes waves; and j corresponds to the
input or output beam. The calibration constant Cp
was obtained by Eq. (6) for the case of the output
pump wave. We obtained C by solving the following
equation:

C.f [F80(t) - F(t)]dt = - p f [Fp0(t) - F(t)]dt,
lp

(7)
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where absorption losses of these waves were ne-
glected.

IV. Results

Examples of temporal pulse profiles obtained experi-
mentally are shown in Fig. 3. Figure 3(a) presents
profiles of pump and Stokes pulses at the entrance
and Fig. 3(b) shows those at the exit after passing
through the single-pass cell. By comparing Figs.
3(a) and 3(b), we see that the two pump pulses show a
close resemblance to each other, except for the de-
pleted portion. The increased depth of the dip in the
pump pulse of Fig. 3(b) indicates that the two pulses
experienced SRS in the transit of the single-pass cell.

Various sets of pulse profiles were acquired for
numerical calculation. Some of them are shown in
Fig. 4, where the initial powers are the same as
indicated in Fig. 3(a). In Figs. 4(a), 4(b), and 4(c),
different values of the gain coefficient 0.7 go, go, and
1.3 g0 were given, respectively; g0 is the value for
AEs = AEs. With the increase of the gain coeffi-
cient, AE and the Stokes peak power increased and
the corresponding pump power was depleted. For
the case of Fig. 4(b), the converted energy AE' agreed
well with an experimentally obtained value of AE.
Excellent agreement was also obtained on the tempo-
ral profiles.

In Fig. 5, go is indicated as a function of the
pressure of para-H2. Gain coefficients obtained ex-
perimentally are averaged for some ten pulses and are
plotted by solid circles with error bars. The solid
curve represents gains calculated theoretically by Eq.
(17), which appears in Appendix A. The value of
(a/afl) required for the calculation is obtained from
the anisotropic polarizability -yoo for the S(0) transi-
tion of para-H2. We adopted the value of yoo re-
ported by Midorikawa et al.5 The value of r is given
by the Raman linewidth,18"9 which consists of the
pressure-broadened width20 and the diffusion-limited
width.18 As a result, the values of the gain coeffi-
cient obtained experimentally and the ones calculated
theoretically show excellent agreement.

V. Discussion

In this section, we first discuss the advantage of the
large-signal measurement in the transient limit.

10i
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Fig. 3. Typical temporal profiles of pump and Stokes pulses
obtained experimentally: (a) profiles of pulses before entering the
single-pass cell, i.e., those of pulses emitted from a MPC. (b)
profiles that experienced the amplification for the Stokes power

and tho depletion for tho pump powor through tho single-pass cell.
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Fig. 4. Numerically calculated pump and Stokes pulse profiles.
Temporal pulse profiles shown in Fig. 3(a) are used as the initial
pump pulses. These profiles are compared with those indicated in
Fig. 3(b). (a), (b), and (c) indicate the results when go x 0.7, go,
and go x 1.3 are assumed as a plane-wave Raman Gain coefficient,
respectively. The gain coefficient is go, which makes AES' equal to
AE,.

In the MPC that is operated below the saturation
level, it is known that output Stokes energy varies in
several orders of magnitude according to a slight
fluctuation of pump energies. In addition to the
change of peak powers, the instability of temporal and
spatial profiles of pump pulses enhances such large
variations of Stokes energies. In contrast, the large-
signal measurement becomes more complex mathe-
matically but simpler experimentally, because it is
operated in the saturation region. In this experi-
ment the whole pulse profiles were taken into ac-
count, so the error range was below ± 10%. These
errors are supposed to be caused by the energy meter,
which has the largest margin of error (E/E 0.1)
among factors involved in the experiment.

Most of the ambiguities in the measurement of
Raman gain diminished by use of a single-pass cell in
place of a MPC. One problem left to be settled is the
treatment of the transient effect, which effectively
reduces the net gain. To solve this problem, we
must measure the pulse profiles of both pump and
Stokes pulses to analyze the transient response quan-
titatively. As a result of transient effect, the shape

5

E 4-
0

-

ID

0
- I

co

5 0 500 5000
Pressure [Torr]

Fig. 5. Pressure dependence of the Raman gain coefficient of
para-H2. Values obtained experimentally are plotted with error
bars. Theoretically calculated values are indicated by the solid
curve.
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of a Stokes pulse differs from that of a pump pulse.
Stokes pulses are delayed to the pump pulses and
their pulse width becomes narrower than that of the
pump pulse. In the small-signal region the delay
time of Stokes pulses increases, but the pulse width
decreases with the increase of the Stokes power.12'21
Transient effect can be neglected when the term Ftp is
sufficiently large, in which tp is the pump-pulse width.
Only when this requirement is satisfied can the
Stokes power increase in the steady-state regime; this
power is described by Eq. (18). In this sense, the
analysis using Eq. (18) by Carlsten and Wenzel6 and
Uchida et al.7 was inadequate for precise evaluation,
because the transient effect was neglected. In the
transient regime, the precise gain coefficient should
be determined by the different expression from Eqs.
(18) and (20); the expression has to involve the Stokes
pulse shape, including the delay time to the pump
pulse as carried out in this experiment. A compari-
son of temporal change of pump- and Stokes-pulse
profiles is easier in the large-signal region than in the
small-signal region.

As we mentioned previously, gain values obtained
using a MPC were usually smaller by a factor of 0.7
than the theoretical value. In addition to the tran-
sient effect, possible causes of such a disagreement
will be attributed to the following factors. First,
there may be diffraction losses at the holes in the
mirrors for multiple passes and uncertainties of the
interaction volume or length in the beam-crossing
configuration. The beam-crossing effect depends on
crossing angles and the transverse distribution of
intensities of beams. Although there are several
hundred crossing points in a MPC and the temporal
pulse width of a pumping CO2 pulse with tail is wide
enough to cross all the points, the effect of beam
crossing has been ignored. Second, the reflectivity
of mirrors in the MPC may be overestimated. When
R indicates the reflectivity of MPC mirrors, AR
indicates the error range of R and n indicates the
number of reflections in the MPG; the range of error
expands to nARRn-1. For example, when AR is
estimated to be 1%, the total uncertainty of the
transmittance of the MPC exceeds 20%. Finally,
there may be an influence from a small amount of
higher-order transverse modes of the pump beam and
a slight difference in the mode-matching condition of
pump and generated Stokes beams in the MPC.

From a viewpoint of the physical mechanism in
SRRS, the gain coefficient of para-H2 for a circularly
polarized CO2 laser is worth measuring because of its
simple dynamic process. The successful agreement
of this measurement should be attributed to this
physical property. For precise measurement of the
gain coefficient of SRS, the Raman process should be
simple, so that there is no other competitive nonlin-
ear optical effects, such as the generation of higher-
order Stokes and anti-Stokes waves. The SRRS
with the (0) transition in para-H2 pumped by a
TEA-CO2 laser meets these severe requirements.
In this system, the description of the interaction

between the electromagnetic waves and the molecule
is given as the simplest way because only the rota-
tional levels of J = 0 and 2 interact with the photon.
Furthermore, in the SRRS process, four-wave mixing
is controlled by the condition of the polarization of
the pump wave.22 23 With circularly polarized pump
waves, the anti-Stokes wave is not generated because
of the angular-momentum conservation in the SRRS
process. The interaction length of a single-pass cell
is too short for the generation of the second Stokes
wave, which was found in a N2-cooled Raman MPC.24

In conclusion, the plane-wave gain coefficient of
SRRS in para-H2 is determined precisely by measur-
ing the energy conversion in a large-signal region.
Obtained gain coefficients showed good agreement
with the values led by the theoretical calculation,
which is based on the polarizability anisotropy of
para-H2. The precise agreement was acquired by the
carefully arranged experimental configuration and a
numerical analysis of the Raman conversion process.
The features of the method are that (1) single-transit
measurement was adopted, (2) the pump and Stokes
waves were provided by a multiple-pass Raman laser
system, and (3) two beams were interacted in the
large-signal region to treat the transient response of
the Raman medium.

Appendix A. Coupled Equations in the Transient SRS
Regime and the Plane-Wave Gain Coefficient

In this section, we introduce equations of pump and
Stokes fields and the nonlinear vibration coupled by
nonlinear polarization. The transverse-intensity dis-
tribution is treated in the limit of the TEMOO mode.
The focusing points and the beam-waist sizes of the
pump and Stokes beams are given independently to
fit the equations to the experimental configurations.

When a photon density is large enough in-the SRS
process, the electromagnetic field and the vibrational
motion of molecules can be treated by classical descrip-
tion. We follow the treatment given by Kaiser and
Maier.14 A set of differential equations for the elec-
tric fields and molecular system is prepared. It is
coupled by nonlinear polarization. When the anti-
Stokes wave and the second Stokes wave are ne-
glected, the coupled equations are written as

np Ep aEp rrw

np d + = Tr° N (d ) qEs - 1/2 Ep,

c at +az npc a\qlq Ep-1I2aE 8 ,

aq r i Iaas
at + 2 q 4Rm % )q E/Es*

(8a)

(8b)

(8c)

where Ep and E are the Fourier components of the
electric fields corresponding to the pump and Stokes
waves; q is the expectation value of the displacement
in the molecular vibration; (a/Oq) is the derivative of
the polarizability with respect to the normal coordi-
nate, q; N is the number difference of molecules
between the ground state and the excited state in a
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unit volume; m is the reduced mass associated with
the vibration; owp, w,, and ()R are the angular frequen-
cies of the pump and Stokes waves and the molecular
vibration, respectively; np and n, are the refractive
indices of the medium for the pump and Stokes
waves; and a is the power-absorption coefficient.
For these three differential equations, we assume
that the electric field consists of a sum of plane waves
with slowly varying amplitude and phases. The
backward SRS is ignored because the fairly intense
Stokes probe pulse always propagates coincidently in
the same direction as the pump wave in our experi-
mental condition.

In Eq. (8c), the slowly varying envelope approxima-
tion and the assumption that F << WoR are also applied.
In the molecular system, because the number of
molecules is large enough compared with that of the
pump and the Stokes photon, the variation of the
population difference A between the ground and the
excited states can be neglected, even if the large-
signal Raman interaction is applied. In the tran-
sient forward SRS regime, angular frequencies and
wave numbers are restricted to the resonant case,

(-)p = OR, (9a)

kp - k kR- (9b)

In the infrared region, the refraction indices np and n,
can be approximated to be 1.

For the steady-state calculation, an approximation
that

aQ r
at 2

(15)

is applied, where vibrations in the molecule are
heavily damped. The following equations are thus
obtained:

1 I, d ap oWp I I
c t az WjS8

1 aIs + _i = gpIs,Ciat al

(16a)

(16b)

where g is the plane-wave Raman gain coefficient in
the steady-state regime and is written as

167r2 c2 N du

hw,2w r dl (17)

Assuming that Ip has a constant value, we find that
the solution of Eq. (16b) results in the following
equation:

Without considering phases, we find that Eqs. (8a)
and (8b) are expressed by the light intensity,

I cn E 12 (10)

and Eq. (8c) is rewritten by the expression,

Q=NJ . (11)

Then, Eqs. (8) are expressed as

1 aIs = AQI
C at Oz o,
I ai + _ = _AQ A17 , 

-at az =

dQ F
-+ 2 Q = Bs,

where

2mwoR d 1/2
A = 2'rc 2p(o dcr)1 ,

B 2rrcN 2 dr 1/2

W5 \h~~pxRM Tfl) -

Is = Iso exp(gIpl). (18)

In the estimation using the above equations, the
transverse mode of the pump and Stokes beams is
assumed to be the TEMoo mode. The spatial distribu-
tion of the light intensity is indicated as a Gaussian
curve,15 which is expressed as

2P(z, t) [ r 21
'rrW(Z)2 WI. /1 (19)

where P(z, t) is the power of light at a point z.
Substituting I(z, r, t) into Eqs. (16), we can express

(12a) pump and Stokes waves by the power of them, i.e.,

(12b)

(12c)

dPp wp 2gPpPs
dZ - (Os 'nWp(z)2 + W(z) 2]

dPs 2gPpP,
dZ -,[WP(z)

2 + WS(z)2]

(20a)

(20b)

where a Galilei transformation is operated with the
relation that Z = z + (c/n)t. This formalism is also
applied to the set of differential equations in the

(13a) transient regime. According to Eq. (12c), the spatial
distribution of Q is supposed to be related to I1iJ,.

(13b) The spatial distribution of Q is then written as

and where the relation between (doaaq) and the total
spontaneous differential-scattering cross section (du/
dfl) are written as

da Ws3wph al 2

dQ 2mWRc
4 aq) .

Q = 27 exp -2( r )2}1/2I
Q VW WI't-

where

1 1 1

W=(Z)2 W(Z) 2 W(Z)2
(14)
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and V reflects the spatially integrated value of Q.
Then the Raman conversion equations are developed
to include the spatial distribution of the TEMoo mode.
The developed equations shown in Eqs. (1) are ob-
tained by substituting Eqs. (19) and (21) into Eqs.
(12).
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