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Nonlinear spectroscopy of barium in parallel
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We report on the experimental spectral observations of barium in parallel electric and magnetic fields. The laser pulse
is linearly polarized along or perpendicular to the fields, leading to the states m = 0 and the states m = 1 populated,
respectively, by one photon excitation. By sweeping the electric field, we observe the linear and nonlinear splitting of the
diamagnetic spectrum as the electric field increases. The spectral anticrossing is induced by the atomic core effect. The
Stark spectrum also shows an obvious nonlinear quadratic behavior when the applied magnetic field varies strongly. All
spectra are well explained by the full quantum calculation after taking the quantum defect effects of the channel ns up to nf

into account.
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1. Introduction

The Rydberg atom in an electric field or/and a mag-
netic field has been investigated for many years.!'? Due to
the separability and hence integrability, hydrogen in an elec-
tric field is one of the least complicated systems. It helps
us to understand the Stark effect at a higher level.!'3#] The
non-hydrogenic atoms owning a finite sized ionic core, how-
ever, have many new features in an electric field, such as the
level anticrossings in the Stark map.[> For an atom in a
strong magnetic field, the diamagnetic term in the Hamiltonian
makes the system non-separable even for a hydrogen atom.?!
Researchers have developed a semiclassical method!”-8! and
quantum calculation®!% to treat this problem and explain the

[IL12]" Although there is a quadratic

correlative experiments.
term in the Hamiltonian, the atom in a magnetic field has
a simpler structure!!*'#! than the Stark spectrum!®!>! for its
higher symmetry.

The atom in combined electric and magnetic fields has
also been studied by circularly polarized laser pulses.!'®!7]
Connerade et al. introduced a new experimental approach and

16,17

analysis method.['%17] In their experiments, they applied a 6+

or 6~ polarized laser pulse along the magnetic field so that the
circularly polarized components can be separated in the spec-
trum. With the electric field increasing, new spectral lines can

break up from the “cluster of seed states”,!!°

18]

I similar to the
hopf bifurcation due to chaos.!

Rather than using the circularly polarized laser pulse, in
this paper, we linearly polarize the laser pulse along and per-
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pendicular to the magnetic field. These spectra can provide
complementary information on the interaction of an atom with
the external fields. Unlike the research on the spectral structure

19.201 in our

of lithium in parallel electric and magnetic fields,'
work, we concentrate on the evolution of diamagnetic spec-

tra/Stark structures as the electric/magnetic field increases.

2. Experimental and theoretical treatment

In the experiment, we use the same apparatus described

previously, [14]

except for an additional electric field paral-
lel to the magnetic field. An atom beam produced from an
atom oven travels to the interacting point, intersecting with the
laser beam perpendicularly in the center of the superconduc-
tor magnet (Oxford Instrument). Two pin-holes are inserted
between the atomic oven and the interacting point to colli-
mate the atomic beam. The interacting point is situated be-
tween a pair of electric Stark plates parallel to the magnetic
field, where an additional electric field can be applied. One
photon corresponding to 238 nm is used to excite the barium
atom from the ground state to high Rydberg state 6snp and
a pair of electric grids is used to ionize the excited Rydberg
atom. The ionized residual is detected by a pair of micro-
channel plates mounted at the end of the chamber. The signal
is recorded by an oscilloscope (Tektronix TDS1012) and the
digital data stream is transferred to a personal computer for
real-time signal processing. The laser beam is produced by a
dye laser system (Lambda Physik, Scanmate 2E) pumped by
Nd:YAG laser (Spectra Physics) and then frequency-doubled
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by a system-controlled beta barium borate crystal. A Soleil—
Babinet compensator is used to rotate the laser from horizontal
polarization to vertical polarization. Under this configuration,
we can arrange the laser polarization parallel or perpendicu-
lar to the external fields to get 7- or o-polarized spectrum for
barium in parallel fields.

Theoretically, the semi-classical treatment for a hydro-
gen atom has been developed to analyze the experimental
spectrum. 1211 For the problem of hydrogen in parallel fields,
an approximate constant of motion A, can be found for the
weak field limit: (']

Ap = 4A% —5A2 + 10BA,, 1)

where A = L x p+7/r is the Runge-Lenz vector and f§ =
12F /5B?n? a parameter to measure the relative strength of the
electric and magnetic fields. Neglecting the paramagnetic in-
teraction, for highly excited manifolds the energy shift can be
written as!’]

AE = B*n* (1 + Ay +m? /n?)/16. 2)

By quantizing A, semiclassically, three different types of
states can be classified to describe the contribution of the elec-
tric field on the diamagnetic spectrum of the atom.[??! The
type-1 and type-2 states arise from the two-fold degenerate
librational states in the lower part of the diamagnetic spectral
line (B = 0) and give rise to a linear Stark effect as the electric
field increases (B # 0). Moreover, the type-2 states will ret-
rogress to the type-1 states at § = 0.2. The type-3 states arise
from the non-degenerate rotational states in the upper part of
the diamagnetic manifold and present a weak quadratic Stark
effect as the electric field increases. All type-3 states will de-
grade into the type-1 states at § = 1.

However, to quantitatively describe the spectral structure,
we have to take the quantum defect effects into account and
include their contribution into the quantum calculation. For
the Rydberg atom in parallel fields, we can define the z axis
along the electric field or the magnetic field. The Hamiltonian
for the outer electron of an alkali-earth metal atom, in atomic
units, can be written as (in spherical polar coordinates)

2 2
p B B~ ,

H=2 v+ 2. + 2 024 Fy, 3
2+r+2~+8P+Z 3)

where F, B are the electric and magnetic field strength, re-
spectively, and V, the Coulomb potential considering the po-
The third and fourth
terms are the paramagnetic and diamagnetic interactions, re-

larization effects of the atomic core.

spectively. The last term is the interaction of the atom with
the electric field. The core-induced electron screening effect
in non-hydrogenic atoms makes the Schrodinger equation lose
analytical solutions. In this case, the term V, is usually ex-

23]

pressed by model potential, [>3! parameterized by some angular

momentum-dependent variables, which are closely correlated
with quantum defects. Rather than using the model potential

V,[23] or the R-matrix method including the quantum defects

[24]

implicitly,'“*' we employ an equivalent form by modifying the

centrifugal potential (>
AR+ —11+1) 1

V, = - 4
r 27‘2 rv ()

where A = — §+Int(8) and the quantum defects are explicitly
enclosed. Here Int(d) is the rounded nearest integer value of
the quantum defect. In order to reproduce the experimental ob-
servation, a direct diagonalization of the Hamiltonian matrix
is adopted. In the case of parallel electric and magnetic fields,
the radial wavefunction is expanded in terms of B-spline basis
while the angular wavefunction expanded in the normalized
associated Legendre functions. It is described in detail in our
previous work.[!3] The magnetic quantum number is specified
in advance since it is a good quantum number in our case.

In the calculation, the parameters of the effective quantum
defects of different channels should be given as inputs.!'%! In
the examined energy range, they are determined as d; = 0.29,
Op =0, 63 = —0.34, 6 = 0.04, and J,... = 0. For our exci-
tation scheme of one-photon irradiation from the ground state
652 1Sg, only 6snp 'P; is populated. It should be noted that
the quantum defect values of barium are energy-dependent but
luckily they do not change so quickly with energy. In this case,
we can set their values fixed in the investigated energy range
and the calculation gives reasonable and acceptable results.

3. Results and discussion

In order to study the effect of the parallel fields on the
barium atom, we investigated the diamagnetic spectrum at var-
ious electric fields and the Stark spectrum at various magnetic
fields as well. The ground state of barium is 6s>!Sq. If the
laser pulse is polarized along the electric and magnetic fields,
the excited Rydberg states will have the same magnetic quan-
tum number m = 0. While if the laser pulse is polarized per-
pendicular to the fields, both m = 1 and m = —1 states can
be excited and the spectral line can be viewed as the combi-
nation of the pure m = 1 and m = —1 spectra.l'* The spec-
trum is recorded in the energy range including the manifolds
of n =28 and n = 29. The theoretical calculation of the spec-
trum lines have been convoluted with the Gaussian broaden-
ing of 0.15 cm ™! due to the laser linewidth and thermal atom
Doppler broadening. The calculated spectra reproduce the ex-
perimental observations satisfyingly.

In Fig. 1 we plot the experimental diamagnetic spectrum
at various electric fields. In the absence of an electric field, the
magnetic field mixes only states with the odd parity since the
transition occurs via one-step excitation from the ground state.
The quantum defects of the 6snp 'P; series are nearly integer
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4 and that of the other odd parity channels are negligible, thus
the diamagnetic spectrum at F' = 0 shows more hydrogen-like
features. When the electric field is on, the states with even
parity are involved, resulting in the intrusion of the ns and nd
states. For example, the state 31d emerges at F = 20 V/cm
as shown in Fig. 1. When F increases, the state 31d inter-
acts with the hydrogenic manifold of n = 28 and merges into
it at F = 60 V/cm, leading to the redistribution of line inten-
sity. It is different from the case of lithium where the quantum
defect of channel d is negligible.!'”) Examining the evolution
of the lower states (the states in the lower energy side of the
n-manifold), a linear Stark shift of the lower states profile is
identified as F increases, which is plotted with a solid line.
They correspond to the type-1 states defined in the semiclas-
sical treatment.[>?] While for the upper states (the states in the
upper energy side of the n-manifold), a weak quadratic Stark
effect as F increases is observed, which is plotted with dash
lines. These states are defined as type-3 in the semiclassical
method.??!
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Fig. 1. Experimental (a) and theoretical (b) m = 0 spectrum of barium
in the presence of parallel electric and magnetic fields. The magnetic
field is kept at a constant value of 2.7 T while the electric field sweeps
with a step of 20 V/cm. The calculated spectrum has been convoluted
with a Gaussian broadening of 0.15 cm~!. Evolutions of different states
are plotted by a solid line and dash line.

To reveal the fine structure at lower electric fields, we cal-
culate the spectrum of barium only for the manifold n = 28,
m = 0. It is shown in Fig. 2, where the electric field F varies

from O to 9 V/cm while B is fixed at 2.7 T. Under this condi-
tion (B < 0.04), all three types of states exist at the same time.
The regions belonging to different types of states are separated
by solid lines. Solid lines are determined by equations A, =
—1—10B, Ap = —1+10B, and A, = 2582 respectively,!!)
where 8 = 12F /5B*n? and relation between energy shift and
A,p is determined by Eq. (2). The states of different types dis-
play completely different behaviors as F increases. Obviously,
in region III, the states of type-3 are scarcely perturbed by
the electric field and present the nonlinear shifts when F in-
creases. While in region I, the states of type-1 display a linear
Stark shift towards the low energy side. This can be inter-
preted semiclassically. The lower states in the diamagnetic
manifold are two-fold degenerate and librationally symmetric.
Their wavefunctions are strongly stretched along the field di-
rection and very sensitive to the applied electric field.['] In the
mediate region II, the states of types 1 and 2 appear simultane-
ously, behaving rather irregularly. For example, new spectral
components give birth and the line intensity distribution varies
rapidly with F. Another notable feature is the present of level
anticrossing in the mediate region II. Tracing the states labeled
by arrows in Fig. 2 as F increases, it can be seen that the oscil-
lator strength decreases until ' =4 V/cm, and increases again.
Conversely, the states on the other side of the dash line present
an opposite process that the oscillator strength increases first
and then decreases. This is the vivid manifestation of the level
anticrossings induced by the ionic core in barium. The lin-
ear or nonlinear splittings of the diamagnetic spectrum can be
expounded by the interaction between the states coupled by
external fields. The magnetic field mixes the states with odd
parities while the electric field couples the adjacent states with
opposite parities. It is natural that the states come to receive
degeneracy lifting and give birth to more spectral lines when
the electric field is applied.

When the laser pulse is linearly polarized perpendicular
to the electric and magnetic fields, both m = 1 and m = —1
states can be populated simultaneously. In order to study the
magnetic field effect on Stark structures, we obtained a series
of Stark spectra of F =56 V/cm at different magnetic fields.
The experimental and calculated spectra are shown in Fig. 3.
For the 6-polarized spectrum (|m| = 1), the contribution from
the s channel is absent compared with the 7w-polarized one.
When the magnetic field is null, the states are two-fold de-
generated. The non-zero magnetic field will lift the two-fold
degeneracy, and the Stark spectra will split into a pair of lines
corresponding to m = 1 and m = —1, respectively. The paired
lines at B =1 T are labeled by arrows in Fig. 3 and the inter-
vals between them are about 0.93 cm™!, equal to the energy
gap between the positive and negative paramagnetic terms in
the Hamiltonian. Examining the evolution of the Stark spectral
lines, plotted by a dash line in Fig. 3, the non-hydrogenic state
32d presents a quadratic Zeeman effect due to the diamagnetic
interaction. When the magnetic field increases further, since
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the magnetic field can couple states with the same parity, the
manifolds np and (n — 1)d mix.
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Fig. 2. Calculated bar spectrum of barium for the manifold n = 28, m
= 0. The magnetic field is kept at the value of 2.7 T while the electric
field sweeps with a tiny step of 1 V/cm. The spectral broadening is not
included for uncovering the fine structure. The regions belonging to dif-
ferent types of states are separated by the solid lines. Level anticrossing
between the states of types 1 and 2 occurs along the dashed line. See
text for detail.
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Fig. 3. Experimental (a) and theoretical (b) m = 1 spectrums of bar-
ium in the presence of parallel electric and magnetic fields. The electric
field is kept at 56 V/cm while the magnetic field sweeps with a step
05T.

4. Conclusion

The spectral structure of a barium atom irradiated via one
photon excitation in the parallel electric and magnetic fields
is systematically investigated. The experimental setup allows
the observation of the & and o spectra by linearly aligning
the laser pulse along or perpendicular to the fields. The full
quantum calculation is also performed to explain the obtained
spectra. The evolutions of m-polarized diamagnetic spectra are
studied at various electric field strengths and three classes of
states defined in semi-classical treatment are identified. The
core effect of barium is carefully analyzed in the calculated
spectra and the level anticrossing is identified unambiguously.
As the electric field increases, the structures of the diamagnetic
manifold present linear and nonlinear splittings. It is readily
understood that the electric field mixes more states with oppo-
site parity. The evolutions of the o-polarized Stark structure
as the magnetic field increases also show a nonlinear spectral
splitting due to the removing of the degeneracy of |m| by ap-
plying the magnetic field.
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