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Isomorphism of dc-Field—Induced Interference and Laser-Induced Effects in Autoionization
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to study the influence of radiative effects, such as recombination.
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The purpose of this Letter is twofold: firstly, to es-
tablish the isomorphism of two apparently disjoint
pieces'> of work concerning autoionizing states— (A)
laser-induced effects*> arising because of strong cou-
pling between a bound state lying below the ionization
threshold and the autoionizing state and (B) dc-
field-induced interference!~3 arising from the strong
coupling of the autoionizing states—and, secondly, to
show how radiative effects may be included in the
latter. We show how many of the results obtained in
the context of laser-induced autoionization can be
used to predict the behavior of the system involving dc
fields.

Two important features of the laser-induced au-
toionization (system A) spectra were that (i) a single |

peak (corresponding to a single autoionizing state)
goes over to a doublet as the field intensity is in-
creased and that (ii) for certain values of field strength
and detuning, one of the dressed states does not decay
by autoionization but can decay via radiative effects,
leading to a narrow resonance. This is a manifestation
of “‘population trapping.’’® The experiments of Salo-
man, Cooper, and Kelleher' (on system B) essentially
see effect (i). Conditions for (ii) are not met in their
experiments. Conditions for (ii) are, however, ful-
filled in the experiments of Liu ef al.,> and hence they
see considerable narrowing in the spectra.

Let us now establish the isomorphism of systems A
and B. For system A (Fig. 1), the Hamiltonian is
(with use of the notation of Ref. 4)

H=E,|a)(a|+fE|E>(EidE+Ef|f) (fI+Eliy (il

+f( Vea|lE) (al+H.c.)dE +f(f;E,-lE) (ile ™" +H.c.)dE + (3gla) (ile " +Hec)+ ..., (1)

where . .. denotes the terms responsible for spontaneous emission and radiative recombination and w; is the laser
frequency. The meaning of the various matrix elements is clear from Fig. 1. On making a canonical transforma-
tion with w,|i) (il, the effective Hamiltonian becomes

H=E,la)(al+ [E|E)(EIdE + E/| £} (/| + (£ +w) i) (il
+ [ (Vea|E) (al + 95  E) (i) + He ) dE + (5yla) (il +Hee) + . . .. )

We assume that E; + w, is greater than the ionization energy. The Hamiltonian Eq. (2) is just the Hamiltonian for
system B with the following identifications: (1) vg; is responsible for the dc-field ionization of |i) which now lies
in the continuum and has energy E; + ;. The parameter 27| |? can be identified with the dc-field ionizing width
T, of [i). (Itis often small; see below.) (2) o, is the dc-field interaction between la) and |/).

In the context of the experiment of Saloman, Cooper, and Kelleher,! we can take |a) =549p 3P,°; |i) =5d84,
J =2. Thus at the Hamiltonian level, systems A and B are completely equivalent for ionization into the odd-parity
continuum. (We note that, in this case, since vg; corresponds to a two-electron transition it will be very small. In
addition, there may be a background autoionization from state |i) to an even-parity continuum.) The ionization
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spectra for system B can be read from the ionization spectra for system A. The only difference is in the initial con-
dition; specifically, for system B, the population is in |f), which is equivalent to a nonzero ag in Eq. (3.36) of pa-

per L.

Assuming that at 1 =0 all the population is in |f), and using second-order perturbation theory for the interac-
tion vg, and the results of paper I, we can show that the long-time ionization spectra p (e) are given by
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Other symbols are defined as in I:
e=(T)(E—E,), T=2n|Vgl,

and ¢; and gy are the Fano g parameters relative to li)
and |f). Note that the radiative recombination is in-
cluded in these equations (¢;,=g;’; ¢, =gq;).

The following parameter identification is to be made

(a)| 18>

li>
(A)-=(B) by Canonical Transformation
y;* 0 (and Add Weak Probe)

(b)

(B)+(C) by Vg; =Vgg+0, ¥ ¢ Strong
and Canonical Trans-
formation on |f)

(C) le> VEo

1£>

FIG. 1. Schematic representation of the equivalence of
laser-induced autoionization (system A) and dc-
field—induced interference (systems B and C). Here B
describes the experiments of Saloman, Cooper, and Kelleher
and of Liu et al., and C, those of Feneuille et al.
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for system B:
I'; 2 -
Q=+ U= rr ) Ve yi=0. (6)

An explicit expression for p(e) can be obtained by use
of Eq. (3) and the roots of the quadratic equation.
The behavior of the complex roots for various values
of Q, g;, g, vy, etc., is discussed in detail in I and in
Ref. 5. A change in the strength of the dc field is
equivalent to a change of ¢; and Q (or ¢;>Q when T’ ; is
small).
For no spontaneous emission y =0, and if

Q=T/T=1+a(I'T,)V2i,, 7

then one of the roots of Eq. (4) is real corresponding
to a state which does not decay by autoionization.
Thus for system B, if the dc fields and the energy
separation between two states in the continuum are
such that Eq. (7) is satisfied, then this will result in
very narrow spectra. The width will essentially be
determined by radiative effects, and it turns out to be
the order of [cf. Eq. (5.9) of I with Eq. (7) satisfied]
yT/T(T+T,).

For the experiment of Saloman, Cooper, and Kel-
leher, I'; << T and a > 0; hence Eq. (7) cannot be sat-
isfied. However, two well-separated complex roots of
Eq. (4) do exist, leading to doublets.

For the experiment of Liu et al.,> a =0, and the line
narrowing will be observed for I';=T. The parameter
«a in their case is itself field dependent. The situation
of Liu et al. is more complex as they have to consider
coupling to two overlapping continua where the over-
lapping is large but not quite complete. The partial
overlap will change the condition of Eq. (7), thus al-
lowing more flexible values of the ratio I';/T. It
should, however, be noted that narrowing occurs over
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a range of parameters (cf. I, Figs. 4 and 5) with maximum narrowing when Eq. (7) holds. Generalization to two
continua is straightforward.

We next discuss explicitly the photoelectron spectra for system B to illustrate the effects of radiative decay. For
the experimental system of the type studied by Saloman, Cooper, and Kelleher, we can take the limits g, — oo,
vi— 0, Qg% = Qy=const, ['; = 0, and then, using Eq. (3), we obtain
lf)EfPI (G_CY)(€+(II)_Q0 2

_ 2 Vs
Ul a (c—Rot im — Qo] |" S0~ ®

¢y Tgp

ple)=

Here A is a small frequency shift term which typically |
occurs in weak-field profiles* if the radiative decay gives
processes are accounted for. Note further that Qg is a _
measure of the strength of the dc field coupling |i) e=—g—Q/(atq), at+Qylatq).

and |a). Setting Qo=0 gives the profiles of paper I The first zero corresponds to the usual zero-field Fano
and the usual Fano profiles are recovered in the limit minimum, while the second zero is a new, dc-field

Qp— 0, y— 0. In Fig. 2 we display the photoelec-  mjnimum, and corresponds to the dip of Saloman,
tron profiles as given by Eq. (8) for a range of parame- Cooper, and Kelleher.
ters. Note the presence of a zero in the spectra which The zeros of the expression in the square brackets in

is approximately at the position €=« for large gy and  the denominator of Eq. (8) represent complex dressed
very small . The experimental signals of Saloman,  states of the system; real parts represent the energies
Cooper, and Kelleher do not dip to zero, in contrast to (relative to E, in units of I'/2) and imaginary parts,
the theoretical profiles. This is related to the nonzero the decay rates (in units of I'). For small Q¢/¢ the
but small value of I'; which has been set equal to zero zeros lie near e=a (the energy of state |i)) and
in our computations. The extremely sharp minimum €=Ao— in (representing the autoionizing state). The
for small Q¢ [Fig. 2(b)] is also connected with zero ', effects of spontaneous radiative decay are to shift the
since, near the resonance €=, a finite width can zero-field autoionizing state from 0—ito Ag— in, to

result from nonzero values of Qg and I';. decrease the effective dc-field mixing parameters from
For nonzero g the numerator of Eq. (8) has two Q to Q¢/¥, and to reduce the profile by an overall
zeros, and these occur at scaling factor of ¥2. In Fig. 3 we display photoelectron
€= %{a_qf + [(a+qf)2+400]1/2}. 9) profiles for the case when |i) lies near the usual in-

For the case 4Q( << (a + qf)2 a first-order expansion
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1o FIG. 3. (a) Photoelectron profile for Q¢=0, g,=1, and

FIG. 2. Photoelectron spectra for system B for increasing various y,/I'". (b)-(d) Photoelectron profile for Qy=0.1 and
values of the dc-field strength: (a) Q,=0, (b) 0.01, (c) 0.1, a=—0.5, — 1.0, and —1.5, respectively. Note the relative

(d) 1.5. Curves are marked by the values of the radiative insensitivity of the interference maximum to y,/T. Note
decay parameter y,/I', and other relevant parameters are too from Eq. (8) that for Q¢=0, the profile is unity at € =«
qr=5.00 and a =0.30. for all .
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terference minimum at € = — q.

We also discuss an earlier experiment by Feneuille
et al? which produced evidence for the electric-
field-induced stabilization of Rydberg states of rubidi-
um. Their first model interpreted this stabilization in a
single-channel bound-bound spin-orbit coupling with
the upper bound level coupled much more strongly to
the continuum states. This situation is immediately
describable in our formalism by taking Q — 0 and
g,— oo in such a way that ¢2Q is held constant. The
approximate stabilization in this first model is under-
standable in their limit << T, the tunneling width:
Under these circumstances the initial-state~induced
width is Q%/T and, as T exponentially rapidly increases
in the tunneling region, this induced width decreases
and the state is Stark stabilized. Essentially the weak
bound-bound coupling can sample less and less of the
broadened state. The model introduced by LeComte
and Luc-Koenig® to explain Feneuille’s experiment is
also described transparently within our formalism. In
this newer model, two lower-lying bound states are
coupled to a higher-lying tunneling state in a lambda
configuration. (The complication of the direct cou-
pling between these two lower-lying states can be re-
moved by a prior prediagonalization so that the system
is described entirely as a A system.) The Stark stabili-
zation observed is then created entirely by destructive
interference between the two channels of the lambda
system.” If the coupling v,r in Fig. 1 were strong,
then again in the appropriate limit (yf—* 0, v, — 0,
and zero coupling between |f ) and |E)Y), the model
becomes that of Radmore and Knight.” A further
comment concerning the adiabatic turn-on of the exci-
tation in Ref. 3 warrants mention here. An adiabatic
excitation will populate not both dressed states (of en-
ergies € +) but only that which is adiabatically connect-
ed with the initial state, under these circumstances
only a single line will be produced in the spectrum.
For nonadiabatic excitation, the usual doublet is gen-
erated.

Here we have considered the isomorphism with
problems in which electrons are created. The isomor-
phism carries over to similar inverse problems, e.g.,
dielectronic recombination in which an electron is cap-
tured and a photon is created. Here the radiative de-
cay is crucial, and is best handled by the methods of
papers I and II.

We mention that, in a manner similar to the experi-
ments of Davis, Metcalf, and Phillips® which show the
vanishing of bound-state dipole matrix elements, the
dc-field interference effects on autoionizing states may
be seen by optical methods, like monitoring of fluores-
cence.

Finally, it would be interesting to observe radiative
processes in experiments similar to those discussed
here. Since these features are most interesting when
the parameter ¢ is small and the ratio of the radiative
to autoionizing rate, y /I, is as large as possible, the
search for suitable systems should concentrate on iso-
lated but relatively weak autoionizing transitions.
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