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Vapors of optically pumped atoms are usu-
ally studied by observing the interaction of res-
onant light with the atoms. Experiments using
off -resonant light have been proposed and have
been carried out with different isotopes of mer-
cury.! In this Letter we discuss the fundamen-
tal criteria which determine the feasibility of
experiments using off-resonant light, and we
show explicitly which observables can be mea-
sured in the important case of the alkali atoms.
The light of a Sr1I line is shown to be a good
nonperturbing probe for optically pumped ru-
bidium atoms.?

Consider a vapor of alkali atoms with nucle-
ar spin 7, traversed by a beam of monochro-
matic light whose frequency w almost coincides
with a resonant absorption frequency wg of
the vapor. We will assume that the hyperfine
structure (hfs) in the optical line of the alka-

li atom is chiefly due to the splitting of the
ground-state 2S,,, level into the two hfs sublev-
els F=J+3. Then one can show that the indic-
es of refraction for right (+) and left (=) cir-
cularly polarized light, propagating in the di-
rection of the unit vector 7, are

ny=1+0n,+on,, (1)
where
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Here N is the atomic density, I'is the collision-
broadened width of the excited state, f,;is the
absorption oscillator strength for the ZPJ res-
onance line, and A is the wavelength of the
transition. The index of refraction #, depends -
on the ground-state observables pp and (ZZ)F,
where p is the probability that the atom is
in the hyperfine sublevel F, and GDF is the
expectation value of the electron magnetic mo-
ment within that sublevel.® Thus all of these
observables may be detected using off-resonant
light.

An examination of Eqs. (2) and (3) shows that
the wavelength A of the off-resonant probing
light must fulfill the following criteria. In or-
der to detect the relative hfs populations pf,
it is necessary that the wavelength of the prob-
ing light be much closer to one hfs component,
A(F), of an absorption line than to the other,
A(F); ie., IN=AMF)|I<|X=X(F')|. If thisis
not the case, &n, [Eq. (2)] may be expanded
in a power series ongx 1+ B1(p p—p p)[MF)-A(F")]/
N =3[A(F)+x(F")]}++++ in which the terms con-
taining p p—p + are negligibly small. Howev-
er, the net magnetization (i)p+ (l)p- can still
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be detected if the wavelength of the probing
light is much closer to one component, X(*P),
of a resonance line doublet than to the other,
X(zPJI); i.e., U\—)\(zPJ) | < l)\-k(szl ). If
IN-A(*P )| = IN=X(®P 4/)|, the contributions of
the magnetization to the index of refraction

on, (Eq. 3) almost cancel, and the off-resonant
light no longer serves as a sensitive probe of
population differences within the alkali ground-
state sublevels.*

A very simple relationship exists between
the index of refraction [Eq. (1)] and the light
shift5 86E of the ground-state atomic-energy
levels. Both » and OF can be represented as
the expectation value of certain operators, i.e.,
n=Tr(pn) and O6E = Tr(pdE), where p is the
density matrix for the ground-state atoms.
Then

NOE + (n—1)u, =0, 4)

where u, is the time-averaged energy density
of the probing light. Equation (4) is just an
expression for the law of conservation of en-
ergy since NOE is the increase in the average
energy density of the atoms, while (n—1)u, is
the increase in the energy density of the prob-
ing light beam.

The light-shift operator 6E [Eq. (4)] may be
expressed as the sum of a scalar operator GEO,
which shifts all of the Zeeman sublevels of a
given hfs multiplet by an equal amount, plus
an effective magnetic field® 6H which interacts
with thf magnetic moment of the electron, II
=gghod; i.e.,

6F = 0E,+ 6H- L1, (5)
where
2 —
oi =)\2u0 e (w wF)w ©
0 47 wmc¥ ge (w—wF)2+ >
and
. - exex
5= 2Eq [11 4J(J + 1)][@ @ ] @)
8 yho 4 i

Here e is the normalized complex polarization
vector of the incident light.

The effective magnetic field 6H [Eq. (7)] will
cause the atoms of an oriented vapor to precess,
thus changing the angular momentum of the
vapor. Since no permanent absorption of off-
resonant light can occur, it is interesting to
ask how angular momentum is conserved. This
aspect of the interaction of off-resonant light
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with free atoms can be understood with refer-
ence to Fig. 1. A beam of o, light of cross
sectional area A passes through a thickness

[ of alkali atoms which have been optically pumped
so that their spins lie in the direction of the

y axis; i.e., (F)= (Fy)i,. For simplicity we

shall assume that all of the atoms are in one

hfs level, so that the subscript ¥ may be dropped.
Because of the presence of the o, light, the

atoms within the beam experience a small mag-
netic field 6H along the z axis, which rotates

the atoms by an angle wydt= (1/%)((uy>/(Fy>)l<‘5Hldt
around the z axis during the time interval d:.

The net change in the angular momentum of

the NA! atoms illuminated by the beam is

ldLI=NAl(Fy)7Zdet=NAl(uy)IdHldt. (8)

Now consider what happens to the light beam.
Equation (1) indicates that the alkali vapor acts
like a doubly refracting crystal when {({)# 0.
There are two wave front surfaces, one for
o4 and one for o_ light emanating from a com-
mon source point. The surfaces are congru-
ent ellipsoids of revolution with the source
point at one focus for o, light and at the other
focus for o_ light. The major axes of the el-
lipsoids are parallel to the direction of (1).

In Fig. 1 Huygens’ construction has been used
to show that a beam of o, light propagates ob-
liquely through the oriented alkali vapor.” Up-
on emerging from the vapor the beam has been
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FIG. 1. Light propagation through an oriented alkali

vapor, illustrating conservation of angular momentum.
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displaced by a distance /tang ~l¢ parallel to
itself along the y axis. From Egs. (3) and (7),
one can easily show that ¢ = (NI16H|/ug) i, .
During the time interval d¢, u,Acdt /hv photons
pass through the vapor, and each photon’s an-
gular momentum is increased by an amount
(2/))ltang, so that the total increase in the
angular momentum of the light is

_UAcdt h

ldL’| = o

Tltang = NAl(lu YI6HIdt.  (9)

The magnitudes of the angular momentum
increments in Egs. (8) and (9) are equal, and
it can be shown that the directions are opposite,
so that the angular momentum gained by atoms
is just compensated for by the angular momen-
tum lost by the light beam.

Off-resonant light can also impart linear mo-
mentum to the center-of-mass motion of the
illuminated atoms. However, since the linear
momentum of the center of mass is not an in-
teresting quantum number for atomic vapors,
we will not discuss this aspect of the interac-
tion of off-resonant light with atoms.

A near coincidence® between the 5°5,,,-6°P,,
4215-A second resonance line of rubidium and
the 4215-A 55, ,,-5%P, ,, first resonance line
in Sr I has been exploited to demonstrate the
use of off-resonant light to detect the magne-
tization of an optically pumped alkali vapor.
The experimental arrangement (Fig. 2) is very
similar to that of the original crossed-beam
experiment suggested by Dehmelt.® Linearly
polarized Sr 1 light from a microwave-excit-
ed flow lamp passes through an optically pumped
Rb vapor contained in a 300-ml Paraflint-coat-
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FIG. 2. A schematic diagram of the apparatus.

ed spherical flask. Interference filters are
used to isolate the appropriate optical lines.

A transverse oscillating magnetization is in-
duced in the Rb vapor with an rf magnetic field
at the Zeeman frequency. The vapor then be-
haves like an optically active crystal which
rotates the plane-polarized light either to the
right or to the left depending on the direction

of the magnetization. After traversing the Rb
vapor, the probing light passes through a lin-
ear polarizer whose axis is rotated by 45° to
the initial polarization axis of the probing beam.
The light transmitted by this polarizer is in-
tensity modulated at the Zeeman frequency.

The modulated light is detected by a photomul-
tiplier tube and associated electronics. A typ-
ical Zeeman resonance detected with SrII prob-
ing light is shown in Fig. 3. The bandwidth

of the detection system was 1 cps.

Zeeman resonances in both Rb® and Rb®”
were observed in this way. The Rb®® signals
were about twice as large as the Rb®" resonance;
this is to be expected since one of the Rb® hfs
components is very close to the Sr II line.?

The Sr II light was filtered with a-heated nat-
ural-rubidium filter cell in order to absorb
any of the Sr Il lamp profile which coincided
with the Rb absorption profile. The Zeeman
resonances in the transmitted rubidium pump-
ing light were monitored with a silicon photo-
diode. No change in the amplitude of these reso-
nances was observed as the Sr II probing light
was turned on and off. Furthermore, the two
linear polarizers were removed from the path
of the probing beam, and, just as in the orig-
inal crossed-beam experiments,® circularly

I‘?Okcsal

VA

FIG. 3. A recorder trace of the phase-sensitive de-
ector output as the magnetic field is swept through the
cesonance. The phase-sensitive detector time con-
stant was 1 sec.
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polarized Sr II light was used as a probe. No
Zeeman modulation could be detected on the
probing beam, even when the natural-Rb fil-
ter cell was removed from the path of the Sr
II light. We conclude that no detectable absorp-
tion of the probing beam occurred, and that
the populations of the rubidium ground-state
sublevels were not affected by the Sr II light.

The fundamental source of noise in experi-
ments of this type is the shot noise due to the
light of the probing beam. One can show that
the power signal-to-(shot) noise ratio is

i-ﬂ%[&ﬂ }
NTAfI 1om, 1| . (10)

Here 7 is the quantum efficiency of the photo-
detector, &, is the light flux reaching the pho-
todetector in photons/sec, Af is the effective
bandwidth of the detection system, A is the
wavelength of the probing light, / is the path
length traversed by the probing beam through
the vapor, and |6#n,! is the amplitude of the os-
cillating index of refraction induced by the os-

cillating transverse magnetization (u)z [Eq. (3)].

The signal-to-noise ratios measured in this
experiment were in good agreement with the
value predicted in Eq. (10).

Experiments using off-resonant light have
several advantages over experiments using
resonant light. There is no depumping of the
optically pumped samples, and conversely,
there is no attenuation of the probing beam.
Optically thick samples can be studied as eas-
ily as optically thin samples. The probing lamp
profile and the absorption profile of the pumped
vapor are of minor importance when these pro-
files are well resolved. Broad, self-reversed
lines from resonance lamps or narrow laser
lines with single or multimode operation are
equally suitable as probing light soucrces.

The close connection between the index of re-
fraction » and the light shift 6FE induced by the
probing beam [Eq. (4)] can be utilized to deduce
atomic parameters in situations where both

OE and n—1 can be measured. Alternatively,
O0E can be deduced from measurements of 0#,
and for practical work with optically pumped
frequency standards it may be considerably
more convenient to measure 6% since no mi-

580

crowave equipment is necessary.
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