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Generalized dressed-atom approach to atom —strong-field interactions —application to the theory
of lasers and Bloch-Siegert shifts*
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A generalized dressed-atom approach (GDAA) is developed to study the interaction of two or more strong
fields with atomic and molecular systems. In the GDAA, part of the atom-field interaction is incorporated
into the free-atom, free-field Hamiltonian and this expanded Hamiltonian is said to characterize a "dressed
atom. " The remaining atom-field interaction may then be thought to constitute a probe field interaction for
this dressed atom. Provided that the dressed atom constitutes a reasonably good approximation to the true
interaction, the GDAA should offer a relatively simple means for semiquantitatively predicting the positions
of absorption resonances in quite complex atom-field systems. The GDAA is applied to the theory of a high-

intensity, single-mode, standing-wave gas laser, the theory of Bloch-Siegert shifts, and the analysis of Autler-

Townes or saturation spectroscopy experiments. The agreement between the GDAA and computer-determined

values for laser resonance positions and Bloch-Siegert shifts is found to be surprisingly good over the entire

range of applied field strengths, Some methods for using the GDAA to study complex spectroscopic systems

are discussed.
'

I. INTRODUCTION

%hen an atom is placed in a strong optical field,
its energy levels are effectively split by the field.
This phenomenon, referred to as an ac Stark
effect' or "light shift", ' has also been studied
by considering the strong field to act as a "dress-
ing" field for the atom. ' One can then apply ad-
ditional (usually weak) fields to probe the structure
of the dressed atoms. Experiments of this type
can yield values for dipole matrix elements, in
addition to providing information on the level
spacing in atoms or molecules.

Saturation spectroscopy, 4 "two-photon Doppler-
free spectroscopy, "' Autler- Townes' type experi-
ments, ' and recent resonance fluorescence ex-
periments' can be explained by such an approach .

under limited conditions. In all cases, - the dress-
ing field is strong and in near resonance with a
given transition so that the antiresonance compon-
ent of the field may be neglected. The probe field
is a weaker field applied to the same or a coupled
transition (in resonance fluorescence, the probe
is the vacuum field). As the probe field is tuned,
the splittings induced by the dressing field can
be obtained.

In many saturation absorption and two-photon
experiments, the probe field strength is large
enough to invalidate this approach, and the separa-
tion into "dressing" plus "probe" fields becomes
somewhat artificial. Given the high precision of
these experiments, it is important to determine
any changes in the line shapes induced by a
"strong" probe field. It is the purpose of this

paper to develop a theory which will permit the
use of: a "generalized dressed-atom approach"
(GDAA) when two or more intense fields are in-
cident on an atomic system. This GDAA allows
one to gain insight into complex physical systems
with a minimum of effort; it can also aid in con-
structing computational schemes for quantitative
solutions of a given problem, but itself is not a
substitute for the analytic or numerical solutions
of those problems. The GDAA is discussed below
and applied to the theory of a high-intensity,
single-mode, standing-wave gas laser. Since a
standing wave may be thought of as two oppositely
directed traveling waves of equal intensity, des-
ignation of one as the dressing field and one as the
probe field becomes all but meaningless in this
case. A new type of dressed-atom approach is
needed.

In conventional dressed-atom approaches, the
system of two-level atom plus strong field is
solved exactly (neglecting the antiresonance com-
ponent of the field} using either a quantized or
classical field. The "dressed atom" may be
viewed as the original atom with each level of the
transition effectively split into two levels (Fig. 1).
This interpretation of level splittings follows
from a solution of the time-dependent Schrodinger
equation for the atom and strong field. ' As is
well known, the probability amplitudes b (t)
(ct =a, b; see Fig. 1} in this case have a time de-
pendence given by

(f) A e-iE~&t/@+A e-tEo2tltt
el fM2

with the A's and E's constants. Consequently,
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FIG. 1. A strong traveling-wave optical field with fre-
quency P in near resonance with the b-a transition ef-
fectively splits each of the levels a and 5 into. two sepa-
rate levels.

each state n is effectively split into two states
with energies E, and E,. A calculation of the
off-diagonal density matrix element p„=b,b,* re-
veals that there are four possible oscillation fre-
quencies for this dressed atom (E„—E», i,j
=1,2), two of which turn out to be equal.

Having accounted for the dressed atom, the
probe field is treated in perturbation theory; re-
sonances with the dressed atom occur at the new
positions of the level spacings. Consequently, a
probe field tuned near the a-e transition in Fig.
1 exhibits two resonances; and one tuned near the
a btransition-, four 'resonances (two of which are
equal). Such structure, extremely well known in
the microwav'e domain, ' has 'been observed re-
cently in the optical regime. "

The conventional dressed-atom technique re-
presents'a method for carrying out perturbation
theory. In reality, one can riever separate the
strong and weak fields si.nce;they are applied to
the system at the same time. However, an ex-
panded dressed-atom Hamiltonian consisting of
the free-atom-free-field Hamiltonian plus the
strong-. field interaction accounts for the major
part of the interaction; it makes sense and offers
physical insight to think of the probe field inter-
acting with the atom + strong-field system. This
philosophy can be carried over to the case when
there are two or more strong fields inter-
acting with the atoms. -In that case, it may still
be possible to break up the total interaction of the
fields into a part (dressing field interaction) giv-
ing a fairly good approximation to the true inter-
action and a remainder (probe field interaction).
If such a separation is possible, then despite the
fact that the dressing and probe "fields" may no
longer coincide with any pa, rticular physica, l field,
the separation into dressing and probe fields can
still be made on physical grounds and, in this re-
spect, the approach parallels the conventional
dressed atom theory.

In this spirit, a genera, l dressed-atom approach
(GDAA) is applied to the specific case of two strong

oppositely directed traveling waves interacting
with a two-level system. The limiting case of a
standing-wave field (equal intensities and fre-
quencies for the applied fields) is discussed in
detail since it connects with previous theories
of a high-intensity single-mode laser. ' " The
dressing-field interaction is taken to consist of
the two waves interacting independently with the
atoms but sharing the same available population
of atoms (sometimes called" the rate equation
approximation —HEA) since the HEA provides a
fairly good approximation to the true interaction.
The probe field interaction consists of the dif-
ference between the total and BRA intera, ctions.

Let us emphasize that the theory we present is
not a conventional one, even though the general
philosophy is similar to that of traditional dressed-
atom theories. The "probe field" of our theory
does not coincide with any real physical field and

is, in effect, a mathematical construct. Moreover,
the "probe" field may not be weak; normal pertur-
bation theory carried out in powers of the probe
field diverges in certain cases. It turns out,
however, that the GDAA is very useful in pro-
viding a simple physical picture to explain the
appearance and position of various resonances
(see discussion below) that exist in atom —strong-
field systems. We have not been able to obtain a
formal proof as to why the GDAA works so well
for the problem mentioned above, but believe it
is related to the fact that the BEA does provide
a good approximation to the total atom-field in-
teraction, validating its use as a "dressing field. "

Using this technique, we are able to predict the
positions of resonances occurring in an atomic
medium subject to a high-intensity standing-wave
laser field. Previous computational theories' "
have established the existence of structure in
graphs of the medium's spatially averaged popula-
tion inversion vs atomic axial velocity, and we
are able to semiquantitatively explain this struc-
ture as a direct consequence of the GDAA. As
such, our theory offers an alternative explanation
for the appearance of this structure to that given
by Feldman and Feld, '0 who relate it to sidebands
generated by atoms subject to a strong amplitude
modulated field. On the other hand. , it is the na-
tural extension of the work of other authors'4 who
explain simila, r structure in saturated absoxption
curves on the basis of the ac Stark effect.

Another interesting feature of the problem of
an atomic medium subjected to a nearly resonant
standing-wave optical field is its relation to cal-
culations of Bloch-Siegert" shifts. The precise
relationship between the two problems and the
manner in which the GDAA can be used to provide
predictions for Bloch-Siegert shifts are discussed
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II. EQUATIONS OF MOTION

In a, typical laser calculation, ' "one obtains the
contributions to the population inversion and pol-
arization of an atomic sample as a function of
both the position in the laser cavity and the vel-
ocity of the atoms giving rise to the contribution.
If the inversion and polarization a,re spatially
averaged, one obtains these quantities solely as a
function of velocity. Graphs of the spatially av-
eraged population inversion or polarization vs
velocity for high laser intensities exhibit many
resonances. ' " In this section and the next, we
demonstrate how to anticipate the position of these
resonances. A direct experimental verification
of these resonances is not possible since the laser
output depends on the velocity averaged polariza-
tion of the sample. However, there are ways to
monitor the resonances and these methods are
mentioned in Sec. IV.

In order to use the GDAA to predict the re-
sonances as a function of velocity, we consider
two fields:

X,(e, t) =iZ„cos(Q, t- k, e),

E (2, f) =iE cos(Q2t + k2e),

with propagation vectors I:,~ and -k,z and fre-
quencies Q, =k,c and @„=.k2c, respectively, in-
teracting with a two-level nondegenerate atom
moving with axial velocity v. The free atom has
an electric dipole resonance with frequency co,
between an upper state a and lower state b. The
equations of motion for density matrix elements

(»)
(lb)

in the Appendix.
Qf course, exact calculations" of Bloch-Siegert

shifts as well as exact solutions to the single-
mode standing-wave laser' "problem exist. The
GDAA is not intended to and cannot provide a sub-
stitute for those calculations. On the other hand,
the GDAA is intended to provide an explanation
or interpretation of those results which some peo-
ple might find useful. The GDAA may a,iso be ex-
tended to more complex physical problems where
exact solutions do not yet exist. In this work, the
GDAA is used to provide new predictions of pos-
sible resonances in saturation spectroscopy ex-
periments.

Section II contains the Schrodinger equations of
motion for density matrix elements written in a
form enabling one to apply the GDAA. Besonance
predictions are developed in Sec. III, and the com-
parison of these predictions with exact calculations
is given in Sec. IV. Also to be found in Sec. IV is
a discussion of methods for testing some GDAA
predictions that may be provided by laser and sat-
uration spectroscopy experiments.

follow from Schrodinger's equation, imp= [II,p].
Employing the rotating-wave approximation and
working in the atomic rest frame (e =vt), one ob-
tains

epPv—=-ZR p + tt[x e-i&At-k v}t
0 ab ~ +

+X e " 2'"2""](P —P ) (2a)

Paa Li[x e t(At kvt&t+~ e-t(A2+k v)t]p + C.C.
Bt vv ba

C = pvk+ (pvk}*~

S"= i[ p:k —(p:k)*],

N=p„—p»,

Eqs. (2) may be written

C'=-6 S'

S'= 5,C*+x, jV,
4

N= —X, S'-X S.+ [-X C'sin6t-X S'cos6t

(5a)

(5b)

(5c)

(6a)

(6b)

+X,C sin6t —y,,S cos6t], (6c)

where
O, =no —0, +k,v, 6 =(d, —Q~ —k,v

(8)

Equations (6), excludin'g the terms in brackets in
Eq. (6c) describe two traveling waves sharing
the same population of the atom but in all other
ways acting independent). y with the atom and con-
stitutes the BEA for the system. %e take the sol-
ution of the BEA to represent our "dressed" atom

where

X, = p.k&, /@, X = p.k E l~,

p,„is the x component of the electric dipole ma-
trix element, and equations for p„and p» are
obtained by interchanging a —b (dp (Joo

(0, ak,.v) ——(0,. +12,v) in Eqs. (2}. All decay pro-
cesses have been neglected since they will not
significantly affect the position of the resonances
in the strong-field limit X,» (decay rates)."

It is impossible to extract the rate equation ap-
proximation (BEA) directly from Eqs. (2). Since
we wish to use the BEA as our dressing-fieM
interaction, we expand our basis by writing

p (f) p+ (f)e i ( tkt v)t+ p (f)e t(A2+k2v) t

The quantities p'„and p, , are chosen to satisfy
the corresponding equations of motion had fields
E„or E, acted separately [i.e., p,', is a solution
of Eqs. (2) with X =0 and p, , is a solution of Eqs.
(2) with X, =0]. In terms of the real variables
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and the terms in brackets in Eq. (6c) to represent
a probe-field interaction, in the sense described
in the Introduction. Q-kv 0+k

a

III. PREDICTION OF RESONANCES

c, =0,
t

...=2-"((5', 5"x'. x')

(9a)

+ [(5' —5')'+ (x'+ x')'

+ 2(X2 XB)(52 P)]a/2 }}./2 (9b)

(9c)

Since S'(t) and C'(t) vary as exp(sivtt) (j =1,2, 3),
it follows from Eqs. (5a) and (5b) that p'„(t) also
vary as exp(+to, .t). Using this result in Eq. (4),
one finds that p„(t) and, consequently, the polar-
ization oscillates at ten frequencies in the atom's
rest frame given by

~' = 0, + (-1)'k,v + o/,
i=i 2 j=l 2 3.

Thus, one can consider interactions of the probe
or correction fields with this atom that has had e,
replaced by ten frequencies as a result of the
dressing field's action. To compare our predictions
with some numerical results of laser' "and
Bloch-Siegert theory, "we. consider the limiting
case of a standing wave

0 =0 =Q, . k, =k =k .
In this limit, Eqs. (9) and (10) reduce to

v' = 0+Av+ 0', , j=1,2, 3

with

(12)

(13a)

=[g +k2v +X2+(4~'k v'+X )'/']'/' (13b)

where the detuning & is defined by

It was noted in the Introduction that the new
resonant frequencies of the dressed atom are
found by determining those frequencies appearing
in the time-dependent polarization arising from
the atom and dressing-field interaction. Equations
(6) in the REA [neglect of bracketed term in Eq.
(6c)] represent five coupled linear first-order
differential equations. When trial solutions of
the form

[S'(t};C'(t},N(t}] =Q [S'„,C„',N„]e'"t

5=1

are substituted into these equations, cne finds
eigenvalue s

FIG. 2. Diagram showing a "three-photon absorption. "
There is absorption of two photons of one of the traveling
waves and stimulated emission involving one photon of
the other traveling wave leading to an overall net ab-
sorption. The frequency cu' is one of the "dressed-atom"
frequencies given by Eq. I'12).

(15)

with &u' given by (12) and (13). Multiphoton ab-
sorption resonances are generated when the dressed
atom absorbs n photons at frequency (0+ kv)
and undergoes stimulated emission with (n —1) pho-
tons at frequency 0+kvas shown in Fig. 2. The
resonance condition is

n(Q ~ kv) —(n —1)(Q+kv) = (u'

(It should be clear that any number of absorption-.
emission pairs of one traveling-wave component
can be inserted in Fig. 2 without changing the reso-
nance condition. Such pairs are invariably present
when strong fields are involved and our nomencla-
ture of "one-photon" or "n-photon" resonance is
meant to apply only to the unpaired absorptions and
emissions. )

Equations (15) and (16) can be satisfied only by
atoms having the proper axial velocity v. Using
Eqs. (16), (12), and (13), one finds that atoms with
axial velocities given by

kv =0,
k'v' = (4n' —1) '$(4n'+ l)b'+ (4n' —1)X'

~ [16m'~4+ 4(4n' —l)~'X'

+ (4&2 1)2X4]s /a }

(1va)

(17b)

experience resonant interactions with the fields.

Interpretation

Large detuntngs —
~

ts
~

» X. For large detunings,
each of the traveling waves essentially interacts

(14)

Hesonances of the "probe" field with the dressed
atom occur whenever the probe-field frequency
seen in the atomic rest frame equals one of the co'

given by Eqs. (12) and (13). Since the probe field
contains parts of both traveling waves, the appro-
priate frequencies in the atomic rest frame are
0+ kv. Thus, the resonance condition for the ab-
sorption of one probe photon by the dressed atom
18
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with a sepaz. ate velocity group of atoms (e.g. , kv
= +& for single photon processes). Consequently,
to lowest order, the results should reduce to a
conventional dressed-atom picture where an off-
resonant traveling-wave field dresses the atom
and leads to a shift in the frequency position for
maximum absorption of the resonant traveling
wave. For example, an atom moving with axial
velocity kv =& sees two fields at frequencies Q

kv 0 6 + (Jop 4)0 + 2& in its rest frame . The
off-resonant field at ~, +2& "dresses" the atom
and slightly shifts the absorption resonance at co, .
Similar pictures are possible for the multiphoton
processes, but some care must be taken in their
interpretation as is discussed below.

For large detunings, Eq. (17a) represents non-
resonant Rayleigh scattering and is relatively un-
important, while Eq. (17b) takes on the asymptotic,
limit

(2n —1)(kv)„'-+
1

1+ (18a)

(18b)

where + or —refers to the two roots of Eq. (17b).
Resonances occur near a&/(2n —1), which for n = 1
represents single-photon absorption of one of the
traveling waves and for n &1 represents absorption
of n photons of one traveling wave and emission of
n —1 photons of the other. All resonance positions
are slightly shifted by the field.

One notices that for n &1, (kv)'„and (kv)„, exhibit
resonances near +&/(2n —1). These roots a.ctually
correspond to the same resonance and, to get the
total shift in the position of the resonance, one
must combine the shifts of (kv)„' and (kv)„, in some
manner. One could simply add the shifts, but add-
ing the shifts in quadrature produces a somewhat
more satisfying result in the asymptotic high-field
limit. '8 Consequently, resonances are predicted
to occur at

(kv), =(kv);-+a[1+-,'(X'/b')], (19a)

(kv) =j[(kv)']'+[(kv) ]'- [a/(2zz —1)]']z~'

(2n —1)'
2n-1 4n(n 1) 27

(19b)

The shifts appearing in Eqs. (19) a,re equal to those
found in conventional dressed-atom theories. How-
ever, if we were to expand Eq. (17) of our GDAA
to include the X'/&' term, the results would be in
agreement with the exact results while those of
conventional dressed atom theories, where only
one field acts as the dressing field, would differ.

Szzzzzll detunings —
I
+

I
«x ~ if I~

I
'x the d~~~s-

ing fieM is absorbed by atoms with axial veloci-
ties in the range -X ~ Av ~x. This power broaded
absorption "hole" is well known in hole-burning"
theories of laser operation or saturation spectro-
scopy. The probe field creates additional struc-
ture on this broad absorption band at velocities
obtained from Eq. (17) in the limit I&

I
«X:

(4zz'+ 3)
(kv) + 1 +

(kv) „-a &/(4n' —1) .
(20a)

(20b)

This structure is seen as narrow absorptions
superimposed on the broad absorption background
produced by the dressing field (to be discussed
below) .

It is not obvious if (kv)'„and (kv)„, still corres-
pond to the same resonance as was evident for the
case I6 I»y above. However, we use the same
prescription employed in arriving at Eqs. (19) to
obtain

(kv), -+ (2/3)' ~'X [1+(7/6)(L'/X') ] (2 la)

i/2
(kv)„-+

for n&1 .

(Bn' —4n'+ 14n —7)
4(2n+ 1)(4n' —Bn+ 3) I X2

(21b)

It is interesting to note that, had one used a con-
ventional dressed-atom approach, Eq. (22) would
be replaced by (kv)„=+ [X'/(4n' —1)]'~'. The GDAA
takes into account the fact that both traveling fields
are strong and gives a much better approximation
to the resonances than the conventional theory.

Intez mediate &etunings ID I
=y.—For interme-

diate detunings, neither of the above pictures is
strictly valid. The dressing-fieM-probe-field con-
cept is still applicable in the more general sense
that the dressing-field interaction provides a fairly
good approximation to the true interaction and the
probe-field interaction monitors the new frequen-
cies of the dressed atom. Using the same pre-
scription for combining (kv)„and (kv)„, for n&1
that was used in Eqs. (19) and (21), we determine
the GDAA resonance predictions for arbitrary de-
tunings and field strengths to be

(kv), =- ~ -', [5&'+3X'+ (16&'+ l2&'X" + 9X')'~'],

In the limit of zero detuning the resonance positions
are at

(kv)„=+[2X'/(4n' —1)]' '.
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n

(pv)„=+ g (4m' —1) 'f(4m'+ l)4'+ (4m' —1)y'
m=rr-1

g2 1 /2

+ (-1)""[16 '6'+ 4(4m' —1)b' '+ (4 ' —1)'„']'@)—
(2 1)2 rs&1 .

(23 )

IV. COMPARISON WITH EXACT RESULTS—EXPERIMENTAL
CONSIDERATIONS

Equations (23) give the GDAA resonance predic-
tions. The GDAA, as described above, offers no
estimate as to the amplitude or width of the reso-
nances. Consequently, Eqs. (23) should be viewed
as providing Possible resonance positions. If the
detuning is large compared with the field strength
X or X is less than or comparable to some appro-
priate decay parameter in the system, it is diffi-
cult to observe more than one or two resonances.
While experimental verification of the resonance
positions may be difficult, it is a relatively simple
matter to compare the QDAA predictions with com-
puter solutions of Eq. (6). Taking N(to) = -1, S'(to)
= C'(f, ) =0 in Eqs. (6) (i.e. , atoms in lower state
at t=t, ), we solved the equations numerically to
obtain IV(t). The solutions were then averaged over
t, and t to determine those values of kv giving rise
to absorption maxima. The exact resonance posi-
tions obtained from the computer solutions are
compared with the predictions of the GDAA [Eqs.
(23)J in Table I. Several values of n (lan~ 5)
corresponding to (2n —1)-photon resonances [see
Eq. (16)]have been tabulated along with a range
of field strength parameters.

The agreement between the GDAA predictions
and the exact results is truly remarkable. For the
main resonance (n = 1) the GDAA and exact results
differ by no more than 2/p over the entire range of
field strengths. For the higher-order resonances
(2 ~n ~ 5) the difference between the exact results
and GDAA predictions is no more than 6%. For
these higher-order resonances, the GDAA predic-
tion is admittedly dependent on the manner of com-
bining shifts given in Eq. (19b); however, any rea-
sonable algorithm for combining the shifts does
not lead to errors greater than 10% to 20% over the
entire range of field strengths. We can offer no
rigorous explanation as to why the GDAA produces
such excellent approximations for the resonance
positions. One might have expected an overall
qualitative agreement, but the quantitative accu-
racy is surprising.

For arbitrary values of n, some general obser-
vations can be made. For large detunings ~b, /X

~» 1, Eqs. (23) may be expanded [the lead terms
are given in Eqs. (19)]and one finds agreement

with the exact results to order }f'/&'. Thus, the
QDAA is very accurate for large detunings.

For large field strengths ~x/&
~

»1, the GDAA

/0

difference

0
0.5
1.0
2.5
5.0

10.0

0
0.5
1.0
2.5
5.0

10.0

0
0.5
1.0
2.5
5.0

10.0

0
0.5
1.0
2.5
5.0

10.0

0
0.5
1.0
2.5
5.0

10.0

1.00
1.06
1.25
2.23
4.18
8.21
0.816~

0.333
0.414
0.572
1.05
1.91
3.64
O;365 ~

0.2
0.244
0.331
0.644
1.22
2.40
0.239
0.143
O. 174
0.236
0.472
0.905
1.79
0 177
0.111
0.135
0.184
0.375
0.720
1.43
0.142'

1.00
1.06
1.25
2.26
4.24
8.36
0.832 '
0.333
o.413
0.560
1.oi
1.86
3.65
0.362
0.2
0.245
0.340
0.650
1.19
2.33
0.231
0.143
0.174
0.242
0.479
0.878
1.71
0.170
o.i 11
0.136
0.188
0.376
0.693
1.35
0.134

0.0
0.0
0.0
1.3
1.4
1.8
1.9
0.0
0.2
2.1
4 0
2.7
0.3
0.8
0.0
0.4
2.6
0.9
2.5
3,0
3.5
0.0
0.0
2.5
1.5
3.1

4.7
4.1
0.0
0.7
2.1
0.3
3.9
5.9
4 5

~Corresponds to kv/X rather than kv/E.

TABLE I. Positions of absorption maxima kv/6 as a
function of field strength X/6 when a standing-wave field
is applied to a two-level system. The quantities (kv/E)&
are the exact (to 1%) resonance positions determined
from computer solutions while the (kv/4)& represent the
generalized dressed-atom approach prediction for the
resonance positions. The quantity n through the factor
(2n —1) determines the number of unpaired photons taking
part in the absorption (i.e. , n =2 corresponds to a three-
photon absorption process).
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0.2-

0.l-

0
0

FIG. 3. Computer solution for the steady-state popu-
lation inversion N of two-level atoms in a standing-wave
field as a function of axial velocity. (The graph is sym-
metric about kv = 0.) A normalization is chosen such
that %=1.0 in the absence of the laser field, and the
field strength X, detuning 4, and kv are given in units
of some atomic decay parameter p, while the dimension-
less intensity I=2&2/p. For.this graph, X=5@2, I=100,
and &=0. The insert shows a wider range of kv reveal-
ing that the detailed structure near kv =0 is actually
superimposed on a very broad hole centered at kv = 0.
The arrows on the diagram indicate the positions of the
resonances predicted from the generalized dressed-atom
approach.

resonance prediction is (kv)„= [2y'/(4n' —1)]' '
while the exact resonance positions occur at the
zeros of the Bessel function Jo(4y/kv). " Thus
the exact resonance positions occur at (kv)„/X
=0.8317, 0.3623, 0.2311, 0.1696, 0.1339 for n
=1,2, 3, 4, 5, respectively, while the GDAA pre-
diction is (kv)„/y =0.8165, 0.3651, 0.2390, 0.1768,
0.1421. For large n, the exact resonance position
occurs at (kv)„/y =0.636/n and the GDAA predic-
tion at (kv)„/X =0.707/n so that the two results dif-
fer by about 10/o. Thus, even for large field
strengths and high-order resonances, the GDAA
and exact results are in good agreement.

To conclude this section, we examine the impli-
cations of our results for laser theory, and satu-
ration spectroscopy or Autler-Townes-type exper-
iments.

A. Laser theory

The equations which have been considered are
essentially the same as those encountered in the
theory of a high-intensity single-mode standing-
wave laser. '"'~ In laser theory, one would add
some decay terms to Eqs. (2), solve Egs. (2) as-
suming an atom located at z =z, is excited to a
given state at t= t„and then integrate over the
rate of excitation to obtain the steady-state popu-
lation inversion density N(s, e) =p„(s,v) —p»(z, u)
and polarization of the system. The spatially

averaged population inversion N(v) = (N(z, v)), is
not directly measurable in the laser output, but
can be monitored by other means (see below). A

graph of N =N(v)/N, (v) vs kv, where N, (v) is the
population inversion in the absence of the laser
field, will reveal all "holes" burned into the popu-
lation inversion by the standing-wave field.

The GDAA has provided predictions for the posi-
tion of these holes or resonances. The inclusion
of decay rates for the levels does not significantly
alter the resonance positions for X» decay rates, "
but may determine whether the amplitude of cer-
tain resonances are large enough to distinguish.
In Figs. 3 and 4, computer solution graphs of N
vs kv for detunings y/& = ~ and X/& = v 2, respec-
tively, are shown. The corresponding GDAA pre-
dictions for the resonance positions are shown by
the arrows in the figures, and the agreement be-
tween the GDAA and exact results is seen to be
excellent. For X/& =~, at least six resonances
are visible and, for y/& = v 2, four resonances
may be seen. [In obtaining Figs. 3 and 4, some
decay rate y was assumed for levels a and b. All
variables are expressed in units of y (i.e., X
= 5M2y, n =0.0y in Fig. 3; & =5y in Fig. 4; and
kv/y ranges from 0.0 to 20). [A dimensionless in-
tensity I=2X'/y3, which is generally used in laser
theory, '"" has the value 100 in Figs. 3 and 4, cor-
responding to a typical power density =10' W/m'. ]

0.4

0.2

0
kv

FIG. 4. A graph similar to that in Fig. 3, but with A
=5.

B. Saturation or Autler-Townes experiments

As was mentioned above, one cannot experi-
mentally directly measure the structure shown in
Figs. 3 and 4. In order to probe this structure,
one must saturate a given transition with a stand-
ing-wave field and monitor the absorption of a
weak traveling-wave field on the same or a coupled
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FIG. 5. Two graphs giving a schematic picture of the
reduction in probe-beam absorption when a traveling-
wave probe beam is applied to a transition that is simul-
taneously driven by a strong standing wave field. The
transition frequency is coo, the probe frequency 0&, the
standing wave field strength X= 5&2 and graphs are
drawn for two detunings, 6= 0 and 4= 5 of the standing-
wave field. The ordinate is in arbitrary units and X, 6,
and 0&-coo are in units of the decay parameter & men-
tioned in the caption of Fig. 3.

transition. A theoretical analysis of this problem
Using an exact computer solution for the standing-
wave fieM was given by FeMman and Feld." Fx-
perimental work of this nature is just being re-
ported. '

An exact theoretical analysis of the problem is
quite complex. The GDAA enables one to at least
get a semiquantitative prediction of resonances
which may appear in the probe beam absorption
profile.

Two approaches can be used. From a simple
hole-burning picture, there is a resonance in the
probe absorption whenever the probe interacts with
atoms having axial velocity given by Eqs. (23),
corresponding to the resonance dips in Figs. 3 and
4. That is, resonances occur whenever

in Fig. 5. The resonances move out and broaden
with increasing pump-field strength. 2' One notes
that power broadening of the higher-order reso-
nances is substantially reduced, providing another
mean"- for obtaining narrow Doppler-free reso-
nances. The distance between dips can be used to,
determine dipole matrix elements or calibrate
laser field strengths.

Our predictions are in good agreement with the
exact calculations of FeMman a,nd Feld. ' How-
ever, their work, as well as recent experimental
studies, ' have revealed only the main resonances
shown in Fig. 5 and none of the higher-order reso-
nances. Admittedly, the hole-burning picture is
an oversimplification, and the actual line shape
and widths of the resonances are determined in
detail by complex interference effects (e.g. , the
exact result" corresponding to ~ =0 of Fig. 5 ex-
hibits a sharp dip at Q~ —~, =0). However, we
feel that both theoretical and experimental studies
carried out at higher intensities than have been
used previously will reveal the additional struc-
ture shown in Fig. 5.

The alternative approach to predicting the probe-
field resonances is the use of an ac Stark effect or
dressed-atom picture. In that case, the dressing
field produces modified resonant frequencies of th=
atoms given through Eqs. (9) and (10) or (12) and
(13). By considering interactions of the correction
fields plus the applied traveling-wave probe field
with the dressed atom, one can determine probe
absorption or amplification resonances as a. func-
tion of velocity. This type of analysis leads to the
result that some splitting of the velocity averaged
absorption resonances 'shown in the & =5 curve of
Fig. 5 is possible. Dressed-atom or ac-Stark-
effect approaches can help determine the condi-
tions necessary to produce splitting„" in addition
to providing a semiquantitative prediction for the
magnitude of the splitting. Experimental verifica-
tion of the splittings has been achieved. '

It might be noted that coherent transient experi-
ments using standing-wave excitation could also
be used to observe the above phenomena.

where Q~ is the probe field frequency, ~~ the tran-
sition being probed and (kv)„given by Eqs. (23).

The predictions of Eg. (24) are shown schemati-
cally in Fig. 5 corresponding to the standing-wave
saturation conditions of Figs. 3 and 4, respectively.
The standing-wave field saturates the b -a transi-
tion and the probe absorption on the same transi-
tion (&@~=&a,) is monitored. Whenever condition
(24) is satisfied, there are fewer atoms in state b

leading to less absorption of the probe. Thus each
dip shown in Figs. 3 (zero detuning) and 4 (& = 5) is
mirrored in the probe absorption profiles shown

V. CONCLUSIONS

A generalized dressed-atom approach (GDAA)
has been proposed to study systems in which two
or more intense fields interact with an atomic
system. The major purpose of the GDAA is to
provide a simple interpretation of the interactions
which enable one to give a semiquantitative pre-
diction of the system's output characteristics.
While the GDAA gives no information on the am-
plitudes or widths of resonances, it does yield a
reasonable approximation and explanation for posi-
tion of resonances.
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For the case of a standing-wave fieM interacting
with a two-level system considered above, the
QDAA provided an unusually good approximation
for the resonance positions over the entire range
of field strengths. Moreover, the resonance struc-
ture shown in Figs. 3 and 4 arises naturally in the
GDAA and aids one's understanding of these
curves. In the past, this structure had not been
anticipated and its connection with the multiquan-
tum Bloch-Siegert resonances had not been appre-
ciated. Finally, we presented some predictions
of the GDAA (Fig. 5) which can be tested both theo-
retically and experimentally. We should note that
Eqs. (10), (15), and (16) can be used for predicting
resonance positions for the case of two oppositely
directed traveling waves of arbitrary amplitude
and frequency interacting w'ith a two-level system.

The GDAA should be applicable to a wide range
of problems involving atom-strong-field inter-
actIQns. By choosing a dresslQg-field M terac-
tion which is exactly soluble arid provides a good
first approximation to the true interaction, one
can obtain resonance predictions by considering
interactions of a "probe field" with this dressed
atom. In particular, this method may prove use;-
ful in the theory of multimode lasers and multi-
photon processes. Since the computational methods
for treating those problems are by no means
straightforward, the GDAA may provide some in-
sight into the path the calculations should follow.

The Hamiltonian for the spin system is

H=-@her B, (A4)

p „=iy' cos(Q't)(p„- p„),
p ~

= —z(dop g+ 'Ey cos(Q /)(ppg —p )

i „=-fX'cos(~l'/)(p, .—p.&),

~~a=~a~ ~

(A5R)

{A5b)

(A5c)

(A5d)

q'=2', .
Writing

p.,(f) = p'.,(&)e "'+p.,(&)e* (A7)

where p",~(t) exp(-iQ't) and p,~(t) exp(iQ'f) are
chosen as solutions of Eqs. (A5) in the rotating-
wave and "antirotating" wave approximations, re-
spectively; and defining

(A8a)

(A8b)

(A8c)

one uses Eqs. (A5)-(A8) to obtain

where S is the Pauli spin operator. For a spin- —,
'

system with the + —,
' and ——,

' states labeled by a and
b, respectively, the equations of motion for density
matrix elements given by imp = [H, p] are

APPENDIX: BLOCH-SIEGERT SHIFTS S"=S',C "+XV ',
(A 9a)

(A 9b)

In typical" calculations of Bloch-Siegert shifts,
one considers an isolated stationary spin- —,

' sys-
tem subjected to a magnetic field of the form

B =80k+X, cosQ't i . (Al)

The static component of the field provides an en-
ergy separation

e0 = -yB0 (A2)

(y is the gyromagnetic ratio) for the +-,' spin states
and the time-varying component. is used to probe
this separation. In the rotating-wave approxima-
tion, single and multiphoton resonances with the
time-varying field occur when

n' = (u,' j(2n+ 1) (A8)

for integer n. The shift in these resonance posi-
tions due to the presence of the "antiresonance"
(or counter-propagating) component of the oscillat-
ing field are termed Bloch-Siegert shifts. The re-
lationship between the calculation of Bloch-Siegert
shifts and the calculation of velocity resonances
presented in the text is shorn below.

1V' = -~'g"-y'g'-+[ -~'C"sin5'/

~X
'S"cos 5't + X

/C ' sin5't

X'8' cosK't], (A 9c)

where

is made. Thus, solutions of the Bloch-Siegert
problem and the problem of the interaction of an
intense standing-wave field with an atomic system
are mathematically equivalent. (If the two levels
are not isolated (as might occur in electric dipole
atomic transitions), additional terms arising from
interactions involving states-outside the two-state
subspace can contribute to the shift. Such terms

(A10a)

(A10b)

Equations (A9) are equivalent to Eqs. (6) taken in
the standing-wave limit lay 02 0 Q] k2

g, =- y = X, provided the correspondence X
—

X ',

(Alla)

(A lib)
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(e.g. , light shifts) can contribute an amount that is
comparable with the Bloch-Siegert shifts calcu-
lated above. )

Thus the GDAA also provides predictions for
the positions of Bloch-Siegert shifts through Eqs.
(23), (21), or (19) when the substitutions (A11)
are used. .The GDAA agrees with exact calcula-
tions" to order (y/&o)4 for small field strengths
and provides a very good approximation for the
resonance positions over the entire range of Q'/

e,' as given by Table I with the substitutions
&~/&- Q'/~l, x/&- x/~l.

In some cases, it is more convenient to vary
ao (i.e., by varying a magnetic field) than to vary
the field frequency 0', and one would like the re-
sonance condition stated for &ut/Q' as a function
of y/O'. One could get such a condition by inver-
ting Eqs. (23). One finds that resonances occur
at apt/Q' = 2n —1 for low field strengths and de-

crease monotonically to zero at a field strength
g/Q' = [(4n' —1)/2] ' '. For higher field strengths
the resonance disappears; from the GDAA pic-
ture, one says that the resonance condition cannot
be met while from more conventional interpreta-
tions, one says that power broadening has washed
out the resonance. We should point out that, : for
values X/Q'&n/2, the GDAA prediction for uo/Q'
resonances obtained by inverting Eqs. (23) is not
as accurate as the Q'/m, ' predictions in Table I,
owing to the fact that small errors in determining
Q' from Eqs. (23) can lead to larger errors in
determining the corresponding u,'/Q'-vs-y/Q'
curves. Still, the GDAA provides a relatively
simple means for obtaining the Bloch-Siegert
shift for tuo/Q' accurate to fourth order in y/0'
for weak field strengths and reasonably accurate
(10 to 20%%u~) over the entire range of X/Q'.
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