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I develop a nonperturbative relaxation theory appropriate for an atom subjected to
strong finite-bandwidth radiation fields. The partial coherence implied by the finite
bandwidth is modeled by simple phase and amplitude correlation functions. Modifica-
tions of the Mollow theory of resonance fluorescence are calculated as an example. The
finite bandwidth of the applied field does not have a simply additive effect on the predict-
ed fluorescence spectrum.

The use of quasirnonochromatic lasers in multi-
photon spectroscopy poses a new problem in re-
laxation theory. In all types of spectroscopy,
linewidths are studied for the insights they give
into the relaxation interactions of the system un-
der investigation. Thus, it is necessary to have
an analysis of atomic relaxation phenomena in the
presence of very strong fields that is flexible
enough to allow the laser's contribution to be iso-
lated from the other elements making up the
whole line. Such an analysis becomes doubly im-
portant for those multiphoton effects, that of re o-
nanee fluorescence for example, in which a truly
fundamental theory such as quantum electrody-
namics can be tested experimentally.

Unfortunately, in the cases of the greatest in-
terest, and of the most recent experimental ad-
vances, the well-known perturbative relaxation
theory of Bloeh and Wangsness and of Redfield'
fails precisely because the laser power is so
high. In other words, it has recently become pos-
sible to undertake spectroscopic experiments
with laser fields of sufficient power that the atom-
ic transition amplitudes change more rapidly in
response to the coherent laser than they do in re-
sponse to the incoherent stochastic (spontaneous
radiative and collisional) forces acting on the at-
om. However, even if all other stochastic forces
can be ignored by virtue of the high laser power,
it cannot be forgotten that the same laser contrib-
utes its own element of stochastic influence on the
atom simply because it is not perfectly coherent.

In this Letter I sketch a nonperturbative ap-
proach to atomic relaxation processes, an ap-
proach that deals directly with the equations of

motion of the two-time functions that determine
the spectrum. This approach is unaffected by the
high strength of the atom's coherent interactions.
In further contrast to most previous treatments
of relaxation, the present method uses the Heis-
enberg picture and avoids consideration of the
density matrix and its time evolution.

For definiteness we treat the specific problem
of resonance fluorescence by a two-level atom.
(Other areas of intense-field physics, such as
two-photon absorption and multiphoton ionization,
provide equally interesting contexts for the appli-
cation of the present nonperturbative technique. )
A strong saturating laser field induces a near-
resonant multiphoton "dressing" of a single al-
lowed atomic transition in this case, and observa-
tions of the fluorescence spectrum are called for.
Stroud and others have recently carried out the
first resonance fluorescence experiments. ' The
perfectly coherent zero-bandwidth-laser theory
due to Mollow' is well known.

The equations obeyed by the Heisenberg opera-
tors appropriate to a two-level atom are only
three in number once the electromagnetic self-
fields have been eliminated4 in favor of the "natu-
ral" longitudinal and transverse relaxation rates
appropriate to spontaneous emission, y~ and y~.
We work in the instantaneous rotating frame and
denote by 0(/) and (p( f) the instantaneous Rabi
rate and laser phase. ' These are the simplest
stochastic elements associated with every rea. lis-
tic laser, and absent from previous theories of
the laser-atom interaction. The observed fluo-
rescence spectrum can be shown' to be propor-
tional to the real part of a certain definite inte-
gral G(v):

G(v) = J ds exp(- f's) e~pl —i(v —cu)sl((expji(&p, —y, )Jg, )/.

Here ~ is the laser midfrequency; and I and v are the bandwidth and center frequency of the conven-
tional Fabry-Perot interferometer used as a. spectrum analyzer. Also, y, =— q(t+ s), ic(1+s), and g,
= p'( i+s)pl i), where p and p' are the instantaneous rotating-frame transition operators for the atom,
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and where t will be assumed to be a time sufficiently long that initial transients have died away. The
double angular bracket signifies an average over the stochastic phase and amplitude fluctuations of the
laser.

In addition to g, it is useful to define d, = p(t+s)p(t). The equations for g, and d, , as functions of s,
follow from the three Heisenberg equations for p, p, and p, (the atomic inversion). By formal integra-
tion p, can be eliminated exactly, leaving two coupled linear integrodifferential equations with stochas-
tic coefficients:

g, = —(yr+ ter, )g, —iQ, p- 2 J dt'exp[ —yL(s —t') JQ,Q, (g, -d, );

(y r i(p~ )dq+ iQq p+ 2 J dt exp[ —yg(s —t ) J Qq Qv(gv —dv) (2b)

((Q, Q, ,)) =Q'exp(-y„ i s —s'i). (3b)

Clearly, y~ and y„will play the r'ole of phase and
amplitude bandwidths in the theory; and clearly„
when they are set equal to zero we recover the
no-fluctuation theory, For simplicity I make an
assumption that can only be partially justified,
that atom-field variable products can be decorre-
lated into atom-atom and field-field variable
pairs: ((Q„Q,p,'pg) = ((Q„Q, ))((p,tp, )), etc. Such
a decorrelation of the second-order atom and
field variable products is in general only approxi-
mately valid. It is, however, clearly superior to
the decorrelation of a mean-field theory (such as
the Bloch-Wangsness-Redfield theory) where one
would further decompose ((p,tpo)) into ((p,t)) ((po)),
etc.

The simple assumption above allows the most
important sources of laser incoherence to be in-
corporated into the theory in a realistic way. The
formal integration of Eqs. (2) leads now to a pair
of coupled second-order Volterra integral equa-
tions. With no perturbative approximations these
can be Laplace-transformed into a pair of alge-
braic equations for the Laplace transforms ((g))
and ((d)). For example, the Laplace transform of

A formal integration of Eqs. (2a) and (2b) may
also be made, but no further real progress is
possible without knowledge of the statistical prop-
erties of the laser. In theoretical treatments of
strong resonant laser-atom interactions to date,
only the simplest possible assumption has been
made, namely that the laser is perfectly coherent
and both y and Q are constant. ' In the present ex-
ample —that of resonance fluorescence "uch an
assumption leads from Eqs. (2) directly to Mol-
low's results'; however, a more realistic view is
taken of the laser in the present theory. We take
the laser phase and amplitude fluctuations to be
characterized by the following correlation proper-
ties:

((exp(iq, ) exp(- iy, .))) = exp(- y, I
s —s 'I); (»)

((g, )) denoted by g(z) is

g(z) = E(z)
(z+y, )[(z+y )(z+y )+Q'J' (4)

&0:H, = (yi+yr):yr (6)

and under the conditions encountered in the exper-
iments to date y~=2y~, so that the ratio associat-
ed with the Mollow spectrum is exactly 3:1.

In the extended relaxation theory sketched here,
there are three additional relaxation rates, in ad-
dition to y~ and y~, namely the phase and ampli-
tude bandwidths of the laser, y~ and y„, and the
bandwidth of the interferometer, I". We can dis-
cuss the application of the present theory to the
resonance-fluorescence problem by noting that
our spectrum, proportional to G(v) in Eq. (I), is
itself the Laplace transform of g, with the varia-
ble z= i(v- &u)+I" +y~ It is then only a matter of
comparing g(z) in Eq. (4), evaluated at this va. lue
of z, with the corresponding expression in the

where E is a simple polynomial, 0 is the usual
no-fluctuation Rabi frequency, and y„and y~ are
given by

(5a)

(5b)

The form of g(z) in (4), but not the parameters
y~ and y» are familiar from the Mollow theory.

The Mollow spectrum is triple-peaked, and in
the high-power limit the peaks are all Lorentzi-
ans, with two identical side peaks located at a
frequency separation 0 above and below the cen-
tral peak. The curious feature of the spectrum
is that neither the widths nor the heights of the
side peaks are the same as that of the central
peak. Given the fundamental ratio 2:1 of the area
under the central peak to the area under either
side peak, it is sufficient to state the ratio of cen-
tral to side peak heights. In the Mollow case this
ratio ls
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Mollow theory, in order to see that the replace-
ments

wg- rL, +rg+Xp+ I

(7b)

have the following effects on the height ratio ~
= Ho/H, : (a) r = 3, if the fundamental spontaneous
radiation rate y~ dominates all laser-associated
relaxation rates (the Mollow case); (b) r &3, if
laser phase fluctuations are completely negligi-
ble"; (c) r = -'„ if laser amplitude fluctuations are
negligible, and the phase relaxation rate y~ domi-
nates the spontaneous rate y~', and (d) r = 2, if the
instrumental bandwidth I" of the interferometer
dominates the other widths. '

Several remarks may be made in summary.
First, I have shown that it is possible to incorpo-
rate an arbitrary laser linewidth into the theory
in a simple, nonperturbative, and not unrealistic
way. The laser can have either phase or ampli-
tude flucturations or both, and can be arbitrarily
intense. Second, as the replacement rules (7a)
and (7b) show, the inclusion of a laser linewidth
does not in general modify a spectral line in a
simple additive way. Thus„ laser phase and am-
plitude fluctuations give rise to unexpectedly com-
plex and dissimilar effects in the quantum theory
of atom-field interactions. In the resonance -fluo-
rescence case, for example, I have shown that
amplitude fluctuations tend to raise and the phase
fluctuations tend to lower the value of the basic
peak-height ratio. Third, the basic method
sketched here may be expected to be applicable

to a number of currently interesting problems. In
the correlation theory of resonant multiphoton ion-
ization, for example, the basic equations are,
not accidentally, practically identical to Eqs. (2).
Finally, I must point out that I have used a partic-
ular pairwise decorrelation following Eqs. (3);
while this decorrelation is the most natural, oth-
ers are possible. For example, a similar pair-
wise decorrelation may be carried out with the
average, rather than the instantaneous, rotating-
frame variables. As might be expected, the re-
placement rules are then somewhat more compli-
cated, and the ratio in case (c) above changes
slightly. Further discussion of this point and a
semiclassical interpretation of the replacement
rules, as well as a treatment of the nonsta, tionary
and multilaser problems, will be undertaken in

separate publications.
During the course of the research leading to

this paper, I have had the benefit of helpful con-
versations and suggestions from J. H. Ackerhalt,
G. S. Agarwal, C. M. Bowden, B. W. Shore, and
K. Wodkiewicz. I am pleased to thank H. Walther
for his hospitality at the University of Munich,
where part of the work was done.
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An investigation has been made of the l-redistribution effect of quasistatic ion electric
microfields on dielectronic recombination. Using the linear-Stark-effect approximation,
a hydrogen ion density of 10' cm is found to produce a threefold enhancement in the
rate for the dielectronic recombination process Fe+ (2s) + e —Fe+ (2p, n l ) —Fe+ (2s,
n l) +Sx.

X+ ' (j, nl) -X+ ' (k zzl) +ha. (2)

At low densities, where the final excited ions
cascade to their ground states in times that are
short compared with the electron-ion collision
time, the overall recombination rate simply
equals the total rate for all stabilizing radiative

In this Letter we report on the application of
techniques from Stark-broadening theory' to cal-
culate the dielectronic recombination rates for
multiply charged Fe ions under the influence of
plasma electric microfields. Results are pre-
sented for a dielectronic recombination process
where the effects of the surrounding charged par-
ticles have been found to be important at surpris-
ingly low densities.

The conventional interpretation of certain spec-
tral line intensities may be distorted, or even in-
validated, by the combined effect of dielectronic-
recombination satellites' whose wavelengths are
indistinguishable from that of the associated res-
onance line from the recombining ion. In addi-
tion, dielectronic recombination has been shown'
to be the dominant recombination process for non-
hydrogenic impurity ions in low-density high-
temperature plasmas, such as the solar corona
and the discharges produced in controlled thermo-
nuclear fusion experiments.

Dielectronic recombination is the result of a
radiationless capture into a doubly excited state

X+ (z)+e (e,) -X+& ' (j, zzl),

followed by a stabilizing radiative transition in-
volving de-excitation of the recombining ion core

transitions.
Burgess and Summers' have pointed out that

with increasing density the overall recombination
coefficient defined by Bates, Kingston, and
McWhirter' is reduced by the effects of collision-
al ionization on the highly excited nl states, which
can play the most important role in the dielec-
tronic recombination process. Burgess and Sum-
mers4 were also the first to suggest that the di-
electronic recombination rate could be enhanced

by the effects of collisionally induced angular-
momentum redistribution of the doubly excited
states.

The spectral intensity arising from the stabil-
izing radiative transitions may be calculated by
employing the techniques of modern Stark-broad-
ening theory, ' which must be applied in its most
general form in order to describe the effects of
perturbing electrons and ions on the nearly den-
gerate l sublevels of the upper and lower states.
The action of the ions is customarily treated in
the qnasistatic and long-range dipole (Stark ef-
fect) approximations. ' The effects of electron
collisions may be taken into account by applying
the generalized impact approximation' " to the
quasistatic Stark components before performing
the average over the ion electric microfield dis-
tribution.

En the present investigation, account is taken
only of mixing of the nearly degenerate l sublev-
els due to the action of the quasistatic ion electric
microfields. We defer to a future investigation
the inclusion of electron collisions, which will
become important with increasing density.
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