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The optical pumping with modulated light, the modulation frequency, 2, close to the
Zeeman ground-state energy-level distance, wo, was analysed in the dressed atom model.
The knowledge of energies of the dressed-atom (the combined system of atom and modulated-
-light photons) in a simple manner allows one to see the atomic spin behaviour when the
Zeeman ground-state energy-level distance become close to the modulation frequency, or
to the multiplicity of the modulation frequency. Two cases, when the light is resonant or
non-resonant in respect to the atomic optical transitions are examined. 1t is shown, in the
non-resonant case that the atomic Zeeman coherence can be created only when the popula-
tion difference for the ground-state sublevels exists (resonances of populations). For the
resonant light, when the Zeeman ground-state energy-level splitting w, is equal fo the modula-
tion frequency, Q more generally wo ~ pf2, p = 0, 2k+1; k=0, 1, 2, ..., the Zeeman
coherence can arise whatever the populations difference is (resonances of coherence), while
for even resonances (wo = pf, p = 2k; k = 1,2, 3 ...) the atomic coherence can be created
only when there is a population difference (resonances of populations). With the resonances
of coherence the new fact of dressed-atom energy-level degeneracy in a region of the static
magnetic field which depends on the light intensity and the modulation depth is connected.

PACS numbers: 32.90.+a

1. Introduction

Till now a -few methods used to create ground-state atomic coherence have been
described. One of them is the magnetic resonance method, where atomic coherence arises
as a result of the interaction of the light and the magnetic ‘radio- frequency field with the
atomic system.

It is possible to produce the atomic ground-state coherence in a purely optlcal way
applying an intensity modulated light beam, the frequency of modulation being close to
a spin precessmn frequency of the atoms. The effect of the “coherent spin precession”
for the first time reported by Bell and Bloom [1] was obtained as a result of transverse optical
pumping with modulated light. In the Bell-Bloom experiment the intensity modulated,
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a circularly polarized light beam was directed perpendicularly to the static magnetic
field, H,. When the frequency of the light modulation 2 was close enough to the atomic
Zeeman frequency w, = yH, (y is the giromagnetic ratio), the resonant changes in the
modulated light absorption were stated. To describe the effect observed, the authors used
the Bloch equations of motion of the macroscopic magnetic moment induced in the atomic
vapour by transverse optical pumping with modulated light [1, 2].

Thé Bell-Bloom idea of the atomic coherence creation in the ground state was devel-
oped for the excited states of atoms [3-9] and became useful method for the excited-states
spectroscopy. However, there are only few papers concerning ground-state optical pumping
with modulated light [10-13]. These do not seem to be very consistent.

In this work a new approach to the mechanism of the interaction of the modulated
light wave with atoms is proposed. Using a'quantum model of an atom dressed in modu-
lated light photons we are able to describe not only the Bell-Bloom experiment, but also
some effects involved for the Zeeman energy distance close to the multiplicity of the modu-
lation frequency of the light. The interaction of atoms with a resonant as well as non-reso-
nant light in respect to the atomic optical transitions is analysed. The proposed model
allows one to find simply some analogies and differences in the optical pumping with the
modulated light and the magnetic-resonance method using the radiofrequency field [14-16],
described in terms of a level-crossing and an anti-level-crossing. '

" In the proposed quantum model the Hamlltoman of the system: the atom plus modu-
lated light field is time-independent, so the approach is simpler. than. the semiclassical one.
Knowing the dependence of the dressed-atom energy-on the static magnetic field strength,
it is possible to deduce the behaviour of the atoms interacting with the light field without
any calculations, using only selectlon rules, for some dipole electric or magnetic transitions.
Using the dressed atom model for the modulated hght photons, unifying a way to look
at the Bell-Bloom and Happer—-Mathur experiment [17] is possible. The proposed descrip-
tion allows one to include into a general scheme some conceptions proposed earlier, as well
as to find some new results.

2. The free Hamiltonian of the system atom plus modulated light field

The electric field E, of a monochromatic light wave with a frequency o and intensity
modulated at a frequency Q, then: I(¢) = I,(1+# cos Qt), can be represented classically

Q Q :
by two modes with frequencies of w, = o+ > and w_ = 0~ 5 and with appropriate
amplitudes A(+) and A(-) “
E = A(+)8,e 7 + A(=)ee 7, W

where 2, is the complex polarization vector of the light wave (J¢;|* = 1). The complex
amplitudes A(+) can be written in the form =

A(+) = LA, A=) = A(=)le,

where the phase difference is constant in time g, —@_ = const.
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Relations defining the meaning of the quantities just introduced are the following:

Io = 2[JA(HP+HA(P T =T, +1 -, @)

I, = 2|A(+)|* = the intensity of the mode with the frequency w,,

AADNA)  2VILIL  Ip=Ii,

= _ = - = see Fig. 1). 3
P AP AR~ AT~ Iyt Ly 28D @)

The quantized form of the electric field, E (Eq. 1) is
E = M[&a(+)+eiat(+)] Yoy +[ea(—)+eal(-)] Jo_, 4)

where af(+) and a(+) are the creation and annihilation operators of photons with the
energies . respectively, A = [h/2g,V]'?, ¢, — the dielectric constant for a vacuum
and ¥V — the quantization volume,

We consider an atom with the angular momentum in the ground state J = ;.

P

t

Inax— Inin

Fig. 1. The inténsity of modulated light with the modulation depth 7 =
Imax+ Imin

~ The Hamiltonian of the dressed atom (atom plus photons of the modulated light
beam, noninteracting one with another) is a sum of Hamiltonians for the free ficld and the
atom in the static magnetic field i, [18]

Ho = =yHoJ +al(+)a(+)o, +ak(—)a(-)o_, ()
y is the gyromagnetic ratio. . ;
The eigenvalues and eigenfunctions are given as follows:
. A .y. - . wo . L ) . )
Holny,n_; £>=1{= 5 +tnyor+n_o_ )jng,n_;+>, )
where w, = yH,,
‘]zly'> = %H’l/‘>7 H = i?
ln-{-, h_; i) = ]n+9 n_y |i>’

n. is the number: of photons with the energy w .
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Fig. 2. The non-perturbed energy diagram for the atom dressed in mod;ﬂated light photons® - -

The energy of the dressed-atom vs the static magnetic field, Ho(n, +n_ = const),
provided that the Zeeman effect is linear (H, sufficiently low) is plotted in Fig. 2. It can
be seen that some levels corresponding to the states |n,,n_; +> and |n, +k,n_—k; F)
cross for ot = kQ,k =0,1,2.... This means that the ground-state energy distance
is equal to the multiplicity of the modulation frequency.

3. The interaction of the modulated light with atoms

We assume that the incident . light intensity is weak enough so that spontaneous
emission from the excited state is much more probable than the stimulated emission [21].
When the optical pumping is of the Dehmelt type, then the interaction of the weak light
field with atoms can be described sufficiently well, if we take into account depopulatlon
pumping only and neglect repopulation pumping [19-22]. After e.g., [21], the depopulation
operator for unmodulated light can be written in the form (light described classically)

58 = Z(éﬁé‘éi‘l))m Cml (606,5) o
w wum—kv+tF/2

where &, is the amplitude of the light wave, 5 is the electric dipole moment operator
of the atom, % is the wave vector, 3 is the atom velocity, I is the excited state width, w,, —
the ground-excited state energy level distance and m is the magnetic quantum number
of the excited state. "
For the quantized form of the modulated light field (4) we obtain
(eaD) lm> <mi (ezD)

ms .5 kY
0H = — o, —k Filf2 { (Ha(+)w.

m

+al(=)a(=)o- +[al(+)a(=)+a" (=)a(+)] Jo,o_}. ®
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In formula (8) it is assumed that for every pair of sublevels of the ground, x; and the
excited m state connected by the optical transitions, the approximate relation By = W
is fulfiled, where w,, is the ground-excited state distance for H, = 0. This means that the
Zeeman splitting in the ground and excited state is much less than the ground—excited state
separation which is truly for majority of the atoms. Consider the matrix elements of the
interaction operator ™53

g, nos " m , m_; )y

" <uleED¥|m) (mié, Dl
O —Weg— kv+il[2

{(7’!+CU+ -+ n—w—)5n+m+5n_m_

+[n+(n— - 1)]1/25n+,m+ +15n_,m_—i \/CO+CO_
+[(n‘++1)n—]1/25n+,m+~15n—,m_+1 \/E(U___} (9)

One can see that "8 # couples the dressed-atom states with the same number of photons
or the states with the number of photons differing by +1. The matrix element diagonal
in the photon states is proportional to the sum of the intensities I, +7_ of modes with
the frequency of w, and w_, while the nondiagonal in the photon state matrix element
is connected with the interference of both modes and is proportional to the product of two
mode intensities of 7,7_.

It is useful to write the "5 operator as a sum of coherent and incoherent operators

"SH = SHy+OH,. (10)
n

It can be seen from the energy diagram (Fig. 2) that the 657, operator

. esD¥) Im) (m|(e,D ;.

0N, = E & )7.% ,(—‘ )[,a*(+)a(+)w+ +at(=)a(—)o_], (1D
0= Wy —kv+1iI[2

which is diagonal in photon states, couples the states crossing in the static magnetic field

H, ~ 0 (the dressed-atom states with the same photon number). The interaction described

by the (5%‘,, operator is

' (€.D%) [m) {mi (e;D) [21*( +a(—)+al(—)a(+)] Jo,o_ (12)

SH, = -
! W= —kv+il[2

m

and couples the states crossing at yH, ~ Q (the dressed-atom states with a photon number
differing by +1).

To obtain the coupling of the dressed-atom, an additional condition concerning light
polarization must be fulfiled

Ay = Y uleiDimy (miéDlu'> # 0 for  p#p. (13)
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- “This means that to obtain a non-zero value for the nondiagonal matrix element of (8),
the polarization of the modulated light beam has to be coherent (see e.g. [20]). This condi-
tion is fulfiled in the Bell-Bloom experiment when

— the modulated light circularly polarized is propagated transversally. to ‘Ho (Flg 3a),

but also when [18]

— the modulated light linearly polanzed is propagated along Ho (F1g 3b),
— the modulated llght beam linearly polarized (w1th the oscillation plane of E per-
pendicular to H,) is propagated transversally to H, (Fig. 3c).

a Ay b hag
tog, oy,
ANA> 7
— > s
Zz nd =l
7 ??HO // ;
c) y
I AN *
7 K

Fig. 3. Some experimental geometries with coherent polarizaticn of the modulated light

With the coupling of the crossing dressed-atom levels, a modification of the dressed-
-atom energy is connected. This modification is different for the light wave resonant and
non-resonant in respect to the optical ground-excited state transitions. To study this
modification it is useful to write the operator, "8, in a form analogous to the depopula-
tion pumping operator for unmodulated light wave [22]

mOH = "5 — Eim(sﬁ, (14)
where
mse — 4 w— weg-—lzz—; H 4 )a(+

A o ooy 17 @ (Tlald)es

+at(=)a(—)o_ +[a'(H)a(=)+at(=)a(+)] Jor0}, (15)
mof = At t(+)a(

= A om0

+al(=)a(—)o-+[al(+)a(=)+a (—)a(+)] Jo,o-], (16)

A is the polarization operator with the matrix element given in (13).



527

Two cases can be distinguished:
1. The. hght interacting with atoms is resonant with respect to the optlcal transitions

@ =M+ ko. In this case:

"56 ~ 0, and "M = — —2— K.

2. The light interacting with atoms is non-resonant with respect to the optical transitions:
O # O+ k. When the light wave frequency, , differs enough (with respect to the excited
tevel width I'), from the resonant frequency absorbed by the atom it can be assumed that
"SI~ 0 and "3 = "58.

3.1. Non-resonant light

The problem of a.non-resonant light beam having the intensity constant in time
(with 8 ~ 68, oI neglected) was studied semiclassically in detail [23, 24] for the static
magnetic field H, ~ 0. The equivalent to the light-shift operator, 5&, fictitious magnetic
and electric fields were found for different light polarizations. Such an approach is useful
in terms of the Zeeman sublevels degeneracy removal in a zero magnetic field. A fictitious
magnetic field was -also proposed [17] to describe the atomic population changes due to
the interaction of a non-resonant, amplitude modulated light beam with atoms with the
modulation frequency close to the Zeeman atomic frequency.

In the dressed-atom model for the modulated, non-resonant light we have proposed
in this paper, the previous particular conceptions. may be included into a general
scheme. In the proposed model there is no need to introduce some fictitious fields. The
interaction of the modulated light field with atoms described by the nondiagonal elements
of the ™54 operator (Eq. (15)) removes the degeneracy of the dressed-atom energy levels
crossing in the static magnetic field regions, where >yH0 ~ kQ, k=0,1,2... (Fig. 2), and
introduces the anti-level crossing.

In the first order of the perturbation, theory in respect to m5&, the interaction with
the modulated light couples the unperturbed states |n.,,n_, +)> and |ny, n_; —> near
the cro'ssing’poi'nts YHG ~ kQ; k'=0,1:<ny,n_; £168ns,n; T> # 0 for n'y =n,
and for ny = n++1 As a result a modlﬁcatlon of energy levels takes place leadlng to
anti-level crossing.”” ‘ .

It can be seen, that the matrix element <n+, n_; +|"68\n, +k, n_ k;'—) =0
fork = 2,3, 4 ..., so the levels crossings for yH5® = kQ with k'= 2, 3, 4 ... aré not modi-
fied in the first o'fder by the interaction described by "5&. Nevertheless, the levels [1> = [n,;
n_;+) and [2) = |n +k,n_—k; —) can be coupled through [i> states i #°1,2 in
the k-th order with respect to "5&

R{} ~ Z AI"s&1iy <il"681)) ... II"sET2) # 0. an

sl

; [ 3 .

The central purpose of this work is to: investigate some effects due.to the interaction
with modulated light in the static magnetic field, where yHy ~ Q. For yH, = k@, k = 0,
2,3 ..., only a brief discussion of results is given.
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3.1.1. First order anti-level-crossing

Consider the unperturbed energy level modification for yH, &~ Q, it 'is at the crossing
of unperturbed states [1> = |n,,n_; +> and |2) = |n,+1, n_—1; —). The modified
energies, £, and Ej, resulting from a diagonalization of the Hamiltonian Ho+"5E in
the |1> and [2) states space are given in the form (see Appendix)

2E, = Eq(nen_)+Ey(ny +1, n_— D)+ T, 4 (0o — Q)2 +4T, 2, (18)
2E, = E\(nyn_)+Ey(ny+1, n_— 1)+ T, =V (0o— Q2 +4T; 2, (19)
where
T, =08, +"08,, ~ I, +1_ = Iy, (20)
"2 = M58 12 ~ I 1_ ~ I2* . (see Egs (2,3)), (21)
E((n,n_) = (L #ol1), (22)
Ey(ny+1,n_—1) = 2|s#o2) (sec Eq. (6)). (23)

The modified states |«> and |8 are the linear combinations of the unperturbed |1}
and |2) states

o) = —x,|1>+x,2),
iB) = x4l1>4+x,(2>, 24)
where |
E2(n++1 n_—1)+ 0522—Eﬂ
[(Ez("++1 n_——1)+'”5£22_Eﬁ) +T_2“/2’

Xy

"58 5,

Fl,n 58 S ETVER 25
[(EZ("++1’"—_1)+m5é"22—Eﬁ)2+Tﬂ‘2]1/2 (25)

Xy =
The E, and E, energies are plotted as a function of the static magnetic field in Fig. 4.
The modified levels do not cross each other. Such a situation, known from the dressed-atom
model for the magnetic resonance experiment with the rf field photons is called an anti-
-level crossing.
Now, let us find the probability .Pl_,z(t), that atom being in the state |1) at the time
t, = 0 (the modulated light switched on) will be found at the time, ¢, in the state |2) (see
Appendix (A18)):

4T, *

oy AT  sin? 2V (o — Q)* +4T, 2 1. (26)

Py = C2IHD) =

This result is quite similar to the Breit-Rabi formula for the magnetic resonance experi-
ment [25] (the magnetic field frequency, w,, corresponding to the light modulation fre-
quency ). One can see that the probability, P, ,(#), is periodic in time with a maximum
amplitude at the crossing point.
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‘Thus, when the system in HO close to yHy ~ Q was prepared in the state [1) = |n,,

n_; +>:(e.g., by the usual longitudinal optical pumping along H, (Fig. 5)), it can be
found at the time, 7, in the state |2) = |n, +1, n_—1; — with a finite probability. After
the transition from the |1 state with the energy of Ey(n,,n_) = +Lw,+n, 0, +n_ow_

A :
Energy

N EZ{H++7,I')_—7)+5§22
o8 E2 {n+ ,n_} o
Q w0:7H0 o

Fig. 4, The perturbed dressed-atom energies for non-resonant light for the resonance condition w, ~ £

to the |2} state with an energy of Ey(n, +1,n_—1) = — @0+ + Do, +(n_— Do _
the atomic Zeeman energy become smaller by the amount of o & £ (the transition a)
in Fig. 6). Formula (26) describes as well the transitions from [2) to |1>. After such transi-
tions the atomic Zeeman energy increases by the amount of w, &~ Q (the transition b) in
Fig. 6).

A Energy

1

Z“ - +?w0
+H7y a)
ANN> {; / o 0 0

X
/ > “Lup
* 7] UJO=7;{-0

Fig. 5 Fig. 6

Fig. 5. The geometry of the experiment in which the modulated light with coherent polarization modlﬁes
the population difference introduced by the usual optical pumping

Fig. 6. The atomic Zeeman transitions for the resonance condition wy & 2
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_ Therefore, the interaction with non-resonant intensity modulated light described by
formula (15) causes the one-quantum transitions between the |1) and .|2) states. They
consist of* absorption or: emission of Q quanta with the angular momentum -F1. They
can be treated as a result of a two-step process composed of virtual absorption and emis-

. Q Q
sion of nonresonant optical photons, w, = o+ > andw_ = o— Tk In result, the atomic

ground state coherence arises, if the atomic ground state population difference exists in
the atomic system in the beginning. The mechanism of the Zeeman coherence creation in
the case of the optical pumping with the modulated light is similar to that of the rf magnetic
field method. In that method the lon‘gitl\ldinal optical pumping introduces the population
difference and then the rf field can create the Zeeman coherence. Such kinds of resonances
are called the population resonances. . '

As we have mentioned, the interaction of ‘the -atom with the modulated light field
described by formula (15) modifies the energies of the levels crossing at the zero magnetic
field, H, ~ 0. Because there is

(npn_; +["68In, w5 =y # 0 for  my =ni,

we can expect some resonance effects in the zero magnetic field of the same kind as for

yH, =~ Q. It can be found easily, that the transition probability P, _,,(¢) between 11> = |n,,

n_; +> and |2y = |ny,n_; —) (assuming that at 7, = O the system was prepared in the

state |1)) is given in the form

. AT 2 e . -
- sin? LV (pH )P +4T, 2 4, 27

('))HO))2,+4T11_2 2 (7 0) n ( )

.‘P1—»2.(t) =

where“; e
T2 = KAmSEII* = [K16GoI2)P ~ (i +12)* = I,

3.i.2. Higher or'dér ahti-level-crossings" ‘ .

Consider now the unperturbed level energy modification near the crossings yH, ~ k2,
k=2734.." - A '

Because {n,n_; +|"0&In, +k, n_—k; —» = 0, the crossing levels are not modi-
fied in the first order with respect to the perturbation, "5&. However, the coupling of the
states: |1) = |ng,n_; +) and [2) = lny+1,n.—1; =) to some states li> (@ # 1,2)
is possible. E.g., near the value yH, ‘~.20 (k = 2), the (ransitions of the following kind
are possible:

asnio; +> = e +Lno—1; +> = |ny+2,n-=2; =,
but also -
[y, n_; +> = ny+L,n_—1; =) = [ny+2, n_—2; —>.

As a result, the-modification of the energy diagram in the form of anti-level-crossing takes
place (Fig. 7). In the example discussed above we have the second order anti-level-crossing.
The transitions with absorption, and emission of 2Q energy, taking place are of the same
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kind as the ones with Q energy, described in §3.1.1. It.can be shown that the interaction
in the p-th order causes the resonant effect in the static magnetic field given by yH, ~ p@Q,
p=2,3,4.... This interaction is described by the following matrix element (Appendix
(A5)): :

R® - Z Cil"868 vy <v|"881q) ... <I"681j>
H (E-E)(E—E,)...(E-E) ’

vg..l

(28)

where i, j = 1,2;i # j,
E is a common energy value for levels [1> and |2) for w, = pQ,
E.(r =v,q...1) is the energy of unperturbed intermediate states |r), r # 1, 2.
In (28) the sum is over all states, for which

k"SI #£0, k1 #1,2.

From the dlagonahzatlon of the Hamiltonian %O+R"’) we obtain the perturbed
level energles (Fig. 7) i

2E, = E{(ny,n_ )+ E,(n,+p,n_— p)+R(”)+R(")
+[(wo— pQ+RE) — RE)* +4|RQ1V2,
2E; = Ey(ny, n)+Ey(ni+p, n_—p)+R7+RY
—[(wo— pR-+RE — RE)? +4|RE)2]2, (29)

where E1 ,» are the unperturbed energies of the levels ll), |2> R{® — (") gives the shift
of the resonance centre from the w, = pQ value.

(ns3)lws Joln-3)w- 2 )
(n++2)(w+ Joln_-2)w- —-
(n,+1){w *2£}+(n__- 7}{w-§,)

\n-l (w*‘g" ) ‘jn_(w-.%}. :

(n,‘—7)(w+ J+ln. +7}(w- )

Fig. 7. The perturbed dressed-atom energies ‘for non-resonant light in the function of w, = vH,
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« . Similarly to the result for the:;one-quantum -transition with yH, ~ Q, the transitions
with:yH, ~ pQ introduce the resonant changes in populations of the Zeeman ground-
-state sublevels as well as-introduce the atomic Zeeman coherence, if there.is the population
difference in the ground state (the population resonances).

3.2. Resonant light

When the modulated light field is resonant with respect to the atomic ground-excited
state transitions, the effective ground state Hamiltonian, "5 (formula (14)) is given in
the form : N

T e Wi ”

= .2‘;. (-5)
The h operator describes the real absorption of the optical photons. The eigenvalues of
Ho+h ‘operator are some complex numbers. Introducing the imaginary part of the eigen-
value is a method of descrlbmg the nonstablhty of the ground state [2]; the finite life- time
of the ground state is a result of a coupling of the ground state with the short-lived excited
state (with the spontaneous decay rate I'). The fact that the light is modulated causes the
modification of the ground-state lifetime and introduces a relaxation of the ground-state
of resonant character for the Zeeman ground-state frequency fitted to the modulation
frequency kQ (k = 0,1). With this phenomenon, the modification of the energy level and
wave function is associated.

The interaction described by the & operator couples (in the first order of the perturba-
tion theory in respect to /) the unperturbed levels |n ., n_; +> and |n’,n_; —> near
the érossmg points -yH, ~ ~kQi k=0, 1n,,n_; £|hin.,n_; > # 0 for ny, = n+
and for ny = n,+1. It is easy to sec that the matrix elements <{n,,n_; +|hln++k

—k; T> = 0 when k = 2,3 .... It is the levels.crossing at yH, = kQ are not coupled
by h in the first order. Nevertheless, the fact that

RB~ ¥ l<11ﬁ1i> Cilhljyt.. <llA2Y # 0
i eee
leads to the cdupling of the states 1> ="[n,n_;+) and [2) = [n +p,n_~p; —>
through some state |k, k' # 1,2, resulting in modification of the energy levels in p-th
order.

3.2.1. First order effects

Consider some effects introduced at yH, ~ € by. the interaction of atoms with the
resonant, modulated light (Fig. 2) described by the h operator (30).

The elgenvalues -of the total effective Hamlltoman in the |1>.= |ny,n.; +) and
[2) = |n,+1,n.—1; =) basis states, are-as follows (see Appendlx (A9))

2E, = Ey(ny, n )+ Ey(ny + 1. —D) T V(0o — 2 —4T; 2,

2E; = Ey(ny,n_)+Ey(n, . +1,n_ —1)+iTP_1—-\/(a)o——Q)2—4T,,__2 > (3D)
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where.
T, = L ("0 +"60,y), (32)
T, 2 = 20,12 ~ 1,1 ~ I, (33)

E, ; are the energies of unperturbed |13 and |2 states (Eq. (22; 23)). From Eq. (31) the
energies, E,, and Eg, as well as the decay rates, y, and yg, of the perturbed |«) and |8)
states result (Fig. 8)

'E, = Re E, = 1 [E,(n,, n)+Ey(ni+1,n_~D]+% Re '\/(wo -'Q)Z'—A'T,,‘"Z ;
Ej = Re By = + [Ey(ny, n_)+Ey(ny +1,n_—D]—%Re \/(&)?—9)214@7—2 , (3%

T, +Tm V(w,— Q2 —4T, 7,

i

Ya

i

vp = Ty —TIm V(0o — Q)*—4T, 2. (35)
|y and |B) states are linear combinations of the unperturbed states

|y = X311 +x,[2),

1B = XT1>+x,2, (36)

b Energy

T
Toeary -
A
B | e
.(IQ w=; ;

Fig. 8. The enérgies and the decay rates of the perturbed dressed-atom for resonant hght for the resonance
: " condition we & 2
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where
| —Ey(ny+1,no—1)+hy—E,
" VIEs(s L, 1D+ hya—EgP— "ol s
Xy = By [1Es(n + 1, no = 1)+ by — Eg* — |61, (37)

The energics (34) and the decay rates (35) show an interesting behaviour in the func-
tion of the static magnetic field H,. It is evident, that for H, values satisfying the relation

—2T, ' < wo=Q < 2T, ", the square root V(w, :Q_)E:ﬂ’_,,"z becomes imaginary. In this
region the energies, E, and E;j, are degenerated, and independent of H,, while the popula-

P‘I +2

1 1 1 — -

-2, 2 ety wo

Fig. 9. The dependence of the transition probability P;-.(¢) (z = const) on wo = yH

tion decay rates, y, and y;, change in function of H0 near the résonance value of wy, ~ Q.
This is a new result in comparison to some other external field interactions with atoms
(e.g., rf magnetic field in magnetic resonance experiment). In the case discussed the inter-
action with modulated light do not lead to the anti-level-crossing like for the magnetic
resonance case (or for the non-resonant modulated light case). The degeneracy of the
energy levels is not connected with the level-crossing situation. It is the second case known
for the magnetic resonance with the rf field.

Consider now the probability P, _,,(z), that atom being in the state [1) at the time
to = 0 (the modulated light switched on), will be found at the time, ¢, in the state {2).

In the region without degeneration [wo— Q| > 2T, %, P, _,,(¢)is given in the form (A18)

4T 2 - =
Pioo(t) = -—Q)— ks Tk smzéx/(wo—__g)z—u;, 2y (38)
in the degeneration region [wy—| < 2T,,“ :
4T,1_2 —Tp~t 121 \/ =3 2 39
Pl_,z(t)=‘—1T"_2_(wo_Q)2-e sinh® 7 VAT, " —(wo— Q)" t. 39

As we see, the probability P, _,,(z) decreases with time at a rate depending on the sum of
intensities: T, ~ I, +I_ = I, (or on the non-resonant part of the interaction), while
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the oscillation frequency, the amplitude and the resonance line width are connected with
the interference of both modes w, and w_, described by T, 2 ~ I,I_ ~ Ion?. The proba-
bility oscillation frequency E,—E; = v (a)O —9)2 41, % decreases while approachmg
the degeneration region. In the magnetic field region, Where the degeneration takes place
(E, = E,), the oscillations disappear and simultaneously with the dumping with the time
constant, T, two tendencies‘appear: the dumping with the rate [4T ,;‘ 2 (o —9Q)*1*? and
the augmentation with the same rate, depending on the coherent part of interaction.

" S
fea ¥ a
lw,-21> 2177
S0 "t s
L i
t
. . b.
T’?»z“)

=
|w0‘21<2rn

Flg 10. The tlme dependence of the transrtlon probablllty for the glven we in the reglon Wlthout degenera-
) tlon (@ and in the degeneratlon reglon (b)

S

This is similar to the case of the interaction with the non-resonant, modulated light,
the interaction with the resonant, modulated hght field causes transitions between [1)
and (2} states with the absorption emission of Q energy with'the. angular momentum — 1
(+1). These transitions are the result of a two- -step process, Wthh cons1sts of the absorp-

-~

Q
tion of the optlcall_;__Pl_.l(.}ton,;.gu.+ = o+ DR and_the;— emlssron of : the optical photon,

O_ = w-— 5 (the absorption of . = w— 5 vand’ the. emission of w, =w+ 7)
\ S

(Fig. 11), and give rise to the atomic Zeeman coherence resultmg from the population

difference. The resonances connected with the observatron of the coherences are the

resonances. of populations.:
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However, the character of the energy dependence upon the magnetic field strength
admits another mechanism of the atomic coherence creation, even when there is no popula-
tion difference of atomic sublevels. This is connected with the degeneration of the levels
[> and |B). The coherent character of the excitation by modulated light is the cause of

r\ A Excited state

\ l

!
i w_
1

h;
w, \ ; Ws

!
|
!
I
|

u=-1/2
Fundamental state )

Fig. 11. The atomic Zeeman transitions for the resonance condition @, ~ Q2 (the resonant light case)

the coherence creation in the system. The coherence precesses with a frequency proportional
to the energy difference, E,—Ej,. In the stationary condition, when

|E,—Ezl > 2T,

the frequency of the coherence precession is so high in comparison with the decay rate,
that on the average after the time 27, *, the resultant coherence is zero (Fig. 13). However,
when [E,—E;| < 2T~ in the degeneratwn region, the coherence precession has almost
no time to develop. In this region of the magnetic field, H,, the cumulation of the coherence
takes place [27], so the transverse observable arises (Fig. 12). The resulting resonance is the
resonance of a coherence type. The mechanism of the effect is connected with the degenera-
tion of the energy level, so it is the same as Haroche’s and Polonsk}}’s resonances [28, 16]
in the rf magnetic field. But it must be emphasized that the resonances with modulated

Fig. 12. The coherence precession in the region without degeneration (a) and in the degeneration region (b)
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light are not due to level-crossing. The magnetic field region, in which the cumulative
resonance takes place, depends on T’ ! (the coherent part of interaction,’ proportional to
1.1~ I

3.2.2. Higher order effects

As we have just mentioned, the energies of the unperturbed levels near the crossing
points at yHg® = pQ, p = 2, 3, 4 ... are not modified in the first order by the interaction

given by h = — é—”’éﬁ, because
(s ns Flhing +p,n_—p; = = 0.

However, the coupling of the states |1} = [n,,n_; +>and |2) = Iny+p,n_~p; =>
is possible by the intermediate states i) (i # 1, 2). The character of this coupling is different
for different p values:

— for even p-values: p = 0, 2k+1, k = 0, 1, 2 ... the eigenvalues E, and Ej are complex
numbers. From Appendix (A.5) results, that the energy levels are degenerated in the
magnetic field region depending on the interaction in p-th order

_ 1j"sF "sPlg> ... <1|"SI[2
R®) ~ WD = Z "Iy <wl™or|g) ... <I|"6I2) “0)
v,q...1

(E-E,)(E-E,) ...(E—E)

(see Fig. 13), while

— for odd p-values: p = 2k, k = 1, 2, 3 ... the values E, and E; (A9) are the energies
of the perturbed levels forming anti-level-crossing with the distance in the crossing point
equal to W,

3
Energy

(n,o2)we SR ol 20w~ ) leZ S o

' 2.0 -(w-2)k
(n,+l)(w+-§—) (n_-1)(w >/

n,/w»*%z—)*n_(w--zg) == —
wo=7Ho

(0, -Wws G )o(nw-3F)

Fig. 13. The perturbed dressed-atom energies for resonant light as a function of wo = yHy
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So for yH, ~ (2k+1)Q and yH, = 0, the effects caused by the interaction with modu-
lated light have the same character as those described in § 3.2.1. for yH, ~ @, while for
yH, ~ 2kQ the nature of the phenomena induced by the resonant modulated light is the
same as for the nonresonant modulated light described in § 3.1 in this paper. The energy
diagram for the system perturbed by the interaction with the resonant modulated light
is illustrated in Fig. 13.

4. Conclusion

Using the energy-level diagram of the dressed-atom in the static magnetic field we
have proposed a model for the interaction of atoms with coherent polarized, intensity modu-
lated light, with the modulation frequency close to the multiplicity of the Zeeman energy
level distance in the atomic ground state. The knowledge of the energies and the state
functions of the dressed-atom enabled us to find a quantitative description of properties
of the atomic system interacting with modulated light. The density matrix formalism
completing the description presented in this work will be presented in a forthcoming paper

The author wishes to express her thanks to Dr M. Kolwas and Professor K. Rosinski
for valuable discussions in the course of this work.

APPENDIX

The eigenproblem of the total Hamiltonian
" Consider the resolvent ¥(z) of the total Hamiltonian # = Ho+V [29]

1 :
9(2) = PP (A1)
o

The poles of the %(z) operator are eigenvalues of . In a problem of the level-crossing
of two states {1)> and |2) it is convenient to use the projection operators, P, and Q

P=nSc|+2>¢, Q=1-P, (A2)

and to look for the-poles of

PGP = — —— i A3
@) z—%o—‘lfR(z)P‘ (A3)
where i
PVP

PRP = PVP+ — ===, Ad
+ #—0700 (A4)

PRP can be expanded for small I7as follows: ;

PRP =R = PVP+PV—Q—— VP+PV 9 —V ¢ —VP+ ..

Z"‘#o - 0 z— 0

—R® ¢ R® -4 - RO + . R®.  (AS)
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It is.possible to put near the crossing points R(z) = R(E) [29], where E is the common
energy value of E;, and E, at the crossing (E, i = 1,2 are eigenvalues of Ho: Hyl1D
= Ej|i)) where R(E) is taken in the lowest order with respect to 7. The eigenproblem is then

connected with the secular equation
H# = #o+R(E),
or
) = <l_31 +F11(E) Rli(@ B )
Ry(E) E;+R;y,(E)
The eigenvalues E; resulting from the equation
(E1+Ry1—E) (Ey+ Ry~ E)—Ry,R,; = 0

are as follows (i = o, f):. g ©

E, = 7 [E1+E+ Ry + Ryl +5 [(E;+ Ry ~E, ~R3,)*+4R,R,,]'?,

Ep = 3 [E(+E;+Ry1+Ry5]—% [(Ey+R(; —E, —R;2)*+4R;,R,,]V2.
The eigenvectors of the problem are as follows:

o) = yil1>+0,125, 18> = x;]1>+x,[2),

where
T~ == = s
[IE, +R11—Ea|2v+|R12|2]1/2
E,+R,,~E,
V2 = == = »
* 7 [IE, + Ry —E L +[R,, "]
x R E2+R-22__Eﬁ
! [IE; +R22—Eﬁ12+IR12|2]1/2 ’
L R., B
: [IE2+R22*Ep|2+|R12|2]1/2
Because
E;+Ry,~E, = —(E, +Ry1—Ep),
$0 y; = x; and y; = —kx,, where

= +1 when R is the Hermitian operator,
k = —1 when R is the antihermitian operator,

and the eigenvectors (A10) can be written in-the form

o = —kx3l1>+x102), B = xI1>+x,]2).

(A6)

(A7)

(A%)

(A9)

(A10)

(A1)

(A12)

(A13)

The vectors [«) and [B) are not in general orthogonal vectors ([29],.Compl. Hy).
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‘The evolution of the [¢> and | states results:from the Schrédinger equation and is
glven by - "

o)y = o, 1B ‘=fefi'Eﬂ‘|ﬁ>. ,, B ONYY
Using (A13), the states |1> and [2) at £ =0 can be written in the form: valf
11y = [+ k2] (= xalad +x008)),
12 = [+ kixs 217 Gogloy +kx3IBY)- (A15)
In the time, 7, they become: ’
110> = [x3+klx,12 ] (= xze” oy +x17 ] B),
1200 = [x3+klx, "] (xie” P lad> +kxge ™ HB)). (A16)
In the unperturbed states base they can be written as follows:
1)y = [x} +klx 2] {[klxalPe™ 5 + x1e™ P [1)
+ gy (—e” Pt e )] [2)),
120)> = [x?+klx, 1217 {Tkx, x5 (— e +e” ] 1)
+[x2e” By kjx PeT O] [2)). (A17)

The probability P, _,(¢) that the atom being at the time 7, = O (the modulated light
switched on) in state |1) will be found at the time, 7, in the state |2) is:

2
|R121 'eZ Im Ext

Py =12 = — = 5 =5
2 |(E1+R1'1—11'42-R22)12+4R12R21

R Im Bt _ BN E)_ oiBa=Egt] (A18)

REFERENCES

[11 W. E. Bell, A. L. Bloom, Phys. Rev. Lett. 6, 280 (1961).

2} W. E. Bell, A. L. Bloom,. Advances in’ Quantum Electronics, ed. Singer, New York 1961, p. 224.
[3] A. Kastler, C. R. Acad. Sci. Paris 252, 2396 (1961).

[4] E. B. Aleksandrov, Opt. ‘Spektrosk. 14, 435 (1963).

[5]1 E. B. Aleksandrov, Opt. Spektrosk. 17, 957 (1965).

{6] 0. V. Konstantinov, V. J. Pérel, Zh. Eksp. Teor. Fiz. 45, 279 (1963).

[71 A. Corney, G. W. Series, Proc. Phys. Soc. 83, 207 (1964)

[8] A. Corney, G. W. Series, Proc. Phys. Soc. 83, 213 (1964).

[9] A. Kopystyfiska, Nugvo Cimento 3B, 73 (1971); 8B, 442 (1972).-

{10] L. N. Novikov, Opt. Spektrosk. 23, 498 (1967).

[11] N. G. Pokazaniev, L. N. Novikov, Zh. Elsp. Teor. Fiz. Pisma 5, 360 (1967).
[12] L. N. Novikov, N. G. Pokazanlev, Zh. Eksp. Teor. Fiz. 53, 699 (1967)
[13] N. G. Pokazaniev, Opt. Spektrosk. 24, 348 (1968).

[14] C. Cohen-Tannoudji, S. Haroche, J. Phys. 30, 125 (1969).

[15] C. Cohen-Tannoudji, S. Haroche, J. Phys. 30, 153 (1969).

[16] S. Haroche, Ann. Phys. (France) 6, 189 (1971).



541

[171 W. Happer, B. S. Mathur, Phys. Rev. Letr. 18, 727 (1967).

[18] K. Kolwas, M. Kolwas, Opt. Commun. 17, 149 (1976).

[191 J. P. Barrat, C. Cohen-Tannoudji, J. Phys. Rad. 22, 329, 443 (1961).

[20] C. Cohen-Tannoudji, Ann. Phys. (France) 7, 423 (1962).

[21]1 W. Happer, B. S. Mathur, Phys. Rev. 163, 12 (1967).

[22] W. Happer, Rev. Mod. Phys. 44, 169 (1972).

[23] J. Dupont-Roc, C. Cohen-Tannoudji, C. R. Acad. Sci. Paris 267, 1275 (1968).

[24] J. Dupont-Roc, Thése de Doctorat d’Etat, I'Université de Paris VI, 1972,

[25] A. Abragam, The principles of nuclear magnetism, Oxford, University Press 1961.

[26] C. Cohen-Tannoudji, B. Din, F. Laloe, Mécanique quantique, Hermann 1973.

[27]1 K. Kolwas, Opt. Commun. 25, 387 (1978).

[281 C. Cohen-Tannoudji, Cargés Lectures in Physics, M. Levy, Gordon and Breach, New York 1968,
vol. 2.



