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The direct observation of anharmonic effect in coherently driven molecular vibrations
is reported for low-pressure H2. Under intense excitation of the gas by light waves of
frequencies ~ and ~', both electrical and mechanical anharmonicities contribute to a co-
herent polarizability modulation at 2(~ -~'). The corresponding anharmonic scattering
dominates, at low pressure, the usually observed harmonic double scattering. We dis-
cuss application of the effect to the determination of the second-order polarizability de-
rivative.

Two light waves with frequencies v and ~' can
coherently drive a molecular vibration at ~- ~'.
This has been recognized" as an essential step
in stimulated Raman scattering, where the laser
and Stokes waves provide the driving light fields.
The coherent vibration is reflected in a coherent
modulation of the polarizability Bn(t, r) = Bo.(&u

—~', r)e'~ " ~'+c.c. and the appearance of an in-
dex grating which can scatter inelastically in-
coming light waves, thus giving rise to the ob-
served anti-Stokes spectrum. For intense exci-
tations one expects the onset of nonlinear effects
through the mechanical and electrical anharmon-
icities of the molecule creating Fourier compo-
nents of the polarizability at harmonics of ~ —~'.
In this paper we report what we believe to be the
first observation of these effects.

Consider an exciting light field with Fourier
components at v and +',

Z(, t) =Z((u, r)e '"'+E(~', r)e ' '+c.c.,

interacting with a gas of N diatomic molecules
per unit volume. The difference frequency ~ -(d'
is close to the fundamental vibrational frequency
4)jp For m and co

' far below the electronic transi-

tion frequencies, the interaction Hamiltonian can
be written' as H, = —2 ' (q)E', where q is the in-
ternuclear distance and n the molecular polar-
izability operator. For the sake of simplicity,
e is treated here as a scalar, and vibration-ro-
tation interaction is neglected. The expectation
value of o. is given by (n ) = Tro. p, where the
molecular density operator in the presence of the
light field can be obtained by standard perturba-
tion theory as a series in powers of IJ, , p= p
+p" +p ' + ~ . The first-order term in (n ),
averaged over the normalized distribution g(v»)
of vibrational frequencies, yields the Fourier
component at co —v' of the average polarizability,

e((u- (u', r) = (n„2/A)G(&u —(u')

&&Z((o, r)Z*((u', r),

with

G(Q) —(d ) = fd~ g(Q3»)/((d —(d —(d&o+ tI »)

where a,.&
stands for the matrix element between

vibrational (ground electronic) states i and j of the
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where the matrix elements of e have been taken as real. The contribution from n =2 will quite gener-
ally dominate the sum over intermediate states: For H„which has the strongest molecular anhar-
monicity, 2&v» —~»=228 cm =2&v»/40. When only this contribution is retained, the harmonic polar-
izability reduces to

(2)n(2(&u —~'), F) = [n»n»n»/h'(2&v» —&u»)]G(cu —&u')E'(~, F)E*'(~', r).
1

This modulation can be detected through coherent inelastic scattering. The wave at ~ creates a field
at ~+2(v —w') through the nonlinear source polarization, ~

PN~s(to+2(&u —v')) =Nn(2(cv —a&'), r)E(v, r)

molecular polarizability operator o; and e, , and E",, stand for, respectively, the angular frequency
and the angular half-width of the i-j transition. Near-resonance terms only have been kept in this ex-
pression. Similarly, the second-order term contributes a Fourier component at the harmonic 2(~-&u')
of the driving difference frequency:

n(2(v-u&'), r) = 2'gn, o.',][2(~-u&')- ru, ]
' —[2(v —v')+re, ] '}G(v —ru')E'(u& F)E* (v', F),

n

However, coherent radiation at a&+2(&u- &u') can
also be produced through double coherent scatter-
ing associated with the polarizability modulation

(1). Whereas the intensity of the anharmonic
scattering is proportional to N, that of double

scattering is seen to be proportional to N'. Thus
the latter effect dominates at high pressures
and/or long scattering lengths. We have used
these different dependences on density and scat-
tering lengths to discriminate against double scat-
tering and observe coherent anharmonic scatter-
ing in low-pressure normal H, with a focused
geometry.

The experimental setup is shown on Fig. 1. A
40-MW, 20-nsec-long ruby laser pulse (&u) was
focused into a high-pressure (p =20 atm) genera-
tor cell filled with a mixture of hydrogen and heli-
um gases. The intense 10-M% Stokes radiation

t (co'), produced by stimulated Raman scattering
from the Q(1) transition of the H, molecule, and
the laser beam are, after filtering (F,), refo-
cused in a low-pressure excitation cell containing
only H~. The helium concentration in the gener-
ator cell was adjusted' so as to compensate for
the pressure shift of the vibrational frequency.
Thus the resonant condition +- co'=(d„was en-
sured in the excitation cell. The coherent anti-
Stokes scattering at frequency 3~ —2''= M+2%go
was isolated with appropriate filters (F,) and
detected by the 56 AVP (S11—14 stages) photo-
multiplier. The laser and Stokes radiations were
detected by the C, and C, fast-response photo-
diodes. Along with the synchronization laser sig-
nal from C, and the detected signal C4, they were
transmitted to the photon counting and conversion

F4
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Flo. l. Experimental setup (see text for details).
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f= 10 cm and with l2= 5 cm and lenses L„L,' of

f= 5 cm. Figure 2 shows the results for /, = 5 cm.
With f= 10 cm similar results were obtained,
but as expected for a longer scattering length,
anharmonic scattering dominated double scatter-
ing at lower pressures. The change of regime
occurred at approximately half the pressure cor-
responding to f= 5 cm.

A discrimination ratio of the order of 10"be-
tween the frequencies at (~+2(dip and co+

cutup was
achieved by adding to the interference filters in
the E, system a liquid [Cu( NH, ),]"filter. The
transmission of the I, system for the co+~yp
and ~+2~„frequencies generated in the Raman
cell was less than 10 ". The polarization of the
observed ++2~„signals was found at all pres-
sures to be the same as the polarization of the
laser and Stokes light. It was checked that by
placing the Schott 06-4 filter in front of the F4
system, the previously observed signals disap-
peared. This filter rejects ~+2(dip and trans-
mits (o+ (o„ frequency.

The solid line in Fig. 2 represents a least-
squares fit to the experimental data on the log-
log scale. The fitted theoretical expression was
taken as

~ =~p%(pip. )'+ I3pip. +I]

FIG. 2. a+ Mo signal intensity versus pressure in
the excitation cell. Dashed lines, limiting P and P
dependences.

channels. All the data were printed on a record-
ing device. The number of photoelectron counts
corresponding to photons at the frequency (o+2co„
as a function of pressure in the excitation cell is
displayed in Fig, 2. It is seen that at low pres-
sures the P4 'dependence indicative of double scat-
tering is replaced by a Pm variation correspond-
ing to anharmonic scattering. Each point repre-
sents the average number of counts for a series
of about 100 laser shots. At the lowest pressures
about 1 photoelectron was detected per 20 laser
shots. The noise level was of the order of 1
photoelectron per 100 laser shots. For higher
pressure values, calibrated neutral density fil-
ters kept the average number of counts per shot
below 0.2, in order to ensure the linear response
of the detection system. The signal intensity for
p & 50 Torr followed a strict p' dependence.

The experiments were carried out with the ex-
citation cell length E, =10 cm and lenses L„L,' of

The computer program yielded the values p = 19
Torr, 8=7&&10 ', showing that there was prac-
tically no contribution from the p term. In this
interaction between multimode laser beams and
in the presence of chromatic aberrations, one
does not expect a well-defined phase relationship
between the fields E, and E„due, respectively,
to anharmonic and double scattering. The detect-
ed intensity is proportional to the integral over
the photocathode area, f,do IE, +E„I', which in
this case reduces to f,do (IE, I'+ IE~ lm). This
probably accounts for the absence of p' terms
in the observed intensity dependence.

Both mechanical and electrical anharmonicities
contribute to o(2(co —co'), rQ. Let us assume that
the vibrational potential can be represented by

&(e) = .&.v'+ Pe'—+re'

and the molecular polarizability by

~.= ~'+ (»lee)q+ 2(s*~l&e')e'.

The matrix elements and energy denominator
in (2) can be evaluated by standard perturbation
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theory. This gives

(xsa/Bq)'[4(x BQ/Bq)pr'/hn+x'8'n/Bq'] /), ( ) ~s(, )t 60P xs/hQ —12yx4

= (}("/N)E'(~, r)E*'(~' r) (4)

1 states.
In its present state our experiment does not

lend itself to a determination of ~'". However,
this would be possible with the use of single trans-
verse-mode beams and achr omatic optics. Fur-
thermor'e, the method could be extended to other
molecules by using a laser-pumped dye laser to
provide the frequency ~'. Mechanical anharmon-
icities are accurately known from spectroscopic
data, and Bn/Bq can be determined from Raman
intensity measurements': Experiments of the

type presented here would allow the determina-
tion of 8'n/Bq' and o.» —n». In polyatomic mole-
cules the interaction of vibrational modes through
mechanical and electrical anharmonicities could
also be studied.

td"=W2, " " ' =-0.5&&10 "esu,n ~n 2 96
h (2Mio (dao) A(on

to which the mechanical term in P contributes
i~,h

' = —1.85x 10 "esu and the electrical
term in 8'a /Bq', lK, ' =+ 1;35x 10 "esu. The
harmonic coherent anti-Stokes scattering (d -~
+ ~„can be described by a third-order suscepti-
bility }( }(v,&u, —v') =N~ s}, where at resonance
i~ ' = (o.„'/h)2. 96/b, ~D. For a plane-wave inter-
action at the focus (only a rough approximation
here), the ratio of the scattered power at ~+~»
to that at ~+2~» is given by [~"}/d'}EE']'.
From the -laser and Stokes powers and the diam-
eter d =100 p.m of the focal zone, we estimate
E = 6x 104 esu, E' =3 x 104 esu. Note that for
the low pressures considered here, these values
are more than 1 order of magnitude below break-
down threshold. ' With the above value of np, we

find for the ratio of the scattered powers 1.6
x 10', in good agreement with the measured value
of 10. Other things being equal, K ' increases
for small mechanical anharmonicity. In this case
there only remains the electrical contribution
which is enhanced by the decrease of 2~yp M2p,

i.e. , a quasiresonance between 2(&u —~') and &u».

Thus it can be expected that in some heavy polar-
izable molecules the effect will be of purely elec-
trical origin and larger than in H, . In this situa-
tion the polarizability matrix elements can be
calculated between harmonic-oscillator eigen-
states: n»=-,'&2(n» —n»), and ~"}is seen to be
proportional to the difference in polarizabilities
between ground and first excited vibrational

E. Garmire, E. Pandarese, and C. H. Townes, Phys.
Bev. Lett. 11, 160 (1963}.

N. Bloembergen and Y. H. Shen, Phys. Hev, Lett.
12, 504 (1964}.

See for instance, J. Ducuing, in Quantum Optics,
Proceedings of the International School of Physics,
"gnyico I'erma, " &8'8 XI-II, edited by H. J. Glauber
(Academic, New York, 1970}.

J. A. Armstrong, N. Bloembergen, J, Ducuing, and
P. S. Pershan, Phys. Hev. 127, 1918 (1962).

P. Lallemand and P. Simova, J. Mol. Spectrosc. 26,
262 (1968}.

E. Ishiguro, T. Arai, M. Mizushima, and M. Kotani,
Proc. Phys. Soc., London, Sect. A 65, 178 (1952).

~V. Chalmeton, thesis, University de Paris, 1969
(unpublished) .

%. F. Murphy, W. Holzer, and H. J. Bernstein,
Appl. Spectrosc. 23, 211 (1969).

where x=(h/2p(l)'is, and Iu and Q are, respectively, the reduced mass and frequency of the corre-
sponding harmonic oscillator. Equation (4) clearly separates the two contributions and shows that, P
being negative, they will be quite generally of opposite sign. For the H, molecule, X' "/N= ~" can be
calculated in the low-pressure case using a Morse potential fit, the values of Ba/Bq and 8 &/Bq given
by Ishlg ro et al. ,

6 and the Doppler width ~MD=3X 10 2cm 1. We find np2=4X 10 "cm' and, at reso-
nance


