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Anomalous absorption of light under nonresonance conditions

A.l. Parkhomenko, A.M. Shalagin

Abstract. The absorption spectrum of a weak probe field in
atomic vapours of rubidium, cesium and samarium in the
presence of a strong field is studied theoretically. It is shown
that away from resonance with an atomic transition, the
probe radiation may have an anomalously high absorption
coefficient (several times higher than the resonance value) in
an anomalously narrow spectral range. The ultranarrow
resonance in the probe-field 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-field
intensity. It is shown that for identical frequencies of the
strong and probe waves, the resonance can be recorded by
using weak magnetic fields. The effect can be applied in the
ultrahigh resolution spectroscopy and for precision measure-
ments of the magnetic field strength.

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

1. Introduction

The probe-field spectroscopy of three-level systems involves
the investigation of weak (probe) field absorption under
conditions when a high-intensity electromagnetic field acts
on another (adjoining) transition [1—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—7]) are manifested most clearly
in the three-level A-system with two closely spaced lower
levels optically coupled with the third, remote upper level.
It is this reason that the A-system is one of the most
actively investigated systems.

The absorption spectrum of a weak probe field by three-
level A-system atoms was studied in a strong field 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-
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frequency coherence at the transition between two lower
levels was considered (collisional relaxation could be absent
or, on the contrary, could be quite efficient). 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-
field 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-field spectrum were discovered in
[8] for an idealised three-level A-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 first alkali metal atoms. Figure 1 shows the ground
state and the first excited level of alkali metals with the
nuclear spin 7 = 3/2 (7Li, 23Na, 3QK, YK and ¥Rb atoms).
The °S, 52 ground state and the 2P1°/2 excited state have
hyperfine sublevels with total angular momenta F, = 1, 2
and F, = 1, 2, respectively. Each of the hyperfine levels is
degenerate in magnetic quantum numbers |M| < F.

Let us assume that the strong wave E and the weak
probe wave E, have mutually orthogonal circular polar-
isations (right-hand polarisation ¢ and left-hand pola-
risation ¢ ~) and are resonant to the 281/2 - 2P10/2 transition.
Under the action of the strong right-hand polarised field
alone, all the atoms will occupy the ground state at the
M =2 sublevel of the hyperfine component with F, =2
(this sublevel is indicated by the letter / in Fig. 1; the
quantisation axis z is chosen along the direction of radiation
propagation). For the left-hand polarised probe field E,,
only the |Fy=2,M=2) — |[F,=1,M=1) and |F, =2,
M =2) — |F, =2, M = 1) transitions, which weakly depo-
pulate the / level (the / — m and / — k transitions in the
notation of Fig. 1), should be taken into account. Therefore,
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Figure 1. Energy level diagram of alkali metal atoms "Li, 2*Na, K, *'K,

. o .. .
87Rb (nuclear spin I = 3/2) for the 251/2 - 2P1 transition (D, line). The
. /2 . ..
strong (E) and probe (E,) waves which are resonant to this transition,
have mutually orthogonal circular (right-hand o ¥ and left-hand ¢ ™)
polarisations and propagate in the same direction. The quantisation axis
is chosen along the direction of radiation propagation.

to determine the probability of absorption of the probe field
by the atoms, it is sufficient to consider the interaction of
radiation with a subsystem consisting of five sublevels /, m,
k, n and p (these sublevels are indicated in bold in Fig. 1).

Similar five-level diagrams can be also selected for other
alkali metal atoms (with an arbitrary nuclear spin) also. For
example, the levels /, m, k, n and p for '**Cs atoms (nuclear
spin I=7/2) correspond to the states |F, =4, M =4),
|Fe=3,M=3), |[F,=4 M=3), |F,=4, M=2) and
|F, =3, M = 2), respectively.

The selected system contains four A-level diagrams:
n—m-—I, n—k—1I p—m—1[ and p—k— [, 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 = ReEyeexp(ikr —iof), @))]
and a weak monochromatic polarised probe wave
E, = ReEy,e, exp(ik,r —iw,t), ?2)

Here, £y, w and Ey, w,, k, are the amplitudes, frequencies
and wave vectors of the corresponding waves;

e= Z ee,, e, = Z elﬂ")e,, 3)

o=0,+1 o=0,+1

are the unit (Je| = |e,| = 1) complex polarisation vectors of
the fields and ¢” and e,” are their contravariant com-
ponents in the cyclic basis {¢) =e¢., e.; = F (e, *¢,)/ V2}.
The absorbing particles are located in the mixture with the
buffer gas. Collisions between the absorbing particles are
neglected and the buffer gas concentration N, is assumed to
be much higher than the concentration N of the absorbing
gas. The atoms are described by the five-level diagram (the
I, m, k, n and p levels in Fig. 1).

The polarisation of the medium at the probe-field
frequency is determined by the elements p,,(v) and

pi (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]):

[% - i(Qu - k#v)] Pm(0) = S(p,(0)) + iGuml[p”(v)

- pmm(v)] + iGmn pnl(v) + iGmp ppl(v) - iGyklpmk(v)’

|:F7m - I(Q,u — W — kuv):| pkl(v) = S(pkl(v))
+1Glpy(v) — piy (V)] + Gy py (V)

+ inp ppl(v) - iGumlp/:;k(v)’ (4)

I(Q - Q,u + qv)pn/(v) = S(pnl(v)) + iG:m pml(v)

+1Glfn pk[(v) - iG,umlpnm(v) - iG;Lklpnk(v)’

I(Q - Q,u - wnp + qv)pp[(v) = S(ppl(v)) + iG:w pml(v)

+iG/:p pkl(v) - iG;un/ppm(v) - iGuklppk(v)’

where

Q:w_wmn; Q“:(,{)M—U)ml; qu,u_ka

5)
_k

%i =5

D (o Ey
Z (ild,|j)e'; Guijzz—;

=0, £1

Z <i|da\j>€,ia);

0=0,£1

p;:(v) is the velocity distribution of particles at the ith level
(i=1 m, k, n, p); S[p;(v)] are the collision integrals; I',, 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); w; is the i—j transition
frequency; and (i|d,|j) are the matrix elements of the cyclic
component d, of the dipole moment for the |j)=
[Jo, I, Fy, My) — |i) = |Jo, I, Fe, M) transition, which are
decribed by the expression [9, 10]

(Jeo I, Foy M |d,|J g, I, Gy, M) = (—1) HTHetFet FemMe

X (Je||d|| T [(2F. + 1)(2F, + 1)]'/?
F 1 F J., F. 1
e g e e .
X(_Me o Mg){Fg Iy 1}, (©)

a b ¢ 4144 b ¢

d e f) ™ Vd e 1
are the 3j and 6j symbols [9, 10]; J, and J, are the total
angular momenta of the electron shell of the atom in the
excited and ground state, respectively; M, and M, are the
projections of the total angular momenta F, and Fg; and
(Je|ld||J,) 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
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et =1 @ =¢V=0 (right-hand polarised strong
wave, 0 = +1) and e/ =1, e{” = ¢{") =0 (left-hand
polarised probe wave, ¢ = —1), for the components ¢ and

g

) 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 m — [ and k — [ transitions, but the collisional relaxation
of low-frequency coherences p,, (v) and p,, (v) is arbitrary
(can be absent or, on the contrary, can be efficient). For the
collision integrals S[p,,; (v)] and S[p;,; (v)] in (4), we use the
conventional approximation in this case [1, 3]:

(
eu

Slpa(v)] = —vipy(v), i=m, k, @)
where the ‘departure’ frequency v; 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 m — / and k — [ transitions have the
same impact parameters).

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

Slpa(v)] = —vpy(v) + Tpy W (v). pﬂsz,mv)dv, i=n,p,

®)
W (v)

_SXp [(—U/UT)Z} o — <2kBT)1/2
= 7(\/}51)7)3 , Up = M, >

where v and v are the ‘departure’ and ‘arrival’ frequencies
which are complex quantities in the general case (we can
assume that the m —/ and k — / transitions, and the n —/
and p — [ transitions also have the same collision param-
eters); W (v) is the Maxwell velocity distribution; kg is the
Boltzmann constant; M, is the mass of an absorbing
particle; and T is the temperature of the medium. The
frequency v =0 corresponds to the case when collisions
lead to a complete relaxation of the coherence p;(v)
(absence of the phase memory during collisions). In the
absence of collision relaxation of the coherence p; (v) (the
phase memory is preserved during collisions), the ‘depar-
ture’ and ‘arrival’ frequencies are equal real quantities [1]:

V=v="q, ©))

where v, is the mean transport frequency of elastic
collisions of active particles with buffer particles [11].
The quantity v, is related to the diffusion coefficient D of
particles interacting with the radiation by the expression
D= u%/(zvlr) [12], where v is the most probable velocity of
the absorbing particles.

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

pu(v) = NW(v), p;(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)

/11 (v)pml(v) = iGumlNW(v) + iGmnpnl(v) + iGmpppl(v)’

22(v)pk1(v) = iG,uk/NW(v) + innpnl(v) =+ inpppl(v)’
(1
/13(0),0,1[(0) = ﬁpanV(v) + iG;mpml(v) + iG;npk/(v)a

24(0)py (V) = Tpy W (V) +1Gp,p,,(0) +1Gr,p(v),

where

" Fﬂ? . .
A (v) = > + v = I(Qu - k,uv); Jo(0) = 21 (0) + iwy,;
(12)

3(0) =v—i(Q, — Q —quv); A4(v) = J3(v) — i,

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

2 C vk (7 *
P, = —— Re(iGumpm +1G Py (13)

N

Py = in,(v)dv, i=m, k.

Thus, in accordance with the problem formulated here, we
must find the quantities p,, and p;; from the system of
equations (11).

According to [8], the narrow resonances in the probe-
field absorption wing should appear in the vicinity of the
detunings of the probe-field frequency Q, ~ Q and Q, ~
Q — ,,. In these detuning regions, the calculation of the
probability P, of the probe field absorption is considerably
simplified because we can assume that p,(v) =0 in the
system of equations (11) if P, is calculated in the vicinity of
Q,~Q, or p,(v)=0if P, is calculated in the vicinity of
Q, = Q — w,,. Indeed, by integrating the last two equations
in (11) with respect to velocities for ¢ = 0 and taking into
account that G, ~ G, ~ Gy, ~ Gi,, we obtain the
approximate relation between the matrix elements p,,
and p,:

P =i —i(2, - Q)
pu V=T —i1(Q, - Q+w

(14

np)

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

v =7, qur <, (15)
is satisfied. Then, it follows from (14) that the relation
lpyl < |p,l is satisfied near the detuning of the probe field
frequency Q, ~ Q (for |2, — Q| < w,,), and, hence, the
matrix element p, (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
Q,~Q-w, (for |Q,—Q|<w,), the inverse relation
lpul < |p,l is satisfied, and hence the matrix element p,, (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 p,, (v) in the system of
equations (11) (i.e., by neglecting the p level), we obtain the
expression:

P/l = 2Re{|Guml‘212 + |G;tkl|213 + “Guml|2|Glm|2

* * v
+ |Guk1|2|Gmn|2 - 2Re(GmnGkrszmlGuk/)] K- 1_—1711
X [|Gmn‘2|Guml|2J22 + |Gkn|2|G,uk/|2J12
+ 2Jl JZ Re(Gmn G/jnG;:mlG,uklﬂ } (16)

for the probe-field absorption probability, where

= [AREOWE) 4 (W),
J D(v) JD(U) -
Jia —J) 2(Dv()£/( )dv,

v /13(0) + |Gmn‘2/12(v) + |Gkn|2j'1(v)'

Expression (16) describes resonance in the probe field
spectrum in the vicinity of Q, ~ @ (near the probe field
frequency w, ~ ). 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 field by three-level A-system
atoms.

The resonance in the probe field spectrum in the vicinity
of Q,~Q—w,, (near the probe-field frequency w, ~
® — w,,) is described by expressions (16), (17) by using
the replacements:

Gmn - Gmpa Gkn - G/cp’ )°3(v) - ;“4("’)' (18)

The values of G; and G,; in (16) for particular objects
can be readily calculated from (5) and (6). For alkali metal
atoms with the nuclear spin 7 = 3/2 (7Li, 23Na, 3QK, 4K and
$Rb atoms), 1=5/2 (Rb atoms) and I=7/2 (*¥Cs
atoms), expression (16) takes the form

2 2
P, =2|G,|’Re 1r2+—1;+16”2 6Pk -G = H)
3 I—VII
(19)
where
J.||d|| /s E} Je||d]||J, E}
6P~ GUWIPE] oo alWldl PR o

967° 164*
and the integrals /;_3, J),, and K are described by expres-
sions (17) for

D(v) = i (0)45(0)5(v) + |G [22(0) +3asiy (V)] (21)
Here, a;_s; are numerical coefficients. For the Li, 23Na,
YK, YK and *Rb atoms, the coefficients a;_s = 1. For the

B Rb atoms, a; =3/5, a, =27/20, a3 =4/9, ay =
as = 5/3. Finally, for *3Cs atoms, a; =3/7, a, =
ay = 1/4 ay = 7/6 as = 7/3

Taking into account that the reduced matrix element
(Je|ld HJ ) is related to the spontaneous decay rate I, of the
excited Pl J» state by the expression [10]

10/9,
12/7,

_ 40, |(Jelld]| o)
" 3hed 20, + 1

(22)

where g 1s the transition frequency, it is convenient to
express |G | in (20) in terms of the constant I,,, the radi-
ation intensity 7/ and the transition wavelength A:

a;i°T, I cEg

2
= = 23
1G] 64n2fic ’ 8w (23)

Expression (19) describes a resonance in the probe field
spectrum near the frequency w, ~ w under condition (15),
which is always satisfied for copropagating waves at
moderate pressures of the buffer gas. The same expression
also describes resonance near the probe-field frequency
Wy RO = Oy if we make the substitution Q — Q — w,,,
in it, i.e., if Q in (19) is the detuning of the strong-radiation
frequency relative to the m — p transition frequency. In this
case, the coefficients a;_s in (19)—(21) remain unchanged for
all atoms except “Rb and '**Cs, for which only the
coefficient a3 changes and should be set equal to §/9 for
$Rb and 3/4 for '3Cs.

2.2 Spectral analysis of the probe field

Figure 2 shows the dependence of the absorption proba-
bility P, of the probe field of the frequency detunmg Q, for
the “'Rb atoms (7 = 7947.6 A T,=034x100s" o
429 x 10 57!, w,, =5.1 x 10°'s! [13]), *Rb atoms
(@, =191 x 10" 57", @y, =228 x10° s~ [13]), and
133Cs atoms (/1_ 89435 A, I,=033x10°s"", o,, =
5.78 x 10" 571, WOp = 1.34 x 1 107 s7! [13]) for copropagat-
ing strong and probe waves in the case of a large detuning
of the strong field frequency Q (compared to the Doppler
linewidth kvy). It was assumed that the phase memory is
completely preserved during collisions at transitions bet-
ween the magnetic sublevels of the ground-state hyperfine
structure (v = v). The absorption probability P, in Figs 2—
6 is normalised to the absorption probability P, of probe
radiation when its frequency is tuned to the centre of the
m — [ transition line in the low-intensity limit of the strong
field. According to (19), we have

np =

Py = 2|Gﬂ|2ReJ [1 1 a (24)

) 3()

where /;,(v) are described by expressions (12) under the
condition ©, —Imv; =0 determining the centre of the
m — [ transition line taking into account the collisional shift.
In the case of a noticeable separation of the absorption
lines at the m — [/ and k — [ transitions (for wy,, 2 2k,vy) and
the Doppler broadening [for I' < k,vy, where I' is the
homogeneous half-width of the absorption line, see
expression (29) below], it follows from (24) that

[

2\/—|G|

For 25)

) —————
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Figure 2. Dependence of the absorption probability P, for the probe field on the frequency detuning Q, for (a) 87Rb, (b) ¥Rb and (c) '**Cs atoms in
the case of copropagating strong and probe waves (¢ = 0) and in the absence of collisional relaxation of the coherence at transitions between the
magnetic sublevels of the ground-state hyperfine structure (v = v) at T =300 K, 7= 107> W ecm™2, v, = v, v/(kvy) = 3 x 107, Q/(kvy) = 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 , =~ Q.

One can see from Fig. 2 that the probe field spectrum
consists of two broad resonances (with the Doppler width
kvy) located in the vicinity of 2, = 0 and , = wy,,, and the
ultranarrow resonance with a large amplitude located at the
far wing of the absorption line (in the vicinity of
Q, =~ Q> kvy). The origin of the broad resonances can
be explained trivially: they are caused by absorption of the
probe radiation at the m —/ and k — /[ 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-field
intensity. Analysis shows that for |Q|, |Q — wy,,| > kv and
a moderate radiation intensity for which

1G> < [Q]@pns |2 — Ol @y [2(2 — 03y, (26)

the ultranarrow resonance is located in the vicinity of

3as|G|*

GI*
Q4+ — .
Q_wkm

Q, 0

+ 27)

The first 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 I'y, of the resonance in the case of
copropagating waves (for ¢ = 0) and for

kvrlGP kel G
Q|,|Q — Wl =3kvy, V> ,—=£ (28
| | | k1| T QZ (Q_wkm)g )
is described by the expression
Iy =T+, (29)
where
; GI* | 3as|GP® Lo
ri=v=m" y=|—+—2—"—1|I' T="2L+y].
: ( ) ! ‘QZ (‘Q - wkm)z 2 1

(30)

Hereafter, the primed quantities in the text represent real
parts of complex numbers. The quantity I' is the homoge-
neous half-width of the absorption line at the m —/ and
k — [ 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
y is always small: y < I'. The quantity I'; is always small
compared to I" for low buffer gas pressures, and I'; =0 at
any pressures if the phase memory is preserved during
collisions between the magnetic sublevels of the ground-
state hyperfine structure. Thus, the width of the resonance
may be much smaller than the natural absorption linewidth.
For example, for parameters /= 107> W ¢cm ™2 and v/(kvy)
=3x 107" (see Fig. 2), the resonance linewidth 2I, ~
1 Hz, while for parameters /=1 W cm > and v/(kvy) =
9 x 107° [see Fig. 3, curve (/)], its value is ~ 3 kHz.

P/L/PO

0.4

0.3

0.2

0.1

2x107° 3x107°
(@ = Q) (kyr)

Figure 3. Sensitivity of the dependence P,(Q,) in the vicinity of Q, ~ Q
to the degree of phase memory conservation during collisions for ’Rb
atoms, T=300 K, I=1W cm™>, Q/(kvy) = 10, v, = v, v/(kvy)=9x%
1073, v=v (1), ¥//v' =0.9999 (2) and 0.999 (3); Qunir/ (k1) =
10.00121.

0 1x107°

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 P,"*/P, does not exceed a few
percent (here P,* is the maximum value of P, in the
vicinity of Q, =~ Q). Collisions which preserve the phase
memory at transitions between magnetic sublevels of the
ground-state hyperfine structure (v =v) may increase the
resonance amplitude by a factor of k,vr/(y/al) > 1. For
example, for parameters of *’Rb atoms corresponding to
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Fig. 2a, the relative resonance amplitude P,*/P,~ 1.25.
In the absence of collisions (for v =0 and for unchanged
values of the remaining parameters 7, I, Q), the resonance
amplitude is smaller by a factor of 60: P,**/P, ~ 0.02.

Collisions start affecting the amplitude and width of the
resonance at frequencies

V,Zk“UTLG‘z, kuUT|G|22. (31)

Q (Q - wkm)
In the case of the Doppler broadening of the absorption
line (k,vr> I'), which we consider here, expression (31)
means that v’ > y. For fixed values of the intensity and
detuning of the strong-field frequency (for a fixed value of
7), the amplitude of the resonance is inversely proportional
to its width:

P oIyt = (v =9) 9] (32)

This means that for

1

/!

‘ =<

- <l (33)

!

<
<

the resonance amplitude is close to its maximum value,
which is achieved when the phase memory is completely
preserved (for v =v = v).

For alkali metal atoms in an atmosphere of inert buffer
gases, the cross sections for collision transitions between
magnetic sublevels of the ground-state hyperfine structure
are 6—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 1 —¥'/v’ <107, 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
3’ /v! =0.9999 [see curves (/) 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 (v = v). The resonance amplitude increases at first with
v and achieves its maximum value for a certain value of the
collision frequency [v/(kvy) =9 x 1073], 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 7= 10" W cm ™ achieves its maximum for
v/(kvy) =3 x 10~* (these are the starting parameters for
Fig. 2), while for /=1 W cm? the maximum is achieved
for v/(kvy) =9 x 1073 (see Fig. 4).

Figure 5 shows the dependence of the relative resonance
amplitude P,;"*/P, on the detuning Q of the strong field
frequency for two values of its intensity 7 (107> and
1W cm_2). 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-field inten-
sity. This dependence is quite weak (as the intensity is

PPy
0.4
0.3
0.2

0.1

0 1 1 1 1
107 10* 107 1072

v/ (kvr)

Figure 4. Dependence of the resonance amplitude for 8Rb 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 hyperfine structure (v = v = v,),
T=300K,I=1Wcm?2, Q/(kvy) =10, v, = v.

increased by three orders of magnitude, the resonance
amplitude decreases only by several times). As the frequency
detuning increases, the resonance amplitude first increases

P;nax/P()

3

Plr[nax /P()

Q/(kvr)

Figure 5. Dependence of the resonance amplitude in the vicinity of
Q,~Q on the strong field frequency detuning in the case of phase
memory conservation during collisions at transitions between the mag-
netic sublevels of the ground state hyperfine structure (v =v = v,),
T=300K, v, =v for ¥Rb (/,2) and '3Cs atoms (3, 4) for I =
1073 W em™2, v/(kvy) =3 x 107 (1, 3), I=1W em™2, v/(kvy) = 9x
1073 (2), and I=1W em ™2, v/(kvy) = 2 x 1072 (4) (a), as well as for
Rb atoms for I=10"W cm™2,v/(kvy) =3 x 107 (7) and I=
1 W em™2, v/(kvy) = 6 x 1072 (2) (b).
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and achieves its maximum for a certain Q (Q =~ (6 =~ 7)kvr
for ¥Rb atoms, Q ~ (9 = 10)kv; for '**Cs atoms, and Q ~
(4 + 5)kvy for ¥ Rb atoms). Then, the resonance amplitude
decreases with increasing Q.

Analysis shows that for a large-amplitude resonance
(P, /Py ~ 1) to appear in the line wing, the absorption
lines at the m —/ and k —/ transitions should be well-
separated, i.e., the spacing between the excited-state
hyperfine components should be larger than, or of the
order of, the Doppler broadening of the line:

Dpem 2 k;tUT- (34)
For wy,, < k,vr, the resonance amplitude is always small,
ie. P,™/Py < 1. In the limiting case @y, =0, the reso-
nance is altogether absent. This circumstance is also
responsible for a decrease in the resonance amplitude
with increasing Q (see Fig. 5): for large detunings Q com-
pared to the frequency wy,,, the hyperfine 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, Rb and '3Cs atoms, which have a large
hyperfine splitting in an excited state. For these atoms, the
parameter @y, X (k”vT)’1 for T=300 K is equal to 1.19,
2.69 and 5.39, respectively. For 2*Na atoms at 7 = 300 K,
this parameter is quite small [wy,,/(k,v7) = 0.24] and hence
their resonance amplitude is also small [P,** /P, = 0.01 for
the same values of parameters as for °/Rb atoms (see
Fig. 2a)].

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

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

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

AE:MBgFBMa
_ F(F+1)+J(J+1)—I(I+1)
g&r =81 2F(F+ 1) > (35)
JJ+1)—L(L+1 S(S+1
1+ UFD L)+ S(S D)

2 (J+1) :

where up 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 w;;(B) of the i —j
transitions in a magnetic field:

% pigB Tos ugB
wmn(B) = Wpp — FZ %a wml(B) = Wpy — ?3 %v
(36)
o B

where wj; is the i — j transition frequency in the absence of a
magnetic field, and o;_; are numerical coefficients. For
alkali metal atoms with the nuclear spin / = 3/2 ('Li, »Na,
YK, YK and ¥Rb atoms), o; ;3 = 1. For ¥Rb atoms with
I=5/2, 00 =4/3, 0, = 10/3, a5 = 22/21. For '**Cs atoms
(I=1/2), oy =3/2, 0, =9/2, and o3 = 15/14. Therefore,
the resonance near Q, ~ Q in the presence of a magnetic
field can be described by making substitutions:

Q—Q(B), Q,— Q,B), Wy — Opu(B) 37
for A;_3(v) in (12), where
QB) = 0~ 0u(B) =2+ %,
QB)=w,~o, (B)=2Q,+ % %, (38)
/,LLB

Q,(B) —Q(B) =w, — o+ (Taz — ) o
Thus, the resonance we are interested in can be recorded by
changing the magnetic field for fixed radiation frequencies.
The difference in the detunings of the probe and strong
fields depends linearly on the magnetic field strength.
Therefore, a change in the magnetic field is equivalent to a
change in the probe field frequency.

It is convenient to use the magnetic field for recording a
resonance in the case of identical frequencies of the strong
and probe waves (for o, = w or, which is the same, for
Q, = Q). Itis 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 field B, 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 , = Q, we obtain
from (27), within small corrections of the order of
ugB/(1Q2)) < 1 and ugB/(h|Q — wy,,|) < 1, the expressions

(1G], 36 ) #
Bes=—|"—+——""— (°"Rb atoms),
g < Q] |2 — ol
3h (1G], 5IGI > 85
s =— | —+——— (*Rb atoms), 39
e 2.“3 ( “Q| |Q - wkml
2 (1G] 7|G) ) 3
s =— | —+——— (7°Cs atoms).
. HB < |Q| |‘Q - (Ukm|

The value of B, is proportional to the radiation intensity
and is nearly inversely proportional to the detuning Q.

The width AB of the resonance (in Gauss) is described by
the expressions
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2hr
AB=""(%Rbatoms),
3]
hr
AB = v ($5R} atoms), (40)
Hp
4hI"
AB = ¥ (33Cs atoms),
3]

where I', is the resonance half-width in s™! [see (29)]. If the
phase memory is preserved during collisions at transitions
between the magnetic sublevels of the ground-state
hyperfine structure or for low buffer gas pressures (when
the relation I'y <y is satisfied, so that Iy, =7y), the
resonance width AB, like the magnetic field B, 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 field for the
87Rb atoms for exactly equal frequencies of the strong and
probe radiation [calculated from (19) taking substitution
(37) into account]. For parameters /=1 W cm >, and
Q/(kvy) = 10, the resonance appears in the magnetic field
B..s = 264 mG, and the resonance width is AB = 1.9 mG.

Pu/PO

0.4

0.3

0.2

0.1

0
260 262 264 266

B/mG

Figure 6. Dependence of the absorption probability of probe radiation
on magnetic field for ¥’Rb atoms for an exact equality of strong and
probe field radiation frequencies (w, = w or, which is the same, Q, = Q)
in the case of phase memory conservation during collisions at transitions
between the magnetic sublevels of the ground state hyperfine structure
v=v= v%,), T=300K, /=1W cm™>, Q/(kvr) =10, vi = v, v/(kvr)
=9x107".

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 2, /2= 2P1”/2 transition, intersect at a right
angle (k, L 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
(E,||k). Under the action of the strong right-hand polarised
field alone, all the atoms will occupy the ground-state
M =2 sublevel of the hyperfine component with F, =2
(this sublevel is indicated by the letter / in Fig. 7; the
quantisation axis is chosen along the direction of the wave

vector k of strong radiation). For the linearly polarised
probe field, only the |[Fy =2, M =2)— |[F, =2, M =2)
transitions which cause a weak depopulation of the / level
(the ! — m transitions in Fig. 7), should be taken into
account. Therefore, the probability of absorption of the
probe field by the atoms can be determined by considering
the interaction of radiation with a subsystem of four
sublevels, /, m, n and p (these sublevels are indicated in bold
in Fig. 7).

M=-2 -1 0 1 2 P 5
2po - — - — e =
Pir — — — [T F=1

|
E :Eu
ot Im
|
|
—_— e — ] —-— v—l ngz
2
Si2

M=-2 -1 0 1 2

Figure 7. Energy level diagram of alkali metal atoms "Li, ®Na, ¥K, YK,
87Rb (nuclear spin I = 3/2) for the ZSI/Z — 2Plo , transition (D; line). The
strong and probe waves intersect at a right angle (k, L k). The strong
wave has right-hand circular polarisation. The probe wave has linear
polarisation, parallel to the direction of propagation of strong radiation
(E,||k). The quantisation axis is chosen along the direction of propaga-
tion of strong radiation.

The narrow resonance in the line wing near the detuning
frequency of the probe field , ~ Q (or Q, = Q — w,,) can
be described by considering the interaction of radiation with
the three-level A-scheme n—m —/ (or the A-scheme
p—m—1). Thus, the expressions obtained earlier in [8]
are fully applicable for calculating the probe field 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 (g ~ k for k,, L k), the resonance
can be observed only at high buffer gas pressures so that
v’ > (qu7) [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 7 = 0: '>>Sm (natural abundance
26.7 %), **Sm (22.7 %), *¥Sm (11.3 %), *°Sm (7.4 %), and
4Sm (3.1 %). The analysis of anomalous absorption of
light for these isotopes is simplified because they do not
have a hyperfine structure of levels. We will consider below
just these isotopes of Sm.

3.1 The J, =1 — J, = 0 transition

The 4f° 6s2(’F) ground energy level of Sm consists of seven
fine-structure levels with the total electron moment J, =
0—-6 [15]. The J; =1 level has an energy of 292.58 cm™!
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[15]. Consider the J, =1 — J. = 0 transition in samarium
atoms between the lowest 4£% 6s%("F) level (with the energy
292.58 cm™! and J, = 1) and the excited level with the total
electron angular momentum J. =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 fields (the quantisation axis z is chosen
along the vector E of the strong field). In this case, two A-
schemes, n —m — k and n —m — [, can be distinguished.

Table 1. Wavelengths of the J, =1 — J, =0 transitions in samdrlum
atoms between the lower 4f 6652 (7F ) level (with energy 292.58 cm™ D)
and the excited levels indicated in the table (from [15]).

Wavelength in air/A

Excited level

4t°("F)6s 6p(°P°) Fg 4596.8
4r3(°H®)5d 65> ("FQ) 5549.0
4£°("F)6s 6p('P°)F¢ 5706.8
4t°("F)6s 6p(°*P°)° D¢ 6536.9
4t°("F)6s 6p(°P°)°G¢ 7403.3
M=0
— 1 Je=0
AR ¢
/ \
/ \
Eu Vi E \u
/ \
/ \
a6’ (Fy) £y L Aoy
M=—1 0 1

Figure 8. Energy level diagram of samarium atoms (isotopes with the
zero nuclear spin) for the J, = 1 — J, = 0 transition. The strong (E) and
probe (E,) waves have mutually orthogonal linear polarisations. The
quantisation axis is chosen along the direction of the strong field vector
E, and the linear polarisation of the probe wave is presented as a
superposition of two independent states with circular polarisations.

Let the atoms be located in a mixture with the buffer gas
in a magnetic field B, whose direction coincides with the
strong-field vector E. An atom in the state |JM) acquires the
additional energy AE = ugg;BM in the external magnetic
field. According to this expression, we obtain the expres-
sions:

w(B)  3ugB
01(B) = ,,(B) = ZB) W

(41)

for the frequencies of k —n, n — [ and k — [ transitions in a
magnetic field.

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

{% B I[Q ) ( ) — kﬂv]}pml(v) = S(pu(v))
+1Gp,(v) +iG yulpy(v) —

Pmm (U)} + iGumkpk/(v)’

i[9+, (B) k] }pm]xv) — S(om(®)) +

+iGpnk(v) + iG;tmk [pkk(v) - pmm(v)] + iGum/p/jl(v)’

. 42)
ilgo+Q—-Q,+ o, (B)p,(v)
= S(pnl(v)) =+ iG*pml(v) - iGym/pnm(v)’
ilqv+Q—Q,— o, (B)lpy(v)
= S(pnk(v)) + iG*pmk(v) - iG;mzkpmn(v)’
where
Q:w_wmn; Q=0,—w ; qut_k,
Iz " mn I; (43)
E EO 1 .
G= 271 (m|d0|n> Gumj 2; \/— <m|d |+ d+1|]> J= k9 l;

I, is the rate of spontaneous decay of the excited level m;
@, 18 the frequency of the m — n transition; and (i|d,|/)
are the matrix elements of the cyclic component d, of the
dipole moment for the |j) = |J,, M,) — |i) = |/, M,) tran-
sition. They are expressed in terms of the reduced matrix
element of the dipole moment according to the Wigner—
Eckart theorem [9, 10]:

<Je Mg) = (_1)J67M6< e

o Jo 1 J, .
M. o M,
For the collision integrals in (42), we will use expressions
analogous to (7) and (8):

S(Pmi(v)) =

Jy)

(44)

7vlf)mi(v)’ (4 )
5

S(pui(v)) =

The collision integrals S(p,;(v)) take into account the
possibility of preserving coherence in collisions at tran-
sitions between the magnetic sublevels of the ground-state
fine structure of samarium (v = v corresponds to complete
conservation of coherence). These sublevels are weakly
sensitive to atomic collisions because they are reliably
screened by the outer closed shell 6s> [16].

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

7‘):0;1[(”) + ﬁpm'W(v), 1= k, [.

P (V) = py(v) = % W (v),
(46)
pmm(v) = pkl(v) = pnm(v) = 07

where N, is the equilibrium concentration of the absorbing
particles at the lower J, =1 level.

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

) . N .
Al (v)pm/(v) = IG;tml 71 W(U) + lenl(v)>
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/12(v)pnl(v) = ﬁpnlW(v) + iG*pml(v)’

(47)
\ . N, .
/“3(v)pmk(v) = lGumk 7 W(U) + lenk(v)7
;“4(v)pnk(v) = ﬁpnkW(v) + iG*pmk(v)i
where
q Fm :
A (v) = 7 +v = I[Q/l - CU”/(B) - kuv};
o) =v+ijgv+Q—-Q, + o, (B); (48)

23(0) = 41(v) = 2iwy(B); A4(v) = ia(v) — 2iw,(B).

The first and second pairs of equations in (47) form
independent closed subsystems of equations. The first pair
of equations describes the interaction of radiation with the
three-level A-scheme n —m — [, the second one — with the
three-level A-scheme (n —m — k).

The probability P, of absorption of the probe field at the
frequency w, obtained from the system of equations (47) has
the form

2 - s N
Pp =- N Re(lGumlpml + IG,umkpmk) = Wl (Pu/ + Puk)s (49)

2 iGIPI7
P,ul: ‘G#| Re<127 1_17[1 N
2 76125
Puk:‘G,u| RC([4— 1— il 5
where
RCAPAIR N > Wl Egy
G|" = = e (O
12k 16m2hc 24k
(50)
7 J W (v)dv ) J Ja(0)W(v)do
"=l ==
J1(v)2a(v) + |G i(v)2a(v) + |G
(5D

W (v)dv

[ Wdv B 734(0)W (v)do
JZ_J;G(U);M(U)HGZ’ b _J

73(v)a(0) + |G

The quantity P,; is the probability of absorption of probe
radiation by three-level particles with the A-scheme of levels
n—m—1i (i=k, ). Expression (49) for P, exactly coin-
cides with the corresponding expression for the three-level
A-scheme which was analysed in detail in [8].

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

|Q| > k,vr>T (52)
[I" is the homogeneous half-width of the absorption line at
the J, =1— J, =0 transition in samarium atoms, des-
cribed by expression (30)], and for a moderate pressure of
the buffer gas, such that the collision frequency satisfies the
condition

IG|*

. 53
Q| (33)

!
V> qur,

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

N, |G, [ 2y/ml Q, + |Gl /e
P=——F-F—ep|—|—F7—
N T k”UT kuvT
(' +9)

(I +7) +[Q,—o,(B) — Q- |G/

(' +9)y
(I +9) +[Q+o,(B) —Q—1[G]/Q]
where
GI’r - )’
y:|§2|2 ; FI:(va)’+(q2VT,) (55)

According to (54), the probe-field spectrum consists of a
Doppler contour with the half-width kv, located near the
line centre (in the vicinity of Q, = —|G]*/Q) and two
Lorentzian contours with the same half-width I'y, = T'y +y
located at the far wing of the line [in the vicinity of
Q,=Q+ \G|2/Q + w,;(B)]. The spacing between the
Lorentzian contours is equal to 2w,/(B) = wy; (B). In the
absence of a magnetic field, 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

_ k,uUT Y

(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 field. The
magnetic field B, near which the resonance appears,
and the resonance width AB (the interval of values of B
in which the resonance amplitude decreases by half) are
described by the expressions

25|G)?
3uglQ '

_4nr,,
3ug

Bies = (7)

Figure 9 shows the dependence of the probe radiation
absorption probability on the magnetic field strength for
samarium atoms with the nuclear spin /=0 for an exact
equality of the frequencies of the strong and probe
radiation. Calculations were performed for the 'F, — 'F,
transition at 5706.8 1&, while the rate of spontaneous decay
of the excited level I',, was set equal to 2.9 x 106 57! [17].
According to the data obtained in [18], the degree of
conservation of the phase memory #'/v' 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 fine-
structure levels of samarium is 300 times weaker than the
impact broadening of conventional resolved lines). The
values of P, were measured in units of Py, 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 field [in the case of the Doppler broadening, the value
of Py is determined by (25) taking the factor N;/N into
account]. For I=1W ecm 2, Q/(kvy) = 5, and v//(kvy) =
8 x 107 (Fig. 9), the resonance in the line wing appears in
the magnetic field B, = 5.9 mG, the resonance width is
AB =0.2 mG, and the resonance amplitude is appro-
ximately 3.5 times (P,**/P, ~3.5) larger than the
amplitude of the broad resonance (with the Doppler width)
near the line centre.

PM/PO

3 -

0 1 1 1 1 1

5.7 5.8 5.9 6.0 B/mG

Figure 9. Dependence of the absorption probability of probe radiation
on the magnetic field for samarium atoms with the zero nuclear spin in
the case of copropagating waves (¢ = 0) for the strong and probe waves
with exactly equal frequencies, 7= 600 K, /=1 W cm ™2, Q(kvr)’] =5,
vy =v, v [(kvy) =8 x 107, %" /v' = 0.997.

Figure 10 shows the dependence of the resonance
amplitude on the collision frequency. At first, the resonance
amplitude increases with v’ and achieves its maximum for
the collision frequency v'/(kvy) = 8 x 107>, This collision
frequency corresponds to a buffer gas pressure of the order
of 0.1 Torr. Then, the resonance amplitude decreases with
increasing v'. Such a dependence of P/ on v’ is quite
understandable. Indeed, according to [8], the relative ampli-
tude P;"*/P, of the resonance must be equal to 1/2 in
the absence of collisions (for a three-level A-scheme,
P /Py =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

P[Py

3

0 1 1 1 1
107 10 100 107t

v'/(kvy)

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.

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’ in accordance with
(56) (due to the presence of I' in the denominator). A
further decrease in the amplitude is caused by a partial
phase memory and is manifested at (v —v) > 7.

3.2 The J, =1 — J, = 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 J, =1 — J, = 1 transition between the
lower 4% 6s%("F,) level and the excited level with the total
electron angular momentum J, = 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 field, only one M =1 sublevel
at the lower J, = 1 level will be populated (this sublevel is
indicated by the letter / in Fig. 11). When the left-hand
polarised probe field is switched on, only the
[Jo=1,M=1) - |J,=1,M =0) transition which weakly
depopulates the / level should be taken into account. As a
result, only one A-scheme of the n — m — [ levels is selected
(these levels are indicated in bold in Fig. 11).

Table 2. Wavelengths of the J, = 1 — J, = 0 transitions in samarium
atoms between the lower 4f° 652(7F1) level (with energy 292.58 cm™!)
and the excited levels indicated in the table (from [15]).

Wavelength in air/A

Excited level

4£%("F)6s 6p(*P°) F? 4539.9
4t3(*°H®)5d 65> ("FY) 5498.2
4t9("F)6s 6p('P°) DY 6096.6
4£°("F)6s 6p('P°) G} 6509.5
4t9("F)6s 6p(°*P°)°FY 63861.0
4£°("F)6s 6p(’P°)’G{ 7293.6
M=-1 0 1
—_ —-— 111 —_ J.=1
\
E Eu
ot 5’\\
\
4565°(F))  =mn — X =
M=—1 0 1

Figure 11. Energy level diagram of samarium atoms (isotopes with the
zero nuclear spin) for the J, = 1 — J, = 1 transition. The strong (E) and
probe (E,) waves which are resonant to this transition, have mutually
orthogonal (right- ot and left-hand ™) circular polarisations and
propagate in the same direction. The quantisation axis is chosen along
the direction of radiation propagation.

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

4. Conclusions

We have studied theoretically the spectrum of absorption of
a weak probe field (in the presence of a strong field) by
various atoms. It has been shown that if the A-schemes of
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levels are singled out during the interaction of strong and
probe fields 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 field (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 field.

The most promising objects for observing the anomalous
absorption of light under nonresonance conditions are the
rubidium atoms 87Rb, cesium atoms mCs, 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 281/2 —2P1°/2 transition should have mutu-
ally orthogonal (left- and right-hand) circular polarisations.
During absorption of light at the J, = 1 — J, = 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 J,=1—J.=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/, determined
from condition (31). This critical frequency of collisions
depends on the strong-field intensity and its frequency
detuning. For I~ 1 W cm 2 and |Q| ~ 10kvy, the critical
frequency is v, ~ 10 kv, which corresponds to a buffer
gas pressure of the order of 1072 Torr.

The quantity ¥'/v’, 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 (v = 0), collisions at v’ > v/, will always suppress
the resonance, If, on the other hand, the phase memory is
preserved quite well during collisions (1 —v//v’ < 1), the
resonance amplitude for v/ > v/, 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 (1 — /v’ < 107¢ for rubidium
and cesium [14], 1 —¥'/v' ~ 3 x 1073 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 field (magnetic scanning
technique). The magnetic field B, near which the resonance
is observed and the resonance width AB depend on the
radiation intensity, frequency detuning, and collision fre-
quency [see expressions (39), (40) and (57)]. Weak magnetic
fields B, ~ 1 — 100 mG are required for recording the
resonance. The resonance width AB is two-three orders
of magnitude smaller than B,.

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