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Collisional Narrowing of a Fine-Structure Raman Transition
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The line shape of the Raman transition between metastable levels of neon (?P, and 3P;) is stud-
ied as a function of the pressure of a helium buffer gas. Dicke narrowing of the Doppler-broadened
nonresonant Raman signal (for large optical detunings) gives the first evidence of conservation of a
fine-structure coherence by velocity-changing collisions. Pressure broadening of the resonant Ra-
man signal gives a measurement of the velocity-changing~—collision rate.

PACS numbers: 32.70.Jz, 34.40.+n, 42.65.Dr

Velocity-changing collisions (VCC) have been wide-
ly studied with use of saturation-spectroscopy tech-
niques.!~® In principle, saturation line shapes are sen-
sitive to ‘‘population VCC”’ which conserve popula-
tions of molecular energy levels (elastic collisions) and
to ‘“‘coherence VCC” which preserve also quantum
coherent superpositions of molecular states. Practical-
ly, the coherence VCC are difficult to study*: Only
photon echoes,®’ for small-angle scattering, and
collisional-narrowing®'>  (Dicke narrowing!3) of
Doppler-broadened lines, for large-angle scattering,
have proved unambiguously the existence of coher-
ence VCC.

Conservation of coherence by large-angle-scattering
VCC has interesting consequences regarding the inter-
molecular potentials giving rise to this scattering. As
Berman! has pointed out, the intermolecular potentials
must be parallel for levels involved in the linear super-
position. This situation is unlikely for electronic tran-
sitions, but exists for atomic hyperfine and Zeeman
structures and for molecular vibrational and rotational
transitions: This has been proved by the collisional
narrowing of some lines in microwave® or infrared
spectra,’ in spontaneous!® or stimulated'! Raman spec-
tra, and in four-wave mixing experiments.!?

In this paper we present what, to our knowledge, is
the first observation of conservation of a fine-structure
coherence by large-angle-scattering VCC. The ex-
istence of this conservation was not obvious as it im-
plies that interatomic potentials are not sensitive to
spin-orbit coupling. We have used the stimulated Ra-
man effect between the two metastable levels of neon,
3P, and *P,, in the presence of a He buffer gas.

Let us consider a three-level system [Fig. 1(a)], a
saturating beam (w,,k;) almost resonant with transi-
tion a -¢ (detuning 8, = w; —w,.), and a copropagating
probe beam (w,,k,) almost resonant with transition
a-b (3,=w,—wg). Variations of probe-beam ab-
sorption induced by a low-intensity saturating beam
are easily calculated with a third-order perturbation
development of the density matrix!*. Considering
only the terms which involve the Raman coherence
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(0'&2)) at the second order and neglecting VCC, for
the moment, one obtains the well-known result

B Ref Nb + Ne ____~W(v)
Ly  LalLg| Le

where W (v)«expl— (v¥/u?)] is the Maxwell velocity
distribution, N, and N, are the total populations of
levels b and c (assuming N, =0), and L;; are the ener-
gy denominators in which I';; is the relaxation rate
for coherence o, including radiative relaxation
[+ (y;+v,)] and dephasing collisions (I'P"):

Lap=Tati(8,— k), Lyp=T,+i(d;— k),
Lpe =Ty + i[5, —8,— (k,— k,)v].

dv, ¢))

Usually, expression (1) is calculated analytically in
two extreme cases. The first one is the ‘‘resonant Ra-
man signal’’ (RRS) obtained for small detunings
(8; < kyu), when all L; are resonant for the same
velocity group. It is a sharp peak centered at
8,=08k,/k;. At the Doppler limit [W(v) much
broader than all L;; '], for 0 < &, < k,, its width is'®

Ty =Ty + g (ky— ky)/ k.

The RRS is due to a single velocity group selected by
the saturating beam: It is a homogeneous line.

The second case is the nonresonant Raman signal
(NRRS) obtained at large detuning (8, >> k,u),
which constitutes the usual Raman signal. Only L,

FIG. 1. (a) Energy levels and laser frequencies. (b) Ex-
perimental geometry. (c) Time diagram of experimental
pulses (D = discharge, S = saturating beam, P = probe
beam, and G = signal integration gate).
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can be resonant, while Lg, = i, and L, = id:

Ne Ny W(v)
PNR 8:5, 81,2 € L v ()
This is a Voigt profile centered at 8,=05,. At the

Doppler limit it reduces to a Gaussian function of
half-width |k, — k;|u, which directly reflects the atomic
velocity distribution: The NRRS is an inhomogeneous
line.

Let us consider VCC conserving the Raman coher-
ence o, and characterized by a rate I')¢ and an aver-
age velocity change Av. At low pressure, as long as
|ks— k,|Av is much greater than the homogeneous
width T, any VCC will remove atoms from the ve-
locity group contributing to the Raman signal. One
has simply to include VCC in the total relaxation rate:

Cpe=TY+T4, Thp=75(yy+vy)+TEN 3)

Therefore, the RRS broadens linearly with pressure
(its amplitude decreases as 'y !T'z1),!5 while the
NRRS is unaffected since its line shape (2) is mainly
Gaussian.

At higher pressure, when I'y. > |k, — k|Av, atoms
continue to interact coherently with the laser beams
after a VCC. The equation for Raman coherence
{2 (v) becomes a Boltzmann equation with a col-
lision kernel coupling all velocities."® The RRS no
longer broadens linearly with pressure, but its ampli-
tude is very small. Finally, when Ty >> |k,
— klu >> T4, the NRRS exhibits Dicke narrowing.
Indeed the atomic velocity (and therefore the Doppler
phase shift) has no time to build up between two suc-
cessive collisions (mean time 1/T')S). The Doppler
broadening disappears and the line becomes homo-
geneous. Its half-width ', is the inverse of the coher-
ence lifetime.

Experimentally, the NRRS has been studied for the
Ne metastable levels with use of two cw dye lasers
tuned near the lines A =588.2 nm [1s5(*P,)-2p,] and
A=616.3 nm [1s;C3Py)-2p,]. Both lasers are linearly
polarized in order to produce Raman coherence
between the 3P,, m=0 sublevel and the 3P, level.
The frequency of each laser is stabilized on a
saturated-absorption signal scanned magnetically. This
reproducible scanning allows signal integration over
several frequency sweeps, but reduces the tuning
range to a few gigahertz. To increase detuning on both
lines, laser frequencies are locked on 22Ne, while the
experimental cell is filled with Ne. Maximum detun-
ing is 4.5 GHz.

Metastable levels are created by a rf discharge (210
MH3z) in a tube 4 mm in diameter. As a result of the
high power needed (~1 kW) for producing a
discharge at high pressure (up to 160 Torr) the rf
discharge is pulsed ( ~ 4 usec; repetition rate 1 kHz).

Measurements are performed in the afterglow regime,
when main plasma effects are damped. After a few
microseconds, the P, level is much more populated
than the 3Py.!® The 3P, population can be neglected.

The saturating beam and probe beam are modulated
by acousto-optic modulators [Fig. 1(c)]. Probe inten-
sity is monitored by a gated integrator (boxcar), 2 usec
after the onset of the saturating beam. For this time
delay, all coherent transients!’ are damped, but optical
pumping is not yet important. Indeed, even for
8, — Skyu, the saturating beam (30 mW; diameter
~0.5 mm) is able to progressively depopulate the
lower level ¢. A part of this population is accumulated
in level b, through spontaneous emission from level a:
This produces a strong saturation signal in competition
with the Raman signal.

Experiments have been performed with a constant
partial pressure of 22Ne (0.5 Torr) and partial pressures
of He from 0 to 160 Torr. At higher pressures, it was
impossible to produce a discharge. Figure 2(a) shows
a set of experimental curves obtained with the saturat-
ing beam tuned 4.5 GHz from the center of the
588.2-nm line. In this case, referring to Fig. 1(a),
b=3Py and c=3P,. Therefore N, << N,: The Ra-
man signal corresponds to probe amplification. Figure
2(a) clearly shows Dicke narrowing for pressures
higher than 20 Torr. At low pressure the line shape is
Gaussian while at high pressure the slowly decreasing
wings are characteristic of a Lorentzian behavior. Fig-
ure 2(b) shows experimental curves obtained by
choosing the saturating wavelength near the 616.3-nm
line (b=3Py;, c =3Py, Ny, >> N,). Dicke narrowing is
again evident in spite of a greater asymmetry. Figure 3
shows the NRRS width as a function of He pressure.

To measure the total collision rate, we have studied
the RRS at low pressure (20 mTorr Ne; 0 to 1.5 Torr
He) with a larger cell and a low-intensity rf
discharge,!” in the configuration 0 < k, < kp. Ty is
obtained from I' y with the use of experimental values
for T',. (4.5 MHz+9.3 MHz/Torr, from the linear-
absorption line shape). The pressure broadening is
linear and leads to ATl'p.=4.8 £0.5 MHz/Torr of He.
Over the pressure range (P < 1.5 Torr) where the sig-
nal was appreciable, there was no evidence for any
nonlinear dependence of I',. with pressure.

For comparison with experiments, the density ma-
trix equations have been solved with VCC for Raman
coherence only; optical coherences are supposed to be
destroyed by VCC. Since the exact collision kernel
[A (v'— v), the probability per unit of time that a sin-
gle VCC changes the velocity from v’ to v] is unknown
and since the Boltzmann equation has no analytic solu-
tion in the general case, we have restricted the calcula-
tion to the ‘‘strong’ collision model [4(v'— v)
=T W(v)] for which the velocity is completely ther-
malized by a single VCC. For any 8, the general solu-
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FIG. 2. NRRS line shape as a function of pressure. Upward-peaked curves (probe amplification) correspond to N,=0;
downward ones, to N, =0. (a) Experimental curves with A; = 588 nm, A, =616 nm, and 8, =4.5 GHz. In this case k; > k, and
N, >> N,. Since the lower level of the saturating beam (¢ =3P,) is populated, the optical pumping (from 3P, to 3Py) rapidly
increases with pressure and induces absorption of the probe; it appears as an increasing background. (b) Experimental curves
with A; =616 nm, A\, =588 nm, and 8, =4 GHz. One has k; < k, and N, >> N.. NRRS is more asymmetric and there is no
optical pumping (N, =0). (c) Theoretical line shape from the strong-collision model. ;=4 GHz; ',y =T, =4.5 MHz+9.3
MHz/Torr; T 3¢=4.8 MHz/Torr; T'ff =1 MHz (for simulating the laser frequency jitter); k,u = 887 MHz; and kpu =930 MHz
(T =360 K from experimental Doppler width at 10 Torr). For the dashed curves, VCC have been replaced by dephasing col-
lisions. All curves are normalized for §, = 3§, (at the center of the graph). (d) Like (c), except I'j¢=0.3 MHz/Torr. Relative
to Iy, [gp and I, increase faster than in (a); therefore the asymmetry is greater.

tion is

S Re f[—]vl+—jv—"'] W) 441y Wiv)
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Assuming that the RRS broadening is due to VCC (-
only, we have calculated the theoretical NRRS line
shape with '*=4.8 MHz. As shown by Fig. 2(c) and
curve A4 of Fig. 3, the Dicke narrowing is much faster

thermalization of the Ne velocity necessitates several
collisions with He. For that reason we tried effective
values for T')¢ in expression (3). As shown in Fig.

than the experimental one. Any attempt to introduce
partially dephasing collisions (I'gh+T*=4.8 MHz/
Torr) leads to unacceptable theoretical curves. Con-
sidering the mass ratio of Ne to He, this result is not
surprising, since the collision kernel is expected to be
much narrower than a strong-collision kernel.!® The
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2(d) and Fig. 3, a very good agreement with experi-
mental results is obtained at high pressure, for
(TY)er=0.3 MHz/Torr. From a statistical point of
view, sixteen He-Ne collisions are equivalent to one
strong collision for thermalization of the Ne velocity.
In spite of the oversimplification of the theoretical
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FIG. 3. Experimental NRRS full width at half height vs
pressure of helium. Crosses, 8,=4.5 GHz, \;=588 nm,
A,=616 nm. Circles, 8, =4 GHz, A ;=616 nm, \,=588
nm. The theoretical curves correspond to (a) k, > k,, 8,=4
GHz, N, or N;=0, I'j¢=4.8 MHz/Torr; (b) k, > k,, ;=4
GHz, N,=0, T';s=0.3 MHz/Torr (like circles); (c) k; > k,,
8,=4.5 GHz, N,=0, I'$=0.3 MHz/Torr (like crosses).
Other parameters are the same as in Fig. 2. The discrepancy
at low pressure is due to the theoretical model but also to
temperature variations (the power of the discharge is re-
duced).

model, the line-shape asymmetry is in excellent agree-
ment with experimental observations. Asymmetry is
due to the fact that the detuning &, is not much larger
than k;u« and than I, and I' 4, at high pressures.

We have shown that elastic collisions with helium do
not destroy coherent superpositions of >Py and 3P,
metastable levels of neon (T'ff=0). This result,
which was not obvious, leads to the conclusion that
the corresponding interatomic potentials are insensi-
tive to spin-orbit coupling. Model potential calcula-
tions'® seem to support this conclusion. Cross-beam
experiments have been undertaken to measure dif-
ferential cross sections directly.

We are very grateful to P. R. Berman for suggesting
this experiment to us and for valuable discussions.
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