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Collisionally Induced Narrowing of the Longitudinal Relaxation Linewidth
in Nearly Degenerate Four-Wave Mixing
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(Received 19 July 1982)

This paper reports the observation of collisionally induced spectral narrowing of the
longitudinal relaxation linewidth with use of the nearly degenerate four-wave mixing
process. A theoretical model, which takes into account strong velocity-changing col-
lisions for the population and phase-interrupting collisions for the optical coherence,
leads to a good qualitative understanding of this new effect.

PACS numbers: 34.90.+q, 42.65.Cq

This communication describes the first observa-
tion of a coll.isonal narrowing of the longitudinal
relaxation linewidth which we observe using near-
ly degenerate four-wave mixing (NDFWM). The
origin of the effect is explained by an analytical
treatment of NDFWM which includes spontaneous
emission and the effects of collisions due to
ground-state perturbers. The results show that
a direct measurement of vel.oeity-changing colli-
sion rates may be possibl. e with this method.

We consider the nonlinear interaction between
three input fields denoted by E&, E, , and E~
oscillating at frequencies +, &, and ~+0, re-
spectively, and a set of moving two-level atoms
having transition frequency &,. E& and E„are
counterpropagating pump fields and E~ is the
probe field which is nearly collinear to Ef.' The
physical process giving rise to a four-wave mix-
ing signal in such a system can be described as
follows. The interference of the fields Ef and E~
generates a nonequilibrium population difference
whichgropagates in space with phase velocity 6/

The population differencegrovides a
moving grating from which the field E„scatters,
generating a signal wave propagating in the oppo-
site direction to E~. Conservation of energy im-
poses the condition that the frequency of the sig-
nal. field is given by ~ —6. As a result of Doppler
broadening, two resonances are observed, cor-
responding to two distinct velocity groups: The
first occurs at & = 0 when the forward pump and

probe are resonant with one velocity group of
atoms, and the second occurs at 5 = —M (A = &u,

—&u) when the forward pump and backward prop-
agating signal are resonant with the second veloc-
ity group of atoms. The l.inewidths of the two
resonances are given by the energy relaxation
time (T,) and the dipole dephasing time (T,), re-
spectively. "

Because of the distinct nature of the processes
determining the bandwidths of the resonances at

5=0 and 6= —2A, collisions due to ground-state
perturbers affect the linewidths of the two reso-
nances differently. The bandwidth associated
with the dephasing of the optical coherence in the
presence of buffer gases is affected by phase-
interrupting collisions and gives rise to collision-
al broadening of the 6= —~ resonance. ' The
bandwidth associated with the population relaxa-
tion in the presence of buffer gases is a manifes-
tation of velocity- changing collisional. processes
in addition to radiative decay processes. This
paper shows that these effects give rise to col-
l.isional narrowing of the 6 = 0 resonance. In prin-
cipl.e, NDFWM permits a simultaneous examina-
tion of coll. isional dynamics for each of these
processes, leading to independent measurements
of velocity-changing and phase-interrupting pres-
sure-dependent cross sections.

The origin of col.lisional narrowing of the long-
itudinal (T,) relaxation linewidth arises from the
physical decoupling of the ground and excited
states in the presence of buffer gases. In the
absence of foreign perturbers, the ground 2nd
excited states are coupled together by means of
the vacuum radiation field (the strength of this
coupl. ing is measured by the spontaneous decay
rate y). As a result of this coupling, both quan-
tum states evol. ve as a singl. e entity even in the
presence of applied radiation fields, and this
entity has a unique spectral. response, i.e. , the
bandwidth is determined by y. In the presence of
foreign perturbers, the ground and excited states
experience different collisional interactions which
effectively decoupl. es them even in the presence
of the vacuum radiation fiel.d. In this case, the
responses of the ground and excited states to ap-
plied radiation fields reflect their evolution as
distinct entities. Hence, the NDFWM signal. has
contributions arising from both the ground and
excited states separately. The spectral response
of the individual contribution is characterized by
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the respective collisional cross section. For the
signal arising from the ground state, the band-
width is determined by y, + I', while that of the
excited state is determined by y+y, +Z', . I

„

is
the velocity-changing collisional. decay rate and

y, is the reciprocal of the transit time. For low
pressures, one notes that y, + I",«y+y&+ I'2.
Hence, the contribution from the ground state mill
dominate over that from the excited state. The
bandwidth is determined by y, + I", which is much
narrower than y. A measurement of the band-
width at the resonance line 6 = 0 will provide a.

direct measurement of the ground-state decay
rate I

& plovided that the transit t1,me ls known

accurately.
To test this physical picture we have calculated

the effect of collisions on the spectral response
of NDFWM, in the impact regime. We have cho-
sen a collision regime which entails a complete
thermalization of the velocity distribution upon
each scattering event, i.e. , the strong-collision
model. The third-order optical polarization ob-
tained with a perturbation solution of the density-
matrix equations is given by

4 2

P(r, t) = -N, .'@), EzE,E~ (exp[- iK~ r —i(v —5)t]] P (S„+R„),
n =1

(2a)

(2b)

(2c)

where N, is the initial. population of the ground state and p, » is the dipole moment between the ground
and excited states. In the extreme Doppler limit, S„andR„aregiven by

R, =N„R2=N„
I„=—2w' '(Zu, )-'(y„+Ã) '(2y, + i[&+O]) '

(2d)

where r, = r/2+ I'», r& = ~ » and r, = W+ I',. I'» is
the pressure-dependent dephasing rate and Ku, is
the Doppler width. We assume that 6«+ and
transit-time effects have been included phenom-
eno logically.

The quantities S„andR„have simple physical
interpretations. S„hastwo contributions. The
first one, proportional to I„,arises from the
dynamics that gives rise to the resonances at 5
=0 and 5 = —M mith their respective linewidths
modified by collisions. The second contribution,
proportional to y, is due to the existence of spon-
taneous decay from the velocity-redistributed
excited state to the ground state. R„,proportion-
al to I'„/Ku, as shown in Eq. (2d), is due to veloc-
ity redistribution of the population in the presence
of buffer gases. In the absence of buffer gases
(turn off I

„

I'„and I"») the spectral response
is given by the term proportional to I„in Eq. (2a).

The calculated spectral response for various
buffer-gas pressures is shomn in Fig. 1. As buf-
fer gas is added, we find that the amplitude at 5
= —~ decreases as a function of pressure, while
the linewidth of that resonance broadens in ac-
cordance with the phase-interrupting collision
model. However, we observe that the linewidth
of the resonance at 6=0 narrows as a function of
pressure and the magnitude of the signal increas-

es. The narrowing yields a minimum width com-
parable to the value determined by transit-time
effects (assumed to be 1 MHz in this calculation).
An increase in magnitude of the response which
was found at 6 = 0 arises from the tendency of
collision processes to fill up the velocity hole
"burned" by the radiation fields. (Magnitude
changes are not indicated in the figures. )

As anticipated above, the narrowing of the l.ine-
width at the resonance 6 = 0 in the presence of
buffer gas is due to the appearance of distinct
quantum mechanical scattering amplitudes for the
excited and ground states. The distinct scatter-
ing amplitudes translate into different cross sec-
tions resulting in different decay rates F„.Hence,
collision effects l.ead to distinct bandwidths for
both states.

The experimental configuration for these colli-
sion studies was identical to that used by Steel
and Lind. ' The counterpropagating pump fields
were supplied by one stabilized cw dye laser
(CR699-21) while the nearly collinear probe wave
was supplied by a second stabilized cw dye laser
(also CR699-21). The lasers were tuned to the
3s'S, ~,(F =2)-3P'P, g, (F =3) transition of the D,
line in sodium at 589 nm. Beam intensities were
on the order of 2 mW/cm'. All three input beams
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FIG. 1. Comparison between theory and experiment
of the NDF%M spectral response for various neon
buffer-gas pressures. The amplitude scaling varies
with each figure. The separation between the double
peaks is 82 MHz. (a) Theory, 6= —41 MHz, 0 Torr.
(b) Theory, 4 = —41 MHz, 2 Torr. (c) Theory, 4 = 0,
10 Torr. (d) Experiment, 6= —41 MHz, 0 Torr.
(e} Experiment, 4= —41 MHz, 2 Torr neon. (g Experi-
ment, 6 = 0, 33 Torr neon.

were copolarized to avoid Zeeman coherence ef-
fects which are discussed elsewhere. '

Shown in Fig. 1(d) is a typical. spectral response
as the probe frequency is tuned near the pump
frequency. These data are similar to those meas-
ured earlier. ' In these experiments, it was im-
portant to tune the pump laser to the high-fre-
quency side of the transition to avoid confusion
with neighboring hyperfine 1.eveI.s in the upper
state. Two resonances are observed occurring
at 5 = 0 and at 5 = —M as predicted in Fig. 1(a).
As expected from the known l.ifetime of the transi-
tion, the widths of each peak were found to be ap-
proximately equal to 20 MHz. The width of the
first peak is given by 1/nT, while the width of the
second peak is given by 2/vT, . The widths of the
resonances are the same since we are using a
ground-state transition for which T, = 2T, in the
absence of collisions. In Fig. 1(e) we see the ef-
fect of adding a. small amount (2 Torr) of neon
buffer gas. As in the theoretical calculation of

Fig. 1(b), there is a slight na.rrowing of the first
peak at 6 =0. The second peak has dropped in
magnitude and broadened with respect to the first
peak due to phase-interrupting col.lisions. The
measured broadening of that peak is in agree-
ment with the pressure-broadening rates tabulat-
ed by Lewis. ' As the buffer-gas pressure is in-
creased beyond a few Torr to the 30-Torr range,
we see in Fig. 1(f) that the first peak is narrowed
considerably. For these data, the pump fre-
quency was adjusted to be coincident with the
atomic resonance (6 = 0). However, similar nar-
rowing behavior was observed when the pump
frequency was tuned to the high-frequency side of
the resonance, though the data were considerably
noisier because of a reduced signal. l.evel. The
narrowest linewidth measured was approximately
5 MHz but was limited by relative laser jitter.

The quantitative differences as a function of
pressure between theory and experiments are
most likely due to the collision model which as-
sumes strong velocity- changing collisions. A
more general description of coll.isions is present-
ly being incorporated into the formalism. On the
basis of this improved analysis and the above ex-
periments we expect that by reducing the relative
l.aser jitter and transit-time broadening, it should
be possible to direct1y observe linewidths de-
termined by velocity- changing coll.isions.

In conclusion, we have shown that in the pres-
ence of ground-state perturbers, the spectral
response of the NDFWM signal shows a narrow-
ing of the bandwidth of the longitudinal relaxation
resonance (5=0). We have presented a theory
and a physical picture which qua1. itatively account
for the observations showing the narrowing to be
due to a col1.ision-induced distinction between
ground- and excited-state dynamics. These re-
sults demonstrate the possibility of determining
the ground-state velocity-changing coll.ision cross
sections directly from the spectral. response of
NDF% M.
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The first experimental-theoretical study of Rydberg autoionizing resonances along an
isoelectronic sequence is presented. This analysis demonstrates the intimate connec-
tion be@veen electron-electron correlation, term dependence, and autoionization and
underscores the power of multichannel quantum-defect theory in analyzing complex
spectra.
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The combination of the recent development of
multichannel quantum-defect theory (MQDT)' and
the growing capabilities of precision laser spec-
troscopy has stimul. ated a renewed interest in the
spectroscopy of Rydberg states. These states
have provided a rich testing ground in which to
refine our understanding of atomic structure, ' of
electric and magnetic field effects on atomic sys-
tems, ' and on radiative interactions. ' In this
paper, we have analyzed the spectra of Xe and
Ba+' with an empirical MQDT approach and com-
bined this anal. ysis with calcul. ations based on the
relativistic random-phase approximation (RRPA)
to explain how the changes related to the increas-
ing nuclear charge can be used to reveal some
fundamental relationships.

The Rydberg series observed from the 5p' 'S,
ground state of a Xe-like system can be described
in terms of five interacting channels (with J = 1)

which are conveniently l.abel. ed by the jj coupl. ing
scheme. We denote these channels by 'P3/2ns, /„
2 2 2 I

3/2 nd3/2, P 3/ nd, /2, P, /2 ns, /, , and P, /, nd3/2
The first three channels describe the three dis-
crete (or bound) Rydberg series leading up to the
5p52P, t, (or I,) limit. The fourth and fifth chan-
nel. s describe two series leading up to the second
limit, 5p52P, (, (or I,). The members of the latter
two series which lie above I, are degenerate with
the continuum states of the first three channels;
this degeneracy is what gives rise to the autoion-
ization observed between I, and I,.

Figure 1 shows these (Beutler-Fano') autoioniz-
ing resonances in a segment of the observed photo-
absorption spectra of Xe and Ba" as functions of
the effective quantum number v„defined by the
relationship

F. =I, —f'(R/v '
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