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the inverse of the resonance width, is given by

T -Wolv —n*'lt7"' (4)

Clearly the observed values of both o- and T ex-
hibit the same n* dependences as Eqs. (3) and
(4). Our calculations indicate values of c = 3x 10'
A and T = 10 ' s for the 18s state in good, some-
what fortuitous, agreement with the observed
values shown in Fig. 3. It is interesting to note
that according to our calculations the (0, 1) and
(1,0) resonances should not occur for a spinless
system but occur here because of the spin-orbit
coupling.

In conclusion we have observed that the long-
range dipole-dipole interaction leads to enormous
cross sections and the long interaction times
requisite for sharp resonances in the collision
cross section. The long duration (1 ns) of the
collisions may open the way to such interesting
investigations as the introduction of perturbations
in mid collision.
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We solve exactly the problem of double configuration mixigg (Coulombic and radiative)
in a "Fano model" atom, and predict a new confluence of coherences in laser-induced
autoionized electron spectra.
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Close-coupling or dressed-state methods are
used in theoretical physics when two states are
very strongly mixed by a perturbing interaction.
In essence, such methods amount to ad hoc but
exact rediagonalizations of a particularly sensi-
tive part of the Hamiltonian after the eigenstates
are first determined in a "natural" but eventually
inappropriate basis. This rediagonalization is
trivial only if the states are discrete. Fano's
solution to the discrete-plus-continuum rediagon-
alization is central to his classic discussion of

autoionization. '
In this note we consider the situation in which

the "natural" basis is doubly inappropriate be-
cause two physically distinct strong mixings are
present, and both of them mix the same group of
discrete and continuum states. This situation
presents a new problem, which we have solved
exactly. Our doubly rediagonalized solutions may
be of iriterest in their own right, but they also
indicate the existence of an unexpected confluence
of bound-free coherences that may be observable

408 1981 The American Physical Society



VOLUME 47, NUMBER 6 PHYSICAL REVIEW LETTERS 10 AUGUsT 1981

in laser-induced excitation of autoionizing reso-
nances. '

The situation we have in mind is indicated by the
"Fano model" atomic-energy-level diagram in
Fig. 1. The figure shows that a bound state in
one electronic configuration, labeled ll&, can
overlap states in the continuum of another con-
figuration, labeled lv&. The Coulombic interac-
tion between the configurations mixes these states
strongly, leading to the creation of an autoionizing
resonance. ' At the same time, if the radiative
excitation from a lower bound state, labeled Io&,

is strong enough, then state lo& is thoroughly
mixed into the resonance by photon exchange.

II, +II, +& +Vc+

where the various parts of H are the bare ener-
gies

a, =z,
l o&(ol,

a, =z,
l 1&(ll,

H = fd(d (dl(d& (COl ~

(2)

and the interaction energies: Coulombic,

Vc= fd~ V, (co)ll&(rul +H.c.;
and radiative,

(3a)

The Hamiltonian for the system described can
be written (with K= 1)

V„=V„exp(i~~ t)l o& &ll + fd~ v, (~) exp(icu~t)l 0) (rol +H.c. (3b)

Here &~ is the (laser) photon frequency responsi-
ble for the radiative excitation.

The first rediagonalization was accomplished
by Fano. ' The new states, which we denote by
round-bracket vectors, I&a), are eigenstates of
a, c=a, +a +V,. As Fano showed, the matrix
elements of a transition operator (called T by
Fano, and given by V„ in the present case) be-
tween an initial state 10& and continuum states in
the old and new bases are related by

«lv, l~) =«lv, l~&e"
e ((u) i- (4)

The absolute square of Eq. (4) is exactly Fano's
Eq. (21); y is an arbitrary phase, e(u) is Fano's
reduced energy,

~(~)-=[~ -&, -F(~)l/y. ,

and q is the well-known asymmetry parameter.
We will hereafter ignore the small shift E(&u).

We express V„, using the new round-bracket

I

lee) --'-.---v—
C

lo)
'

lo)

l basis:

v„= fd~n exp(i&a, t)lo&(~l+H c. (6)

=(q+i)e"(olv„l~& . +
1 1

e((u) -i q+ i. ' (7)

For convenience we denote by 0 exp(i~~t)/
(4~,)'~' the collection of parameters multiplying
the square bracket in (7), adjusting p so that 0,
is real. We also introduce a large (a» 1) width
into the flat background term:

1 1 ia
q+i q+i &((u)+io

'

The second rediagonalization is less simple
than the first. The sinusoidal oscillation of the
laser field must be accounted for, and 0 need
not be a smooth function of + if y, is small.
Nevertheless, we have obtained an exact solution.
If the time-dependent Schrodinger wave vector is
expanded in the round-bracket basis: lg(t)&
= n (t)l 0& + Jdcu p (t)leo), then the equations for a
and p (in the rotating frame, assuming a step
turn-on of the laser and taking E,= 0 for con-
venience) are

A comparison of the matrix elements of (6) with
expression (4) shows that 0 exp(i~~t) =(Olv„)~)
or

n exp(i(u~t)

FIG. 1. Simplified atomic level scheme, showing the
Coulombic and radiative interactions, Vc and V„. The
crosses show that spontaneous radiative decay and free-
free transitions are not considered in the model.

h =-i fd(u 0 p,
p„=- i(u) —(ul, )p —iA *a.

(6a)

(8b)
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The Laplace transforms of n(t) and P (i) are
easily found. For example,

1 tn. t'
=Z + ACO~ (z) Z +'L (CV —(d~)

which may be familiar as the resolvent K(z) for
Schrodinger's equation; i.e. , n(a) =1/K(a). This

result is generally important because it is well
defined for any integrable coupling function 0 .
In the present case, where the first rediagonali-
zation has led to expression (7) for Q, we obtain
the following explicit formula for the resolvent (in
the limit that the excitation is many many times
y, above the ionization edge):

K(z) =z +4QO [(z +ih+yo) '+(yo/yo)(1+q') (2 +i4+yo) '-2yo(1+iq) '(z +id+ yo) (z +id +yo) ], (10)

where 6 =F, —&i and yo = 0'Yo

Although K(z) is a rational function of only third
degree, for practical purposes the time depend-
ences are best obtained by numerical Laplace in-
version. An example is shown below. However,
one of the most interesting features of our re-
sult can be obtained completely analytically. The
spectrum W(&u) of outgoing free electrons with
energy u& is given exactly by ~P (t)~'. (Note that
this is the distribution of outgoing electron ener-
gies for fixed laser frequency u~. It is not a
generalization of the well-known Fano profile. )
In the long-time limit, when essentially all of the
electrons have been ionized, the simple relation

0„,
W (up)— K(- i ((u —(u ~))

gives a complicated but completely explicit for-
mula for the spectrum, that we will present else-
where. '

Here we will restrict ourselves only to the most
interesting features of the spectrum. These oc-
cur because the two rediagonalizations can inter-
fere with each other and because the degree of
interference can be changed by changing the laser
intensity. In Fig. 2 these interferences are ex-
hibited. The small inset in the corner shows the
long-time photoelectron spectrum for a very
large q value and three values of laser power.
The splitting is a pure Autler-Townes effect. 4 It
shows that the Coulombic configuration mixing
can be dominated by the strong radiative coupling.
The three spectral curves can be interpreted in
the time domain. The single-peaked curve ac-
companies smooth monotonic leakage of popula-
tion from ~0} into the continuum (as expected for
low Q,); whereas the double-peaked curves in-
dicate the presence of strong population oscilla-
tions between

~
0) and the distorted continuum (as

appropriate for Qo)yo). The splitting of photo-
electron spectra has been discussed in other con-
texts recently' but has not yet been observed (see
also Fig. 3 below).

The main part of Fig. 2, however, shows new

~ behavior. In this case we have q = 1, indicating
a strong Fano asymmetry with its maximum at
—1 on the normalized energy axis. The dashed
vertical line indicates that the laser is tuned to
this maximum. The first notable feature is the
inelasticity of the spectrum. The spectral peaks
(labeled by values of Q,' in units of y, ') are not

sharp, even though the laser is monochromatic,
and none of the peaks are located at the laser fre-
quency. The inelasticity increases with laser
power. Secondly, the splitting of the Autler-
Townes peaks (the figure shows only the right-
hand peaks) is greatly different from that shown
in the inset curves. As the laser power is in-

i[ T 7 T T $ f I I f $ 4 I I l / I c K I I 1 f I l f I I 1 |

-4 -2 0 2 4

FIG. 2. Long-time electron spectra for several laser
intensities, labeled by the value of 0p (in units of
pp ). The inset shows spectra for q» 100 and the main
figure shows spectra for q = 1. The dashed vertical line
at -1 shows the (resonant) laser frequency. The posi-
tion of the confluence is evident at +1 on the normalized
energy axis.
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creased (curves labeled 4, 8, 12) a remarkable
line na~nnei ng occurs. This narrowing reverses
for still higher powers, and the shape of the
peaks changes, with a long tail to the right of the
last peak, but a tail to the left of the other peaks.
There is zero spectral amplitude at Q) Ey+ yo.

These new features in the photoelectron spec-
trum are apparently explained by saying that a
confluence of coherences occurs at Q) Ey+yo.
This is exactly the position of the Fano minimum
associated with the Coulombic rediagonalization.
One can argue heuristically that the autoioniza-
tion mechanism provides a channel by which elec-
trons originally in level i 0) can reach the con-
tinuum, and thus autoionization acts as a probe
of the Autler-Townes effect. However, with in-
creasing laser power, as the Autler-Townes
peak moves into the Fano minimum the effective-
ness of the radiative matrix element decreases,
reducing the throughput of the autoionization chan-
nel. As the channel closes, the lifetime of the
bound state increases dramatically, explaining
the sharp narrowing in linewidth.

The critical value of laser intensity, corres-
ponding to exact confluence of the right-. hand
Autler-Townes peak with the Fano minimum,
can be estimated as follows. The Autler-Townes
splitting is normally (see the high-q case in the
inset) equal to the Rabi frequency &,. In Fig. 2

the "half-splitting" corresponding to the separa-
tion between the laser tuning (at —1) and the Fano
minimum (at +1) suggests that -', Q, =2 gives the
critical value. This corresponds to 0,'= 16,
which is in very good agreement with the values
around the confluence in Fig. 2.

Our solution (10) is exact, and predicts the ex-
istence of specific new' features in the photoelec-
tron spectrum. Thus it is important to state the
limitations of our model. Spontaneous radiative
decay has been assumed absent, and the laser
has been assumed purely monochromatic. The
second assumption can be removed, ' and the ef-
fect is to broaden the spectral peaks, as ex-
pected. Additional radiative interactions with

higher continuum levels are ignored. Such in-
teractions are not expected to alter our predic-
tions, unless higher autoionizing resonances are
assumed present. ' The results given in Fig. 2

are all based on the long-time limit, and actual
experiments would be done in short times. As an
indication that our results do not appreciably
distort the finite-time picture, we show in Fig. 3

a graph of the time dependence of the population
of level i0). The oscillations in the strong-field

l. 0

0.5

0
0

FIG. 3. Exact time dependence of the population of
state io) is shown in the two curves labeled by 00~ (in
units of yo ). The two exponential curves show that for
low 00 the population leaks out at a rate approximated
by 00 /2pp (which is the one-photon low-power ioniza-
tion rate}, and for high 0 0 at the rate yo (which is the
width of the autoionizing resonance).

curve are further indications of the Autler-
Townes splitting of the autoionizing resonance.
We should also mention that the "high" laser
powers needed to observe bound-free coherence
may not be very high at all, as new methods have
been reported recently' for creating autoionizing
resonances as narrow as a few hundred MHz and
with q & 10.

Finally, it is interesting to note that our heuris-
tic explanation of the confluence of coherences
cannot be fully correct. The throughput of the
autoionization channel can also be reduced simply
by reducing the laser power (weakening the ra-
diative coupling). The automatic result is to in-
crease proportionately the lifetime of the bound
state, but one does not thereby narrow the auto-
ionized electron spectrum below the low-field
value &,'/2y, . The confluence of radiative and
Coulombic interactions is apparently more subtle,
and its most interesting features are intrinsically
strong coupling in nature.

We are pleased to acknowledge helpful cor-
respondence with G. Leuchs. This research was
partially supported by the U. S. Department of
Energy under Contract No. DE-AC03-76DP01118,
and by the U. S. Air Force Office of Scientific
Research under Contract No. AFOSR-81-0204.

"Permanent address: Institute for Theoretical
Physics, Polish Academy of Science, 02-668 Warsaw,

411



VOLUME 47, +UMBER 6 PHYSICAL REVIEW LETTERS 10 A.UGUST 1981

Poland.
'U. Fano, Phys. Rev. 124, 1866 (1961).
Laser spectroscopy of autoionizing resonances is a

subject of considerable recent interest. Representative
references include D. J. Bradley, P. Ewart, J. N.
Nicholas, J. R. D. Shae, and D. G. Thompson, Phys.
Rev. Lett. 31, 263 (1973); F. B. Dunning and 8,. F.
Stebbings, Phys. Rev. A 9, 2378 (1974); E. F. Worden,
8,. W. Solarz, J. A. Paisner, and J. G. Conway, J. Opt.
Soc. Am. 68, 52 (1978); G. I. Bekov, V. S. Letokhov,
O. I. Matveev, and V. I. Mishin, Zh. Eksp. Teor. Fiz.
28, 308 (1978) [ JETP Lett. 28, 283 (1978)]; W. E.
Cooke and T. F. Gallagher, Phys. Rev. Lett. 41, 1648
(1978); L. Armstrong, Jr. , C. E. Theodosiou, and
M. J. Wall, Phys. Rev. A 18, 2538 (1978); S. Feneuille,
S. Liberman, J. Pinard, and A. Taleb, Phys. Rev. Lett.
42, 1404 (1979); G. I. Bekov, E. P. Vidolova-Angelova,
L. N. Ivanov, V. S. Letokhov, and V. I. Mishin, Opt.

Commun. 35, 194 (1980); Pu. I. Belier, V. F. Lukinykh,
A. K. Popov, and V. V. Slabko, Phys. Lett. 82A, 4
(1981).

K. Bzyzewski and J. H. Eberly, unpublished; [a pre-
liminary report has been made: Bull. Am. Phys. Soc.
25 1123 (1980)] .

S. H. Autler and C. H. Townes, Phys. Re@. 100, 703
(1955).

P. L. Knight, J. Phys. B 11, L511 (1978), and in
Ease& I'hysips, edited by D. F. Walls and J. D. Harvey
(Academic, New York 1980), p. 63.

P. Lambropoulos, Appl. Opt. 19, 3926 (1980).
See Feneuille et al. , Ref. 2. An alternative method

has been proposed by L. Armstrong, Jr. , B. L. Beers,
and S. Feneuille, Phys. Rev. A 12, 1903 (1975), and by
Pu. I. Heller, and A. K. Popov, Opt. Commun. 18, 449
(1976). See Heller e t a l. , Hef. 2, for a recent implemen-
tation of this proposal.

412


