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Using a simple analytic formula from closed orbit theory, we have calculated the photoabsorption spectra of Li

atom in different magnetic fields. Closed orbits in the corresponding classical system have also been obtained for

B=5.96T. We demonstrate schematically that the closed orbits disappear gradually with the decrease of the magnitude

of the magnetic field. This gives us a good method to control the closed orbits in the corresponding system by changing

the magnetic field, and thus changing the peaks in the photoabaorption spectra. By comparing the photoabsorption

spectra of Li atom with those of hydrogen case, we find the core-scattered effects play an important role in multi-electron

Rydberg atoms.
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1. Introduction

Rydberg atoms in strong external fields have
been shown to be real physical examples of noninte-
grable systems to study the quantum manifestations
of classical chaos both experimentally and theoreti-
cally. Closed-orbit theory 2 introduced new ways
of looking at the photoabsorption spectrum of Hamil-
tonian having chaotic classical dynamics.l3 For light
atoms, such as hydrogen and negative hydrogenic ions,
in strong external fields, the closed-orbit theory has
proven to be a quantitative and elegant method of cal-
culating and interpreting the recurrence spectra.[*=7]
However, a complete theoretical treatment of multi-
electron atom in external fields remains a challenge.
Recent works have found that the effects of a nonhy-
drogenic ionic core should be taken into account.[8=12]
Following quantum-defect theory, the electron—core
interactions are characterized by a set of energy in-
dependent quantum defects. Such results predict that
when the ionic effects of multi-electronic atom are in-
cluded, new recurrence peaks, called core-scattered

recurrences,!'¥ emerge in large numbers.

To date, many researchers have studied the re-

currence spectra of Li atom.['*15] But they only cal-
culated the spectra of Li atom in a uniform electric or
magnetic field. Few calculations have been carried out
for Li atom in external fields of varying magnitude. In
this paper, we present theoretical computations of the
photoabsorption spectra of Li atom in magnetic fields
of five different magnitude using the closed orbit the-
ory and analyse how the cross section varies with the
magnetic fields. Finally, we compare the photoabsorp-
tion spectra of Li atom with those of the hydrogen
case, and find that the spectra of Li atom oscillates in
a much more complicated manner than those of hydro-
gen case. This suggests that the core-scattered effects
play an important role in the multi-electron Rydberg

atom.
2.Theory and quantitative for-
mula

2.1. Closed-orbit theory

The closed-orbit theory was originally developed
for the hydrogen atom in a magnetic field by Du and

Delos 2] and has been extended to incorporate quan-
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tum defects by Gao and Delos.[16:17] For completeness
we will only give a brief summary of this theory as well
as the basic equations. The near-threshold absorption
spectrum of an atom in an external field consists of
a series of sinusoidal oscillations on a slowly varying
background. Closed-orbit theory connects each oscil-
lation to a classical electron orbit that is closed at
the nucleus. Two different regions in space are distin-
guished: the region near the core (r < 73, 7,=50a0),
where a quantum description is required, and the re-
gion far away from the core (r > rp), where a semi-
classical description is feasible.

In closed-orbit theory, the absorption of a pho-
ton by an atom in an external field excites an electron
that leaves the core region in an almost zero-energy
outgoing Coulomb wave at an initial launching angle
0; to the field direction. For r > ry, this wave prop-
agates semiclassically; the electron follows a classical
trajectories and its dynamics is governed by Hamil-
tonian equation of motion. Eventually, the trajecto-
ries will curl back in the combined external potential.
The electron may then return to the core, its trajec-
tory making an angle 6¢with the field direction. Here
again a quantum description is needed and a scat-
tering wavefunction can be constructed. An electron
orbit that closes exactly at the core results in an os-
cillation in the absorption spectrum as a consequence
of interference between the returning waves scattering

at the core and the original outgoing wave.
2.2. Oscillator-strength density

According to the closed-orbit theory, the pho-
toabsorption cross section is related to the oscillator-
strength density Df(FE) by

2m2e?

o(E) =

DJ(E). (1)

mec
The oscillator strength for dipole transitions of an ini-
tial state 1); to final states at an energy F is

Df(B) = = (E - E)m{DuGHDw),  (2)

where G is the outgoing Green function, and D is

the dipole operator, for z-polarized light,
D = z=rcos?b. (3)

‘We will consider the transition from Li 3s state to
m=0, £ = 0. According to the closed-orbit theory, the
observed oscillator can be written as a combination of

a smooth background term and a sum of sinusoidal

oscillations [1]

Df(E) ~ Dfo(E)+ Y Axsin[Ty - E + s, — ¢i]. (4)

The first term is precisely the oscillator strength
that would be reached without any external field.
Each term in the summation corresponds to a closed

orbit of the electron in the combined external fields.

2.2.1. The smooth-background part of the

oscillator-strength density

It is easy to calculate the smooth-background

term of the absorption spectra 13!

Dfo(E) =~ 2 (B ~ Bx)ln( Dyl G, | D)

=2(E - E;)|Bul?, (5)

dr'sz,-(r')R?’reg(r')YZm(G', ¢"), for

the photoabsorption from s state using z-polarized

where By, =

light, B1g is a constant. R?’reg(r) is the wavefunc-
tion that is regular at the origin. For nonhydro-
genic atoms, the asymptotic form for large r (valid

for 5ag < r < 50ap) of the wavefunctions is [16]

zy/ﬁ

T/ 87

RS =|

X cos [\/8_— (l—i—%)w—%—l—él]/\/S_r,
(6)

where §; is the phase shift of the Coulomb wave caused

by the lithium core.

2.2.2. The oscillating part of the oscillator-
strength density

The oscillating part is connected to some classical
quantities of the closed orbit in the system, with the
amplitude Ay and phase ¢ being

A = \/187r Sin6; , sin @y /|maa, k| cos 0; 1 cos Oy ,

(7)

T T
Y = —261 + Eak R (8)

In the above equations, E and E; are the energies
of the final and initial states; 6; x and 0y are the ini-
tial and final angles of the kth closed orbit; s, and ay,
are the classical action and the Maslov index of the
closed orbit, respectively. T} is the travel time along

the closed orbit while m;g ; is defined as 18]

a(r,0)
a(t,0:)|

T
mig,k = Edet
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3. The classical motion

3.1. Hamiltonian

The Hamiltonian of the Li atom in a static mag-
netic field aligned along the z-axis is described (in
atomic units and cylindrical coordinates) as

1 12

t 1 1
H = —<pf, + p—‘;) + Mlz + 27 ()P +

SP: + V()
9)
where v(t) = B(t)/2.35 x 10°(B(t) is the magnetic

field strength), for m=0 state, I, = 0. The magnetic

2 2 8

field changes with time according to
B(t) = 5.96 sin(mt), (10)

where t ranges from 0.1 to 0.5, and V' (r) is the poten-
tial. Since we are dealing with the Rydberg Li atom
in which only one electron is excited to the ionization
threshold while the ionic core remains in the ground
state, thus the nuclear charge is screened by other elec-
trons and the exact problem can be simplified to the
movement of a highly excited electron in an attractive
Coulomb potential modified by a short-range core po-
tential combined with external fields. Thus the poten-
tial V(r) can be in the following form:[*4

V() = Voostoms (1) + Vearalr) = =+ — 21

T

R
a
)

(11)

where Z is the nuclear charge and a is a free length

€

parameter determining the range of the core and quan-
tum defects. For a Li atom, we choose Z=3 and
a=1/2.13. In quantum mechanics, the ionic effects are
described by the quantum defects. In our calculation,

we choose §; = 0.067.
3.2. Closed-orbit search

For the system we consider in this paper, be-
cause of the existence of a magnetic field, the Hamilto-
nian is not separable and the motion is nonintegrable.
Therefore, we have to integrate the equation of mo-
We use the
fifth-order Cash—Karp Runge-Kutta method to inte-

grate the equations of motion. In order to search the

tion in order to find the closed orbit.

accurately closed orbit and calculate the relevant clas-
sical quantities, we take three steps in the computer
codes, as follows: (1) Because of the symmetry of the
problem, we search for those nearly closed orbits in
the range of (0°, 90° ) instead of (0°, 180°). In order
to save computing time, we set the step size of the

initial launching angle 6; to be 0.1°. It is recorded as

a nearly closed orbit when the trajectory returns to
the vicinity of the nucleus for |r — 73| < 1.0aq. (2) We
change the step size of ; to 0.01°, then we search for
two nearly closed orbits found in step 1. (3) Since we
have launched trajectories in the radial direction, the
accurately closed orbits must return to the spherical
surface perpendicularly, which means that p, = 0. We
search for all the closed orbits of this system with five
different magnetic fields, B=5.96, 5.67, 4.82, 3.5 and
1.84T respectively. For each of the closed orbits, we
calculate the classical action s, Maslov index aj and
the amplitude Ay.

4.Results and discussion

By integrating the Hamiltonian equations of mo-
tion, we obtain all the closed orbits of this system
with varying magnetic field. From the calculation, we
find that with the decrease of the magnitude of the
magnetic field, the closed orbits disappear gradually.
Figure 1 presents some important closed orbits of Li
atom with the applied magnetic field B=5.96T. Us-
ing Eq.(4), we calculate the absorption spectra of Li
atom in various magnetic fields. As seen in Figs.2(a)-
(e), the spectra become more and more complicated as
B(t) increases. It is easy to understand the underlying
physical reason of this: as the magnetic force becomes
stronger, the electron can travel much nearer to the
nucleus before it is turned back by the magnetic field.

Figure 2(f) is the photoabsorption of H atom in
the magnetic field, B=5.96T. From Figs.2(e) and (f)
we can see that the spectrum of Li atom oscillates in a
much more complicated manner than that of H atom.
This can be interpreted as follows: by comparing the
closed orbits of Li atom and those of H atom in the
same magnetic field,!] we find that the number of the
closed orbits of Li atom is much larger than that of
the H atom and some different types of nonhydrogen
closed orbits exist in the Li atom. This is caused by
the scattering of the core potential. A trajectory of Li
atom starting at almost the same initial direction as a
hydrogenic closed orbit leaves the nucleus radially and
evolves hydrogen-like outside the region of the ionic
core. As the orbit returns to the nucleus it is scat-
tered by the core potential. Outside the ionic core the
electron again evolves hydrogen-like and may then be
scattered a second time, a third time, etc. until finally
it returns to the nucleus exactly where the orbit is
closed. Thus the nonhydrogenic closed orbit appears
to be composed of two or more hydrogenic orbits. For

example, Fig.1(e) can be seen as a combination of two
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hydrogenic orbits, Fig.1(f) can be seen as a combina-
tion of three hydrogenic orbits, whereas Fig.1(h) can
be seen as composed of more than three hydrogenic or-

bits. Therefore it causes a huge and rapid increase of

z/a.u.

z/au.

z/a.u.

z/au
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2

the number of multiple-scattered closed orbits. From

the above, we can see that the core-scattered effects

play a great role in the nonhydrogenic atom case.
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Fig.1. Some closed orbits of Li atom in the magnetic field with B=5.96T. The figures are
plotted in the p—z plane.
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Fig.2. (a)—(e) are the photoabsorption spectra of Li atom in different magnetic fields. (f) is
the photoabsorption spectra of H atom in a magnetic field.

5. Conclusion

We have calculated the photoabsorption spectra
of Li atom in different magnetic field in terms of using
the closed-orbit theory. We have shown that the closed
orbits disappear gradually with the decrease of the
magnitude of the magnetic field. We think this gives
us a good method to control the closed orbits in the
corresponding system by changing the magnetic field,
and thus changing the peaks in the photoabaorption

spectra. By comparing the spectra of Li atom with

those of the hydrogen case, we find that the core—
scattered effects play a great role in multi-electron
Rydberg atom. Presently no experiments on the pho-
toabsorption spectra of Li atom in varying magnetic
fields have been carried out. Our calculations show
that there are interesting phenomena that may arouse
future measurements.
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