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We know that the Fano profile is obtained for single-photon absorption to the ionization continuum in
the presence of an autoionizing state. We have shown that, in the case of (1+ 1)-photon absorption to an
autoionizing state embedded in the ionization continuum, the absorption profile changes radically to a
mirror image of the Fano profile for the value of ¢ =*1, g being the Fano g parameter. Moreover, for
higher values of g, the (1+ 1)-photon absorption profile exhibits a broad minimum, while a distinct in-
terference pattern is obtained in the profile of single-photon absorption. The absorption line shape has
been found to oscillate between the Fano and a modified Fano profile for the autoionization through odd
and even number of steps, respectively, via resonances.

PACS number(s): 32.80.Rm, 32.80.Dz

It is well known that in case of single-photon excitation
to an autoionizing (AI) state embedded into the ioniza-
tion continuum, the direct ionization channel interferes
with the autoionization channel leading to an asymmetric
Fano-type profile for the absorption line shape [1]. Simi-
larly, a Fano profile can also be obtained for m-photon
nonresonant transitions where the single-photon dipole-
transition moments have to be substituted by m-photon
terms. The purpose of this work is to show that in the
case of resonance-enhanced multiphoton ionization or
autoionization [i.e., (m +n)-photon REMPI or
REMPALI], this interference pattern and also the g depen-
dence of the absorption profile change radically from the
Fano character. To demonstrate this, we have con-
sidered here single-photon and (1+ 1)-photon autoioniza-
tion and ionization. Moreover, by considering
(1+1+1)-photon and (1+1-+1+1)-photon transitions,
we have shown that Fano and modified-Fano profiles
occur alternately for absorption through odd and even
numbers of steps, respectively, via resonances.

A few different transition schemes are shown below:
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The (1+1+ 1+ 1)-photon transition has a similar scheme,
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except with an additional intermediate resonant state |s )
(Fig. 1). Here |g)|n),li)|ln—1), la)|n —2); etc., are
the product states: |g ),|i),|c ), are the atomic or molec-
ular states and the |n )’s are the photon number states.
Starting from the resolvent operator [2—4] equation,

(Z-H)G(Z)=1, (1)

a set of equations for the matrix elements of the resolvent
operator is derived by projecting out the product states as
follows; for single-photon autoionization,

(Z —E;)Ggy—DyyGoy— [ Dy GdE, =1, (2a)
(Z—E,)Gug—DygGpy— [ V,.GdE, =0, (2b)

(Z—E,)G,,—D,G

e Gog —VeaGag =0, 2c)

and for (1+ 1)-photon autoionization via the intermediate
resonant state |i ),

(Z—E,)Gg—DyG, =1, (3a)
(Z—E;)Gy—D;;Gp— [ D;,G,dE,~D;,G,;=0, (3b)
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FIG. 1. Schematic diagram of the single-photon and resonant

multiphoton transitions.
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where E,, E;, E,, E_, are the energies for the product
states; the qu’s are the dipole-transition moments, cou-
pling product states |p) and |g); and ¥V, is the
configuration interaction between the continuum and the
Al state |a ). In both cases, a formal expression for G
can be obtained from Egs. (2c) and (3d), respectively.
Substituting this in other equations, one can obtain a set
of two equations for the single photon and a set of three
equations for (1+1)-photon autoionization, respectively.
The above method can be extended to obtain correspond-
ing equations for (1+1+1)-photon and (1+1+1+1)-
photon autoionization.

By solving these equations, the matrix elements for
resolvent operators can be written as

A4
Gpo( @)=

4)

in the weak-field limit. Since Z is the pole of the resol-
vent operator, it gives the complex energy of the total
system (atom or molecule plus photon) and the imaginary
part of Z is proportional to the decay rate of the system.
The matrix elements of evolution operator U, () can be
obtained as an inverse Laplace transform of G,,(Z) and
hence |U,,(1)|* gives the population at time f in the
respective state |p). Therefore, in the weak-field limit
the probability of ionization is given as P(¢)
=1—| Ugg(t)l2 and hence the rate of ionization can be ob-
tained in the limit  —0 as

d
—d-’tl =—2ImZ, , (5)

where the Z,’s at Z=0 are given as the following.
(1) For single-photon transition,

_ Yg i(e+i)—(g—i)?
2 (e+1)
(ii) For (1+1)-photon transition,

ZOl

- !Dgi|2 (e+1i)
¥i/2 i(e+i)—(qg—i)?

ZO2

The y;’s are the photoionization widths for the states
i), €is detuning (8) from the AI states in units of au-
toionization half-width (I'/2), and ¢ is the Fano-¢q param-
eter,

ch Vca dEc
E—E,
7Tch Vca|E6=E

D,+P [

q:

where |j) corresponds to the final resonant state from
which ionization occurs.
Hence the decay rates are given as follows.
(i) Single-photon:
dp,

W=A1F1(q),

where
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2
a4, =Y pg=leF2"

2 (1+¢€?)
(ii) (1+1)-photon:
dp,
7= A2F2(Q) N
where
_ 1Dyl —_ (e+gq?

’ (—‘ .
) 214 g*+(e+2q)?

It can easily be shown that for (1+1+ 1)-photon and
(1+1+1+1)-photon autoionization or ionization, the de-
cay rates are

%=A3F3(q), %=A4F4(q) ,
where
v DR 1Dy D P
2 D, 20t D, I v./2
and where

Here, F|(g) and F,(q), when plotted as a function of ¢,
give rise to the Fano and modified Fano profiles, respec-
tively. Since F;(q)=F,(q) and F,(q)=F,(q), it is obvi-
ous that the Fano and modified Fano profiles will also be
obtained for (1+1+1)-photon and (1+1+1+1)-photon
resonant absorption. Therefore, the Fano and modified
Fano profiles will be obtained alternately for transitions
through odd and even numbers of steps, respectively.

We will now show that the phase of the complex ener-
gy will also shuttle back and forth between two values
m+a and 27 —a in the above cases. The complex energy
Z’s can be written as

=, ,i0
Z,,=r,e'’n ,

where r, and 0, are the modulus and phase of Z,’s in the
complex energy plane. By rationalizing Z;’s, one can ob-
tain

—C—iD C—iD
Zy=dA,—S" 7 =y 7D
o Y(e2+1) 02 T2 4 (e+2)?
where C =¢(1—g?)+2g and D =(e+¢q)%. Hence
—D —D
tan91=_—c, tan92=——5- .

Here D is always positive. C can be either positive or
negative. When C is positive, Z;, will be in the third
quadrant and Z,, will be in the fourth quadrant of the
complex energy plane (Fig. 2). Similarly, for C negative,
the situation is reversed. Therefore, the 8’s can be related
as

6,=06,_+(—1)(7r—2a),

n

where 0,,0,,0; can be derived as ,=7+a, 0,=27—a,
0;=m+a, and so on. Hence sinf,=sinf,= —sina. The
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FIG. 2. The position of the poles of the resolvent operator
for single-photon and (1+ 1)-photon autoionization in the com-

plex energy plane.
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FIG. 3. , absorption profile for single-photon Al
— — —, absorption profile for (1+1)-photon Al D;,=0.5,
q=1.0.
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FIG. 4. Same as Fig. 3, except ¢ =—1.0.
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FIG. 5. Same as Fig. 3, except ¢=2.0.

modulus 7,’s can be written as

p=%n 1
" dt 2sin@,

Therefore, with the addition of subsequent resonant
steps in the ionization or autoionization process, the Z;’s
in the complex energy plane are given by the general ex-
pressions  r,exp(i6;) and r,.,exp(if,) (where
n=13,5,...) for odd and even numbers of resonance
steps, respectively. In the former case the absorption is
given by the Fano profile, while in the latter case the
modified profile F,(q) is obtained.

Figures 3—-6 show the absorption profiles for single-
photon and (1+ 1)-photon autoionization as a function of
¢ for different values of gq. Figures 3 and 4 show the au-
toionization line shape for single-photon and (1+1)-
photon transition schemes for g=+1 and —1, respec-
tively. It is found that the profile for (1+ 1)-photon tran-
sition looks somewhat like the mirror image of that for
the single-photon transition about a vertical plane
through €= —gq. With the increase in value of g (Fig. 5),
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FIG. 6. Same as Fig. 5, except D;; =1.0.
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the single-photon Fano profile shows sharp interference
whereas the (1+1)-photon autoionization or ionization
profile shows a damped and broadened profile, i.e.,
minimum and maximum spread over a larger range of €.
This damping is governed by the relative strength of the
first step transition. If the transition strength of the first
step excitation is increased (Fig. 6), the (1+ 1)-photon au-
toionization or ionization profile shows a stronger in-
terference effect despite being broadened.

In conclusion, we have shown that for autoionization

or ionization through an even number of steps (via reso-
nances), the autoionization profile deviates radically from
the Fano shape. This modified profile exhibits a
minimum in a wide range of frequencies for large values
of g (unlike the Fano profile), which may be utilized in or-
der to minimize the loss in the laser system.
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