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Observation of Population Inversion by Optical Adiabatic Rapid Passage
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I report the observation of population inversion by optical adiabatic rapid passage.
These observations, on an NH; infrared transition with all the relevant parameters
known, agree with theoretical expectations. The pressure dependence of T';, obtained
by this technique, makes possible the first estimate of the collision-induced rotational
lifetime of NH; in an excited band, which is significantly longer than the rotational life-

time in the ground vibrational band.

The adiabatic rapid passage (ARP) technique
has been widely used in magnetic resonance to
achieve population inversion of spin systems.' It
has been suggested that this technique can also
be used in the optical regime, but the experimen-
tal results were inconclusive.? In this Letter, I
report the first unambiquous observation of pop-
ulation inversion using optical ARP. The relevant
physical parameters of the system are known, so
that my observations can be compared with theo-
retical expectations. As in earlier NMR experi-
ments, two passages were performed, with the
first one inverting the system and the second
monitoring the population difference at a later
time. In my experiment, at the second passage,

I observed a power emission signal, a clear sign
that the system was inverted by the first passage.
Monitoring the decay of this signal in time, I ob-
tain 7, measurements as a function of pressure
in NH,, thereby making possible the first esti-
mate of the collision-induced transition rate be-
tween rotational levels in an excited vibrational
band of NH,.

The main requirements for ARP are (1) either
the frequency of the two-level system or that of
the laser must be swept through the linewidth of
the system in a time short compared to 7,, and
(2) the laser field must be strong enough to sat-
isfy the adiabatic condition,

k&> (d/dt)|aw/k8|, k=u/h,

where § is the laser field strength, u is the di-
pole matrix element, and Aw is the angular fre-
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quency offset between the laser and the two-level
system. I choose to sweep the resonant fre-
quency of the molecular system via the Stark ef-
fect and to leave the laser frequency unchanged.
My method is similar to the very successful
Stark switching technique of Brewer and Shoe-
maker,® except for the following: Their Stark
pulses are switched on and off suddenly (non-
adiabatically) for their laser intensity. My laser
intensity is higher and the sweep rate is control-
led so that the adiabatic condition above is sat-
isfied.

I used the R6 line of the CO, laser at 10.35
um, which is 2,98 GHz from the v, band, s—~a
QW =5, K=5) transition of NH,. NH, is chosen
because of its relatively large dipole matrix ele-
ment (p,,2= 0.24 D),* and because Stark spectros-
copy has'been performed on its v, band.® A dc
Stark field shifts the M =15 transitions to within
500 MHz of the laser frequency. All other M
states can be neglected since they are more than
1 GHz away. The laser light is linearly polarized
parallel to the Stark field, so the only relevant
transitions are (v,,J, K, M)=(0, 5, 5, +5)— (1, 5, 5,
+5) with AM =0, The dipole transition element
for this doubly degenerate system is uniquely
given by |IKM/J(J+ 1)[;1,,2 =0.20 D.

The Stark electrodes are 91.5 cm long and are
separated by precision balls 2 mm in diameter.
The dc voltage was 2650 V. The amplitude of the
Stark pulse was 400 V, corresponding to a fre-
quency shift of ~800 MHz., The sweep started
~500 MHz below the resonant frequency and the
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FIG. 1. (a) Dual-beam oscilloscope traces showing
simultaneously the Stark pulse V; (the lower beam) and
the laser pulse (the upper beam) after passing through
the Stark cell. The time scale is 1 psec/div. The pres-
sure of NH; in the cell was 10.4 mTorr. (b) Relevant
part of the laser pulse at the expanded time scale of
0.2 usec/div. Four separate shots at increasing Stark
pulse durations are displayed.

sweep rate was ~4 MHz/nsec. The laser pulse
duration was ~5 usec, with Stark pulse applied
near the peak of the pulse. Typically, the inten-
sity in the cell was 300 W/cm? The gas pres-
sure was measured by a calibrated capacitive
manometer (MKS Baratron, Type 210). The
light, after passing through the Stark cell, was
detected by a Ge:Cu photoconductor at 4.2°K and
the output displayed on an oscilloscope, with an
overall time constant of 10 nsec.

In Fig. 1(a), the laser pulse (upper beam) is
shown together with the Stark pulse V (lower
beam), both at 1 usec/div sweep rate. At the
leading edge of the Stark pulse, laser power was
absorbed by the system, but at the trailing edge,
there was an emission of light. In Fig. 1(b), the
relevant part of the laser intensity pulse is shown
at an expanded time scale of 0.2 usec/div. Four
shots, taken with increasing Stark pulse widths,
show how the emission signal changed smoothly
into absorption. For long Stark pulse widths, the
strength of this absorption approached that at the
leading edge. This agrees well with our theoreti-
cal expectations. The system was inverted by
ARP at the leading edge, and power was absorbed
by the system. Then another ARP was performed
by the trailing edge, giving emission or reduced
absorption depending on how much the inverted
population has decayed. These results were not
sensitive to the laser intensity as long as the
adiabatic condition was satisfied.

The signal, S(¢), at the trailing edge of the
Stark pulse is proportional to the population dif -
ference between the upper and lower state at /.
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FIG. 2. Decay of the population inversion.

To display the relaxation of this inversion to-
wards equilibrium, I plot S(¢) — S(«) versus ¢,
where /=0 is the time of the first passage, and
S(=) is the absorption signal obtained when the
system has returned to equilibrium at ¢ > T,.
This is shown in Fig. 2 for two different NH,
pressures. If we assume that the population dif-
ference decays exponentially we can obtain a
relaxation time 7, for each pressure. As shown
in Fig. 3, the pressure dependence of 7, can be
expressed as 1/7,=1/T,+1/73=0.75+(3.5x10 2
mTorr™')p usec for the s=a (0, 5,5, +5)~(1, 5, 5,
+5) transition of NH,. The pressure-independent
part 7, is due to the molecular transit time
across the laser beam, while the pressure-de-
pendent part 7y is due to collision-induced tran-
sitions to and from neighboring rotational states®
which are not affected by the pumping laser light.
Both the vibrational relaxation time and the ra-
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FIG. 3. The inverse of the relaxation time 1/7,
versus pressure.
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diative lifetime are much longer than the rota-
tional lifetime. Clearly, 7, depends on both 7,
and 7,, the rotational lifetimes in the ground and
excited vibrational bands.” While 7, is not known,
T, can be deduced from microwave pressure
broadening measurements: 7,= 3nAv, where Av
is the half width at half-maximum of the pressure
broadened line.® For the (J, K)=(5, 5) transition
in the ground vibrational band, aAv/p =28 kHz/
mTorr or 7,p=5.68 usec mTorr. By comparison
the infrared (IR) value obtained in this experi-
ment is 7 p=28.5 usec mTorr, and 7,g =57,.
This difference between 7, and 7, implies that
7, must be much longer than 7, in NH,;. This is
not surprising in view of the difference in inver -
sion frequencies in the two bands and its effect
on the collision-induced transition probability.
In NH,-NH, collisions, the dominant interaction
is of the dipole-dipole type,® which has the form

V= “21‘ l-Iz - 3(1\.:1 '*)(Ez'ﬂ/rz]r-?,’

where [, and i, are the interacting dipoles and »
is the distance between them (see page 359 of
Ref. 8). If one of the dipoles reverses direction
during the collision, V will change sign, and the
transition probability, which is proportional to
the time-integrated V, will be reduced. For a
collision between ground vibrational band NH,
molecules, even though the dipole moments re-
verse direction every 20 psec, they can be con-
sidered static on the time scale of the collision
duration, typically 0.1 to 1 psec. The resultant
large transition probability gives a short 7,.
This is not true for a collision between an excited
band molecule and a ground band molecule.
(Since only 0.26% of the molecules are in the ex-
cited band in this experiment, collisions among
excited molecules are rare.) The excited mole-
cule, having a higher inversion frequency, re-
verses direction every 0.5 psec, which is of the
same order as the collision duration. The time-
integrated interaction with the ground molecule,
which can be considered static, is therefore re-
duced. This is the main reason for 7,> 7, in this
experiment. Two other factors, of lesser impor -
tance, also contribute to a longer 7,: (1) In this
system, the collision-induced transitions are
mainly between the inversion doublets. The larg-
er inversion energy separation in the excited
band makes transition less likely than in the
ground band. (2) The static dipole moment in the
excited band (u,=1.25 D) is smaller than that of
ground band (u,=1.47 D).

As a further check, I measured the relaxation
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time 7,y of the same transition in NH, due to col-
lision with the nonpolar gas, N,. Since N, has

no permanent dipole moment, the N,-NH, interac-
tion should not be affected by the difference in in-
version frequencies in the different bands of NH,.
Thus, even though we expect 7,[NH,-N,] to be
somewhat longer than ‘rg[NHg -N,] because of the
smaller moment and larger energy separation in
the excited band, the difference between them
should be much less than that in the pure NH,
case. We therefore predict that 7,; should be
larger than 7,, but only by a small factor. To
my satisfaction, I obtained 7;zp =56.8 usec
mTorr, about 1.4 times the ground-state value
from microwave measurements, 7, p=41.8 usec
mTorr.*°

Recently, the IR pressure-broadened linewidth
of NH, was measured by Lamb-dip spectroscopy.!
The IR line-broadening parameter was found to
be quite close to the microwave value for the
ground vibrational band. The phase memory time
Tig, thus obtained is about # of 7 g, measured in
this experiment. This probably is due to the
large energy separation between interacting
states in the excited band, so that not all the col-
lisions that change the phase of the molecules
can induce transitions at the same time.

In closing, I note some advantages of ARP for
population inversion. Since the inversion is not
sensitive to pumping light intensity variation,
population inversion can be obtained over a sig-
nificant portion of the normally bell-shaped in-
tensity profile of the pump beam. Also, com-
plete inversion can be obtained over an entire
inhomogeneously broadened line. Finally, at the
completion of the passage, the pumping light is
no longer on resonance and will not complicate
the free decay of the inverted system. Besides
T, measurements, this technique should be use-
ful for other experiments requiring clean, invert-
ed systems with known initial conditions.

I would like to thank N. S. Shiren for bringing
my attention to this problem, and J. A. Arm-
strong, D. R. Grischkowsky, N. A. Kurnit, and
J. J. Wynne for stimulating discussions. The
skillful technical assistance of P. A. Roland is
gratefully acknowledged.
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In a plasma with a magnetic field, a plasmon can decay into two electromagnetic waves:
a left-hand—polarized electromagnetic wave and right-hand—polarized whistler wave,
both propagating in the direction of the magnetic field. Use of this process for a plasma

laser is discussed.

Because an electromagnetic wave is cut off at
a frequency below the plasma frequency, the de-
of a plasmon into electromagnetic waves has
been considered to be prohibited. I shall show
here, however, that a plasma in a magnetic field
is amenable to such a process.

In the presence of a magnetic field, electro-
magnetic waves are polarized. In particular,
for the case of propagation parallel to the mag-
netic field, the left-hand polarized wave, whose
dispersion relation is given by!

w? w,%w
2

/ :1——_ 2020 . L\
€ (w, k) CE TR +ivrw,) 0, ™

has a cutoff frequency
Wyt = w,(1 +w 2 /4w, % - 5w, , (2)

which is smaller than w,. Hence the wave prop-
agates at a frequency below the plasma frequen-
cy. Here, w,, w;, and v are electron plasma,
cyclotron, and collision (angular) frequencies,
respectively.

The decay of a plasmon (Langmuir wave at £
~0) to this wave will produce a low-frequency,
right-hand-polarized electromagnetic beat wave
at w <w./2. First I show that the beat wave satis-
fies the dispersion relation of the whistler wave,
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FIG. 1. (a) Dual-beam oscilloscope traces showing
simultaneously the Stark pulse V; (the lower beam) and
the laser pulse (the upper beam) after passing through
the Stark cell. The time scale is 1 psec/div. The pres-
sure of NH; in the cell was 10.4 mTorr. (b) Relevant
part of the laser pulse at the expanded time scale of
0.2 usec/div. Four separate shots at increasing Stark
pulse durations are displayed.



