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NONLINEAR FARADAY ROTATION 1IN SAMARIUM  UAPOR

L.M.Barkov, D.A.Mel ik-Pashayeyv and M.5. Zolotoreu
Institute of Nuclear Physics, Novosibirsk 630090, USSR

Experiments on nonlinear magnetic optical (Faraday) rota-
tion on resonance transitions of atomic samarium are described.
Measurements were carried out on transitions with different an-
gular momenta of upper and Lower states: 1->0, 0->1 and =>4
Qualitative explanations of observed phenomena are given.

1. Introduction

Studies of the nonlinear Faraday effect (rotation of the
plane of polarization in a Longitudinal magnetic field) on reso-
nance atomic transitions have been reported in a number of theo-
retical and experimental papers [1-81. The nonlinear effect ma-
nifests itself at moderate Laser intensities in the absence of
atomic collisions. It Leads to Narrow peaks in the magnetic fi-
eld dependence of Faraday rotation in the region of smatl fi-
elds. The vrotation angles on these peaks may exceed the Linear
contribution by many orders of magnitude. In addition, the non-
Linear rotation exhibits a vastly different dependence on Laser
detuning. In the present work nonlinear Faraday rotation was ob-
served on a number of samarium transitions in a variety of expe-
rimental conditions.

The main mechanisms responsible for nonlinear Faraday ro-
tation are related to the Laser Light-induced coherences between
the Zeeman components of atomic states and also to the Bennett
structures within the atomic velocity distributions.

The simplest systems where coherence effects can be obser-
ved are the so-called Y- and A-systems. Coherence of Zeeman sub-
Levels with M=#1- arises here due to stimulated absorption and
emission. The origin of optical rotation can be understood from
& simple classical picture. LinearLy polarized radiation induces
in the medium an oscillating dipole moment. In the presence of a
Longitudinal magnetic field this moment precesses around the fi-
eld direction causing rotation of the polarization plane of the
radiation. This effect is similar to the Hanle effect (see e.g.
[91). The magnitude of optical rotation is maximum when, during
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the coherence relaxation time, the oscillating dipole moment ro-
tates by an angle of the order of & radian. Thus, peaks arise in
the magnetic field dependence of optical rotation with a width
determined by the Zeeman coherence relaxation rate. For
A-systems with metastable Lower states this vate can be much
smaller than the natural width of the fransition.

Consider the influence of Bennett structures on Faraday
rotation. In the presence of a magnetic field, Left and right
circutarly poltarized photons iﬁtéracT in general with different
velocity agroups of atoms. The arising Rennett structiures (an
example of such structure - the velocity distribution for the
J=0 Level in a Y-system is sketched in fig.1) are shifted in op-
posite directions with respect to the velocity groups resonant
to the right and Left circular polarizations. This causes a dif-
ference in refractive indices for the two circular components
and leads to the Faraday rotation. The corresponding peaks in
the magnetic field dependence of the rotation have 8 width de-
termined by the Bennett structure, i.e. by an aggregate of the
natural width of the transition, the Laser bandwidth and the
transit width.

Often studies of nonlinear Faraday rotation have addressed
only one of the mechanisms mentioned obove - either the coheren-
ce effects or the inflLuence of Bennett structures. In the pre-
cent work conditions were realized under which peaks of compa-
rabLe size and different width arose in the magnetic field de-
pendence of the rotation due to both the effects.

2 Experimental

The measurements were carried out on atomic samarium fran-
sitions with the following upper and Lower state angular momen-
ta: 1-50, 0->1, 1->1. The transitions [101 studied in this work
are shown in fig.2.

Samarium vapor was produced by heating & metal sample up
to about 500 K in a cetl consisting of a beryllLium oxide tTube
with inner diameter ? mm and Length 50 cm inserted inside a me-
tal jacket. Beryllium oxide is used because of its resistance tfo
samarium at high temperatures. An ohmic heater was wound around
the central part of the cell. The ends of the cell with optical
windows attached to them were xept at room temperature. The cell

was evacuated and it was possible fo fill it with a buffer gas.
Over the jacket there was a coil which produced a Longitudinal
magnetic field. In order to reduce stray magnetic fields the en-
tire apparatus was covered with a double permalloy screen. To
eliminate the magnetic field of the heater it was turned off du-
ring & measurement. Note that using beryllium oxide as a cell
material gives another advantage: as samarium is contained in an
insulating tube, a potential source of stray magnetic fields re-
Lated to thermoelectricity is eliminated here. A cw single
frequency tunable dye-lLaser (Spectra Physics Model 580) was used
as a Light source. In the cell the Laser beam diameter was about
1 mm. The cell was situated between a polarizer and an analyzer
with the axes rofated by 457 with respect to each other. The
analyzer divided the beam into two orthoganally polarized compo-
nents which were detected by photodiodes. The difference of two
photodiode signals was the measure of the polarization plane ro-
tation angle.

The Faraday rotation measurements were carried out in two
mudes_ In the first mode the Laser frequency was scanned at a
constant magnetic field, in the second - the Laser frequency was
fixed and the magnetic field was scanned. In both modes, controb
of the parameters and data acquisition was done by a mfcrucumpu-

ter through a CAMAC system, 250 points were taken with a total
measurement time of 10-20 sec.

3. Lts and di ssion

To illustrate the difference of the Linear and nonlinear
Faraday effects Let us start with a typical recording of the Fa-
raday rotation in experimental conditions under which nonLinear
effacts can be neglected. The dependence of optical rotation on
the Llaser frequency for the 651 nm transition (see fig.2), re-
corded with magnetic field 8 Oe, Laser power 0.1 md and buffer
gas heLium pressure 15 Torr is shown in fig.3a. The samarium va-
por optical Length did not exceed an absorption Length. In the
present work a samarium sample of natural isotope mixture was
used. Peaks corresponding to even isoftopes are clearly seen in
fig.3a. They have the typical sign-changing shape corresponding
fo the Faraday rotation Lineshape for a single Line. Positions
of odd isotopes (149,14?) are not shown on the figure because
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their Lines consist of several hyperfine components and the Fa-
raday rotation on them has & more complicated structure.

Fig. 3b shows the dependence of optical activity on the
frequency for the same transition but in the absence of buffer
gas and with magnetic field 0.04 Oe. Under these conditions the
Faraday rotation significantly differs from the case shown in
fig.3a. Firstly, the vrotation at the peak cetetrs has changed
sign. Secondly, the sign of rotation is the same for all frequ-
ences. Thirdly, although the magnetic field was decreased by a
factor of 200, the peak rotation has increased 5-fold. Another
important difference is the absence of optical rotation on the
odd isotopes. Fig.3c shows a Faraday rotation recording with the
same conditions but at magnetic field 0.4 Oe. At this field the
Faraday rotation has again changed its sign and the optical ac-
tivity on the odd isotopes starts to manifest itself as eviden-
ced by the perturbations in rotation angle in the odd isotope
region.

Related phenomena were also observed on the 639 nm and 654
nm transitions (the 639 nm Line was previously studied in [71).
For the transitions under discussion, the dependences of Faraday
rotation on magnetic field with fixed Laser frequences are shown
in fig.4 tfogether with corresponding diagrams of Zeeman suble-
vels. As the isotope splitting for neighboring isotopes exceeds
the Doppler width (=1 GHz), it is pu£5ihte to tune the Laser
trequency so that the radiation would primarily interact with
one of the isotopes. In the present work measurments of the mag-
netic field dependence of optical rotation were made for the
i520m isotope. Note that in the case of odd isotopes one has to
deal with a complex system of energy Levels (nucLearlapin 1=272)
and the analysis of nonlinear effects for this situation Lies
beyond the scope of this paper.

The 639 nm transition (0->1; fig.4a) is an example of a
¥-system. Relaxation of coherence of Zeeman sublevels of the up-
per J=1 Level is determined by the same processes that cause po-
pulation relaxation: radiative decay of the upper state and
transit of "atoms through the Laser beam. Thus if the effective
Laser bandwidth i.e. the frequency instability during the tran-
sit time can be neglected, maxima in the magnetic field depen-
dence of optical rotation due to coherence and Bennett structu-
res should occur at the same magnetic field, corresponding to
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guH4", where ' is the sum of the transit width (~100 kHz) and
the natural width of the transition. In fact, in fig.da there is
only one peak (The dependences are antisymmetric in magnetic fi-
eld. Here and below only half of the curve with H3O is discus-
sed). For the upper Level of the 639 nm transition g=-0.13 [10].
This can be used to estimate a value for I' of ~200 kHz.

For the 654 nm transition (1->0; fig.4b) there is also one
peak in the magnetic field dependence of optical rotation. Here
we deal with a A-system and one could have expected the peaks
due fo coherence and Bennett structures to be distinguishable,
because their effective widths are of different origin. The
width for the coherence effect is now determined solely by the
transit time, while for the Bennett structure effect as in the
case of a Y-system it is determined by an aggregate of the tran-
sit and the natural width. The upper state Lifetime for the 654
nm transition is unknown. Apparently the peaks in magnetic field
dependence of the Faraday rotation proved to be indistinguishab-
Le because the natural width of the transition is of the order
of magnitude or smaller than the transit width. Change of sign
of the effect relative to the 639 nm transition and the scale of
magnetic field at which peak rotation is achieved is due to the
g-value of the J=1 state: in this case ¢=1.5. One can also see
in fig.4b a small contribution of the Linear Faraday effect.

For the 651 nm transition (1->1; fig.4c) there are peaks
corresponding to two values of magnetic field. A 1->1 transition
can be considered as an aggregation of @ A- and a Y-system, co-
upled only through spontanious transitions. This manifests it-
self in the magnetic field dependence of Faraday rotation: the
curve in fig.4c is actually the sum of curves in figs.da,b.

For the nonlinear Faraday effect it would have been natu-
ral to expect a Linear dependence of the optical rotation angle
on Laser power. However, the measured optical rotation for the
transitions under discussion was practically independent of La-
ser power in the range 0.05 - 0.2 mW. The increase of Laser po-
wer caused only a minor broadening of peaks in the magnetic fi-
eld dependence of rotation. This behavior can be accounted for
by saturation of nonlinear effects at the given power Levels.
Actually, for both nonlinear Faraday rotation mechanisms the sa-
turation parameter in the given case can be estimated as
H~d2E2/(I"-F'rel). Here d 1is the transition dipole moment, E -
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electric field amplitude of the Light wave, l'rel - relaration
rate. In our case l'rel is determined by the transit time. With
the Laser beam diameter 1 mm this parameter furns fo unity at
the power Level of about 10 uW.

Since the saturation of absorption is also determined by
the same parametfer, saturation can be checked by measuring the
power transmitted through the vapor cell as a function of the
input power. Shown in fig.5 is a graph, illustrating this measu-
rement for the 654 nm transition at zero magnetic fied. The de-
pendences proved to be significantly nonlinear and could be sa-
tisfactorily approximated with a function I=Ipexp(-L/Lo(1hH)).
For the curve shown in fig.5, L/lo=2, n=I1o/10 pW. This illusira-
tes that the onset of saturation in fact occurs at ~10 u. Power
broadening of peaks in the magnetic field dependence of Faraday
rotation is seen in fig.6 which shows recordings of this depen-
dence for the 654 nm transition with Laser power 10 and 100 uW.

MonLinear Faraday rotation was also studied for the 571 nm
transition (1->0). For this transition the upper state Lifetime
is known and the corresponding radiative width is #500 kHz [11].
On the magnetic field dependence of optical rotation (fig.?)
there are peaks of opposite signs, correspending to two effecti-
ve widths: guH¥0 kHz and 1000 kHz (g=1.5). In this case the
narrower peak can be ascribed to the coherence effect (transit
wWwidth), while the broader one - to the Benneft structures.

Note that nonlinear Faraday rotation on the 521 nm transi-
tion was studied earlier [4], butf only one peak in the magnetic
field dependence of nonlinear signal was observed in that work.
Apparently, this is due to the different experimental conditiens

realized in [41: significantly higher Light intensities, presen—

ce of a buffer gas, etc.

On fig.? the rise of Faraday rotation at high magnetic fi-
eld is due to the Linear effect. At Low fields the nonlinear Fa-
raday rotation exceeds the Linear contribution by four orders of
magnitude. By using a broader Laser beam it is possible to inc-
rease the fransit time and thus to obtain smaller effective
width for the coherence effect and consequently - & Larger en-
hancement of Faraday rotation in the Low field region. Note that
this enhancement can be applied to measurements of small magne-
tic fields. Analogous effects also can be used in experiments on
the search for optical activity of atoms and molecules in Longi-
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fudinal electric
and T-invariance.

_ The nonlinear effects are very sensitive to atomic colli-
sitons. After adding ~0.1 Torr of a buffer gas (Ar, He} the non-
Linear Faraday rotation amplitude decreased by an order of mag-
nttud? and at ~1 Torr nonLinear effects could not be obseruved :T
all with Light power ~0.1 miy. Shown in fig.8 is the magnetic fi-
e%d dependence of Faraday rotation for the 571 nm transition
Wwithout buffer gas (a) and With 0.05 Torr of argon (b). It can
be 5ee? from the figure that addition of buffer gas, apért from
decreasing the signal amplitude, also changes its form. Detailed

anaLy?ig of nonlinear Faraday effect in the presence of buffer
gas Lies beyond the scope of this paper.

fields [12,131, caused by violation of parity

4.Conclusion

Nonl i near Faraday rotation in atomic samarium was experi-
mentaly studied in this Work. Measurements were carried out on
several fransitions with different angular momenta of upper and
Lower states, at a variety of Laser powers and buffer gas pres-
sures. The observed phenomena can be accounted for by two MEcha-
;;2:5;1 the establishment of Zeeman coherences and formation of
ﬁtum?c st:I;:?tures on The velocity distributions of individual

e ﬁ remarkable feature of nonlinear optical activity is a
51gn|f1cant enhancement of rotation With respect to the Linear
case i1n the Low field region. This enhancement Can apparently be

used in a wvariety of applicati ' i
ons, including th
(PtT)-odd interactions. d R
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Fig.1. Distribution of atomic velocity projections on the
Light propagation direction for the J=0 state in a Y-system with
Longitudinal magnetic field H. Values u4,2 are determined by the
relation p(1-us,27c)=votguH, where V is the Light frequency, Vo
- central frequency of the transition. V«,2 are the velocity
projections of atoms that are in resonance with right and Left
quanta respectively.

+E, em !
17810.85 : TR
E
ﬂ r#fsﬁiﬁp
5
15650-55_’_ ?G1
o ;
811.92 Yl e
,.292-53 i | l l _.TF1 4f [
3 TFO

Fig.2. Diagram of samarium transitions studied in this
WOrkK.
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i Ez:g.:ﬁ i:equ?nfy dependence of the Faraday rotation for

o ?HSITIBH (j—>1). Light power - 0.1 ml. The total

Hﬁaq:é?t: _s;?gnlng interval - about 12 GHz. a - P(He)=15 Torr

i 15n1up:;_3; H=0.04 Oe; ¢ - P(He)=0, H=0.4 De. Positions

g e marged by arrows. For easiness of compari-
cale on curve b is reduced by a factor of 5
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Fig.4. The form of magnetic field dependence of the Fara-
day rotation with the Laser frequency fixed at the peak of the
152 isotope. Laser power -~ 0.1 md, no buffer gas. @ - 639 nm
transition (0->1); b - 654 nm ({->0); ¢ - 651 nm (1->1). The
corresponding Zeeman cublevel diagrams are shown on the right.
Laser-induced transitions are indicated by arrows.
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Fig.5. Ratio of the Light power I at the output of samari-
um cell and the input power Io for the 654 nm transition, no
buffer gas. Circles - experimental values, solid Line is the
function I/lo=exp(-L/loCit)) with L/lo=2, n=1o/10 uW.
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Fig.6. The form of magnetic field dependence of The Fara-
day rotation for the 654 nm transition in a detailed scale. No
buffer gas. a - Light power - 10 W, b - 100 pW. For easiness of
comparison the curves are presented with the same vertical size.
Curve b is considerably broadened Wih respect to curve a.
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jk 15 14 13 .2 .1 ; ; ; ; ; L n; Fig.8. Magnetic field dependence of Faraday rotation for
bz = o ot F

+he 571 nm transition. Laser power - 60 gW. a - no buffer gas: b
- puffer gas argon, P(Ar)=0.05 Torr.

Fig.?. Maagnetic field dependence of Faraday rotation for .
the 521 nm transition (1->0). Laser power - 5 g, no buffer gas.

SamplLe shows the scale of guH values.
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