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Experiments on the steady-state, nonlinear behavior of the 'I'l- Eo 570.68-nm transition of atomic
samarium in a laser-driven, near-concentric Fabry-Perot cavity are reported. For zero applied mag-
netic field, only simple optical bistability, symmetric in both cr and 0 transmitted polarizations, is
observed for a linearly polarized excitation beam. However, for a magnetic field applied parallel to
the propagation direction, polarization-sensitive switching appears, with lowest power threshold
near the edge of the Doppler-broadened region. Subsidiary measurements of atomic parameters are
also given to enable the transition to be experimentally well characterized.

I. INTRODUCTION

The role of specifically atomic physics effects in optical
bistability (OB) and related switching studies has, in
comparison with other aspects of this rapidly growing
field, been rather neglected. Yet study of these effects is
an inescapable part of experimentation with atoms in non-
linear optics. Furthermore, new optical switching
phenomenologies with important theoretical and potential
practical implications can be expected. We have, in fact,
recently presented new, preliminary experimental and
theoretical evidence for such an effect: magnetically in
duced polarization switching (MIPS). This effect arises
from competition between longitudinal optical pumping
and laser-induced lower-level coherence for atoms in a
laser-driven optical cavity. The system reported, the
J=1 (lower) to J'=0 (upper) F, -'Fo 570.68-nm transi-
tion Smt in a Fabry-Perot cavity, does nat show other
than conventional OB for zero applied magnetic field.
However, when a field of order of magnitude sufficient to
remove the lower-level degeneracy is applied parallel to
the propagation direction, polarization-sensitive switch-
ing ' (PS) occurs in which a strong asymmetry develops
between 0.+ and o amplitudes in the cavity even though
the driving laser is linearly polarized with equal (sym-
metric) amplitudes of o+ and o

The purpose of this article is to report the experimental
part of the investigation of MIPS. The structure is as fol-
lows: First, we briefly summarize for atomic systems
with a degenerate lower level the types of steady-state op-
tical switching that are relevant to the physical mecha-
nisms underlying MIPS; second, we present the experi-
mental results; finally, we discuss the significance of the
work and summarize our findings.

II. BACKGROUND

There is considerable variety in the steady-state, optical
behaviors predicted and observed for a laser-driven cavity
able to support two polarization modes and containing a
gas of atoms with degenerate lower-level structure.

If coherence effects between lower-level substates can be
ignored (the case for a J=—, to J=—,

' transition in zero
magnetic field in the simplest excitation geometry), com-
petitive interaction between the modes can be mediated
via the atoms through the mechanism of longitudinal op-
tical pumping. The result is that the ratio of tr+ and o
amplitudes in the cavity need not be the same as for the
driving laser field. Discontinuous changes in the cavity
ratio of cr+ and o lead to optical tristability and, more
generally, polarization switching. ' Experimental obser-
vations of these effects have been reported ' for the Di
line of atomic sodium. In fact, lower-level Zeeman coher-
ences certainly cannot be ignored when the effect of a
transverse magnetic field is considered. Coherence gen-
erated between ground-state hyperfine levels can also give
rise to observable phenomena. " In addition, more com-
plex switchings arising from competition between hyper-
fine and Zeeman pumping have been observed.

It is well known that lower-level coherences can lead to
"nonabsorption" resonances, ' which carl be studied by
their modification' in a magnetic field. The effect of the
field is to cause the off-diagonal elements of the density
matrix between the lower states to evolve secularly at the
Larmor and multiples of the Larmor frequency. '

Theoretical consideration of a cavity containing a
three-level lambda system allowing such coherence has
been shown to give rise to novel schemes for optical bista-
bility' and optical multistability, ' arising principally as a
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result of competition between laser-induced creation and
I.armor modification or collisional destruction of such
coherence. Direct observation of such effects in a three-
level lambda system free from complications of other lev-

els has not to our knowledge been reported, although the
model can be approximately realized by the Na D& transi-
tion under appropriate geometrical and buffer-gas condi-
tions '

III. MOTIVATION

It is desirable that experimental investigation in an opti-
cal cavity of the switching behavior for a gas of atoms
with lower-level degeneracy should utilize the simplest
well-defined suitable transition. To study intrinsic, laser-
induced, lower-level coherence effects (as well as
longitudinal-optical pumping effects), the simplest choice
of atomic transition is J(lower) = 1 to J'(upper) =0.'

It is not particularly easy to find suitable atoms with
this transition within the tuning range of a continuous-
wave Rhodamine-66 dye laser (preferred in order to facil-
itate reaching the required continuous-wave optical
power}. We have considered, but discarded, the idea of
using transitions between excited states, such as the
585.2-nm J=1 to J'=0 ls2-2p, (Paschen notation) tran-
sition in Net The crucial disadvantage of this case in
neon is the rapid depolarization of the lower J= 1 level by
radiatively trapped spontaneous decay to the true ground
state. Since Iiolarization sensitivity in MIPS depends on
competition ' between optical pumping and the estab-
lishment of Zeeman coherences, it thus depends on the re-
laxation rates I"i(I} and I z(l) for orientation and align-
ment decay in the lower level. These should be consider-
ably smaller than other atomic relaxation rates in order
that the full possibility for optical switching be readily ac-
cessible.

A suitable case is the [Xe]4f 6s I'i [Xe]4f 6s—6p I"0
570.68-nm transition in SmI. Although natural samari-
um consists of a number of even and odd isotopes [22.6%

Sm 266%%u
' Sm 74%%u

' Sm 139%%u
' Sm (I=—', ),

11.3% ' Sm, 15.1% ' Sm (I= —,), and 3.1%%uo
' Sm], the

separations of the even (I=O) isotope components and
hyperfine structure components for this transition are
such that it is possible to tune the laser near to an essen-
tially pure J=1 to J'=0 transition in a single even iso-
tope (Sec. VA1). This transition has the advantage that
an appropriate lower level ( F, ) at 3.63X10 eV (293
cm ') is thermally populated from the true ground level,
and relaxation within this J=1 level is relatively slow at
moderate buffer-gas pressure. The disadvantages are the
small oscillator strength of the transition (Sec. V A 3) and
the high temperature required to produce sufficient atom-
ic absorption for optical switching in cavity.

Since as far as we are aware the use of a hollow-cathode
discharge cell in an optical switching experiment is novel,
we describe the procedure used in some detail. The cell is
illustrated in Fig. 2.

The temperature required (=1000 K) for sufficient
samarium vapor pressure to be avaiable to enable an opti-
cal switching experiment to be performed in a moderate-
finesse Fabry-Perot is not easily compatible with stable in-
terferometer operation. Schlieren effects, in particular,
pose a problem, and although the ~hole oven-
interferometer arrangement can be operated in a vacuum,
this is inconvenient and to be avoided if possible. A
hollow-cathode discharge lamp provides a solution. The
basic properties of hollow-cathode lamps and cells for
spectroscopy are well known and will not be recounted
here. In summary, it has been established that sputtering,
and also thermal vaporization if the cathode temperature
is sufficiently high, in general lead to controllable densi-
ties of atoms, essentially free ' from perturbations due
to the discharge. In the case of the weak samarium tran-
sition (Sec. V A 3), operation of the hollow-cathode
discharge in a pure sputtering mode did not achieve suffi-
cient density of atoms for optical switching. However, by
increasing the discharge power to approximately 16 W
and allowing the small-bore Sm hollow cathode (typically
3—4 mm internal diameter and 8 mm long) to reach a suf-
ficiently high temperature (=1000 K), we could produce
an adequate density of samarium. Under these condi-
tions, the discharge was close to unstable (even though
current controlled); changes to "glow" or "arc" discharge
external to the hollow cathode occurred after approxi-
mately 1 h of operation, and resulted in a significant
change in discharge voltage (and hence power). Following
such a change the cathode usually required replacement.

The buffer-gas (argon) pressure also proved to be im-
portant. At too low a pressure (below =100 Pa) the
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ty control, and mode-matching optics onto a 2S6-MHz
free-spectral-range, near-concentric Fabry-Perot cavity
containing the samarium cell, and is then detected via a
Babinet-Soleil compensator, adjusted to quarter wave, and
a calcite prism.
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We have been able to overcome these difficulties by
operating with a samarium hollow-cathode discharge
lamp inside a near-concentric, Fabry-Perot cavity. The
experimental arrangement is shown schematically in Fig.
1. Linearly polarized light from a stabilized continuous-

FIG. 1. Experimental arrangement for optical switching
studies. The tank (dotted) magnetically shields the optical cavi-
ty plus Sm cell; eom, electro-optical modulator; pm, photomulti-
plier; adc, analog-to-digital converter; pdp-11-03, micro-
minicomputer for writing digital data to floppy disk.
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IomoriMm hollow- cotgocle cell

FIG. 2. Samarium hollow-cathode cdl. The zirconium anode

(a) and the samarium cathode (c), enclosed by a =0.15 mm Zr
foil, are mounted on tungsten pins in the black-wax sealed
demountable base (b). The 1-cm-thick windows (w) are antire-
flection coated silica flats (A,/10) inclined (=4') as indicated.
The constrictions in the =30-cm-long and 3-cm-diam sidearms
of the Pyrex ce11 help prevent Sm vapor from coating the win-

dows.

discharge failed to enter the hollow cathode and the avail-
able voltage (more than 1 kV) did not create sufficient
current, and hence discharge power. At too high a pres-
sure (more than =300 Pa) the discharge contracted to pre-
ferred spots on the inner walls of the cathode, producing
an arc, and the voltage required dropped to a value too
low to generate sufficient thermal power at maximum
current. Accordingly, we applied an intermediate buffer-
gas pressure (200+20 Pa} in the experiments. The length
and geometry of the cell and buffer-gas pressure used
prevented window contamination by deposited samarium
vapor. These 1-cm-thick windows were inclined at a few
degrees from normal to the laser-propagation direction to
prevent etalon effects, and were antireflection coated on
both surfaces (single-pass transmission loss 5'%1).

The finesse of the cavity plus cell was 27 at zero
samarium density. The single-pass power gain was 1.3,
and the corresponding total maximum single-pass power
at the Sm vapor was =160 mW (determined from the
measured total output power and the transmissivity of the
output mirror which was 0.012). The beam-waist radius
at I/e intensity was inferred~ from the spacing of off-
axis modes to be 100+10pm. Hence, the available max-
imum cavity intensity (sum of propagating and counter-
propagating beam intensities) at the center of the Fabry-
Perot amounts to approximately 10 %'m adopting the
constant field approximation used in Ref. 28.

B. Conduct of the experiments

The initial experiments were performed by recording
cr+ and cr output powers (rather than intensities) on a
storage oscilloscope. These experiments were carried out
in two modes:

(i) sweeping the laser frequency at constant laser power;
(ii) varying laser power at constant laser frequency.
To ensure linearity of the input-output traces and in-

dependence from small beam-steering effects, the detec-
tors were operated wel1 below saturation and were used

29

with integrating spheres. A detector was also used to
pick-off from the input beam to supply the horizontal os-
cilloscope input.

The amount of information that could be recorded in
this way under stable conditions was limited. According-
ly, two-channel digitized data were also written to a fiop-

py disk. The digitizing rate per pair of data points (one
for each channel) was (64 ps) ' and in a laser-frequency
or laser-intensity sweep lasting approximately 0.6 s, 10
two-channel (cr+ and o ) data points were accumulated.
During this time the critical parameters of the experiment
(particularly Sm density and cavity mistuning) remained
essentially constant.

In addition to the experiment types (i) and (ii) above, a
further experiment was digitally recorded:

(iii) The longitudinal magnetic field was varied
sinusoidally with a frequency of 2 Hz while the input
power was driven in up-down scans at 40 Hz. This third
type of experiment was useful to overcome problems of
drift in experimental parameters while the effects of vary-

ing the magnetic field were being investigated.
Limitations on data-collection rate in modes (ii) and (iii}

meant that only two of the three channels, o+, a, and
input power could be simultaneously digitially recorded.
Plots of both o+ and cr powers against input power can
be inferred from separate scans recording cr+ against in-

put and ~ against input. However, such plots are not
precisely reproducible because of the effects of laser- and
cavity-frequency jitter from run to run. In practice, it
proved better to set up the electro-optic modulation circu-
itry so that nonlinearity in the scan of input intensity
versus time was minimized, and record digitally only the
o+ and cr powers. This nonlinearity was less than 2%
after the first 25% of scan; the input power axis in Fig. 11
has been drawn to explicitly show the initial nonlinearity.

Type-(ii) constant-frequency experiments provided the
most direct observation of optical switching, and a pre-
liminary account of these has already been given. How-
ever, these type-(ii) experiments had the disadvantage of
providing poor knowledge of the laser-cavity mistuning,
and relatively poor resetability in mistuning from run to
run. To an extent the type-(i) experiments alleviate this
problem by presenting the variation of cavity output with
laser frequency. Changes in mistuning with laser frequen-
cy are known, and although the absolute mistuning is still
uncertain, this uncertainty corresponds to a translation of
curves along the frequency axis with the form of the
curves largely unaffected by small translations. However,
if more than small translations are involved (and the re-
sults in Sec. V show that a shift by one free spectral range
is enough), the consequent change in laser-atom detuning
must also be considered. There is some problem in doing
so quantitatively, since the model of a single, homogene-
ously broadened coinponent is not exact (due to the pres-
ence of more than one Doppler-broadened isotope) and,
moreover, varies in precision as the laser-atom detuning is
changed. We have not attempted to calculate the effect of
this in detail. Therefore, the main use to which we put
the frequency-scanning results are to indicate the nature
of the switching that occurs and to help in understanding
the underlying physics.

This leaves the magnetic-field-scanning experiments for
comparison with theory. The problem of uncertainty in
the knomIedge of laser-cavity mistuning remains, but the
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&«o¹f*~nce IntenI, Ivy ported isotope shifts ' and hyperfine structure. It is in-
teresting to note that the isotope shifts for the 570.68-nm
transition, as for other 4f 6s -4f 6s6p transitions of
Sm, are negative, and hence the observed characteristic
spectrum allows this transition to be distinguished from
the nearby 570.62- and 570.73-nm transitions, both of
which have positive shifts.

f requollcg

FIG. 3. Doppler-free intermodulated fluorescence spectros-

copy scan of the isotope and hyperfine structure of the 570.68-
nm SmI line recorded in a ho11ow-cathode discharge. Ar
buffer-gas pressure 100 Pa. The unlabeled peaks are crossover
signals for odd isotopes.

mistuning itself is constant over the regime of the two in-
dependent variables, intensity and magnetic field. It
therefore seems reasonable to see best-fit agreement to the
experimental data by the thcery, employing the value of
the mistuning as a fitting parameter. This is done in Sec.
VI,

C. Subsidiary experiments

As well as the experiments described above, subsidiary
experiments were carried out~ to verify the isotope ' and
hyperfine structure32 and to establish values of atomic pa-
rameters characterizing the Sm F&- F'0 570.68-nm transi-
tion. Knowledge of the atomic parameters is important
for comparison of experimental with theoretical3s results.

2. Samarium temperature and density measurement

Estimates of the temperature of the samarium vapor
within the hollow-cathode discharge were made by com-
paring (Fig. 4) the observed Doppler-broadened absorption
profile for the 570.68-nm transition with profiles comput-
ed from the known isotope and hyperfine structure. Ac-
cording to saturation vapor pressure data, ~ the deduced
temperature of 1000 K would produce a total Sm-atom
density of approximately 7X10' m . This is to be com-
pared with the value of 12X10' m obtained from low-
pomer absorption measurements assuming an oscillator
strength of 0.0048 (Sec. V A 3), a thermal population fac-
tor of 0.34 for the lower ( Fi) level at 3.63X10 eV (293
cm '), and an effective absorption length of 15 mm.

3. Upper-level decay rate

The radiative lifetime of the upper (7F00) level was
determined from time-resolved laser-induced fiuorescence
measurements to be 342+10 ns. i With the branching ra-
tio of the 570.68-nm transition taken to be unity, this ra-
diative lifetime yields a value off=0.0048 for the oscilla-
tor strength.

The total upper-level decay rate, including depopulation
effects of Ar buffer-gas collisions, was found to increase
with Ar pressure according to

I 0(u)=[2.9+2.4X10 p(Pa)]X10 s

at a vapor temperature of =400 K. Thus for an argon
pressure of 200 Pa and vapor temperature of 1000 K,

V. EXPERIMENTAL RESULTS

This section is divided into four subsections. First, re-
sults from the subsidiary experiments in the samarium
Fi- Eo 570.68-nm transition are reported. Second, we

give an overview of the observed optical switching
behavior using the type-(i) frequency-scanning mode.
Third, we present details of selected mode-(i) experimental
data and me choose an appropriate cavity-transmission
profile to investigate mode-(ii), intensity-scaiming results.
Finally, we report the mode-(iii) magnetic-field-scanning
observations.

120—
2, ii
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LASER FREQUENCY

A. Subsidiary experiments on Sm 7I l -7E0
570.68-nm transition

I. Isotope and hyperfine structure

Figure 3 shows a high-resolution scan of the Sm
570.68-nm line recorded by Doppler-free intermodulated
fiuorescence spectroscopy in a hollow-cathode discharge.
The positions of the components are consistent with re-

FIG. 4. Doppler-broadened frequency transmission profiles
of the 570.68-nm SmI line. The experimental profile {noisy
curve) was obtained from the hollow-cathode cell operated
under the same discharge conditions as for the switching experi-
ments„and with a laser power of 110p% {unfocused beam di-
ameter =1.2 mm). The computed profile {smooth curve} is
based upon thc isotope and hypcrfinc structure {Fig. 3), assum"
ing a vapor temperature of 1000 K and adjusting for the value
of the optical depth.
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FIG. 5. Observed full width at half maximum for the "~Sm
component of intermodulated-fluorescence spectra as a function
of buffer-gas pressure at a vapor temperature of approximately
500 K. Hollow-cathode discharge {); glow discharge {planar
cathode) {0).

I 0(u) is 5.4X 10 s ', assuming a T van der
Waals —type temperature dependence for the collisional
term,

4. Optical-dipole dephasing rate

The optical-dipole dephasing rate I i(lu) for the
570.68-nm transition was determined from the measured
pressure dependence of the width of the most intense,

Sm, component of intermodulated fluorescence spectra,
obtained at low laser intensity (Fig. 5). The width at the
zero-pressure intercept (6 MHz) originates from a com-
bination of natural broadening (0.47 MHz), laser-
bandwidth broadening (=2 MHz), residual saturation
broadening (1—2 MHz), residual Doppler broadening due
to imperfect collinearity of the laser beams (=0.5 MHz),
and unresolved oman splitting due to stray magnetic
fields (=0.5 MHz). In particular, it can be shown by
comparing spectra taken in a hollow-cathode discharge
and a cell with thermally produced vapor that the
discharge itself does not contribute significantly to the
observed linewidths. Thus the actual homogeneous
linewidth (full width at half maximum) at =500 K is
gj.ven be

[0.47+5.7X10 'p(Pa)] MHz,

and hence the optical-dipole dephasing rate amounts to
I', (Iu) =2.4X 10 s ' at 200 Pa and =1000 K (assuming
a T temperature dependence for the collisional term).

5. I.ower-level depolarization rates

The contribution of argon collisions to the alignment-
destruction rate I 2(I) of the lower ( Ei) level was deter-
mined from measurements of the decay of lower-level
quantum beats as a function of argon pressure. 2s The
method used to detect the lower-level beats was similar to
that reported by Mlynek and Lange. Briefiy, it consists
of using a sharp intense pulse from a nitrogen-laser-
pumped dye laser to induce a transient coherence between

~man-split m =+1 states in the lower level and a weak
continuous-wave probe beam to monitor transients in the
transmission through crossed polarizers. The value of
I q(1) for argon collisions was found to be 1.1X10p(Pa)
s ' at =600 K, or 1.3X10 s ' at 200Pa Ar and 1000K
(assuming a T temperature dependence).

Two other effects modify this rate in the conditions of
the optical bistability and polarization-switching experi-
ments. The transit time of Sm atoms in the =200-pm-
diam beam waist in the cavity is approximately 1.2 ps, us-

ing a value for the mean free path of 150 p,m at 200 Pa
argon buffer gas and a temperature of 1000 K. This acts
to increase the alignment-destruction rate to the total es-
timated value of I i(l)=2.1X10 s '. However, spin-
polarized atoins leaving the region of the beam create a
"reservoir" which partially offsets the transit-time effect.
This latter effect has not been incorporated into the total
value for the alignment-destruction rate I 2(l).

The orientation-destruction rate I i(I) in the lower level
also enters into the atomic behavior. Isotropic collisions
cause this rate not to differ significantly 9 0 from the
alignment-destruction rate I'i(l). Furthermore, transit-
time broadening equally affects I i(I) and I z(l). The fact
that the ratio of these two rates is approximately unity
[I"i(1)=I2(l)] has important implications regarding the
mutual influence of the physical mechanisms acting (see
Sec. VI) in the following experiments.

B. Overview of switching behavior

Figures 6 and 7 show plots of the power transmitted by
the cavity as the laser frequency is scanned [mode (i)]
across the 's4Sm and ' 2Sm components of the 570.68-nm
line. As discussed in Secs. III and VA1, these com-
ponents are reasonably well separated from the remaining
hyperfine structure; their positions, near 1.25 and 2.25
GHz, respectively (the frequency origin has been chosen
arbitrarily), show up most clearly in Fig. 6 (zero magnetic
field} as the places where there is a local increase in
Fabry-Perot peak height. This effect, arising from sa-
turated absorption in the bidirectional cavity, is, of course,
sensitive to the degree of power broadening, which at ap-
proximately 100 MHz for transmission maxima (see the
Appendix) is less than both the inhomogeneous width and
the cavity free-spectral range,

However, the most significant feature of Fig. 6 is that
only simple OB and not PS is observed. The transmitted
o.+ and o powers are equal to each other within mea-
surement error. The situation thus contrasts with similar
studies in sodium, where PS is observed (in zero field} for
a cavity able to support polarization-degenerate modes, '

and where a polarization-nondegenerate cavity (e.g., pos-
sessing internal Brewster-angled surfaces ') is required to
suppress PS in zero magnetic field for linearly polarized
drlvlng.

The swItchIng observed In FIg. 6 Is predomInantly
dispersive OB, similar to the dispersive OB switching re-
ported using frequency scanning in sodium vapor ' (near
the upper-frequency limit on the right-hand side of Fig. 6
the first peak of the backward scan, displaying hysteresis,
is shown). Absorptive optical switching is less readily
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sions at 0.75 and 2.5 GHz are not evenly spaced from line
"center. "

«r

0 I 2

LASER FREQUENCY (ARBITRARY ORIGIN)
(6 Hz)

FIG. 6. Circularly polarized powers transmitted by the
Fabry-Perot as the laser frequency is scanned [mode (i), increas-

ing frequency] across the '~4Sm and "Sm components (see text)
for linearly polarized input power 130 m% and zero magnetic
field. The first peak of the backward scan, at the right-hand
side of the figure, is indicated by an arrow.

seen (in fact, not seen in Fig. 6), owing to the inhibiting
effect of inhomogeneous broadening. Such absorptive op-
tical bistability can indeed be observed if both the atom-
cavity coupling (i.e., the cooperativity —see Sec. VI) and
the cavity power are sufficiently raised. We achieved this
in a separate experiment (not reported here) which utilized
8rewster-angled windows on the samarium hollow-
cathode cell. Because of reduced losses both the coopera-
tivity and the power gain (Sec. IV B) were much higher.

For a longitudinal magnetic field sufficient to produce
a Larmor frequency comparable to the lower-level align-
ment decay rate, the situation is very different. Figure 7
treats the case 8= + 168 pT (the positive sign meaning
the field direction is toward the cavity output mirror).
Three points are particularly noteworthy. First, the II+
and o intensities are no longer equal and PS is occurring
over a range of detunings with first one polarization then
the other switching "on." This behavior occurs for both
directions of frequency sweeps and exhibits hysteresis.
(At the arrowed position, near the right-hand side of Fig.
7, we include the start of the backward frequency sweep. )

The second point is that the peak absorption at the
"center" (meaning the weighted mean position between
the ' Sm and ' Sm components) is considerably greater
than for zero magnetic field. This is consistent with re-
duced "black-line" ("nonabsorption" resonance) effects, 'I

as will be discussed in Sec. VI. Third, we note that the
behavior of cr+ on the low-frequency side of the ' Sm
component (at 0.75 GHz) is similar to the behavior of o
on the high-frequency side of the ' Sm component (at 2.5
GHz). This is in accord with the expected symmetryi for
a J=1 to J'=0 transition: the behavior of the o+ (o )

intensity for the laser detuned to the low-frequency side of
the transition corresponds to the behavior of the o (o+)
intensity for the laser equally detuned to the high-
frequency side. Figure 7 does not, in fact, reveal this
symmetry perfectly, ow111g to tllc coIIlplcxltlcs associated
with the existence of rico principal, not quite equal even-

isotope components, as well as other isotope structure.
Furthermore, the detunings for the Fabry-Perot transmis-

C. Detailed switching studies

The above considerations have led us to focus detailed
attention on the region of 0.6—1.2 GHz (Figs. 6 and 7),
which is well removed from odd-isotope effects, although
it is still within the Doppler-broadening region for the

Sm component. Detunings further removed from line
"center" would, in principle, be preferable, in order to im-
pr'ove the approximation of a single, homogeneously
broadened J= 1 to J'=0 transition, but to observe in-

teresting switching effects at these increased detunings
would entail using increased samarium densities, with the
associated experimental problem of very short cell life and
difficulty in obtaining consistent sets of data.

Figures 8—10 illustrate, for a range of magnetic fields,
expanded frequency scans [mode (i)] in the recon 0.6—1.2
GHz. The samarium density (-10 m ) and laser
power (130 mW, linearly polarized) are the same as for
Figs. 6 and 7. We note that reversing the dire:tion (sign)
of the magnetic field interchanges o+ and o outputs
(compare Figs. 7 and 9). The mechanism underlying this
behavior is discussed in Sec. VI. The expanded frequency
scans also reveal the manner in which the Fabry-Perot
transmissions are modified as the magnetic field is in-

creased: the profiles for o+ and cr are shifted further
apart in frequency (compare the summed powers o++o
in Figs. 9 and 10), with (for example) the switching
behavior of the profile near to 0.75 GHz in Fig. 10 ( —400
pT) being similar to the behavior of the profile with re-
duced detuning, near 1 GHz, in Fig. 9 ( —168 p,T).

Further investigation of the switching behavior at
B=—400 pT has been carried oct employing intensity
scans at constant laser frequency [mode (ii)]. In particu-
lar, the Fabry-Perot profile near 0.75 GHz has been
selected as being sufficiently detuned from the "Sm com-
ponent to lessen the effects of inhomogeneous broadening,
while exhibiting interesting switching behavior. Figure 11
shows the results. The laser intensity has been varied
from zero to maximum in 12.5 ms (open circles) and back

2
LASER FREQUENCY (6Hz)

FKJ. 7. Circularly polarized powers transmitted by the
Fabry-Perot as the laser is scanned [mode (i), increasing fre-
quency] across the '~4Sm and "ISm components for linearly po-
larized input power 130 m%' and + 168 pT magnetic field.
The start of the backward scan is indicated by an arrow.
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FIG. g. Expanded frequency scan [mode (i), increasing fre-
quency] at 130 mW input power and zero magnetic field.

Upper traces, individual circularly polarized output powers;
lower trace, difference power. A small amount of higher-order,
off-axis mode structure can be seen.

jI

0.75 I.OO

LASER F RE QUENCY (GHz)

FIG. 10. Expanded frequency scan [mode (i), increasing fre-

quency] at 130 mW input power and magnetic field —400 pT.
Upper two traces, individual circularly polarized output powers;
lower two traces, difference and sum powers.

to zero in a further 12.5 ms (sohd circles). Some hys-
teresis and definite polarization sensitivity in the switch-

ing of cr+ and rr outputs versus input power can be seen
in this near-threshold situation [Fig. 11(a)]. When o+
and cr output powers are plotted against each other [Fig.
11(b)], the polarization character appears more explicitly,
although switching and hysteresis are not so obvious, be-

ing marked by the distribution of data points along the
curve.

0,
0.75 I.OO

LASER FREQUENCY (6Hz)

FIG. 9. Expanded frequency scan [mode (i), increasing fre-
quency] at 130 mW input power and —168 pT magnetic field.
Upper two traces, individual circularly polarized output powers;
lower two traces, difference and sum powers.

D. Magnetic-field-scanning experiment

The remaining effort has been directed to obtain mode-
(iii) magnetic-field-scanning results. Figure 12 illustrates
the way the data were recorded, cr and o+ output
powers being stored versus time as the input power is
periodically (40 Hz) ramped from 0 to 130 mW to 0 [the
same as for mode-(ii) results] while the magnetic field is
varied sinusoidally (2 Hz frequency, 55 pT amplitude).
For convenience, Fig. 12 also displays the difference out-
put power (cr —o+). Relationships of o+ to o powers
obtained from the above data are plotted in Fig. 13 for
thrix: magnetic field values. As in Fig. 11(b), increasing
and decreasing input powers are shown, respectively, as
open and solid circles„discontinuities and hystereses in
switching appear in terms of the distribution of these.

In Fig. 13(a) the magnetic field is less than 10 p T (com-
pared with the 16 IMT needed to give a lower-sublevel
separation equal to the alignment-decay rate), and the
linear plot confirms symmetry in switching for this case.
The remaining, nonlinear plots in Fig. 13 illustrate the
pronounced asymmetry between polarizaiions which
develops when the magnetic field (&40 pT) exceeds the
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FIG. 11. Up-down intensity scan [mode (ii)] for the Fairy-Perot transmission at =0.75 GHz and magnetic field —400 pT (see Fig.
10): 0, increasing input intensity; , decreasing input intensity. (a) o and a+ output powers vs input power; (b) o+ vs cr output
powers. For clarity of presentation, overlapping points have been omitted.

value needed to cause significant Larmor precession in an
alignment-relaxation time. Again note that the behavior
of rr+ and o interchanges with reversal of the magnetic
field (see Fig. 12).
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VI. DISCUSSION

To aid the discussion of the physics of the switchings
observed, we recall the expressions given in Ref. 2 (plane-
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FIG. 12. Sinusoidal magnetic field scan superi~posed on
up-down power scans [mode (iii)] for the Fabry-Perot transmis-
sion at =0.7S GHz, and Sm-atom density -10 m . Upper
traces, o and o+ output powers; lower trace, difference
(0 —o.+) output power. The o+ behavior for positive magnetic
field is similar to the 0 behavior for negative magnetic field,
and vice versa. For clarity of presentation overlapping points
have been omitted.

FIG. 13. 0.+ vs a output powers extracted from the data of
Fig. 12 for individual up-down scans with the following magnet-
ic field values: (a) 0 pT (~10 pT); (b) 4S+S pT; (c) SS+S pT.
Up (0) and down () scan data correspond to sightly different
values of the magnetic field because of the variation in magnetic
field during a single up-down scan. The laser-cavity mistuning
is constant, but not precisely determined. For clarity of presen-
tation, overlapping points have been omitted.
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wave, ring-cavity, mean-field, homogeneous broadening,
J=1-J'=0 model):

F+ ——X+(1+2Cg+ i—P),
relating scaled output fields X+,X to scaled input fields

F+,F via the cooperativity C (see the Appendix), scaled
laser-cavity mistuning P, and coupling functions ri+ and

7/, and

[n+(1)—n(u )]+ pp2(i), (2)
X+

1 —i b+co +
L

where n+(1), n (i), and n (u) are populations, respective-
ly, of the J=l (mq ——1), J=1 (mJ ———1), and J'=0
states and p+i(l) [=p '2(l)] is the alignment coherence
in the lower level. The laser-atom detuning 6 and the
Larmor frequency co are scaled in terms of the optical-
dipole dephasing rate I i(lu). Further details are included
in Ref. 33.

A. B=ocase

For 8=0 and linearly polarized excitation ( 1'+ ——F ),
there is no a priori preference between X+ and X;how-
ever, the solution X+ ——X may be stable or unstable.
The essential issue is whether a fluctuation-generated im-
balance between cavity fields X+ and X will be
enhanced or reduced. For sufficient positive feedback,
enhancement leads to polarization switching (PS). On the
other hand, negative feedback stabilizes the cavity against
PS, and simple optical bistability (OB) is observed.

In formal terms, such a fluctuation acts via modiflca-
tion to the susceptibilities for the o+,cr transitions, that
is to say via the coupling functions i)+ and ri . A differ-
ence between these functions arises [Eq. (2)] either from
differences between n (i} and n+(i} (longitudinal-optical
pumping) or from differing ratios X /X+, X+/X mul-

tiplying a nonzero coherence p+z(l).
The term X+p+2(1)/X+, which we call the "coherence

contribution„" is negative, as suggested by the nonab-
sorption character of its effect on i)+ and i) . Thus,
since (for constant b, ) a change in n (I) compared to
n+(1) via longitudinal-optical pumping must imply a
change of the same sign in X /X+, the coherence contri-
bution always (for co=0) acts to reduce i the effect of
changes in the "population contribution, " n+(I) —n(u),
on i)+. It is discussed in Refs. 2 and 21 that in the physi-
cally realistic case, where I q(l)=1 i(i), the coherence con-
tribution essentially cancels the population contribution to
changes in ii+ —g . Thus, whatever the nature of the
feedback from the population contribution (and this de-

pends on the values of b, and P), the polarization behavior
of the system is effectively neutral for zero magnetic field,
and polarization switching does not occur for zero field
irrespective of laser-atom detuning.

It is helpful to look at this issue in more physical terms.

A nonzero pi(l) [=p 2(i}] implies that in the lower-level
charge distribution there is a nonzero electric quadrupole
moment characterizing a nonspherically symmetric distri-
bution of atomic alignment. ' In the limiting case of
maximum quadrupole moment (maximum alignment), the

linearly polarized cavity field no longer couples popula-
tion into the upper level (the nonabsorption resonance ef-
fect mentioned earlier). In fact, isotropic collisions act to
reduce the magnitude of the moment, though they do not
change the principal-axis directions of the quadrupole dis-
tribution (or strictly speaking, of the alignment ellipsoid),
so that coupling to the upper state is not, in practice, re-
duced to zero.

This coupling can be increased in two ways: either by a
change in the polarization state of the cavity field, or by a
change in the quadrupole character of the charge distribu-
tion, i.e., rotation of the principal-axis directions, or
reduction in magnitude of the quadrupole moment.

The former effect underlies the mechanism that inhibits
polarization switching for zero magnetic field. In essence,
this effect is an antibleaching one, whereas normal popu-
lation (i.e., longitudinal-) optical pumping, which creates a
magnetic dipole oriented parallel (or antiparallel) to the
cavity axis, produces increased bleaching when the cavity
field departs from linearly polarized. Given equality in
relaxation rates for the electric-quadrupole and magnetic-
dipole moments in the lower state, the bleaching and anti-
bleaching effects cancel. The system behavior is then po-
larization insensitive.

9. 9+ocasc

A nonzero longitudinal magnetic field increases cou-
pling into the upper state by modifying the coherence
pz(l), that is, by altering the character of the lower-level

quadrupole charge distribution. I.armor precession causes
change in principal-axis directions and tends to average
the charge distribution toward cylindrical symmetry about
the magnetic field direction. It is then no longer the case
that change of polarization of the cavity electric field will
necessarily give rise to a coherence-based, antibleaching
effect. Indeed, a change in the polarization can be found
that enhances bleaching. For this change in polarization,
Zeeman coherence effects and population pumping rein-
force rather than cancel each other.

Thus polarization-sensitive behavior becomes possible.
The detailed formal dependence of the Zeeman coherence
upon competition between cavity-field-induced creation
and magnetic-field-induced modification cannot, be dis-
cussed here. Therefore we are not in a position to explain
all the features of the intensity-scanning and magnetic-
field-scanning experiments, for which this competition
plays a major role.

However, the mode-(i) frequency-scanning experiments
carried out at constant laser power can be qualitatively
understood largely in terms of the behavior of just the
population contributions n+ (I)—n (u ).

1. Sma11 laser-atom detuning

Strictly speaking, there is no region of pure absorptive
behavior. However, for zero magnetic field, as in Fig. 6,
there is a frequency region around 1.7S GHz between the

Sm and ' Sm isotopes with reduced nonlinear disper-
sion where nonlinear absorption dominates. The peak
near 1.75 GHz is essentially symmetric in laser-cavity
mistuning compared to adjacent peaks, and there is ap-
proximate reversal of frequency-pulling effects over the
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range 1—2.5 GHz, centered at 1.75 GHz. Indeed, in Sec.
V B we noted the siinilarity of the present switching char-
acter with the case of optical bistability in a largely homo-
geneously broadened transition. It is useful to adopt here
a similar approximation of a single-component (though
not homogeneously broadened) transition for the purpose
of qualitative explanation. This approximation supports
the concept of a region of absorptive dominance around
the effective line center.

Nevertheless, when a magnetic field is applied, as in
Fig. 7, dispersive effects must be included. In physical
terms, one of the cavity resonances will now, in general,
be favored. This can be seen formally from the presence
in Eq. (2) of the +to terms which lead to differing ri+ and
hence [see Eq. (1)] to differing X+. Given modification
of the Zeeman coherence by the magnetic field as dis-
cussed above, the feedback associated with n+(l) —n(u)
can be enhanced. That this feedback is positive can be
easily seen. For example, if X+ is initially favored, there
will be longitudinal optical pumping reducing n (1) [and
increasing n+(l)], and thus ri+ (rl ) will reduce (in-
crease}, and, for constant 1'+ (1' ), X+ (X ) will fur-
ther increase (reduce). That is to say, polarization-
sensitive behavior will, in general, occur.

Experimentally, for 8&0 the asymmetric shape of the
0+ and cr curves (particularly Fig. 7 at 1.5 and 1.75
GHz) shows that significant nonlinearity is indeed present
(compare with Fig. 6 at 1.5 and 1.75 GHz). The polariza-
tion of the peak which first becomes pronounced as the
laser frequency is increased is the one (cr+ } for which cav-
ity resonance occurs at lower laser frequency. The cavity
resonance with opposite polarization (o ) is initially
suppressed through increased absorption. As the laser fre-
quency is raised further, the saturation reverses (optical
pumping changes sign, cr pronounced and o+
suppressed). The initially suppressed polarization (o )

then becomes dominant. The above behavior can be seen
in the Fabry-Perot (FP) transmission at 1.5 GHz in Fig. 7.
Clearly, when the magnetic field is reversed (to changes
sign) the overall relative dominance between cr+ and cr is
also expected to be reversed, as is observed.

If the positive feedback discussed above is sufflciently
large, discontinuous switching between 0+ dominant and
o dominant will occur. It appears from Fig. 7 that the
critical conditions for such "absorptive PS" are not quite
(or perhaps only just) met; the individual Fabry-Perot
transmissions for tr+ and cr at 1.5 GHz are nearly
continuous, whereas there are clear indications of discon-
tinuities for surrounding FP transniissions.

Certainly, absorptive OB is not obvious near 1.75 GHz
(Fig. 6), while dispersive OB (Fig. 6) and dispersive PS
(Fig. 7) are clearly seen around (for example) 0.75 GHz.

2. Significant laser atom detuning-

Most of the detailed emphasis in this investigation has
been on switchings seen for laser detunings from the"Sm isotope of around —500 MHz (at 0.75 GHz in Figs.
6 and 7). In this region, which is within the Doppler
broadening associated with the ' Sm transition, both non-
linear absorptive and nonlinear dispersive effects contri-
bute. The latter effects act quite differently from the

former. The dominant dispersive nonlinear effect is to tilt
the axis of the analytic FP transmissions away from verti-
cal, ~ For the negative laser-atom detuning case shown in
detail in Figs. 8 and 9, the greater-than-unity refractive
index of the vapor displaces "dressed" FP transmissions
to lower laser frequency compared to the "undressed"
(zero-vapor) case. At high cavity intensity, through sa-
turation, the dressed transmission frequency returns near-
er to the undressed value. For 8=0 (Fig. 8), simple,
largely dispersive OB appears. However, for 8+0 (Fig.
9) polarization asymmetric behavior is observed.

Within the vicinity of a given transmission peak we dis-
tinguish three regions in dispersion-based switchings.
First, as the laser frequency moves from a low value to-
ward the dressed transmission, negative feedback stabi-
lizes the cavity output: an increase in cavity field causes
movement of the associated transmission toward higher
frequency, which reduces the fluctuation. Even though
the two polarizations o.+ and o will now not be degen-
erate, the dispersive negative feedback tends to constrain
the two polarization intensities toward equality. This is
markedly different in effect from the absorptive case,
when imbalance between polarizations is enhanced. In
fact, as can be seen in Fig. 9, neither absorptive or disper-
sive mechanisms totally dominate in this region. Howev-
er, the balance shifts toward absorptive dominance for in-
creased laser frequency (see also Fig. 7).

In the next region, as the laser frequency moves past
the peak of the pulled, dressed more dominant (o for
8 ~0) transmission, the feedback for this polarization
changes sign. A reduction in this polarization will be
reinforced, and accompanied by an increase in the initially
less dominant polarization. In this region the order of
dominance becomes strongly reversed (o+ intensity p&o
lllteilsity).

The final region is characterized by the limit being
reached on frequency pulling for the now dominant (o+)
polarization so that this polarization also decreases sharp-
ly. In the cases shown (Fig. 9) discontinuous changes are
seen. Again, it is clear that the overall behavior between
o+ and o is expected to reverse with reversal in direc-
tion of the magnetic field.

For the transmission at lower frequency in Fig. 9 (0.75
GHz) the explanation above suffices reasonably well.
However, additional switching to an intermediate
transmitting state on the steep portion of the curve does
occur and is even more pronounced for the transmission
at higher frequency (1.0 GHz}. Not only are absorptive
effects more important, but coherence effects also play a
significant role, and the intermediate transmitting state
appears to have similar (though not identical) features to
"coherence-based" 08.' On increase of the magnetic
field 4', Fig. 10) similar arguments apply, but we note that it
is even more difficult to demarcate absorptive, dispersive,
and coherence effects.

C. Analysis of the magnetic-field-s~eeping results

l. Comparison of theoretical and experimental results

Although we shall not attempt here detailed explana-
tions of the way these absorptive, dispersive, and coher-
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2. Discussion of model parameter values

Strictly speaking, the plane-wave, ring-cavity,
homogeneous-broadening model cannot be expected to ap-
ply to an experiment involving a standing-wave cavity
with Gaussian-spatial-mode structure and an inhomogene-
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FIG. 14. Theoretical output intensities modeling experimen-
tal up-down scans for the following magnetic fields: (i) 0 pT
(~=0); (ii) 37 pT (m=0. 2); (iii) 55 pT (m=0. 3) (cf. Fig. 12 and
see text). Cooperativity (C), 2000; laser-atom detuning, —150;
radiative decay rate, 0.25; and lower-state relaxation rates

[l,(l)=I z(l)], 0.0875, in units of the homogeneous half-width
half-maximum for the transition; laser-cavity mistuning, —24.5,
in units of the cavity half-width half-maximum.

ence effects interrelate, it is worthwhile to show —by
comparison of the results in Sec. VD with the theory—
that the observed phenomenology is displayed by the
J = 1-J' =0 mean-field plane-wave, ring-ca»ty,
homogeneous-broadening model.

Figures 14 and 15 illustrate model up-down intensity
scans corresponding to magnetic field values 0, 37 and 55
pT, labeled in Fig. 12. In Fig. 14, o and o+ output in-
tensities and the difference intensity o -cr+ are plotted
(cf. Fig. 12), while Fig. 15 shows the relationships of o
to cr intensities (cf. Fig. 13). Many of the experimental
features are quite well represented in the theory. In par-
ticular, the reversal in dominance between polarizations
with increasing input power near to maximum field (55
AT) is clearly predicted. The experiment does, however,
show growth of the less dominant polarization with input
power (near maximum magnetic field), in contrast to
theoretical prediction. This may be due to saturation of
inhomogeneous-broadening-based absorption. It is in-
teresting to note the changeover which occurs from
discontinuous switching behavior at low field to continu-
ous behavior at maximum field. This derives from mag-
netic field modification to the nonabsorption resonance
infiuence [via pz(l)] on the "dressed" cavity phase shifts
(described in terms of the imaginary parts of il+ and g ).

Ix+I

Ioo

FIG. 15. Theoretical e+ vs cr output intensities for values
of magnetic field corresponding to those in Fig. 14: (i) 0 pT; (ii)
37 pT; {iii) 55 pT. Other parameters are the same as for Fig.
14.

ously broadened transition. Particularly, there is no
unique way, in general, to relate ' the actual distribution
of cavity electric field intensities to the single value
characterizing the mean-field plane-wave intensity.
Nevertheless, for a restricted range of parameters, an ef-
fective identification may be possible. Our present con-
cern is to look at this issue of an appropriate scaling for
the (restricted) conditions applying to the magnetic-field-
scanning data.

If these data had been recorded entirely in the disper-
sive regime, then we might argue by analogy with the
homogeneous-broadening Gaussian-mode OB case that
we should be able to apply the model, utilizing an effec-
tive averaged intensity of 75% of the actual averaged on-
axis Fabry-Perot intensity. In fact, absorptive effects are
important, as we can see from the value of the laser de-

tuning, within the Doppler profile of the ' Sm isotope.
Arguing from the experience with OB results, where it is
known that Doppler broadening and Gaussian-mode
structure both lead to substantial raising of threshold
cooperativity and incident power for the observation of
absorptive critical-point switching, we suspect a similar
substantial raising of threshold conditions would apply
for critical switching in the present case.

As a rough estimate of the size of these effects, we note
that the threshold input power scales as 5 /C in the
dispersive OB case. An increase in b, by a factor of be-
tween 2 and 3 would (see Fig. 4) take us into the Lorentzi-
an tail of the atomic absorption, and hence would allow a
homogeneous model to be applied. This should result in
at least an order of magnitude increase in predicted
threshold power. However, experimentally, the observa-
tion of switchings at these increased detunings requires
very modest, if any, power increase. Thus we expect that
the experimental intensity for critical switching in the
magnetic-field-sweeping data should be at least an order
of magnitude greater than the value giving a good fit for
the model.

A further factor of about 3 discrepancy between
predicted and observed intensities is introduced by the
value of C used. The theoretical plots of Figs. 14 and 15
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are based upon C=2000, whereas the value of C obtained
from the procedure in the Appendix (for a total Sm densi-

ty of 1.2)&10 m ) is 560 for ' Sm alone or about 600
if the ' Sm-isotope contribution is included, but the

Sm value of 5 is retained for application of the theory.
The basis for this figure is the result that for a mixture of
even isotopes, each homogeneously broadened and
described by the same parameters except for detuning and
concentration, the separate values of C/4 are simply
added for the dispersive regime.

Thus, overall, we expect the experimentally observed in-
tensity to be 1 —,

' —2 orders of magnitude larger than the
fitted theoretical value. In fact (using the Appendix), we
obtain experimentally that F should be 3200 (on axis) or
2400 (averaged over the Gaussian mode), compared with a
fitted value for the model of 250. Thus the discrepancy
appears to be nearer to 1 order of magnitude. The argu-
ments above are, of course, very approximate. Regarding
the parameters other than intensity used for the model, 5
has been chosen appropriately for the ' Sm isotope, since
this isotope has the major influence on the magnetic scan-
ning results. The value C=2000 is somewhat heuristic;
the use of a value larger than predicted for the
homogeneous-broadening model probably helps adjust for
neglect of inhomogeneous broadening by increasing the
importance of absorptive effects. Finally, as explained
earlier, the laser-cavity mistuning has been fitted since its
precise value is not known. However, the value of —24.5
times the empty-cavity half-width at half-height is con-
sistent with the amount of cavity pulling observed as the
Sm density was raised.

In view of the considerable complexity of the J=1 to
J'=0 polarization-switching theory even in the mean-
field, plane-wave, ring-cavity case, and the lack of detailed
knowledge of some of the critical experimental parame-
ters, we have not attempted a more complete quantitative
comparison. Among other effects, it is clear that to ob-
tain valid quantitative comparison of theoretical with ex-
perimental switching thresholds, the cavity used must be
modeled realistically. ' However, we believe we have
established in qualitative terms that the phenomenology
of the switching observed in this /= I-J'=0 experiment
is in accord with the behavior predicted for the J= 1-
J'=0 model.

VII. SUMMARY

%e have experimentally investigated the steady-state
nonlinear behavior of the 4f 6s F, to 4f 6s6p Fo
570.68-nm transition of Smt in a Fabry-Perot cavity
driven near resonantly by linearly polarized continuous-
wave laser excitation. In zero magnetic field we find that
the symmetry in polarization (equal intensities of cr+ and
a ) is conserved in the transmission by the Fabry-Perot.
The balancing effects of longitudinal-optical pumping and
laser-induced lower-level coherence cause the J~,„„——1 to
J„~~,=0 transition in zero field to behave effectively as a
two-state transition showing only simple optical bistabih-
ty with no polarization sensitivity in switching. However,
upon application of a steady longitudinal magnetic field
sufficient to produce a lower-level Larmor frequency

comparable to the lower-level alignment-decay rate, we

find that polarization differences are developed in the cav-

ity output.
For sufficient laser power in the optical cavity and suf-

ficient samariuin density, polarization-sensitive switchings
occur, with lowest-power threshold occurring at nonzero
laser-atom detuning for this inhomogeneously broadened
situation. The behavior of the two (o+ and o ) polariza-
tions interchanges upon reversal of the orientation of the
magnetic field, as expected from the symmetry of the
transition. Effects of both nonlinear absorption and non-
linear dispersion are seen. The feedbacks from these act
quite differently in determining the polarization behavior
in a nonzero magnetic field. The detailed character of the
switching is thus highly sensitive to laser-atom detuning.

The phenomenology of the switching can be understood
in terms of the model of J~,„„——1 to J„~~,=0 atoms in a
plane-wave ring cavity.
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APPENDIX

In obtaining an expression for the saturation behavior
of the Sm 570.68-nm transition, we adopt the picture il-
lustrated in Fig. 16. The upper-state total decay rate
I 0(u} differs from the radiative value y„; we take account
of this by assuming collisional coupling of the J=0 upper
state u to a separate (assumed nondegenerate) state u'.
Similarly the J=1 lower state I is assumed collisionally
coupled to the J=0 true ground state I'. Radiative decay
connects u only with I (rate y„}and (we suppose) u' only
with I' (rate y„).

For the solution of the full problem, transitions o+ and
o may be driven at differing rates by (respectively) fields
X+ and X . Since this solution is prohibitively lengthy,
we consider only the more simple, linearly polarized
"symmetric" case, X+ ——X, in zero magnetic field.
Then it is convenient to consider a rotation of the quanti-
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U p 0(u') = —(y„K„„)po(u')+E„„po(u),

m) =-I
p o(l) = K—tppo(l)+(KI t/~&)po(l')

+(y„/v 3)pii(u) — [po(lu)+po(ul)],
6A

p 0(l') = —Kptpo(l')+ ~3K(ppo(l) +y „po(u '},

(Alc}

(A 11)

p 0(l)= —I 2(1)po(1)+ [po(lu)+po(»)],3~2k'

p 0(lu )= [—t(nit, —mt„)+1,(lu ) Qo(lu )+,~p,(.)--,p.(l)+
iEd 1 0 ) 0 1

3 2

(Ale)

FIG. 16. Atomic energy levels assumed to participate in the
saturation behavior of the Sm 570.68-nm transition. (a}Quanti-
zation axis taken parallel to laser propagation direction; (1}
quantization axis taken parallel to laser electric field direction.

In Eqs. (Al}, d is the reduced dipole matrix element con-
necting l and u states. Laser coupling between states l'
and u' is ignored. (Factors of v 3 enter into same of the
collisional terms due to normalization. )

In addition, closure requires

zation axis by ir/2 which converts the linear o-+ excitation
[Fig. 16(a)] to linear n [Fig. 16(b)].

Because of the spherical symmetry of both the collision
processes and radiative decay, it is appropriate to express
the density matrix in terms of irreducible tensor com-
ponents p&(aP) for the u, u' l, and 1' states. The relevant
equations of mation for m-polarized excitation E cos(tor, t)
can be written (in the rotating-wave approximation) with
inhomogeneous broadening assumed dominated by homo-
geneous broadening and the time dependence of the elec-
tric field removed by transformation to the rotating
frame:~

~3po(l)+po(u)+po(l')+po(u') = 1 . (A2)

X=Ed/[2~3%1 i(lu )],
the scaled detuning is

h=(cot —cot„)/I i(lu ),

(A4)

(A5)

The solution to Eqs. (Al) and (A2) in the steady state is

i( l) (6 i)xf-
1+h2+bXz '

where the scaled field X is

p 00(u }= —(y„+K„„)po(u)+K..po(u')

[po(lu)+ po(ul)],
2 3

(Ala)
and the coefficients f, b have the form

f=1/[3(1+EN /Kpt )], (A6a)

r, (lu) 1 (y„+E„„)(y„+K„„)
3 y. +K.. I+EH/En y.y. +y&uu+ysKsa

X 4+ +3 + +2
&II (1+EN /Et t)(ysyu +yes u+yu K- )

Kt'I Kt'I (3 u'+Eg'I )Kt't 12(l)(yg +Kg „)
(A6b}

Note the important conclusion that Eq. (A3) has an ef-
fective two-state form. In the limit K„„=K„„=K&t~0,
Kt i+0, Eq. (A3) reduces to Eq. (9) of Ref. 48, and in the
limit 1 2(l}~ce, Eq. (A3) is consistent (apart from factors
arising from differing degeneracy} with the steady-state
result of Cooper and Ballagh.

For the calculation of the value of the on-axis satura-
tion field in terms of the single-pass power gain G, the

laser power PI, and the waist radius 8'0, we use the ex-
pression

(A7)

The reduced dipole matrix element d is obtained from the
radiative rate y„:
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(AS)

Values of the rates y„, I o(u), I ~(lu), and I z(1} are ob-
tained from Sec. VA. The effective collisional rates are
estimated as follows:

K..=E..=I o(u) —y„,

where the susceptibihty, X, is given in terms of the total
density N of atoms by

X= —Nd/( v 3e,)[}poi(uI)—po(Iu)]/E,

we find

where t is the beam transit time (Sec. V A 5), and

(A9b)
Yll

4r I i(lu)
—c/k~ T

KI~I =XII~ e (A9c) Substituting for f from Eq. (A6a), this yields

(i.e., detailed balance is assumed with s being the energy
of the state 1 referred to the true ground state 1'). Finally,
the decay rate y„ is assumed sufficiently rapid that its
value (and therefore also the value of E„„)drops out of
Eq. (A6b).

In practical terms, the values of b for the cases of col-
lisional coupling to u' and l', and of no collisional cou-
pling to u' and I', are the same to within a few percent;
the effect of this coupling has therefore been ignored in
the calculation of the scaled power parameters. This pro-
cedure remains valid even if a finite rate, e.g., (157
Ils), is assuiiled for pii .

We require three further results. The first is the degree
of resonant power broadening for the zero-velocity group
(see Sec. VB) averaged over the Gaussian cavity mode.
We employ Eqs. (35) and (38) from Ref. 44, and seek the
value of the scaled detuning, h&&z, for which the power-
broadened absorption coefficient

ap ,
' N——iA—, y„/[4mI i(lu)], (Al I)

where NI is a thermal-equilibrium population density in
the state I:

HEI I

XII +E( I
(A12}

The result (Al 1} can also be independently derived from
the general result involving upper- (g„) and lower- (gi)
state degeneracies

4

C =apLF/2m, (A13)

Finally, theoretical values of the parameters needed for
Sec. VI are obtained from

1+6,'+2X'
1+5 (A10)

where C is the cooperativity (see, e.g., Ref. 41), I. is the
effective absorption length (Sec. V A 2), and I' is the cavi-

ty finesse for zero vapor pressure (Sec. IV A), and from

falls to half its b, =0 value. The power-broadened full
width at half-height is then twice b

~ ~q.
The second result we need is an expression for the low-

field absorption coefficient ao, treating the transition as
homogeneously broadened. From

(A14)

where F=X under the special conditions of an empty
(zero Sm vapor pressure) exactly resonant cavity.
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