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Theoretical expressions for rolational lincstrengths in four-wave-mixing
(FWM) processes are derived and compared with obscrved linestrengths in
multiple resonant cohcrent anti-Stokes—Raman scaltering (CARS) processes in
I,. General expressions [or coherent four-photon transitions are deduced that arc
applicable for numerical cvaluation of rotational linestrengths in a wide variety
of different FWM processes. For several FWM resonance schemes, such as
parametric and non-parametric excited state CARS, closed-form algebraic
cxpressions are deduced for the J-dependcnt linestrengths in a Hunds’ casc {c)
coupling case. In the experimental part of the study intensily raiios between line
doublcts in the FWM spectra probing the samc ground state populations are
measurcd for arbitrary (but linear) polarization oricntation of two incoming
waves w and ;. For both the parametric and the non-parametric rcsonant
FWM processcs, the cxperimental intensity ratios are compared with theory and
satisfactory agreement is found.

1. Introduction

Coherent four-wave-mixing (FWM) processes are widely used for non-intrusive,
remote probing of hostile environments. The sensitivity of FWM processes is
enhanced when electronic resonances are accessible. Resonance-enhanced FWM is
employed to study species in flames or combustion engines, either by using degenerate
FWM (DFWM) or non-degenerate FWM, e.g. coherent anti-Stokes Raman scat-
tering (CARS). DFWM has been used to detect OH [1, 2) and NH [2] in flames.
Resconance enhancement through bound states in CARS has been shown for I, [3, 4],
OH [5], G, [6], and NO, [7, 8). Apart from the effect of bound states, also resonance-
enhancement on dissociative continuum states at the one-photon level (*I1,, and
above B’I1}} and the two-photon (0;") level was investigated in 1, [4, 9].

Derivation of rotational linestrengths in FWM processes 1s required to evaluate
DFWM and resonance CARS data in terms of density and temperature of the media.
The caleulation of four-photon ¢oherent linestrengths involves the elaborate math-
ematical task of summing over all degenerate M, states in a four-photon sequence,
Several years ago Mainos ef al. [10] derived a general formula for the rotational ling
strength in multiphoton transitions between two Hund’s case (a) states in diatomic
molecules. In the case of third-harmonic generation in CO different groups [11, 12]
have calculated and measured line intensities for specific four-wave-mixing schemes.
More recently, Attal-Trétout et al. [13] presented rotational lingstrength calculations
for diatomics for various resonant CARS and Hund’s coupling schemes, thus closed-
form cxpressions for rotational linestrengths for a number of different FWM pro-
cesses are available. These studies were, however, restricted to a wave-gecometry, with
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k vectors of incoming and outgoing waves parallel, and in most cases polarizations
of the waves linear and parallel.

Iodine vapour is a favourable medium for an experimental study of resonance
enhancement in FWM processes. Electronic transitions in the spectroscopically well
characterized B’IT); — X'Z band system [14] are within the visible wavelength
region. The present work is an extension of a previous study in which several resonant
FWM processes were identified on the basis of line positions {4]. Now, line intensities
are investigated as a function of polarization for two of these processes, namely the
parametric and non-parametric excited-state CARS, both experimentally and theor-
etically. In the experimental part a @ = 2w, -, type FWM process was investigated
in a configuration where both incoming beams were linearly polarized, and the
relative polarization origntation of the beams was varied from parallel to crossed. For
the two extreme cases, parallel and crossed polarization, closed-form theoretical
expressions for the rotational line strengths are derived.

The quantitative interpretation of linestrengths in resonance-enhanced CARS
spectra is not simple, because they do not only depend on the evaluation of four-
photon transition moments but also on detunings from resonance represented by
denominators in the expression for the non-linear susceptibility and on population
densities. We, therefore, derived intensity ratios of lines appearing in the spectra as
donblets. The factors containing the detitnings cancel when the ratio of line intensities
in specific doublets is taken, The experimental ratios can be compared with the
closed-form expressions which are derived and tabulated. For the two particular
CARS processes experimentally investigated, we find satisfactory agreement between
theory and observation for each arbitrary direction of the polarization vectors.

2. Theeretical framework

2.1. General

In a FWM process 4 fourth wave at a frequency w = +w, + w; + w;iscreated
out of three incoming waves with frequencies @, @, and @,. The intensity of the
gencrated wave is proportional to the absolute square of the induced non-linear
polarization [15]:

) W) o |Py(w)f = x¥(0): Eo)Ew)Ew;), ()
in which y® () is the third-order non-linear susceptibility tensor of rank four. The
electric field of the incoming wave with frequency w;is denoted by Elew,). The different
cartesian components of the induced nonlinear polarization can be written as

P;\"L(w) = Z ZL?T»-(&’)Ea(wl)E:(wz)Ev(wz)- (2)

In the following we restrict ourselves to the case of FWM processes with two different
incoming beams, one with a frequency m, and one with a frequency w,. Both beams
have linear polarization. A wave at frequency @ = 2w, — w, is generated. A coor-
dinate system is chosen such that the y-axis coincides with the propagation vectors k
of all waves, and the laboratory fixed z-axis is parallel to E{w,). An arbitrary angle
o between the polarizations of the incoming beams is assumed. The electric field
components of the @, - and w,-beam may thus be written as

Ew) = E'(o)e,,
E(w,) = E%*w,)[(cosae, + sinae,), 3)
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where e, and e, are unit vectors along the z- and x-axis, respectively.
The different components of the induced nonlinear polarization can be expressed
as

P, = E'E'E™(y{.sina + 1. cosa),

—_ [ A E) : w3
})y - E]E E *(ng):xsma + fyzzzcos O.’),
P, = E'E'E™(yI,sine + y8.cosa). (4)

For an isotropic system it will be shown that the efements 3%, x'0 ¥, and ¥, are

zero, so, for an isotropic medium the intensity of the generated wave is proportional
to
[ o £, sin’ o + |1 cos’a. (5)
Of the 81 elements of the fourth-rank tensor ¥ only two, ¥ and ¥, , bear relevance
for the present analysis. It is important 10 note that the non-linear susceptibility tensor
¥® is a property of the medium and does not depend on the applied fields.
In the most general case of a FWM process with a wave generated at frequency
w = to, + 0, + o, a 48 term expression for ¥ (@) results [16]. When the fre-
quency of the generated wave is w; = 2w, — @, like in CARS, y”(w,) contains 24

terms. In general these terms have the following form (see [4])

O|p,la ><alp. [b3<blglc><{elu, [07
® () = N o) < u CClK, .
Yo (22) O.azﬁ,c P (W — @ — Tl — oy + @y — Dplwg — wy — il)

(6

Here [0, |a), [b) and |¢) are rovibronic molecular states and p, is the component of
the transition dipole moment vector in the laboratory frame along the Cartesian o
axis. p$) represents the relative population distribution over initial quantum states
|TS2M> of the system. It also includes a nuclear spin statistics factor, which is {5 for
odd J states and & for even J states. The summations over ground states {0) and
excited states |a), |b) and |¢) refer to all possible resonances in the spectrum. Only
contributions from FWM processes probing a population density Np§ in the ground
state j0) are considered. In multiple-resonant CARS the intensity at a particular
resonance in the FWM spectrum is dominated by one or just a few terms in x™.
Moreover, at a specific wavelength combination, only some definite states [0, [a), |b)
and |c) are involved [4]. At resonance all summations over non-degenerate states are,
therefore, dropped. For degenerate states, such as the M components of a rotational
state J, the summation is maintained. In case one of the states ja), |b)> and |c)
represents a continuum, contributions of all possible J-states are considered and all
possible routes through the continuum in terms of four-state cycles are accounted for.
In the numerator of a specific ¥ term, assuming four discrete levels |0, {a), |b)

and |c», a sum of products of four transition dipole matrix elements occurs:
Lo € 2 LOig,lad<alpb){blulc><{clp,105. N

My, M My M

For a calculation of rotational line strengths we focus on this product of the transition
moments. At this point the product of three ‘resonance factors’ in the denominator
of ¥ and the factor Npiy are not considered.

In the Born-Oppenheimer approximation the wavefunction of a state ja) may
be represented by a separate electronic, vibrational and rotational part:
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ay = [¢F P I AAM, ). (8)

Here J is the total angular momentum and £2 1s its projection onto the internuclear
axis. In the case of a diatomic €2 is also the projection of the clectronic angular
momentum onto the internuclear axis [17]. M is the projection of J on a space fixed
axis.

The dot product of the transition dipole vector and the vector representing the
polarization orientation of the electric field may be writien in spherical tensor nota-
tion [17]:

HY = Ve = Y (- 1yuPent, ©)
w041
where ¢, denotes the component of the polarization of the corresponding field on
the spherical s axis. The cartesian components of the transition dipole moment are
related to the spherical components as [17]:

Ju'z = Ju'(h
1
e = —xHo — B
V2
i
e = —m o+ o) (10)
V2

To evaluate the matrix elements, the dipole moment operator u' in the laboratory
or space-fixed frame must be transformed to the molecular frame g™

ue = Y Doy, (n

Here D!}). are the Wigner rotation matrix elements, and «, § and y are the Euler angles.
(This a should not be confused with the relative polarization orientation x introduced
in (3)). Using (9) this leads to

D= EDe = T T (- DDt (12)

Hy
m=0,+1 m' =t +1

The rotational wavefunctions are {17]

oMy = (—1)-”-‘-‘(2” 1)' Dy o). (13)

g’

Using this expression the individual matrix elements for dipole allowed transitions
between arbitrary states {a> and |b) may be expressed as

aliy’lby = Lalg™-e®by = <al 3 (—1)"w e 3Ib)

m=tl
= ,; (= 1) 0 e 1™ X DL | B>
x (LMD ¥, 4M, ). (14)
In this equation the vibrational overlap function '
Fy = (@&|O° (15)

may be separated off; |F,,|* represents the Franck—Condon factor of the transition.
The electronic transition matrix element is defined as

™ = I 1 > (16}
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The rotational part of a single transition moment can be evaluated using the
closure relation:

T M, | DMy, M, >

a,+ NP
(j—ﬁ) (1" S, s,090, -0 o =My 1, —mll,, =M, — m)
X Jpy =4, 1, —m'lJ,, — Q3 — m’). a7

In {17) the last two factors written in brackets denote Clebsch~Gordan coefficients
using the notation of Zare [17]. Using expressions (14)—(17) the term involving a
product of four transition moments yields

Hoow € 2, 3 3 elgeliel ef pb MM 0y (— VY By Fo Fy B

Jhtm fETm My, M, My M,
X Ouy & w,00m & o0l k — Mo, 1, —klg, =M, K — @, 1, —K'|Jy, — 2>
X Bu,—r-myodn a0l I — Myy L, =1, =M, 1 — @, 1, =1, —2,>
X S4t,-m-s1.000, -0 m — My, L, —milly, =MOT oyt — D, 1, =1y, — B

X st —ioap000—y- 0,080 J — Moy 1, —jles =M<y, j7 = 92, =N, — L2,
(18)

The summation over all degenerate M-states is maintained. The characteristic of
rotational linestrengths in a coherent multiphoton process such as FWM, is that
summations over all degenerate states M have to be performed simultaneously, This
Is in contrast to the case of non-coherent multi-step processes where the linestrengths
of consecutive single one-photon transitions are multiplied.
Evaluating all é-functions relation (18) reduces to
Tomer 0 3 € et it i T P Fu B Fa Sy (19)
4

Here S5 is the CARS rotational line strength factor

Fhim

S_,r'?:}ﬁ: = <Ja! _'Qm ls Qa - %”01 _'{2]><Jh1 _'(2!51 ]s gb - Qa”a-s _‘921>

X <Jm “'Qm l$ Q{.‘ - Qb”b! _Qb><Jl}s _!2]3 ls '(23 - Q{:'Jcs _Qc>

bt 25k+!+m+j.0<Jas k — MU-: 1! _k“[)'s _M0><j.bs 1 + k — Mﬂs ]5 _*”Ju k - M0>
s

x Jom+T+k— ML, —mll,, k+1— M)
x (Joo =My, 1, —jlJe, &k + 1+ m — Mg). (20)

Syré contains a product of two parts. One part only depends on the projection of the
electronic angula momentum on the internuclear axis (£2), and on the specific J
routes. The other part is determined by the polarizations, J routes and the sum over
all M, components.

The summation over M, components in (20} refers to all possible orientations in
space of the ensemble of molecules in the gas phase, which should be considered in
an isotropic medium. The linestrength factor Sgi. is defined in a spherical basis. It is
easily seen from (20) and the transformation from a cartesian to a spherical basis as
given in (10), that the Cartesian elements ¥, %%, .. and 7} are equal to zero as
assumed in the derivation of (5).
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Table 1. Rotational line strength factors S for a Hund's case {c), where {4 = £2, = {2, =

=0
Parallel polarization® Crossed polarization
. J—-1LJ-2J-1] AT -1 JIJ = 1)
1527 - 1) 1527 — 1)
V.- LJJ-1] Jar 4+ 1 —JJ — DS+ 1)
507 + DI — 1 027 - DT + D
W, J =1L JJ+1] W+ 1) KT+ D
1527 + 1) 10027 + 1)
LI+ LI J=1 T+ 1) —JJ+ 1)
1527 + 1) 1027 + 1)
J+ LJ+ 2,74+ 1] 5+ S+ D) J+ S+ 2
1527 + 3) 1527 + 3)
I+ LT+ 1] (J + 1T + 87 + 5) —(J + 1) + 26 + 5)
1525 + DF + 3) 30027 + DT+ )

“These expressions are identical to the relations given by Attal et of. [31 In all tables J = J,.

Tn general the polarization of the generated wave can be deduced from (2) when
the polarizations of the incoming waves are substituted. The & function in (20) shows
that only a few 3 elements are different from zero. Furthermore, symmetry relations
for the ¥** ¢lements can be used, which can all be deduced from (19). For the special
case of linearly and parallel polarized light, &, /, and m are all equal to zero. The
d-function in (20) yields j = 0. This implies that the generated wave is also linearly
polarized parallel to the incoming waves. When the ¢, and w, beams are linearly
polarized but with crossed polarization, the generated wave is also crossed polarized
to the o, beam.

The expression in (20) is applicable to all cases of FWM, and the summation over
all M,s can always be performed numerically to evaluate the rotational line strengths.
For some particular cases which are relevant for our experimental study, namely those
for which €2, £2 and 2 are zero, we derived closed-form expressions using the
algebraic evaluation computer code of Mathematica™, Resulting expressions are
tabulated in table I assuming the total angular momentum of all four states involved
in the FWM cycle to be zero: £, = 2, = 2, = 2 = 0. In table 2 the values for a
FWM sequence with ) = 2, = 2 = 0 and 2, = 1 are listed. In both tables the
expresstons are given for linearly polarized light, for the case where all beams have
parallel polarization as well as for the situation where the polarization vectors of
beams with «, and @, are perpendicular.

In tables I and 2 the expressions are given for any allowed combination of J state
resonances in the FWM process, The selection rules for these J combinations are
determined by the Clebsch-Gordan coefficients in (17). These are AJ = +1 for
£ =0 02 =0,and AJ = 0, £ 1 in all other cases, for the on¢-photon resonances.
This gives, for the case of all £2s being zero, six allowed J combinations. For the case
of = 2, = 2 = 0and @, = |, there are eight allowed combinations/routes. We
denote these different routes by their unique J combination [J,, J,, J;, J.]. The
closed-form expressions in tables 1 and 2 are applicable to any FWM or coherent
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Table 2. Rotational line strength factors S for a Hund’s case (c), where £ = Q, = .Q.c =0

and 0, = 1.
Parallel polarization Crossed polarization
0= 1,4, 7+ 1] JJ+ 1) —JJ+ D
1525 + 1) 207+ 1)
V,J-1LLJ-1 -+ DA+ 1) (F — D+ 1 + 1)
0027 — )2F+ 1) 60(27 — D27+ )
.5s—-LJF—-1,F=1] —(f 4 1) -+ 1)
30 60
J—=1,7—-2J7-1 —JF -2 —JJ =2
1527 — 1} 027 - 1)
LJ+ 1,571 JJ+ 1 —JJ+ 1)
1527 + 1) 20027 + 1)
WJ+ 1,47+ 1 —J(4J? + 8T + 5) JU + DT+ 5)
027 + DS+ 3) 6027 + D2F + 3)
LI+ LJ+ 1,7+ 1] =J =
30 60
LI+ LT+ 2,74+ 1] -+ DS+ -+ DJ+3)
1527+ 3 027 + 3)

four-photon process with a similar sequence of electronic angular momenta of the
states involved.

2.2 Excited state parametric and non-parametric CARS

In a previous study it was shown that in I, different resonance FWM processes
®; = 2w, — w,occur. In the present work two of these CARS processes are studied
as a function of the relative orientations of the linear polarization of the beams. The
resonances in both processes, the parametric and non-parametric excited-state CARS,
are shown in figure 1. The expressions for the third-order susceptibility in these
processes, for a certain line at frequency @, were derived to be [4]

3
xs:a)r poTe ( 3)

N Z z P2 0| tay{alu |6y bl le)<{clp”10)
My M MM, b * — o — iTg)wy — 20, — iTplo, — oy — iTy)’
rmn . patv(w3)
01 lay<{alu’|b{blp’ le>{cli’ 10>
N 0 < : .
M‘,.M;fb.u E Poo — o, — il e, — o + 0, — il 0wy, — @y — il})
NY T {0lp" lay<alu |5y <{blp* led>Lelp’ [0
Mo M MM b (w({) — + il—:ﬂ)(mac —wy + Wy~ irac)(wbw' — 0y — frbr:)'

21

The ¥ terms contributing to the non-parametric excited-state CARS consist of a
pressure induced extra resonance (PIER4) part [18] and a part which is not pressure
induced.
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Figure 1. (a) Energy diagram corresponding to non-parametric excited-state CARS. Dashed
lines indicate a continuum. (b) Energy diagram corresponding to parametric excited-
state CARS.

It is important to notice that the sequence of transition dipole matrix elements is
the same for the two terms of the non-parametric CARS process, so that both terms
will yield the same rotational linestrength factors. Furthermore, the sequence of
matrix elements is different for the parametric and non-parametric resonance CARS
process. Different rotational linestrength factors Sgi are, therefore, expected for the
two CARS processes,

For the axes defined in section 2.1 (all & vectors along the y axis and @, pump beam
polarization along the z axis) it was shown that for arbitrary orientation of the linear
polarization of the incoming ¢, beam only the elements y2. and ¥ are needed (see
(3)-(5)). A correspondence between 37, tensor elements (in Cartesian coordinates)
and rotational linestrength factors Sy’ (in spherical components) is established by
(19). For a particular FWM process (as in (21)) the order of the components of the
dipole operator in the matrix elements needs to be considered. For the parametric
process the rotational linestrength factors for the ¥, and ¥%.. tensor elements are
determined by the spherical components Sy, and Syy_;, respectively. In the case of
the non-parametric process, however, the indices v and p are interchanged compared
to the parametric process (see (21)). The linestrength factors of the ¥, and ¥&_
elements of the non-parametric CARS process are, therefore, Sge and § 1, TESpECt-
ively. Using of (20) it can be proven that S,,_, and S_ 4 are identical, and as a result
we find that the rotational linestrength factors for parametric and non-parametric
resonance CARS are identical.

Also the linestrength factors for the ¥ and y, elements were calculated and it

was verified that the § factors were consistent with the relation
X{Z‘;);Z = xg'}zx + xE(jx)Z: + X?;}\'Z’ (22)

This relation is known to hold generally for FWM in isotropic media. In our:
calculations the isotropy of the medium was introduced by the summation over all A,
components of the states |03, a), |b> and |¢) in (20).

From the line positions in the FWM spectra the states [0), |a) and [c) in the
excited-state parametric and non-parametric CARS processes could be assigned [4].
State [0} belongs to the electronic ground state X'XS (&2 = 0), whereas Ja) and |¢)>
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Figure 2. Diagrammatic represenialion of J-stale sequences involved in a [y, J,, J,. J.]
[our-wave mixing cycle. Starting with an R-transition in the first-photon interaction,
component # 1 in a doublet involves a (J + 1} level in the |¢)-state, Tncase of 2, = 0
there are only two arrows, and in case of £, = 1 there are three {including the dashed
line} routes through the |&)-state. For component #2 a (J — 1) level in the |¢)-state 1s
involved and there is only one possible path for either £2, = 0 or |. Similar for a
four-wave mixing cycle with a P-transition in the first one-photon resenance.

both belong to the electronic excited state B'I1} (£2 = 0). The identification of state
|b> is somewhat more difficult when only ling positions are considered. From selection
rules it follows that the |4 state cither has £ = 0 or 1 symmetry. This is the reason
that values for the rotational ling strengths for both possibilities are given in tables
1 and 2. In the literature evidence is presented (19, 20] that a repulsive staie 0 at the
two-photon energy at 37 700cm ' exists. It was postulated by Aben ef al. [4] that this
0. -state is probed through the 2w,- and w,-resonance in the parametric and non-
parametric process, respectively. The summation over {b) in the expression for 3 is
maintained in (21) to take into account the enhancement of all possible FWM cycles
through this continuum. Independent of the vaiue of £2, the same continuum enhances
both CARS processes (see figure 1).

Now we focus on the analytical expressions for the rotational linestrengths, In
figure 2 the four-photon cycles contributing to the rotational line strengths of par-
ticular FWM resonances are shown graphically. Firstly, cycles starting with P or R
resonances can be distinguished. For a certain vibronic state |c), two possible J, values
are allowed by the Clebsch-Gordan coefficients in {20), namely J. = J; — | and
J. = J; + L. It foliows thal doubilets, indicated by routes I and 2 in figure 2, can be
identified for which |0}, [a), |b> and |¢)> are identical, except for the rotational part
of state |c).

The possible J, states in the continuum which must be considered also follow from
the Clebsch-Gordan coefficients. For a given line in the FWM spectrum, so a certain
(Jfo, 4., J.) combination, the possible J, values depend on the value of £, Tn the case
of 2, = 0 the #1 component of the doublet may be enhanced by the |b) state
through two different routes: one with J, = J, + 1 and one with J, = J, — 1. For
£2, = 1 the Clebsch-Gordan coefficients also allow a third route through the |b) state
continuum, namely J, = J,. Within a doublet the components # 1 of figure 2 refer
to spectral features with contributions of different coinciding cycles, whereas com-
ponents 2 represent spectral lines involving a single FWM cycle. In tables 3 and 4 the
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Table 5. Ratic of rotational line strength factors 8y —s41/8; =5 .1 for a Hund’s case (¢} with
Q=0 =0 =0,

Parallel Crossed

L=J+ 1 Q=0 47 + 3 J+2
27 37

02 =1 —(3J+ 1) J+ 2

J 3

J=J-1 2,=0 27+ D T+
T+ J—1

2 =1 —J+ I+ 1D

3J4 2 J—1

rotational line strengths, with contributions of all routes contributing to the same line
added, are given for both lines in the doublet.

The ‘resonance factors’ in the denominator of (21) are assumed to be identical for
different J, (and J,) values. This is the case when the damping parameters T, and I,
are independent of J. By taking the ratio of two corresponding components in a
doublet the ‘resonance factors’ cancel and the relative intensities are determined only
by the corresponding differences in rotational line strength. This procedure has the
additional advantage that effects of the relative population Np{) of the ground states
probed also drop out. The ratios of line strengths are tabulated in table 5 for different
polarizations and different £3,. The values are given for the lines in doublets corre-
sponding to J, = Jy + 1 and J, = J, — 1. From these tables relative intensities
within a doublet in a FWM spectrum for parallel as well as crossed polarizations, can
easily be obtained by squaring the appropriate values. In the case of polarizations at
an angle « (5) must be used. Here the intensity is given in terms of a geometrical
weighing factor of the two extreme cases of parallel and crossed polarization.

3. Experiments on line intensities in CARS; comparison with theory

The set-up for the experimental part of this study was described in detail in a
previous paper [4]. The output of an injection-seeded frequency doubled Nd-YAG
laser at @, = 18788-3(2)cm~' with a bandwidth of 0-005cm ™" was used in part to
pump a pulsed dye laser (w,) operating on different rhodamine dyes. In the previous
study a2 Quanta Ray PDL-2 dye laser with a bandwidth of 0-3cm ™! was used while
in the present study a PDL-3 dye laser with a bandwidth of 0-07 cm~! was employed.
The beams at frequencies o, and @, were overlapped collinearly with a dichroic
mirror. CARS signals at o; = 2w, — w, were generated in a focused geometry
with f = 25cm lens. Using a bandpass filter and a three-stage monochromator,
the @, wave was separated from the fundamental frequencies and detected on a
photomultiplier.

The polarization of the beam at 4, = 532 nm was rotated using a A2 plate. The
value of the relative polarization angle could be determined with an accuracy of + 2°,
As the reflection coefficient of the dichroic mirror varies with the degree of polariz-
ation rotation of the o, beam, absolute intensities in spectra taken at different relative
polarizations could not be compared. In the present study we focused on relative
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intensities between components of doublets, recorded in single scans at fixed relative
polarization orientations.

3.1. Non-parametric excited state CARS

Tn figure 3 spectra are shown for the non-parametric excited state CA RS process
recorded for frequency combinations (@, w,) with w, fixed at 18 788-3cm "and w,
tuned over the energy range 17475-17488cm . The Raman shift (o, — »,) 18
around 1305¢cm~! as denoted in the figure. The upper spectrum was recorded for
nearly parallel polarization (2 = 3°), whereas, in the lower part crossed polarizations
{« = 91°) were used. The middle onc was taken at @ = 69°.

We recal! here from Aben ef al. [4] that the fixed frequency @, sclects certain states
|0 and |a) for which e, is in (ncar) resonance. Mainly the FWM processes involving
the resonances X'I}, v, =0, J, = 53 — B, v, =32, J, = 52, and X'Z,
v, =0, J, = 56 - BIlY, v, = 32, J, = 57 are enh.mced through the fixed w,
frequency at 18 788-3(2) cm‘l. They are referred to as P(53) and R(56) respectively
throughout the rest of the paper. Tuning w, yields the FWM spectrum. The features
of figure 3 are also resonantly enhanced by the B*IL;, v, = 16 intermediate state in

T, (representing state |¢) of figure 1(a)).

Tn the spectra several resonance doublets could be identified that probe a common
ground state population. The members of such a doubiet could easily be related
on the basis of the positions in the spectrum (see [4]) and are marked as such in
figure 3. They only differ in the value of J.. One (P(53)) corresponds to (J, = 53,
J, = 52) with J, = 34 and 52, while another (R(56)) belongs to (J, = 56, J, = 57)
with J, = 57 and 55. A third doublet of FWM resonances is related to the coineidental
enhancement by the B*I1}, v, = 17 P(103) rcsonance. One of the lines of that
doublet, which will not be con51dered further, appears in the range of the spectrum
of figure 3. As an indication for the relative intensities in the doublets the expressions
in table 5 can be used in the high J limit. In the case of parallel polarization intensity
ratios |S; _;41 /S, .+ 1| of 4: 1 arc expected when 0O, = 0,and 9:1if €2, = 1 for both
doublets. The stronger lines in the doublets are {J, = 53, J, = 52, J, = 52) and
(J, = 56, J, = 57, J. = 57). In the casc of crossed polarizations in both cases
(£2, = 0 or £, = 1) an intensity ratio of 1:9 is predicted.

These trends are reflected in the observed spectra of figure 3. For example, in the
doublet (J, = 56,J, = 57) at parallel polarizations the component with J, = J, + 1
is about four times stronger than the component with J, = .J, — 1. This ratio turns
around in favour of the J, = J, — | component when going from o = 0° 10 90°.

The intensity ratios within the doublets were measured and also calculated for a
wide variety of relative polarization angles. Experimental intensities were determined
by integrating the signal over the widths of the different peaks involved. The calcu-
lation of the ratios of line intensities for arbitrary polarization was performed by using
the closed-form expressions in tables 3 and 4 for J, = 53 or 56 in combination with
(5). In figurc 4 (a) the ratio of observed intensities for components of the doublet P(53)
are plotted as a function of angle 2. The intensity ratios between two components are
displayed on a log-scale so as to visualize deviations from theory at o« = 0% (# 1/#2
large) and & = 90° (# 2/ # 1 large) with an equal emphasis. Theoretical curves based
on the assumptions £, = 0 and £, = 1 are plotted as well. Tn figure 4(b) ratios of
observed and calculated intensities for the doublet R(56) are shown. For both P(53)
and R(56) doublets there is good agreement between the observed intensity ratios and
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Figure 3. Observed four-wave-mixing spectrum in L, {non-parumetric excited-state CARS)
for three different orientations of the relative polarization of the two incoming beams.,
o denotes the angle between polarization vectors.
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intensity ratios
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30
relative polarization

Figurc 4. Calculated curves (for both £, = 0 and 1) and obscrved intensity ratios us a
function of the relative polarization for the non-parametric excited-state CARS. The
inlensity ratios are given on a log-scale. {2) Doublet for P(53) resonance as defined in the
text in section 3.1; (b} same for R(56).

the theoretical prediction based on an intermediate state with £, = 0. Enhancement
by a continuum state |b) with £, = | can be definitely excluded.

Tn summary, agreement between theory and experiment is excellent for all angles
a except for « close to 90° where some deviations occur. Here it has to be noticed that
experimental conditions of pure polarization are difficult to realize. Some elliptical
polarization components are always present. Hence, the conditions of perpendicular
or parallel polarizations are never met. The theoretical curves show that the intensity
ratios near crossed polarizations strongly change with the angle «. Elliptical polariz-
ation components, therefore, affect the intensity ratios predominantly in the regime
of near crossed polarizations.

3.2. Parametric excited-state CARS
In figure 5 recorded spectra are shown for the parametric excited-state CARS for
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Figure 5. Observed four-wave-mixing spectrum in I, (parametric excited-state CARS) for
three different orientations of the relative polarization of the two incoming beams. «
denotes the angle between polarization vectors.

Raman shifts (@, — ®,) in the range between 910 and 925cm ™", with w, again fixed
at 18788:3¢cm ™", The upper spectrum corresponds to nearly parallel polarization
{x = 7°), the lower to crossed polarizations (z = 91°), and the middle to & = 59°.

The FWM features in this case originate from discrete state resonance enhance-
ment on B’} v = 32, J = 52 and 57 levels in I, probed by e, and B*IL} v = 53,
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Figure 6. Calculated curves (for both £, = 0 and 1) and observed intensity ratios as a
function of the relative pelarization for the parametric excited state CARS. The intensity
ratios are given on a log-scale. (a) Doublet for P(53) resonance as defined in the text in
section 3.2; (b) same for R(56).

J. at an energy of 2w, — w, [4]. Similar to the case of non-parametric excited state
CARS the two doublets in the spectra correspond to (J, = 53, J, = 52)and (J, = 56,
J, = 57). The members of these doublets are indicated in figure 5.

As mentioned in section 2.2 the predictions concerning the intensity ratios for the
components of a doublet in a parametric excited-state CARS process are identical to
the values in the non-parametric process. Indeed we find again, e.g. on the {(J; = 36,
J, = 57) doublet in figure 5, that the intensity ratio of the J, = J, + 1and J, =
J, — 1 components changes drastically in going from parallel to crossed polarizations.

The intensity ratios within these doublets were again measured for a wide variety
of relative polarization angles. The results are plotted in figures 6(a} and 6(b) for
P(53) and R(56) doublets, respectively. Note that the theoretical curves are identical
to those of figure 4. Although the observed intensity ratios (with angular variation)
of the relative polarization orientation follows the trend of the calculated values, the
detailed agreement is not as satisfactory here as in the case of the non-parametric
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process {section 3.1}. Disrcgarding the significant spread in the intensity ratio, reflect-
ing the lower signal-to-noise for the parametric CARS resonances, a systematic
discrepancy shows between observed and calculated valucs. At & = 0° the intensity
ratios in the P(53) and R(56) doublets are 3: 1 and 5: I, respectively, where the ratio
of 4:1 is expected assuming a £2, = 0 continuum state.

In a previous paper [4] we already remarked that resonances of the ‘laser-enhanced
CARS process’ iniroduced by Attal er af. [3] coincide with the resonances of the
parametric FWM scheme of figure 1(b). In their laser-cnhanced CARS process the
continuum resonance at the 2w, level is replaced by resonance enhancement (with a
detuning dw;} on rovibrational levels of the £2 = 0 ground state of I,. Also, these
detunings are different for sequences starting with P(53) or R(56). Contribution from
this alternative scheme might explain the discrepancy between theory and experiment
in this case.

4. Concluding remarks

In the present investigation it was shown that observed intensity ratios as a
function of polarization for different rotational line components in excited-state
CARS agree reasonably well with calculations of linc strengths in four-photon
coherent processes. Agrcement for the non-parametric process was considerably
better than for the parametric process. Although in the latter FWM process signal
tensities and therewith signal-to-noise ratios are lower and the scatter in the results
larger (compare figure 6 for the parametric process with e.g. figure 4 for the non-
parametric process) this cannot explain the deviations from the theoretical intensity
ratios. A systematic difference between relative line strengths between components in
doublets related to P(53) and R(56) transitions in this parametric FWM process is
apparent and might be attributed to the effect of other processes such as the “laser
enhanced CARS processes’. The intensity ratios of the P(53) doublet are lower while
the ratios for the R(56) doublet are higher than the theoretical value for all angles of
relative polarization of the incoming beams.

A few comments on the general applicability of the rotational line strengths
derived for coherent four-photon processes in tables | to S can be made. Firstly, these
line strength relations were derived in view of the cxperiments in 1,, so an electronic
angular momentum (2 was defined referring to a Hund’s coupling case (c). The
relations are straightforwardly applicable for Hund’s case (a) single states, when £21is
replaced by an electronic orbital angular momentum A. Secondly, the rotational line
strength expressions were derived for a collinear k-vector geometry of incoming
waves, [n other wave-mixing geometries such as BOXCARS the effect of incident
angles between wave vectors has to be accounted for.

Finally we notc that the expressions for rotational ling strengths of table 1 are
applicable to degenerate four-wave-mixing processes in molecular gases with a2 'Z
ground and 'Z excited state. The expression for oJF— 1,0, J— I]holds fora P
transition while [/, J + 1,J,J + 1] relates to an R transition, also it is not necessary
that the transition moments in (9)-(15) have an electronic origin. Replacing of it by
a permanent dipole moment and interpreting the photon interactions in terms of
vibrational transitions in molecules leave the expressions unchanged, As such two of
the expressions of table 1 are relevant for the description of rotational line stren gths
for DFWM processes in HF [21].
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