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Effect of additional dc-field coupling on the long-time
photoelectron spectrum from a

system with double autoionizing levels
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The atomic model that contains two autoionization levels coupled to the discrete ground state by an external
laser field is discussed. In addition both autoionizing levels are coupled mutually by the dc-electric-field gradi-
ent. The analytical formula for the long-time photoelectron spectrum is found for this system. Calculations
are performed that are valid for any strength of the laser field and the dc-electric-field gradient. The effects
of the additional coupling by the dc-electric-field gradient on the photoelectron spectrum are discussed and
illustrated graphically.

INTRODUCTION

In recent years great attention has been paid to the prob-
lems of laser-induced autoionization. Its various aspects
have been studied in numerous papers. For example, the
effects of the narrowing of some lines in photoelectron
spectra was studied by Lambropoulos and Zoller' and by
Rzazewski and Eberly.2 In Ref. 2 this effect was called a
confluence of coherences. The influences of various inco-
herences have been studied, too. They included such
mechanisms as spontaneous emission of radiation,3 5

photoabsorption from the autoionizing level,6' 7 a finite
laser bandwidth,' and collisions.5 Moreover, the influ-
ence of the dc-field coupling on the systems that contain
autoionizing levels has been investigated both theoreti-
cally and experimentally. For example, this effect was
the subject of Refs. 9-13. The cited references are only
examples of numerous studies of atomic systems that con-
tain autoionizing levels. For extensive lists of references
on this subject, see Refs. 5 and 13.

The discrete levels (with autoionization) that are parts
of atomic systems can be grouped according to their vari-
ous configurations. For example, they can be the lambda
type, in which an excited autoionizing level is coupled to
two discrete states that are located below it. 4 -6 A differ-
ent group of systems have a ladder-type configuration, in
which the lowest of the autoionizing levels is coupled to
one discrete state that is situated below it, and, moreover,
this autoionizing state is coupled to the next, higher, dis-
crete state. This kind of atomic system was discussed in
many papers.6'9 "l3"7 A third kind of atomic system of con-
cern to us is the V type. This configuration contains two
(or more) autoionizing levels coupled by an external field
to one discrete level located below them.' 8 "9 Obviously it
is possible to find some isomorphisms and relations among
these configurations. They have been discussed by
Kyrola,16 Kyrola and Lindberg,20 and by Agrawal et al.9

The present paper deals with a kind of mixture of V and
ladder systems. We assume that the atomic system con-
tains two autoionizing levels that are coupled by the same

laser field to the discrete ground level. Moreover, these
autoionizing states are coupled mutually by a dc-electric-
field gradient. This kind of system can be referred to as
a delta or triangle type. Obviously one might replace the
autoionizing levels, as well as the coupling between them,
by two dressed states; this replacement would not affect
the physical nature of our model. The dressed states are
defined by the external factor (the gradient electric field),
and their properties are determined by the parameters of
the autoionizing levels and the external field. However,
we employ this procedure to explain the properties of the
photoelectron spectrum for some particular cases.

ATOMIC MODEL AND PHOTOELECTRON
SPECTRUM

The atomic model discussed in this paper is presented in
Fig. 1. This model contains two autoionizing levels 1)
and 12), of the same parity, that are coupled to the discrete
ground state 10) by an external laser field. We assume
that this coupling is of a dipole-electric nature. The
ground state 1) is coupled to the continuum c) by the
same laser field. Moreover, both autoionizing levels are
diluted in the same continuum as a result of the configu-
ration interaction. We assume that the laser field is
monochromatic. Its frequency is equal to EL (we use
units of h/2'r = 1). The system is quite similar to that
discussed in Ref. 18, but they differ in one important
point: Namely, we assume that both autoionizing levels
11) and 12) are coupled mutually by the external dc-field
gradient. Because the parity of the levels is the same,
one should assume that the dc-field coupling can be real-
ized as a coupling between the electric quadrupole mo-
ment of the atom and the dc-electric-field gradient. For
brevity, below we use the term dc electric field, having in
mind the dc-electric-field gradient. As a result, all dis-
crete atomic levels present in the system form the delta-
type configuration (for the system discussed in Ref. 18
they create the V configuration).
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i = b2E2 + flO2exp(-iELt)a + V2b, + dEV2b,, (3c)
dtf

12>
idbC = Eb, + f1cexp(-iELt)a + Vb, + V2b2.

dt
(3d)

10>

Fig. 1. The atomic-level scheme. Both autoionizing states, 11)
and 12), are mutually coupled by the dc-electric-field gradient.
These levels are diluted in the same continuum Ic). The laser
field of frequency EL couples the ground state 10) to the contin-
uum c) and to the autoionizing levels 11) and 12).

The Hamiltonian that describes the atomic system dis-
cussed in this paper has the following form:

2

H = I ji)Ei(iI + dEjc)E(cI + (1)V,2(21
i=of

+ E I0)flo(iexp(iELt) + f | dEji)V(cj
i=1,2 i=1,2 -

+ f dEl0)flc(cexp(-iEt) + H.c.), (1)

where f, Qol, and f102 denote matrix elements that corre-
spond to the coupling of the ground level 10) to the contin-
uum c) and to the autoionizing levels 11) and 12),
respectively. The matrix elements V (i = 1, 2) describe
configuration interaction between the continuum Ic) and
the autoionizing levels Ii) (i = 1, 2), and V12 is the matrix
element for transitions between both autoionizing states.
We refrain at this moment from determining V 2. It
should be a product of the electric-quadrupole moment
and the gradient of the electric field (our model is univer-
sal enough to allow us to replace these two quantities, e.g.,
by the product of a magnetic field and the dipole magnetic
moment). In addition, we assume that all matrix ele-
ments that appear above are real. The quantities E and
Ej (i = 0 to i = 3) are energies of the levels c), Ii) (i = 0
to i = 2), respectively. Moreover, we define the wave
function VI(t)), characterizing evolution of the system in
the form

I1(t)) = a(t) 10) + bi(t) 11) + b2(t) 12) + f dEb,(t) Ic). (2)

We have now introduced the probability amplitudes a, bi,
b2, and b, that are functions of the time t. One should
keep in mind that the amplitude b, is a function of
the continuum energy E. Assuming that the laser and
dc-field amplitudes are turned on as the step function,
and using the Schrodinger picture, one can find equations
for the probability amplitudes. The equations are

da
i d = aE + T, fjexp(iEj)b + dEQcb3exp(iELt),

(3a)

idbt = bEj + f2oexp(-iELt)a + V 2b2 + f dEVlb,, (3b)

It is convenient to extend integration over continuum en-
ergies from minus to plus infinity. Physically this as-
sumption is equivalent to that of neglecting threshold
effects. In other words, we assume that both autoioniz-
ing levels are located far above the ionization threshold; in
consequence, this threshold perturbs the photoelectron
spectrum negligibly. Moreover, we assume that all ma-
trix elements that correspond to the transitions to (from)
the continuum Ic) do not depend strongly on E. One can
solve Eqs. (3) quite easily by using the Laplace transform
procedure. Assuming that for the initial time t = 0
the atomic system was in its ground state 10) (a= 1,
b = b2 = b = 0 for t = 0), one can write

izA - i = (Eo + EL)A + 2 foiBi + f dEfCBC,i=1,2f
izB, = EBj + floA + V12B2 + f dEVB,,

izB 2 = E 2B2 + f10 2 A + V12B 2 + J dEV 2B 2 ,

izBc = EBc + [ZCA + VBj + V2B2 ,

(4a)

(4b)

(4c)

(4d)

where A(z), Bj(z), B2(z), and Bj(z) are the Laplace trans-
forms of the amplitudes a(t), b(t), b2(t), and b(t), re-
spectively. We have now also introduced the amplitude
a(t) = a(t)exp(iELt). The next step is to eliminate the
transformed continuum amplitude Bj(z) from Eqs. (4).
By application of the pole approximation," 2 the system of
Eqs. (4) becomes

[z + i(Eo + EL) + Fo]A(z) + (iflo, + Fo)Bj(z)

+ (i102 + Fo2)B2 (z) = 1, (5a)

(iflo, + Fo)A(z) + (z + iE + F,)Bl(z)

+ (iV,2 + F12)B2(z) = 0, (5b)

(ifo2 + F02)A(z) + (iV,2 + F,2)B,(z)
+ (z + iE2 + r 2)B2(z) = 0. (5c)

We define here the following widths:

ro= 7=lC2,

F12 = 7V1 V2 ,

r, = V

(6)

where i = 1, 2. The set of Eqs. (5) can be solved easily,
and its solution has the form

A(z) = [(rl - i ) (F2 - i2) - V22]/D(Z),

Bj(z) = [V,2 o10 - ( - i1)Qo21/D(Z),

B2(z) = [V,2fo2 - 2 - i 2 )io0]/D(z), (7a)

{I C>j
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where

D(z) = [z + i(Eo + EL) + o](z + iEl + F,)

x (z + iE2 + F2) + 2,1 02V2
- [z + i(Eo + EL) + F0]V,22 - (Z + iEl + ,)T002

- (z + iE2 + 2)101. (7b)

For convenience we have introduced here the complex
matrix elements:

Qo = i fl + 01 ,

002 = if 02 + 02,

V12 = i 2 + r 2̀ (8)

and the detunings Bi = E - Ej (i = 1, 2) and L = E -
Eo - EL. Now we can define the long-time photoelectron
spectrum W(E) as

W(E) = lim lb,(t)I2. (9)

It is possible to find a fully analytical solution for the
probability amplitudes and, consequently, for the photo-
electron spectrum [Eq. (9)]. Since D(z) is a third-order
polynomial in z, it is necessary to find three complex roots
of the cubic equation. However, we restrict our consider-
ations to the long-time limit, and only the imaginary root
plays a significant role in the solutions. Therefore, after
some trivial algebra, one can write W(E) as follows:

W(E) = Il.A(z) + VBl(z) + V2B2(z)I iE, (10)

where A and B (i = 1, 2) are easily obtainable from
Eqs. (7). From the form of Eq. (10) and the solutions of
Eqs. (7), one can see that the photoelectron spectrum
W(E) differs from that discussed in Ref. 18. It is appar-
ent that the spectrum also has two zeros, but their posi-
tions differ from those in Ref. 18. They are modified by
the additional coupling from the external dc field. More-
over, positions and widths of the peaks should differ from
those for the atomic system presented in Ref. 18. It is
highly convenient to examine particular features of the
spectrum by using the usual Fano q parameters.2 2 For
the system discussed in this paper, they are defined as

_ fl0 =(0i (i =1, 2). (11)

Moreover, for easier comparison of our results with those
of Refs. 2 and 18, we define the Rabi frequency l in the
same way as Rz~iewski and Eberly2 :

Ql = (47rF)"2(Q + i)fl, exp(if), (12)

where Q and F are the effective asymmetry parameter
and the effective autoionizing width, respectively. They
can be expressed in the following way:

qFll + q2F2

Q=rl+ I2

r= F+F2 - (13)

Now we are in a position to examine the long-time photo-
electron spectrum for various parameters that character-
ize the atomic system.

DISCUSSION

Figure 2 shows the long-time photoelectron spectrum
when the dc-field coupling is absent. This case corre-
sponds to that in which the double autoionizing levels 11)
and 12) are coupled only to the ground state 10) by the ex-
ternal laser field (this situation was discussed by Leofiski
et al. 8 ). For large Fano parameters q, and q2 the usual
Fano-type zero2 2 does not perturb the spectrum in a sig-
nificant way. When both of the above parameters are
identical (q, = q2) and the two autoionizing states 11) and
12) have the same energy (El = E2 ), the system becomes
identical to one containing one autoionizing level. This
kind of system was discussed extensively by Rzazewski
and Eberly2 and by Lambropoulos and Zoller.' This sin-
gle autoionizing state is characterized by the effective
autoionizing width F and the effective asymmetry parame-
ter Q [Eq. (13)].

For the case of weak-laser-field coupling ( = 1), one
can observe the one-peak spectrum. This peak is located
at the position of the two autoionizing levels 1) and 12).
When the two autoionizing states have different parame-
ters, the spectrum changes significantly. An additional
zero appears in the spectrum and splits the existing peak.
This zero is situated at the same position as the position
of levels 1) and 12). It is a result of the interference be-
tween two channels of autoionization. These channels
correspond to the transitions to (from) autoionization
level 11) and to (from) level 12).

For the case of strong-laser-field coupling ( = 3) and
small Fano q parameters, the spectrum changes dramati-
cally. The Autler-Townes peaks and the Fano zero are
visible. One of these peaks falls to the Fano zero and
becomes extremely sharp. This feature was discussed by
Rzqiewski and Eberly2 and was called the confluence of
coherences. However, in our case the confluence effect
has a different nature. It corresponds to the interference
between two autoionizing channels, but not to the pres-
ence of usual Fano zero.

-1 0 1 2 3

E

Fig. 2. Long-time photoelectron spectrum in the degenerate
case (E1 = E2 = 1) for two strengths of the laser field ( = 1, 3).
The laser is tuned to the positions of autoionizing levels, and
autoionizing widths aro F 2 0.5. Tho doublo-dottod=
dashed curve represents (7 = 1, q = q2 = 100; solid curve,
(7 = 1, q = 100, q = 75; dashed curve, (7 = 3, q = q2 = 2;
dashed-dotted curve, q, = 2, q2 = 3. The coupling V12 = 0.
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Fig. 3. Weak-laser-field (l = 1) photoelectron spectrum for vari-
ous values of V 2. The solid line represents V 2 = 0; dashed
curve, V12 = 0.5; dashed-dotted curve, V12 = 3; asymmetry
parameters are the same (q, = q2 = 100). The autoionizing
widths, the positions of autoionizing levels, and the laser fre-
quency are identical to those in Fig. 2.

Figure 3 shows the weak-laser-field photoelectron spec-
trum for various strengths of the dc-field coupling. The
two autoionizing levels 11) and 12) are positioned at the
same place. Both q parameters are identical and are
assumed to be large (q, = q2 = 100). This means that we
have neglected direct ionization. For this case the Fano
zero is not visible in the spectrum. When the dc-field
coupling is equal to zero the spectrum consists of one peak
located at the same energy as the energy of autoionizing
levels 11) and 12). It is identical to the spectrum described
in Refs. 2 and 18. The spectrum discussed here corre-
sponds to the case of a single autoionizing level that is
characterized by the effective width r and the effective
Fano parameter Q. When the dc-field coupling has a
nonzero value (V2 = 0.5) the photoelectron spectrum
changes in a visible way. A new kind of zero appears in
the spectrum. This zero is associated with an extremely
sharp peak, as for the confluence of coherences effect.2

The zero is a result of the dc-field-induced shift of the
autoionizing levels 11) and 12). Consequently the levels
have different energies, and interference between the two
channels of autoionization can occur. When V 2 increases
the zero and the peak are shifted toward negative ener-
gies. For strong dc-field coupling (V2 = 3) the zero and
the peak become negligible and only one elastic peak
remains in the spectrum. One can explain this behavior
as a consequence of a large value of the dc-field-induced
shift. For this case the transitions between the ground
state 10) and the autoionizing levels 11) and 12) become
nonresonant.

The strong-laser-field spectrum ( = 3) is shown in
Fig. 4. We assume that the two autoionizing levels have
the same energy and identical large q parameters. For
V12 = 0 one can observe the Autler-Townes doublet that is
induced by the strong laser field. Because of the large
values of q, and q2 the Fano-type zero does not perturb the
spectrum. This spectrum corresponds to that of an
atomic system that contains a single autoionizing level de-
scribed by the effective width and the effective parame-
ter Q. When the value of the dc-field coupling differs

from zero, the zero value appears in the spectrum. For
V 2 = 1 this zero falls onto one of the Autler-Townes
peaks. As a consequence this peak becomes split into two
peaks. One of them is quite sharp and has the confluence
of coherences character. Again, this confluence origi-
nates from the interference between the two autoionizing
channels induced by the dc-field coupling. For extremely
large values of V2 (V2 = 5) the zero is shifted far from the
peaks. In this case the photoelectron spectrum consists
of two peaks. One of them is quite sharp and corresponds
to the above-mentioned confluence of coherences effect.
The second peak is much wider and reflects the nonreso-
nant excitation of the ground state 0) by the laser field.

The case illustrated in Fig. 5 is similar to that pre-
sented in Fig. 3, but it corresponds to the small values of
q parameters. For V12 = 0 one can see that the one-peak
spectrum is identical to that for a single autoionizing level
characterized by the effective asymmetry parameter Q
and the effective autoionizing width Although q
parameters are small (q, = q2 = 2), the Fano-type zero
does not perturb the photoelectron spectrum signifi-
cantly. The peak present in the spectrum is distorted

5

4

UJ
3

2 - I I

-5 -4 -3 -2 -1 0 1 2 3 4 5

E

Fig. 4. Same as Fig. 3 but for a strong laser field ( = 3). The
solid curve represents V2 =0; dashed-dotted curve, V12 =1;
dashed curve, V2 =5-

Ii l

2 --

- -2 -1 0 1 2

E

Fig. 5. Same as Fig. 3 but for small asymmetry parameters
(q = q2 = 2). The solid curve represents V 2 = 0; dashed-
dotted curve, V12 = .2.
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only slightly by this zero. However, for V12 = 0.1 an addi-
tional zero becomes visible. This zero splits the peak in
the spectrum. Consequently one can observe two peaks
in the spectrum; they are extremely close to each other.
One of them is quite sharp, showing its confluence of
coherences character. For large value of the dc-field cou-
pling (V,2 = 2) two peaks are visible in the spectrum also.
One can note that the distance between them is equal to
the value of V12; this effect is a result of the splitting of
discrete levels by the dc electric field.

The photoelectron spectra illustrated in Fig. 6 are plot-
ted for the same parameters as those in Fig. 5 but for
stronger laser-field couplings ( = 3). When the dc-field
coupling is assumed to be equal to zero, the spectrum
shows the well-known form reported in Refs. 2 and 18. A
strong laser field induces the Autler-Townes doublet, and
the interference between direct ionization and autoioniza-
tion leads to the occurrence of the Fano zero in the spec-
trum. This zero has a position identical to that of one of
the Autler-Townes peaks. Thanks to this, the confluence
of coherences occurs identically to that discussed in Refs. 2
and 18. For V2 = 0.2 the second zero appears in the
spectrum. It is accompanied by the extremely sharp
peak. However, this zero originates as a consequence of
the interference between two autoionizing channels. This
interference results from the dc-field coupling between
states 1) and 12). When V2 becomes greater (V,2 = 0.45)
one can observe that the left peak in the spectrum be-
comes lower and wider. The remaining components of
the spectrum behave as does the spectrum for an atomic
system that contains one autoionizing level irradiated by a
strong laser field. This part of the spectrum exhibits the
confluence of coherences character, but like that for q
parameters smaller than 2 (q = q2 = 2).

Figure 7 shows a situation similar to that presented in
Fig. 4 but for different values of the energies of the
autoionizing levels. One can see that for V2 = 0 a zero
occurs in the spectrum (one should keep in mind that the
asymmetry parameters have large values). Since it ap-
pears at the same position as the position of the Autler-
Townes doublet, the confluence of coherences occurs and

10

Li

-1 0 1 2 3

E

Fig. 6. Strong-laser-field photoelectron spectrum ( = 3) for
various values of the dc-field gradient coupling. The solid curve
is for V2 = 0; dashed curve, V2 = 0.2; dashed-dotted curve,
V12 = 0.45. The parameters that characterize the atomic system
are the same as in Fig. 5.

8

LIi
6

4

2

I

- i

li

- I

- I

- I

I~~~~~~~~~~ . .1 

12.6 ! !
I!

I !
I !

1 1

,~~~~~~I -

-3 -2 -1
E

Fig. 7. Strong-laser-field photoelectron spectrum ( = 3) for
large asymmetry parameters (q = q2 = 100) and for different
positions of the autoionizing levels 11) and 12) (El = 1, E2 = 1.5).
The parameters for the system are the same as in Fig. 5.

three peaks are visible in the spectrum. When V2 in-
creases the position of zero tends to negative energies.
For V2 = 1 this zero splits one of the Autler-Townes
peaks. The confluence-type peak loses its character and
becomes wider and lower. Again, as in Fig. 4, two peaks
remain in the spectrum for large values of V,2 (V,2 = 4).
When V,2 increases one of the peaks becomes quite sharp
and moves toward negative energies, whereas the second
starts to play a more significant role in the photoelectron
spectrum. As in Fig. 4, the latter peak corresponds to the
nonresonant excitation of the ground level 10).

CONCLUSIONS
Additional coupling by the dc electric field between two
autoionizing levels leads to some new phenomena in the
long-time photoelectron spectrum. This coupling can
give an additional zero in the spectrum when the energies
and the parameters that characterize autoionizing levels
are identical. This zero has a different nature than the
usual Fano-type zero. It does not vanish even for large
values of the asymmetry parameters. One can explain
this feature as a result of the dc-field-induced splitting
of the autoionizing levels I1) and 12). As a consequence
interference between two autoionizing channels, corre-
sponding to the two autoionizing states, can occur. This
zero can produce the confluence of coherences effect.
For the case when states I1) and 12) are different or have
different positions, the additional dc-field coupling shifts
the positions of zeros in the spectrum. In addition, this
coupling can split the single or the Autler-Townes peaks
that are present in the spectrum. Moreover, the zero can
also shift positions of the peaks. Some of these peaks can
become quite sharp, and their contribution to the spec-
trum becomes less significant. In addition, it is possible
to observe the two-peak spectrum that corresponds to the
dc-field splitting only.

It would be interesting to test the above features experi-
mentally. In this paper we have expressed all energies
and widths in units of the effective autoionizing width
r = F, + r2. To observe the effects predicted in this
paper, we would need an electric-field gradient of
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-104 kV/cm2 ; this value would correspond to V12 = 1 of
the present paper. We have performed these calculations
for barium atoms. The magnitudes for the electric-field
gradient can differ for other types of atoms or molecules.

ACKNOWLEDGMENTS
The authors thank S. Kielich for valuable discussions.
This work was supported by Research Project CPBP 01.07.

REFERENCES
1. P. Lambropoulos and P. Zoller, Phys. Rev. A 24, 379 (1981).
2. K. Rzqiewski and J. H. Eberly, Phys. Rev. Lett. 47, 408

(1981).
3. M. Lewenstein, J. W Haus, and K. Rzqiewski, Phys. Rev.

Lett. 50, 417 (1983).
4. J. W Haus, M. Lewenstein, and K. Rzazewski, Phys. Rev. A

28, 2269 (1983).
5. G. S. Agrawal, S. L. Haan, and J. Cooper, Phys. Rev. A 29,

2552, 2565 (1984).

6. A. I. Andryushin, M. V Fedorov, and A. E. Kazakov, J. Phys.
B 15, 2851 (1982).

7. A. I. Andryushin, M. V Fedorov, and A. E. Kazakov, Opt.
Commun. 49, 120 (1984).

8. K. Rzqiewski and J. H. Eberly, Phys. Rev. A 27, 2026 (1983).
9. G. S. Agrawal, J. Cooper, S. L. Haan, and P. L. Knight, Phys.

Rev. Lett. 56, 2586 (1986).
10. E. B. Saloman, J. W Cooper, and D. E. Keller, Phys. Rev. Lett.

55, 193 (1985).
11. J. M. Lecomte and E. Luc-Koenig, J. Phys. B 18, L357 (1985).
12. Y. J. Liu, P. McNicholl, D. A. Harmin, J. Ivri, T. Bergman,

and H. J. Metcalf, Phys. Rev. Lett. 55, 189 (1985).
13. W Leonski and R. Tanag, J. Phys. B 21, 2835 (1988);

W Leonski, R. Tanag, and S. Kielich, J. Phys. D 21, S125
(1988).

14. M. Crance and L. Armstrong, J. Phys. B 15, 3199 (1982).
15. Z. Deng and J. H. Eberly, J. Opt. Soc. Am. B 1, 102 (1984).
16. E. Kyrola, J. Phys. B 19, 1437 (1986).
17. Z. Bialynicka-Birula, J. Phys. B 17, 3091 (1984).
18. W Leofiski, R. Tanag, and S. Kielich, J. Opt. Soc. Am. B 4, 72

(1987).
19. P. M. Radmore and S. Tarzi, J. Mod. Opt. 34, 1409 (1987).
20. E. Kyrola and M. Lindberg, Phys. Rev. A 35, 4207 (1987).
21. P. E. Coleman and P. L. Knight, J. Phys. B 14, 2139 (1981).
22. U. Fano, Phys. Rev. 124, 1866 (1961).

W. Leofiski and R. Tanag


