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Abstract
Fano profiles are caused by the interference between the discrete states and continuum. It is a very common phenomenon
in multi-electron Rydberg states, such as the Rydberg states of group II elements in the periodic table. It often leads to
autoionization due to the fact that a discrete state couples with an autoionizing state. Unlike the typical asymmetric line
shape, here we report a symmetric unusual Fano line shape that has been predicted. In addition, this profile is caused
by molecular states or polymer states instead of multi-electron atomic states. Moreover, it is shown that the fano profile
caused by the multi-electron polymer states does not necessarily lead to autoionization. We propose that the Fano profile
studied is caused by the interference between discrete levels and the multipole-multipole coupled continuum, or energy
band.
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1. Introduction

Fano profile has been observed since many decades ago (Beutler H., 1935), and the theoretical explanation was done by
diagonalizing the Hamiltonian, including the discrete states and continuous states (Fano U., 1961). The basic idea of the
theory is that the line shape is caused by the interference between two channels, an open channel (the continuous states)
and a closed channel (the discrete states). Fano profiles have been continuously studied over the years. Here are a few
examples of those studies. High-resolution Vacuum Ultraviolet (VUV) has been used to study the Fano profile of the Ba
atoms and other multi-electron systems (ConneradeJ. P., 1992, Maeda K. et. al., 1992). A fano profile caused by a one-
photon and a three-photon process interference has been investigated (Lounis B., 1992). The resonance attenuation can
be explained by including the relation between the profile parameters and atomic matrix elements (Shore B. W., 1967).
Magneto-Optical Rotation (MOR) has been observed in a Beutler-Fano profile (Connerade J. P., 1991, Connerade J. P.,
1988, Mitchell A. C. G. et. al., 1971). Multiphoton ionization through Fano theory has been examined (Armstrong L.
et. al., 1975). It was predicted that an asymmetric Fano-type magnetoplasmon resonance is observable in Bose-Fermi
mixtures (Boev M. V. et. al., 2016). Recently, Fano profile has been studied in ultracold group I atomic gases both
theoretically and experimentally in low principal quantum number states (Krems R. V. et. al., 2002, Lisdat C. et. al.,
2002, Li Y. et. al., 2019, Pham K. et. al., 2022). However, the profile in highly excited states (Gallagher T. F., 1994)
hasn’t been reported. In this article, we focus on the Fano profile detected in highly excited states of cold Rb Rydberg
atoms. Unlike previous isolated multi-electron atomic systems, we propose that the multipole-multipole coupled polymer
system could lead to the observation of the Fano profile. In other words, the Fano profile in this case is caused by the
interference between the isolated state and the multipole-multipole coupled continuum.

The research conducted has many potential applications. For instance, this can be used to study molecular autoionization.
If a discrete molecular state couples with an autoionizing state, this will lead to autoionization. In addition, ionized states
can be used to study plasma. Therefore, this study can be used to study plasma formation. Moreover, since the research
studied is based on quantum mechanics, this can be used to study quantum physics. Many applications are based on
excited states, such as quantum gates, and Fano profile may play a role in those applications. Quantum entanglement,
quantum sensing, and quantum information storage also need to take into account the interference between isolated states
and multipole-multipole coupled continuum.

2. Theory

With a magnetic field, the Fano profile can be modified to the following form (Fano U., 1961, Connerade J. P., 1992,
Connerade J. P., 1988, Mitchell A. C. G. et. al., 1971):

χ(x) =
e2Nflα

mc(1 + q2)
(
(q2 − 1)(x2 −∆2) + 4qΓx

(x2 −∆2)2 + 4Γ2x2
), (1)
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where q is the shape or profile index of the resonance, which depends on both the initial and final states. ∆2 = Γ2 + α2,
and α = eB

4πmc . The magnetic field is set to zero. x = ν − ν0, and ν0 is the resonant frequency, and ν is the microwave
frequency added to the system. In this article, we scale the profile to fit the experimental data.

Figure 1: x1, y1, and z1 are the projection of r1, the distance between the outer electron and the ion core of the bottom
atom, on the X , Y and Z axis. Similarly, x2, y2, and z2 are the projection of r2, the distance between the outer electron
and the ion core of the top atom, on the X ′, Y ′ and Z ′ axis. θ is the angle between R and the Z axis, where R is the
distance between the two atoms. ϕ is the angle between the projection of R on the X − Y plane and the X axis.

Many previous studies have shown that the coupling of the isolated states with the autoionization states, or free states,
leads to the Fano profile. In this experiment, we specifically monitored the free charge signal. When the Fano profile was
observed, there were no free charges present, which indicates that such profiles are not caused by the interference between
isolated states and the autoionizing states. In this article, we will show that the continuum is caused by the multipole-
multipole coupled energy bands. We will show that as the number of atoms increases, the multipole-multipole coupled
levels increase. Specifically, we use the two-atom and three-atom cases as examples. In reality, there are many atoms in
the atomic sample; therefore, the energy is continuous. We consider up to 1

R5 terms. Dipole-dipole, dipole-quadrupole,
and quadrupole-quadrupole interactions are included in this calculation. Dipole-octopole interactions are proportional to
1
R5 ; however, there is no octopole moment in the case considered; therefore, dipole-octopole interactions are excluded in
this calculation. Below are the three-dimensional expressions for those interactions.

Vdd =
e2

4πϵ0R3
[x1x2 + y1y2 + z1z2

− 3(sinθcosϕx1 + sinθsinϕy1 + cosθz1)(sinθcosϕx2 + sinθsinϕy2 + cosθz2)];

(2)

Vdq = − e2

4πϵ0R4
[3(sinθcosϕx2 + sinθsinϕy2 + cosθz2)(x1x2 + y1y2 + z1z2)

+
3

2
(sinθcosϕx1 + sinθsinϕy1 + cosθz1)(x

2
2 + y22 + z22)

− 15

2
(sinθcosϕx1 + sinθsinϕy1 + cosθz1)(sinθcosϕx2 + sinθsinϕy2 + cosθz2)

2];

(3)

Vqq =
e2

4πϵ0R5
{3
4
(x2

1 + y21 + z21)(x
2
2 + y22 + z22) +

3

2
(x1x2 + y1y2 + z1z2)

2

− 15

4
[(sinθcosϕx1 + sinθsinϕy1 + cosθz1)

2(x2
2 + y22 + z22)

+ (x2
1 + y21 + z21)(sinθcosϕx2 + sinθsinϕy2 + cosθz2)

2]

− 15[(sinθcosϕx1 + sinθsinϕy1 + cosθz1)(sinθcosϕx2 + sinθsinϕy2 + cosθz2)

(x1x2 + y1y2 + z1z2)]

+
105

4
[(sinθcosϕx1 + sinθsinϕy1 + cosθz1)

2(sinθcosϕx2 + sinθsinϕy2 + cosθz2)
2]}.

(4)

where x1, y1, x1, x2, y2, z2, θ, and ϕ are shown in Fig. 1.
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The interaction between atom 1 and atom 2 is named as V12. The interaction between three atoms is

V = V12 + V23 + V31, (5)

where V23 is the interaction between atom 2 and atom 3, and V31 is the interaction between atom 3 and atom 1.

3. Experiment

This experiment was carried out in an ultracold gas (Wineland D. J. et. al., 1978, Neuhauser W., 1978, William W. D.,
1987, Chu S. et. al, 1985, Lett P. D. et. al. 1988, Ketterle W, 2002, Cornell E. A., 2002). The experimental setup
is discussed in our earlier work. Briefly, a Magneto-Optical Trap is created by three pairs of retroreflected circularly
polarized laser beams, and a repump laser is used to compensate for the decay of the trapped atoms. One improvement
made over previous experiments is that the locking time of the trapping and repump lasers is much longer than the ones
used in previous experiments. In addition, we are now able to manipulate the atoms using microwaves. The cold 5p3/2
atoms are then excited to highly excited states, 36s in this case. A microwave is used to excite the atoms from the 36s state
to the 37s state. The highly excited states are then ionized by a field ionization pulse, or selective field ionization (SFI)
(Gallagher T. F., 1977). The ionized ions are collected by a pair of microchannel plates (MCPs), which will result in a
voltage signal. The voltage signal is imported to an oscilloscope. The oscilloscope traces are then recorded and analyzed
by a computer. The excitation scheme and timing of this experiment are shown in Fig. 2, where t1 = 650 ns, t2 = 1 µs,
and t3 = 500 ns. The rising time of the field ionization pulse is 5 µs.

Figure 2: (a) The excitation scheme. (b) The timing of this experiment.

4. Results and Discussion

Figure 3: One microwave scan of the 36s to 37s two-photon transition. The bottom-left plot with black squares (■) is
experimental data. The bottom-right plot with the red solid line (—) is theoretical data (Connerade J. P., 1988).

.

Fig. 3 shows a microwave scan of the 36s to 37s two-photon transition. We use a square microwave pulse, which
causes the small side peaks due to the Fourier transform to frequency space of a square pulse in time. The power of
the pulse is about a π pulse. Unlike the typical assymmetric Fano profile, the line shape in Fig. 3 is symmetric, which
has been predicted (Connerade J. P., 1988). We then fit the data with a Fano profile, the red solid curve. It is shown
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that the experimental data and the calculated data match very well. The shape index, q, and the magnetic field, B, are
both set to be zero in the red solid curve. We interpret this as the interference between a single energy level with the
multipole-multipole coupled continuum. As the density of the sample gets higher and higher, the 36p state signal caused
by multipole-multipole interactions, which shows up at the same position as the 37s signal in the field ionization signal,
increases, which makes it harder to see the profile. The slight broadening to the repulsive side of the spectrum of the
high-density data is caused by van der Waals interactions.

Figure 4: (a) Two body, 36s37s and 36p3/236p3/2, interaction energy levels. (b) Three body, 36s36s37s and
36s36p3/236p3/2, interaction energy levels.

The fact that we didn’t see free charges in this experiment indicates that the isolated state is not coupled to autoionizing
free states. We interpret this as the interference between isolated states and the few-body multipole-multipole coupled
continuum. Below is an example to show where the continuum could come from. Fig. 4 shows the calculated energy level
for two bodies and three bodies. Fig. 4(a) is the energy levels of the 36s37s dimer states and the energetically close states,
36p3/236p3/2 states. In these calculations, the exchange symmetry is considered. For example, both 36s1/2,1/237s1/2,1/2
and 37s1/2,1/236s1/2,1/2 are considered. We considered all the m levels, where m is the projection of the angular
momentum on the z axis. Total 24 states are considered for the two-body case. Similarly, we add an additional 36s
atom. The number of states considered for the three-body case is 120. We considered the interactions up to 1

R5 , which
include dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions. Since the dipole-octopole interactions
are negligible in this particular case, we ignore the dipole-octopole interactions. It is shown that by adding an additional
atom, the amount of energy levels increases significantly, and the interaction strength increases. In reality, the number of
bodies, which interact with each other, is much greater than three. Therefore, energy bands rather than isolated energy
levels are expected for ultracold Rydberg gases. In addition, the atomic sample is not uniform, and the atoms are randomly
distributed, which will be more likely to create an energy continuum. For simplicity, we only considered a few states. The
s states coupled with other energy levels through multipole-multipole interactions, which will contribute to the energy
band. Moreover, as the interaction strength increases, the atomic states are no longer eigenstates of the system, and all
states mix together. We did see potential wells for some configurations, which are favorable for molecular states at certain
densities. In other words, this calculation doesn’t exclude the possibility of creating molecules. In this article, we have
focused on the energy continuum and ignored the molecular formation region.

5. Conclusion

Fano profiles have been studied in lower-level atoms in ultracold gases. In this article, we focused on the Fano profile
among excited states. The Fano profile has been observed experimentally in ultracold Rydberg gases. Unlike the asym-
metric line shape, here we report a symmetric unusual line shape. The fact that free charges were not present when the
Fano profile was observed indicates that the isolated states were not coupled with the autoionization states or molecular
autoionization states in this case. We qualitatively showed that the isolated states coupling with the few-body multipole-
multipole coupled energy band led to the Fano profile observed. The limitation of the research is that this profile is only
observable at a certain density range. For example, if the atomic sample is too dense, the profile is not observation. The
observation of this type of profile opens up avenues for studying atom-atom interactions in an alternative way.
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