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According to the quantum theory of the optical-pumping cycle, one can describe the effect
of a nonresonant light beam on the different Zeeman sublevels of an atomic ground state by an
effective Hamiltonian X, which depends on the polarization and spectral profile of the incident
light. In order to check the structure of X„we have performed a detailed experimental study
of the ground-state energy sublevels of various kinds of atoms perturbed by different types of
nonresonant light beams. Attention is paid to the modification of the Zeeman structure due
to R,. We have been able to obtain experimentally in the ground state of ~Hg, Hg, and
VRb, Zeeman light shifts that are larger than the width of the levels due to the thermal re-

laxation. The removal of the Zeeman degeneracy in zero external field, due to a nonresonant
light irradiation, is observed by different optical-pumping techniques; the full Zeeman dia-
gram of the perturbed atoms is also determined when a static field Ho is added. We have
checked that the effect of &, can be described in terms of fictitious static electric or magnetic
fields. These fictitious fields can be used to act selectively on a given atomic level.

INTRODUCTION

The ground state of a two-level atom is broadened
and shifted when irradiated by a light beam. The
lifetime T~ is due to the resonant photons of the
light wave (the atom can actually leave the ground
state by absorption of such a photon). The energy
shift 4E' can be described in terms of virtual ab-
sorptions and reemissions of the nonresonant pho-
tons, which mix the excited- and ground-state wave
functions. It may be also interpreted as a dynamic
Stark effect in the electric field of the light wave.
If the ground state has a nonzero angular momentum
E, the effect of a nonresonant irradiation
(b,E' »1/T~) on the 2F+ 1 sublevels is described by
an effective Hamiltonian X,. The energy levels of
the perturbed atom are the eigenstates of 'K,.
is a function of the intensity, of the polarization,
and of the spectral profile of the light.

In this paper, we report the results of an exPeri-
mental study of the ground-state energy sublevels
of various kinds of atoms perturbed by different
types of nonresonant (nr) light beams.

The expression of X, has been theoretically es-
tablished in a quantum theory of the optical pumping
cycle. As in various atomic physics problems,
the use of irreducible tensor operators has greatly
simplified the analysis of $C,. We emphasize the
fact that the form of X, (eigenstates, relative spac-
ing of the energy sublevels) is in many cases deter-
mined only by the angular properties of the light
beam, especially by its polarization. As pointed
out by several authors, 7 ~ one can also associate
with the light beam fictitious static fields which
would produce the same splitting in the ground state
and which are very useful to visualize the symmetry

properties of 3C,.
More precisely, the effect of the light beam is

the following. First, it produces a displacement
of the ground state as a. whole (center-of-mass
light shift); second, it removes the Zeeman de-
generacy of the level. The first effect has been
observed directly on an optical transition byAleksan-
drov et al. , Bradley et al. , and Platz. The
difference of the center-of-mass light shifts for two
different hyperfine levels of an alkali-atom results
in a modification of the hyperfine frequency of the
ground state, which has been observed and studied
in great detail. '

Here we focus our attention on the second point,
the effect of the light beam inside each ground-state
multiplicity, which depends more critically on the
symmetries of 'K, . With these Zeeman light shifts
is associated a shift of the magnetic resonance line,
which has been observed by several authors. '
However, these experiments have been performed
in a high magnetic field, i. e. , when Zeeman split-
ting is large compared to the light shift. The atom-
ic wave functions are then determined by the Zee-
man Hamiltonian and the light beam only modifies
slightly the energies. For our purpose, a more
interesting situation is the opposite case, when the
structure of the ground state is determined mainly
by the light beam. For that reason much attention
must be paid to the low-field region, including the
zero-field case where the eigenstates of &, are di-
rectly observed. The full Zeeman diagram, deeply
modified by the presence of the nr light beam, also
gives valuable information on the structure of 'K,.

To our knowledge, because of the smallness of the
currently obtained light shifts compared to the width
of the levels, the energy diagram of an atom sub-
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mitted to a nr irradiation has never been experimen-
tally investigated. Using atoms with long relaxa-
tion times and powerful discharge lamps, we have
observed Zeeman light shifts larger than the width
of the levels and we have been able to carry out an
experimental study of the energy levels of different
kinds of atoms irradiated by nr light beams in zero
or nonzero magnetic field. The form of the effec-
tive Hamiltonian for various polarizations has been
checked in this way and found to be in excellent
agreement with the theoretical predictions.

In particular, the concept of the fictitious field
appears to be very convenient for interpreting the
results of the experiments. Furthermore, we
demonstrate that light shifts can practicallybe used
in some experiments to produce static or modulated
fictitious fields acting specifically on a given atom-
ic level.

The paper is divided as follows. In Sec. I, the
theoretical predictions for K, are briefly recalled.
In Sec. II, we review the various experimental
methods used to study the energy diagram of the
perturbed atom. We present in Sec. IG the re-
sults of experiments performed on '

Hg, 'Hg,
and ' Rb atoms. Finally, in Sec. IV some applica-
tions of oscillating fictitious fields are investigated.

I. THEORETICAL PREDICTIONS FOR BQ

In this section, we first recall the expression for
X, and the form of its expansion in irreducible ten-
sor operators (more details may be found in Refs. 3
and 5). We then discuss the consequences of the sym-
metries of the light beam and show how it is possible
to derive in simple cases the coefficients of the ex-
pansion of X, without any complicated algebra. Fi-
nally, we determine the "fictitious" static fields
which describe the effect of various types of nr light
beams inside the ground-state multiplicities.

A. Effective Hamiltonian Q,

1. Notations and possum ptions

(a) The nr light beam B& is characterized by its
intensity 5, its polarization vector e)„and its spec-
tral profile u(k) which is centered at the frequency
k and has a width &k. We assume &k much larger
than the light shifts and magnetic splittings involved
in this study. We take h= e = 1.

(b) The interaction of the atom with the light wave
is of the electric dipole type. Therefore, the po-
larization vector e& is the only relevant geometrical
parameter of the light beam which has to be con-
sidered.

(c) We suppose that B, is quasiresonant: k is
close to a particular absorption frequency of the
atom so that we will consider only the correspond-
ing excited state I/M) an. d IFm) are, respec-
tively, the hyperfine sublevels of the excited and

ground states; k&~ is the energy difference between
those two levels for the free atom in zero field. We
assume that in our experiments, the inverse of the
excited-state lifetime is always smaller than ~k.

(d) Light shifts and Zeeman splittings in the
ground state will be always small compared to the
hyperfine structure so that F is a "good quantum
number. "

2. ExPression of Effective Hamiltonian

The effect of the light beam inside the F multiplic-
ity' is described by the Hamiltonian '5C, (F)

&s(F)=~&e&.(F, 4),
where

'it, (F, (f&) = hE'(F, g)A (F, P) .

hE'(F, Q) is a real number, proportional to the light
intensity, and is a function of k. Its complete ex-
pression may be found in Refs. 1 and 4. The shape
of its variations with k is given in Fig. 1. n.E'(F, &f&)

is maximum when k —k» is of the order of 4k.
When k is far from k»,

nE'(F, Q)=' (Sd~~) /(k —kg~),

where 8 is the electric field of the light wave, d»
the reduced matrix element of the electric dipole
operator between the two levels F and P. b,E'(F, P)
changes its sign with k —kzo. A(F, P) is an operator
depending on the polarization of 8& and acting inside
the F multiplicity:

A(F, P)=P (e,* D)P (e D)P„, (1.4)

where I'I; and I'~ are the projection operators onto
the F and Q multiplicities; D is the angular part of
the electric dipole operator. A(F, P) is obviously
Hermitian.

The concept of effective Hamiltonian must be
used with some care when several nr beams act
simultaneously on the atom. If there is no phase
relation between them, M, is simply the sum of the
effective Hamiltonians associated with each individ-

FIG. 1. Variations of ~(F, Q) with the mismatch
0 -kz~ between the mean energy of the incident photons
and the energy of the I —ft) atomic transition. Dk is the
spectral width of the incident light.
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ual beam. But if two beams are coherent, time-
dependent terms may appear in the effective Ham-
iltonian.

——,'y(H&); = c; (i = x, y, z) . (1.8)

Then, the effect of the light beam in the F multiplic-
ity can be described in this case by a center-of-
mass light shift co and the action of a fictitious
magnetic field H& .

b. General case: F & ~ A third group of terms
appears in the expansion. 5C, (F), which is a (2F+ 1)
x (2E -1) matrix, is developed on a complete set of
irreducible tensor operators ~T('&

(—k ~ q ~ k,
k=0, 1, . . . , 2F):

(F) Q c (k) (F) FFT(k)
kgq

—k-q-k, k=0, 1, 2, . . . , 2F . (1.V)

From E(I. (1.4), it appears that 3C,(F, (t)) is the
product of two vector operators D with scalar
ones (P~ and P, ). The product of two vector
operators can give only tensor operators of order
k=0, 1, 2. As a consequence of the electric di-
pole character of the optical transition, V, has the
following form

1 2

X,(F)= c' (F) X c( '(F) T' &+ ~ c &(F) T
q~-1 q= 2

(l. 8)

where co(0&(F) is the c.m. light shift.

As ~"To( ' ~ F, , "~T,", ' ~ + (I/)(2 )(F„+iF,), the
second part of 3C, (F) can be rewritten as a linear
combination of F„,F„F,. As in the F = 2 case,
its effect is equivalent to the action of a fictitious
magnetic field H&. The third part involves the five
operators T,' ', which are proportional to

T' )~ —,'(F„+iF,)

3. ExPansion of 3C, on an OPerator Basis and
Introduction of Fictitious Fields

The basic idea is to develop 3C,(F) on a basis of
operators acting inside the ground- state multiplic-
ity. Each term of this expansion may be interpreted
as the interaction Hamiltonian of the ground state
with a fictitious static field. To illustrate the meth-
od, let us first consider the simple case of a level

1

a. A simPle case: F= 2. There are only two
sublevels in the multiplicity. 3C, (F) is a 2X 2 Her-
mitian matrix which can always be expanded in
terms of the unit matrix and the three Pauli ma-
trices o(i =

x, yz):

X,(F)=co++;c;o, .
We interpret g; c, o,. as the scalar product of the
magnetic moment ~zo of the atom (y, ferromagnetic
ratio) with a fictitious magnetic field Hz defined by

R(F)3C,(F)R'(F) =3C,(F),
which, according to (1.8}, is equivalent to

(1.10)

2 c'" (F)R(F) ' T',"' R "(F)= Q c'" (F) T,'" .
k, q k, q

(1.11)
R(F) T',"R (E) is then reexpressed as a linear
combination of the T'; '. Identifying the coeffi-
cients of the two expansions, one obtains several
relations between the c,' ', which may be used to
simplify the expression of V,

The consequences of the light-beam symmetries
may also be investigated directly on the fictitious
fields. These fields, which depend only on the
polarization of the light e}„may be considered as
rigidly fixed to e},. Therefore, the fictitious fields
are invariant under all the geometrical transforma-
tions which leave the polarization of the light beam
unchanged.

2. Determination of Fictitious Fields in Some
Simple Cases

a. One half sPin. Circula-rly Polarized beam.
As shown in Sec. IA 3 a, the effect of the light
beam is entirely described by a fictitious magnetic

"T,',"~~ 2[F-,(F„~(F,)+ (F„+iF,)F.],
"T(') '~ (I/)I6 ) [3F, —F (F+ 1)] . (1 9)

This part represents the action of a fictitious elec-
tric field gradient on the quadrupole moment of the
F level. But we will show later that in some cases,
it can also be interpreted as describing the second-
order Stark effect of a fictitious static electric field
on the ground state.

Apart from the c.m. light shift, which we will
ignore in the following, X, is entirely determined
by the eight coefficients c,' ' (F) and c', '(F}. ' They
can be computed explicitly as a function of the atom-
ic and light-beam parameters as shown in Ref. 3.
But our purpose is to look at the angular aspect of
$C,. Thus, only the ~elative magnitude of the co-
efficients is needed. We will show that many of
the results on this problem can be obtained from
very simple arguments. For instance, the sym-
metries of the light beam often imply that most of
the c,' ' cancel.

B. Explicit Form of X, in Some Particular Cases

1. Consequences of the Light Beam Sym-metries

Suppose that the light beam (more precisely, its
polarization) is invariant under some geometrical
transformation 8, such as a rotation or a reflec-
tion. 3C, (F}, which represents the effect of the light
beam inside the F multiplicity, must also remain
unchanged by 6t. If R(F) is the corresponding
transformation operator in the F subspace, the in-
variance of 3C, (F) is expressed by
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= Z c, ' (F) [R(), (it)) T, '
R()g(it)) ] ~ (l. 12)

k, q

As in this rotation T', ' is simply multiplied by
e "", we have

3Ci (E) Q [c(2) (E) e-i((w] FFT(k)
k, q

The invariance requirement 3C, (F) =3C, (E) implies

(l. 13)

c,'"'(E}=c,'"'(F}e ""and consequently

c,' '(F) =0 for q&0, (1.14}

so that

(F) = (1) (F} FFT 1 + (2) FFT(2) (1.15)

e„which is the direction of the electric field of the

wave, is also invariant under a reflection in the x0z
plane. In this transformation, To"~F, changes
its sign; To '(x: 3F, —F(F+ 1) remains unchanged.
As 3C, (F) must have the same invariance properties
as e)„ it follows that

c,'"(E)=O. (1.16)

Finally, the effective Hamiltonian which describes
the effect of a linearly polarized light beam con-
sists only of the tensor part (it is zero in the F = 2

case according to the Wigner-Eckart theorem).
Its general expression is

3C, (F) =b[ 3F, —F(F +1)] . (1.1V)

field H&. The light beam is invariant under a ro-
tation around its direction of propagation Oz so that
Hf must be parallel to Oz. Furthermore Hf is
reversed, if the sense of circular polarization is
reversed. The argument is the following. The
image of a 0' polarized light beam in a mirror pa-
rallel to its direction of propagation is a 0 polar-
ized one. The same transformation changes Hf,
which is an axial vector, in —Hf. A partially cir-
cularly polarized light beam is a superposition of
two incoherent v' and 0 polarized beams, with in-
tensities 8, and d . Its effect is described by a
fictitious magnetic field parallel to the beam and
proportional to &, -& . This result holds also for
an elliptically polarized light beam. As a special
case, it appears that a nonpolarized beam has no
effect on a one-half spin (except the c.m. light
shift ). The same result holds for a linearly polar-
ized beam.

b. F & 2. Linearly Polarized beam. The beam
B, is propagating along the x axis and e, is parallel
to Oz. If B, is rotated by an angle y around the z
axis, e, is unchanged. Consequently 3C,(F) must be
invariant under this rotation. If R(),(cp} is the cor-
responding rotation operator, the effective Hamil-
tonian 3C, (F) associated with the rotated beam B,
1s

3C', (E) =R,.(q) 3C.(E)R,'. (y)

It looks like the Stark Hamiltonian describing the
second-order effect on the ground state produced by
a fictitious static field E&, parallel to the polariza-
tion vector.

3C, (F) removes only partially the Zeeman degen-
eracy. The energy shift is the same for the m

and the —m sublevels:

(u =b[SrrP-F(E+1)] . (1.18)

This is a direct consequence of the invariance of
the light beam in a plane reflection.

c. F & &. NonPolarized beam. A nonpolarized
beam (intensity&) is a superposition of two inco-
herent beams of equal intensities & &, linearly po-
larized at right angle to each other. If the beam
propagates along the z direction, the corresponding
effective Hamiltonian is

3C, (E)= —2b [3F~ —F(F+ 1)]. (1.2o)

This result can also be obtained from the invariance
properties of the light beam under rotations around
the z axis and xOz plane reflection.

d. F & &. Circularly Polarized beam. B, is
parallel to the z axis. The rotational invariance of
B, around Oz gives

(E) (1)(E) FET( 1) (2) (E) FET( 2)

=aF, + b [3F, —F(F + 1)] . (1.21)

The circularly polarized light beam is not invariant
any more under a plane reflection and its effect in-
side a level F & 2 is described by a fictitious mag-
netic field H& and a fictitious electric field E&,
parallel to the direction of propagation. The rela-
tive magnitudes of a and b can be obtained only by
explicit calculations. When the polarization is
re; ersed, it can be shown, as in Sec. 1 B2 a, that

H& is changed to —Hf, while the fictitious Stark
Hamiltonian is not affected.

& 2 Light beam equivalent to a pure
fictitious magnetic field. In some cases, it is pos-
sible to design light beams which are equivalent only
to a fictitious pure magnetic field. Even for F & &,
the tensor part is absent. The idea was suggested
by Kastler in the case of the odd isotopes of
mercury. The magnetic moment in the 6 So
ground state is purely nuclear: F =I . In the 6 P,
excited state, the hyperfine structure is so large
with respect to &k that one can consider one of the
sublevels, Q, only. The lamp producing B, is filled
with an even isotope, the resonance line of which
coincides in zero magnetic field with the (t) compo-
nent. The lamp is placed in a magnetic field,
parallel to the direction of B,. The resonance line

3C, (E) = 2b [3E„—F(F +1)]+2b[ 3F~ —F(F+1)],
(1.19)

which can be expressed as
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K. ..=aI. + b [BI,' —I(I + I)j,

K„.- =-I„-aI, +b[2I,'-I(I+I)]) .

(1.22)

(1.22)

In. Eq. (1.23), the minus sign outside the brace
comes from &E,-, the one in front of the I, term
comes from the change of polarization. Finally,

is split into a 0 and a 0 component, located on
either side of the absorption lire P of the vapor.
An example is shown on Fig. 2. (A similar situa. —

tion exists for the Q = z component of "'Hg excited
by "Hg and for the Q = —,

' component of Hg excited
by "Hg. ) Their two intensities are equal, so that
&E, and &E, are opposite:

polarization

u

Effective
Hatniltonian

X= IF@ +

b [F„—F(F+1)/3]

Equivalent
fictitious fields

Hf

Er

nonpotar ization

X =b [F~-F(F+1)/3]

X= b [F„-F(F+1))j3]

jb
Ef

TABLE I. Effective Hamiltonians and equivalent fic-
titious fields associated with different types of nonreso-
nant light beams B~.

'K, =K, ,+ +K, , =2aIz (1.24)

and the effect of the light beam is entirely describe"
by a fictitious magnetic field.

f. Alkali atoms. Light shifts in the ground
state of alkali atoms have been calculated in great
details by Happer et al. " We present here a sim-
ple derivation of K, (F}valid only if the hyperfine
structure of the excited state is negligible com-
pared to the Doppler width. In this case, &E (F, P)
is independent of P. The expression (1.1) of K, (F)
can be transformed in the following way:

K, (F) =~E'(F)P,(e,* i5) (5",P,)(e, .5)P, .

We then use the relation

~e Pe = lr"-P

(1.aS)

199H
9

204
H

(a)

(b)

FIG. 2. (a) In zero field, the ~04Hg resonance line
(2537 A) coincides with the (t) =

& component of Hg. (b)

In an axial magnetic field, the Hg lamp emits two com-
ponents, 0' and 0 polarized, located on either side of
the /=2 component of "~Hg.

where 11 is the unit matrix in the nuclear-variable
space and P~ is the projector on the electronic wave
function of the excited state. Furthermore, D acts
only on the electronic variables, so that K, (F) be-
comes

K, (F) = aE (F) Pz(lz)(ef ~ D P&e~' D) Pz . (1.26)

e& DP e), D is a purely electronic operator acting inj 1
the ground state (I.=0, 8 = z ). According to the re-
sults of Sec. IB2a

e„*.DP,e, ~ D =KS, (1.27)

if the light beam propagates along the z axis. S is
the electronic spin and K a constant depending on J
and proportional to the degree of circular polariza-
tion of B,. Finally,

K, (F) =K&E (F) Pz, S zPz . (1.26)

We want to make clear the limitations of the con-
cept of fictitious field. First, fictitious fields de-
scribe the effect of the light beam inside a given
level. In other atomic levels, the effect of the
same light beam is represented by other fictitious
quantities. Second, the choice of the fictitious
fields is, to some extent, arbitrary. For instance,
the effect of a linearly polarized beam may be de-
scribed either by a fictitious electric field gradient
acting on the atomic quadrupole moment or by a
second-order Stark effect produced by a fictitious
electric field. One must keep in mind that the ef-
fective Hamiltonian is the only quantity with a real
physical significance. Nevertheless the fictitious
fields are useful for "visualizing" the effect of the
light beam, especially its angular aspect. The re-
sults of this section are summarized in Table I.

II. EXPERIMENTAL METHODS

Our purpose was first to observe in zero magnetic

It appears that the tensor part term is absent.
Furthermore K, (F) has the form of a Zeeman Ham-
iltonian in the low-field approximation and can be
written as g&E„where g& is the Lande factor of the
F level (the gz are of opposite sign for the two hy-
perfine levels}. The effect of the light beam in the
two ground-state multiplicities I =I + 2 and I' =I- 2

is described by tzvo fictitious magnetic fields, pro-
portional in magnitude and sign to hE (F =I + z ) and
&E (F =I —z). For instance, if kz~ &k&k~. ~, the
two fictitious fields H& (F) and H&(F ) are of opposite
signs.

C. Limitations of Concept of Fictitious Field
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field the splitting of the ground state under the ac-
tion of the nr light wa.ve and secondly to check the
form of the effective Hamiltonian and give experi-
mental support to the concepts of fictitious magnetic
and electric fields. The splitting in zero magnetic
field is measured by resonance or transient
methods. The identification of X, is more difficult:
The eigenstates should be determined. We use in
fact another approach. The shape of the Zeeman
diagram for various directions of the applied mag-
netic field is characteristic of the Hamiltonian in
zero field. So we compare the experimentally de-
termined Zeeman diagram to the theoretical one,
computed from the expected form of X, . The un-
known theoretical parameters introduced in $C,

(a, b, . . . ) are measured directly from the splitting
in zero field. The agreement between the two dia-
grams in nonzero field is a good test for the the-
oretical expression of K,. We have carried out this
kind of investigation on the ground state of ' 'Hg
(I =- 3 ) and "Rb (two hyperfine levels, F = 2 and
F = 1) for circularly polarized nr light beams.
The effect of nonpolarized or linearly polarized
light beams has been studied in the ground state of
"'Hg (I =-.').

In this section we discuss the general character-
istics of the experimental setup and procedures.

52p
Rb

A B

87Rb

, 5 S~/2
2

2

A

k

1

O.~cm", ~

A. Experimental Setup

1. Nonresonant Light Beam

We use conventional light sources, i. e. , elec-
trodless discharge lamps. To obtain a nr light, the
lamp is either placed in a magnetic field as de-
scribed in Sec. IB2e, or filled with an isotope
different from the one under study in the resonance
cell. In order to get &E maximum, the energy
mismatch k —k~~ is not very large (a few Doppler
widths). For instance, we illuminate 33'Hg atoms
with a Hg lamp (k —k3/3 3/3 0 13 cm '), and

Hg atoms with a Hg lamp in a 2300-G axial
magnetic field (k —k„3,/3=0. 16 cm '). The shifts
on "Rb are produced by the D, line of a Rb lamp.
As shown in Fig. 3, the "Rb hyperfine lines lie just

Lg

P. M.
II X

FIG. 4. Setup for experiments on Hg (not to scale).
L~. lamp of the nr light beam B~. I 2. lamp of the pumping
beam B2. C: Resonance cell. F: filter filled with the
same isotope as C. Ov: Oven. P: polarizer. S: mag-
netic shield. C '; Resonance cell which collects the
transmitted B~ light. P. M. : photomultiplier.

between the two hyperfine components of 'Rb.
As a consequence of the small mismatch k —k&~,

the wings of the nr lines usually contain resonant
wavelengths, which produce a broadening of the
ground state. This resonant light is suppressed by
a filter, filled with the same element as the reso-
nance cell, and placed in front of it. The choice of
the filter temperature results from a compromise:
at high temperature, the filter absorbs also a frac-
tion of the nr light and diminishes the magnitude of
the shift; at a too low temperature, the resonant
wavelengths are not absorbed and the ground-state
sublevels are broadened. We operate near the
temperature which optimizes the ratio of the shift
to the width of the sublevels.

To obtain large shifts, a high intensity is required
for the nr beam. The size of the discharge lamps
is rather large (disks of 2 cm in diameter for mer-
cury lamps, 5 cm for Rb lamps). They are filled
with neon or argon buffer gas and excited with a
powerful microwave generator (more than 150 W).
Polarizers are avoided if possible. For ' Hg the
arrangement, described in Sec. IB 2e, is used.
In the case of 'Hg, fictitious electric fields are
produced by nonpolarized beams instead of linearly
polarized ones. We use circular polarizers only
for the experiments with Rb. The magnitude of the
shift is found to depend critically on the operating
conditions of the lamps. From one day to another,
fluctuations of the order of 10%%uo are observed on
the absolute value of the shift. But during a day,
it was possible to keep its value constant within a
few percent.

FIG. 3. Hyperfine components of the D2 line of ~Rb

and Rb (the hfs in the excited state is negligible com-
pared to the Doppler width).

2. Other Parts of Setup

A diagram of the setup for the experiment on
mercury is given in Fig. 4, and that for the experi-
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ce

Light pipes

D2 filter

Rb filter

yssRb lamp

87
Rb lamp

D) filter

can be reconstructed. In this section, we describe
different methods for measuring the Bohr frequen-
cies of atoms irradiated by a nr light beam. These
measurements are performed in zero or nonzero
external magnetic field. Various optical pumping
techniques are used: transients, level crossings,
different types of resonances, etc. Before de-
scribing these methods, let us briefly recall a few
results concerning the evolution of the density ma-
trix in an optical-pumping experiment.

FIG. 5. Setup for experiments on Rb.

ment on rubidium in Fig. 5.
Besides the nomesonant shifting beam B&, a

second light beam B, is needed. B~ is resonant and
its intensity is sufficiently weak so as not to broaden
the ground state. B~ optically pumps the atoms and
allows the measurement of their Bohr frequencies
in the presence of B,. The resonances are detected
by monitoring the absorption of B2 by the resonance
cell. In the experiment on Hg (Fig. 4), the stray
light due to the reflection of the intense 8, light on
the walls of the cell is important and produces an
appreciable noise compared to the weak signal de-
tected on B2. We eliminate it by collecting the
transmitted light on a second cell C which absorbs
only the resonant light coming from B2 (the nr light
coming from B, goes through). A photomultiplier
PM measures the light reemitted by C at right an-
gles. The Hg or Rb atoms are contained in cells
with long relaxation times. The width of the levels
is then much smaller than the shift produced by B,.
For mercury isotopes, the fused quartz cells are
heated to about 300 'C in order to increase the re-
laxation time. Paraff in-wall-coated cells are
used for "Rb. ' The currently obtained results
concerning the shifts 5'/2w and the widths I' /2z
are summarized in Table II.

Such long relaxation times imply a high sensitivity
to the magnetic noise present in the laboratory.
We remove it by using magnetic shields. For the
mercury experiments, a three-layer Netic and

Conetic shield, with a total dynamic shielding fac-
tor of 60 is sufficient (the gyromagnetic ratio is a
nuclear one). For the experiments on Rb, a large
five-layer mumetal shield provides a good protec-
tion with a dynamic shielding factor of 10 —10, de-
pending on the direction. Inside the shield, three
orthogonal sets of Helmholtz coils can produce
fields in all the directions and are used to compen-
sate for the residual field.

1. Evolution of Density Matrix

Atoms in the ground state are described by the
density matrix o. The diagonal element o

= (o Io I o. ) is the population of the e. sublevel; & z
= ( o' io' Ip) is the "coherence" between the n and 8
sublevels. The evolution of 0 is due to three pro-
cesses: effect of the ground-state Hamiltonian
(including K,), relaxation, and optical pumping.

a. Effect of ground-state &Vamiltonian

total Hamiltonian X is

d"'
o= —i [Z, o]. (2. 1)

If In) are the eigenstates of X, with energy &,
we have

y (3)
~no= —~~~O~na ~lit

(2. 2)

(2. 3)

The populations of the I & ) states do not change;
the coherence 0 z evolves at the Bohr frequency
QP ~ 8/271.

b. Relaxation. The atoms are thermalized by
various relaxation processes (collision on the walls,
essentially). The corresponding evolution of the
density matrix is described by a set of linear dif-
ferential equations, which may be written formally
as

TABLE II. Experimental results concerning the split-
ting &' in zero field and the width I' of the levels.

Atom State 6'/27) (Hz) I"/2m(Hz) 6'/I"

$C =K.+$C

X, is the effective Hamiltonian describing the ef-
fect of the nr light irradiation, and C is the Zeeman
Hamiltonian in an applied external magnetic field.
The corresponding rate of variation of 0 is

B. Experimen tal Procedures

The only measurable quantities are the differences
—uz between the Zeeman energy levels;

&u ~/2v is a Bohr frequency of the system. When

all the w z are known, the energy-level pattern

i99H

201H

"Rb

6'$, (I= —,')
6'$, (r= —,')
5 $gg2Q=22

E=l 10

0. 3

0. 2 15

4, 5
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d (2)
o = —$(o)dt (2. 4)

The steady-state solution of this equation is

where Q is a linear operator in the Liouville space.
We assume that &u ~ «k~0 (ks Boltzmann constant,
0" temperature), so that the thermal equilibrium is
o'= 1 [&(1)= 0]. In general, several relaxation time
constants appear in the evolution of o (eigenvalues
of S). In order to simplify the following discussion,
we will assume that all these time constants are
equal. A more realistic calculation can be per-
formed. The results are qualitatively the same,
but the algebra is more complicated.

Thus Eq. (2. 4) becomes
67 (2)

o= I"(1 —o), (2. 5)

where 1/r' is the relaxation time.
c. Optical pumping. It can be shown that the

effect of optical pumping by the resonant beam B2
on o is also described by an equation of the same
type as (2. 4}:

d (1)
o=s'(o) .

dt
(2. 6)

& exo = &(1)=—'"o .
dt T~

(2. 7)

'"& describes the state of an initially disoriented
atom after an optical pumping cycle. [The replace-
ment of (2. 6) by (2. 7) implies that this atom will

be thermalized before undergoing another pumping
cycle. ] The total population of the ground state is
constant, so that

The time constants involved in S'(o) are of the order
of T~ (pumping time associated with Ba). We as-
sume a, weak pumping (1/I" «T~) Accord. ingly,
the broadening of the levels due to the pumping
beam is small, and the orientation and alignment
are weak (o —1 very small). We will therefore
approximate (2. 6) by

r'T '" I"+ 'LOB
(2. 12)

Population differences appear between energy sub-
levels if we choose the polarization of the pumping
beam B2 so that the diagonal elements '"& are
not equal. For transverse optical pumping, the
coherences obtained in steady-state conditions
depend on the relative magnitude of I"' and + B..
They disappear if I"«u B.

2. Level-Crossing Resonances and Transients

The energies ~ of the I n) states depend on the
magnetic field Ho. In some cases, level crossings
appear in the Zeeman diagram. For a particular
value 0, of the magnetic field, the two sublevels
lo) and IP) have the same energy: ~,&=0. Ac-

cording to (2. 12), the steady-state coherence a,.~

undergoes a resonant variation when 00 is scanned
around HO=0, . As the amount of light L& absorbed
by the vapor depends linearly on the density matrix
elements, this resonant change of o B can be moni-
tored on L&. The resonances observed in this way
are used to determine the position of the crossing
points. From the position of the level-crossing
resonances, the splitting in zero field is deduced
with the help of the theoretical form of the Zee-
man diagram. A different way to detect the same
effect with a better signal to noise ratio is described
in Sec. II B3. These level- crossing r esonances in
the ground state are similar to the well-known
"Franken resonances" observed on the fluorescent
light emitted from two crossing excited sublevels.

The splitting in zero field can also be determined
more directly by a transient experiment. The
atoms are transversely pumped in zero field, the
nr beam B& being off. Since all the ~ B are zero,
we have in steady-state conditions

Tr('*o) = 0 . (2. 8)
o(0)= (1/I"T ) '*o+ 1 . (2. 13)

= —i [K, o']+ I"(1 —o')+ (1/T&) '"o . (2. 10)

This gives for the evolution of 0 B

—o,= —(r'+i(u 8) o,8+ —'"o,q+ r'5, q . (2. 11)

If o has only diagonal matrix elements, optical
pumping is said to be "longitudinal. " If '"o has
also nondiagonal matrix elements, we have "trans-
verse" optical pumping which introduces "co-
herence" between energy sublevels.

d. Master equation. It can be shown that the
total rate of variation of o is simply'

d 2—O' =—O'+ — 0'+ —0'
dt dt dt dt (2. 9)

At time t= 0, J3& is suddenly switched on. The var-
ious coherences o,~ (o. & p) reach their new steady-
state values (in the presence of B,)

I"'
0 (3=

ABX l p&7 OfB(7
+ g flfB

in the following way:

(2. 14)

(2. 15)

Each coherence undergoes a damped oscillation at
its Bohr frequency. If I"« B, i. e. , if B, has a
sufficient intensity to produce splittings larger than
I" in zero field, several oscillations at the frequen-
cy ~ B can be detected on the absorbed light, with an

appreciable amplitude since o ~(~) = 0.
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3. Resonance Methods

They can be applied to the measurement of the
zero-field splitting or to the determination of the
Zeeman diagram.

a. Ordinary magnetic resonance. A population
difference between the sublevels I o.') and IP) is pro-
duced by the pumping beam B2. In order to measure
the energy difference ~ ~, an rf field H1 cos&t is
applied. The resonance condition (d= (d z is detected
by a change in the populations of the two sublevels.

b. Modulated transverse fumPing. The direc-
tion and polarization of the pumping beam B2 are
first chosen in such a way that '"o,

p &0 (transverse
pumping). The polarization is then modulated by
rotating the polarizer (or the quarter-wave plate in
the case of a circular polarization) at the angular
frequency 2~. The pumping rate is modulated at
the frequency &u/2p' (the initial polarization is
restored after half a turn). In Eq. (2. 11), '*a

p

must be replaced by

ex ex (0) ex (1) i cot ex (-1)e-iuto~- o~+ o~e + 0& e (2. 16)

and 0 z undergoes a forced oscillation at the fre-
quency cu/2p. ' The amplitude of o 8 is large only
near resonance (v= v„p). Neglecting nr terms,
one gets for the solution of (2. 11)

(2. 17)

When is swept around & 8, Io 8 I undergoes a
resonant variation centered at (d = z.

The pumping efficiency and 0 8 are both modulated
at the frequency ur/2p, so that the absorbed light,
which depends on the product of these two factors,
contains a modulation at the pulsation 2&, the
amplitude of which can be used to monitor the reso-
nance. A phase-sensitive detection of the 2(d mod-
ulation gives Lorentz-shaped resonance curves with
a half-width equal to the reciprocal I" of the relax-
ation time. The experiment is not difficult to per-
form in the 0. 5-50-Hz frequency range. The rotat-
ing polarizer (diameter 5 or 10 cm) lies on an air
cushion bearing, and is driven by a frequency-
stabilized motor (frequency stability 10 Hz), or
by an air stream.

c. I'aflame tx'i c resonances. Parametric res-
onances can be used only if the eigenstates Io'. ) are
independent of H0 with energies varying linearly
with H0..

(Hp)= e (0)+g (2. 18)

g is a real constant, u&p= —yHp, v (0) is the
energy in zero field. This occurs when H0 is
parallel to the fictitious fields H& or E&. The va-
por is transversely pumped by Bz and the amplitude
of Hp is modulated at a frequency v/2p, large com-
pa.red to &' (»& I"), by means of an rf field H,
cosset parallel to Hp.

&n(&p+Hq cos&t)= &e(0)+ga +p+ga wi cosset

(Hp)+g ~,cosset, (2. 20)

„(-)'d. (g.p ~g/~) d. ,(g.p ~g/~) e""'
I"- i(tu, p

—n&u)
(2. 22)

J, (x) is the qth order Bessel function for the value
x of the argument. o 8 contains modulations at the
angular frequencies P&, the amplitudes of which are
resonant for

(2. 23)

Phase-sensitive detection gives Lorentz- shaped
curves, with a width 1"' independent of the rf field
intensity. The n = 1 resonance, which occurs for

z= &, provides a measurement of & z. The
resonance n = 0 is also interesting. It appears
when & 8= 0, i. e. , at the crossing point of the two
levels I n) and 18). "High"-frequency modulation
of the static field thus provides modulated level-
crossing signals ("high" frequency means»& I").
We always use them to detect the level crossings
with a good signal to noise ratio.

d. Discussion. The resonances described in
Sections II 8 Sb and II BSc ("coherence reso-
nances") have the following advantages: width I"
and detection on modulated signals (the ordinary
magnetic resonance is rf broadened and usually
detected on static signals). The modulated trans-
verse pumping resonances are the most versatile
ones. Measurements are done at a given value of
00. This is particularly interesting when the en-
ergy levels do not vary linearly with P0.

III. EXPERIMENTAL EVIDENCES FOR FICTITIOUS FIELDS

A. Fictitious Magnetic Fields

We have studied the effects of circularly polar-
ized nr light beams in the ground state of '

Hg

(I= —,) and ' Rb (F = 2, F ' = 1).
1. Ground State of '

Hg

In the case of '
Hg (see Fig. 4), the nr shifting

beam B1 is produced by a 4Hg lamp in an axial
magnetic field and is propagating along Oz. As
seen in Sec. I B 2, its effect is equivalent to a

where ~1= —yIJ1. Consequently, the rate of varia-
tion of 0 z is
d 1-—o.,= —[r'+i(d p(Pp)+ ig, p ur, cos&tj a,p+ —'"g,p,

Tp

(2. 21)
where g z-—g —g8. The coherence is now frequency
modulated. The steady-state solution of (2. 21) is
we]1 known

1
ops= T ona ~

tp n)P
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C
0
0
U
0

I I

4,7 5

Resonance observed in zero field by the trans-
verse modulated pumping method. The circular polari-
zation of B2 is modulated at a frequency ~/2~. When ~
is swept, a resonance is detected on the 2(d modulation
of the transmitted light, centered at &/271 =4. 7 Hz. This
gives the splitting due to the nr beam B~.

fictitious magnetic field H&, parallel to the z axis.
The pumping and detecting beam B2 is produced by
a Hg lamp L2.

a. The removal of the Zeeman degeneracy in
zero field is demonstrated by the following two
experiments. First, the circular polarization of

Bz is modulated at the frequency &u/2m as de-
scribed in Sec. II B 3. A resonance is found (Fig. 6)
for ~/2m = 4. 7 Hz which gives the splitting in zero
field due to B,. This resonance frequency can also
be interpreted as the Larmor frequency in the fic-
titious field H&.

A second experiment using transients confirms
this result. B& being off, the '

Hg atoms are
oriented in the x direction by B2, circularly po-
larized (its polarization is no more modulated). 8&
is then suddenly introduced. The Larmor preces-
sion of the spins around H& produces a modulation
of the transmitted light at the previously deter-
mined frequency (Fig. 7). This clearly shows that

spins do precess in fictitious magnetic fields.
b. We have also checked the shape of the Zee-

man diagram of the perturbed atoms. A real mag-
netic field IIO is added in the x or z direction. The
total field (real plus fictitious) "seen" by the atom
is Hg+ Hp.

If Hp is parallel to Oz, the eigenstates are al-
ways the Im ), sublevels (eigenstates of F,= I,) and
the corresponding energies are m (~0+ ~z) with ~z
= —yH&. The effect of B& is simply to displace the
Zeeman diagram by a quantity —H~ [Fig. 8, curve
(a)]. For different values of Ho, the energy differ-
ence between the two sublevels is measured by the
parametric resonance method (see Sec. IIB Sc).
The energies of the I+ ~) and I

——,') sublevels,
which are simply plus and minus one-half of the
energy difference, are in good agreement with the
theoretical curve (crosses on Fig. 8).

If Hp is perpendicular to 0~, the intensity of the
total field is (H&+ Ho)'~ so that the Zeeman diagram
is a hyperbola [Fig. 8, curve (b)]. The energy lev-
els are the eigenstates of the component of I along
the direction of H&+ Hp. They are determined in
low fields by the light beam (they coincide with the
lm ), states); in high fields, they are determined

by the external magnetic field (they coincide with
the Im)„states). For each value of Ho, the experi-
mental points (circles on Fig. 8) are obtained by
the transverse modulated-pumping method (see
Sec. IIBSb).

The very good agreement between the experimen-
tally determined Zeeman diagram and the theoreti-
cal one shows that the effect of the light beam is
exactly described by a fictitious magnetic field. In

particular, the crossing of Fig. 8 [curve (a)] shows
that the effect of the light beam can be exactly
canceled by a real magnetic field —H&. Note also
that the magnetic properties of the atom interacting
with the light beam are strongly anisotropic as it
appears from the various shapes of the Zeeman
diagram, depending on the direction of the magnetic
field Hp.

0
~ ~

D

CV

time(se c)

"ENERGY(Hz) (t

~O

-&o

5

(a)

(Hz)

FIG. 7. Larmor precession, in zero magnetic field,
of the Hg nuclear spins in the fictitious field Hy as-
sociated with Bq.

FIG. 8. Zeeman diagram of the ground state of Hg
atoms perturbed by B~. (a) Static field Ho parallel to
Bg., (b) Hp perpendicular to B& (experimental points, theo-
retical curves). Dashed lines: normal Zeeman diagram.
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ENERGY

F'= 1

Hr(2)

FIG. 9. Zeeman hyperfine diagram of ~Rb atoms per-
turbed by B~ (Hp parallel to B~). The two fictitious fields
H~(1) and H~(2), describing the effect of B& inside the
E' =1 and E=2 hyperfine levels, are of opposite signs.

2. Ground State of Rb

We have also studied the case of Rb because it
gives the opportunity to show that the fictitious mag-
netic fields which describe the effect of the same
light beam in different levels may be quite different.
We produce light shifts in the ground state of ' Rb
using the D& line emitted by a ' Rb lamp. The light
beam is circularly polarized (Fig. 5). The two "Rb
hyperfine lines lie just between those of ' Rb (Fig.
3). According to Sec. I B 2 f, the fictitious fields

ta)

B1 off

Hz(1) and Hz(2) which describe the effect of the nr
beam in the F '=1 and F= 2 hyperfine levels, are
of opposite signs. Let us introduce a real magnetic
field Ho, parallel to Hz(1) and Hz(2). The F'= 1 and
F = 2 levels "see", respectively, the magnetic field
H0+ Hz(1) and Ho+ Hz(2). The zero-field level cross-
ings are therefore displaced, in opposite directions
for the two hyperfine levels (Fig. 9). We detect
these level crossings by the method described in
Sec. IIB3c: The resonant beam B~, circularly
polarized, provides a transverse optical pumping;
the rf field H~ cos~t modulates Ho (&u/2m= 120 Hz).

We monitor the 2& modulation which gives an
absorption level crossing signal. In Fig. 10, the
curves (a.) and (b) are the resonances observed
when B& is, respectively, off and on. When B, is
off, the level crossing resonances of the two levels
F'= 1 and F = 2 coincide in zero field; when B& is on,
we observe a splitting of the resonance. The F= 2

resonance undergoes a displacement of 15Hz, the
F'= 1, a displacement of —10 Hz. The relative in-
tensity of the two resonances is related to the dif-
ferent efficiencies of optical pumoing in the two
hyperfine levels. The theoretical ratio of the inten-
sities is 5. We detect (S„), which is proportional
to the difference of the average values of E„inside
the F = 2 and F' = 1 multiplicities; this explains the
opposite sign of the two resonances. We have
verified that the signs of these displacements are
changed when the sense of circular polarization
of B, is reversed [H&(1) and Hz(2) are reversed].
We have also checked that the displacements are
proportional to the intensity of B, (Fig. 11). Fi-
nally we have also established that the two reso-

20
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I I

20 30 IHo(H )
21T
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FIG. 10. (a) Zero-field level-crossing signal in the
ground state of Rb atoms. B& is off. (b) B~ is on. Two

resonances corresponding to the two levels crossings of
Fig. 9 are now detected. Their relative intensities and

their signs agree with the theoretical predictions.

FIG. 11. Variation of the displacement of the level-
crossing resonances of Fig. 10(b) with the light intensity
& of B~. The corresponding fictitious fields are given on
the right-hand side.
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nances of Fig. 10 are, respectively, associated
with the two hyperfine levels. We proceed as fol-
lows. The magnetic field Ho, always parallel to B»
is now larger (yIIO= 120 Hz). We observe the mag-
netic resonance line induced by a linearly polar-
ized rf field, perpendicular to Ho [Fig. 12(a)].
When B& is on, we observe a splitting of the reso-
nance with the same characteristics as before
(separation and relative intensities) [Fig. 12(b)].
As the two hyperfine levels have opposite Lande
factors, we can identify the two resonances by
using a rotating rf field, which induces resonant
transitions in only one of the two hyperfine levels.
This appears clearly on Figs. 12(c) and 12(d). For
a o' rf field, only the F = 2 resonance appears, for
a 0 rf field, only the I''= 1.

The fact that only one level-crossing resonance
appears for each multiplicity is a proof that there
is no tensor term in the effective Hamiltonian, as
expected since the hfs of the excited state is neg-
ligible. A tensor term would produce an addition-
al splitting of each resonance as we shall see in the
experiments on Hg.

B. Fictitious Electric Fields

We have studied the effect of a nonpolarized nr

time (sec)

FIG. 13. Oscillation in zero magnetic field of the Hg
20i

ground-state alignment under the action of the fictitious
electric field associated with Bi.

X, = g b [3I, —I(I+ 1)] (3. 1)

light beam in the ground state of 'Hg (I= 2, four
Zeeman sublevels). In this case, L, is a Hg
lamp (see Fig. 4). The nr light beam B& propagating
along the z axis, is nonpolarized. The fictitious
Stark Hamiltonian

(c)

Bg ofl

field

f fietd

describes its effect in the ground state, b being a
constant proportional to the light intensity. The
pumping beam B2 propagates along the x axis; it is
linearly or circularly polarized. It introduces
alignment or orientation in the vapor. In the first
case, I-2 is a '

Hg lamp, filtered by a Hg filter;
C' is filled with 'Hg. In the second case, Lz is a

'Hg lamp; C' a Hg cell.

1. Effect of Light Beam in Zero Field

inear rf

Bq off

I

tl0 120
I

130 1&O

FEG. 12. Magnetic resonance curves in the ground state
of ~Rb. (a) Bi is off. The resonances induced by a linear
rf field in the two hyperfine levels coincide. {b) Bi is on.
The two hyperfine levels experience different fictitious
fields and the magnetic resonances are separated as in
Fig. 10. (c) Bi is on and the rf field is rotating (0'
polarized). The E= 2 resonance alone is observed. (d)
Bi is on and the rf field 0. polarized. The I' =1 resonance
alone is observed.

The light beam only partially removes the Zee-
man degeneracy and splits the ground state into
two submultiplicities, viz. , the I+ 2), and I

——,),
sublevels, on the one hand, with energy b and the

I + & ), and I
—~ ), sublevels, on the other hand, with

energy —b. The zero-field splitting is demon-
strated by a transient-type experiment. B, being
off, B& aligns the vapor perpendicularly to Oz.
When B& is suddenly introduced, one observes on
the transmitted light a modulation at the frequency
2b/2m, which corresponds to the separation be-
tween the two multiplicities (Fig. 13). The inter-
pretation of this modulation is completely different
from the one given in the previous section. It is
not a Larmor precession of a spin orientation in a
fictitious magnetic field; it corresponds to an
oscillation of the alignment tensor under the action
of the fictitious electric field.

The zero-field splitting can also be deduced from
the position of the crossings observed in the Zeeman
diagram.
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2. Zeeman Diag mam

A real magnetic field Hp ls applied in a direction
parallel or perpendicular to the z axis.

a. Hp Parallel to fictitious electric field T. he
total Hamiltonian is

(a)

X= K~+ Q)pI 8 (3. 2)

where ~p= —yIlp. The eigenstates of X are the Im),
sublevels, corresponding to the eigenvalues

p) = bm + (cpm —h I(I+ I)/3 .

Figure 14 shows the variation of the energy levels
with p.

Four level crossings appear in nonzero fields
We detect them by the method described in Sec.
IIBSc (parametric resonances n= 0, P= 2). B2,
propagating along the x axis, is linearly polarized
at 45 of Oz. It introduces coherence between the
sublevels 2 and + & and between —

& and + 2. In Fig.
15(a), B, is off. The Zeeman diagram is an ordi-
nary one and only the zero-field level crossing is
observed. In Fig. 15(b), B, is on and four level-
crossing resonances do appear (Th. ere are no
resonances in the zero field corresponding to the

1 1 3 3crossings between 2 and —&, or 2 and —2 because
the pumping introduces no coherence between these
crossing sublevels. ) The splitting in zero field,
2b, can be deduced from the positions of the cross-
ings: The ~ = 1 crossings occur for &p = + 25 the~ = 2, for (dp=+5.

From the position of the crossings in Fig. 15(b),
we get 2b = 3 Hz. The widths of the ~ = 1 level-
crossing resonances are twice as large as the
widths of the ~ = 2 ones. This is due to the rela-
tive slope of the crossing levels which is smaller
in the first case (by a, factor of 2).

Parametric resonances (n = 1, P = 1) are used to
study the Zeeman diagram. For a linear polariza-

(b)

-2 0 2 ~ (Hz)
2m

FIG. 15. Observed level-crossing resonances in the
ground state of Hg atoms. (a) B~ is off. The single
resonance corresponds to the zero-field crossing of the
four Zeeman sublevels. (b) B~ is on. Four level cross-
ings appear in nonzero field according to the Zeeman
diagram of Fig. 14.

keenan j(3/2, -1/2} / (-3/2, 1')

10

tion of B2, perpendicular to Hp one measures the
energy differences between sublevels such that~ = +2. With a circular polarization, the ~ =+1
energy differences are also observed. The curves
of Fig. 16 represent the theoretical variations with
p of the Zeeman frequencies. The value of 2b is
taken from the level-crossing experiment described

iiENERGY
(H )

1/2

(H z}

FIG. 14. Theoretical Zeeman diagram of Hg atoms
in the ground state, perturbed by a fictitious electric
field parallel to the magnetic field.

FIG 16 Variation of the Zeeman transition frequencies
with ~0/2r. Theoretical curves are deduced from the
diagram of Fig. 14. Crosses and open circles correspond
to experimental points, determined, respectively, with
a linear and circular polarization of the pumping beam
J3p.
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K= K + (dpIx . (3 4)

above. The points correspond to the experimental-
'

ly determined frequencies. The agreement is very
good. It is impossible, by optical methods, to
detect the ~ = 3 coherence so that it does not ap-
pear in the diagram.

In high magnetic field, for a circularly polarized
light beam B& the magnetic resonance spectrum con-
sists of three lines. The same effect was observed
by Cagnac et al. in much higher fields.

b. Ho PerPendicular to fictitious electric field
We take Ho parallel to Ox. The total Hamiltonian is

C
LLI

I
I

I I

0
(a)

0(
N

V
C

C

N

-10

2 & e 8
(b) 2H,

m(uo eb [3m —I—(I+ 1)] (3 8)

In fact, X can be exactly diagonalized for all val-
ues of Uo. The energy diagram [Fig. 17(a)], sym-
metric with respect to ~p = 0, consists of two hyper-
bolae.

We have measured by the modulated-pumping
method (see Sec. IIB3) the frequencies of the six
different transitions between the Zeeman sublevels
as a function of &p. Here again the experimental
points [Fig. 17(b)] fit exactly the theoretical curves
(2b is adjusted to give the splitting in zero field).
In high field, we find the same kind of diagram as
in the previous case (tto parallel to Oz). Notice
also that in this region, there is no experimental
point for the n —5 transition which becomes a ~
=3 one.

IV. RESONANCES INDUCED BY TIME-DEPENDENT
FICTITIOUS FIELDS

A. Introduction

The interaction time of the light beam with the
atom is the coherence time 1/Ak of the light wave,
which can be also considered as the transit time of
a wave packet at a given point. If the polarization
e~ of the nr beam changes slowly (evolution time
longer than 1/M), the atom experiences the suc-
cessive Hamiltonians corresponding to the succes-
sive polarizations. The effect of the light beam is
described by a time-dependent Hamiltonian which
is simply obtained by replacing in the expression
of 'R„e~ by e~(t). The fictitious fields associated

In weak magnetic field (&uo «b),

~of�„

is a small
perturbation compared to X,. In the (2, ——,) sub-
multiplicity, the matrix elements of I, are zero.
The perturbed energy levels are independent of Hp

to first order. In the (2, —2) submultiplicity, cooI„
removes the degeneracy. The eigenstates are

(3. 5)

corresponding, respectively, to a first-order ener-
gy + (dp.

In high field (&0»b), the eigenstates of X are
the eigenvectors Im )„of I„, with an energy

FIG. 17. Hg atoms perturbed by a fictitious electric
field perpendicular to the magnetic field. (a) Theoretical
Zeeman diagram. (b) Variation of the Zeeman transition
frequencies with 0/2~. The theoretical curves are de-
duced from the diagram of Fig. 17(a). Crosses and open
circles correspond to experimental points, determined,
respectively, with a linear and circular polarization of
82.

with the light beam are now time dependent and can
induce transitions between the various Zeeman sub-
levels. The selection rules, the intensity and the
rf broadening of the resonances are the same as
those with an ordinary rf field. More generally,
all kinds of resonances produced by time dependent
real magnetic or electric fields can be also observed
using fictitious ones with the additional following
advantage: Because of the quasiresonant character
of the nr beam, the fictitious fields act selectively
on a given atomic level of a given atomic species
in a mixture. The others species are not per-
turbed at all.

B. Resonances Induced by Oscillating Fictitious Magnetic Field

We have observed in the ground state of ' Rb
various kinds of resonances induced by an oscillat-
ing fictitious magnetic field. The quarter-wave
plate of the circularly polarized nr beam is rotating
at the frequency 2v so that the degree of polariza-
tion is proportional to cos2mvt.

The effect of the light beam inside the F = 2 and
F'= 1 multiplicities is therefore equivalent to the
one of linearly polarized rf fields Hz(2) cos2vvt and

Hf(1) cos2vvt, respectively. FI&(2) is, for instance
of the order of 16 p, G [&q = —v&z(2) = 11Hz].

We have observed the magnetic resonance line
induced by this fictitious rf field. The static mag-
netic field is swept perpendicularly to B, in the
direction of the pumping beam B2. The value of v

is 120 Hz. The resonances are monitored on the
B& transmitted light. We observe a superposition
of the F'= 1 and E= 2 resonances. But as seen above
(III A 2), their relative intensity is 5 so that we ob-
serve mainly the F = 2 resonance. Fibre 18(a)
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FIG. 18. (a) Magnetic resonances lines on 'Rb induced
by an oscillating fictitious field (frequency v= 120 Hz).
The different curves correspond to increasing intensities
of the nr light beam B~ producing the fictitious field.
(b) Variation of the width of the resonance with the inten-
sity 6 of B~. The curve is theoretical. The upper scale
gives the amplitude (in Hz) of the corresponding fictitious
field.
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FIG. 19. Parametric resonance spectrum induced on
Rb by an oscillating fictitious field (v=24 Hz). The

resonances are detected on the P=1 modulation of the B2
transmitted light.

shows the resonance line for different values of
the nr light intensity &. The height and the width
of the resonance vary as expected with the amplitude
of the fictitious rf field H&(2) (which is proportional
to s) [Fig. 18(b)]. Let us mention that a similar
resonance has already been observed by Happer
and Mathur, but the fictitious rf field (~z/2m=7. 10 p

Hz) was much weaker, requiring a more elaborate
detection technique. In our experiment, &~/2m= 11
Hz is larger than the relaxation time so that we can
easily saturate this transition as it appears on Fig.
18.

Parametric resonances, described in Sec. II 83,
can also be induced by fictitious rf fields. The
static field Hp is parallel to the rf field (frequency
v) and a transverse pumping is provided by Bp. The
modulations of the B~ transmitted light, at the fre-
quency Pv, are monitored. Resonances appear for
&up/2m =nv Figure .19 shows the parametric reso-
nance spectrum induced by the fictitious rf field

FIG. 20. Resonances induced by a rotating fictitious
electric field: diagram of the experiment. The fictitious
electric field, parallel to e)„, is rotating at the frequency
1
g v.

(v= 24 Hz), detected on the P= 1 modulation. The
v= 0, +1 resonances appear clearly. As z&z is
not large enough, the intensities of the others
(In I & I) are much weaker.

The zero-field resonance (n= 0), detected on the
P = 1 modulation, is particularly interesting. Its dis-
persion shape, its very narrow width (1 p, G), a,nd

the good signal to noise ratio make this resonance
an ideal tool for detecting very small variations of
the static field around zero. Variations of 10 G
have been detected by this technique using a real rf
field. We have repeated the experiment with a
fictitious one. The signal to noise ratio is not as
good, but changes of 10 ' 6 can be easily detected.
The advantage of fictitious rf fields is that they do
not perturb the magnetic shield inside which the
experiment is performed, and the sources of the
very weak static field to be measured.

C. Resonances Induced by Rotating Fictitious Electric Field

In this experiment, the nr light beam B& is linear-
ly polarized. Its effect on the ground state of Hg
is equivalent to the one of an electric field E& paral-
lel to the polarization vector e&. A rotation of the
polarizer at frequency 2v gives a rotating fictitious
electric field at the same frequency. In the fictitious
Stark Hamiltonian, terms modulated at frequency v

appear. We proceed as follows (Fig. 20): 'Hg

atoms are irradiated by B& and placed in a static
field Hp perpendicular to E~ (i. e. , parallel to B,).
They are optically pumped by a light beam B2, linear-
ly polarized in a direction parallel or perpendicular
to Hp (~ or u polarization). This looks like an ordi-
nary magnetic resonance experiment, with the only
difference being that the rf is replaced by a rotating
fictitious electric field. An important consequence
is that the perturbation (modulated Stark Hamilton-

ian) obeys the selection rule dun = 2 instead of bm = 1.
Equalization of the populations is observed when
2(AJp = v ((lip = —1 Pp). If Bp is o polarized, the ap-
pearance of a transverse alignment is simultaneous-
ly detected by a modulation at the frequency v of
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FIG. 21. (a) Shape of the resonance induced by the
rotating fictitious electric field. B2 is 0 polarized. The
resonance is detected on the v modulation of the trans-
mitted light. (b) Transient signal when Bf, is suddenly
introduced at t= 0. 82 is r polarized.

the transmitted light. Figure 21(a) shows the reso-
nance detected on such a modulation (&= 20 «).
Its shape can be calculated exactly. This resonance
undergoes a broadening when the intensity of the
fictitious electric field is increased. " The Rabi

precession (resonance transient) can also be ob-
served. Figure 21(b) shows the equalization of the
population when the rotating fictitious electric field
is suddenly introduced.

The same resonances could have been obtained
with a rotating real electric field (this has been
done, for example, by Geneux in the excited state
of Cd). But the intensity of the real electric field
required to produce the same effects in the ground
state of Hg may be evaluated to be of the order
of 105 V/cm. The fictitious fields are so large be-
cause of the quasiresonant character of B&. This
shows clearly the advantage of nr light beams for
such an experiment.
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