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Collisionally Aided Coherent Emission at an optical Frequency
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Experimental evidence is presented for collisionally aided excitation of 4D-3P&/. electronic-state, optical
coherence in Na. A simple theoretical model of the reaction is proposed which gives agreement with experi-
ment.

PACS number»: 34.50.Rk, 32.80.—t, 42.65. k

With the development of high-power laser sources, it
has become possible to study a new class of collisional ra-
diative reactions. Theoretical and experimental studies of
such collisionally aided reactions, which require a col-
lision and external radiation field to act simultaneously,
were initially aimed at calculating or measuring the
overall initial- to final-state cross sections. ' Subsequently,
it became appreciated that such reactions can also pro-
duce coherence among degenerate magnetic sublevels.
In a parallel development, a series of experiments was
carried out in which a collisionally aided excitation of a
coherence between the nondeger~erate 3P&/2 and 3P3/2

Na(3S, &~)+He+RSl, +2k'nz Na(4D, 3P,&z)+He,

states of Na was generated.
The above studies of collisionally aided excitation of

atomic coherence were limited to coherence between lev-
els within the same electronic manifold. It was shown
theoretically4 that one should also be able to produce col-
lisionally aided coherence between different electronic lev-

els. If such a coherence is created between states of oppo-
site parity, it can lead to coherent emission at the atomic
transition frequency associated with these levels.

In this work, we present experimental evidence for a
collisionally aided excitation of the 4D-3P»z electronic-
state, optical coherence in Na produced via the reaction
(Fig. 1)

in which the notation (4D, 3P3/2 ) indicates a coherent su-
perposition of the 4D and 3P3/2 states. The frequencies
61 and 262 are detuned by several wave numbers from
the 3S-3P3/2 and 3S-4D transitions, respectively. The
frequency 0,

&
is held fixed as A2 is varied. When the de-

tuning for the two-photon (3S-4D) transition is equal to
that for the one-photon (3S-3P3/p) transition, a resonant
structure is seen if one monitors emission from the sample
at the 4D-3P3/2 transition frequency (Figs. 1 and 2). This
resonant structure is not present in the absence of collisions
and, as is discussed below, is evidence for the creation of
collisionally aided 4D-3P3/2 electronic-state coherence in

Na. It will also be seen that the coherence time associated
with the pulsed laser sources plays an important role in
the excitation process.

A qualitative interpretation of the results can be made
by calculating the polarization of the sample in lowest-
order perturbation theory, assuming cw laser fields. The
component of the polarization which is relevant to our
discussion is the one that oscillates at frequency 20, 2

—A l.
This component of the polarization is directly related to a
density matrix element p2&, which, in lowest-order pertur-
bation theory, can be calculated from the optical Bloch
equations as

p~, (2A~ —0, ) =(X2X2/3 )I'*, expIi[(2k~ —k, ) R —( Ap —fl))t] I
—+(3) 1 r
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FIG. 1. Energy-level diagram for Na; the 4D fine structure
and all the hyperfine structures are not resolved in the experi-
ment. The numbers in parentheses are state labels used in the
text.

0
-300

&2 / 2 7T (G H z)

-200

FIG. 2. Experimental curve of emission intensity (arbitrary
units) at X=560 nm in the direction 2k~ —ki as a function of
62/'2~ for 6&/2~= —240 GHz and PH, ——140 Torr.
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where

r = r„,+ r„,—r„; l yf = I+ (r, i2&', ). (3)
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where J = I /I &, and all collisional shifts have been ne-
glected (I; 's taken as real). Equation (4) is to be com-
pared with the experimental profiles.

The experimental arrangement that was used to obtain
Fig. 2 is shoe" schematically in Fig. 3. Two yttrium-
aluminum-garnet —pumped dye lasers with wavelengths
approximately equal to 589 nm (A~) and 579 nm (A, 2),
respectively, are sent with crossed polarizations into a

The indices 0, 1, 1', and 2 refer to states 3S~&2, 3P3&2„

3P~&2, and 4D respectively; the 7's are the Rabi frequen-
cies associated with the fields, g; =E; do~ /2A, g2 ——Ez
.d~2/2A (E, , El, , and k, are the amplitude, frequency, and

propagation vector of field i; d; is a dipole moment ele-

ment). The detunings are defined as 6
~

——0
&

—cu ~,),

62 = Eke —cog(), 6) =6 )
—cc) ) (), and 6 = ~~ ~()

—H, 2, the I;~ 's

are the (complex) collisional decay rates associated with
the ij atomic-state coherence. The quantity Y&

——Y2Y'/
6 plays the role of an effective two-photon Rabi frequen-
cy. In deriving Eq. (2), we have assumed that

6t,
~

6~ && r;~ && all Doppler widths && all spon-
taneous decay rates. The last two inequalities, which are
not valid at low perturber pressure (PH,. &30 Torr), ex-
plain why various Doppler shifts and spontaneous decay
rates do not appear in Eq. (2).

Equation (2) is analogous to the one given by Bloember-
gen and co-workers for the creation of a coherence be-
tween two levels having the same parity. Two terms con-
tribute to p~& (2(22 —H, ~). The first term in brackets in Eq.
(2) has as its origin a four-wave mixing process. This
term is pressure independent (it exists even in the absence
of collisions) and does not have a resonant structure in the
region 62 —6~." Both the 3P&&, and 3P~&z states can serve
as intermediate states in the four-wave-mixing interaction,
which is why both detunings 6~ and 6'& appear in the fac-
tor f The second ter.m in brackets in Eq. (2) vanishes in

the absence of collisions and does have a resonant struc-
ture when 6& —6~, the contribution from the 3P

~ &z state in

the vicinity of the resonance is negligible.
A fifth-order contribution to pz&, arising from the col-7

lisionally aided excitation of the 3P&&2 level followed by a
four-wave-mixing process, can be neglected, provided that

&y~ 6~, where y~ is the 3P spontaneous decay
rate.

Since levels 1 and 2 are of opposite parity, an electric
dipole coherence associated with pzj is expected to give
rise to emission in the direction k, =2k& —k~ with an in-

tensity I proportional to
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FIG. 3. Experimental setup.
BOX CAR

heat-pipe containing sodium vapor and helium buffer gas.
The sodium density is in the range 10"—10' atoms/cm';
the helium pressure can be varied from one Torr to
several hundred Torr. The two laser beams overlap in the
heat pipe, making an angle of a few rnilliradians. A lens
focuses the emerging signal on a pinhole located in the
direction k, This design eliminates most of the back-
ground lasers' light. Additional filtering of the signal is
provided by a polarizer which eliminates the remaining
light at frequency Slz (the polarization of the signal beam
is expected to be parallel to that of the beam at B~) and by
an interference filter centered on 568 nm. The signal is
monitored with a photomultiplier followed by a boxcar in-

tegrator.
Phase matching is achieved by using a detuning 6~ &0.

For 6i & 0, the beam at frequency 0
~

sees an index of re-
fraction larger than unity, because of its interaction with
the Na atoms (the change in index for the other field and
the signal field can be neglected). With this change in in-

dex, the phase-matching conditions k, = 2k& —k ~,

0, , =2B2—A~ can be achieved with a small angle between

ki and k2. At a fixed helium pressure, the value of sodi-
um density and 6~ (which both modify the index change)
are varied to achieve a maximum in phase matching
(detected as a maximum in the nonresonant background
emission for some fixed value of 6z). With this value of 6~

kept fixed, the detuning 62 is slowly scanned as the signal
(averaged over many laser pulses) is recorded.

A typical curve is shown in Fig. 2. The expected col-
lisionally aided Lorentzian emission profile centered at
62 ——6i can be seen superimposed on a background which
can be reasonably well approximated with a 6z depen-
dence. These curves were obtained with Rabi frequencies
1~/2~=0. 7 GHz and .gz "/2~ —10 MHz (the condition
for neglect of the fifth-order contribution is

Y~/2~&2GHz). A dispersive structure, characteristic of
the higher-order terms, is seen when g~/2r was increased
to 2.5 GHz.

The ratio r of the resonant signal component to the
nonresonant background at 62 ——6~ as a function of pres-
sure is shown in Fig. 4. Although the data were taken
with different detunings 6~, the results are corrected to an
equivalent detuning 6i/2~= —255 GHz for each point.
This ratio increases with pressure and then saturates. In
at tempting to compare 'he experimental results with
theoretical expression (4), one immediately encounters dif-
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FIG. 4. Experimental points (with error bars) and theoretical
curves of the ratio r of signal to background at 6, 1

——(6.. —61)=0
as a function of helium pressure P. A ratioy= I /I 21

——0.23 is
assumed for the theoretical curves.
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FIG. 5. Theoretical curves of emission intensity (arbitrary
units) as a function of detuning 62//2v for 61/2~= —255 GHz
and T=0.075 ns. Each curve is labeled by the helium pressure
Pin Torr.
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ficulties. Equation (4) predicts a constant value
r =2yf+(yf) which is inconsistent with the low-pressure
data.

In order to explain the differences between the cw
theory and experiment, we have carried out a calculation
assuming laser fields with Gaussian temporal pulse en-
velope functions. The corresponding Rabi frequencies
are given by Z~(r~) =Z~exp( —t~/T ); Z2 (t2) =Z2
xexp( —2t2/T ), where t; =t —k; R/c. Assuming that

~ 6~ ~
T&& 1, ) 62~ T&&1, and that the medium is optically thin,

one can show that, in terms of the density matrix element p2~(R, t), the integrated signal intensity emitted in the direc-
tion k, is proportional to I=f ~ (p2~(R, t))

~
dt given by

2 2

I T — f dz e ~' e "" w((ia/2f3)(p2~T+3a, ))
0

(5)

where a =4/[(k, uT) +12], p = —a +1, p2~
——[I 2~

+i(52 —5, )], and w (z) is related to the complex error
function by w(z)=exp( —z )I 1 —erf( —iz) I. The quanti-
ty u is the most probable speed of the sodium atoms.

A series of theoretical curves of intensity versus 6z is
shown in Fig. 5 for 5&/22r= —255 GHz (f=2), k,. u/2n
=1.22 GHz, T=0.075 ns, and several values of the pres-
sure. In obtaining the curves in Fig. 5, we used collision
parameters I ]o/2~=11. 3+0.4 MHz/Torr, and I 20/2~
=39.2+4.6 MHz/Torr taken from the literature (col-
lisional shifts are neglected and all values are quoted at
20'C). The value of I 2[/2 for the 3P]/2-4D transition is

36.2+2. 1 MHz/Torr, but no data are available for I z&

for the 3P3/p 4D transition. To fit the high-pressure data
we took F2] /27T = 1. 14I ~ [ /2' =41.4+2.4 MHz/Torr
which leads to a value y=I /Fz& ——0.23 +0. 17. The dis-
tortion caused by the 62 dependence is clearly seen at
high pressures where I 2, /

~
6,

~

is no longer negligibly
small ~ The curves are normalized such that the non-
resonant background contribution is unity at 62 ——6].

The theoretical ratio r of resonant to nonresonant sig-
nal amplitudes at 62 ——6] is shown in Fig. 4 as a function

of pressure for T =0.075 and 5.0 ns. The T = 5.0 ns
curve approximates the cw limit. Its departure at low
pressure from the constant value of r predicted by Eq. (4)
is due to the fact that the effects of atomic motion cannot
be neglected [as we assumed in deriving (4)] for pressures
where I z~ & k,. u. It is seen in Fig. 4 that the data are not
consistent with the value T=5.0 ns (and, consequently,
not consistent with a cw theory) ~ On the other hand, the
data agree rather well with a value T=0.075 ns. On can
conclude that the appropriate temporal pulse width to use
in Eq. (5) is some effective laser coherence time and not
the actual pulse duration TL —5 ns. Preliminary experi-
ments one one- and two-photon absorption give
linewidths that are consistent with pulse excitation with
pulses whose temporal width is of order 0.075 ns.

An independent check of our results would be provided
by a measure of the spectrum of the emitted light. The
spectrum, calculated as the Fourier transform of pz], con-
sists of two terms. First, there is a contribution from the
four-wave mixing interaction which is centered at
~=202 —S2,

~
with width T '. Second there is the contri-
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bution from the resonant, collision-induced signal, which
is the product of one term centered at ~=2S22 —H~ with
width T ' and of another centered at the atomic frequen-

cy cu=c~
~

with width —max(I 2] t, u ). For A, uT & 1 and
I 2, T & 1, the resonant component can be separated spec-
trally from the nonresonant one. An experimental verifi-
cation of the spectrum, which could not be performed
with the current apparatus, is envisioned for the near fu-

ture.
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