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transfer is accompanied by simultaneous ro-
tational transitions of AJ=+1 in the CO, mol-
ecule and AJ =0, +2 in the N, molecule. Since
large rotational-energy changes will destroy
the resonance of Reaction (1), only the low-
lying rotational levels of the CO, and N, mol-
ecules, which are closely spaced, will contrib-
ute significantly to the vibration-transfer pro-
cess, reducing the effective cross section.

The temperature dependence will not be strong-
ly affected, however, even though the popula-
tion of the low-lying levels is inversely propor-
tional to the temperature. This is because high-
er temperatures correspond to shorter inter-
action times, 7, allowing greater resonance
defects (and therefore higher rotational levels)
according to the criterion |w7| 5 2. Calcula-
tions are currently in progress which proper-
ly account for rotational transitions, and the
results will be reported when they are complet-
ed.

Above about 1000°K we see that the experi-
mental cross sections increase with temper-
ature. This is in agreement with the theory
of Herzfeld,'® and indicates that above about
1000°K the short-range repulsive forced dom-
inate the vibration-transfer process.
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In a recent Letter,! Cordover, Bonczyk, and
Javan report the measurement of the frequen-
cy profile of the light emitted in the second
part of the cascade process 2s,—2p,—~1s, in
neon. The neon gas was part of a He-Ne laser
tuned to the 2s, - 2p, neon transition (1.15 u).
The spontaneously emitted 2p, — 1s, light (0.6096
1) was viewed along the direction of the laser
light propagation and was found to have two
bumps superimposed on the Doppler-broadened
profile. The bumps were due to light sponta-
neously emitted by 2p, atoms populated by the
laser transition from the 2s, state. The Dopp-

ler background was caused by the emission from
2p, atoms populated in other ways, e.g., by
electron bombardment or by cascade from high-
er states.

The shape of the bumps depends on the nat-
ural widths of the three states and on the fre-
quencies of the two photons. In an erratum
to Ref. 1,2 the shape of each bump was said
to be a Lorentzian of width (full width at half-
maximum)

y=lw, /o My +7,)+(y, +y ) rad/sec, (1)

1275



VoLUME 19, NUMBER 22

PHYSICAL REVIEW LETTERS

27 NOVEMBER 1967

where a - b is the laser transition, b —c is the
0.6096-pu transition, fw,p =E,-Eyp, hwp, =Eyp
—E¢, and Rygq, Fiyp, By, are the level widths (see
Fig. 1). The bump width was measured as a
function of pressure and the data extrapolated
to zero pressure to obtain a lifetime for the
1s, level. A similar result, with the omission
of the second yp, was obtained by other work-
ers.® The purpose of this Letter is to point
out that, although (1) would be correct if there
were no correlation between the frequencies
of the two photons emitted in the cascade, the
inclusion of the correlation gives a different
result.

What is meant here by frequency correlation
can be understood by considering atoms at rest
emitting frequencies w and w’ successively.

w is distributed as a Lorentzian about w, of
width y, +yp, and w’ is centered on wp, with

a width yp +y,.. If the two photons come from
the same atom, however, and w is greater

than w,j by a given amount, w’ will tend to

be smaller than wy, by the same amount so
that w and w’ can add up to w,, =(E,—E£.)/h

to within y, +y,.* Thus, the probability that

a given frequency be emitted in the transition

b —c depends on the frequency emitted in go-
ing from a to b; once w is specified, the prob-
ability distribution of w’ is no longer a Lorentz-
ian about wy,.. The effect is similar to the case
of resonance fluorescence when the primary
radiation is monochromatic.® The emitted line
is expected to have the same width as the pri-
mary line, rather than the larger natural width.

In the following discussion, I shall attempt
to show how the frequency correlation affects
the shape of the bumps by first deriving the
shape assuming w and w’ to be independent and
then taking into account the correlation between
w and w’. It is assumed throughout that the
natural widths of the levels are much smaller
than the Doppler widths, that the laser is op-
erating near threshold in a single mode, and
that the pressure is such that collisions do not
destroy the correlation. For simplicity, the
2p, state is assumed to be populated by stim-
ulated emission only.

The bumps are caused by the fact that the
laser light can interact only with atoms having
a small range of values of v,, velocity along
the z axis, and are related to the holes “burned”
in the 2s, population distribution as a function
of v,.%" Suppose that the cavity is tuned to
a frequency & (in rad/sec) which is greater
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FIG. 1. Schematic energy-level diagram.

than w,p by an amount large compared with
Ya +vb, but small compared with the Doppler
width. To an atom with velocity v,, the cav-
ity radiation appears to be composed of two
running waves, one in the +z direction of fre-
quency Q(1-v,/c) and one in the —z direction
of frequency Q(1+v,/c). The probability that
an atom be stimulated to emit is a Lorentzian
function of w-wg,p of width y, +yp, where w
is the frequency of the stimulating radiation
in the rest frame of the atom. Thus, atoms
with Qu,/c ~(Q=-wgp), to within y, +yp, are
stimulated to emit by the +z traveling wave,
and those with Quv,/c~-(Q-w,p) are stimulat-
ed to emit by the -z traveling wave. The dis-
tribution of velocities of atoms in the 2p, state
is such that the quantity Qv,/c is distributed
as two Lorentzians, one about (2-w,,) and
one about —(-wgp), each of width y, +yp.
Denote the frequency of the photon emitted
in the transition b — ¢ in the rest frame of the
atom by w’. If it is assumed that w’ is indepen-
dent of the frequency of the first photon w, then
w’ is distributed about wp . as a Lorentzian
of width yp + 7. In going to the laboratory frame,
w’ becomes wy’'=w’(1 +vz/c) when the 0.6096-
u light is viewed from the +z direction. Using
the result of the preceding paragraph, the quan-
tity w'v z/ ¢ is distributed as two Lorentzians
about +(w ’/9)(Q—wab), each of width (w’/ﬂ)(ya
+9p) = (wp o/ Wap) (Vg +¥p). Thus, wy’is two
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Lorentzians of equal heights about wy, .+ (wp, ./
Wep) (R-wgp), each of width (wp /wep) (v +7p)
+(yp +v¢). This result was obtained by the au-
thors of Ref. 1 in the Erratum to Ref. 1.

In considering the effect of the frequency cor-
relation of the two photons, some simplicity
results from taking y, and Ye to be negligible
compared with 3, . Then w+w’ has a sharp val-
ue, wg,., although both w and w’ can vary over
the range 7. Consider an atom with a fixed
value of v,. This atom emits only one frequen-
cy in the transition a ~b: w=9Q(1-v,/c) for
vz>00r w=Q(l+v;/c) for v, <0. Since w+w’
= wqe, the atom also emits only one frequen-
cy in the transition b ~c¢: w’'=wg ~w. (In the
uncorrelated case, for fixed v,, w’ would be
a Lorentzian of width y;, about wp..) The fre-
quency seen in the laboratory frame is wy’
=w’(1+v,/c), which is also sharp. In contrast
to the uncorrelated case, the entire width of
the bumps comes from the sum over v,. First
consider atoms with v, >0. For these atoms,
wr'=lwge=Q(1-v,/c)|(1+v,/c) = w,  ~Q+wy v/
c. Using the result given above for the distri-
bution of Quv,/c, for v,>0, w,.v,/c is distrib-
uted about (w,./2)(Q-wgp) with a width (v, ./
Q)yp. Thus, w;’is a Lorentzian about w,,.
=Q+ (wg e/ (Q=wgp) = wp o+ (W o/ Wap) (=)
of width (w,./Q)yp = (wbc/wab)yb +y,=yq. For
atoms with v, <0, w;'= [wac-sz(l +vZ/c)](1 +v,/
)2 wy =0+ (wg,=29)(v,/c). The quantity (v,
-2Q)(v, /c) is distributed about ~[(w,,~2Q)/2]
X (Q=wgp) with a width [(we.—2Q)/Qlyp. wr’
is a Lorentzian about wp,=(wp./wep)(Q=wgp)
of width [(wge~2R)/Qlyp = (wpe/wap)yp=rH =72
Thus, the widths of the bumps should differ by
2yp, with the higher frequency bump being the
broader; if the laser is tuned to a frequency
smaller than w,;, the lower frequency bump
is the broader. Since the areas are equal, the
heights of the bumps should also differ. It is
assumed here that wp, is larger than wgp; if
the opposite is true, y2 =yp—(wpc/wap)yp- I
Ya and y, are not negligible, which is probably

the case, the widths become

V1=(wbc/wab)(va+yb)+yb+Vc,

Vo= (wbc/wab)(ya +yb)—7b Ty,

Although the signal-to-noise ratio was prob-
ably too low in the previous experiments's® to
permit observation of an unambiguous differ-
ence in the bump widths and heights, improve-
ments can be made so that the effect should
be observable unless ¥, is too small or the pres-
sure too high. The effect of gas pressure on
the shapes is difficult to estimate, since col-
lisions would tend to destroy the correlation
but would also destroy the velocity selection
which leads to the bumps. In any case, it is
not correct to extrapolate high-pressure results
to low pressures! unless one assumes that %
is small compared with Ya and Ve Finally,

I should like to point out that a measurement

of the bump widths, made in conjunction with

a measurement of y, +v;, from the “Lamb dip,”®
could yield the values of Yar Vp» and Y. Sepa-
rately.
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