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Laboratoire de Physique de 1'Ecole Normale Supérieure,
Université de Paris, Paris, France

I. INTRODUCTION

One of the important characteristics of optical pumping is to provide the
possibility of preparing an atomic system in a coherent superposition of
Zeeman sublevels [1]. For a J = 1/2 angular momentum state, it is equiva-
lent to say that the magnetization 1_\'4[0 introduced _h|y the pumping light is not
necess_grily parallel to the static magnetic field B, (as i_§ usually the case
when M, is determined only by the Boltzmann factor in B).

Using such a "transverse' pumping, one can observe level crossing
signals in atomic ground states. The width of the observed level crossing
resonances may be extremely small as I will show in the first part of this
paper. Some possible applications to the detection of very weak magnetic
fields will be described.

Iwill then study the modifications which appear on optical pumping
signals when the atoms are no longer free but interacting with nonresonant
radio-frequency (rf) photons. These interactions may be visualized in terms
of virtual absorptions and reemissions of rf quanta, leading to some sort of
"dressing' of the atom by the surrounding quanta. The Zeeman diagram of
the "dressed atom' is more complex than the one of the corresponding free
atom. The level crossings which were present on the free atom are consid-
erably modified. New level crossings appear. All these effects can be

791



792  C. Cohen-Tannoudji

studied by optical pumping techniques as I will show in the second part of
this paper.

It may appear surprising to quantize a rf field which is essentially
classical and, effectively, all the effects I will describe could be understood
in a classical way. I think however that the quantization of the rf field
introduces a great simplification in the theory as it leads to a time-inde-
pendent Hamiltonian for the whole isolated system atom + rf field, much
easier to deal with than the time-dependent Hamiltonian of the classical
theory. In particular, all the higher-order effects such as multiple quanta
transitions, Bloch-Siegert type shifts, Autler-Townes splitting, etc., appear
clearly on the Zeeman diagram of the dressed atom. Consequently, this
approach could perhaps be generalized to the study of some of the nonlinear
phenomena observable with intense laser light.

II. LEVEL CROSSING RESONANCES IN ATOMIC GROUND STATES
AND DETECTION OF VERY WEAK MAGNETIC FIELDS

It is well known that the resonance radiation scattered by an atomic vapor
exhibits resonant variations when the static field is scanned around values
corresponding to a crossing between two Zeeman sublevels of the excited
state (Hanle effect - Franken effect) [2]. The width of these resonances is
the natural width of the excited state, not the Doppler width. They give useful
informations about this state, such as lifetimes, g factors, hyperfine struc-
ture [3], etc.

Similar resonances, with a considerably smaller width, can be observed
in atomic ground states [4]. To simplify, we will consider a J = 1/2 angular
momentum state (the calculations could be easily generalized to higher J's).
The pumping beam is circularly polarized and propagates along the Ox direc-
tion, perpendicularly to the static field ﬁo, which is parallel to Oz (Fig. 1).
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Figure 1. Schematic diagram of the experimental arrangement for the obser-
vation of level crossing resonances in atomic ground states. By: static field;
P. M. : photomultiplier measuring the absorbed light Lp; C: resonance cell.
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As a result of the optical pumping cycle, angular rflomentum is trans-
ferred from the incident quanta to the atoms contained in the resona'nce cell
C. Let M be the total magnetization of the vapor. It is easy to derive the
following equation of evolution for M:

d .= 0 M - = )
— M= —~—,I,R+Y1\a1><130

The first term represents the effect of optical pumping: if Fhis process was
the only one, after a certain amount of time Tp (pumping Flme), all t'he s_pms
would be pointing in the Ox direction, producing a saturation magn‘etlzatmn
M parallel to Ox; the second term describes the thermal relaxation process
(T0 . relaxation time) due to the collisions against the walls of the cfell; t:,he :
third term, the Larmor precession around By (¥ is the gyromagnetic ratio o
the ground state). ' 3
g}I;Iquaf:ion (1) looks like the well-known Bloch's equation. But here, M,

is not along ﬁg and its direction is imposed by the characteristics of the

pumping beam.

Defining .
= iM
Mﬂ: Mx £1i =
1 1 1
—_— e e ——
T TP TR 5
M" =M _T,_
o [s] TP

one gets from (1)

Lo (42)
EMZ"O

M’ M
Loy =—2_ FiYB M (4b)
dt & T o +

Note that the source term, Mg/fr, proportional to Mg, appears only in Eq. (4b)
relative to the transverse components of the magnetization (transverse

umping). . ‘
. I’)I‘hg)sl;eady-—s.i:ate solution of (4) is readily obtained and can be written as
= (5a)

M =0 )
Mo

M, = v B,
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which gives

M, =0 (6a)
Mx 1
i (6b)
o 1+ (y TB0}2

M -y TBO
M

6
o 1+ {y'rBo)2 o

It follows th‘at M, and My undergo resonant variations when B, is scanned
around 0 (Fig. 2).

These variations result from the competition between optical pumping
which tends to orient the spins along the Ox axis and the Larmor precession
around B,. The critical value of the field, AB,, for which the two processes
have the same importance is given by

0B, = 1/y T (7)

AB,, is the half-width of the resonances of Fig. 2, which can be detected by
monitoring the absorbed or reemitted light, the characteristics of which
(intensity, degree of polarization) depend on My, » M,. TFor example
the photomultiplier P. M. of Fig. 1 detects the abs::'{)ed Izight L, which is’
proportional to M. A
It is possible to get m_l?dulated signals by adding a high-frequency rf
field By cosut parallel to B, (high frequency means nonadiabatic modulation:
w>>1/1). The rate equations in the presence of ﬁl coswt can be exactly '
solved [5]. One finds that the zero-field level crossing resonances appear

~_

Figure 2. Variations of the steady-state values of M, and M. wi
with B,.
AB,: half-width of the resonances. * 5 "
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also on modulations at the various harmonics pwof w (p =1,2,3 ...). For
example, the w component of My is given around B, = 0 by
¥YB YTB
1
- ) 2 5 sinut ®)
1+(yTB,)

vB
< 1)
Mx_(w) - M;JO( w /Jl(

where J) and J; are the Bessel functions of order 0 and 1. It varies with B
as a dispersion curve. The possibility of using selective amplification and
lock-in detection techniques with such a signal, increases considerably the
signal-to-noise ratio.

Let us calculate the order of magnitude of 4B, for 87Rb which has been
experimentally studied [5]. In paraffin-coated cells [6] without buffer gas,
Tr (and consequently 7) is of the order of 1 sec; Y is equal to 4.4 x 106 rad
sec~! G-1, so that AB, = 10-6G. Clearly, with such a small width, one has
to operate inside a magnetic shield in order to eliminate the erratic fields
present in the laboratory (of the order of 10'3(}). Five concentric layers of
mu-metal (1 m long, 50 ecm in diameter, 2 mm thick) have been used for that
purpose, providing sufficient protection.

Figure 3 shows an example of the level crossing resonance observed on
the modulation at w of the absorbed light, i.e., on the signal corresponding
to theoretical expression (8) (w/2m = 400 Hz). The time constant of the detec-
tion is 3 sec. We get a 2-pG width and a signal-to-noise ratio of the order
of 3000, It is therefore possible to detect very weak magnetic fields (less
than 10-9G) as it appears in Fig. 4 which shows the response of the signal to
square pulses of 2 X 109 ¢ amplitude around B, = 0.

Such a high sengitivity is sufficient to measure the static magnetization
of very dilute substances. Suppose one places near the 87Rb cell another
cell (6 cm in diameter) containing 3He gas at a pressure of 3 Torr (Fig. 5).

The 3He nuclei are optically pumped [7] by a 3He beam Bg, toa 5%
polarization. One calculates easily that the oriented 3He nuclei produce at
the center of the 8TRb cell (6 cm away) a macroscopic field of the order of
6 x10~8 G. This field is sufficiently large to be detected on the 87Rb level
crossing signal obtained on the B, beam.

The experiment has been done [8] and Fig. 6 shows the modulation of the
87TRp signal due to the free precession of the SHe nuclear spins around a
small magnetic field applied only on the 3He cell, perpendicular to the
directions of By and By (the Larmor period is of the order of 2 min). One
sees that one can follow the free decay of the SHe magnetization during hours
and hours until it corresponds to only 5 x 1013 oriented nuclei per em3.
This magnetostatic detection presents many advantages compared to the
other optical or radioelectric methods. Tt could be generalized to other
cases (for example to optically pumped centers in solids or to weakly
magnetized geological samples). Other spatial or biological applications
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Figure 3. Zero-field level crossing resonance in the ground state of 87Rb

obser‘ved on the modulation at w/2m of the absorbed light Lp (w/2m = 400 Hz)
The time constant of the detection is 3 sec. For measuring the noise, the .
sensitivity is multiplied by a factor 100. ,

could be considered as it is now possible, by
record simultaneously the three com
be measured.

recent improvements [9], to
ponents of the small magnetic field to
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F_igure 4. Test of the sensitivity of the magnetometer: variations of the
signal when square pulses of 2 x 10~9 G are applied to the resonance cell.

Transverse Optical Pumping 797

*He CELL
%7Rb PROBE CELL 2+
\\\ ,’
82
*He PUMPING BEAM
8

! *’Rb DETECTION BEAM

Figure 5. Detection by the 87Rb level crossing resonance of the magnetic
field produced at a macroscopic distance (6 cm) by optically pumped 3He
nuclei. Schematic diagram of the experimental arrangement.

ITI. OPTICAL PUMPING OF "DRESSED'" ATOMS

To interpret the various resonances which appear in optical pumping experi- .
ments performed on atoms interacting with strong resonant or nonresonant

rf fields, we will try to develop the following general idea [10, 11]: the light

of the pumping beam is scattered, not by the free atom, but by the whole
system--atom + rf field in interaction--which we will call the atom "dressed"
by rf quanta. Plotted as a function of the static field By, the Zeeman diagram

" of this dressed atom exhibits a lot of crossing and anticrossing points; as

for a free atom, the light scattered by such a system undergoes resonant
variations when B, is scanned around these points. It is therefore possible
to understand the various resonances appearing in optical pumping experi-
ments in a very synthetic way. Furthermore, the higher-order effects of
the coupling between the atom and the rf field may be handled in a simple
way, by time-independent perturbation theory. In some cases (as for
example for the modification of the g factor of the dressed atom), the effect
of the coupling may be calculated to all orders. '

In the absence of coupling, the energy levels of the whole system are
labelled by two quantum numbers, one for the atom (we will take a two-level
system, J =1/2), and the other for the field. We will call |+ ) the Zeeman
sublevels of the J = 1/2 atomic state; their energy in the presence of a
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Figure 3. Zero-field level crossing resonance in the ground state of 87TRp
obser.ved on the modulation at w/2m of the absorbed light L (w/2m = 400 Hz)
The time constant of the detection is 3 sec. For measuring the noise, the
sensitivity is multiplied by a factor 100. ’
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Figure 4. Test of the sensitivity of the magnetometer: variations of the

signal when square pulses of 2 x 10~9 g are applied to the resonance cell.
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Figure 5. Detection by the 87Rb level crossing resonance of the magnetic
field produced at a macroscopic distance (6 cm) by optically pumped 3He
nuclei. Schematic diagram of the experimental arrangement.

III. OPTICAL PUMPING OF "DRESSED" ATOMS

To interpret the various resonances which appear in optical pumping experi- .
ments performed on atoms interacting with strong resonant or nonresonant

rf fields, we will try to develop the following general idea [10, 11]: the light

of the pumping beam is scattered, not by the free atom, but by the whole
system--atom + rf field in interaction--which we will call the atom "dressed"
by rf quanta. Plotted as a function of the static field By, the Zeeman diagram

" of this dressed atom exhibits a lot of crossing and anticrossing points; as

for a free atom, the light scattered by such a system undergoes resonant
variations when B, is scanned around these points. It is therefore possible
to understand the various resonances appearing in optical pumping experi-
ments in a very synthetic way. Furthermore, the higher-order effects of
the coupling between the atom and the rf field may be handled in a simple
way, by time-independent perturbation theory. In some cases (as for
example for the modification of the g factor of the dressed atom), the effect
of the coupling may be calculated to all orders. '

In the absence of coupling, the energy levels of the whole system are
labelled by two quantum numbers, one for the atom (we will take a two-level
system, J =1/2), and the other for the field. We will call |+ ) the Zeeman
sublevels of the J = 1/2 atomic state; their energy in the presence of a
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Figure 6. Magnetostatic detection of the Larmor precession of 3He nuclei:
(a) just after optical pumping has been stopped; (b) 3 h later; (c) 11 h later
(the polarization is now P~ 5 x 10~4 and corresponds to 5.3 x 1013 oriented
nuclei per cm3).

static field B, parallel to Oz is + Wy/2 (W = -yBo; we take A= 1), Let

In) be the states of the rf field corresponding to the presence of n quanta

and consequently to an energy nw (w is the pulsation of the rf field). The
states of the combined system atom + field (without coupling) are the |:&, n)
states with an energy +w,/2 + nw. They are plotted on Fig. 7 versus uy,.

One sees that a lot of crossing points appear for u, = 0, w, 2w, 3w, ... . The
effect of the coupling V between the atom and the rf field is important at
these points. We will first study this coupling in a simple and exactly solu-
ble case, the one of a rotating rf field, perpendicular to ﬁo (this situation
leads also to exact solutions in the classical theory).
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Figure 7. Energy levels of the combined system "atom + rf field" in the
absence of coupling.

A. Rotating rf Field Perpendicular to By

The unperturbed states are coupled two by two by V. TFor example, the
|-,n+1) state is coupled only to J+, n) and the other way

|-yml) —> |+.,n)

The physical meaning of such a selection rule is very clear. E'ach
circularly polarized rf quantum carries an angul.ar momentur’n +1. with o
respect to Oz (g+ photons; we suppose a right eircular polarization) fm e
two states coupled by V must have the same total angular momentum:

-1/2 + (1) =+ 1/2 +n.
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Figure 8. "Anticrossing' resulting from the coupling between the two
states f+,n > and |-,n+1 ). The dotted arrows represent transitions
between the two anticrossing levels and a third level (Autler-Townes
splitting).

Because of this coupling, the two unperturbed states which cross for
W, = w (dotted lines of Fig, 8) repel each other and form what is called an
"anticrossing" (full lines of Fig.8). The minimum distance hetween the two
branches of the hyperbola is obtained for Wy =w and is proportional to the
matrix element of V between the two unperturbed states. It is possible to
show that this matrix element v is proportional to /a+1 and may be related to
the amplitude Bj of the classical rf field (more precisely, v is proportional
tow; =-¥YBy). Asnis very large, this matrix element does not change
appreciably when n is varied inside the width An of the distribution p(n)
corresponding to the rf field (for a coherent state [12], An <<n), Therefore,
the anticrossings corresponding to the couples of unperturbed states,
(|-,n+2 ), +,m+1) ), (|~,n ), [+,0-1) )s. .., have the same characteristics
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Figure 9. Energy levels of the combined system "atom + rf field" in tTlme
presence of coupling. The rf field is circularly polarized and perpendicular

to the static field B,

as the one of Fig.8 (they are deduced from it by ;_ E?m};le vertical transla-
i obtain finally the Zeeman diagram of Fig. 9. :
tlon)\zlﬁ:t“lﬁndbtaaf inform:tion can be extracted from this diagf'am ? First,
the anticrossings of Fig. 9 reveal the existence of the magnetic resonanf:e
occuring for w, = w. If one starts from the state |—,n+1 s t}.ae. system is
transferred by the coupling V to the other state !+,n ) (tr‘ans1t10n
=3 |3 by absorption of one rf quantum). More precl.sely, the system
oscillates between these two states with an efficiency maximum at the
center of the anticrossing (where the mixing between the two rfnperturbed
states is maximum) and at a frequency corresponding to the distance bet\:.'een
the two branches of the hyperbola (this is nothing but the.\\fell—lfnc_)v{n Rabi
precession). If one looks at the frequenpies of the transitions joining the



802  C. Cohen-Tannoudji

two anticrossing levels of Fig. 8 to a different atomic level fc,n y (not
resonantly coupled to the rf field), one finds a doublet (Autler-Townes effect)
[13]; the distance between the two components of the doublet and their rela-
tive intensities are very simply related to the energies and wave functions of
the two anticrossing levels.

A lot of crossing points appear also on the energy diagram of Fig. 9.
Let us focus on the two crossings indicated by circles on this figure. The
zero-field level erossing of the free atom is shifted by the coupling V; a new
level crossing appears near W, = 2w and can be optically detected in trans-
verse optical pumping experiments. The argument is the following: let
ICP 1) and ftP2 Y be the two perturbed crossing levels; we have

ICPI) = _gin (8/2}|+,n—1) +cos(9/2}]—,n}

(10)
IQPz y = sin(e/z)!-,n'!-l Y+ cos(e/z}f-!-,n)
where B
tan 6 = 1 (11)
UJO—UJ

|f1‘31‘, and ItPQ ) contain admixtures of the l+,n) and I-,n) states which
correspond to the same value of n so that they can be connected by J

( @2 IJX[‘Pl )= 9052(8/2) (nh) ¢+ JJ}J—)

9 (12)
(1/2) cos™(8/2) # 0

]

It is therefore possible to introduce by optical pumping a transverse static
magnetization at this crossing point and to get a level crossing signal of the
same type as the one described in the first part of this paper (for the other
crossings of Fig. 9: w, = 3w, 4w, 5w, ..., Jy has no matrix elements between
the two crossing perturbed levels, and the level crossings are not
detectable).

When the intensity of the rf field (i.e., n) is increased, the distance
between the two branches of the hyperbola of Fig. 8 increases and the
two crossings of Fig.9 (indicated by circles) shift towards w, =w. These
effects appear clearly on Fig. 10 which represents the two corresponding
level crossing resonances observed on 199Hg (J = 1/2) [14]. Each curve of
figure 10 corresponds to a different value of the amplitude of the rf field
(measured by the dimensionless parameter wy/w = -YB;/w).

Finally, it can be seen in Fig. 9 that, for w, = 0, the Zeeman degener-
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Figure 10. Level crossing resonances observed on 199Hg and correspond-
ing to the two-level crossings indicated by circles on Fig. 9. Each curve
corresponds to a different value of the dimensionless parameter u.!l/uj.

acy of the free atom is removed by the coupling with the nonresona;nt "
circularly polarized rf field. One can show [15}. th.at‘, for ”’1./”‘ -fﬁ ,_the
effect of this coupling is equivalent to that of a f1ct1t1_0us static 2f1eld Be
perpendicular to the plane of the rf field and proportional to wy /YW
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B, = wlz/YuJ (13)
In the case of an alkali atom such as 87Rb which has two hyperfine levels in
the ground state, I = 2 and F = 1, with two opposite g factors (Yo =-7Y;), it
follows from (13) that the two fictitious fields Bty and Bfl corresponding to
F=2and I =1 are opposite. Therefore, the position of the Zeeman
sublevels in the presence of rf irradiation (and in zero static field) is the one
shown on Tig. 11(b); it may be compared to the position of the Zeeman
sublevels in a true static field producing the same Zeeman separation [Fig.
11(a)]. It follows immediately that the hyperfine spectrum is completely
different in a true static field and in the fictitious fields B¢, and By,
associated with the rf field: we obtain experimentally [15] three Amp = 0 and
four Amp = 1 different lines in the first case [Figs. 12(a) and 13(a)]; one
Amp = 0 and two Am_, = +1 different lines in the second case, as for hydro-
gen [Figs. 12(b) and 13 (b)].

e +2
Bl o F=2 A
& - \ -1

- i

. Ft / _é rit /. +$
N +1 -
(a) (b)

Figure 11. Zeeman sublevels in the ground state of 87Rb atoms, (a) in the
presence of a true static field ﬁo: (b) in the presence of a circularly
polarized rf field with ﬁo = (; the two fictitious static fields ]_?;f and ﬁf
describing the effect of this rf field inside the F = 1 and F = 2 hyperfine
levels are opposite. The arrows represent the three ﬁmF = 0 hyperfine

lines which have different frequencies in case (a) and which coincide in
case (b).
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Figure 12. Amp = 0 hyperfine transitions observed on 8TRb aftoms, 1L(a) ina
true static field ﬁo [see Fig.11(a)], (b) in the presence of a circularly
polarized rf field with B, = 0 [see Fig. 11(b)].

B. Linear rf Field Perpéndicular to By,

We suppose now that the rf field has a linear polariz?tion, per;?zl;llégcdlilar to
B, (Fig. 14). Such a linear field can be decomposed mtoftv:lo Gf 0L
rgtating components. It is equivalent to say that eac}? of t e:lrrcirl e
no definite angular momentum with rels;(J:ft t;omfsz nei:l}:;s angula

i i nt) or - c A
i ge e +t: (Uthzouriﬂzr;furiaed l-.n+l) state is now coupled, not on}y
it ton), but also to |-,n+2 ) (stimulated emis-

i + pho
to |+,n) (absorption of a o p |
sioln of a f)“ photon); gimilarly, the |+,n) state is coupled not only to

|-,n#1) , but also to |-, n-1)

+
ag

= | o (14)
1

|- %-1) |+, ne2)
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(a)

“-1—=-2 =2
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1 il n L :
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Figure 13. Amyp = +1 hyperfine transitions observed on 87Rb atoms, (a) in

a true static field ﬁo, (b) in the presence of a circularly polarized rf field
with B, = 0.

These additional couplings which were not present in the previous case

(pure o rf field) are nonresonant for W, = W (the two ]-,n-l) and |+,n+2)
states do not have the same energy as the two crossing unperturbed levels).
They displace however these two crossing levels (from the position indicated
by dotted lines in Fig. 15 to the one indicated by interrupted lines) so that

the center of the anticrossing w, = w (full lines of Fig. 15) is now shifted by

a quantity é towards w, = 0. This shift § is nothing but the well-known Bloch-
Siegert shift which is immediately evaluated in this formalism by elementary
second-order perturbation theory (the derivation of this shift is much more

Figure 14. Orientation of the static and rf fields.
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Figure 15. Origin of the Bloch-Siegert shift observed when the rf field gas
a linear polarization . nonresonant couplings (dotted arr.ows) alre induced by
the o~ component of the rf field and displace the two anticrossing levels.

elaborate in classical theory) [16]. We must also ni)twe tl;at tl;e |t:vo ‘:J;'l;))e)r—
turbed levels which cross for w, = -W (for example a,n-ijl _an : ,nt0 A
are now coupled by the o~ component of the rf fleld.. This gw?sh rise B
new anticrossing near w, = -W (symmetrical to the first one with respe

o i i nodd" crossing w, = (2p+1)w
Moreover, one can easily show that each "o CToss g W .
(with p = +1,+2,...) appearing in Fig.7 becomes now antlcroslsmg.l e L
consider for example the case of the two levels J—, n+2> and |+,n-1> whic

cross for wy = 3w

]+,n_1> P L. l-,n) <—E:—> l+,n+1) < > l—,n+2)
? ?
= | Lo (15)
a |
1 Y
lﬂ ni2> l+|n+3>
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As shown in (15), they are coupled by V, not directly, but through two inter-
mediate states. It follows that the crossing uwg = 3w becomes a "third-order
m.lticrossing” (which is also shifted towards W, = 0, as the W, = w anticros-
sing, as a consequence of nonresonant couplings).

The 0\:’91’1 crossings w, = 2pw (p =0, 1, 2, .. .) of Fig.7 remain however
true crossings (which are also shifted for the same reason as before towards
W, = 0). The argument is the following: for Wy = 2pw, the two crossing levels
(for example, |+,n) and [-,n+2p) ) differ by 2p quanta. The absorption of
an even number of quanta (¢* or o ) cannot provide the angular moment +1
necessary for the atomic transition |-) - [+). This excludes any direct or
indirect coupling between the two crossing levels.

Finally, through these simple arguments, we get the shape of the
Zeeman diagram represented in full lines in Fig. 16 and which is symmetri-
cal with respect to W, = 0 (the crossing W, = 0 is not shifted as in the
previous case). All the various resonances observable in optical pumping
experiments appear in a synthetic way in this diagram.

To the various anticrossings of Fig. 16 are associated the magnetic
resonances involving one or several rf quanta [17]. For example, near
W, = 3w, we have a resonant oscillation of the system between the two states
-,n+2 ) and |+,n—1 ) which correspond to resonant transitions between
- and 1+} with absorption of three rf quanta. The shift and the rf
broadening of the resonances are simply related to the position of the center

(nti)w

(n-1)w

Figure 16. Energy levels of the combined system "atom + rf field" in the

presence of coupling. The rf field is linear] olarized i
. and
to the statie field B,,. - - el
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of the anticrossing and to the minimum distance between the two branches of
the hyperbola. It is also clear that an Autler-Townes splitting must appear
near these higher-order anticrossings.

All the even crossings of Fig. 16 can be detected in transverse optical
pumping experiments : in the perturbation expansion of the two crossing
perturbed levels, one can find unperturbed states with the same value of n
so that J, can connect the two crossing levels. TFigure 17 shows for exam-
ple the w, = 4w level crossing resonance observed on 199Hg atoms [18].
(This resonance does not appear with a pure ¢ rf field). Each curve corre-
sponds to an increasing value of the rf amplitude. The Bloch-Siegert type
shift appears very clearly. Such resonances are sometimes called "para-
metric'' resonances or "'coherence'' resonances as they do not correspond
to real absorptions of one or several rf quanta by the atomic system.

So far, we have explicitly treated the effect of the coupling V as a
perturbation. It is possible to follow qualitatively what happens in the
neighborhood of w, = 0 when the amplitude of the rf field is increased. The
first crossings w, = +2w and w, = -2w shift more and more towards w, = 0.
The separation between the two branches of the anticrossing w, = w increases
more and more. It follows that the slope of the two levels which eross for
w, = 0, i.e., the g factor of the dressed atom, gets smaller and smaller.

More precisely, it is possible to find exactly the eigenstates of the
Hamiltonian ¥ + V which represents the energy of the system in zero
static field [19] (3. is the energy of the free rf field) and to treat the
Zeeman term ¥y = u,J,, as a perturbation. This treatment, which takes
into account the effect of the coupling to all orders, gives the slope of the
levels as a function of the dimensionless parameter wy/w. One finds [20]

Figure 17. Level crossing resonances observed on 199Hg atoms and
corresponding to the level crossing occuring near w, = 4w in Fig.16 (Vq is
the rf voltage, proportional to wy).
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that the g factor of the dressed atom,

g4, is related to the g factor of the
free atom, g, by the expression

By = gJO(wl/w) (16)

where J is the zeroth-order Bessel function.
For example, for all the values of w1 /w corres
the dressed atom has o magnetic moment. T
the nonresonant coupling with a filled mode of the electromagnetic field may
be compared to the well-known g-2 effect (anomalous spin moment of the
electron) due to the coupling with the vacuum electromagnetic fluctuations.
If the slope of the levels near Wy = 0 is reduced, the width of the ZEero-
field level crossing resonance discussed in the first part of this paper must
increase. We have ohserved such a broadening on 199Hg atoms (Fig. 18).

This effect can be important.
ponding to the zero's of Jgs
his modification of g due to

I mG

Figure 18. Zero-field level crossing of 199Hg ndresged
field is linearly polarized. The width of the cu
tional to gqs it becomes infinite for the value o
first zero of Jg [see Eq. (16)].

atoms. The rf
rves is inversely propor-
fwy/w corresponding to the
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HYPERFINE TRANSITIONS Amg = i
+1

EMI"'l 1 EMF

B ]0 F=1 <|

: b

| 1

v = E i

] i

P! [
. . . Feo——LLo
By Bo

S ———
—

2wy } !.,2_990.,:
LA A S

{a) (b)

i = i iti f hydrogen atoms. (a) Free
Figure 19. Amyp = +1 hyperfine {ransitions o ! ‘
H gtoms ina stgtic field By; (b) "dressed" H atoms in the same static field
B The splitting between the 2 lines is reduced by a factor Jp-

o

Each curve of Fig. 18 corresponds to a given value of wq/w. ‘One sees that
for wy/w= 2.4 (first zero of Jg), the width of the level cross1_ng resonance
becomes infinite. This modification of the g factor has also 11:nportant .
consequences on the hyperfine spectrum of hydrogen anfl alkali a_tonlls. :
Figure 19 shows the splitting S, between the two hyp_erf}ne dmp =+ trzlzgs —]
tions of H; S, is proportional to w, [in weak magne'tlc fields; See Fig.19(a)].
If we "dress' the atom by a nonresonant linear rf field, the slope o:f the

T = 1 sublevels decreases and the splitting S between the two bmp =+1 .
transitions is reduced by a factor Jo(wl/w) [see Fig.‘19(b)]. The same effec
exists also for alkali atoms. We have already mentlone(_l that the two g
factors of the F = 2 and I = 1 hyperfine levels are opposlt.e. As Iy 1s'an ”
even function, the reduction of the slope of the sublevels is the Samf 11'; bo
hyperfine levels. It follows that the splitting between the four Amp I‘i
hyperfine transitions is reduced as in the hydrogen case: 'I‘%le four 1.nes
coalesce for all the zero's of Jy. This appears clearly in Fig. %g which
represents the evolution of the observed hyperfh.me specf.:rum of . Rb atolms
interacting with a nonresonant linear rf field of increasing amplitude [21].
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Figure 21. Plot of the ratio S/8, versus w;/w. The experimental points for

Figure 20. Evolution of the four Amy = £1 hyperfine transitions of 87TRb ! 87TRb and H fit into the same theoretical curve.

atoms "'dressed" by a nonresonant linear rf field of increasing amplitude.
Experimental results. For wy/w = 2.4 (first zero of Jg)s the four lines

coalesce.

@i/, =0
Figure 21 shows the comparison between the experimentally determined o)
ratios S/S; measured on H and 87Rb atoms, and the theoretical variations
of the Bessel function J.

This possibility of changing continuously the g factor of an atom may
provide interesting applications. It has been used, for example, to reduce
the effect of static field inhomogeneities on the width of the hyperfine lines.
Figure 22(a) shows the hyperfine line F =2, mp=0+> F =1, mp =0 of
87TRb broadened by an applied static field gradient. One observes [10] a ’ 100 hz
narrowing of the line [T'ig. 22(b)] when the magnetic moment of the 8TRb o |
atoms is reduced when interacting with a nonresonant linear rf field. '

W, =2.4
(b) Yoo

mp=0—F=1, mp= 0 hyperfine

Another application [22] is to allow a coherence transfer between two : dine of the F = 2
ure 22. (a) Recording ’ — g ~
atomic levels with different g factors: by changing the two g factors through . ﬁ;ge of 8TRb (atoms broadened by an applied static field gradient. (b) Narrow
the coupling with a nonresonant linear rf field, one can match the Larmor Vs ine of the line when the atoms are ndressed" by a nonresonant linear o
e nesomcmcta RORSIBIE fie%ld which cancels the g factor in both hyperfine levels.

nonzero magnetic fields.

I hope that these few example will have proven the versatility of optical
pumping techniques and the usefulness of concepts such as the one of | 813
dressed atoms. It would be interesting to see if they could he generalized '
to other fields of research.
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