
PHYSICAL REVIEW A 104, 032820 (2021)

Resonance-induced ionization enhancement and suppression of circular states
of the hydrogen atom in strong laser fields
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We theoretically investigated the ionization dynamics of a hydrogen atom in circular excited states irradiated
by the circularly polarized laser pulses by solving the time-dependent Schrödinger equation. We calculated the
ionization yields of the two excited states which are corotating and counter-rotating with respect to the laser
fields as a function of the laser frequency. For the corotating excited state, our results show an obvious ionization
suppression when the laser frequency is beyond the one-photon ionization threshold, and it is followed by a
strong ionization enhancement when the laser frequency further increases. These ionization suppressions and
enhancements are absent for the counter-rotating excited state. By tracing the ionization process, we found
that resonance between the initial state and a lower-energy state occurs at the frequency of the ionization
enhancement. Ionization from this lower-energy state is responsible for this ionization enhancement. At the
frequency of ionization suppression, Rabi oscillation between the initial and the lower-energy state occurs, which
prevents further ionization and thus suppresses the final ionization yield.
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I. INTRODUCTION

Tunneling ionization (TI) and multiphoton ionization
(MPI) are two primary mechanisms of atomic photoioniza-
tion in strong laser fields [1]. Usually, the Keldysh parameter
[2] γ = √

Ip/2Up is used to discriminate among adiabatic
tunneling (γ � 1), nonadiabatic tunneling [3] (γ ∼ 1), and
multiphoton ionization [4] (γ � 1). Here Up = F 2/4ω2 is
the ponderomotive energy of the laser, Ip is the ionization
potential, ω is the laser frequency, and F is the amplitude
of the laser field. In typical experimental conditions, electron
tunneling should be understand as a nonadiabatic process,
while the key assumptions regarding adiabaticity of optical
tunneling may quickly become inaccurate. For a sufficiently
intense and low-frequency laser field, the barrier-suppressed
ionization (BSI, or above-barrier ionization, OBI) takes place
[5]. In BSI, the initial state energy level lies above the effec-
tive Coulomb barrier suppressed by the field. An important
parameter in BSI is the barrier-suppression field strength (or
BSI ionization threshold), which defines the minimum field
strength at which BSI ionization can occur. For a hydrogen
atom at state |n〉, the BSI ionization threshold are FBSI =
1/3n5 in the linearly polarized (LP) field and FBSI = 1/16n4

in the circularly polarized (CP) field [6,7].
Recently, much attention has been paid to the selectivity of

strong-field ionization on the electron rotation in the CP fields,
i.e., the dependence of the ionization process on the sign of
the magnetic quantum number m of the atom in CP laser
field (m dependence) [8–11]. Previous works have revealed
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the difference in the ionization process of the“corotating” case
and “counter-rotating” case [12,13] (for the same or opposite
rotation of the initial current density of the active electron with
respected to the laser field). It is well known that in the case
of single-photon ionization, the corotating state is depleted
more efficiently than the counter-rotating sate [14]. It is the
same for the ionization of circular Rydberg states in circularly
polarized microwave fields. Ionization is much more likely
for the Rydberg electron corotating with the field, preferably
with the same angular velocity [15,16]. However, the situation
is the reverse in the nonadiabatic tunneling regime. Optical
tunneling selectively depletes the counter-rotating initial state
[17–19].

The first experimental observation of the dependence of
the tunneling ionization rate on the sign of magnetic quantum
number m was reported in 2012 [20]. Later, a large number of
experimental [9,10,21] and theoretical [22–35] studies on the
m dependence of the ionization dynamics were reported. Most
of the above works are devoted to the m dependence in adia-
batic or nonadiabatic tunneling regimes. In the MPI region,
it has been shown that the ratio of ionization probabilities
for corotating state to counter-rotating state exhibits a strong
dependence on the intensity of the laser field [9,11,25–27,36].
The Freeman resonances [37], where ionization is enhanced
by transient resonance due to ac Stark shifts of intermediate
levels [38–45], make the m dependence of the ionization
probability complicated. The ionization can be polarization-
selective enhanced by resonance in MPI of the excited atom,
which makes it possible to control the electron emission and
create a spin-polarized electron pulse with a reversible switch
on a femtosecond time scale [9,11,46,47].

In this paper we focus on the resonance in few-photon ion-
ization and the sensitivity of m dependence to the frequency
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change of the ionizing radiation. We theoretically investi-
gated the ionization dynamics of hydrogen atoms in circular
states irradiated by the circularly polarized laser pulses by
solving the time-dependent Schrödinger equation. Circular
states of an atom are excited states with the biggest absolute
value of the magnetic quantum number m of the bound state.
For a given n there are always two circular states, namely,
(n, l = n − 1, m = n − 1) and (n, l = n − 1, m = −[n − 1]).
We calculated the ionization yields of the two circular states
corotating [H(3,2,2)] and counter-rotating [H(3,2,-2)] as a
function of the laser frequency. For the corotating excited
state, our results show an obvious ionization suppression
when the laser frequency is beyond the one-photon ion-
ization threshold, and it is followed by a strong ionization
enhancement when the laser frequency further increases. This
ionization suppression and enhancement is absent for the
counter-rotating excited state. By tracing the time evolution
of the magnetic quantum number m, we found that resonance
between the initial state and a lower-energy state occurs at
the frequency of ionization enhancement. Ionization from
this lower-energy state is responsible for this ionization en-
hancement. At the frequency of ionization suppression, Rabi
oscillation between the initial and lower-energy state occurs,
which prevents further ionization. The results of different
pulse duration are also shown in this paper.

This paper is organized as follows. In Sec. II we briefly
summarize the methods used to solve the time-dependent
Schrödinger equation for the interaction of the hydrogen atom
with a CP laser pulse. The results of the numerical calculations
are then presented and analyzed in Sec. III. The conclusions
are given in Sec. IV.

Unless specified otherwise, atomic units (a.u.) are used
throughout this paper.

II. THEORETICAL MODEL

In this paper we study the ionization dynamics of excited
hydrogen atoms by numerically solving the three-dimensional
time-dependent Schrödinger equation ((3) D-TDSE). The
Schrödinger equation is

i
∂ψ (r, t )

∂t
= H (r, t )ψ (r, t ), (1)

where

H (r, t ) = −1

2
∇2 − 1

r
− iA(t ) · ∇. (2)

We consider a hydrogen atom under an anticlockwise CP
pulse in the x-y plane with vector potential

A(t ) = A0 f (t )[−x sin(ωt ) + y cos(ωt )], (3)

where A0 = F0/ω is the amplitude of the vector potential,
and f (t ) is a slowly varying pulse envelope which has a
sine-squared form,

f (t ) = sin2

(
πt

τ

)
, (4)

where τ = NT is the total pulse duration and T is the pulse
period. The 3D-TDSE in Eq. (1) is solved in the spherical
coordinate where the wave function ψ (r, t ) is expanded by

spherical harmonics |l, m〉:

|ψ (r, t )〉 =
∑
l,m

Rlm(r, t )

r
|l, m〉. (5)

Here Rlm(r, t ) is the radial part of the wave function, which is
discretized by a finite-element discrete variable representation
method [48]. The time propagation of the TDSE is calculated
by the split-Lanczos method [49,50].

The larger spatial extension of the Rydberg states requires
large radial boxes when propagated in time. In our computa-
tions we use boxes with an upper bound of 900 a.u. and the
angular basis is lmax = 30. The convergence of our calcula-
tions has been confirmed by enlarging the box size and lmax.

The population of the excited state is gain by projecting the
wave function onto hydrogen bound states,

Pnlm = |〈ψnlm|ψ (r, T )〉|2, (6)

and the ionization probability is obtained from

Pion = 1 −
31∑

n=1

30∑
l=0

30∑
m=−30

|〈ψnlm|ψ (r, T )〉|2. (7)

The ionization yield has also been calculated by projecting
the final wave function onto the continuum state function (the
Coulomb wave function). The obtained results are the same as
those from Eq. (7), confirming the validity of our calculations.

III. RESULTS AND DISCUSSION

A. Numerical results

Figure 1 displays the ionization probabilities of the ex-
cited state of the hydrogen atom in the CP laser field as a
function of laser frequency. Here we calculated the ionization
probabilities for two excited states of H. The blue curve in
Fig. 1(a) represents the initial state (n, l, m)=(3,2,2), which
is corotating with respect to the laser field. The red dotted
curve in Fig. 1(a) represents the initial state (3,2,-2), which
is counter-rotating with the laser field. The intensity of the
laser pulse is 8×1012 W/cm2. Two pulse durations have been
considered here. Figures 1(a) and 1(b) display the results for
τ = 8 and 30 T, respectively.

It can been seen in Fig. 1(a) that at low laser frequencies
the ionization probabilities for both states are approximately
100%. This is because the dominant ionization mechanism is
barrier-suppression ionization (BSI). At the low frequencies
the laser field could be treated as the quasistatic field. For the
CP laser field, the ionization threshold of BSI for the state
n = 3 is about FBSI = 1/16n4 = 0.000 77 a.u. [6]. The electric
field of our laser pulses is F=0.0151 a.u., larger than FBSI.
Thus the BSI dominates and the ionization probabilities ap-
proach 100%. As the laser frequency increases, the ionization
probabilities decrease. Interestingly, the ionization probability
of the state counter-rotating with the laser field is higher than
that of the corotating state. This behavior could be understood
as the nonadiabatic effect in strong-field ionization. Previous
studies have shown that in the tunneling ionization region,
the state counter-rotating with the laser field has higher ion-
ization probability than that of the corotating state due to
the nonadiabatic effect [17–19]. This is responsible for the
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FIG. 1. The ionization probabilities of two initial states of hy-
drogen atoms as a function of the laser frequency. The upper axis
represents the Keldysh parameters, corresponding to the laser fre-
quencies. In the legend “Co” indicates the initial state (n, l, m) =
(3,2,2) corotating with respect to the laser field, and “Counter” rep-
resents the initial state (3,2,-2) counter-rotating with respect to the
laser field. The vertical dashed and dashed-dotted lines indicate the
two- and one-photon ionization thresholds, respectively. The laser
intensity is 8×1012 W/cm2. The pulse durations are (a) τ = 8 T and
(b) τ = 30 T.

higher ionization probability of the counter-rotating state in
our calculations.

As the laser frequency further increases, multiphoton ion-
ization becomes the dominant mechanism. The dashed lines
in Fig. 1 indicate the two- and one-photon ionization thresh-
olds, respectively. As expected, a peak appears when the laser
frequency increases through the two-photon and one-photon
ionization thresholds [45]. Different from the lower-frequency
region, here the ionization probability of the corotating state
is higher than that of the counter-rotating state [9,11,27]. At
the frequencies much higher than the one-photon ionization
threshold, the ionization probability of the corotating state is
higher than that of the counter-rotating state. This behavior
has been well demonstrated in textbooks that state single-
photon ionization prefers corotating electrons [14].

The most interesting characteristics appear at frequencies
ωlaser ∼ 0.06 a.u. – 0.09 a.u. In this region, the ionization prob-
ability of the counter-rotating state decreases monotonously.
However, for the corotating state, there is an obvious dip at
around ωlaser=0.066 a.u. and a giant peak near ωlaser=0.081
a.u. These phenomena exist for both pulse durations, as shown
in Figs. 1(a) and 1(b). For both states, the overall features are
the same for the two pulse durations. The dip at ωlaser=0.066
a.u. and the giant peak at ωlaser=0.081 a.u. for the corotating
state are similar for the two pulse durations. These character-

FIG. 2. The ionization probabilities of two initial states of hy-
drogen atoms as a function of the laser frequency. In the legend
“Co” indicates the initial state (n, l, m) = (3,2,2) corotating with
respect to the laser field, and “Counter” represents the initial state
(3,2,-2) counter-rotating with respect to the laser field. The vertical
dashed-dotted line indicates the one-photon ionization threshold. The
laser intensities are 1×1012 W/cm2 for the cycles and triangles and
5×1011 W/cm2 for the squares and asterisks, respectively. The pulse
duration is τ = 30 T.

istics are the main focus of this paper, and we will reveal the
underlying dynamics.

Figure 2 shows the results of two initial states with two dif-
ferent laser intensities. The laser intensity are 1×1012 W/cm2

for the cycles and the triangles and 5×1011 W/cm2 for the
squares and the asterisks, respectively. The pulse duration is
τ = 30 T. For both laser intensities, the overall features are
the same.

B. The ionization pathways of the circular excited states

In order to understand the difference in ionization proba-
bility between the co- and counter-rotation states, we analyze
the excitation pathways of the two circular excited states. The
dipole selection rules for the circular states in the CP field are

Corotating state (3,2,2) : �m = +1,�l = +1

Counter-rotating state (3,2,-2) : �m = +1,�l = ±1 (8)

for absorbing one photon and

Corotating state (3,2,2) : �m = −1,�l = −1

Counter-rotating state (3,2,-2) : �m = −1,�l = ±1 (9)

for emitting one photon, respectively.
Figure 3 shows the diagram of excitation pathways

of the two initial states according to the dipole selec-
tion rules in lowest-order perturbation theory (LOPT) [4].
Figure 3(a) shows the pathways of the corotating state
(n, l, m) = (3, 2, 2), and Fig. 3(b) shows the pathways of the
counter-rotating state (3,2,-2). The yellow (light gray) rect-
angle represents the initial state, and the green (dark gray)
rectangle represents the excited states which are allowed by
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FIG. 3. The diagram of excitation pathways according to the
dipole selection rules in lowest-order perturbation theory for (a) the
corotating initial state (n, l, m) = (3, 2, 2) and (b) the counter-
rotating state (3,2,-2). The horizontal axis represents the angular
quantum number L, and the vertical axis represents the magnetic
quantum number m. The yellow (light gray) rectangle represents the
initial state, and the green (dark gray) rectangle represents the excited
states which are allowed by the dipole selection rules. The red (dark
gray) arrow represents absorbing one photon and the blue hollow
arrow represents emitting one photon.

the dipole selection rules. The red (dark gray) arrow represents
absorbing one photon, and the blue hollow arrow represents
emitting one photon. For the corotating state in Fig. 3(a), the
initial circular state can be excited into higher-energy states
or decay into lower-energy states which satisfy the equation
l = m, as shown in Fig. 3(a).

For the counter-rotating state in Fig. 3(b), there are multiple
excitation pathways, and the initial state can be exited into a
series of higher-energy states through the crossed pathways.
The biggest difference of the counter-rotating state is that
there is no pathway for the initial state to decay into a lower-
energy state by emitting photons, which is allowed in the
corotating case. Indeed, the lower-energy state plays a very
important role in the ionization process, as will be shown
below.

Figure 4 shows the (l, m) state distributions for the two ini-
tial states obtained by summing over n by solving 3D-TDSE at
the end of the laser pulse. Figure 4(a) shows the result of coro-
tating initial state (n, l, m) = (3, 2, 2), and Fig. 4(b) shows
the result of a counter-rotating initial state (3,2,-2). The black
asterisks mark the initial states. Here the laser frequency, laser
intensity, and pulse duration are ω = 0.027 a.u., I = 8×1012

W/cm2, and τ = 8 T, respectively.
It can be seen in Fig. 4(a) that the electrons are mainly

distributed in a series of (l, m) states which satisfy the equa-
tion l = m for the corotating initial state. Figure 4(b) shows a
checkerboard distribution that the counter-rotating initial state
has been excited to a series of higher-energy states, while
there is no population in the lower-energy state. Obviously,
the (l, m) state distributions of the TDSE results in Fig. 4 are

FIG. 4. The distribution of (l, m) states obtained by summing
over n by solving the 3D-TDSE for (a) corotating initial state
(n, l, m) = (3, 2, 2) and (b) counter-rotating initial state (3,2,-2) at
the end of the laser pulse. The black asterisks mark the initial states.
The horizontal axis represents the angular quantum number L and the
vertical axis represents the magnetic quantum number m. The laser
frequency, laser intensity, and pulse duration are ω = 0.027 a.u.,
I = 8×1012 W/cm2 and τ = 8 T, respectively.

in good agreement with the excitation pathways analysis in
Fig. 3.

The distribution of the neighbor state beside the excitation
pathways indicated in Fig. 3 comes from the channel that
ignored the approximation of LOPT [4], where the electron
first jumps to a excited state (with a large principal quantum
number n) and then decays into that neighbor state by emitting
one photon. For example, the distribution in the (5,3) state of
Fig. 4(a) can be populated by emitting one photon from the
(4,4) state [(l, m) = (4, 4) → (5, 3)]. Similarly, the distribu-
tion in the (6,0) state in Fig. 4(b) can be populated by emitting
one photon from the (5,1) state [(l, m)=(5,1) → (6,0)]. The
blank cells in Fig. 4 represent the states which are forbidden
by the dipole selection rules.

C. Resonance-induced ionization enhancement

In the CP field, the electron absorbs one photon, increasing
the magnetic number by �m = +1, and emits one photon,
decreasing the magnetic number by �m = −1. The chang-
ing of the magnetic quantum number m reflects the photon
absorption in the ionization process. In order to reveal the
underlying dynamic of the giant peak near ωlaser = 0.081 a.u.
in Fig. 1, we trace the time evolution of the magnetic quantum
number m by solving the 3D-TDSE, as shown in Fig. 5.
Figures 5(a) and 5(b) show the results of the corotating ini-
tial state(n, l, m) = (3, 2, 2) and counter-rotating initial state
(3,2,-2), respectively. Here the laser frequency, laser intensity,
and pulse duration are ω = 0.081 a.u., I = 8×1012 W/cm2,
and τ = 8 T, respectively. The red (dark gray) arrow rep-
resents absorbing one photon, and the blue hollow arrow
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FIG. 5. The m distributions as a function of time by solving 3D-
TDSE for (a) the corotating initial state (n, l, m) = (3,2,2) and (b) the
counter-rotating initial state (3,2,-2). The laser intensity is 8×1012

W/cm2, the pulse duration is τ = 8 T, and the laser frequency is
ω = 0.081 a.u. The red (dark gray) arrow represents absorbing one
photon, and the blue hollow arrow represents emitting one photon.

represents emitting one photon. Note that the frequency of
the giant peak locates in the single-photon ionization region.
Therefore, for the corotating initial state [Fig. 5(a)], the states
with m = 3 represent the continuum state. The states with
m = 1 represent the lower-energy bound state. Similarly, for
the counter-rotating initial state [Fig. 5(b)], the states m = −3
and m = −1 represent the lower-energy bound states and the
continuum state, respectively. For the counter-rotating state in
Fig. 5(b), there is only one ionization channel where the elec-
tron is ionized directly to the continuum state by absorbing
one photon.

For the corotating state in Fig. 5(a), there are two ionization
channels. One is where the electron is ionized directly by
absorbing one photon, and the other one is that the electron de-
cays into a lower-energy state, first by emitting one photon and
then being ionized to the continuum state by absorbing two
photons. Figure 5(a) shows that the second ionization channel
dominates. The final ionization probability of the corotating
state is much greater than that of the counter-rotating state.
In other words, the ionization is enhanced by resonance with
the lower-energy state. This indicates that electrons are more
likely to be ionized when they decay into the lower-energy
state where the electron is closer to the nucleus. Previous
studies have demonstrated that electrons have the largest
ionization probability at their nearest point to the nucleus
[24,51,52]. The Coulomb force interaction with the nucleus
is the catalyst for ionization.

In summary, at the frequency of the giant peak of the coro-
tating initial state, the ionization is enhanced by resonance
with the lower-energy state, which is forbidden by the dipole
selection rules for the counter-rotating circular state.

D. Resonance-induced ionization suppression

In strong laser fields, resonance occurs in a wide range of
laser frequency because of the wide frequency spectrum of
the pulse and the ac Stark shift of the energy levels [38–45].
For the H atom, the field-free energy difference between
state n = 3 and n = 2 is 0.07 a.u. However, a dip appears at
ωlaser = 0.07 a.u. The analyses above show that resonance is
responsible for the giant peak of the ionization probability at

FIG. 6. The distribution of m states as a function of time for the
corotating initial state (3,2,2) and different laser frequencies for (a),
(c) 0.066 a.u. and (b), (d) 0.081 a.u. Here the laser intensities are
8×1012 W/cm2 and the pulse durations are τ = 8 T. The red (dark
gray) arrow represents absorbing one photon, and the blue hollow
arrow represents emitting one photon.

ω = 0.081 a.u. At the frequency ω = 0.07 a.u., instead of the
ionization enhancement there is a surprising dip in Fig. 1(a)
for the corotating state, i.e., resonance induces the ionization
suppression. This is different from previous studies in the MPI
region, where resonance always enhances the ionization yield
[9,11,45].

In order to reveal the underlying dynamics of ionization
suppression, we trace the time evolution of the magnetic quan-
tum number m at the frequency of the ionization suppression
(ωlaser = 0.066 a.u.) in the 3D-TDSE calculation, as shown
in Fig. 6(a). It is more clearly seen in Fig. 6(c), where we
replotted the curves of three m state populations (m = 1, 2, 3)
as a function of time using the data of Fig. 6(a). To compare
with the results at the frequency of ionization enhancement
(ωlaser = 0.081 a.u.), we replotted the data of Fig. 5(a) in
Fig. 6(b) and the curves of three m states in Fig. 6(d). The
red (dark gray) arrow represents absorbing one photon and
the blue hollow arrow represents emitting one photon. Note
that both the laser frequencies we show are located in the
single-photon ionization region. Therefore the states m = 1,
m = 2, and m = 3 in Fig. 6 represent the lower-energy state,
initial state, and continuum state, respectively. We focus on
the population of these three m states.

At the frequency of ionization enhancement in Fig. 6(d),
the population of the initial state (m = 2) decreases sharply
at the beginning of the laser pulse. Most of them decay into
the lower-energy state (m = 1), corresponding to the rapid
rise of the yellow dotted curve, while only a few electrons
are ionized directly into the continuum state (m = 3). As the
time increases, the yellow dotted curve decreases sharply after
a peak, while the blue curve increases sharply. This indicates
that most of the electrons in m = 1 state are ionized directly
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FIG. 7. The same as those in Fig. 6 but for pulse duration
τ = 30 T.

to the continuum state (m = 3) by absorbing two photons,
while only a few electrons return back to the initial state
(m = 1) by absorbing one photon. At the frequency of ioniza-
tion suppression in Fig. 6(c), the population of the initial state
(m = 2) decreases sharply at the beginning of the laser pulse
as well. Most of them decay into the lower-energy resonated
state (m = 1). Different from the results of Fig. 6(d), more
electrons return back to the initial state (m = 2) in Fig. 6(c).
Importantly, an obvious oscillation appears between the pop-
ulations of the initial state (m = 2) and the lower-energy state
(m = 1). This is the Rabi oscillation between the resonated
energy levels [it can be seen more clearly in Fig. 7(c)] [53–56].
At the end of the laser pulse, the population of the m = 3 state
is smaller than those of Fig. 6(d). More electrons remain in the
initial state (m = 1). As a result, the final ionization probabil-
ity of Fig. 6(c) is smaller than that of Fig. 6(d). In other words,
the ionization is suppressed by the Rabi oscillation, which is
caused by the strong resonance between the initial state and
the lower-energy state.

The increase of pulse duration makes the interaction time
longer and the frequency spectrum more narrowed. To under-
stand the effects of different pulse durations on resonance,
we show the same distribution of m states with pulse du-
ration τ = 30 T in Fig. 7. It can be seen that the overall
features in Fig. 7 are same as that in Fig. 6. However, there
are two different phenomena. One is that the final ionization
probabilities of Fig. 7 are larger than those of Fig. 6 at both
frequencies because of the longer interaction time. The other
is that the electron which decayed into the lower-energy state
(m = 1) in Fig. 7(d) is much less than that in Fig. 7(c), and
the Rabi oscillation between the initial state (m = 2) and
the lower-energy state (m = 1) is more obvious in Fig. 7(c),
which suppresses the ionization. This phenomenon is because
the more narrowed frequency spectrum make the resonance
detune sharply when the laser frequency is far away from the
central resonance frequency ω = 0.07 a.u. These differences

FIG. 8. The distribution of (a) m = 3, (b) m = 2, and (c) m = 1
states as a function of time and laser frequency for the corotating ini-
tial state H(3,2,2). The white dotted lines represent the single-photon
ionization threshold ω = 0.056 a.u. The white ellipse represents the
resonance region. The laser intensity is 8×1012 W/cm2, and the
pulse duration is τ = 8 T.

further demonstrate that the ionization is suppressed by the
Rabi oscillation, which is caused by the resonance between
the initial state and the lower-energy state.

E. Frequency dependence of ionization
enhancement and suppression

The resonance occurs in a wide range of laser frequency
because of the wide frequency spectrum of the pulse and the
ac Stark shift of the energy levels. In order to investigate the
frequency dependence of ionization enhancement and sup-
pression of the corotating state, we trace the populations of
three m states (m = 1, 2, 3) as a function of laser frequency
and time, as shown in Fig. 8. Here the laser intensity and
pulse duration are 8×1012 W/cm2 and τ = 8 T, respectively.
The white dotted lines represent the single-photon ioniza-
tion threshold 0.056 a.u. When ωlaser > 0.056 a.u., the states
m = 1, m = 2, and m = 3 represent the lower-energy res-
onant state, initial state, and continuum state, respectively.
Figure 8(a) shows the distribution of the m = 3 state. The
maximum at the end of the laser pulse indicates the frequency
of ionization enhancement (i.e., the giant peak), which is
around ωlaser = 0.08 a.u. Figure 8(c) shows the distribution of
the m = 1 state. The elliptic area of maximum value indicates
the resonance region, where the ionization enhancement and
suppression occur. It can be seen that the resonance occurs in
a wide range of laser frequency which ranges from 0.06 to
0.09 a.u.

Note that the central frequency of resonance is 0.07 a.u.,
where the ionization is suppressed due to the Rabi
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FIG. 9. The same as those in Fig. 8 but for τ = 30 T pulse
duration.

oscillation. Figure 8(b) shows the distribution of the m = 2
state. Correspondingly, the resonance region reflected in
Fig. 8(b) is an elliptic area of minimum value of population.

We show the same distributions of m states with longer
pulse durations τ = 30 T in Fig. 9 to compare the effects of
two different pulse durations on resonance. It can be seen that
the overall features in Fig. 9 are the same as those in Fig. 8.
However, there are two different phenomena in Fig. 9(c). First,
the resonance region becomes much smaller because of the
more narrowed frequency spectrum. Second, it can be seen in
Fig. 9(c) that the elliptic resonance region is followed by sev-
eral circular arcs, which imply the Rabi oscillation between
m = 1 and m = 2 states.

In addition, the corresponding resonance region in Fig. 9(b)
is more obvious.

IV. CONCLUSIONS

By solving the three-dimensional time-dependent
Schrödinger equation, the ionization dynamics of hydrogen
atoms in circular Rydberg states, irradiated by the circularly
polarized laser pulses, has been studied. We investigated the
ionization yields of the two excited states corotating and
counter-rotating with respect to the laser fields as a function
of the laser frequency. For the corotating excited state,
our results show an obvious ionization suppression when
the laser frequency is beyond the one-photon ionization
threshold, and it is followed by a strong ionization
enhancement when the laser frequency further increases.
These ionization suppressions and enhancements are absent
for the counter-rotating excited state. By tracing the time
evolution of the magnetic quantum number m at the frequency
of ionization enhancement and suppression, we found that
resonance between the initial state and a lower-energy
state is responsible for these phenomena. Ionization from
this lower-energy state is responsible for the ionization
enhancement. At the frequency of ionization suppression,
Rabi oscillation between the initial and the lower-energy
state occurs, which prevents further ionization. In addition,
we compare the results of two different pulse durations. The
Rabi oscillation becomes more obvious at the frequency of
resonance for the pulse with longer duration. Our study of
resonance between the initial circular Rydberg state and the
lower-energy state provides further insight into multiphoton
resonant ionization mechanisms.
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