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We report a sensitive detection of high Rydberg atom with large dipole moment utilizing its deflection near a pair of
parallel cylindrical copper rods which are oppositely charged. When the low-field seeking state Rydberg atoms fly across
the gradient electric field formed by the pair of rods, they will be pushed away from the rods while the high-field seeking
state ones will be attracted towards the rods. These atoms will form different patterns on an ion imaging system placed
downwards at the end of the rods. The spatial distribution of the deflected atoms on the imaging system is also simulated,
in good agreement with the experimental results, from which we can deduce the quantum state information of the excited
atoms. This state resolvable Rydberg atom detection can be used for the dynamics research of the dipole–dipole interaction
between atoms with large dipole moments.
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1. Introduction
As an interesting and accessible system, Rydberg atoms

in external fields have been an intensively studied subject in
the physical realization of quantum simulation[1] and quan-
tum information process.[2] Rydberg atoms with large elec-
tric dipole moments provide an opportunity for efficient con-
trol of their translational motion using inhomogeneous elec-
tric fields, leading to the experimental achievement of atomic
guides,[3,4] mirrors,[5] lenses,[6] and traps.[7–9] In all pro-
cesses, the quantum-state selection and detection of Ryd-
berg atoms is essential to determine the population of pre-
pared Rydberg states, which is required to read out the in-
formation of the quantum operations for quantum informa-
tion processing.[1,2] The technique of the deflection of Ry-
dberg atoms with a significant dipole moment in inhomoge-
neous electric fields proves an efficient way to selectively de-
tect the internal states of neutral Rydberg atoms.[10,11]

The deflection of Rydberg atoms in inhomogeneous mag-
netic fields was first demonstrated in the classic Stern–Gerlach
experiment in the 1920s.[12] In an external inhomogeneous
electric field, the Rydberg atoms experience a force given
by[13]

f (r) =−µ∇F(r), (1)

where F is the electric field, µ the electric dipole moment, and
r the position of the particle. The force direction exerted on
the Rydberg atom is dependent on the quantum state property.
The change in kinetic energy of atoms under this force is pos-
itively relevant to the quantity of instantaneous induced dipole

moment and determined by the integrated work exerted in the
inhomogeneous electric field,[14,15] based on which we can de-
flect an atom with large dipole moment,[16] even in crossed
fields.[17–19] For the atom beam naturally in gas phases at room
temperature, for example, krypton atom beam, we can make
the beam size very slim through alignment techniques such as
narrowing the sizes of skimmers, and a clear deflected beam
imaging can be observed.[16]

In this paper, we extend this technique to metal atoms,
i.e., sodium, and demonstrate its applicability in a gradient
electric field. This extending research is very important since
metal atoms such as the sodium atom have a very low ion-
ization potential energy, easily accessible to highly excited
states through a one-photon excitation process and its spec-
troscopy in Rydberg states in electric fields has been exten-
sively studied.[13,20–23]

2. Experimental setup
The experimental setup is based on the previous work,[24]

and only the altered parts are detailed here. The kernel
schematic diagram is shown in Fig. 1. A pulsed supersonic
beam of ground-state sodium atoms is produced by expanding
helium through a solenoid valve (General Valve, Series 9) in
a vacuum, combined with the technique of laser-induced ab-
lation. A rod of solid sodium rotates just aside the valve and
ablated by focusing the fundamental output of a Nd:YAG laser
(1064 nm, Continuum, Surelite I) on the surface of the metal
rod. The generated atom vapor is blown away by the helium
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jet expanded from the 0.4 mm skimmer into the second cham-
ber. A repelling electric grid charged at 40 V is used to blow
away the positive ions possibly generated by the ablation laser.

After being ejected into the second chamber, the atom
beam is intersected by a UV laser beam at right angles in
the region of a homogeneous field, where sodium atoms are
excited from the ground state to a selected Rydberg state
(n = 20–35) via a single-photon excitation process. The cross-
ing point of the laser and atomic beam is located just in the
middle of a pair of parallel Stark plates (10 mm×10 mm) as
shown in Fig. 1(a). The 244 nm UV radiation with linewidth
of about 0.09 cm−1, is produced by a barium borate (BBO)
crystal through frequency-doubling the output of a tunable dye
laser (Radiant Dyes laser, Narrow Scan) pumped by a Nd:YAG
laser (Continuum Powerlite, Precision II, 8000 series).[24] The
UV polarization is set to be parallel to the electric field to ex-
cite the MJ = 0 Stark Rydberg states.

The photoexcited Rydberg atoms continue their flying
journey in an inhomogeneous field of paralleled copper cylin-
drical rods (length 70 mm, diameter 1.2 mm, center-to-center

spacing 3.2 mm), located approximately 2 mm below the
atomic beam. Rydberg atoms are deflected away or attracted
towards the rods depending on whether they were excited to
a low- or a high-field seeking Stark state. These trajectory-
altered Rydberg atoms freely fly a distance of about 400 mm
until arriving at an ionization region. In this field-free journey
of flight, the atoms do not feel the deflecting force any longer
but their space deflection perpendicular to the flight can be lin-
early magnified. After passing over the free flight region, the
atomic beam enters the field-ionization region consisting of a
fine-mesh grid and a pair of MCPs between which high volt-
age is applied to ionize the atoms. The MCPs are coupled to a
P43 phosphor screen of fluorescence (lifetime ∼ 1.2 ms). The
arrival of the ions can be imaged with a lens-coupled gated
CCD camera (CoolSNAP HQ2, 8.98×6.71 mm2) with spatial
resolution 6.45× 6.45 µm2 pixels. The track history is dia-
gramed in Fig. 1(b), where we can see the atoms starting at
different incident parameters have different deflection angles,
but all the deflections occur only close to the surface to the pair
of rods.
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Fig. 1. (color online) Experimental setup for the deflection and detection of flying Rydberg sodium atoms. (a) The whole view of the
experimental apparatus, (b) the schematic trajectories of atoms at two different incident parameters, (c) the electric field distribution
formed by the charged pair of rods, and (d) the electric field along the y direction at z = 0 with charged voltage ±10 V (black line),
±20 V (red line), ±40 V (blue line), and ±60 V (pink line), respectively. The pair of Stark plates in panel (a) is used to selectively
excite red and blue state Rydberg atoms through one-photon irradiation.

Specially, the electric field induced by the electrodes at

opposite charge voltage V = ±50 V is simulated in a plane

perpendicular to the rods and schematically shown in Fig. 1(c)

with an electric field distribution along the y direction shown in

Fig. 1(d) at charge voltages varying from ±10 V (black line),

±20 V (red line), ±40 V (blue line) to ±60 V (pink line),

respectively. All distributions share the same profile and can

be described by the same Lorentzian function but with differ-
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ent amplitudes. The surfaces of electrodes facing the gas flow
have been carefully polished to avoid spurious stray electric
fields and sparking.

3. Results and discussion
To investigate the motion of Rydberg atoms in an inho-

mogeneous radial electric field surrounding a pair of copper
rods, we select two states of large dipole moments but with
opposite signs, i.e., 25p and 25s states belonging to the low-
and high-field seeking states, respectively. The Stark maps
and their dipole moments µd are shown in Figs. 2(a) and 2(b),
both of which are calculated by the so-called exact quantum
defect theory method extensively developed recently by our
group.[25,26] According to the selection rules for electric dipole

transitions in the absence of external electric fields, the 25s
state cannot be populated by resonant single-photon excitation
and we have to apply a weak electric field to mix the 25p state
with the 25s one to make the transition enabled.

In Fig. 2(a), we can see that the 25s state undergoes a
quadratic Stark shift (solid red lines) at low fields and its en-
ergy level deviates greatly due to a large quantum defect value
for ns channel δs = 1.35.[22,23] A similar behavior happens to
the state 25p (solid blue lines) as well but with less deviation
for a smaller quantum defect, δp = 0.85.[22,23] Their corre-
sponding electric dipole moments are calculated as shown in
Fig. 2(b) and show opposite signs, but above the Inglis–Teller
limit, the energy levels and the dipole moments are oscillating
as a function of the electric field.
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Fig. 2. (color online) Calculated Stark map for n = 24 manifold of sodium (a) and its corresponding dipole moments (b). The 25p and
25s states we are interested in are drawn in thick blue and red solid lines.

The force exerted on Rydberg–Stark atoms is propor-
tional to the multiplication of the dipole moment and the gra-
dient electric field. Compared with the 25p state, the 25s one
is deflected towards the high-field region because the energy
decreases with electric field strength. The 25s state (red lines
in Fig. 2(b)) possesses a small induced dipole moment at the
field below around 150 V/cm while the 25p state shows a large
sharp slope around 150 V/cm below the Inglis–Teller limit.
Above this value, the induced dipole moments oscillate for
both 25s and 25p states, making little contribution for the de-
flection force.

We firstly excite the atom onto the Rydberg state 25p and
study its kinetic behavior in the gradient electric field. The
experimental result and theoretical simulation are shown in
Figs. 3(a) and 3(b), respectively. We can notice a significant
deflection for sodium atoms in 25p state and the deflection also
varies with the strength of the applied electric field. As the

25p state is a low-field seeking state, it is deflected towards
the low-field region, away from the rod pair. Since the dipole
moment is a function of the applied electric field as shown in
Fig. 2, we should carefully optimize the electric field applied
on the Rydberg atoms. The simulation shown in Fig. 3(b) has
employed a methodology described in Ref. [11] and the Stark
map shown in Fig. 2, which is in good agreement with the ex-
perimentally observed images. In the simulation, we suppose
the atomic motion is confined within the two-dimensional x–
y plane at z = 0 and the rods are long enough. The Hamilton
equations of motion for atomic center of mass coordinates then
become

∂x
∂ t

= px/m, (2a)

∂ px

∂ t
= 0, (2b)
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∂y
∂ t

= py/m, (2c)

∂ py

∂ t
= −µd

∂Fy

∂y
, (2d)

where µd and Fy are functions of y, and their numerical values
are taken from Figs. 2(b) and 1(b), respectively. A B-spline
interpolation technique is used to valuate µd and Fy at arbi-
trary internal coordinate (x,y) when numerically solving the
time-dependent equation above. The initial velocity along the
x-axis is Gaussian-sampled at v = 1700± 200 m/s while the
initial positions of atoms along the y-axis are also sampled fol-
lowing a Gaussian distribution. To mimic the atomic density in
the z-direction shown in Fig. 1(b), a Gaussian distribution cen-
tered at z = 0 has been employed. The broadening technique
in z and the atomic motion dominated by Eq. (2) give images
shown in Fig. 3(b). The image detected on the CCD has been
magnified by the field-free flight discussed previously and the
optical system but both of them are linearly scaled in the y-
direction. If not specified, arbitrary units are used in the image
simulation as shown in Fig. 3.
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Fig. 3. (color online) Experimental (a) and simulated (b) deflection im-
ages of Rydberg atom in 25p state in inhomogeneous electric fields with
different charge voltages ±0 V, ±10 V, ±20 V, ±40 V, and ±60 V.

Different from the mediocre deflection for the 25p state
away from the rods, the deflection for the 25s state is towards
the center line of the rod pair for an attraction force and shows
a strong clipping effect for the image. The atomic image at
zero deflection electric field is shown in Fig. 4(a) as a reference
and its integrated signal along z is shown in Fig. 4(c). Once we
apply a deflecting voltage on the rod pair, for example, apply-
ing ±45 V on the pair of copper rods, we can observe an image
shown in Fig. 4(b), with its integrated one in Fig. 4(d). We can
see that some atoms have been deflected away from the center
and populated on one shoulder of the Gaussian distribution,
which is greatly different from that for the 25p state. This is
due to the inhomogeneous scattering by the gradient field for
atoms of different initial incident positions in the y-direction,
which will be discussed later.
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Fig. 4. (color online) Experimentally observed images of atomic cloud
in zero field (a) and at copper rod voltage ±45 V (b). The correspond-
ing distributions of the atomic cloud integrated along the z-direction are
also shown in panels (c) and (d) for clearly viewing the clipping effect.
The image size is displayed in arbitrary units since it is proportionally
scaled by the optical imaging system.

This clipping effect on the image for the 25s state is de-
pendent on the applied voltages on the rods. The integrated
signals along y from experiment and simulation are shown in
Figs. 5(a)–5(c) and Figs. 5(d)–5(f), respectively. The corre-
sponding voltage takes values V = 0, V = 45 V, and V = 55 V.
Here each simulated image is constructed from more than 100
thousands of trajectories sampling over the whole space of ini-
tial velocities and positions. All simulations are in good agree-
ment with the experimental observations. Similar to the results
shown in Fig. 4(d) at V = 45 V, the images at higher voltage
V = 55 V also show an image clipping effect.
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Fig. 5. (color online) The integrated image profiles from CCD-camera
in panels (a)–(c) and their simulations in panels (d)–(f) for sodium
atoms in 25s state in inhomogeneous electric field produced by the
pair of copper rods, with applied voltage potentials 0 V, ±45 V, and
±55 V, respectively. Arbitrary units have been used as the same claim
in Figs. 4(c) and 4(d).

The mediocre deflection for the 25p state away from the
rods and the deflection for the 25s state with the clipping effect
can be well explained by the atomic dipolar interaction with
the applied gradient field. A simulation of the atomic dynamic
kinetic movement close to the rods in real size scale is shown

074207-4



Chin. Phys. B Vol. 27, No. 7 (2018) 074207

in Fig. 6. The classical dynamics is described by the Hamil-
ton equations in Eq. (2). We can see that the atomic trajectory
varies for different initial positions along the y-direction for
atoms on state either 25p (Fig. 6(a)) or 25s (Fig. 6(b)). For
example, for the atom in the 25p state shown in Fig. 6(a), the
trajectory denoted by D at y(t = 0) = 1.5 mm has the largest
deflection angle. For the atoms with farther incident distance
y(t = 0) > 1.5 mm, the deflection angle decreases slowly as
depicted by E and F, while the atoms with shorter incident pa-
rameters such as C, B, and A nearly keep a straight flight.

For atoms in state 25s, this deflection is more sensitive
to the initial incident distance y(t = 0) as shown in Fig. 6(b).
Only for the atoms starting very close to the point D (y(t =
0) = 1.6 mm), the trajectories have great deflection angles thus
resulting in a blowout of atom from the Gaussian distribution
background, which provides a mechanism to selectively study
the atoms at point D in situ. This sensitive detection method
relies on the fact that the force exerted on Rydberg atoms by
inhomogeneous electric fields is determined by the product of
the electric field gradients and the induced dipole moment, and
that the Rydberg atom experiences a huge deflection in the po-
sition only when it owns large induced dipole moments and
large gradient values of electric fields, both of which are func-
tions of the position coordinate y. This unique property can
provide a mechanism for selecting a specific atom group in
space with high resolution.
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Fig. 6. (color online) Trajectory simulations for sodium atoms in 25p
state (a) and in 25s state (b) at the rod pair of applied potential ±50 V.
(a) Trajectories that have large deflections as denoted by D, E, and F,
and possess small alterations labeled by A, B, and C. (b) The atoms
are deflected only a little at A, B, C, and E, but a lot at D, showing a
deflection property sensitive to the initial position along y.

In an ideal case, we can narrow the beam size to the µm
scale, i.e., 100 µm, and observe only the Rydberg atoms start-
ing at an exactly given y(t = 0) point. Therefore, the deflection
of atom can be clearly seen on the image without background
disturbing. However, for metal atoms, we cannot do this by
narrowing the beam diameter to this size as the metal atom

will deposit on the skimmer pin hole of small size and block
it. This is different from the previous work for Kr,[16] where
Kr is naturally in gas state and an application of small size pin
hole is possible. As a result, our recorded image has a Gaus-
sian background formed by the mediocre atoms which are not
deflected at all or only a little deflected for the large beam size
used. Even so, however, the unique scattering feature of atom
in state 25s can avoid this disadvantage caused by the usage of
metal atoms since its deflection trajectory is extremely sensi-
tive to the initial position perpendicular to the beam, namely,
y(t = 0), at the starting moment.

During the flight journey, it is possible for Rydberg atoms
to get ionized due to the dipole-dipole interaction between
them, but all ions generated in the collision are blown away
perpendicularly by the applied field and invisible for the im-
age detection system.

4. Conclusion
In summary, we demonstrate the deflection of a metal

atom, i.e., sodium, on the Rydberg state in a gradient electric
field formed by a pair of parallel cylindrical copper rods. In the
experiment, the Rydberg sodium atoms are prepared onto the
red/blue state in appropriate Stark fields, typically possessing
the large induced dipole moments we are interested in. Partic-
ularly, the red state atom belonging to the high-field seeking
state is attracted towards the dipole rods while the blue state
atom belonging to the low-field seeking state is deflected away.
In more detail, the force exerted on an atom is positively de-
termined by the multiplication of the instantaneous induced
dipole moment and the gradient of the electric field, thus pro-
viding a state sensitive detection of the Rydberg atom. The
pair of rods can be geometrically designed to a small size and
the maximum deflection occurs only in a very narrow space
along the gradient direction, thus it can also be taken as a de-
tector to monitor the specific group of an atom in situ, espe-
cially for metal atoms.
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