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The influence of the optical Stark effect on spectral line shapes in four-wave-mixing Raman spec-
troscopy (FWMRS) and stimulated Raman spectroscopy (SRS) is investigated experimentally and
theoretically. While both high-resolution spectroscopic techniques commonly use focused Gaussian
beams with rather high laser intensities, the contribution of the optical Stark effect to the line
shapes has not been well explored. Using an experimental setup, capable of rapid alternation be-
tween the simultaneous measurement of coherent Stokes Raman spectroscopy and inverse Raman
spectroscopy spectra at low (mild-focusing) and high (tight-focusing) intensities, together with a so-
phisticated frequency reference scheme, we are able to perform a rather direct comparison between
Stark-broadened and non-Stark-broadened spectra of both classes of Raman spectroscopies. Exper-
imental spectra of lines in the vibrational Q branch of molecular nitrogen (N,) are obtained for low
and high pump-laser peak intensities in copropagating focused Gaussian beams. At high pump in-
tensities, the optical Stark effect leads to strong asymmetric broadening for both types of coherent
Raman spectroscopy. Our experimental results demonstrate that SRS spectra show more Stark
shift and broadening than their FWMRS counterparts. Using the theory of signal generation in fo-
cused Gaussian beams, we have generated theoretical Stark-broadened spectra for both spectros-
copies. While the experimental SRS spectra show excellent agreement with theoretical calculations,
simultaneously measured FWMRS spectra do not perfectly agree with our theory. We demonstrate
that this discrepancy can be partly reconciled by the inclusion of a resonant fifth-order process in

the commonly employed third-order theory of FWMRS.

I. INTRODUCTION

The common use of high-power pulsed lasers in
coherent Raman spectroscopies'’?> (CRS) has led to in-
creased interest in the influence of the optical Stark effect
on vibrational and rotational transitions and the resulting
changes in spectral line shapes. Previous investigations
with both four-wave-mixing Raman spectroscopy
[FWMRS,? i.., coherent Stokes Raman spectroscopy
(CSRS) or coherent anti-Stokes Raman spectroscopy
(CARS)] and stimulate Raman spectroscopy [SRS,? i.e.,
stimulated Raman gain spectroscopy (SRGS) or inverse
Raman spectroscopy (IRS)] have largely been limited to
spatially constant Stark-inducing fields.*> While this is
the appropriate method to measure Stark coefficients, lit-
tle has become known about the influence of the optical
Stark effect on spectral line shapes taken with typical ex-
perimental setups. One exception is an investigation of
ac-Stark-broadened line shapes in two-photon resonant
multiphoton ionization,® which closely resemble those in
SRS. Most experimental setups use focused laser beams
with more or less Gaussian profiles, this makes it neces-
sary to investigate the interplay between optical Stark
effect and signal generation in focused Gaussian beams,’
theoretically and experimentally for different CRS’s. The
large intensity variation in Gaussian beams leads to a dis-
tribution of Stark shifts within the beam, which has to be
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connected with the distribution of the signal generation
in the respective Raman spectroscopy.’ The Stark effect
itself destroys the degeneracy of the orientational (mag-
netic) sublevels of each rotational state. Therefore we
have to calculate the Stark shift and the fractional transi-
tion strength for each sublevel. We have done this for ro-
vibrational Raman transitions in molecular nitrogen (N,).
Nitrogen is an important example of a homonuclear dia-
tomic molecule, whose rovibrational transitions can not
be investigated with the usual methods of infrared spec-
troscopy. Furthermore, CRS in nitrogen has found many
applications in combustion and flow diagnostics.®™ 10
Section II derives Stark coefficients and fractional tran-
sition strengths for various Raman transitions in a dia-
tomic homonuclear molecule in the !=* state. Actual
values of transition probabilities, for the example of N,
are evaluated by ab initio calculation. In Sec. III we give
a short description of the experimental setup. Section IV
presents experimental results, including simultaneously
measured CSRS and IRS spectra of both Stark-broadened
and non-Stark-broadened lines in the v=0—v=1 Q-
branch vibrational spectrum of molecular nitrogen.
These spectra are compared with theoretical calculations
based on the theory of signal generation in focused
Gaussian beams,” and theoretically evaluated fractional
transition and Stark coefficients. The inclusion of a reso-
nant fifth-order contribution in the third-order theory of
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four-wave-mixing processes is discussed in Sec. V. Sec-

tion VI gives a brief conclusion of this study.

II. THEORY

Under the influence of a strong electrical field, the de-
generacy of the 2/ +1 orientational (magnetic) sublevels
(quantum number m=-—L—I+1,...,/—1,]) of a
molecular rotational energy level, characterized by the
quantum number /, is lifted, with the exception of the
+m two-fold degeneracy. A ro-vibrational Raman tran-
sition labeled as v,/ —v’,!’ in a weak field is split into the
multitude of v,/,|m|—v’,l’,|m’| transitions in a strong
electrical field. For each of these transitions, one has to
know its individual Stark coefficient th',ff'mr and fraction-
al transition strength F, 1,”,‘" ,, in order to predict experi-
mental line shapes under strong fields.

A. Fractional transition strength

In coherent Raman spectroscopy the signal is related
to the third-order nonlinear susceptibility x{3);. Using a
damped-harmonic-oscillator model driven by the beating
of two laser frequencies, o, and w,, this fourth-rank ten-
sor may be expressed as'®”

(3)( )=

Xijkl@ [(A w)—iv] 'ajay , (1)

where A is the molecular transition frequency,
0=|w,— o, the number of molecules per unit
volume, and 2y the damping constant. Here, a’ stands
for (da /dq )y, the derivative of the molecular polarizabili-
J

L Im'alv,l,m)y=(v",I",m'|alv,l,m 28, +

The first term (v’,!",m’|alv,l,m )8, . is responsible for
Rayleigh and rotational Raman scattering, while the oth-
er two terms result in Stokes and anti-Stokes vibrational-
rotational Raman scattering. For transitions between
v=0 and v’'=1, which are of interest to this paper, Eq.
(2) may be rewritten as
W= 3 A%

Iml',m
X' m'layll,m) . (4)
0,/,m

where 4 307 .=(mee/2h)N[(AY} —@)—iy] ™!, and
stands here and in the following for a’.=(v’|alv) with

=1 and v =0. We have changed from a’=(3a/dq ), in
Eq. (2) to af, because the latter will be evaluated by
ab initio calculation without the simple-harmonic-
oscillator approximation.

To simplify the respective transition-matrix elements,
in a way that their rotational-orientational parts may be
evaluated directly, we introduce a laboratory coordinate
system with unit vectors X, §, and %, and a coordinate
system for an individual molecule with unit vectors X, Y
and Z as shown in L Fig. 1. For a diatomic molecule such
as N,, we choose y4 parallel to the internuclear axis and
designate a; as a. Due to the symmetry of diatomic

m'la;ll,m,)*

0.5
I:X j [(v+1)O'58u',v+1+(v)058v
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ty tensor with respect to the generalized vibrational coor-
dinate g of the harmonic oscillator. Equation (1) can be
derived either classically!®!! or quantum mechanically.'?
In a real molecule, such as N,, all allowed transitions,
each with a transition frequency Aﬁ' 7m and an assumed
identical damping constant 2y, must be accounted for
and summed over. The third-order tensor x|}, then be-

comes

ngsk)l 2 2 ‘415)”,11”’,'1m’<U,’l”’n’|a;j|v’l"n>]‘t

v,I,mv',lI''m
X', I',m' lay|v,l,m) , 2)

with

Av,l,m — NE
ol =

o = st (AL — )

—iy]7 L.
Under the assumption of a small vibrational amplitude,

the vibrational transition-matrix element of the electronic
polarizability @ may be expanded as

(v, U',m'|alv,l,m)={v",l',m'|(a)|v,l,m)
+{(v'lglv)
><<v’,l’,m’ Qa v,I,m>.
3q |,

(3a)
Substituting the reduced matrix elements (v’|q|v ) of the
simple harmonic oscillator with unity mass,'* we have

o 10 m [ (v, l,m )
(3b)

[

molecules, the polarizability a is degenerate in the X-Y
plane and we designate ay =ay as a,. In the molecular
coordinate system these are the only nonzero elements of
the polarizability tensor. Coordinate transformation
yields the following polarizability tensor in the laboratory
coordinate system:

»>

X

FIG. 1. Laboratory (x,y,z) and molecular (X,Y,Z) coordi-
nate systems appropriate for a diatomic molecule, with the
molecular Y axis chosen to be in the x-y plane.
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(a,—a,)sin’0cos’d+a, (a;—a,)sin’6 sing cosp

a= |(a;—a,)sin*Osing cos¢p (a;—a,)sin’Osin’p+a, (a—a,)sind cos6 sing

(a;—a,)sinB cosO cosd

Due to the symmetry properties of x'*’, we need not

calculate the transition matrix elements for all com-
ponents of the polarizability, but may restrict the calcula-
tions to a3, ,3, and ay;. Using the explicit expressions
for the spherical harmonics ¥;" we write!> !4

a; =027 /15)%%y2(Y; =Y)), (6a)
ay=i(2m/15)%%y(Y; '+ 1Y), (6b)
ap;=al +4mw/5)%yYY, (6c)

where the invariants of the polarizability tensor a and y
are defined as a=(a;+2a,)/3 and y=q;—a, and the
matrix elements (I’,m’|a;;/|l,m) may be evaluated in
terms of Clebsch-Gordan coefficients.!!"13
In order to express Y*’ in a more manageable form, we
rewrite Eq. (4) as
Xh=3 S AL,

Iml',m'
X [ S mlayll,m)*
X' m'|layll,m) |, (7a)

with the fractional transition strength F ,’;,';’n, defined as

Fhm— mla | L,m Y1 m’ ey |1,m )

| — ., (7b)
b s S mlagll,m ) m g |L,m)

and 3,, 3,.-F/™. =1, by definition. Note that the quan-
tity in the brackets of Eq. (7a) is independent of m and

(a;—a,)sinB cosO sing
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(a;—a,)sin6 cost cosd
(5)

(a,—a,)cos’0+a,

r

m’'; it depends only on the reduced matrix element a (or a
and v), [, and I’. In the case where Stark effect is negligi-
ble, 4 becomes independent of m and m’, yielding the
common expression for x'*) in small fields. The remain-
ing summation over / and /' takes care of the influence of
neighboring lines.> In terms of the matrix elements of a
and y we can calculate two independent elements of y'*’
explicitly as

X3u=3 3 A Fin(@®+&bly?h), (8a)
Iml',m’
3= A i Flimkbly? (8b)
X73:3=2 X Im Vim0

where a and y strictly speaking stand for a9 and ¥, re-

spectively, and the well-known Placzek-Teller
coefficients'® b} are given as
p 3 1u-1
b= G =D ©Ga)
for the O branch,
I(1+1)
I— 9
b= =i+ ©b)
for the Q branch, and
b1[+2= 3_ Ud+nu+2) (9¢)

2 (21+1)21+3)

for the S branch. These coefficients are a special case of
the more general results for symmetric to? molecules. '
To obtain the rest of the 81 elements of X( ) we first use
the fact that our polarizability a is a symmetric tensor,
and write

TABLE 1. Isotropic and anisotropic polarizabilities of N, in units of A’=10"°m?.

I ag aj al Y0 71 141
0 21.895220 22.080 880 0.690 539 8.621598 8.864717 0.753928
1 21.895 360 22.081020 0.690 545 8.621748 8.864 854 0.753 945
2 21.895 630 22.081 300 0.690 563 8.622 046 8.865 132 0.753 980
3 21.896 040 22.081710 0.690 589 8.622 490 8.865 545 0.754 036
4 21.896 580 22.082 250 0.690 625 8.623 084 8.866 098 0.754 109
5 21.897270 22.082 940 0.690 671 8.623 827 8.866 789 0.754 200
6 21.898 090 22.083 770 0.690727 8.624718 8.867 620 0.754 310
7 21.899 040 22.084 730 0.690 790 8.625758 8.868 587 0.754439
8 21.900 130 22.085 830 0.690 856 8.626 946 8.869 696 0.754 580
9 21.901 360 22.087 060 0.690936 8.628 285 8.870 944 0.754 744
10 21.902730 22.088 440 0.691025 8.629773 8.872333 0.754925
11 21.904 220 22.089 950 0.691 124 8.631 409 8.873 861 0.755 122
12 21.905 860 22.091610 0.691230 8.633 194 8.875531 0.755 338
13 21.907 640 22.093 400 0.691 345 8.635131 8.877 344 0.755 573
14 21.909 550 22.095 330 0.691 470 8.637215 8.879 299 0.755 822




6986

(3) —(3) —(3) —(3)
Xijki = Xijik = Xjikt = Xjitk - (10)

General symmetry considerations for isotropic media
along with Eq. (10) make all 21 nonzero elements expres-
sible!” in terms of two independent elements Y3}, and
X535 To evaluate the fractional transition strength
F/:,',",,,, we limit the calculation to our experimental situa-
tion, where the polarizations of pump and probe laser
and detection system are all parallel, i.e., i=j=k =/ In
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this case we have Am =0, and the fractional transition
strengths for the degenerate levels +m and —m are iden-
tical (F/7 =F[_7). In this case the explicit evaluation
of Eq. (7b) for the different Raman branches yields with
i=j=k=I

m 15 (P=mA[(I—12—m?]
21— 1)(20—3)4l—1)

F1—2,m
for the O branch,

(11a)

TABLE II. Stark coefficients %77 (mm2J~') and relative transition strengths F®}™ for some lines

in the Q branch of N,.

! m Vi Fim ! m i Fim
0 0 —0.46731 1.000 00 9 0 —0.57008 0.07181
1 0 —0.630 50 0.53309 9 1 —0.566 65 0.142 14
1 1 —0.38573 0.466 91 9 2 —0.556 39 0.13774
2 0 —0.583 86 0.28326 9 3 —0.53928 0.13057
2 1 —0.52559 0.47319 9 4 —0.51533 0.12084
2 2 —0.35077 0.243 55 9 5 —0.484 53 0.108 89
3 0 —0.576 09 0.198 10 9 6 —0.446 89 0.095 13
3 1 —0.54890 0.364 66 9 7 —0.402 41 0.08007
3 2 —0.46733 0.27786 9 8 —0.35109 0.064 30
3 3 —0.33138 0.159 38 9 9 —0.29292 0.048 51
4 0 —0.57326 0.152 89 10 0 —0.569 90 0.064 95
4 1 —0.55737 0.29137 10 1 —0.567 11 0.12879
4 2 —0.509 71 0.25022 10 2 —0.55872 0.12554
4 3 —0.43027 0.188 59 10 3 —0.54475 0.12020
4 4 —0.31906 0.11693 10 4 —0.52519 0.11292
5 0 —0.57189 0.124 63 10 5 —0.50005 0.103 90
5 1 —0.56144 0.24148 10 6 —0.469 31 0.093 38
5 2 —0.53007 0.218 88 10 7 —0.43298 0.08167
5 3 —0.477 81 0.183 68 10 8 —0.39107 0.069 14
5 4 —0.404 63 0.13958 10 9 —0.343 57 0.056 20
5 5 —0.31055 0.09176 10 10 —0.29048 0.043 32
6 0 —0.57111 0.10524 11 0 —0.56977 0.05928
6 1 —0.56370 0.205 80 11 1 —0.56745 0.11773
6 2 —0.54146 0.19209 11 2 —0.56047 0.11525
6 3 —0.50441 0.17029 11 3 —0.548 85 0.11117
6 4 —0.452 54 0.14198 1 4 —0.53258 0.10559
6 5 —0.38584 0.109 35 11 5 —0.51165 0.098 62
6 6 —0.304 32 0.07526 11 6 —0.48608 0.09043
7 0 —0.57063 0.09109 11 7 —0.455 86 0.08121
7 1 —0.56509 0.17915 11 8 —0.42099 0.07118
7 2 —0.548 50 0.17022 11 9 —0.38146 0.060 62
7 3 —0.520 84 0.155 84 11 10 —0.33729 0.049 81
7 4 —0.482 12 0.13678 11 11 —0.28847 0.039 11
7 5 —0.43234 0.114 10 12 0 —0.569 67 0.054 53
7 6 —0.37150 0.089 17 12 1 —0.56770 0.108 40
7 7 —0.299 59 0.063 66 12 2 —0.56181 0.106 47
8 0 —0.57030 0.080 30 12 3 —0.55199 0.10329
8 1 —0.566 02 0.158 54 12 4 —0.53823 0.098 92
8 2 —0.55315 0.152 40 12 5 —0.52055 0.093 43
8 3 —0.53171 0.142 44 12 6 —0.49894 0.086 94
8 4 —0.50170 0.129 06 12 7 —0.473 41 0.079 58
8 5 —0.46311 0.112 83 12 8 —0.44394 0.071 48
8 6 —0.41594 0.094 47 12 9 —0.41054 0.062 83
8 7 —0.36020 0.074 87 12 10 —0.37322 0.053 82
8 8 —0.295 89 0.05509 12 11 —0.33197 0.044 67
12 12 —0.28678 0.03563
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2 .
a”—zy" 3m2—1(1+1) frequency is
Y3 I—1)(21+3) _1 _
Flm=— (11b) Av=o Wy im =W im)
AN o 4 o 1U+D
v 45 7/1) (21_1)(21+3) _ —I v U_g v m12_11(11+1)
for the Q branch, 2he |7V TV 3PV QI —1)2'+3)
2_ 2 22 -
T e o e ST 2, 3mi— 1) ‘ (14)

for the S branch.

We have determined the isotropic and anisotropic po-
larizabilities a{, al, a9, ¥9, ¥!, 7%, and the Raman transi-
tion matrix elements of N, based on the ab initio data of
Langhoff et al.,'® who determined «; and a, as a func-
tion of internuclear distance. The vibrational wave func-
tions used in the calculations of these matrix elements are
numerical solutions of the one-dimensional Schrodinger
equation with an RKR potential,'® without using the
simple-harmonic-oscillator approximation. The results
are listed in Table I as a function of the rotational quan-
tum number /. The ab initio results for both a9 and 7}
are in good agreement with experimental results.”*2! The
resulting numerical values of the fractional transition
strength F,’r,',',', for some lines in the Q branch of N, are
listed in Table II.

B. Stark effect

The influence of strong electrical fields, either dc (static
field) or at optical frequencies (laser field), on molecules
leads to Stark effect, i.e., a shift of molecular energy levels
as a function of the electric field. Homonuclear mole-
cules do not have a permanent electrical dipole moment.
The first-order Stark effect is zero and we are dealing
with the second-order Stark effect. Therefore we must
consider the magnitude of the induced dipole moment
Po=€oEy. The energy shift of the molecule in a dc elec-
trical field is

Edc
W=—eoaf0 EdE=—leqE}, . (12a)
For an optical electrical field we replace E3, with the
time average of the squared electrical field (E*)=1EJ.
Assuming the applied field is in the z direction, i.e.,
E=(0,0,E;), we have

W=—leaynE] . (12b)

Quantum mechanically we have to replace the tensor
elements of a by the corresponding transition matrix ele-
ment {vlm|a,;|vim ), which can be calculated explicitly.
Using the relationship between intensity I and electrical
field amplitude E,, I =%ceoE(2), of an electromagnetic
wave, we can write the resulting energy shift W due to
the optical Stark effect as

_ =TI, 2 ,3m*=I(+1)
W e % 3" -2+ | 13)

For a transition from a lower energy level v,I,m to a
higher level v’,l’,m’ the resulting shift of the transition

where h is Planck’s constant. For Am =0 transitions in
the Q branch this equation simplifies to

Av:L_I_

. ' 3mi—1(1+1)
VgV 2(a0 a0 -
2hC au’ av 3(70 Y )

" (21 —1)(21+3)

] . (15)

Now we define the Stark coefficient B as

vim Av
mo = 1
v'l'm I ’ (16)

and the resulting Stark coefficients %™ for nondepolar-
ized (Am =0) Q-branch transitions in molecular nitrogen
are listed in Table II. Under strong field, the intensity-
dependent third-order susceptibility may be obtained
from Eq. 4) or Eq. (7) with AY7 . replaced by
AF){'Ir}m' +le"l”1m 1.

III. EXPERIMENTAL SETUP

To perform CRS we use an experimental setup with
two lasers (Fig. 2). A pulsed laser beam is generated by
passing the output of a 70-mW single-mode tunable cw
dye laser through a pulsed amplifier.?? This way we ob-
tain S-nsec pulses with a nearly Fourier-transform-
limited linewidth of 116 MHz. The peak power is 2-4
MW at roughly 584.5 nm, and the repetition rate is 10
pulses/s. For the second (probe) laser we use a 514.5-nm
cw single-mode Ar*-ion laser with roughly 200-mW out-
put power and a line width of several megahertz. The
fluorescence of a temperature-stabilized I, cell is used to
lock the frequency of the Ar™-ion laser to the side of an
I, line.

Minicomputer

D/A |, A/D

IRs__| Electronic

Signall Gating Amplifier

Reference

V
Converter | Converter

H ” Probe ‘_S
‘Scar] Control s < Beam & >
Signal
Electronic i
Gating
CSRS
Beam Cell 2 Cell 1
N
Amplifier
— ulsed Dye }
nneFrlf‘r:'nce Amplifier
PMT
Chopper
Monochromator M‘sg‘: N:gglee
Scan Control | Gy Dye Argon
Laser Laser

FIG. 2. Experimental setup.
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Although for lasers with given power, SRGS and IRS
signals are equally large in terms of photon numbers, the
relative gain-loss depends on the power of the respective
probe laser beam. With the pulsed dye laser being some
seven orders of magnitude more powerful than the cw ar-
gon laser, the relative gain in SRGS is roughly seven or-
ders of magnitude weaker than the relative loss in IRS.
The situation for FWMRS is similarly asymmetric.
While the CARS signal is proportional to P4y P2 the
CSRS signal is proportional to P(ziyePargon and therefore
some seven orders of magnitude stronger. Thus we chose
to detect the IRS and CSRS signals.

The argon laser beam is divided by a beam splitter into
probe and reference beams. A telescope is then used to
match the argon laser beam size to that of the dye laser.
We overlap dye and argon laser beams with a dichroic
mirror and focus them with an air-spaced achromatic
lens (f=5 cm) into the first cell. This focus is imaged
into the second cell by another achromatic 5-cm lens.
We position this lens so that the second focus occurs 50
cm behind it (Fig. 3). Therefore the second focus has ten
times the spot size and 1% of the maximum intensity of
the first focus. At the end of the second cell we use a sim-
ple 50-cm lends to collimate both beams. During the ex-
periment, one of these cells is filled with nitrogen at a
pressure of 10 kPa and a temperature of 292 K, while the
other cell is evacuated. By evacuating one cell and filling
the other, within less than a minute we can switch from
CRS signals generated in a tight focusing arrangement
(cell 1 filled, spectra with Stark effect) to signals generat-
ed in a mild focusing arrangement (cell 2 filled, spectra
without Stark effect), without any realignment of optical
components. :

At the front end of the second gas cell we can insert a
parallel glass plate to reflect part of the beam out of the
cell. This way the beam can be profiled by the following
arrangement (Fig. 3). A photodiode, mounted directly
behind a 5-um slit is scanned with a motorized transla-
tion stage across the beam and beam profiles can be

recorded. In the case of a cw beam the photodiode out-

put is simply amplified and digitized, while for pulsed

Reference

Photodiode| Beam
" l Ll\_ b'ﬁanslanon b

5 Slit
um Sli + Stage

Lens L J
f=50cm Aperture—= == i 4

Dichroic  Beam

Cell 2 Z5cm | Mirror  Splitte

o N
prism Optional =7 [/ TS

4 Beam Splitte 4

Window|[ ' g,

N Vacuum H rewster Zoom

: Pump \ Window Lens

+ {[Four Way Cross

' iOver Ball Valve Telescope

: 3 i
Focal Poinl Focal Point b
of Cell 2 F{vane of Cell 1 Dye s

Laser Laser

Nitrogen

FIG. 3. Setup for coherent Raman spectroscopy with two gas
cells.
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beam, we use a gated integrator to sample the signal and
store it between laser pulses for digitization. The transla-
tion stage is mounted on an optical bench parallel to the
beam, so it can be easily moved to acquire beam profiles
at different distances from the focal point. This way focal
point, Rayleight length and spot size of both beams can
be determined and matched. This procedure is rather
time consuming, but once it has been completed, it does

‘not have to be repeated until the basic setup is changed.

After passing through the cells, the beams are separat-
ed by a prism and the dye laser beam is blocked by a
beam dump. The CSRS beam is spectrally filtered by a
monochromator, colored glass, and interference filters to
eliminate traces of pump laser light. A photomultiplier,

.mounted behind the monochromator detects the CSRS

signal. The argon laser probe and reference beams are
detected by fast photodiodes and we subtract the respec-
tive signals to eliminate argon laser intensity noise. Us-
ing the argon laser line at 514.5 nm, we tune the dye laser
near 584.5 nm to be in resonance with the Q branch
v =0—v =1 vibrational transition in molecular nitrogen
(2330-cm ™! Raman shift). We scan the dye laser digitial-
ly over the Raman resonances, with eight dye laser pulses
per frequency step. IRS and CSRS signals are electroni-
cally gated and then simultaneously recorded on a shot-
to-shot basis by a minicomputer. To check for scan non-
linearities and measure the frequency of the dye laser, we
split off a part of the cw dye beam before amplification
and record, simultaneously with the Raman spectra, a sa-
turated absorption spectrum of I, and a transmission
spectrum of a Fabry-Perto interferometer with a free
spectral range of about 75 MHz.?

IV. EXPERIMENTAL RESULTS AND COMPARISON
WITH THE THEORY

Using the setup discussed in Sec. III, we have recorded
spectra of several lines in the vibrational Q branch
(v=0—v—1) of molecular nitrogen (N,) under various
experimental conditions. Generally we alternate between
recording spectra with and without Stark broadening.
This makes it possible to separate the contributions of
Stark broadening from other factors which contribute to
Raman line shapes. To check our understanding of the
contributions to the non-Stark broadened line shapes, we
have analyzed spectra taken with low pump laser intensi-
ty. This analysis, which has found excellent agreement
between theory and our experimental results, has been
the subject of a recent publication.3 In this section, we
first discuss our frequency linearization and frequency
reference procedures, before we compare experimental
spectra without and with the influence of optical Stark
effect with respective theories.

Typical simultaneously recorded IRS, CSRS, iodine
(I,), and Fabry-Perot (FP) spectra are shown in Figs.
4(a)-4(d), respectively. Each spectrum consists of 2'°
(i.e., 1024) data points, each averaged over eight laser
pulses at a constant dye laser frequency. The common x
axis is a frequency scale derived from the analog voltage,
which controls the dye laser scan, assuming a linear rela-
tionship between this voltage and the dye laser frequency.
Due to the existence of unpredictable nonlinearities in
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FIG. 4. Simultaneously recorded data. (a) IRS spectrum of
the /=4 vibrational Q-branch transition (v=0—v=1) in
molecular nitrogen. (b) CSRS spectrum of the /=4 vibrational
Q-branch transition (v=0-—v=1) in molecular nitrogen. (c)
Doppler free spectrum of molecular iodine. (d) Transmission
spectrum of the 75-MHz Fabry-Perot interferometer.

the laser scan mechanism, the relationship between this
voltage and the actual laser frequency is neither exact nor
reproducible. The irreproducible nonlinearities of our
system are in the order of several percent. This non-
linearity is clearly seen in Fig. 5(a), where we plot a por-
tion of the Fabry-Perot transmission spectrum previously
shown in Fig. 4(d) against the frequency derived from the
analog voltage, with a grid spacing corresponding to the
free spectral range (74.295 MHz) of the Fabry-Perot.
The spacing of the transmission peaks does not always
agree with the grid spacing. To construct an improved
frequency scale, nearly linear in dye laser frequency rath-
er than proportional to the analog voltage, we use the
Fabry-Perot peaks as equidistant frequency markers. To
determine their position as well as possible, we fit the
transmission Airy formula, which is the theoretical
description of the transmitted intensity,?* to each pair of
neighboring peaks. This gives us the change in dye laser
voltage corresponding to the free spectral range of the
Fabry-Perot, for each pair of neighboring peaks. A new
frequency scale is then constructed by linear interpola-
tion between the peaks. Figure 5(b) shows the spectrum
of Fig. 5(a) plotted against the new linearized frequency
scale; the improvement is obvious. We have further
checked this procedure by comparing the iodine spectra
[Fig. 4(c)] of several different scans over the same fre-
quency range. The linearization of the frequency scale
leads to excellent agreement between the respective peak
positions of different I, scans. The frequency scales of all
experimental spectra shown in the following sections
- have been linearized by this procedure. Furthermore, we
can establish a common frequency scale for different
scans by overlapping their respective iodine spectra [Fig.
4(c)]. This procedure is legitimate only for spectra taken
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on the same day, because the lock point of the Ar™ laser
will differ from day to day. A common frequency scale
for scans from different days may still be established by
overlapping non-Stark-broadened scans taken under iden-
tical conditions. Spectra for most experimental condi-
tions have been recorded several (up to 20) times. The
spectra actually shown are typical examples of the spec-
tra with good signal-to-noise ratio.

A. Beam profiles

Using the arrangement described in Sec. III we have
obtained profiles of the laser beams in cell 2, which will
be used to estimate the peak energy density and intensity
in cell 1. To obtain transverse beam profiles we scan a 5-
pm slit across the respective laser beam which has been
reflected out of cell two with the help of an optional beam
splitter, as shown in Fig. 3. Such profiles are shown, as
solid lines, for the cw Ar™ and the pulsed dye laser beam
in Fig. 6(a) and Fig. 6(b), respectively. To determine the
beam radius (1/e? points of the intensity), we have fitted

"
- I
i i 1F(-ihequerf:y (FSR)
0 (D)
] uulbbbulububbwwmbpuuuubﬂudlbbu

5 10 15 20 25 30
Frequency (FSR)

FIG. 5. Part of the Fabry-Perot spectrum in Fig. 4(d). (a)
Frequency scale derived from dye laser scan voltage. (b) Linear-
ized frequency scale derived from Fabry-Perot peaks.
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r(um) r(um) spiking due to the beating of longitudinal modes in the
o S0 300 0 100 200 300 400 500 Nd-YAG laser cavity, we have chosen to model the time
2 3 evolution with a Gaussian function as
5 §
1
2 2 Iy =Ipexp |- 22 2| (19)
= ° 5t
E‘ & where 8¢ stands for the measured half-width at half max-
500 e 500 imum (HWHM) of 8¢=3 nsec £30%. Integrating over
300+~ 300 this time evolution we relate the peak intensity in space
=~ oo r (el 100 2 and time I, to the maximum spatial energy density E 3"
= T 7 0.5 r~den
-100~ -100 ¢ 1 E
c-1000 /\ o= |12 | 20 _gy10' W/mi+55% ,  (200)
-300F -300 T St
’5003[36*’ “tspet tf 760 s06° 7 'eto” " TB0G 000
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FIG. 6. Results of beam profiling. (a) Beam profile of the cw
Ar" laser (solid line) together with a Gaussian fit (dotted line).
(b) Beam profile of the pulsed dye laser (solid line) together with
a Gaussian fit (dotted line). (c) Measured beam radii of the cw
Ar™ laser (squares) together with a theoretical fit (solid curves).
(d) Measured beam radii of the pulsed dye laser (squares) to-
gether with a theoretical fit (solid curves).

Gaussian functions (dotted lines) to both curves. We note
that, despite a slight asymmetry, the experimental results
agree rather well with the Gaussian fit. Nine to ten
transverse beam profiles were acquired for each beam,
varying the distance from the focusing lens by roughly 5
cm (2"') between the individual profiles. The resulting
beam radii (squares) together with a theoretical fit” (solid
line), which describes the beam sizes along the propaga-
tion axis, are shown in Figs. 6(c) and 6(d). The theoreti-
cal fit assumes that the Rayleigh length z;, and the spot
radius w, are related by zo=mw3 /A, where A is the laser
wavelength. We note that while we do not have perfect
Gaussian beams, the Gaussian approximation with iden-
tical parameters for both beams appears to be reasonable.
According to Fig. 6(d), the focus of the pulsed beam
occurs in a distance of z, =540 mm +5% from the imag-
ing lens with a spot radius of wy, =80 um=+20%. The er-
ror limits are not the result of a statistical analysis of the
fit, but an educated guess. We use geometrical optics to
calculate the spot radius in cell one as
w01=w02——f-—=8.2 umt21% . (17)
2~ f
The measured average power of the pulsed dye laser is 55
mW +20% at a repetition rate of 10 Hz, corresponding
to an energy of 5.5 mJ +=20% per pulse. We use a stan-
dard formula for Gaussian beams to calculate the peak
energy density at the focal point (z=0, r =0) as

Egen:li 5.2 107 %i45% . (18)
m

m w%

To estimate the peak intensity of the dye laser pulse, we
have measured its time evolution with a fast photodiode
(rise time <100 psec) and a 500 MHz storage oscillo-
scope. While the time evolution shows some irregular

or directly to the measured parameters

5 z __f‘ 2
E 1% =8 GW/mm?+55% .
wo f

5t

In(2)

T

2

o

Iy=

(20b)

Due to the large accumulative error of this measurement,
we will use the value for the peak intensity only as an
order-of-magnitude estimate.

B. Stark broadened SRS spectra

To calculate Stark-broadened SRS spectra we use equa-
tions which describe the SRS signal generation in focused
Gaussian beams.” The total power of the IRS signal as
used in our experiment is

16 k2 53 ©
AP,=— ——P\P, | "dz | “drrx"(P,,r,z)G},
) w ce 1 2f21 zfo rrx"(P,r,z)Gj

(21a)
where G, is the Gaussian intensity distribution
21t —2(r /wy)?

G,(r,z)=1, |1+ |— exp |———— |, (21b)

0 1+(z/z)

P, and P, are, respectively, the incident pump- and
probe-laser powers, which may be a function of time, and
AP, is the change in probe power, i.e., the IRS signal.
Due to the Stark effect, x¥'’, the imaginary part of the
third-order nonlinear susceptibility y'*’ is a function of
laser power and spatial position. Since the pump-laser in-
tensity is in our case far higher than the probe-laser in-
tensity, it is the sole cause of the Stark effect. We have to
adapt Eqgs. (21) to our experiment which uses parallel po-
larized lasers and a detection system which is not polar-
ization sensitive, Y'’ stands therefore for the tensor ele-
ment X3333. A pulsed pump laser and a cw probe laser re-
sult in a pulsed signal, which is integrated by the detec-
tion system over the duration of each pulse, yielding the
SRS energy per pulse. Therefore we have to include an
integration over the time evolution of the pulsed laser
into our theoretical results. The length of the interaction
region in cell one (=~ 10 cm) is about 200 times larger than
the Rayleigh length (z,=~0.36 mm); the limits of integra-
tion z,, and z, can therefore be approximated by —
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and + o, respectively. Taking all of the above into ac-
count and neglecting proportionality constants, which do
not influence the line shape, we may rewrite Eq. (21) as

ME~ [T dtem’ [* dz [ “drx"G}, (22)

where AE is the energy of the SRS signal generated by
one laser pulse, e~ %" is the Gaussian approximation of
the time evolution of the dye laser intensity, with
J

Xi(A0)=B 3 3 F}in 5

a=1In(2)/8t% and 6t=3 nsec being the HWHM. Due to
the Stark effect '’ is a function of the Stark coefficient B
and the local pump intensity, which is a function of ¢, z,
and r. Under our experimental conditions we may
neglect phase modulation induced by the rapid Stark tun-
ing of the molecular transition frequency?® and include
the Stark shift directly in the Lorentzian part of x'’. For
a Q-branch vibrational-rotational transition
(v=0—v=1) ¥’ may be written as [Eq. (8a)]

1=0,00 m=—1,1

where B is a constant, Aw has been defined as
Av=A—w=A—(w,—w;), and the pump intensity I,
which induces the Stark shift 81, may be written as

I(t,z,r)=Iye ~*'G,(z,r) . (23b)

To obtain Y including Doppler broadening and laser
linewidth, we convolute y; with the respective Doppler
and laser line shapes® G and P as

X'=x[¥GxP . (23¢)

We have used Egs. (23) to calculate Stark-broadened
SRS line shapes for the /=4 vibrational-rotational transi-
tion in the Q branch of N, for various peak intensities /.
The summation over [/ in Eq. (23a) has proven to be un-
necessary in these SRS calculations, since compared to
the Stark broadening the influence of neighboring lines
turned out to be negligible. Results, with the maximum
signal normalized to 1, are shown in Fig. 7 for peak in-
tensities between 0 and 16 GW/mm?. We note that at a
fairly low peak intensity (I,=1 GW/mm?) the spectral
peak is shifted and the line shape somewhat broadened
towards higher frequency (smaller Raman shift). At
higher intensities the peak shift increases only minimally,
while the asymmetric broadening significantly changes

o o o -
'S -] @® o
T T T T

SRS signal (arb. units)
~

0

A 1
.45 -1.0 -0.5 0.0 0.5 1.0 4.5 2.0 2.5
Frequency (GHz)

FIG. 7. Theoretical SRS spectra of the /=4 vibrational Q-
branch transition (v =0—v =1) in molecular nitrogen for peak
intensities of I,=0,1,2,4,8,16 GW/mm?, as a function of Aw.

hm [Ao+BYimItz,n P +y2

(23a)

—

the line shape and linewidth. A qualitative explanation
of this result may be found in the fact that at high inten-
sities, the signal generated close to the origin (t,z,r =0) is
spread in frequency due to the large range of Stark shifts.
The spectral peak is, however, still due to the nearly un-
shifted signal, generated away from the origin in time and
space (r,z,t=0) at fairly small intensities. This leads to
small peak shifts together with a strong asymmetric
broadening of the wings.

An experimental IRS spectrum of the /=4 vibrational
Q-branch transition in nitrogen, which shows substantial
Stark broadening, together with a theoretical calculation
is shown in Fig. 8(a). To overlay theoretical and experi-
mental curves, we have fitted only peak intensity and zero
offset of the signal. This fitting procedure has led to a
peak intensity of 4.8 GW/mm?, within the limits given by
our beam profiling results (8 GW/mm?*+55%). The
common frequency scale for theory and experiment has
not been adjusted; it is simply that of the non-Stark-
broadened spectrum from a subsequent measurement.
We have chosen the peak of the theoretical fit to this
non-Stark-broadened spectrum as the zero of our fre-
quency scales® for /=4. As described in the beginning of
Sec. III, we use the respective Fabry-Perot spectra to
define relative linear frequency scales for both spectra.
Then we overlay the multitude of iodine hyperfine lines
[Fig. 4(c)] of one scan with those of the other scan. This
way we transfer the zero of the frequency scale from the
non-Stark-broadened to the Stark-broadened spectrum.
A comparison with the theory therefore evaluates not
only the prediction of the line shape for the Stark-
broadened spectra, but also the prediction of the shift be-
tween non-Stark-broadened and Stark-broadened SRS
spectra. Figure 8(a) shows good agreement between
theory and experiment. Minor disagreements in the line
shape are probably due to the imperfect assumption of
identical Gaussian profiles for pump and probe laser and
the rather crude approximation of a Gaussian time evolu-
tion of the pump-laser intensity. Figure 8(b) shows the
experimental result together with calculated spectra cor-
responding to peak intensities of 4.0, 4.8, and 5.5
GW/mm?. We note that a change of about 15% in peak
intensity corresponds to a noticeable change in line
shape.

To directly compare non-Stark-broadened and Stark-
broadened IRS spectra of /=4 we have applied a 25-point
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smoothing routine?® to subsequently taken non-Stark-
broadened and Stark-broadened spectra. The resulting
experimental IRS spectra are both shown in Fig. 8(c).
One recognizes directly the major influence of the Stark
effect on line shape and peak position. The Stark-
broadened IRS spectrum was taken with cell 1 filled with
10 kPa of nitrogen and cell 2 evacuated, while we have
reversed this situation to record the non-Stark-broadened
IRS spectrum. Due to the fact that we have left all other
experimental parameter unchanged, Fig. 8(c) represents a
rather direct comparison between Stark-broadened and
non-Stark-broadened IRS spectra. Figure 8(d) shows the

same comparison for the theoretically calculated SRS
J

Zkgkz —itan
=5
2 26%

2 *® % ixz /4
Plef d.x dz e
T°c 0 Z

(1+z2

-1,
~e——-)37 f dr r)(m*Jo(x 12y )exp
0
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spectra. The similarity between Figs. 8(c) and 8(d) is evi-
dent.

The same analysis was performed for scans of the /=12
vibrational Q-branch transition in molecular nitrogen, re-
sulting in equally good agreement between theory and ex-
periment.

C. Stark-broadened FWMRS spectra

To calculate Stark-broadened FWMRS spectra we fol-
low similar procedures as for SRS. The generation of
CSRS signal in focused Gaussian beams is described by’

2
> (24)

iz—3
1+z2

r2

where J, is the zero-order Bessel function, x is a dummy variable, and r and z are written in units of spot radius w, and
Rayleigh length z,, respectively. Equation (24) is adapted to the experimental situation by making the pump-laser in-
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FIG. 8. Stark broadened Raman spectra of the /=4 vibrational Q-branch transition (v =0—v =1) in molecular nitrogen as a func-
tion of Aw; i.e., with the dye laser scanned towards higher frequency (smaller Raman shift). (a) Comparison between theoretical
(solid curve, I,=4.8 GW/mm?) and experimental (dots) IRS spectra. (b) Comparison between theoretical (solid line, I, =4.0, 4.8, and
5.5 GW/mm?) and experimental (dots) IRS spectra. (c) Comparison between non-Stark-broadened and Stark-broadened experimen-
tal IRS spectra. (d) Comparison between non-Stark-broadened and Stark-broadened (I,=4.8 GW/mm?) theoretical IRS spectra.
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tensity a Gaussian function of time, corresponding to a pulsed pump laser. Furthermore, we integrate the whole ex-
pression over time, which corresponds to a detection scheme which is non-time resolved for any laser pulse, detecting
the total emitted energy per pulse. Neglecting all constants which do not influence the line shape we rewrite Eq. (24)

for detected energy per pulse as

E~ fj:dt e’z“'zfowdx fj:dz e

—j -1
ixz/4_€ ftan 2

(1+2z2%)

where e =%

7 fowdr rxJo(x2r)exp

- — 3 2
2z , (25a)

1+2z22

r2

|

? is the Gaussian approximation of the time evolution of the dye laser intensity, with @ =In(2)/8¢2 and 6:=3

nsec being the HWHM. Taking advantage of symmetries in z and ¢, we rewrite Eq. (25a) as

0 o0 =] 0 0 2
E(8w)~ [ “die ™ P(8w,)= [ "dre 7 [ “dx| [ “dz [ “dr xtde.D)f(r,z0) |

with
—3,2 | rWo(x?r)
(r,z,x)=ex
4 PIT522 | (1+z22
X |cos £+ zr’
4 1427
2
. | xz zr
+zsin |—+ .
4 1+z2H

(25¢)

The numerical evaluation of this formula is fairly in-
volved and its basic principles will be described in the fol-
lowing. We note that the integrand in Eq. (25b) consists
of two factors. A real function f(7,z,x) of the coordi-
nates r,z and of the dummy variable for integration x,
and the complex third-order nonlinear susceptibility
X(Aw,I), a function of detuning Aw and local intensity
I(r,z,t), which can be calculated from Egs. (23) by re-
placing the imaginary part of the Lorentzian with the
complete complex Lorentzian. We change the variable of
integration from ¢ to I, =I,e ~ * and obtain

I

0
E(Aa,Ig)~ [ %dI
oI~ [, T=aInI, /1)1*°

I,

P(Aw,I,), (26a)

with

2
Pdo,1)= [ "dx | [“dz [Far firz 00,00 |

(26b)

where X, R, and Z are the upper limits for the numerical
integration. A4 priori it is unclear how to choose these
limits and the number of evaluation points in each dimen-
sion. We have solved this problem rather pragmatically
by increasing the limits and the number of evaluation
points until the calculated spectra converge to their final
form. This has led to X=20, Z=20, R=10, and 50 eval-
uation points in each dimension. For these values we es-
timate the remaining error for any Aw to be less than 1%
of the maximum signal. First, we evaluate the generated
power P(Aw,I,) on an equidistant two-dimensional grid
for different detunings Aw (72 points, 50-MHz spacing)
and intensities I, (51 points, 0.1 GW/mm? spacing). The

(25b)

rather complicated function f(r,z,x) is independent of
Aw and I, and does not have to be reevaluated for
different positions on the grid. One part of f(r,z,x) is a
Bessel function J,, which is calculated by an approxima-
tion with rational functions or polynomials, depending on
the size of its argument.?” The third-order nonlinear sus-
ceptibility yY(Aw, I =0), including the appropriate pres-
sure, Doppler, and laser broadening [Egs. (23)], is first
stored in a one-dimensional look-up table. Then we use
the complex form of Eq. (23a) to calculate a two-
dimensional array of y for 3672 different combinations of
Aw and I, values between these points will be evaluated
by linear interpolation. The summation over the rota-
tional quantum number / [Eq. (23a)] is terminated at /=38
for the calculation of the spectrum for /=4, this includes
all neighboring resonances within 30 GHz which can
influence the /=4 FWMRS line.> Finally we use a closed
Newton-Cotes formula, the extended trapezoidal rule,?’
for the three-dimensional integration, Eq. (26b), calculat-
ing 3672 values of P(Aw,I,) for the different combina-
tions of Aw and I,. Using Microsoft Fortran V4.01 on a
16-MHz Intel 80386 based personal computer with a
80387 numerical coprocessor, this calculation takes

1.0 1
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FIG. 9. Theoretical FWMRS spectra of the /=4 vibrational
Q-branch transition (v =0-—v=1) in molecular nitrogen for
peak intensities of I, =0,1,2,4 GW/mm?, as a function of Aw.



6994 H. MOOSMULLER, C. Y. SHE, AND WINIFRED M. HUO 40
) @ 10}

+ +

- - :

C C

3 3J 0.8

a a

[ C 0.6

R0 RS

— — 0.4 |

(0] @

C c

(@)} @)]

- -+ 0.2

1) %)

2 L L s L 4 0 1 2 i 2
-1 -0.5 0.0 0.5 1.0 1.5 2.0 -1 -0.5 0.0 0.5 1.0 1.5 2.0
Frequency (GHz) Frequency (GHz)

%) )

+ +

Z 1.0 =

3 3

o 08 a

[ [

(L) @

~ 0.6 -

Lo | —

D 5. o

s) o)

-ri -

n 0.2 ()]

o o

(73] 0 . 1 1 . 1 . 1 . 1 . P [d)] . . R
&) -1 -0.5 0.0 0.5 1.0 1.5 2.0 O -1 -0.5 0.0 0.5 1.0 1.5 2.0

Frequency (GHz) Frequency (GHz)

‘0 | (e)

0.8 -

(@arb. units)

0.6 |

0.4

0.2 -

-1 -0.5 0.0 0.5 1.0 1.5 2.0

1] 1 1 " 1

FWMRS signal

Frequency (GHz)

FIG. 10. Stark broadened CRS spectra of the /=4 vibrational Q-branch transition (v =0—wv =1) in molecular nitrogen as a func-
tion of Aw; i.e., with the dye laser scanned towards higher frequency (smaller Raman shift). (a) Comparison between experimental
Stark broadened CSRS (solid curve) and SRS (dashed curve) spectra. (b) Comparison between theoretical Stark broadened CSRS
(solid curve) and SRS (dashed curve) spectra for I,=4.8 GW/mm?. (c) Comparison between theoretical (solid curve, I,=4.8
GW/mm?) and experimental (dots) CSRS spectra. (d) Comparison between non-Stark-broadened and Stark-broadened experimental
CSRS spectra. (e) Comparison between non-Stark-broadened and Stark-broadened (I, =4.8 GW/mm?) theoretical CSRS spectra.
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roughly 10 h of computer time, i.e., about 10 s per three-
dimensional integration. Now we may calculate the final
spectra rather easily via Eq. (36a). To avoid the weak
singularity at I, =0, we use the extended midpoint rule,
which is based on the second Euler-Mclaurin summation
formula,?’ for the final integration.

Results, with the maximum FWMRS signal normal-
ized to 1, are shown in Fig. 9 for peak intensities between
0 and 4 GW/mm? We note that the main peak shift
takes place at a relatively low peak intensity (I,<1
GW/mm?). For higher peak intensities I, the line shape
becomes more asymmetric, but no further shift of the
spectral peak is observed. Figure 10(a) shows a compar-
ison between simultaneously recorded Stark-broadened
CSRS and IRS spectra of the /=4 vibrational Q-branch
transition in nitrogen (25-point smoothing). We note that
the peak of the CSRS spectrum is narrower and shows
less Stark shift than the peak of the IRS spectrum.
Furthermore, the line shape of the CSRS spectrum shows
a characteristic kink around Aw=0.3 GHz. These
characteristic features have been repetitively observed in
many (=~20) individual spectra taken on several different
days. The IRS spectrum has previously been successfully
fitted with a theoretical spectrum corresponding to a
peak intensity of I,=4.8 GW/mm? (Sec. IV B). We com-
pare this theoretical calculation with a calculation of the
CSRS spectrum for the same peak intensity [Fig. 10(b)].
It shows less Stark shift and is somewhat narrower than
the theoretical IRS spectrum. The CSRS theory repro-
duces some of the experimental features, it, however,
does not reproduce the characteristic CSRS line shape as
seen in Fig. 10(a). A direct comparison between the ex-
perimental (dots) and the theoretical (solid line) CSRS
spectrum is shown in Fig. 10(c). As for IRS (Sec. IV B),
peak height and zero offset are adjusted, while the com-
mon frequency scale has been experimentally determined.
The experimental peak is narrower and shows less Stark
shift than the theoretical peak. Furthermore, the theory
does not reproduce the characteristic kink mentioned

6995

parison with the same figure for SRS [Fig. 8(c)], rather
little peak shift, a small broadening of the main peak and
the characteristic asymmetric wing with a definite kink
on the high-frequency side. The theoretical comparison
with Stark broadening [Fig. 10(e), I,=4.8 GW/mm?]
clearly does not reproduce these experimental findings.

While the reasons for the discrepancies between
theoretical and experimental FWMRS spectra are not en-
tirely clear, we will discuss two likely possibilities. The
theoretical analysis assumes Gaussian laser beams, with
an additional Gaussian time evolution for the pump-laser
intensity. In practice the pulsed pump-laser beam devi-
ates from this ideal situation. Whereas the SRS signal
varies linearly with the pump laser intensities, the
FWMRS signal is proportional to the square of the
pump-laser intensity; FWMRS spectra are therefore
influenced more strongly by deviations from the ideal
Gaussian beam and the spiking in time evolution than
SRS spectra. In addition, the contribution of higher-
order susceptibilities, such as >, may alter FWMRS
spectra; this will be analyzed in Sec. V.

V. CONTRIBUTIONS OF y'%
TO THE FWMRS SIGNAL

The strong electric fields under tight-focusing condi-
tions make it necessary to examine possible contributions
of higher-order processes to the FWMRS signal. The
susceptibility y may be expanded in terms of the electri-
cal field as

X:X(1)_+_X(2)E+X(3)E2+X(4)E3+X(5)E4+ cee 27

where all even Y terms are zero for a medium with inver-
sion symmetry, such as a gas. While y'*) is the lowest-
order contributor to the FWMRS signal, higher-order
contributions have to be accounted for under sufficiently
high electric fields. In this section we estimate the contri-

bution of the fifth-order susceptibility y'*.

earlier. Figure 10(d) compares a Stark-broadened with a The general theoretical expression for ¥'*(w,,®,,w;)
non-Stark-broadened CSRS spectrum. We see, in com- may be written as?®
J
1N RoRIRGR;
X =375 Y Ie— (28)

where the R’s are the electric dipole matrix elements be-
tween the levels a, b, ¢, and d, the ’s are the respective
frequencies, and the damping constants have been
neglected. This expression can be pictured as a sum over
24 non-time-ordered single-sided Feynman diagrams, or
more correctly a sum over 48 time-ordered double-sided
Feynman diagrams.?’ In the case of two-beam FWMRS,
a and c¢ are the levels of the Raman transition,
0 =w3>0, w,<0, and the second term in the denomina-
tor determines the Raman resonance. In this case only
the four double-sided diagrams shown in Fig. 11 result in
a Raman resonance and contribute significantly to the
FWMRS signal. Using the rather crude approximations

R=R},=Rj.=R)K =R/, , (29a)

4me€g 3Wh° | hea (@p — @10y~ 030w — 0y~ w3 )4 —@3)

A
m}\ ©,

)

AN

v
L«
N

.
S

/

la>la> la>la> la>la> la>la>

FIG. 11. Double-sided time-ordered Feynman diagrams of
third-order nonlinear processes which contribute to the
FWMRS signal.
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Wy =Wy — O]~ 0~ O3 =Wy, — D3, (29b) B
d the identit woner
and the iden
Y S — A=0.0mm?/J
w,zwm—wz—w3 N (290) . 0.8 ‘-—'A=O.2mma/\_]
fo! =
we may write Eq. (34) for FWMRS as & --— A=0.5mm%/J
— 0.6
4 N R*
Xi= el Q%)
4mey 30 w05, T 54
. o
where the factor of 4 comes from the summation over the -
four diagrams. Comparing this expression with Eq. (8a), ? 5.2
which expresses '*) approximately as 4 $(a9)?, we can %
calculate R?/(hw,,) for the v =0—v=1 vibrational Q £ o R L L
branch in N, for no Stark effect, using the values of a$ L -t2 -06 0.0 0.6 1.2 1.8

given in Table I and identifying &, with Aw—iy, as
R 2

ho,,

al CZm 2

=3"2repal=3.3X10" (30)

Similar to ¥'*, we can express y'*) in double-sided
Feynman diagrams. Only four of them (Fig. 12), which
correspond on a one-to-one basis to the y'*) diagrams in
Fig. 11, result in ¥'*’ terms with an additional resonance
denominator and contribute significantly to FWMRS.
Essentially we have added a Rayleigh interaction to the
upper Raman level ¢, as can be seen from a comparison
of Fig. 11 with Fig. 12. Using the approximations of Egs.
(29) we write the part of ¥>) which contributes to the
FWMRS signal as

4 N R

Xl = ) (31)

4mey SV wlo?,

With the help of Eq. (27) the nonlinear susceptibility

relevant to FWMRS becomes
‘E|2 R 2

20hw, ho,,

(3)

~Iy 1+ 4L
wl‘

’

X:EZX(3) '1+

(32a)

with

<
<

).
)
NS N/

%

PANN

€

NN S

o

NN

lasla> la>la> la>la> la>la>

FIG. 12. Double-sided time-ordered Feynman diagrams of

fifth-order nonlinear processes which contribute to the FWMRS
signal.

Frequency (GHz)

FIG. 13. Theoretical FWMRS spectra of the /=4 vibrational
Q-branch transition (v=0—v=1) in molecular nitrogen for
fifth-order coefficients of 4=0.0,0.2,0.5 mm?2/J and a peak in-
tensity of 4.8 GW/mm?, as a function of Aw.

2
A=— 1 R
10ceph hw,,

2 2
=1.9%107° 3}*=1.9 m—;“~=1.9 GHzmm?/GW

(32b)

for the vibrational Q branch of molecular nitrogen. Due
to the crudeness of our approximations this value is only
expected to give sign and order of magnitude of the con-
stant A.

We use Eq. (32a), with A treated as an adjustable pa-
rameter, to examine the influence of the fifth-order pro-
cess on the Stark-broadened FWMRS line shapes ana-
lyzed in Sec. IVC. Inserting the new expression for
X(Aw,I) [Eq. (32a)] into Eq. (25) enables us to calculate

©

+ r

C 1.0

3

d 0.8

C

{9}

~ 0.6

[ |

g 0.4 |

@)]

-

D g2t

) 0 L . 1 . I N L . 1 PR

o -t -0.5 0.0 0.5 1.0 1.5 2.0

Frequency (GHz)

FIG. 14. Comparison between experimental (dots) and
theoretical (solid curve, I,=4.8 GW/mm? (fifth-order

coefficient 4=0.3 mm?/J) CSRS spectra of the /=4 vibrational
Q branch in N,.
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theoretical FWMRS spectra for different values of A.
Figure 13 shows FWMRS spectra for /=4, a peak inten-
sity I, of 4.8 GW/mm? and fifth-order coefficients 4 of
0.0, 0.2, and 0.5 mm?/J. Increasing the coefficient A
shifts the spectral peak to a lower frequency Aw and
raises the high-frequency wing.

Adjusting the parameter A to achieve a good fit with
the experimental spectrum plotted in Fig. 10(c) (I=4,
I,=4.8 GW/mm? leads to A4=0.3 mm?/J and to
significantly improved agreement between experiment
and theory (Fig. 14), due to the additional ¥'*’ term. This
fitted A value is well within one order of magnitude of
the theoretical estimation, which is an appropriate agree-
ment.

While our experiment has not been designed to test the
possible influence of higher-order effects, its results never-
theless suggest that the fifth-order process leading to a
fifth-order nonlinear susceptibility ¥'*’ may be important
and should perhaps be included in the line-shape theory
for tightly focused high-power laser beams. It will be
necessary however, to investigate this possibility along
with the possible inclusion of even higher-order effects
with a specifically designed experiment.

VI. CONCLUSIONS

With our theoretical and experimental investigations,
we have made progress in the understanding of coherent
Raman spectroscopy (CRS) line shapes for high laser in-
tensities in the interaction region. The line shapes of the
two most important CRS’s, stimulated Raman spectros-
copy (SRS) and four-wave mixing Raman spectroscopy
(FWMRS), have been compared in detail, using a novel
experimental setup capable of utilizing both spectroscop-
ic techniques simultaneously.

We have studied the influence of optical Stark effect,
due to the high pump laser intensity in focused Gaussian
beams, on both types of CRS’s. For the theoretical calcu-
lation of Stark-broadened spectra, we have used a new
theory of FWMRS signal generation in Gaussian beams.’
This theory and the respective theory for SRS, which is
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well known, have then been combined with our calcula-
tion of Stark coefficients and transition strengths for the
individual orientational sublevels in N,, to yield theoreti-
cal stark-broadened line shapes for both SRS and
FWMRS.

Experimentally we have rapidly alternated between the
simultaneous measurement of SRS and FWMRS spectra
at low (mild focusing) and high (tight focusing) pump
laser intensities. This alternation together with a sophis-
ticated frequency reference scheme has enabled us to
make a rather direct comparison between Stark-
broadened and non-Stark-broadened spectra.

The experimental results show a very small peak shift
for FWMRS and a larger peak shift in the order of 10%
of the maximum Stark shift, 81,, for SRS. The wings of
the Raman lines are very asymmetrically broadened in
the direction of the theoretical Stark shift for both CRS’s.
This asymmetric wing is somewhat more pronounced for
SRS than for FWMRS, where it shows a characteristic
kink. The SRS results are in excellent agreement with
our theory, while the FWMRS results show only partial
agreement with the theory. We suspect two reasons for
the discrepancy. First, FWMRS spectra are more sus-
ceptible to deviations of our pump-laser beam from the
ideal Gaussian shape in time and space, which has been
assumed in the theory. Second, we have analyzed a po-
tential contribution of the fifth-order nonlinear suscepti-
bility x>’ to the FWMRS signal and show that its in-
clusion leads to an improved agreement between experi-
ment and theory. This possibility should motivate fur-
ther experiments, specifically designed to test the contri-
bution of ¥*>) to FWMRS signals.
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