
Abstract. The absorption spectrum of a weak probe éeld in
atomic vapours of rubidium, cesium and samarium in the
presence of a strong éeld is studied theoretically. It is shown
that away from resonance with an atomic transition, the
probe radiation may have an anomalously high absorption
coefécient (several times higher than the resonance value) in
an anomalously narrow spectral range. The ultranarrow
resonance in the probe-éeld absorption line wing is not related
to any real transitions in the atom. Its position is determined
by detuning from resonance frequency and by the strong-éeld
intensity. It is shown that for identical frequencies of the
strong and probe waves, the resonance can be recorded by
using weak magnetic éelds. The effect can be applied in the
ultrahigh resolution spectroscopy and for precision measure-
ments of the magnetic éeld strength.

Keywords: probe éeld, spectroscopy, absorption of light, collisions,
coherence.

1. Introduction

The probe-éeld spectroscopy of three-level systems involves
the investigation of weak (probe) éeld absorption under
conditions when a high-intensity electromagnetic éeld acts
on another (adjoining) transition [1 ë 3]. A whole range of
effects observed during interaction of radiation with three-
level systems (for example, coherent population trapping
[4, 5], electromagnetically induced transparency [6], and
lasing without inversion [4 ë 7]) are manifested most clearly
in the three-level L-system with two closely spaced lower
levels optically coupled with the third, remote upper level.
It is this reason that the L-system is one of the most
actively investigated systems.

The absorption spectrum of a weak probe éeld by three-
level L-system atoms was studied in a strong éeld at the
adjacent transition in recent theoretical work [8]. It was
assumed that the atoms are located in a buffer gas
atmosphere and undergo collisions with its particles. The
general case of arbitrary collisional relaxation of the low-

frequency coherence at the transition between two lower
levels was considered (collisional relaxation could be absent
or, on the contrary, could be quite efécient). In the case of
copropagating waves and weak collisional relaxation of the
low-frequency coherence, an ultranarrow resonance exhibit-
ing a quite unusual behaviour was observed in the probe-
éeld absorption spectrum [8]: the amplitude of this reso-
nance remained unchanged with increasing detuning of the
radiation frequency from the resonance frequency being the
same even at the far wing of the absorption line as near the
line centre. The resonance width decreases rapidly with
increasing frequency detuning and may become much
smaller than the natural width of the absorption line.

Under certain conditions, a situation may arise when the
resonance amplitude at the far wing of the absorption line
will even greatly exceed the amplitude of the resonance near
the line centre. This contradicts the adopted concept that the
cross section of nonresonance radiative processes is always
smaller than the cross section of resonance processes. These
peculiarities of the probe-éeld spectrum were discovered in
[8] for an idealised three-level L-system. The aim of our
paper is to prove the existence of anomalous absorption of
light for real objects under nonresonance conditions.

2. Alkali metal atoms

Among the objects promising for observing anomalous
absorption of light under nonresonance conditions, we
consider érst alkali metal atoms. Figure 1 shows the ground
state and the érst excited level of alkali metals with the
nuclear spin I � 3=2 (7Li, 23Na, 39K, 41K and 87Rb atoms).
The 2S1=2 ground state and the 2Po

1=2 excited state have
hyperéne sublevels with total angular momenta Fg � 1, 2
and Fe � 1, 2, respectively. Each of the hyperéne levels is
degenerate in magnetic quantum numbers jMj4F.

Let us assume that the strong wave E and the weak
probe wave Em have mutually orthogonal circular polar-
isations (right-hand polarisation s� and left-hand pola-
risation sÿ) and are resonant to the 2S1=2 ÿ 2Po

1=2 transition.
Under the action of the strong right-hand polarised éeld
alone, all the atoms will occupy the ground state at the
M � 2 sublevel of the hyperéne component with Fg � 2
(this sublevel is indicated by the letter l in Fig. 1; the
quantisation axis z is chosen along the direction of radiation
propagation). For the left-hand polarised probe éeld Em,
only the jFg � 2, M � 2i ! jFe � 1, M � 1i and jFg � 2,
M � 2i ! jFe � 2, M � 1i transitions, which weakly depo-
pulate the l level (the l! m and l! k transitions in the
notation of Fig. 1), should be taken into account. Therefore,
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to determine the probability of absorption of the probe éeld
by the atoms, it is sufécient to consider the interaction of
radiation with a subsystem consisting of éve sublevels l, m,
k, n and p (these sublevels are indicated in bold in Fig. 1).

Similar éve-level diagrams can be also selected for other
alkali metal atoms (with an arbitrary nuclear spin) also. For
example, the levels l, m, k, n and p for 133Cs atoms (nuclear
spin I � 7=2) correspond to the states jFg � 4, M � 4i,
jFe � 3, M � 3i, jFe � 4, M � 3i, jFg � 4, M � 2i and
jFg � 3, M � 2i, respectively.

The selected system contains four L-level diagrams:
nÿmÿ l, nÿ kÿ l, pÿmÿ l and pÿ kÿ l, respectively.
This circumstance leads to the assumption that anomalous
absorption of light under nonresonance conditions can be
observed in alkali metal atoms.

2.1 Initial equations and their solution

Consider the interaction of atoms with a strong mono-
chromatic polarised wave

E � ReE0e exp�ikrÿ iot�, (1)

and a weak monochromatic polarised probe wave

Em � ReE0mem exp�ikmrÿ iomt�, (2)

Here, E0, o and E0m om, km are the amplitudes, frequencies
and wave vectors of the corresponding waves;

e �
X

s�0;�1
e �s�es, em �

X
s�0;�1

e �s�m es (3)

are the unit (jej � jemj � 1) complex polarisation vectors of
the éelds and e �s� and e �s�m are their contravariant com-
ponents in the cyclic basis fe0 � ez, e�1 � � (ex � ey)=

���
2
p g.

The absorbing particles are located in the mixture with the
buffer gas. Collisions between the absorbing particles are
neglected and the buffer gas concentration Nb is assumed to
be much higher than the concentration N of the absorbing
gas. The atoms are described by the éve-level diagram (the
l, m, k, n and p levels in Fig. 1).

The polarisation of the medium at the probe-éeld
frequency is determined by the elements rml (v) and

rkl (v) of the density matrix, where v is the particle velocity.
These elements can be found from the system of kinetic
equations for the density matrix elements (resonance
approximation, steady-state and spatially homogeneous
conditions) [1, 2]):�

Gm

2
ÿ i�Om ÿ kmv�

�
rml�v� � S�rml�v�� � iGmml�rll�v�

ÿ rmm�v�� � iGmn rnl�v� � iGmp rpl�v� ÿ iGmklrmk�v�,�
Gm

2
ÿ i�Om ÿ okm ÿ kmv�

�
rkl�v� � S�rkl�v��

� iGmkl�rll�v� ÿ rkk�v�� � iGkn rnl�v�

� iGkp rpl�v� ÿ iGmmlr
�
mk�v�,

(4)

i�Oÿ Om � qv�rnl�v� � S�rnl�v�� � iG �mn rml�v�

� iG �kn rkl�v� ÿ iGmmlrnm�v� ÿ iGmklrnk�v�,

i�Oÿ Om ÿ onp � qv�rpl�v� � S�rpl�v�� � iG �mp rml�v�

� iG �kp rkl�v� ÿ iGmmlrpm�v� ÿ iGmklrpk�v�,

where

O � oÿ omn ; Om � om ÿ o
ml
; q � km ÿ k;

(5)

Gij �
E0

2�h

X
s�0;�1

hijdsj j ie �s�; Gmij �
E0m

2�h

X
s�0;�1

hijdsj j ie �s�m ;

rii (v) is the velocity distribution of particles at the ith level
(i � l, m, k, n, p); S[rij (v)] are the collision integrals; Gm is
the rate of spontaneous decay of levels m and k (the
spontaneous decay rates are identical for all the magnetic
sublevels of the excited state); oij is the iÿ j transition
frequency; and hijdsj j i are the matrix elements of the cyclic
component ds of the dipole moment for the j j i �
jJg, I,Fg,Mgi ! jii � jJe, I,Fe,Mei transition, which are
decribed by the expression [9, 10]

hJe; I;Fe;MejdsjJg; I;Gg;Mgi � �ÿ1�1�I�Je�Fe�FgÿMe

�hJejjdjjJgi��2Fe � 1��2Fg � 1��1=2

� Fe 1 Fg

ÿMe s Mg

� �
Je Fe I
Fg Jg 1

� �
; (6)

a b c
d e f

� �
and

a b c
d e f

� �
are the 3j and 6j symbols [9, 10]; Je and Jg are the total
angular momenta of the electron shell of the atom in the
excited and ground state, respectively; Me and Mg are the
projections of the total angular momenta Fe and Fg; and
hJejjd jjJgi is the reduced matrix element of the dipole
moment.

In the case of mutually orthogonal circular polarisations
of strong and probe waves considered here, we should set

k

m

M � ÿ2
Fe � 2

Fg � 2

Fe � 1

2Po
1=2

ÿ1 0 1 2

EmE

s� sÿ

n l
2S1=2

M � ÿ2 ÿ1 0 1 2

Fg � 1p

Figure 1. Energy level diagram of alkali metal atoms 7Li, 23Na, 39K, 41K,
87Rb (nuclear spin I � 3=2) for the 2S1=2 ÿ 2P

o

1=2
transition (D1 line). The

strong (E ) and probe (Em) waves which are resonant to this transition,
have mutually orthogonal circular (right-hand s� and left-hand sÿ)
polarisations and propagate in the same direction. The quantisation axis
is chosen along the direction of radiation propagation.
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e ��1� � 1, e �0� � e �ÿ1� � 0 (right-hand polarised strong
wave, s � �1) and e �ÿ1�m � 1, e �0�m � e ��1�m � 0 (left-hand
polarised probe wave, s � ÿ1), for the components e �s� and
e �s�m of the unit polarisation vectors in (5).

Consider now the case when collisions completely break
the phase of the dipole moments induced by the radiation at
the mÿ l and kÿ l transitions, but the collisional relaxation
of low-frequency coherences rnl (v) and rpl (v) is arbitrary
(can be absent or, on the contrary, can be efécient). For the
collision integrals S[rml (v)] and S[rkl (v)] in (4), we use the
conventional approximation in this case [1, 3]:

S�ril�v�� � ÿv1ril�v�, i � m, k, (7)

where the `departure' frequency n1 is generally a complex
quantity (because the potentials of interaction of atoms in
the m and k states with buffer particles are almost identical,
we can assume that the mÿ l and kÿ l transitions have the
same impact parameters).

For the collision integrals S[rnl (v)] and S[rpl (v)], we will
use the strong collisions model [1]:

S�ril�v�� � ÿvril�v� � ~vrilW�v�, ril �
�
ril�v�dv, i � n, p,

W�v� � exp
��ÿv=vT�2�ÿ ���

p
p

vT�3
, vT �

�
2kBT

Ma

�1=2
,

(8)

where n and ~n are the `departure' and `arrival' frequencies
which are complex quantities in the general case (we can
assume that the mÿ l and kÿ l transitions, and the nÿ l
and pÿ l transitions also have the same collision param-
eters); W (v) is the Maxwell velocity distribution; kB is the
Boltzmann constant; Ma is the mass of an absorbing
particle; and T is the temperature of the medium. The
frequency ~n � 0 corresponds to the case when collisions
lead to a complete relaxation of the coherence ril (v)
(absence of the phase memory during collisions). In the
absence of collision relaxation of the coherence ril (v) (the
phase memory is preserved during collisions), the `depar-
ture' and `arrival' frequencies are equal real quantities [1]:

~v � v � vtr, (9)

where ntr is the mean transport frequency of elastic
collisions of active particles with buffer particles [11].
The quantity ntr is related to the diffusion coefécient D of
particles interacting with the radiation by the expression
D � v 2

T=(2ntr) [12], where vT is the most probable velocity of
the absorbing particles.

Because the probe éeld is weak, we can assume that the
matrix elements rll (v) and rij (v) (where i, j 6� l ) in Eqns (4)
are known and determined only by the action of the strong
éeld. We will assume below that there are no collision n$ l
and p$ l transitions between the n, p and l levels. In this
case, all the atoms will be transferred to the l level under the
action of the strong éeld only. Therefore, it can be assumed
in (4) that

rll�v� � NW�v�, rij�v� � 0, ij � mm, kk, nm, pm,mk, nk, pk.

(10)

Taking (7), (8) and (10) into account, we obtain from the
system of equations (4)

l1�v�rml�v� � iGmmlNW�v� � iGmnrnl�v� � iGmprpl�v�,

l2�v�rkl�v� � iGmklNW�v� � iGknrnl�v� � iGkprpl�v�,
(11)

l3�v�rnl�v� � ~vrnlW�v� � iG �mnrml�v� � iG �knrkl�v�,

l4�v�rpl�v� � ~vrplW�v� � iG �mprml�v� � iG �kprkl�v�,

where

l1�v� �
Gm

2
� v1 ÿ i�Om ÿ kmv�; l2�v� � l1�v� � iokm;

l3�v� � vÿ i�Om ÿ Oÿ qv�; l4�v� � l3�v� ÿ ionp.
(12)

According to the general rules, the probability Pm of
absorption of the probe éeld at a frequency om (number of
events of absorption of radiation per unit time per absorb-
ing atom) is determined by the expression

Pm � ÿ
2

N
Re�iG �mmlrml � iG �mklrkl�, (13)

ril �
�
ril�v�dv, i � m, k.

Thus, in accordance with the problem formulated here, we
must énd the quantities rml and rkl from the system of
equations (11).

According to [8], the narrow resonances in the probe-
éeld absorption wing should appear in the vicinity of the
detunings of the probe-éeld frequency Om � O and Om �
Oÿ onp. In these detuning regions, the calculation of the
probability Pm of the probe éeld absorption is considerably
simpliéed because we can assume that rpl (v) � 0 in the
system of equations (11) if Pm is calculated in the vicinity of
Om � O, or rnl (v) � 0 if Pm is calculated in the vicinity of
Om � Oÿ onp. Indeed, by integrating the last two equations
in (11) with respect to velocities for q � 0 and taking into
account that Gmn � Gmp � Gkn � Gkp, we obtain the
approximate relation between the matrix elements rpl
and rnl:

rpl
rnl
� vÿ ~vÿ i�Om ÿ O�

vÿ ~vÿ i�Om ÿ O� o
np
� . (14)

If q 6� 0, we should supplement the numerator and
denominator on the right-hand side of (14) by a term of
the order of iqvT. Let us assume that the condition:

jvÿ ~vj, qvT 5onp (15)

is satiséed. Then, it follows from (14) that the relation
jrplj5 jrnlj is satiséed near the detuning of the probe éeld
frequency Om � O (for jOm ÿ Oj5onp), and, hence, the
matrix element rpl (v) in the system of equations can be
neglected in the description of the corresponding resonance
(i.e., the p level can be neglected). Near the detuning
Om � Oÿ onp (for jOm ÿ Oj5onp), the inverse relation
jrnlj5 jrplj is satiséed, and hence the matrix element rnl (v)
can be neglected in the system of equations (11) (the n level
can be neglected).
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By neglecting the matrix element rpl (v) in the system of
equations (11) (i.e., by neglecting the p level), we obtain the
expression:

Pm � 2Re
�jGmmlj2I2 � jGmklj2I3 �

�jGmmlj2jGknj2

� jGmklj2jGmnj2 ÿ 2Re�GmnG
�
knG

�
mmlGmkl�

�
Kÿ ~v

1ÿ ~vI1

��jGmnj2jGmmlj2J 2
2 � jGknj2jGmklj2J 2

1

� 2J1J2Re�GmnG
�
knG

�
mmlGmkl�

�	
(16)

for the probe-éeld absorption probability, where

I1 �
�
l1�v�l2�v�W�v�

D�v� dv; I2 �
�
l2�v�l3�v�W�v�

D�v� dv;

I3 �
�
l1�v�l3�v�W�v�

D�v� dv; K �
�
W�v�
D�v� dv;

(17)

J1;2 �
�
l1;2�v�W�v�

D�v� dv;

D�v� � l1�v�l2�v�l3�v� � jGmnj2l2�v� � jGknj2l1�v�.

Expression (16) describes resonance in the probe éeld
spectrum in the vicinity of Om � O (near the probe éeld
frequency om � o). In the absence of one of the excited
levels (k or m), expression (16) coincides, as expected, with
the expression obtained in [8] for the probability of
absorption of a weak probe éeld by three-level L-system
atoms.

The resonance in the probe éeld spectrum in the vicinity
of Om � Oÿ onp (near the probe-éeld frequency om �
oÿ onp) is described by expressions (16), (17) by using
the replacements:

Gmn ! Gmp, Gkn ! Gkp, l3�v� ! l4�v�. (18)

The values of Gij and Gmij in (16) for particular objects
can be readily calculated from (5) and (6). For alkali metal
atoms with the nuclear spin I � 3=2 (7Li, 23Na, 39K, 41K and
87Rb atoms), I � 5=2 (85Rb atoms) and I � 7=2 (133Cs
atoms), expression (16) takes the form

Pm � 2jGmj2Re

�
I2 �

a1
3

I3 �
16a2
3
jGj2Kÿ ~vjGj2�J1 ÿ J2�2

1ÿ ~vI1

�
,

(19)

where

jGj2 � a3jhJejjdjjJgij2E 2
0

96�h 2
; jGmj2 �

a4jhJejjdjjJgij2E 2
0m

16�h 2
; (20)

and the integrals I1ÿ3, J1;2, and K are described by expres-
sions (17) for

D�v� � l1�v�l2�v�l3�v� � jGj2�l2�v� � 3a5l1�v��. (21)

Here, a1ÿ5 are numerical coefécients. For the 7Li, 23Na,
39K, 41K and 87Rb atoms, the coefécients a1ÿ5 � 1. For the

85Rb atoms, a1 � 3=5, a2 � 27=20, a3 � 4=9, a4 � 10=9,
a5 � 5=3. Finally, for 133Cs atoms, a1 � 3=7, a2 � 12=7,
a3 � 1=4, a4 � 7=6, a5 � 7=3.

Taking into account that the reduced matrix element
hJejjd jjJgi is related to the spontaneous decay rate Gm of the
excited 2Po

1=2 state by the expression [10]

Gm �
4o 3

eg

3�hc 3
jhJejjdjjJgij2

2Je � 1
(22)

where oeg is the transition frequency, it is convenient to
express jGj2 in (20) in terms of the constant Gm, the radi-
ation intensity I and the transition wavelength l:

jGj2 � a3l
3GmI

64p 2�hc
, I � cE 2

0

8p
. (23)

Expression (19) describes a resonance in the probe éeld
spectrum near the frequency om � o under condition (15),
which is always satiséed for copropagating waves at
moderate pressures of the buffer gas. The same expression
also describes resonance near the probe-éeld frequency
om � oÿ onp if we make the substitution O! Oÿ omp

in it, i.e., if O in (19) is the detuning of the strong-radiation
frequency relative to the mÿ p transition frequency. In this
case, the coefécients a1ÿ5 in (19) ë (21) remain unchanged for
all atoms except 85Rb and 133Cs, for which only the
coefécient a3 changes and should be set equal to 8/9 for
85Rb and 3/4 for 133Cs.

2.2 Spectral analysis of the probe éeld

Figure 2 shows the dependence of the absorption proba-
bility Pm of the probe éeld of the frequency detuning Om for
the 87Rb atoms (l � 7947:6

�
A, Gm � 0:34� 108 sÿ1, onp �

4:29� 1010 sÿ1, okm � 5:1� 109 sÿ1 [13]), 85Rb atoms
(onp � 1:91� 1010 sÿ1, okm � 2:28 � 109 sÿ1 [13]), and
133Cs atoms (l � 8943:5

�
A, Gm � 0:33� 108 sÿ1, onp �

5:78� 1010 sÿ1, okm � 7:34� 109 sÿ1 [13]) for copropagat-
ing strong and probe waves in the case of a large detuning
of the strong éeld frequency O (compared to the Doppler
linewidth kvT). It was assumed that the phase memory is
completely preserved during collisions at transitions bet-
ween the magnetic sublevels of the ground-state hyperéne
structure (~n � n). The absorption probability Pm in Figs 2 ë
6 is normalised to the absorption probability P0 of probe
radiation when its frequency is tuned to the centre of the
mÿ l transition line in the low-intensity limit of the strong
éeld. According to (19), we have

P0 � 2jGmj2Re

� �
1

l1�v�
� a1
3l2�v�

�
W �v�d�v�, (24)

where l1;2(v) are described by expressions (12) under the
condition Om ÿ Im n1 � 0 determining the centre of the
mÿ l transition line taking into account the collisional shift.
In the case of a noticeable separation of the absorption
lines at the mÿ l and kÿ l transitions (for okm02kmvT) and
the Doppler broadening [for G5 kmvT, where G is the
homogeneous half-width of the absorption line, see
expression (29) below], it follows from (24) that

P0 �
2
���
p
p jGmj2
kmvT

. (25)
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One can see from Fig. 2 that the probe éeld spectrum
consists of two broad resonances (with the Doppler width
kvT) located in the vicinity of Om � 0 and Om � okm, and the
ultranarrow resonance with a large amplitude located at the
far wing of the absorption line (in the vicinity of
Om � O4 kvT). The origin of the broad resonances can
be explained trivially: they are caused by absorption of the
probe radiation at the mÿ l and kÿ l transitions. The
ultranarrow resonance at the far wing of the absorption line
is not related to any real transitions in the atom. Its position
is determined by the frequency detuning and the strong-éeld
intensity. Analysis shows that for jOj, jOÿ okmj > kvT and
a moderate radiation intensity for which

jGj2 5 jOjokm; jOÿ okmjokm; jO�Oÿ okm�j, (26)

the ultranarrow resonance is located in the vicinity of

Om � O� jGj
2

O
� 3a5jGj2
Oÿ okm

. (27)

The érst term in the right-hand side of (27) is the main
term, while the next two terms, which are proportional to
the radiation intensity represent small corrections.

The half-width Gw of the resonance in the case of
copropagating waves (for q � 0) and for

jOj, jOÿ okmj03kvT, v 04
kmvTjGj2

O 2
,

kmvTjGj2
�Oÿ okm� 2

(28)

is described by the expression

Gw � G1 � g, (29)

where

G1 � �vÿ ~v� 0; g �
� jGj2
O 2
� 3a5jGj2
�Oÿ okm�2

�
G; G � Gm

2
� v 01.

(30)

Hereafter, the primed quantities in the text represent real
parts of complex numbers. The quantity G is the homoge-
neous half-width of the absorption line at the mÿ l and
kÿ l transitions, which is determined by the spontaneous
decay of the excited state and collisions between particles.

For a moderate radiation intensity [see (26)], the parameter
g is always small: g5G. The quantity G1 is always small
compared to G for low buffer gas pressures, and G1 � 0 at
any pressures if the phase memory is preserved during
collisions between the magnetic sublevels of the ground-
state hyperéne structure. Thus, the width of the resonance
may be much smaller than the natural absorption linewidth.
For example, for parameters I � 10ÿ3 W cmÿ2 and n=(kvT)
� 3� 10ÿ4 (see Fig. 2), the resonance linewidth 2Gw �
1 Hz, while for parameters I � 1 W cmÿ2 and n=(kvT) �
9� 10ÿ3 [see Fig. 3, curve ( 1 )], its value is � 3 kHz.

Collisions play an extremely important role in the
resonance formation in the absorption line wing. In the
absence of collisions, the resonance amplitude is always
small: the relative amplitude Pmax

m =P0 does not exceed a few
percent (here Pmax

m is the maximum value of Pm in the
vicinity of Om � O). Collisions which preserve the phase
memory at transitions between magnetic sublevels of the
ground-state hyperéne structure (~n � n) may increase the
resonance amplitude by a factor of kmvT=(

���
p
p

G)4 1. For
example, for parameters of 87Rb atoms corresponding to

a b c
Pm=P0 Pm=P0 Pm=P0

0 5 10 Om=�kmvT� ÿ2 0 2 4 Om=�kmvT� 0 5 10 Om=�kmvT�

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

Figure 2. Dependence of the absorption probability Pm for the probe éeld on the frequency detuning Om for (a) 87Rb, (b) 85Rb and (c) 133Cs atoms in
the case of copropagating strong and probe waves (q � 0) and in the absence of collisional relaxation of the coherence at transitions between the
magnetic sublevels of the ground-state hyperéne structure (~v � v) at T � 300 K, I � 10ÿ3 W cmÿ2, v1 � v, v=(kvT) � 3� 10ÿ4, O=�kvT� � 10 (a), 6 (b)
and 15 (c). The strong wave and the probe wave have mutually orthogonal (right- and left-hand) circular polarisations. The ultranarrow resonance
with a large amplitude appears in the vicinity of Om � O.
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Figure 3. Sensitivity of the dependence Pm�Om� in the vicinity of Om � O
to the degree of phase memory conservation during collisions for 87Rb
atoms, T � 300 K, I � 1 W cmÿ2, O=�kvT� � 10, v1 � v, v=�kvT��9�
10ÿ3, ~v � v ( 1 ), ~v 0=v 0 � 0:9999 ( 2 ) and 0.999 ( 3 ); Oshift=�kmvT� �
10.00121.
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Fig. 2a, the relative resonance amplitude Pmax
m =P0 � 1:25.

In the absence of collisions (for v � 0 and for unchanged
values of the remaining parameters T, I, O), the resonance
amplitude is smaller by a factor of 60: Pmax

m =P0 � 0:02.
Collisions start affecting the amplitude and width of the

resonance at frequencies

v 00
kmvTjGj2

O 2
,

kmvTjGj2
�Oÿ okm� 2

. (31)

In the case of the Doppler broadening of the absorption
line ( kmvT 4G ), which we consider here, expression (31)
means that n 04 g. For éxed values of the intensity and
detuning of the strong-éeld frequency (for a éxed value of
g), the amplitude of the resonance is inversely proportional
to its width:

Pmax
m / Gÿ1w � ��vÿ ~v� 0 � g�ÿ1. (32)

This means that for

1ÿ ~v 0

v 0
9

g
v 0

(33)

the resonance amplitude is close to its maximum value,
which is achieved when the phase memory is completely
preserved (for ~n � n � ntr).

For alkali metal atoms in an atmosphere of inert buffer
gases, the cross sections for collision transitions between
magnetic sublevels of the ground-state hyperéne structure
are 6 ë 10 orders of magnitude smaller than the gas-kinetic
cross sections [14]. Therefore, we can expect for these objects
a high degree of conservation of the phase memory during
collisions, such that 1ÿ ~n 0=n 0910ÿ6. For such an extent of
the phase-memory conservation, the resonance amplitude is
almost always close to its maximum value, which is achieved
for a complete conservation of the phase memory.

Figure 3 shows the sensitivity of the resonance ampli-
tude to the degree of phase memory conservation. The
resonance amplitude is close to its maximum value for
~n 0=n 0 � 0:9999 [see curves ( 1 ) and ( 2 ) in Fig. 3].

The resonance amplitude in the line wing depends
nonmonotonically on the collision frequency. Figure 4
shows the dependence of the resonance amplitude on the
collision frequency in the case of phase memory conserva-
tion (~n � n). The resonance amplitude increases at érst with
v and achieves its maximum value for a certain value of the
collision frequency [n=(kvT) � 9� 10ÿ3], after which it starts
decreasing with increasing v. The value of v (and hence of
the buffer gas pressure) for which the maximum of v is
achieved depends on the radiation intensity and is the
smaller, the lower the intensity. For example, the resonance
amplitude for I � 10ÿ3 W cmÿ2 achieves its maximum for
n=(kvT) � 3� 10ÿ4 (these are the starting parameters for
Fig. 2), while for I � 1 W cmÿ2 the maximum is achieved
for n=(kvT) � 9� 10ÿ3 (see Fig. 4).

Figure 5 shows the dependence of the relative resonance
amplitude Pmax

m =P0 on the detuning O of the strong éeld
frequency for two values of its intensity I (10ÿ3 and
1 W cmÿ2). For each value of I, the collision frequency
is chosen in such a way that the resonance amplitude has its
maximum. One can see from Fig. 5 that the resonance
amplitude decreases with increasing the strong-éeld inten-
sity. This dependence is quite weak (as the intensity is

increased by three orders of magnitude, the resonance
amplitude decreases only by several times). As the frequency
detuning increases, the resonance amplitude érst increases
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m =P0
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0.3
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Figure 4. Dependence of the resonance amplitude for 87Rb atoms at the
wing of the resonance curve on the collision frequency in the case of
phase memory conservation during collisions at transitions between the
magnetic sublevels of the ground-state hyperéne structure (~v � v � vtr),
T � 300 K, I � 1 W cmÿ2, O=�kvT� � 10, v1 � v.
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Figure 5. Dependence of the resonance amplitude in the vicinity of
Om � O on the strong éeld frequency detuning in the case of phase
memory conservation during collisions at transitions between the mag-
netic sublevels of the ground state hyperéne structure (~v � v � vtr),
T � 300 K, v1 � v for 87Rb ( 1 , 2 ) and 133Cs atoms ( 3, 4 ) for I �
10ÿ3 W cmÿ2, v=�kvT� � 3� 10ÿ4 ( 1, 3 ), I � 1 W cmÿ2, v=�kvT� � 9�
10ÿ3 ( 2 ), and I � 1 W cmÿ2, v=�kvT� � 2� 10ÿ2 ( 4 ) (a), as well as for
85Rb atoms for I � 10ÿ3 W cmÿ2,v=�kvT� � 3� 10ÿ4 ( 1 ) and I �
1 W cmÿ2, v=�kvT� � 6� 10ÿ3 ( 2 ) (b).
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and achieves its maximum for a certain O (O � (6� 7)kvT
for 87Rb atoms, O � (9� 10)kvT for 133Cs atoms, and O �
(4� 5)kvT for 85Rb atoms). Then, the resonance amplitude
decreases with increasing O.

Analysis shows that for a large-amplitude resonance
(Pmax

m =P0 � 1) to appear in the line wing, the absorption
lines at the mÿ l and kÿ l transitions should be well-
separated, i.e., the spacing between the excited-state
hyperéne components should be larger than, or of the
order of, the Doppler broadening of the line:

okm 0 kmvT. (34)

For okm 5 kmvT, the resonance amplitude is always small,
i.e. Pmax

m =P0 5 1. In the limiting case okm � 0, the reso-
nance is altogether absent. This circumstance is also
responsible for a decrease in the resonance amplitude
with increasing O (see Fig. 5): for large detunings O com-
pared to the frequency okm, the hyperéne splitting is
manifested weakly. It follows hence that among the alkali
metal atoms, the most suitable objects for observing
ultranarrow resonance in the absorption line wing are
the 85Rb, 87Rb and 133Cs atoms, which have a large
hyperéne splitting in an excited state. For these atoms, the
parameter okm � (kmvT)

ÿ1 for T � 300 K is equal to 1.19,
2.69 and 5.39, respectively. For 23Na atoms at T � 300 K,
this parameter is quite small [okm=(kmvT) � 0:24] and hence
their resonance amplitude is also small [Pmax

m =P0 � 0:01 for
the same values of parameters as for 87Rb atoms (see
Fig. 2a)].

2.3 Application of a magnetic éeld
for recording a resonance in the case of identical
frequencies of the strong and probe-éeld waves

Expression (19) for the absorption probability of the probe
éeld can be easily generalised to the case of atoms located
in a magnetic éeld. For this purpose, it is sufécient to take
into account the atomic level shifts in a magnetic éeld.

Let the atoms be located in a magnetic éeld B whose
direction coincides with the direction of propagation of the
strong and probe radiation. An atom in the jJIFMi state
acquires the additional energy in the external magnetic éeld
[10]

DE � mBgFBM,

gF � gJ
F �F� 1� � J �J� 1� ÿ I �I� 1�

2F �F� 1� , (35)

gJ � 1� J �J� 1� ÿ L �L� 1� � S �S� 1�
2J �J� 1� ,

where mB is the Bohr magneton; L and S are the total
orbital angular momentum and the total spin of the
electrons, respectively. According to (35), we obtain the
following expressions for the frequencies oij (B) of the iÿ j
transitions in a magnetic éeld:

omn�B� � omn ÿ
a2
6

mBB
�h

, oml�B� � oml ÿ
7a3
6

mBB
�h

,

okm�B� � okm �
a1
3

mBB
�h

,

(36)

where oij is the iÿ j transition frequency in the absence of a
magnetic éeld, and a1ÿ3 are numerical coefécients. For
alkali metal atoms with the nuclear spin I � 3=2 (7Li, 23Na,
39K, 41K and 87Rb atoms), a1ÿ3 � 1. For 85Rb atoms with
I � 5=2, a1 � 4=3, a2 � 10=3, a3 � 22=21. For 133Cs atoms
(I � 7=2), a1 � 3=2, a2 � 9=2, and a3 � 15=14. Therefore,
the resonance near Om � O in the presence of a magnetic
éeld can be described by making substitutions:

O! O�B�, Om ! Om�B�, okm ! okm�B� (37)

for l1ÿ3(v) in (12), where

O�B� � oÿ omn�B� � O� a2
6

mBB
�h

,

Om�B� � om ÿ o
ml
�B� � Om �

7a3
6

mBB
�h

, (38)

Om�B� ÿ O�B� � om ÿ o� �7a3 ÿ a2�
mBB
6�h

.

Thus, the resonance we are interested in can be recorded by
changing the magnetic éeld for éxed radiation frequencies.
The difference in the detunings of the probe and strong
éelds depends linearly on the magnetic éeld strength.
Therefore, a change in the magnetic éeld is equivalent to a
change in the probe éeld frequency.

It is convenient to use the magnetic éeld for recording a
resonance in the case of identical frequencies of the strong
and probe waves (for om � o or, which is the same, for
Om � O). It is also important that mutually correlated strong
and probe waves with the same frequency can be easily
obtained from one laser. In fact, it is necessary for this
purpose that the radiation would have elliptic polarisation,
close to circular polarisation. Indeed, such radiation can be
represented as a superposition of the strong and weak light
waves with mutually orthogonal circular polarisations. In
this case, the weak-wave intensity will be determined by the
extent of deviation of radiation polarisation from circular
polarisation: the closer polarisation to circular polarisation,
the lower the intensity of the probe wave.

Let us determine the magnetic éeld Bres near which a
resonance appears in the probe wave radiation spectrum in
the case of identical frequencies of the strong and probe
waves. By using substitution (37) for Om � O, we obtain
from (27), within small corrections of the order of
mBB=(�hjOj)5 1 and mBB=(�hjOÿ okmj)5 1, the expressions

Bres �
�h

mB

� jGj2
jOj �

3jGj2
jOÿ okmj

�
( 87Rb atoms),

Bres �
3�h

2mB

� jGj2
jOj �

5jGj2
jOÿ okmj

�
( 85Rb atoms), (39)

Bres �
2�h

mB

� jGj2
jOj �

7jGj2
jOÿ okmj

�
( 133Cs atoms).

The value of Bres is proportional to the radiation intensity
and is nearly inversely proportional to the detuning O.

The width DB of the resonance (in Gauss) is described by
the expressions
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DB � 2�hGw

mB
( 87Rb atoms),

DB � 3�hGw

mB
( 85Rb atoms), (40)

DB � 4�hGw

mB
( 133Cs atoms),

where Gw is the resonance half-width in sÿ1 [see (29)]. If the
phase memory is preserved during collisions at transitions
between the magnetic sublevels of the ground-state
hyperéne structure or for low buffer gas pressures (when
the relation G1 5 g is satiséed, so that Gw � g), the
resonance width DB, like the magnetic éeld Bres, is pro-
portional to the strong-radiation intensity.

Figure 6 shows the dependence of the absorption prob-
ability of the probe radiation on the magnetic éeld for the
87Rb atoms for exactly equal frequencies of the strong and
probe radiation [calculated from (19) taking substitution
(37) into account]. For parameters I � 1 W cmÿ2, and
O=(kvT) � 10, the resonance appears in the magnetic éeld
Bres � 264 mG, and the resonance width is DB � 1:9 mG.

2.4 Case of orthogonally intersecting waves

Under certain conditions, the resonance with a large amp-
litude at the wing of the absorption line may be observed
for any alkali metal atoms. Consider the scheme of
interaction of atoms with radiation in Fig. 7. Let us
assume that a strong wave and a probe wave, which are
resonant to the 2S1=2ÿ 2Po

1=2 transition, intersect at a right
angle (km ? k). The strong wave has a right-hand circular
polarisation, while the probe wave has a linear polarisation
parallel to the propagation direction of the strong radiation
(Emjjk). Under the action of the strong right-hand polarised
éeld alone, all the atoms will occupy the ground-state
M � 2 sublevel of the hyperéne component with Fg � 2
(this sublevel is indicated by the letter l in Fig. 7; the
quantisation axis is chosen along the direction of the wave

vector k of strong radiation). For the linearly polarised
probe éeld, only the jFg � 2, M � 2i ! jFe � 2, M � 2i
transitions which cause a weak depopulation of the l level
(the l! m transitions in Fig. 7), should be taken into
account. Therefore, the probability of absorption of the
probe éeld by the atoms can be determined by considering
the interaction of radiation with a subsystem of four
sublevels, l, m, n and p (these sublevels are indicated in bold
in Fig. 7).

The narrow resonance in the line wing near the detuning
frequency of the probe éeld Om � O (or Om � Oÿ onp) can
be described by considering the interaction of radiation with
the three-level L-scheme nÿmÿ l (or the L-scheme
pÿmÿ l ). Thus, the expressions obtained earlier in [8]
are fully applicable for calculating the probe éeld spectrum
in this case.

A drawback of this interaction scheme is that the overlap
region of orthogonally intersecting waves is small. In
addition, because the modulus of the difference in the
wave vectors is not small (q � k for km ? k), the resonance
can be observed only at high buffer gas pressures so that
n 04 (qvT) [8]. Atomic beams can also be used for recording
resonance in such an interaction scheme. In this case, the
strong wave and the probe wave should be orthogonal to the
atomic beam.

3. Samarium atoms

Another promising object for observing the anomalous
absorption of light under nonresonance conditions is
samarium atoms. Samarium has several stable isotopes
with the zero nuclear spin I � 0: 152Sm (natural abundance
26.7%), 154Sm (22.7%), 148Sm (11.3%), 150Sm (7.4%), and
144Sm (3.1%). The analysis of anomalous absorption of
light for these isotopes is simpliéed because they do not
have a hyperéne structure of levels. We will consider below
just these isotopes of Sm.

3.1 The Jg � 1! Je � 0 transition

The 4f 6 6s 2(7F) ground energy level of Sm consists of seven
éne-structure levels with the total electron moment Jg �
0 ë 6 [15]. The Jg � 1 level has an energy of 292.58 cmÿ1
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mG
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Figure 6. Dependence of the absorption probability of probe radiation
on magnetic éeld for 87Rb atoms for an exact equality of strong and
probe éeld radiation frequencies (om � o or, which is the same, Om � O)
in the case of phase memory conservation during collisions at transitions
between the magnetic sublevels of the ground state hyperéne structure
(~v � v � vtr), T � 300 K, I � 1 W cmÿ2, O=�kvT� � 10, v1 � v, v=�kvT�
� 9� 10ÿ3.
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Figure 7. Energy level diagram of alkali metal atoms 7Li, 23Na, 39K, 41K,
87Rb (nuclear spin I � 3=2) for the 2S1=2 ÿ 2P

o

1=2
transition (D1 line). The

strong and probe waves intersect at a right angle (km ? k). The strong
wave has right-hand circular polarisation. The probe wave has linear
polarisation, parallel to the direction of propagation of strong radiation
(Emjjk). The quantisation axis is chosen along the direction of propaga-
tion of strong radiation.
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[15]. Consider the Jg � 1! Je � 0 transition in samarium
atoms between the lowest 4f 6 6s2(7F1) level (with the energy
292.58 cmÿ1 and Jg � 1) and the excited level with the total
electron angular momentum Je � 0. Table 1 shows the
wavelengths of some transitions. Suppose that a strong
wave and a probe wave, which are resonant to the above
transition, have mutually orthogonal linear polarisations.
Figure 8 shows the scheme of transitions caused by the
strong and probe éelds (the quantisation axis z is chosen
along the vector E of the strong éeld). In this case, two L-
schemes, nÿmÿ k and nÿmÿ l; can be distinguished.

Let the atoms be located in a mixture with the buffer gas
in a magnetic éeld B, whose direction coincides with the
strong-éeld vector E. An atom in the state jJMi acquires the
additional energy DE � mBgJBM in the external magnetic
éeld. According to this expression, we obtain the expres-
sions:

okn�B� � onl�B� �
okl�B�

2
� 3mBB

2�h
(41)

for the frequencies of kÿ n, nÿ l and kÿ l transitions in a
magnetic éeld.

The polarisation of the medium at the probe éeld
frequency is determined by the density matrix elements
rml(v) and rmk(v). They can be found from the system of
kinetic equations (resonance approximation, steady-state
and spatially homogeneous conditions):�

Gm

2
ÿ i�Om ÿ o

nl
�B� ÿ kmv�

�
rml�v� � S�rml�v��

� iGrnl�v� � iGmml�rll�v� ÿ rmm�v�� � iGmmkrkl�v�,�
Gm

2
ÿ i�Om � o

kn
�B� ÿ kmv�

�
rmk�v� � S�rmk�v���

� iGrnk�v� � iGmmk�rkk�v� ÿ rmm�v�� � iGmmlr
�
kl�v�,

i�qv� Oÿ Om � o
nl
�B��rnl�v�

(42)

� S�rnl�v�� � iG �rml�v� ÿ iGmmlrnm�v�,

i�qv� Oÿ Om ÿ o
kn
�B��rnk�v�

� S�rnk�v�� � iG �rmk�v� ÿ iGmmkrnm�v�,

where

O � oÿ omn; Om � om ÿ o
mn
; q � km ÿ k;

(43)

G � E0

2�h
hmjd0jni; Gmmj �

E0m

2�h

i���
2
p hmjdÿ1 � d�1jji; j � k, l;

Gm is the rate of spontaneous decay of the excited level m;
omn is the frequency of the mÿ n transition; and hijdsj ji
are the matrix elements of the cyclic component ds of the
dipole moment for the j ji � jJg, Mgi ! jii � jJe, Mei tran-
sition. They are expressed in terms of the reduced matrix
element of the dipole moment according to the Wigner ë
Eckart theorem [9, 10]:

hJe;MejdsjJg;Mgi � �ÿ1�JeÿMehJejjd jjJgi

� Je 1 Jg
ÿMe s Mg

� �
. (44)

For the collision integrals in (42), we will use expressions
analogous to (7) and (8):

S�rmi�v�� � ÿv1rmi�v�,
(45)

S�rni�v�� � ÿvrni�v� � ~vrniW �v�, i � k, l.

The collision integrals S(rni(v)) take into account the
possibility of preserving coherence in collisions at tran-
sitions between the magnetic sublevels of the ground-state
éne structure of samarium (~n � n corresponds to complete
conservation of coherence). These sublevels are weakly
sensitive to atomic collisions because they are reliably
screened by the outer closed shell 6s2 [16].

We assume below that there are no collision transitions
n$ k and n$ l between the n, k and l levels. In this case,
all the atoms will undergo transitions to the k and l levels
under the action of the strong éeld only. Therefore, because
the probe éeld is weak, we can assume in (42) that

rkk�v� � rll�v� �
N1

2
W �v�,

(46)

rmm�v� � rkl�v� � rnm�v� � 0,

where N1 is the equilibrium concentration of the absorbing
particles at the lower Jg � 1 level.

Taking (45) and (46) into account, we obtain from the
system of equations (42)

l1�v�rml�v� � iGmml

N1

2
W �v� � iGrnl�v�,

Table 1. Wavelengths of the Jg � 1! Je � 0 transitions in samarium
atoms between the lower 4f 6 6s 2�7F1� level (with energy 292.58 cmÿ1)
and the excited levels indicated in the table (from [15]).

Excited level Wavelength in air
�

�A

4f 6�7F�6s 6p�3Po�7Fo
0 4596.8

4f 5�6Ho�5d 6s 2�7Fo
0 � 5549.0

4f 6�7F�6s 6p�1Po�7Fo
0 5706.8

4f 6�7F�6s 6p�3Po�5Do
0 6536.9

4f 6�7F�6s 6p�3Po�9Go
0 7403.3

m

M � ÿ1 0 1
l n k

Em EmE

Je � 0

Jg � 1

M � 0

4f 6 6s2�7F1�

Figure 8. Energy level diagram of samarium atoms (isotopes with the
zero nuclear spin) for the Jg � 1! Je � 0 transition. The strong (E ) and
probe (Em) waves have mutually orthogonal linear polarisations. The
quantisation axis is chosen along the direction of the strong éeld vector
E, and the linear polarisation of the probe wave is presented as a
superposition of two independent states with circular polarisations.
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l2�v�rnl�v� � ~vrnlW �v� � iG �rml�v�,
(47)

l3�v�rmk�v� � iGmmk

N1

2
W �v� � iGrnk�v�,

l4�v�rnk�v� � ~vrnkW �v� � iG �rmk�v�,

where

l1�v� �
Gm

2
� v1 ÿ i�Om ÿ o

nl
�B� ÿ kmv�;

l2�v� � v� i�qv� Oÿ Om � onl�B��; (48)

l3�v� � l1�v� ÿ 2ionl�B�; l4�v� � l2�v� ÿ 2ionl�B�.

The érst and second pairs of equations in (47) form
independent closed subsystems of equations. The érst pair
of equations describes the interaction of radiation with the
three-level L-scheme nÿmÿ l, the second one ë with the
three-level L-scheme (nÿmÿ k).

The probability Pm of absorption of the probe éeld at the
frequency om obtained from the system of equations (47) has
the form

Pm � ÿ
2

N
Re
ÿ
iG �mmlrml � iG �mmkrmk

� � N1

N
�Pml � Pmk�, (49)

Pml � jGmj2Re

�
I2 ÿ

~vjGj2J 2
1

1ÿ ~vI1

�
,

Pmk � jGmj2Re

�
I4 ÿ

~vjGj2J 2
2

1ÿ ~vI3

�
,

where

jGj2 � jhJejjdjjJgij
2E 2

0

12�h 2
� l3GmI

16p 2�hc
; jGmj2 �

jhJejjdjjJgij2E 2
0m

24�h 2
;

(50)

J1 �
�

W �v�dv
l1�v�l2�v� � jGj2

; I1;2 �
�

l1;2�v�W �v�dv
l1�v�l2�v� � jGj2

;

(51)

J2 �
�

W �v�dv
l3�v�l4�v� � jGj2

; I3;4 �
�

l3;4�v�W �v�dv
l3�v�l4�v� � jGj2

.

The quantity Pmi is the probability of absorption of probe
radiation by three-level particles with the L-scheme of levels
nÿmÿ i (i � k, l ). Expression (49) for Pmi exactly coin-
cides with the corresponding expression for the three-level
L-scheme which was analysed in detail in [8].

Expression (49) for the probability Pm of absorption of
the probe éeld takes a simple form in the case of the
Doppler broadening for a large detuning of the strong
radiation frequency,

jOj4 kmvT 4G (52)

[G is the homogeneous half-width of the absorption line at
the Jg � 1! Je � 0 transition in samarium atoms, des-
cribed by expression (30)], and for a moderate pressure of
the buffer gas, such that the collision frequency satisées the
condition

v 04 qvT,
jGj2
jOj . (53)

In this case, the probability of probe-éeld absorption
obtained form (49) has the form (see also [8]):

Pm �
N1

N

jGmj2
G

�
2
���
p
p

G
kmvT

exp

�
ÿ
�
Om � jGj2=O

kmvT

�2 �

� �G1 � g�g
�G1 � g�2 � �Om ÿ o

nl
�B� ÿ Oÿ jGj2=O�2

� �G1 � g�g
�G1 � g�2 � �Om � o

nl
�B� ÿ Oÿ jGj2=O�2

�
, (54)

where

g � jGj
2G

O 2
; G1 � �vÿ ~v�0 � �qvT�

2

2v 0
. (55)

According to (54), the probe-éeld spectrum consists of a
Doppler contour with the half-width kmvT, located near the
line centre (in the vicinity of Om � ÿjGj2=O) and two
Lorentzian contours with the same half-width Gw � G1 � g
located at the far wing of the line [in the vicinity of
Om � O� jGj2=O� onl (B)]. The spacing between the
Lorentzian contours is equal to 2onl(B) � okl (B). In the
absence of a magnetic éeld, these contours merge and a
single unsplit Lorentzian contour with doubled amplitude
appears in the wing of the line. The ratio of the amplitude
of the split resonance in the far wing of the line to the
resonance amplitude near the line centre is

A � kmvT
2
���
p
p

G
g

G1 � g
(56)

and may be much larger than unity.
The resonance can be conveniently recorded by using the

correlated strong wave and probe wave with identical
frequencies (from the same laser). In this case, the reso-
nance is recorded by varying the magnetic éeld. The
magnetic éeld Bres near which the resonance appears,
and the resonance width DB (the interval of values of B
in which the resonance amplitude decreases by half) are
described by the expressions

Bres �
2�hjGj2
3mBjOj

, DB � 4�hGw

3mB
. (57)

Figure 9 shows the dependence of the probe radiation
absorption probability on the magnetic éeld strength for
samarium atoms with the nuclear spin I � 0 for an exact
equality of the frequencies of the strong and probe
radiation. Calculations were performed for the 7F1 ! 7F

o

0

transition at 5706:8
�
A, while the rate of spontaneous decay

of the excited level Gm was set equal to 2:9� 106 sÿ1 [17].
According to the data obtained in [18], the degree of
conservation of the phase memory ~v 0=v 0 in collisions at
the transitions between the magnetic sublevels of the ground
state was set equal to 0.997 (the impact broadening of the
lines caused by transitions between the ground-state éne-
structure levels of samarium is 300 times weaker than the
impact broadening of conventional resolved lines). The
values of Pm were measured in units of P0, which is the
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probability of absorption of probe radiation tuned at the
transition-line centre in the limit of a low intensity of the
strong éeld [in the case of the Doppler broadening, the value
of P0 is determined by (25) taking the factor N1=N into
account]. For I � 1 W cmÿ2, O=(kvT) � 5, and v 0=(kvT) �
8� 10ÿ5 (Fig. 9), the resonance in the line wing appears in
the magnetic éeld Bres � 5:9 mG, the resonance width is
DB � 0:2 mG, and the resonance amplitude is appro-
ximately 3.5 times (Pmax

m =P0 ' 3:5) larger than the
amplitude of the broad resonance (with the Doppler width)
near the line centre.

Figure 10 shows the dependence of the resonance
amplitude on the collision frequency. At érst, the resonance
amplitude increases with v 0 and achieves its maximum for
the collision frequency v 0=(kvT) � 8� 10ÿ5. This collision
frequency corresponds to a buffer gas pressure of the order
of 0.1 Torr. Then, the resonance amplitude decreases with
increasing v 0. Such a dependence of Pmax

m on v 0 is quite
understandable. Indeed, according to [8], the relative ampli-
tude Pmax

m =P0 of the resonance must be equal to 1/2 in
the absence of collisions (for a three-level L-scheme,
Pmax
m =P0 � 1 in the absence of collisions [8], while in our

case the resonance amplitude decreases by half due to
splitting). As the collision frequency increases, the reso-
nance amplitude increases due to the Dicke effect of

collisional narrowing, which is manifested strongly for
collision frequencies that are several orders of magnitude
lower than the Doppler width [8]. Then, the resonance
amplitude decreases with increasing v 0 in accordance with
(56) (due to the presence of G in the denominator). A
further decrease in the amplitude is caused by a partial
phase memory and is manifested at (nÿ ~n)0 > g.

3.2 The Jg � 1! Je � 1 transition

An ultranarrow resonance with a large amplitude in the
wing of the absorption line can also be observed in sama-
rium atoms at the Jg � 1! Je � 1 transition between the
lower 4f 6 6s2(7F1) level and the excited level with the total
electron angular momentum Je � 1. The wavelengths of
some transitions are presented in Table 2. Let us assume
that a strong wave and a probe wave, which are resonant to
this transition, have mutually orthogonal (right- and left-
hand) circular polarisations. Figure 11 shows the scheme of
transitions caused by these waves. Under the action of the
strong right-hand polarised éeld, only one M � 1 sublevel
at the lower Jg � 1 level will be populated (this sublevel is
indicated by the letter l in Fig. 11). When the left-hand
polarised probe éeld is switched on, only the
jJg � 1, M � 1i ! jJe � 1;M � 0i transition which weakly
depopulates the l level should be taken into account. As a
result, only one L-scheme of the nÿmÿ l levels is selected
(these levels are indicated in bold in Fig. 11).

Thus, the expressions obtained earlier in [8] are fully
applicable for calculating the probe éeld spectrum in this
case.

4. Conclusions

We have studied theoretically the spectrum of absorption of
a weak probe éeld (in the presence of a strong éeld) by
various atoms. It has been shown that if the L-schemes of

5.7 5.8 5.9 6.0 B
�
mG

0

1

2

3

Pm=P0

Figure 9. Dependence of the absorption probability of probe radiation
on the magnetic éeld for samarium atoms with the zero nuclear spin in
the case of copropagating waves (q � 0) for the strong and probe waves
with exactly equal frequencies, T � 600 K, I � 1 W cmÿ2, O�kvT�ÿ1 � 5,
v1 � v, v 0=�kvT� � 8� 10ÿ5, ~v 0=v 0 � 0:997.

10ÿ7 10ÿ6 10ÿ5 10ÿ4 v 0=�kvT�
0

1

2

3

Pmax
m =P0

Figure 10. Dependence of the resonance amplitude in the wing of the
absorption line for samarium atoms on the collision frequency. The
parameters are the same as in Fig. 9.

Table 2. Wavelengths of the Jg � 1! Je � 0 transitions in samarium
atoms between the lower 4f 6 6s 2�7F1� level (with energy 292.58 cmÿ1)
and the excited levels indicated in the table (from [15]).

Excited level Wavelength in air
�

�A

4f 6�7F�6s 6p�3Po�7Fo
1 4539.9

4f 5�6Ho�5d 6s 2�7Fo
1 � 5498.2

4f 6�7F�6s 6p�1Po�7Do
1 6096.6

4f 6�7F�6s 6p�1Po�7Go
1 6509.5

4f 6�7F�6s 6p�3Po�9Fo
1 6861.0

4f 6�7F�6s 6p�3Po�9Go
1 7293.6

m
M � ÿ1 0 1

0 1

E Em

n l Jg � 1

Je � 1

M � ÿ1
4f 6 6s2�7F1�

s� sÿ

Figure 11. Energy level diagram of samarium atoms (isotopes with the
zero nuclear spin) for the Jg � 1! Je � 1 transition. The strong (E ) and
probe (Em) waves which are resonant to this transition, have mutually
orthogonal (right- s� and left-hand sÿ) circular polarisations and
propagate in the same direction. The quantisation axis is chosen along
the direction of radiation propagation.
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levels are singled out during the interaction of strong and
probe éelds with the atoms, an ultranarrow resonance with
a large amplitude comparable with the amplitude of the
broad resonance (with the Doppler width) can appear near
the line centre in the far wing of the absorption line of the
probe éeld (anomalous absorption of light under non-
resonance conditions). The ultranarrow resonance in the
line wing is not related to any real transitions in the atom,
and its position is determined by the frequency detuning
and the intensity of the strong éeld.

The most promising objects for observing the anomalous
absorption of light under nonresonance conditions are the
rubidium atoms 87Rb, cesium atoms 133Cs, and even iso-
topes of samarium with the zero nuclear spin. For rubidium
and cesium atoms, the strong and probe waves which are
resonant to the 2S1=2 ÿ 2Po

1=2 transition should have mutu-
ally orthogonal (left- and right-hand) circular polarisations.
During absorption of light at the Jg � 1! Je � 1 transition
in samarium atoms, the strong wave and the probe wave
should have mutually orthogonal circular polarisations,
while in the case of absorption at the Jg � 1! Je � 0
transition, they should have mutually orthogonal linear
polarisations. The waves must propagate in the same
direction in all cases.

Collisions start affecting the amplitude and width of the
resonance for a very low collision frequency v 0cr determined
from condition (31). This critical frequency of collisions
depends on the strong-éeld intensity and its frequency
detuning. For I � 1 W cmÿ2 and jOj � 10kvT, the critical
frequency is v 0cr � 10ÿ5kvT, which corresponds to a buffer
gas pressure of the order of 10ÿ2 Torr.

The quantity ~n 0=n 0, characterising the degree of phase
memory conservation during collisions at the transitions
between the magnetic sublevels of the ground state of atoms,
is an important parameter. If the phase memory is not
preserved (~n � 0), collisions at n 0 > v 0cr will always suppress
the resonance, If, on the other hand, the phase memory is
preserved quite well during collisions (1ÿ ~n 0=n 05 1), the
resonance amplitude for n 0 > v 0cr increases with the collision
frequency (the resonance width decreases in this case), and
achieves its maximum at a certain frequency. That is why
inert gases should be used as the buffer gas. In an inert
buffer gas atmosphere, one can expect a high degree of
phase memory conservation during collisions for rubidium,
cesium and samarium atoms (1ÿ ~n 0=n 09 10ÿ6 for rubidium
and cesium [14], 1ÿ ~n 0=n 0 � 3� 10ÿ3 for samarium [18]).

A resonance can be recorded conveniently by using
correlated strong and probe waves with the same frequency
(from the same laser). In this case, the resonance can be
recorded by varying the magnetic éeld (magnetic scanning
technique). The magnetic éeld Bres near which the resonance
is observed and the resonance width DB depend on the
radiation intensity, frequency detuning, and collision fre-
quency [see expressions (39), (40) and (57)]. Weak magnetic
éelds Bres � 1ÿ 100 mG are required for recording the
resonance. The resonance width DB is two-three orders
of magnitude smaller than Bres.

The effect considered in this work can be used in
ultrahigh-resolution spectroscopy and in the problem of
precise measurements of the magnetic éeld strength.
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