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Stark spectrum of barium in highly excited Rydberg states∗
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We present observations of Stark spectra of barium in highly excited Rydberg states in the energy region around
n = 35. The one-photon excitation concerns the π transition. The observed Stark spectra at electric fields ranging from 0
to 60 V·cm−1 are well explained by the diagonalization of the Hamiltonian incorporating the core effects. From the Stark
maps, the anti-crossings between energy levels are identified experimentally and theoretically. The time of flight spectra at
the specified Stark states are recorded, where the deceleration and acceleration of barium atoms are observed. This is very
consistent with the prediction derived from the Stark maps from the point of view of energy conservation.
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1. Introduction
The study of spectroscopic properties of an atom in an ex-

ternal electric field, which is easily accessible experimentally,
has been a subject of permanent interest for many years.[1] The
general approach used to explore this system is to record the
spectrum directly with a pulsed dye laser (with a linewidth of a
few GHz) or a continuous wave laser (with a linewidth of tens
of MHz),[2–4] rather than the scaled methods.[5,6] The studies
of an atom in an electric field using a pulsed dye laser mainly
focus on the Stark structure below[7,8] or above, the classi-
cal ionization threshold[9–11] and the ionization process.[12,13]

Atomic species under investigation cover a wide range, includ-
ing hydrogen,[14] alkali atoms,[8,15] earth alkali,[16,17] and no-
ble gases.[18] Most Stark spectra below the classical ionization
threshold are obtained from atoms with a principal quantum
number below n = 20 and an electric field up to several kilo-
volts per centimeter. In this paper, the Stark spectra of barium
with an energy around n = 35 and an electric field only tens
of volts per centimeter are obtained, where the anti-crossings
between levels are identified.

Theoretically, atoms in an electric field can be studied
using the perturbation theory[1,15] and numerical calculations
within a full quantum scheme.[17,19,20] 𝑅-matrix based quan-
tum defect theory is developed to include the core effect and
applied to the Stark spectral calculation.[21] At the same time,
an alternative method of quantum defect orbit is also applied
to incorporate the quantum defects explicitly, usually called
the “exact quantum defect theory”.[22] This method can give
analytical wavefunctions to yield the “exact” quantum-defect
eigenvalues and eigenfunctions, which provides an appropri-
ate basis for the Stark problem in an external electric field.[23]

The alternative model potential in this method exhibits more

direct physics for the quantum defect effects. To avoid opti-
mizing the radial nodes for the wavefunctions of the quantum-
defect eigenvalues, one can also expand the Schrödinger equa-
tion directly in some situations. In this paper, we will expand
the radial wavefunction in the B-spline basis.

In an external inhomogeneous electric field, any dipole
atom or molecule will experience a force. This property can
been used to control the motion of an atom or molecule by
constructing a suitable electric field gradient. This idea[24] was
proposed 30 years ago, but it was only realized experimen-
tally in the last ten years for deflection[25–27] or deceleration
(acceleration).[28–30] The loss/gain in kinetic energy is equal to
∆E = 3nk∆F/2 (k runs from −(n−1−|ml |) to (n−1−|ml |)
in a step of two, with n being the principal quantum num-
ber, k the parabolic quantum number, and F the electric field
strength). Considering the magnitude of the dipole moment
of Rydberg atoms is proportional to n2, the highly excited
atoms are more easily handled with a moderate electric field.
The stark deceleration of Rydberg atoms has been achieved in
hydrogen[31] and argon.[32] By imposing a travelling electric-
field gradient on the moving Rydberg atoms, people can cut
down the kinetic energy by more than 3nk∆F/2 and even trap
the atoms.[33,34]

In this paper, we choose barium as our research object
due to its suitable ionization threshold and interesting non-
hydrogen effects, i.e., the core effects.[35,36] Since the Stark
structure of barium is fairly complex, we acquire the Stark
map experimentally in advance to affirm the property of dif-
ferent states. Theoretically, the Stark map can be calculated
in the same energy range as our well-developed method.[36]

With the Stark maps, we choose the Stark states with posi-
tive or negative dipole moments and record their time of flight
(TOF) spectra, where the acceleration and deceleration can be
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observed. The electric fields are selected just below the anti-
crossing value in order to simplify the analysis of the deceler-
ation/acceleration.

2. Theory
In the presence of an electric field applied in the z direc-

tion, the Hamiltonian H for a barium atom can be written as
follows (in atomic units):

H =
p2

2
+Vr +Fz, (1)

where F is the electric field strength in an atomic unit, and
Vr is the Coulomb potential considering the polarization ef-
fects of the atomic core. The term Vr deviates from the form
of −1/r at small values of r. The complexity of the core-
induced electron screening makes the Schrödinger equation
for the non-hydrogen centrifugal problem to be lost analyticity.
In this case, the term Vr is usually expressed by the model po-
tential, parameterized by some angular momentum-dependent
variables, which are closely correlated with quantum defects.
Rather than using the model potential Vr

[6,37] or the 𝑅-Matrix
method including the quantum defects implicitly,[21] we em-
ploy an equivalent form for the central field potential[22]

Vr =
λ (λ +1)− l(l +1)

2r2 − 1
r ,

(2)

where λ = l−δ + Int(δ ) and the quantum defects are explic-
itly enclosed. Here Int(δ ) is the rounded nearest integer value
of the quantum defect. We employ a reduced quantum defect

δ
′ = δ − Int(δ ) (3)

to quantify and describe the real contribution of the quantum
defect for a given angular momentum channel. In the follow-
ing text, we will use δ ′ rather than δ and ignore the prime.

Instead of using the second Whittaker functions as the
basis,[38] which are called quantum defect orbits, making it
possible to perform a multi-channel quantum defect theory
(MQDT) based calculation, in the present work, we will take
the B-spline function as the basis. In this basis, the Hamil-
tonian has a symmetric banded matrix form. This special ma-
trix structure will save much time in numerical diagonalization
to obtain the final eigenvalues and eigenfunctions. In addi-
tion, the complex coordinate rotation technique is employed
in our calculation. This method will supply complex eigen-
values with their imaginary parts corresponding to the natu-
ral linewidth of the absorption. In the case of pure electric
fields, the radial wavefunction of the system can be expanded
in terms of B-spline basis as

Rn(r) = ∑
i

Cn
i Bk

i (r), (4)

where Bk
i is the i-th B-spline of order k defined in Refs. [39]

and [40], while the angular wavefunction is expanded in spher-
ical harmonic functions.

For the calculation of the Stark spectra of barium within
an examined energy range, the quantum defects of different
channels are determined by sweeping their values as men-
tioned in our previous paper.[36] We take the “standard values”
as follows: δs = 0.29, δp = 0, δd = −0.34 and those for the
higher angular momentum states are equal to zero. For our
excitation scheme of one-photon irradiation from the ground
state 6s2 1S0, only 6snp 1P1 is populated in a free field.

3. Experimental setup
Our experiment is based on the same apparatus intro-

duced previously.[36] We adjust the laser beam to be perpen-
dicular to the atomic beam so that Doppler broadening can
be minimized. The Stark plates are aligned with their electric
field perpendicular to the atom beam and laser pulse, thus we
can measure the π and σ spectrum. A Soleil–Babinet com-
pensator is used to convert the laser from horizontal polariza-
tion to vertical, and we can obtain the π polarized spectra with
∆M = 0. The pulsed laser used in our experiment is gener-
ated by an Yttrium Aluminum Garnet pumped Lambda Physik
Scanmate 2E dye laser system with a linewidth of 0.15 cm−1.
The laser beam from the dye laser is frequency doubled by a
BBO crystal and the dichromatic beams are separated by two
pairs of prisms. The atomic beam is produced by a home-
made oven heated to 700 ◦C with a pinhole diameter of 1 mm.
Highly excited atoms emerging from the interaction region
travel 7 mm before entering the electric field ionization re-
gion. The ionized atoms travel 30 cm in a shielded tube and
finally arrive at the multichannel plates (MCPs) located at the
end of interaction chamber. The ionic signal from the MCPs
is recorded by a data acquisition card and their time of flight is
registered. Spectra are obtained by monitoring the integrated
TOF signal as a function of laser wave number.

The inhomogeneous electric field was generated by ap-
plying constant voltages to the two Stark plates separated by
5 mm and keeping the ionization grid on the excitation side
grounded. The atoms will fly out from high-field region to-
wards zero field after excitation and then be ionized. Due to
the presence of a negative gradient electric field, the atoms
with Stark states k > 0 (k < 0) are subject to an accelerating
(decelerating) force.

4. Results and discussion
The Stark maps of barium in the two energy ranges of

−94∼ 85 cm−1 and−115∼ 106 cm−1 are presented in Figs. 1
and 2, respectively. When the excited atoms fly out of the Stark
plates, the electric fields will decrease to zero and there exists a
natural electric field gradient during the escaping passage. At
the same time, the electric field will induce a dipole moment
for the atom. In this gradient field, the excited barium atom
with a non-zero dipole moment will interact with the electric
field. The direction of force imposed on the atoms is closely
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related to the gradient direction and the dipole moment sign.
If the force is in the same direction as the flying direction, the
atom will accelerate. On the contrary, the atom will deceler-
ate. This effect can be revealed by the time of flight spectrum
of the specified states as shown in Figs. 3 and 4, corresponding
to the Stark maps in Figs. 1 and 2.
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Fig. 1. (color online) (a) Experimental and (b) theoretical Stark maps of
barium over an energy range of−94 cm−1 to−85 cm−1 with m= 0 and
n = 35. The anti-crossings in experiments are observed and identified
with the help of the theoretical calculation.

We firstly look at the experimental Stark map of barium in
the energy range −94 cm−1 to −85 cm−1 shown in Fig. 1(a).
In the examined energy range, only 39p is populated at free
field, and the quantum defect of p state is nearly integer. As
the electric field increases, the p state will instantly interact
with the hydrogen-like states (with small quantum defect) and
then s and d states by coupling. The competition between
these interactions determines the final line positions and inten-
sities of the Stark states. In our case, the p dominant manifold
shifts to high energy slightly with the electric field. At higher
electric field, for example, at F = 30 V·cm−1, the p dominant
peak passes much of its spectral intensity to s and d states by
coupling and itself gets very weak. Beyond this electric field
value, this spectral line disappears completely.

This interaction can also occur between the states from
different principal quantum numbers n. When the electric field
comes to 40 V·cm−1, 37d and 39s states approach closely
but repel each other. At this moment, an anti-crossing oc-
curs. The core-induced interaction between the neighboring
n-manifolds accounts for the anti-crossings. The same sit-
uation happens to 38d and 40s states. These anti-crossings
make the spectrum very complex. For the Stark map in the en-
ergy range of−115 cm−1 to−106 cm−1, the case is similar to

the anti-crossing which occurs at the higher electric field, i.e.,
F = 60 V·cm−1, which is clarified in Fig. 2.
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Fig. 2. (color online) (a) Experimental and (b) theoretical Stark maps
of barium in an energy range of −115 cm−1 to −106 cm−1 with m = 0.
The anti-crossings in experiments are observed and identified with the
help of theoretical calculations.

To understand these anti-crossings, we make a calculation
and reproduce the Stark maps at corresponding energy ranges.
The calculated spectra are shown in Figs. 1(b) and 2(b). In the
calculation, the quantum defect “standard values” mentioned
in the theory part are employed. It can been seen that the cal-
culated spectra agree with the experiments very well.

As discussed previously, the polarized atom in an elec-
tric field will feel a force if the applied electric field is gradi-
ent. For a given gradient geometric configuration, it depends
on the induced dipole moment of the atom. In our case, the
atoms fly out from the Stark plates and this natural scheme
presents a negative gradient electric field. For simplifying the
discussion, we confine our investigation to the states below
the anti-crossing points. Returning to the Stark map shown in
Fig. 1, we can expect that the states labeled by a1, b1, and c1
will have opposite mechanical dynamics in the gradient fields
compared with those states a2, b2, and c2 since they have op-
posite dipole moments. Taking state a1 as an instant, the atom
prepared in this excited state will absorb energy adiabatically
when it flies out of the Stark plates. This feature can be ob-
served in Figs. 1(a) and 1(b). From the point view of energy
conservation, the kinetic energy of the atom will reduce, com-
pensated by the quantum state energy increasing. Therefore,
the atom will suffer a deceleration. On the contrary, the atom
of state a2 will accelerate when it flies out from the Stark elec-
tric field. This opposite effect can be observed by comparing
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the time of flight spectra as shown by curves I in Fig. 3. We
can perform the same analysis for other pairs of states, includ-
ing those states shown in Fig. 2. The TOF spectra are shown
in Figs. 3 and 4.
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Fig. 3. (color online) Time of flight spectra of the Stark states specified
in the Stark map in Fig. 1. The three groups of time of flight spec-
tra correspond to the three pairs of interacting states labeled in Fig. 1,
respectively
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Fig. 4. (color online) Time of flight spectra of the Stark states specified
in the Stark map in Fig. 2. The two groups of time of flight spectra
correspond to the two pairs of interacting states labeled in Fig. 2, re-
spectively.

It should be noted that the profiles of the time of flight
spectra have a long tail due to the large capacitor used in our
acquisition circuits. Therefore only the falling edge, i.e., the
rising intensity can reflect the time information reliably. We
also notice that the time difference is too small, indicating that
the acceleration or deceleration effects are not significant. This
is due to the small gradient in our experiment where a natural
gradient is used. The acceleration and deceleration effect are
exaggerated immediately if a violent gradient electric field is
applied, which is proved in the processing work in our group.

5. Conclusion
In this paper, we studied the π-polarized Stark spectra of

barium at high energies around n = 35 experimentally. Calcu-
lations are performed to reproduce the observation spectra and
the results are satisfying. Coupling between p states and other

angular moment states is analyzed in detail in Stark spectra.
A fine structure on the anti-crossing of the interacting chan-
nels is determined by recording the Stark maps from F = 0 to
F = 60 V·cm−1. Based on the Stark maps, deceleration, and
acceleration of barium atoms at specified states are identified.
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