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We have investigated the photoionization properties of an atom with a ladder coupling scheme involving two

autoionizing states coupled to each other. The effects of the coherent coupling between two autoionizing states and

between the low-lying autoionizing state and the continuum on the ionization yield are discussed. The conditions leading

to atomic coherent population trapping and the coherent population trapping states are given explicitly.
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1. Introduction

Coherent interactions between an atomic system
with two electromagnetic fields in the so-called A4,
V and ladder coupling schemes have been the sub-
ject of a vast number of theoretical studies for many
years. Because of the existence of the quantum inter-
ference effects in these atom—field coupling systems,
several interesting and useful phenomena involving
bound states and smooth or structured continua have
been revealed theoretically and observed experimen-
tally, such as laser-induced continuum structure,*=?
atomic coherent population trapping,'°=! elec-
tromagnetically induced transparency,['3=21 lasing
without population inversion,[?2:23] adiabatic popu-

lation transfer,[24~26]

and stabilization of Rydberg
atom.[27—33] Karapanagioti et al!3*3%! investigated the
ionization properties of magnesium with a ladder cou-
pling scheme involving two autoionizing states coupled
to each other. The probing of the lower state through
a weak electromagnetic field revealed strong modifica-
tions of the autoionizing line shape, depending on the
detuning of the dressing field. They showed that the
strong electromagnetic coupling of two autoionizing
states can lead to a coherent population trapping of
the fast-decaying probed autoionizing states, resulting
in a reduction of ionization. Recently, Kylstra et al[?]
studied the same system using the R-matrix Floquet
theory. They have shown that, when the intensity of
the laser is increased, the effect of an additional au-

toionizing state becomes significant.

In this paper, we focus our attention on the pho-
toionization properties of an atom with a ladder cou-
pling scheme involving two autoionizing states coupled
to each other. In section 2, we give the model and the
time evolution of the state vector of the system. Sec-
tion 3 is devoted to the discussion of the effects of the
coherent coupling between the two autoionizing states
and between the low-lying autoionizing state and the
continuum on the ionization yield. The line shape of
the ionization yield versus the detuning of the transi-
tion between the ground state and the low-lying au-
toionizing state generally behaves as an asymmetric
three-peak distribution, and in some special cases it is
deteriorated to an asymmetric two-peak distribution
similar to that in the standard Fano model.l37=39 The
condition leading to atomic coherent population trap-
ping and the coherent population trapping states is
given explicitly. Finally, our conclusions are summa-

rized in section 4.

2.Model and equation of motion

The atomic model, as shown in Fig.1, consists
of three bound states |j) (j=1,2,3) with frequencies
w; and a set of continuum states {|¢)}, here the two
bound states |2) and |3) are the autoionizing states
which are embedded into the continuum {|e)}. The
one-photon processes |1) + |2), 1) + |e), |2) < [3)
and |2) <> |e¢) are driven by two laser fields with fre-

quencies w,, and wgy respectively. Unlike Ref.[7],
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Fig.1. Diagram of the atom—field coupling.

the transition processes |2) <> |¢) are included. The
atomic transitions |j) < |e) (j=2,3) are induced
by configuration interactions. In the rotating-wave
approximation, the interaction Hamiltonian of the

atom—field coupling system in the interaction picture

1s written as
VIt) =20]2) (1|1t + 2,3)(2]e' 42!

+ / de 2.1|2) (1]expli(e — wp — w1)1]

+ /d5052\6><2|exp[i(8 ~wg— wo)l]

+ [ denale) 2lexplite - wa)t]

+ /d6u53|5><3|exp[i(5 — wy)t] + hec, (1)

where Ay = wy —w; —wp and Ay = w3 — wy — wy
are the one-photon detunings, 2y, {2, 2.1 and (2o
are the matrix elements of the atom—field coupling in-
teractions, and p.o and p.3 represent the strengths
of the configuration interactions related to the transi-
tions |2) » |e) and |3) < |¢), respectively.

If the atom is initially in its ground state |1), then
in the interaction picture the state vector of the atom—

field coupling system at time t develops into

|@1(1)) = C1(t)[1) + Ca(t)exp(iAit)|2) + Ca(t)expli(Ar + Az)t][3) + /deCs(t)IE% (2)

Bringing the Schrodinger equation into the interaction picture and using the Markov approximation and the

pole approximation to eliminate C.(t), we obtain that the probability amplitudes C;(t) (j=1,2,3) for the three

bound states |j) obey

Cs(t) A1+ Ay —il3 /I3ra(gs — 1)
. d : :
T Cao(t) | = | VIsrags—1i) A —i(l2+r2)
Cy(t) 0 VTori(gz — 1)

where g2 and g3 are the Fano asymmetric factors
which are associated with the two autoionizing states
|2) and |3), respectively, I'> and I'5 represent the au-
toionization widths of the two states |2) and [3), re-
spectively, and r; denotes the photoionization rate of
the state |7) (¢=1,2). From Eq.(3) we see that, by elim-
inating the flat continuum states {|e)}, the atom—field
coupling system is effectively identified as a cascade
three-level damping system, which is characterized by

the non-Hermitian operator Vog defined in Eq.(3).

Taking into consideration the initial condition,

the above equation can be solved analytically as

(M + T3 +14)( Az — A3) At

t)y=A
Cl() )\1 +T1 e
(A2 + I3 +iA) (A3 = M) o,y
+ e
)\2+T1

L Qs+ I +54) (A1 = A2)
A3+ 11

)

0 Cs(t) Cs(t)
vV Fz’l"l (QQ — 7,) Cg(t) - Vreff Cg(t) 5 (3)
—iT‘l Cl (t) Cl (t)
| A
== — i 5 — Ag)ett!
+ (Ao 4 I3 +1A) (A3 — Ay )er?!
+ (Ag + Fg + IA)()\l — )\2)6)‘3t],
_\/ Fg’l"z(l +IQ3)A _ e)‘lt
O = o1 +igy) (027
+(As = A)e + (A — Ag)e™’], (4)
with
A= M +r)Ae+r1)(As+ 1)

()\2 — )\1)()\3 — )\2)()\1 — )\3)(F3 — T + IA),
(5)
where A = A; + A, is the cascade two-photon de-
tuning, and A; (j=1,2,3) are the three roots of the

following cubic equation

(/\+F3 +1A)[(/\+T‘1)()\+F2 +T‘2+1A1)
- Fz’l‘l(]. + iQ2)2] - ()\ + i'f‘l)FgT‘g(l + iq;g)z =0. (6)
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3.Photoionization properties of

the atom

Now we focus our attention on the properties of
the ionization yield. Here we assume that the laser
fields will be turned on at time t=0 and last until
t = T (square pulses). At the time ¢ > T, the ioniza-
tion yield Q(¢) is given by

Q) =1—[Ci(T)? — |Co(T)* = |C5(T)*. (7)

Figure 2 plots the ionization yield Q(t) versus A;
for different ¢3. Here we assume that the laser fre-
quency wq is fixed, and the laser frequency w, is
scanned. Figure 2 shows that, with the increase of the
Fano asymmetric factor g3 which is associated with
the autoionizing state |3), Q(t) exhibits an asymmet-
ric three-peak distribution versus A;, which is differ-
ent from the asymmetric two-peak distribution in the
Fano autoionization model.7=3% This is because the
model we consider here has two autoionizing states |2)
and |3), and the effective interaction Hamiltonian has
three complex eigenvalues and three unstable dressed
states, among which the interferences result in the ap-
pearance of the three-peak distribution in the ioniza-
tion yield. We also find that, with the increase of
q3, the asymmetric property of the three-peak distri-
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bution becomes more distinct. As is known, g3 just
represents the relative intensity between the transition
|2) > |3) and the direct ionization process |2) + {|e)}.
When g3 is small, i.e. the direct transition process
|2) <+ {|e)} is stronger than that of the transition pro-
cess between the autoionizing states |2) and |3), the
difference between the two eigenvalues of the three
unstable eigenstates of the atom—field coupling sys-
tem is small, causing the two peaks in the ioniza-
tion yield to be nearly coincident with each other.
Therefore, the ionization yield exhibits an indistinc-
tive three-peak distribution, as shown in Fig.2(b). In
other words, when the atom initially in its ground
state |1) is excited to the bound state |2), the ion-
ization possibility of the atom via the direct pathway
|2) > |e) is superior to that via the indirect pathway
|2) < |3) <> {|e)}. The effect of the autoionizing state
I3) is very weak, so the asymmetric three-peak distri-
bution of Q(t) becomes indistinctive. In contrast, if g3
is large, corresponding to the condition that the Rabi
frequency (2 is large, the differences among the three
eigenvalues of Vg are large, and the ionization possi-
bility via the autoionizing state |3) due to the configu-
ration interaction is large, so the distinctive asymmet-

ric three-peak distribution appears in the ionization

yield Q(¢).
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Fig.2. The ionization yield Q(t) against the detuning A; for different g3, here g2=2,
I'y=5, I's=1, r2=10, r1=0.1, A>=0, T=1, and (a) ¢3=0.5; (b) g3=1.5; (c) g3=4.5;

(d) g3=13.5.
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Fig.3. Q(t) versus A; for different ra, here q2=3, g3=5, I'2=5, I's=1, r1=0.1, A2=0,
T=1, and (a) r2=0.5; (b) r2=2.5; (c) r2=7.5; (d) ro=30.

Figure 3 shows the effect of the photoionization
rate r2 on the line shape of the ionization yield Q(¢).
We see from Fig.3(a) that the line shape of Q(t) has
nearly asymmetric two peaks similar to that in the
Fano autoionization model.’7=39 This is because for
small 7o, the Rabi frequencies {2, and (2., are very
small, such that the effect of the autoionizing state
|3) can be neglected, and the atom—field coupling sys-
tem is reduced to the standard Fano autoionization
model. Therefore, one peak in the ionization yield
disappears and only two peaks appear in Q(t). With
the increase of ry, the asymmetric three peaks appear
in Q(t) since the effects of the autoionizing states |3)
must be included. But, for the case of large ry, we
find from Fig.3(d) that the line shape of Q(t) is re-
duced to a two-peak shape. The reason is that when
the atom initially in |1) is excited to |2), the proba-
bility of the atom jumping into the continuum {|e)}
due to the interaction with the laser field w, is much
larger than that of jumping into {|e)} directly under
the configuration interaction between |2) and {|¢)}.
In this case, the nondegenerate two-photon transition
processes play a dominant role in the ionization yield,

so the asymmetric two-peak line shape of Q(t) appears

again.

Figure 4 illustrates the influence of the one-photon
We find
that, by increasing As, the centre of the left peak in
Q(t) is shifted to the left side, and the height of this
peak is reduced evidently. For the case of large As,

detuning A, on the ionization yield Q(t).

the left peak disappears and Q(t) exhibits an asym-
metric two-peak pattern as shown in Fig.4(d). As is
known, the photoionization system we consider here
is identified as a cascade three-level damping system
described by the effective Hamiltonian V.g; when the
one-photon detuning A increases, the probability am-
plitude of the atom occupying one of the dressed states
of Vg decreases, leading to a decrease of the height of
the left peak. When As becomes very large, the atom
excited into the intermediate state |2) jumps into the
continuum {|e)}. That is, in the atom—field coupling
system, the transition processes |1) < |2) < |e) are
clearly dominant compared to the nondegenerate two-
photon processes |1) <> |2) > |3). In this case, the role
of the autoionizing state |3) can be neglected and the
system can be identified as a two-level system. Thus,
one peak in Q(t) disappears as illustrated in Fig.4(d).

In Fig.5 we show Q(t) for the strong probe case,
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Fig.4. Q(t) versus A; for different Ao, here g2=3, g3=5, I'»=5, I'3=1, r1=0.1, ro=5,
T=1, and (a) Az=5; (b) Az=15; (c) A2=40; (d) A>=80.

where r1=1.0. The photoionization line shape changes
drastically and becomes a dip, indicating that the
atom is partially ionized and the atomic coherent pop-
ulation trapping in bound states occurs. Figure 5
shows that, with increasing r5, the centre of the dip
is shifted to the left side, and the ionization yield in-
creases. In order to make the physical processes trans-
parent, we employ the dressed states to briefly discuss
the atomic coherent population trapping. The dressed
atomic states |1) and the dressed-state energy w of the
effective Hamiltonian described by V.g obey

Verr|¥) = ulv). (8)
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Fig.5. Q(t) versus A; for ri=1, I'y=5, I's=1, q3=-5,
Ag=-5, T=5: (a) r2=6, q2=F6; (b) ro=11, ga=11.

We can see that, in general, the effective system has
three unstable eigenstates, corresponding to the atom
being ionized completely, so an asymmetric three-peak
distribution in Q(t) appears. However, in order to pre-
vent the atom from being ionized completely, one of
the eigenvalues u; (i=1,2,3) must be reduced to a real
one, that is to say, the system has one stable eigen-

state. It is easy to find that, when Ay, As, g2, ¢3 and

ro satisfy

A1 =rag3 + I2g2 — 1192,

Ay = q3l3 — r2g2 — g2, (9)
one of the eigenvalues becomes u; = —¢or1, and the

corresponding stable eigenstate is written as

1
_\/F2F3—|—7‘1F3+7'1T2
X (\/ F2F3 |1> -V T1F3 ‘2> +\/7"1T2 |3>)(10)

Evidently, we can see that the effects of the coupling

%)

between the ground state |1) and the continuum |e)
are necessary to lead to the atomic coherent popula-
tion trapping. In this case, if the atom is initially in
its ground state |1) and the duration of laser pulses is
sufficiently long, then the population trapped in the
coherent population trapping state |¢) is

. Iy,
Dy l3 475 +rrs’

(11)

Dbt
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and the entire trapped population is distributed over

the bare atomic states |1), |2) and |3) in the following

form
Piri I
P =P P,= ;
! K ? oI5 +ri s +rimo
P,
P tT'172 (12)

D3+ + s
Evidently, with the increase of ry, the absolute value
of g2 increases in accordance with Eq.(9), so the dip in
Fig.5 is shifted towards the left side, and the popula-
tion trapped in the stable state |¢) decreases. Figure 5
shows these results exactly. However, from Eq.(12)
we find that, with the increase of rs, although the
entire population decreases evidently, the population
trapped in the high-lying autoionizing state |3) can
exceed that in the ground state |1) when ryiry > I3 15.

In this case, the population inversion occurs.
4. Conclusions

In conclusion, we have studied the photoioniza-

tion properties of an atom with a ladder coupling
scheme involving two autoionizing states coupled to
each other. The effects of the coherent coupling be-
tween two autoionizing states and between the low-
lying autoionizing state and the continuum on the ion-
ization yield are discussed. We find that, when the
coupling strength between the two autoionizing states
is very weak or very strong, the ionization yield versus
the detuning A; exhibits a dim asymmetric three-peak
If the

coupling strength is chosen moderately, the distinct

line shape, or a nearly two-peak line shape.

asymmetric three-peak distribution appears in Q(t).
We also find that the coupling between the ground
state and the continuum is necessary to lead to the
atomic coherent population trapping. The coherent
population trapping results in a dipped line shape of
Q).

superposition of the ground state and the two autoion-

The coherent population trapping state is the

izing states. Also, when the laser intensities are chosen

appropriately, a population inversion can occur.
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