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Atomic magnesium (Mg) is reported to ionize more efficiently in 400-nm laser fields with circular polarization
(CP) than with linear polarization. This experimental result is reproduced qualitatively by numerical solutions of
a two-electron time-dependent Schrédinger equation. Theoretical analyses show that intermediate excited states
play an important role during the ionization process. The 3s3p state and the 3s3d state are identified as the
dominant intermediate states. The main ionization pathway is identified to be 3s*> — 3s3p — 3s3d — ionized
states. CP laser fields are shown to be able to pump more population from the ground state to the 3s3d state,

leading to more efficient ionization of the Mg atoms.
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I. INTRODUCTION

Atomic ionization is one of the fundamental phenomena
of laser-atom interaction. Especially when the laser field is
strong, novel ionization processes happen that are not possible
with weak laser fields. These processes include multiphoton
ionization [1-4], above-threshold ionization [5-7], tunneling
ionization [8—10], nonsequential double ionization [11-13],
etc., which have been extensively studied in the past few
decades.

As quasi-two-electron systems with rich level structures,
alkaline-earth-metal atoms are ideal targets for the study of
atomic ionization and electron-correlation effects [14-23].
For example, a notable experimental result was the obser-
vation of a so-called “knee structure,” which is an indicator
of nonsequential double ionization, in the double ionization
of magnesium (Mg) with 800-nm circularly polarized (CP)
laser fields [18]. This initiated quite some theoretical dis-
cussions on the mechanism of electron correlations with CP
laser fields [24-30]. A recent experiment confirms that recol-
lision is the mechanism of the observed knee structure [22],
extending the applicability of the well-known recollision
model [31-33].

In this article, we focus on the ionization of Mg atoms
with 400-nm laser fields. An interesting and unexpected ex-
perimental result is that CP laser fields are more efficient
in ionizing the Mg atoms than linearly polarized (LP) laser
fields, as shown in Fig. 1. For both single ionization and
double ionization, the ionization yields for CP are higher than
those for LP, and the difference is more pronounced for double
ionization. Around intensity 10'> W/cm?, the difference in
double ionization yields between CP and LP is about an order
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of magnitude. This result is in sharp contrast to the 800-nm
case, where the double-ionization yield for CP, albeit with a
recollision-induced enhancement, is several orders of magni-
tude lower than that for LP [22].

The goal of the current article is to explain the ionization
mechanism of Mg with 400-nm laser fields so as to obtain
an understanding of the experimental result shown in Fig. 1.
A two-electron time-dependent Schrodinger equation (TDSE)
is integrated numerically and the result agrees well with the
experimental result, reproducing the observed features. From
a closer analysis we find that intermediate excited states play
an important role during the ionization process. The 353 p state
and the 3534 state are identified as the dominant intermediate
states. Tonization happens mainly through the 35> — 3s3p —
3s3d — ionized state pathway. CP laser fields are shown
to be more efficient in pumping the population to the 3s3d
state than LP laser fields. This can be understood from a
closer investigation of the 3s2-3s3p-3s3d three-level system.
Ionization happens by absorbing one or more photons from
the 353d state; therefore, a higher population in this state leads
directly to a higher ionization probability. In particular, this
effect is more significant in the case of CP fields, which could
be understood by considering the angular momentum.

This article is organized as follows. In Sec. II, we explain
the experimental method in obtaining the result shown in
Fig. 1 and the theoretical method in numerically solving the
two-electron TDSE. Numerical results, theoretical analyses,
and discussions are presented in Sec. III. A conclusion is given
in Sec. IV.

II. METHODS

A. Experimental methods

A commercial 800-nm, 1-kHz, 80-fs Ti:sapphire amplifier
system (Spectra Physics: Spitfire Ace PA) is used in the exper-
iments. The 400-nm beam is generated by frequency doubling
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FIG. 1. Experimental ionization yields of Mg with 400-nm laser
fields. For both single ionization and double ionization, yields with
LP laser fields and CP laser fields are shown for comparison. The
vertical error bars are given by Poisson statistics. Most of them are
smaller than the size of the symbols. Horizontal error bars show the
estimated fluctuation of laser intensity.

the 800-nm laser using a B-barium borate (BBO) crystal. A
lens is used to focus the laser beam into a home-built time-of-
flight spectrometer in which ionization of atoms occurrs. An
effusive source oven is mounted below the interaction region
for generating a beam of Mg atoms. The laser pulse energy is
controlled by an 800-nm half waveplate and polarizer placed
in front of the BBO crystal. A 400-nm quarter waveplate
(QWP) is placed after the BBO. To switch between LP and CP
at the fixed intensity, the QWP is rotated without adjusting the
laser energy. To calibrate the laser intensity, we measure the
ion yield curve of a noble gas as a function of pulse energy,
which is then fitted to the calculated ionization yield curve
using the Perelomov-Popov-Terent’ev model [34]. To check
whether the atomic density of Mg is stable over the entire
period of the data-taking process, we measure the ionization
yield at a particular laser intensity for several times within that
period and verify that the measured yields at different times
are consistent with each other.

B. Two-electron time-dependent Schrodinger equation

A Mg atom has two valence electrons and ten inner-shell
electrons. For 400-nm lasers, inner-shell electrons do not
participate in the ionization process since they are deeply
bounded (the ionization potential of Mg>" is higher than
80 eV). We use an effective ion core potential to describe the
inner-shell electrons together with the nucleus. The motion of
the two valence electrons in a laser field is determined by the
two-body TDSE:

.0
la\y(rlervt):(HO +H1)\11(r1,1‘2,l‘). (l)

Atomic units are used unless otherwise specified. In the above
equation, the laser-free atomic Hamiltonian Hj can be written

as

2
Ho(rir) =) [—%V? + V(m] + Vet m), ()
i=1

where V is the single-electron effective potential from the ion
core, and V,, is an effective potential between the two valence
electrons including the static Coulomb interaction and a so-
called dielectronic interaction.

In our calculation the effective potential V takes the fol-
lowing form [35-37]:

2 A _ o g2
V(ir)=—=—=¢“" +Be ", (3)
r r

where / is the angular momentum quantum number. The
values of the parameters are given as follows (in atomic
units): A = 0.583, o =0.439, By =11.101, B; =5.220,
Bo = 1.383,and By =0.995.For! > 1, B, = 0.

The effective potential V,, takes the following form [38]:

1
r -/ Vy(r)Vy(r2), (4)

Vee(r1,12) = ——— —
Ir1 — 1|
where the core-polarization potential

C 1 — e TR, 5)

=54

The following parameters are used (in atomic units): Ry =
1.241, Ry = 1.383, and the static polarizability of the closed-
shell core oy = 0.491.

The interaction Hamiltonian H; in Eq. (1) is expressed in
the length gauge as

Hi(ry,r, 1) = (r; +12) - E@7), (6)

where E(¢) is the laser electric field. The TDSE is solved by
expanding the wave function on a basis set, which is chosen
to be the eigenstates of Hy:

Hy(ri, v2)¥nim(ri, r2) = Enpn¥nim (X, 12), (N

where L and M are the quantum numbers of the total angular
momentum of the two electrons, and N is a number that labels
different eigenstates. Then the two-electron wave function can
be expanded at any time as

W(ry,r, 1) = Y enem(OYvim(ri, ), ®)
NLM

and the TDSE of Eq. (1) can be rewritten as coupled differen-
tial equations of the coefficients:

d
i—cnim(t) = Encuenem (1)
dt
+ Z Wnewm [Hi O ) enwm (@)
NLM
&)

The basis set ¥y (1, 12) is constructed via a configura-
tion interaction method. We first find the eigenstates of the
single-electron Hamiltonian

Hy(r) = =3V2 +V(r), (10)

with V (r) being the potential given in Eq. (3). The eigenstates
are noted as @,;;,,(r) and they are obtained via diagonalizing
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FIG. 2. Partial energy levels of the Mg atom obtained in our
calculation, with Mg>* as the energy reference (zero energy). The
dashed lines mark one-photon and two-photon resonant energies
from the 3s” state with 400-nm light.

H; on a B-spline basis set. The following two-electron state
space is constructed:

Guimtm (€1, 12) =Y (Llamyma | LM) 1, (00 sty (12),
Libmymy

(1)

where (ljlmimy|LM) is the Clebsch-Gordan coefficient.
Then the basis functions ¥y (r, Iz) are obtained via diago-
nalizing Hy in the above state space:

Unen (. 1) =Y al) umn (i r). (12)

njny

For the sake of convenience, we still refer to the eigen-
functions of Hy by common notations like 3s3p, although
strictly speaking they cannot be separated into single-electron
wave functions as isolated 3s and 3p states. The accuracy
of the above configuration interaction method has been con-
firmed by experimental data in several aspects, such as the
energy levels (as shown in Fig. 2) and the oscillator strengths
[37,39-41].

In this article, we choose a spherical box of radius 500 a.u.
and 1500 eigenstates for every (L, M) pair with the maximum
L =7. We have checked that this setting is sufficient for
convergence of the performed calculations. In the beginning
before turning on the laser field, the Mg atom lies in the singlet
state 3s2. Since there is no spin-dependent term in the Hamil-
tonian, only singlet configurations need to be considered. The
system then evolves in the presence of a 400-nm laser pulse
with a trapezoidal envelope:

t/2T, for + < 2T,
f@)y=141, for 2T <t < 12T, (13)
(14T —¢t)/2T, for 12T <t < 14T,

where T = 27 /w is the laser period. The laser electric field
has the following forms:

E(t) = Eof () cos (ot )e,, (14)

for LP, and

Ey )
E@) = Ef(t)[cos (wt)e, — sin (wt)e, ], (15)
for CP, which is set to rotate clockwise without loss of
generality.

III. NUMERICAL RESULTS AND ANALYSES

A. Ionization probabilities

The two-electron TDSEs are numerically integrated using
the method described in the previous section. At the end of
the laser pulse, all single-ionization (double-ionization) states
can be collected to calculate the single (double) ionization
probabilities. To compare with the experimental results, focal
volume averaging has been performed using the experimen-
tally estimated focal radius of 6 um. The theoretical results
are shown in Fig. 3, together with the experimental data. One
can see that the calculation results reproduce the main features
observed in the experiment (Fig. 1): CP laser fields are more
efficient in ionizing the Mg atom than LP laser fields. And
the difference between CP and LP is more pronounced for
double ionization, although the theory predicts a somewhat
larger CP-LP gap for double ionization.

Note that the theory calculates the ionization probability of
a single atom, while the experiment measures the ion yield,
which depends on experimental conditions like the vapor
pressure, the collection efficiency, etc. Therefore the absolute
values of the two are not directly comparable. The relative
values between the experimental data and between the the-
oretical curves are comparable, though. In Fig. 3 the four
theoretical curves have been shifted vertically to compare with
the experimental data. The curves are shifted together so the
ratios between them remain fixed.

For single ionization, the dependency of the ionization
probability on the laser intensity is almost a straight line (in
the log-log scale) for intensities below about 10'* W/cm?.

;
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FIG. 3. Comparison between theoretical results (dotted and
dashed lines) and the experimental data (points with error bars, also
shown in Fig. 1). The red (gray) lines are for CP and the black lines
are for LP.
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FIG. 4. Population of (a) the 3s3p state and (b) the 3s3d state
during a laser pulse, for three different intensities. Top (black) curves:
10" W/cm?2. Middle (red, gray) curves: 3.16 x 10! W/cm?. Low
(green, light gray) curves: 10'" W/cm?. For each intensity, the solid
curve is for linear polarization and the dashed curve is for circular
polarization.

The slope is 3, indicating a three-photon process [42,43].
This is indeed the case considering that the first ionization
energy of Mg is 7.6 eV and the photon energy of 400-nm
lasers is 3.1 eV. Ionization saturates with intensities above
10" W/cm?.

B. The 35> — 3s3p — 35s3d — ionization pathway

The calculation also records the evolution of the population
of each state during the laser pulse. We find that only a few
low-lying excited states, especially the 353 p state and the 3s3d
state (see Fig. 2), are noticeably occupied. Comparatively
other excited states are much less occupied during the laser
pulse. For example, the occupation of the 3s4p state is usually
2 orders of magnitude less than that of the 3s3p state. The
3s4d state is several times less than that of the 3s3d state.
Other excited states are even less occupied.

These excited-state occupations can be understood from
the energy-level diagram of Fig. 2 together with the dipole se-
lection rule. As mentioned above, single ionization of Mg with
400-nm light is a three-photon process, and the 3s3p (353d)
state is the lowest-energy state with angular momentum quan-
tum number L = 1 (L = 2). These two states are, therefore,
two important ladders through which ionization happens.

Figure 4 shows the evolution of the probability of the
353 p state and the 3s3d state during the laser pulse, for three
different intensities. For each intensity, LP (solid curves) and
CP (dashed curves) cases are compared. One sees that the pop-
ulation of the 353 p state is similar for LP and for CP, except for
the cycle oscillations shown in LP. In contrast, the population
of the 3s3d state is overall higher for CP than for LP. These
results can be understood from a closer investigation of the
352 — 3s3p — 3s3d three-level system, as is explained in the
following section.

The importance of the 3s3p and the 3534 states can be seen
from Fig. 5, which shows the ion yields if these two inter-
mediate states are removed (the same focal volume averaging
and vertical shifting as in Fig. 3 have been performed). This

curves are for CP and black curves are for LP. Panel (a) is for single
ionization and panel (b) is for double ionization. Without these two
states as ladders, the ionization probabilities drop for 1 to 2 orders of
magnitude.

can be done in the TDSE calculation by setting to zero all the
matrix elements relevant to these two states. One can see that,
without these two states as ladders, the ion yields reduce by
1 to 2 orders of magnitude. In other words, the majority of
ionization happens through these two excited states.

C. The 3s2-3s3p-3s3d three-level system

The preference of CP in populating the 3s3d state can be
understood by an investigation of the 3s>-3s3p-3s3d three-
level system. Simple analytical results can be obtained which
agree with the numerical results shown in Fig. 4, with the aid
of a rotating-wave approximation.

The 3s3p state (L = 1) is degenerated with M = 0 and
+1, and the 3s3d state (L = 2) is degenerated with M = 0,
+1, and £2. According to the dipole selection rule, with the
laser electric fields given in Eqgs. (14) and (15), only states
with M = 0 are involved for LP and states with M = £L are
involved for CP. We may rewrite Egs. (14) and (15) in the
following forms:

Ey it —iwt
E(t) = ?f(t)(e'w + e tw )ez, (16)
for LP, and
Ey iwt —iot
E@) = Ef(t)(e"” er +e e ), (17)

for CP. Here we have made use of complex polarization vec-
tors e, = (e, + iey)/\/z ande_ = (e, — iey)/\/z.

If the laser frequency w is close to the energy gap of a
transition (here the 3s2-3s3p transition), then we may neglect
the €' terms in Eqgs. (16) and (17). This is a familiar rotating-
wave-type approximation. Then we only need to consider the
e~ terms, and hence only the e_ component of CP. The ratio
of the dipole transition matrix elements can be shown to be
proportional to the Wigner 3-j symbols [38,44]:

(N,L+1,—L—1|D-e_|N,L, —L)
(N',L+1,0D-e,[N,L,0)

L 1 L+1\//L 1 L+1
- oo o)
-L -1 L+1)/\o 0o o0

where D = —(r; + r») is the dipole operator.
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With the rotating-wave approximation, the evolution of the
three-level system is given by

ico(1) = Egco(t), 19)
E :
ic1(1) = Erc (1) + Tof(t)e_"”’(lll) -ez/—[0)co(t),  (20)

E .
i (t) & Eyey(1) + 7°f<t)e—““’<2|D ey [Dei(r). (1)

For simplicity we have denoted 3s® state 0, 3s3p state 1,
and 3s3d state 2. Besides, since most of the population still
remains in the 3s? state, we have neglected the feeding of
state 1 to state 0 and state 2 to state 1 in these equations.
Then c(t) ~ e~ and ¢;(¢) has the following approximate
solution:

t
E , ,
cl(t)%—i(1|D-ez/_|0)/ dt'?()f(t’)e’(E"E“’“’)’. (22)
0

The time integral is the same for LP and CP, so the ratio of
c1(t) between CP and LP is given by

CP
P (0 1 1 0 1 1)_
dr =0 A )/@ 0 o) e

This explains the results of Fig. 4(a) that the population of the
353 p state is similar for LP and CP (except for the fast cycle
oscillations shown in LP). Similarly, we find that

*@) o1 1 2\ /(1 1 2 __\/§
C%P(t)NC]fP(Z) -1 -1 2 0 0 0] 2

(24)

This means that CP pumps 1.5 times the population from the
ground 3s? state to the 3s3d state than LP does, agreeing well
with the numerical results shown in Fig. 4(b).

We may go a little further beyond the above three-level
model and extend the deduction to continuum states with en-
ergy E; = E;_; + w and angular quantum numbers (L, —L)
for CP and (L, 0) for LP. The result is

P PO (L—1 1 L+1 L-1 1 L
L+1 0 0 0

oo\ -L -l

CP
= (=) ZLL L), (25)
ey (@)

We can see that the ratio of population between CP and LP
increases with L or, equivalently, with the number of the
photons absorbed. The ratio, for example, is 1.5 for L =2
and 2.5 for L = 3, agreeing also with an analysis obtained in
Ref. [45].

D. Energy distribution of ionized states

The 3s3d state plays a particularly important role in the
ionization of Mg atoms with 400-nm laser fields. Ionization
happens by absorbing one or more photons from the 3s3d
state. This assessment can be clearly seen from Fig. 6, which
shows the energy distribution of ionized states, including both
singly ionized states and doubly ionized states. The vertical
dashed line near the left end of the figure marks the energy
of the 353d state. The leftmost peak of singly ionized states

3.1

Distribution
S

PR
1 \ -
10° —LPSI R ’,‘VO“\
LR U T AN
. ---CPDI ! VAN
10 -=--LP DI 1
12 :
10 L
-15 -10 -5 0 5 10

Energy (eV)

FIG. 6. Population of ionized states induced by LP (black) or
CP (red, gray) pulses of intensity 10'> W/cm?2. Solid curves are for
single ionization and dashed curves are for double ionization.

is one photon (3.1 eV) from the 3s3d state. Peaks with higher
energies are separated by the photon energy, corresponding to
multiphoton absorption from the 3s3d state.

Double ionization also originates from multiphoton ab-
sorptions from the 3s3d state. This can be seen from the
observation that the peaks of doubly ionized states locate
at the same positions as the corresponding single-ionization
peaks. A minimum number of six photons are needed to
doubly ionize the Mg atom from the 3s3d state.

One also sees that for both single ionization and double
ionization, CP is more effective in ionizing the Mg atom
than LP. In addition, one can see the trend that the higher
the energy, the larger the separation between these two po-
larizations. The difference between CP and LP for double
ionization is more pronounced than that for single ionization,
corresponding to the results shown in Figs. 1 and 3.

E. Further remarks

On the role of recollision in double ionization. Recollision is
an important process in atomic double ionization. Especially
for Mg, with 800-nm laser fields, recollision happens even
with CP laser fields [18,22]. For 400-nm laser fields, however,
it is not difficult to see that recollision plays a negligible role.
The quiver motion amplitude of a free electron in a laser
electric field is Ax = Ey/w?. For recollision to be a sensible
concept, this quiver motion amplitude should be much larger
than the size of the atom itself. For an intensity of 10'> W /cm?
and a wavelength of 400 nm, one gets Ax ~ 1.3 a.u., which is
merely the size of the atom. For an intensity of 10'* W /cm?,
Ax = 4.1 a.u., which is merely two or three times the size of
the atom. From the energy perspective, the maximum recol-
lision energy is 3.17U, = 3.17E§/4w2, which is 0.47 eV for
10'* W/cm? and 4.7 eV for 10'* W/cm?, both being much
lower than the second ionization potential of Mg (15 eV).
Therefore, we can conclude that the recollision process plays
a negligible role in the double ionization of Mg with 400-nm
laser fields.

On the 3s*> — 3s3p — 3s3d — ionization pathway. Iden-
tifying a dominant and relatively simple ionization pathway
is not always possible. In general, the ionization process is so
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complicated that a large number of pathways participate and
no single pathway dominates. For the Mg atom and 400-nm
laser fields, the 3s3p state is relatively close to one-photon
resonance and the 3s3d state is relatively close to two-photon
resonance from the 3s? ground state (see Fig. 2). This some-
what lucky condition allows the existence of a dominant
ionization pathway. This condition, however, does not hold
for other wavelengths, such as 800 nm. Neither does it hold
for other alkaline-earth-metal atoms in 400-nm laser fields.
Ionization of Mg in 400-nm laser fields is a special case that
renders theoretical analyses relatively simple.

IV. CONCLUSION

In this joint experimental and theoretical article, we have
reported experimental results on the ionization of Mg atoms
with 400-nm laser fields. CP laser fields are found to be more
efficient in ionizing the Mg atom than LP laser fields, in
sharp contrast to previous ionization results with 800-nm laser
fields [22].

To understand these experimental results, we have per-
formed a two-electron TDSE -calculation. The numerical
results agree well with the experimental results and repro-
duce the main observed features. Careful analyses allow the
identification of a dominant ionization pathway, namely, the

352 — 3s3p — 3s3d — ionization pathway. CP laser fields
are shown to be more efficient in pumping the population
from the ground state to the 3s3d state than LP laser fields.
A simplified three-level model has been used to make sense
of this CP preference. Ionization happens by absorbing one or
more photons from the 3s3d state, so more population in this
state leads to higher probabilities of ionization.

Our results provide a manifestation of resonant interme-
diate states on strong-field multiphoton ionization. It would
be interesting to see new and possibly unexpected manifes-
tations with different alkaline-earth-metal atoms and/or laser
parameters.
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