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The first observation of tunable stimulated hyper-Raman scattering is reported. A dye laser (w,) focussed into sodium

vapour produced stimulated hyper-Raman emission Q2w

photon resonance. Photon conversion efficiencies up to 5%

w
38-4p° =7 -
were obtained. The hyper-Raman emission was tuned over a

) at ~ 2.3 um when 2w, was tuned near the 3s-4d two-

~ 160 cm™! range, and could be observed with pump powers as low as ~ 2kW.

A number of two-photon and three-photon absorp-
tion processes in alkali vapours have been extensively
studied in recent years. There is interest both in multi-
photon ionisation and absorption to bound states. An-
other two-photon process, stimulated electronic Raman
scattering, has also been the subject of recent investi-
gations and has been shown to offer a simple and effi-
cient means of converting tunable dye laser radiation
into widely tunable infrared Stokes radiation [1-5].
In this letter we report observation of the three-pho-
ton analogue of stimulated Raman scattering, namely
stimulated hyper-Raman scattering (SHRS), in which
two pump photons (wp) are annihilated and a Stokes
photon (w,) is created. Hyper-Raman scattering was
first observed as a weak spontaneous process [6] and
the first observation of stimulated hyper-Raman scat-
tering appears to have been that of Yatsiv et al. [7],
who briefly mention it as one of a number of non-
linear processes which they produced in K vapour. Re-
cently SHRS has been investigated in some detail by
Vrehen and Hikspoors [8,9]. For their pump source
they used a 200 MW Nd:YAG laser, whose wavelength
is fortuitously close to resonance with a two-photon
transition in caesium, In this letter we show that by
using a tunable dye laser as the pump source, SHRS
can occur with high efficiency and that the frequency
of the resulting Stokes emission can be tuned over a
significant range. The results of a calculation of the
expected SHRS threshold, based on the usual pertur-
bation theory approach, is given for the two cases of
circularly polarised pump radiation. Qur experimental
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observations confirm that circular polarisation gives a
significantly lower threshold. The presence of strong
linebroadening mechanisms is indicated by the obser-
vation that the linewidth of the Stokes radiation is
20—30 times greater than both the linewidth of the
pump laser and the Doppler width of the hyper-Raman
transition.

We have studied the 3s > 4p3/2 hyper-Raman tran-
sition in sodium (fig. 1), the process being resonantly
enhanced by tuning the dye laser (Rhodamine 6G) in
the region of the 3s-4d two-photon resonance. Further
resonant enhancement results from the proximity of

wp(~579nm)

3s

Fig. 1. Partial energy level diagram for neutral sodium showing
the 3s - 4p3,, hyper-Raman transition.
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the dye laser frequency to the single-photon 3s-3p
transition. Similar level schemes in other alkalis are al-
so candidates for SHRS, but require the use of less
convenient near infrared dye lasers.

There is an important difference between the level
system we have studied and that used by Vrehen and
Hikspoors [8,9]. In their experiment the intermediate
level with which the pump frequency was most strong-
ly resonant also acted as the final level, and therefore
the wavelengths of the pump and scattered radiation
were not widely different. In our scheme, by scatter-
ing to a higher lying final level, it is possible to gen-
erate Stokes radiation with a considerably longer wave-
length than the pump. We note here that a related
scattering process, in which radiation at frequency
2w—S2 is produced when a pump laser is tuned close
to an atomic transition {2, has been described by
Carlsten and Szoke [10] and Grynberg et al. [11].
They refer to the process as “three-photon scattering”.
If this process is considered within the framework of
perturbation theory it is seen to be described by a sus-
ceptibility of the same form as that for hyper-Raman
scattering and from this point of view the processes
may be said to have a common identity. The impor-
tant distinction we draw between hyper-Raman scat-
tering and “three-photon scattering” is as follows. In
“three-photon scattering” the intermediate levels
which make the dominant contribution to the process
are the final and initial atomic levels themselves. In
hyper-Raman scattering intermediate levels other than
the final and initial levels are dominant.

SHRS is characterised by an exponential growth of
Stokes intensity with distance through the scattering
medium. The gain coefficient G can be calculated as
for stimulated Raman scattering [e.g. 12] except that
the hyper-Raman process is described by a fifth order
nonlinear susceptibility,
xgﬂ (—wy $Wp Wy, — Wy, — wp,ws). In the general
case, in which pump and Stokes waves can have any
polarisation and spin-orbit splitting of the intermediate
levels cannot be neglected, the calculation of xf{s}% is
rather lengthy. It can be greatly shortened by using
spherical tensor techniques (as in ref. [12]) and this
general calculation has been performed for the alkali
atoms, Detailed numerical calculations have been
made for the above transition in Na, and the analogous
transition (6s - 7p) in Cs [13]. For the Cs calculation
spin-orbit splitting of the 6p and 6d doublets cannot
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be neglected. However for the Na scheme the fine
structure can be ignored since the 3p3,—3py/, split-
ting (17 cm~1) is small compared to the detuning
Aw,= W3g3p— Wy (typically ~ 300 cm~1), and the
4ds)y —4dy), splitting (0.03 cm~1) is small compared
to the dye laser linewidth (0.1 cm~1). Thus we present
here the results of an analysis in which fine structure
of all but the final 4p level is ignored and, in the sum-
mation over intermediate states, only the 3p and 4d
levels, which make the dominant contribution, are
taken into account. The power gain coefficient G is
(in SI units)

NI el
=2 % g0 1)
303 (5€p )3T
where
=400 [<4plr|ad)(4d|r|3p)3pIri3s)|® @
27 Aw;Aw,

if the final level is 4p3/,. When the final level is 4py/2s
@ takes exactly half this value. Here Aw, = wsyq—
2wy, T'is the HWHM linewidth (rad s—1) of the spon-
taneous hyper-Raman emission, V is the atomic num-
ber density and Ip is the pump intensity. The angular
dependence [12,13] is contained in the factor ©,
which is (3 cos2+ 1)/4 in the case of linearly polar-
ised pump and Stokes waves, where § is the angle be-
tween the two polarisations. For pump and Stokes
waves propagating collinearly in the same direction
and circularly polarised in the same sense, © takes the
value 9/4. For circular polarisation in opposite senses
© is zero. In generating a Stokes output by amplifica-
tion of the spontaneous noise, the Stokes wave will
take the polarisation for which the hyper-Raman gain
is greatest, and therefore the gain coefficient is effec-
tively 9/4 times greater for a pump wave which is cir-
cularly rather than linearly polarised.

The experiment used a Rhodamine 6G dye laser
similar to that described elsewhere [4,14], giving an
output of up to 8 mJ in a 15 ns pulse (500 kW peak
power), with a 0.1 cm~! linewidth and nearly diffrac-
tion-limited beam. The linearly polarised beam was
passed through a Fresnel rhomb to produce circular
polarisation and then focussed so as to be confocal
over a ~ 25 cm column of sodium vapour at 10 torr
pressure contained in a heat pipe oven. The infrared
radiation was detected after a 30 ¢cm grating mono-
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chromator. As the dye laser was tuned across the 3s-
4d two-photon transition a strong infrared emission,
collinear with the dye laser beam, was observed. Its
energy was greater than 0.2 nJ over a dye laser tuning
range of ~ 80 cm~! and the measured wavelengths
agreed to within experimental error (+ 2 em 1) with
those calculated from wg= 2wp—w394p3/2. ‘

Bloom et al. {15] observed a 4-wave parametric pro-
cess in Na when they pumped near the 3s-3d two-pho-
ton resonance. If an analogous process were respons-
ible for the IR we observed then a tunable UV output
near 30273 cm~! (3s-4p) with about eight times the
Ir energy (the ratio of UV and IR photon energies)
should have accompanied the IR output. Such an emis-
sion was not found although two much weaker UV
emissions were seen, one of fixed frequency, 30366
cm~!, with peak energy ~2 uJ and one which tuned
as 2, —4426 em~1 with peak energy ~ 60 nJ. The
latter signal has its origin in a 4-wave parametric pro-
cess and the fourth wave, at 4426 cm~! with an ener-
gy of ~ 5 nJ was just detectable. The origin of the fix-
ed frequency UV signal is not clear at present.

The IR emission at 2¢ —Widp,,, WA also seen in
the backward direction (although over a much smaller
tuning range). This gives further confirmation that
this IR emission was not parametric in origin since the
coherence length for the backward wave parametric
process is extremely small.

A pyroelectric detector was used to measure the
energy of the SHRS signal in the forward direction as
a function of dye laser tuning, as shown in fig, 2. The
output energy was greater than 0.1 uJ (~15 W) over
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Fig. 2. Observed energy of stimulated hyper-Raman emission

as a function of tuning for linear (@) and circular () pump
polarisation. '
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the 45 cm~! range of pump frequencies (90 cm~!
Stokes tuning range) as shown. By using a more sensi-
tive InAs detector, infrared energies greater than 0.2
nJ (30 mW) were observed throughout a total infrared
tuning range of ~ 160 cm™!, from 4240 —4400 cm—!.
The infrared pulse duration was 7 ns, and so the maxi-
mum observed energy of ~37 uJ represents a peak
power of ~ 5 kW; this also corresponds to a value of
~2% for the conversion efficiency from pump pho-
tons to Stokes photons. A simple calculation shows
that under these conditions the number of generated
Stokes photons was comparable to the number of
atoms in the region of the focussed dye laser beam,
and the output was therefore limited by depletion of
the atomic ground state population. It also follows
that for atoms at the distant end of the vapour column,
the SHRS rate exceeds the three-photon ionisation
rate. In fig. 2 the maximum detected energy is approx-
imately the same for either linear or circular pump
polarisation. This is to be expected because of atomic
saturation, as described above. However as the pump
is tuned further from the two-photon resonance, the
SHRS gain falls. The smaller the gain, the greater is
the fraction of the vapour column length needed for
the Stokes intensity to grow to a level at which the
ground state atomic population is significantly deplet-
ed. Thus the volume of vapour from which Stokes
energy can be extracted is reduced. Numerical calcula-
tion shows that this adequately accounts for the gen-
eral shape of the low frequency side of the tuning pro-
file, and the difference between the observed profiles
for circular and linear polarisations. When the dye
laser was exactly resonant with the 3s4d two-photon
transition, a dip in hyper-Raman output occurred as
shown in fig. 2. We believe this to be due to pump de-
pletion via two-photon absorption and three-photon
1onisation. However, at present we are unable to ex-
plain the asymmetry of the tuning profile shown in
fig. 2, the output energy and tuning range being less
than expected for pump frequencies tuned above the
two-photon resonance. A similar (and unexplained)
asymmetry has previously been observed on stimulat-
ed electronic Raman transitions [3].

No SHRS corresponding to the lower gain 3s —>4pl/2
transition could be observed; this can be explained by
the atomic saturation produced by the stronger 3s
= 4pyy transition. Attempts to observe SHRS with
the dye laser tuned close to the 38-3py/2,3/2 single-pho-
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ton resonances were unsuccessful, probably as a result
of competition from the very strong single-photon ab-
sorption of the pump light. By using two dye pumps
(wpy and. wpy) tuned so that wp +wps is close to the
two-photon resonance, and one pump tuned to take
better advantage of the 3s-3p single-photon resonance
[16], a further reduction in threshold should be ob-
served. Nevertheless with a single pump source (‘*’pl =
Wpy = wp), we have found that the two-photon reso-
nance enhancement is sufficient to allow observation
of SHRS with a pump power as low as 2kW.

The linewidth of the hyper-Raman emission was
measured using an infrared grating monochromator
(instrumental resolution 0.5 cm~1) and typically found
to be ~2—3 cm~L. This is 20—30 times greater than
both the pump laser linewidth (0.1 cm~1) and the

Doppler width of the 3s4p;/, transition (~0.13 cm™1).

A similar degree of linebroadening has been observed
in stimulated electronic Raman scattering [4]. The
origin of this has not been conclusively identified.

A comparison between the predicted and observed
SHRS threshold was made, using eqgs. (1) and (2) to
calculate the expected threshold pump intensity. The
result of this calculation is strongly dependent on the
value assumed for I' which, in view of the linebroaden-
ing observed in the experiment, is rather ill-defined;
this constitutes a weakness in the calculation. Thresh-
old is reached when the gain exponent GL = 30, this
being the minimum gain required to amplify the spon-
taneous hyper-Raman signal to a detectable level. Thus
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Fig. 3. Calculated threshold pump power for stimulated hyper-
Raman emission on the 3s—~ 4p3,, transition.
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if L (length of vapour column), N and I" are known,
the threshold pump power can be calculated as a func-
tion of w,,. A further refinement in the calculation is
to include the effects of diffraction [17]. Fig. 3 shows
the calculated threshold power for our experiment,
taking I" = 15 cm~1. This choice of linewidth gives
reasonable agreement both with the observed SHRS
threshold and tuning range in the region of the 3s-4d
two-photon resonance, and also with the measured
linewidth of the generated infrared radiation, allow-
ing for gain narrowing.

It is to be expected that similar results to those re-
ported here would be observed on the 4s = 5p transi-
tion in K, 55— 6p in Rb and 6s—>7p in Cs. These may
be of some interest since the Stokes wavelengths
would be progressively longer, reaching 16 um in Cs.

A significant reduction in threshold should result from
the use of two dye laser pumps, to take full advantage
of both the one-photon and two-photon resonances.
However the considerable linebroadening we have ob-
served both in stimulated Raman scattering and SHRS
constitutes a serious drawback, both in raising the
threshold and in producing a broad output linewidth.
Proposed schemes for using transitions between
Rydberg levels as sources of tunable infrared radiation
18] may be vitiated by this linebroadening.

This work has been supported by the Science Re-
search Council. D. Cotter holds an 1851 Exhibition
Research Fellowship.
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