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must be independent of v asymptotically since we
require q»1, independent of v. )

It follows from our discussion that recent ob-
servations of cusp asymmetries4 may represent
the first experimental confirmation of the im-
portance of the second Born contribution at high
impact velocities. Other possibilities for detect-
ing this contribution were recently suggested. "
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A new Doppler-free stimulated-emission technique using an optically pumped laser
with applications in spectroscopy and optical frequency standards is reported. An argon-
laser —pumped cw I2 laser is used to demonstrate the technique as well as measure the
complete hyperfine structure of the I2 BO„+-X'Zg+ (43, 83) P (13) line. Hyperfine coupling
strengths obtained for the X~Zg+ v" =83, J"=13 level are eQq"=- 1550.1+0.5 MHz and
C"=59+ 5 kHz. In addition, the I2 laser has been actively stabilized to within 1 kHz of the
observed line center of an I2 hyperfine component.

We report a new Doppler-free stimulated-emis-
sion spectroscopic technique using a cw optical-
ly pumped laser (OPL). The molecule under
study forms the gain medium of the OPL. The
technique can also be used to generate a set of
laser frequency standards covering a substantial
spectral range. We have demonstrated this tech-
nique by observing narrow hyperfine-structure
(hfs) features in an I, OPL with linewidths of less
than 1 MHz which allowed us to perform high-re-
solution spectroscopic measurements. In addi-

tion, we have stabilized an I, OPL to one of the
I, hyperf inc- structure transitions.

This method of stimulated-emission spectrosco-
py may be compared with Doppler-free two-pho-
ton schemes" which require the use of two tun-
able lasers, a pump and a probe. The wavelength
coverage in such schemes is limited by the tuning
range of the probe laser. The OPL method de-
scribed here involves only one tunable laser,
since the OPL is effectively its own probe. More-
over, the wavelength coverage, in principle, ez-
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FIG. 1. Pump and laser transitions for a typical OPL.

tends over the entire spectrum accessible from
the optically pumped level.

Related spontaneous-emission spectroscopic
techniques using laser-induced fluorescence line
narrowing have been previously demonstrated. ' '
These techniques suffer from instrumental-reso-
lution limits and also from low signal levels be-
cause of competing transitions. The stimulated-
emission method reported here overcomes these
disadvantages and in addition can provide con-
venient secondary laser-f requency standards.

In this Letter, we present measurements, using
an argon-laser-pumped cw I, laser, of the com-
plete structure of the BO„+ -X'&&+ (43, 83) P(13)
line in I„a transition that is inaccessible by Dop-
pler-free absorption spectroscopy because the
lower level, v" =83, in theX'~g ground state
is thermally unpopulated. Analysis of these hfs
measurements has uncovered a nonzero nuclear
spin-molecular rotation (CI ~ J) interaction in the
v =83 level.

Figure 1 shows a schematic diagram of molecu-
lar energy levels involved in pump and laser
transitions for a typical OPL. In the simplest
case, the pump transition (0-1) consists of only
one line. A single-f requency pump laser exciting
the 0-1 transition will therefore prepare a class
of molecules with velocity V, in the upper laser

level. This will give rise to laser oscillation at
two frequencies v+ and v for each allowed OPL
transition given by

V,
vp =vo 1k =po+~Appp

where v, is the rest frequency of the lasting tran-
sition, V, is the velocity of the molecules excit-
ed by the pump laser, v~ is the rest frequency
of the pump transition, and &v~ is vi„„-v~. How-
ever, if the pump laser excites only the zero-
velocity class, then each OPL rovibronic transi-
tion will appear as a single line. The width of
individual gain lines is Doppler-free and deter-
mined only by the homogeneous linewidth. The
situation is somewhat more complicated if the
pump laser simultaneously excites several levels
that lie within the Doppler width. In this case,
the allowed OPL transitions consist of one v+, p
pair for each level excited by the pump and the
individual pair separation will depend on the cor-
responding velocity group V, selected by the
pump. The entire spectrum of OPL transitions
can be recorded by simply tuning the OPL cavity.
A simple procedure permits measurement of
the rest frequencies of the OPL transitions. This
involves assignment of the v+ and v pairs using
Eg. (1) and recognition that the rest frequency is
2 (V+ +V ).

In our experiments a single-frequency 5145-A
Ar' laser is isolated by an acousto-optic modu-
lator and short-term stabilized to a high-finesse
Fabry-Perot interferometer, which reduces the
laser linewidth to 10 kHz. ' The laser is long-
term stabilized to an I, hyperfine transition in
an external saturation cell by means of a third-
derivative lock. ' The stabilized Ar -laser out-
put pumps the I, laser. Two 3-m-radius mir-
rors coated for maximum ref lectivity at 1.2-1.4
p m and high transmission at 0.5145 p m are
spaced 55 cm apart to define the I, laser resona-
tor. The I, gain cell is 50 cm long. A 50-cm-
focal-length lens focuses the Ar+ pump within
the TEM„mode of the I, laser. One mirror of
the I, laser is mounted on a piezoelectic transla-
tor.

The Ar optical pump creates a population in-
version between v' =43, J' =12 of the J30„' state
and thermally unpopulated levels the ground X'Z&+
state which results in laser oscillation for many
B-X transitions. ' A 0.75-m monochromator is
used to select a single rovibronic line of the mul-
tiline I, laser output. Detection is with a Ge pho-
todiode. In the experiments reported here, only
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the (v', v") = (43, 83) P(13) line at 1.34 p, m is
monitored.

The argon-laser pump power incident upon the
I, cell is typically 50 mW. The I, pressure is
about 100 m Torr, resulting in 1-mW average
broad-band I, laser output power. Under these
conditions, 50-100 nW is obtained for each lasing
line in (43, 83) P(13), measured at the exit slit
of the monochromator. ' Threshold incident pump
power for lasing in the (43, 83) band is as low as
5 mW.

Spectra are generated by recording the I, laser
output in the (43, 83) P(13) line as a function of a
ramp voltage applied to the piezoelectric transduc-
er. Figure 2 shows a typical I, laser spectrum.
In this case the Ar' laser is locked to the P(13),
I» = I'=5, E"=E'+1 =8 transition in the (43, 0)
band. Visible in this spectrum is the peak due to
zero-velocity molecules (a,) and two v+ and v

doublets due to the I"=I'=1, E"=E'+1=13 (a,)
and I"=I'=5, E"=E'+1=18 (a, ) lasing transi-
tions. The other hyperfine components require
larger &v~ and are therefore insufficiently popu-
lated to reach threshold and do not appear in
Fig. 2. Spectra of the remaining hyperfine com-
ponents are generated by tuning the argon-laser
pump to thea, -a„a„,a„, a„, and a„hfs com-
ponents in the (43,0) P(13) line (using notation of
Ref. 10).

Since laser oscillation occurs only when the gain
exceeds cavity loss, the linewidth of the observed
transitions can be narrower than the homogeneous
width. Moreover, because the peak gain in a di-

rection copropagating with the pump is greater
than that in the counterpropagating direction, "
the intensities of the v+ and v lines of each doub-
let are not equal, as shown in Fig. 2.

The frequency scale in each recorded spectrum
such as Fig. 2 can be calibrated either by con-
ventional techniques or by exploiting the fact that
the doublet separation is given by

v, —v =2(v,/c)V, =2(v, /vp)av~. (2)

TABLE I. Frequencies of the hyperfine structure of
the (43, 83) P (13) line in I2 and fits.

Lines'

Obs.
separation Obs. —Calc. Obs. —Calc.

(MHz) (MHz) (MHz) '

Since the pump transition in this case has pre-
viously been well characterized, "the values of
&v~ are known to better than 5 kHz. Moreover,
v, and v~ corresponding to (43, 83) P(13) and (43,0)
P(13) are known from Fourier-transform-spec-
troscopy measurements"'" with an accuracy of
0.003 cm"'. In this way, each doublet separation
may be predicted to + 5 kHz, far better than our
present measurement accuracy.

Table I shows measured frequency separations
of several hyperfine components in the (43, 83)
P(13) line. Not all the experimental points are
included in Table I as the same splittings are
multiply determined when the Ar' laser is locked
to different hfs components. In all cases, dif-
ferent determinations of the same hfs interval
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FIG. 2. Hyperfine spectrum of the (43, 83) P (13) line
in the I2 OPL when the Ar+ laser is locked to the a& hfs
component in the (43, 0) P (13) pump transition. Laser
gain linewidths shown are 2-3 MHz; I2 pressure is
-100 mTorr. The scan rate is 10 MHz/sec; time con-
stant is 2 msec. The peak signal at the detector is

75 nW.

Standard deviation of fit 3.19 MHz 0.82 MHz

'We use the notation of H, ef. 10.
Includes only nuclear quadrupole effects.
Includes nuclear quadrupole and spin-rotation (I ~ J)

effects.
d Components a&8 and a&& overlap.
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agree within the estimated measurement uncer-
tainty which ranges from 0.3 to 1.0 MHz, depend-
ing upon the degree of line overlapping in the
spectra. Also displayed are the results of bvo
least-square fits to 49 measured hfs separations.
Only the nuclear electric quadrupole coupling
constant e Qq is varied in one while both e Qq"
and C' (spin-rotation coupling constant) are fit-
ted in the other. The upper-state constants are
held fixed at their values from Ref. 10. By in-
cluding only e Qq", the standard deviation of the
fit is 3.19 MHz and by adding C the standard de-
viation is reduced to 0.82 MHz which is consis-
tent with the uncertainty in our present measure-
ments.

The values of eQq" = —1550.1+0.5 MHz and C"
= 59+ 5 kHz show a large departure from the cor-
responding values for the v"=0 level, "namely,
eQq" = -2448.025 MHz and C"=0." The nonzero
value of C" for v"= 83 results from the interaction
of the ground X'Z&' state with an Q&' repulsive
state which shares the same dissociation asymp-
tote, namely, two 'p', ~, iodine atoms. " A de-
tailed study of the vibrational dependencies (in
progress) of C" and eQq" will permit an approxi-
mate determination of the repulsive Q&' potential
curve as well as a fuller characterization of the
X'Z&' ground state.

The precision of the present measurements can
be increased by heterodyning two QPL's, which
are frequency stabilized to different hfs transi-
tions. The width of individual lines can be re-
duced by decreasing the pressure as well as the
power in both pump and I, laser. The natural
widths of Ar'-laser-excited I, transitions range
from 10 to 400 kHz. " Heterodyne experiments
are underway in our laboratory for the study of
hyperfine interactions in the X'Z&+ state of I, as
a function of v" and J".

The use of an QPL to generate a set of stan-
dard laser frequencies is very promising. The
5145- and 5017-A lines of the argon laser are
known to excite at least 752 I, laser transitions
spanning a spectral range from 0.55 to 1.34
pm. " Moreover, each lasing transition has a
hyperfine-structure spread of about 1 0Hz. If
the pump frequency is long-term stabilized, then
the stability of individual I, lasers (with the OPL
cavity locked to the center of an I, hfs transition)
is determined primarily by the absolute stability
of the pump laser and pressure shifts in the I,
cell. Intensity-dependent frequency shifts due
to the ac Stark effect must also be considered.
In addition, the short-term frequency instability

of the I, laser is expected to be very small, less
than 10 kHz, determined mainly by I,-laser cav-
ity-length fluctuations, since the I, gain medium
is very "quiet. "

In our present experiments, we have locked
the QPL laser to the observed center of one of
the I, gain lines with an uncertainty of 1 kHz (7.
= 10 msec). We plan to study the performance of
stabilized QPL lasers using two independent
pump-QPL systems. Long-term stability and
reproducibility are expected to be comparable
with those of I, stabilized He-Ne and argon lasers.

Qptically pumped cw lasers have been demon-
strated for other diatomic molecules such as
Li„"Na„" Bi„' and Te,." The techniques de-
scribed here are clearly applicable to these and
other diatomic molecules.
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