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This paper describes the results of a theoretical and experimental investigation of the tensor dielectric
susceptibility of a plasma in which some of the participating atoms exhibit population inversion. The meas-
urement of the real part of the tensor dielectric susceptibility in the vicinity of an optical resonance has
previously been very difficult due to the large absorption near resonance; however, by examining a resonance
for which the levels exhibit population inversion we have obtained a direct measure of the real part of the
susceptibility by observing the “negative’” Faraday rotation, i.e., “negative” circular birefringence associ-
ated with the resonance. We also observed for levels with inverted populations the complement of the inverse
Zeeman effect, that is, we observed a Zeeman splitting of the gain curve in the amplifying medium. The
high-gain 5¢[3]:°—6p[4 ] transition of atomic xenon at 2.026 i in a helium-xenon mixture was used for
these measurements. The observed results were consistent with the theory.

INTRODUCTION

E have observed large tensor dielectric suscepti-
bility effects in the vicinity of an optical reso-
nance between levels exhibiting population inversion.
We have measured “negative” inverse Zeeman effect!
and “negative” circular birefringence or Faraday rota-
tion in a gaseous discharge medium as a function of
applied magnetic field. In the case of uninverted popula-
tions, the real part of the tensor susceptibility is difficult
to observe in the vicinity of resonance because of the
strong absorption in the medium.»? Even with media
showing maser action (inverted populations), the nega-
tive absorption coefficients reported hitherto in gases
have been too small (typically 0.10-0.15 per m) for
practical investigation. However, with the discovery of
large optical gain in a helium-xenon mixture® at 2.026 p
corresponding to the 5d[$],°—6p[$ T transition (Racah
notation) of atomic xenon, a number of new experiments
connected with investigation of various aspects of
“negative’ tensor susceptibility are now possible.
There have been studies of the effects of the scalar
negative dispersion term in media not exhibiting inver-
sion,*’ as early as 1932. The work presented clearly
demonstrates the feasibility of extending this early
work to include an examination in high resolution of
both the real and the imaginary parts of the complex
tensor dielectric susceptibility very close to and directly
at resonance in media exhibiting a wide range of popula-
tion differences including a high degree of inversion.
This general approach is obviously applicable to solids
and liquids as well as gases. It is also interesting to note
that the perturbation of the dielectric susceptibility
produced, for example, by Zeeman splitting, takes
place very rapidly. This capacity for rapid perturbation
coupled together with the capacity for monitoring the
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phase of the transmitted light at resonance suggests
an excellent opportunity for an investigation of the
time dependence of the optical dispersion process.®
In addition, these techniques could be used to study
the effects of a paramagnetic susceptibility’-® induced
for example by selective optical pumping. The described
effects can be used to produce rapid variations in the
phase, frequency, amplitude and/or polarization of an
intense beam of coherent light. This capacity should
have general value in physical experiments as well as
for modulation purposes.

THEORY

A simple theory which qualitatively predicts the
observed results may be obtained from the complex
scalar refractive index given by Bitter.® The real and
imaginary parts of the index are, respectively, assuming
only one isotopic species,

1o 1= 5 (o /m 2)F (w)— s exp(—a)],
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Assuming that all electronic transitions, denoted above
by j, except one can be neglected, and denoting the
magnetic sublevels by m, the gain coefficients for right
and left circularly polarized light propagating along the
field are
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The various symbols are defined as follows:
Wmm=[2(In2)12/Avp]
X [v—vot (Hus/h) (mg—m'g") ]=w+Awmm,
A, =B, m (I02/7)112(2me> f/ Av o) (N ' — N ),
2 Bmm=1,

F(w)=exp(—w?) / exp(y?)dy.
0

The constant b is given by b= (In2)!/?Avy/Avp. Here
Avy denotes the natural linewidth, Avp denotes the
Doppler linewidth, m, the electronic mass, f the oscil-
lator strength, up the Bohr magneton, H the magnetic
field, and 7’ and m the magnetic substates of the upper
and lower electronic states, respectively. The constant
Bm.m Tepresents the relative strength of the transition
m— m' and N, denotes the number of atoms per cc
in magnetic sublevel . It is noted that as N,» is made
larger than N, a change of sign is introduced which,
as well as changing the absorption into a gain, alters
the sense of the birefringence and dichroism of the
medium.

If the magnetic sublevels are unequally populated,
the medium possesses a paramagnetic susceptibility
and the dielectric susceptibility can be perturbed by
both the Zeeman splitting, and by altering the level
populations, for example, with a microwave field oscil-
lating at the level splitting frequency. In gases the mag-
netic sublevels can be regarded as equally populated
unless some special technique such as optical pumping
is used to alter the Boltzmann distribution. In the work
described the perturbation, therefore, arises almost
entirely from Zeeman splitting.

Neglecting terms of the order of the ratio of the natural
linewidth to the Doppler linewidth, the Faraday rota-
tion per unit length can be written as

(n+—-n_)_ 1
=2
2A m

X=

—[ommi1F (@m,mi1) —m,m1F (@m,m—1) -

A qualitative idea of the effects to be expected can be
obtained by noting that the function F(w) closely
approximates the derivative of the Gaussian absorption
curve.® For small fields the Faraday rotation is approxi-
mately (9F/0w)Awmms or the second derivative of a
Gaussian times the Zeeman splitting and hence shows
a maximum for incident light directly on resonance.

For v=w,, x is proportional to F(Awmm), hence for
incident light close to resonance the Faraday rotation
plotted versus magnetic field closely resembles a dis-
persion curve. The order of magnitude of the rotation
in xenon can be calculated from the g values g=1.022,1
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¢'=21.0,"* the Doppler width Ayp=~ 200 mc and the angu-
lar momenta of the two electronic states which both
have J=1. For small fields, i.e., Awmm <0.2, and assum-
ing a gain of 4.5 dB per m as observed in reference 3,
the calculated Faraday rotation is =0.39 deg/G m.

EXPERIMENT

The experimental arrangement consisted of a xenon
oscillator followed by a xenon amplifier inside a solenoid
and an analyzer placed between the amplifier exit and
a detector. The oscillator served as a tunable source of
nearly monochromaric linearly polarized light in the
vicinity of the resonance to be investigated. Single
frequency operation was insured by placing the oscil-
lator mirrors sufficiently close so that only one longi-
tudinal mode oscillated,”? and the output was tuned over
the Doppler linewidth by means of a magnetostrictive
positioning device. The oscillator frequency was ad-
justed so as to coincide with the line center.

The expected variation in the observed intensity is
obtained by considering a horizontally polarized beam
of light passing through an amplifying medium of length
! with gain ag per unit length and then through a polar-
izer oriented at @ with respect to the horizontal. The
transmitted intensity is I=1I4e* cos?(§+x), where x
is the Faraday rotation produced by the dispersing
medium in the amplifier.

Two effects were observed, one arising from the varia-
tion in gain, the other from the Faraday rotation pro-
duced by the magnetic field. The gain coefficient ex-
hibits symmetry about zero field, whereas the Faraday
rotation exhibits an asymmetric dispersion curve shape.
The two effects are easily separated by comparing ef-
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F16. 1. G(dB)/Gu —o(dB) plotted as a function of solenoid current
(H =80 G/A) in absence of polarizer.
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F16. 2. G(dB)/Gr~o(dB) plotted as a function of solenoid current
(H =80 G/A) for polarizer angles 6=0°, 45°, and 80°.

fective gain curves with the polarizer absent and with
the polarizer present. Figure 1 shows curves taken in
the absence of the analyzer. The symmetric dependence
of the gain on magnetic field arising from the “negative”
inverse Zeeman effect is apparent. In Fig. 2 the ef-
fective gain curve is plotted versus field for the case
where an analyzer has been inserted with its axis at
various angles to the polarization vector of the beam
leaving the oscillator. Here the Faraday rotation and
the analyzer cause a change in the net or effective gain
of the combined amplifier-analyzer system clearly in-
troducing an asymmetry. In Fig. 3 curves are given for
the polarizer at 50° and 130° where the curves should
be mirror images of each other. The slight lack of sym-
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Fi16. 3. G(dB)/Gr ~o(dB) plotted as a function of solenoid current
(H =80 G/A) for polarizer angles of §=>50° and 130°.

metry probably arises from an imperfect polarizer and
changes in the discharge conditions.

We also observed a change in the sense of Faraday
rotation on changing the sign of the term (N,,—N),
that is, on changing the gain into an absorption or vice
versa. The relative populations were altered by varying
the rf power coupled into the discharge. A polarizer was
also inserted within the optical maser cavity and 1009,
amplitude modulation of the output was observed for
an axial magnetic field oscillating at 1 kc/sec. This may
be explained as the result of a time-dependent variation
in the net gain produced primarily by Faraday rotation
in the laser medium.
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