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Multiple pathway quantum beat
spectroscopy
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We investigate quantum beats by monitoring cooperative emission from
rubidium vapor and demonstrate correlated beats via coupled emission
channels. We develop a theoretical model, and our simulations are in good
agreement with experimental results. The results pave the way for advanced
techniques measuring interactions between atoms that are excited to high
energy levels.
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1 Introduction

Quantum coherence plays important roles in many advances in quantum detection
and control techniques in the recent two decades, such as coherent anti-Stokes Raman
scattering (CARS) spectroscopy [1, 2], multidimensional Fourier transform spectroscopy
[3], wave packet control of atoms and molecules [4-6], and quantum interference control
of photocurrent [7], due to the fact that optical interference can reveal the quantum
pathways in which the system evolves. Quantum computers also heavily rely on coherent
manipulation of quantum states, for e.g., in atomic, ionic, and superconducting circuit
qubits [8-10]. These systems use dipole-dipole interactions to simulate many-body
physics. Thus, it is important to measure the interactions of atomic/ionic systems at
different energy states. Recent works using double-quantum two-dimensional coherent
spectroscopy were able to detect long-range dipole-dipole interactions in low-density
atomic vapors [11]. It has also been demonstrated that by comparing the shape, including
broadening and sidebands, of the Fourier spectra of measured quantum beat patterns to
theoretical models, the number of atoms involved in dipole-dipole interactions can be
characterized for an excited atomic ensemble [12]. Most importantly, this method
provides a possible route to measure dipole-dipole interactions at many highly
excited states. Therefore, improving quantum beat measurements for highly excited
atomic systems is of great interest.

Many of these quantum beating experiments [12-15] were carried out in pump—-probe
configurations. Typically, a laser pulse is split into two with different intensities; the
stronger one is used as the pump pulse and the other as the probe. The delay between the
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(A) Experimental schematics for observing the multichannel quantum beats. The pump (656 nm) and the probe (1491 nm) laser pulses were

collinearly combined and focused into the rubidium (Rb) cell. Normalized spectra of the input pulses are shown as they are generated from OPAs.
M1-M5 are mirrors. PBS is a Pellicle beamsplitter. BPF is a band-pass filter centered at 420 nm with full width at half maximum (FWHM) of 10 nm. (B)
Simplified energy level diagram of ®’Rb. Broadband pump pulses excite atoms from 5S to both 95 and 7D levels; probe pulses couple 9S and 7D

levels to 6P levels. (C) Illustrations of fourth-order quantum paths, which result in exchanging transition probabilities of the two 6P fine structure
levels and beat pattern’s envelope oscillations as discussed in the text. (D) Spectra of the emission (black and red dots) measured at a delay time of
0.5 and 5 ps between pump and probe pulses; two distinguishable lines (dashed lines) at 420 and 421 nm are fitted to each spectrum. The solid lines

are the sum of the fitted Voigt profiles.

pump and probe pulses is scanned to obtain a beat pattern. At the
density of atoms (or molecules) at which quantum beats are
observed, the first few or ten picoseconds of the coherent optical
signals exhibit exponential decay envelopes. This is attributed to
superfluorescence (SF) processes, where the single-pass gain is
large enough to overcome dephasing in a population inverted
system, and a build-up polarization results in a burst of emission
[16, 17]. In this work, we present experimental data to determine
a time scale for this process, based on our previous studies of SF
processes in the same atomic system and other systems [18, 31].
at different
wavelengths for the pump and drive/probe pulses, which

Furthermore, because we used two beams
effectively couple much lower energy levels, we were able to
see some transitions which are weak or negligible in other
experiments, e.g., in [19].

We investigate multichannel quantum beats via the 420 nm
and 421 nm radiation from an atomic vapor of *’Rb, and relevant
energy levels are shown in Figure 1B. The atoms are two-photon
excited from 5S to both 9S and 7D levels by ultrashort laser pulses
with a broadband spectrum centered at 656 nm, and A’s are
The
broadband drive pulses centered at 1491 nm couple the fine
structure levels of 9S and 7D to those of 6P. According to
selection rules, all transitions from 9S and 7D to 6P are
dipole-allowed, except the 7Ds;, — 6Py, transition. The sum
rule [20] tells us that the transition intensity of the three labeled

angular frequency differences between energy levels.
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ones from 7D to 6P in the figureisa: b:c=5:1:9. If we imagine
that transition b is absent, one can see that when the delay
between pump and drive pulses is scanned, the beat frequency
A,/27 can be seen on the 420 nm transition, while the 421 nm
transition can show the beat frequency of A,/27. Furthermore,
since the two channels are coupled through levels 9S (and weakly
via 7Dj3,), multi-photon processes, as shown in Figure 1C, are
Ay)/2m. All these
happen in a typical SF time scale of ~ 20 picoseconds. In the

revealed through the beat frequency of (A, —

following sections of this article, we will discuss these aspects in
detail. In Sections 2, 3, we describe the experimental setup and
results. Section 4 is devoted to a theoretical model of
multichannel beat processes. An approximate formula for beat
intensity is derived using the fourth-order time-dependent
perturbation theory. We summarize the experimental and

theoretical results in the last section.

2 Experimental methods

The experimental setup is shown in Figure 1A. Femtosecond
laser pulses with wavelengths centered at 656 and 1491 nm were
collinearly focused into a thin rubidium vapor cell. The cell is
made of sapphire which allows a high temperature operation. It
has a cylindrical shape with a total length of 5.3 mm, two 1.7-
mm-thick windows, and a diameter of 1 inch. Rb vapor fills the
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FIGURE 2

Experimental data with fitted functions. (A) Long-range scanned data with a time resolution of 0.0133 ps. Solid lines represent the measured
data, and dashed red lines are fitted exponential decay curves. The fitted curves give an average decay time of 16.14 ps. (B) Fast Fourier transform
(FFT) filtered 421 nm data (black dots) fitted to a damped sine curve (red line) in a 10 ps time window. The DC offset is removed by the FFT filtering. (C)
Zoomed-in window as shown in the green dashed box. (D) Data of 420 nm signal (blue dot and line) and fitted damped sine curve (red line) in

the same time window as (C).

1.9-mm-long space sandwiched between the windows. The
generated signal was analyzed using a spectrometer (HR4000,
Ocean Optics). The pump (656 nm) and drive (1491 nm) laser
pulses were generated from two optical parametric amplifiers
(OperA, Coherent) pumped by 800 nm, 30 fs laser pulses from a
Ti:sapphire femtosecond laser system (Legend, Coherent) with a
1-kHz repetition rate. Both pulses were linearly polarized, with
the same polarization. The pulse energy of each beam was
controlled using a reflective-type continuous variable neutral
density filter. The probe beam was retro-reflected by a pair of
mirrors mounted on a digitally controlled translation stage
(Newport) to precisely adjust the time delay between pump
and drive pulses. Both beams were collinearly combined by a
pellicle beamsplitter (PBS) and were focused using a lens with
200 mm focal length into the Rb cell. The cold reservoir of the cell
was kept at 214 °C, and the number density of *’Rb atoms was
estimated to be 1.3 x 10" cm™ [21].

3 Experimental results and discussion

The spectra of the coherent emission in the forward direction
are shown in Figure 1D. They were obtained with an average
pump power at 2.0 mW and 0.5 mW of the drive at two different
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delay times between pump and drive pulses. As we scan the delay,
two peaks clearly change their intensities; thus, we fit each
spectrum by double peaks of Voigt profiles. In the fitting, the
two peaks share the same line widths, while the positions and
intensities of two peaks plus a constant baseline are independent
parameters. Both spectra show fitted peaks at 420.2 and 421.6 nm
which match the exact values of the transitions [22] within the
calibration accuracy (0.1 nm) of our spectrometer. The fitted
spectral width of the Voigt profiles is 1.5 nm; thus, it is not
limited by the resolution (0.35nm) of our spectrometer. A
similar spectrum was taken at every step while the translation
stage was scanned.

To resolve the beat frequencies, we used a small step size of 2 ym,
which is equivalent to 0.0133 ps time delay. In order to see a large time
scale decay curve, we also scanned with a 10 times larger step size,
corresponding to 0.133 ps per step. A sample of the typical data
scanned with a smaller step size is shown in Figure 2A. These data are
fitted by a single exponential decay curve, and on average, we get a
16.14 ps decay time constant which closely matches to the delay time
of the SF signal (17.5 ps) from our previous work [18]. There are two
time constants associated with SF processes: the collective damping
time 7, governs the SF pulse width, and the delay time 7, tells how
much time the system takes to evolve before emitting an SF pulse. Our
data suggest that 7p, is a qualitative measure of the decay time of the
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Slow varying envelopes of the beats of 420 and 421 nm signals. (A) Blue and (B) black are experimental data after an FFT high-pass filtering used
to remove the DC and exponential decay components from the raw data. (C) Blue and (D) black are numerical simulations for the corresponding
transitions to (A) and (B), both labeled with wavelength and color-coded to match the experimental results.

beating pattern. A good match between the two time scales is
reasonable because amplified spontaneous emission (ASE) rises
from the population inversion between upper levels (9S and 7D
levels) and intermediate levels (6P, and 8P, 7P, 5P) after the atoms are
optically pumped. If there is enough single-pass gain (in other words,
enough number of excited atoms within a wavelength range), the
emission will evolve into SF [16, 17]. Coherence in the atomic
ensemble builds up, and after some delay time, a burst of light is
emitted from the atoms. This argument rises naturally as many
quantum beat experiments mentioned previously rely on the
detection of the SF or yoked SF [23] signal(s).

To extract a clear beat pattern, we performed a fast Fourier
transform (FFT) filtering which filters the decay and the dc offset
components. A typical sample of the processed data is shown in
Figure 2B. To find the beat frequency, we fit the data to a damped
sine function of the form Ay + A;e /™ sin (27 ft), where 1, is the
decay time to be numerically fit. For the 420 nm signal, we get an
average beat frequency of 6.517 THz, and for the 421 nm signal, the
average is 6.563 THz, with a difference of 46.4 + 2.8 GHz between
them. In the literature, the calculated fine splitting of 7D of Rb is
45.18 + 0.3 GHz [22]. If we zoom in the data points in Figures 2C, D,
we see the effect of the weak transition b shown in the energy
diagram in Figure 1B. The 421 nm transition has only two quantum
paths from 9S and 7D, and the data (Figure 2C) follow closely to the
fitted curve. As a comparison, the 420 nm transition has three
upstream quantum paths; even though transition b is relatively weak
compared to the other two, it is enough to dither some of the data
points off the fitted sine trace as shown in Figure 2D.

After an FFT filtering of the longer scan data shown in
Figure 2A, the beat pattern shows an overall envelope with two
features: an exponential decay and an oscillation with a frequency
of 46 GHz, which matches to the fine structure splitting of 7D.
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Figure 3 exhibits the experimental results together with
simulations demonstrating both features. The exponential
decay of this envelope is carried from the overall decay of the
signals. The reason of this oscillation is understood as follows. By
closely inspecting the energy diagram (Figure 1), it is obvious for
the 420 nm signal to carry a frequency of 46 GHz, since both
levels of 7D are involved in its quantum path. However, questions
arise are: how can the 421 nm signal also carry this frequency? Is
it from the coupling via 9S? To answers these questions, we
employ the following theoretical model.

4 Theoretical model and
interpretations

For the 6-level system as shown in Figure 1B, the atom-field
effective interaction Hamiltonian can be written as [24, 25]:

V() = =1 Qepslad bl + Qe e c)<bl
+ Qepre ™! d) (b] + Quela) el
+ Qupe™lay(fl + Qe ™ ey el
+ Qqpe OB (f] + Qgee ™ d) el

+ h.c.), (1)

that
Qeff = QI(,O) exp(—tz/ocf,)is the pump laser effective Rabi
frequency, Q;j = Qi(;)) exp (—(t — 7)*/a?) is the drive pulse Rabi

where  we  assume  Gaussian  pulses  such

frequency which couples i and j states, 7 is the delay time between
the probe and the pump pulses, and a's are pulse durations.
Because the pulses are very short compared to the SF time scale,
we essentially treat them in the delta function limit in our
calculation. The notations we use for detunings are A; =
40.99 x 10'%s7", the energy difference between 952 and 7D%
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(A) Probabilities of finding atoms on level |e) (Pc)and level |fy (Py) plotted from analytical expressions up to second-order terms. (B) Same
probabilities plotted with the expressions up to fourth-order terms. The envelope modulation of P is a result of multi-photon (> 3) interaction
between levels [c) and |f) because single-photon transition is forbidden. (C) Probabilities zoomed in 2-ps windows, and the curves have been offset
to show a relative phase shift due to different beat frequencies of the signals. Parameters used for the plots are: ochéO) =0.2, a0 = 0.6,

02 = 0Q/v2, 0 = 0202, 0 = 0959, and 02 = 9 VI/9. Relative transition dipole moments are estimated by the sum rule [20].

A, = 4127 x 10"s™", the energy difference between 9S> and
7D*% and A; = 14.61 x 10'%s7, the energy difference between
6P** and 6P"2. Our goal is to find the probability of finding
atoms in the |e) and |f) states using the time-dependent
perturbation theory. The second-order perturbation terms
explain the beat frequencies A;/2m and A,/27 but lack to tell
the envelope beat in the 421 nm signal. Therefore, we use the
perturbation theory up to the fourth-order terms. The
approximate solution can be written in the following form:

iAT

P, = |eg + e,€™7 + e, %,

i iAyT 2
Py =1fo+ i+ fae®P, @

where e; and f; (j = 0, 1, 2) are constants. e, and f; are explicitly
written as:
e, = ﬂOCP(xCQE(S)*QI()O)
+ o, (20000l + 000 al af
- O O0AY A0 + 0 0P 00
+ 05 oo al)

2.3 (0)#  (0) () (0)* (y (0)
+ 370007000, (3)
_ 3 (0)% ~ (0) ( (0)* ( (0) (0)% ~ (0) y (0)% (y (0)
fl—nztxptxc(ﬂfa 220"l + afrolof al ) (4)

where we change the indices order in the complex conjugate of
the Rabi frequency such that (Qi(;)))* = QJ(»? ¥ In this notation, we
can interpret the terms in Eqs. 3 and 4 with ease. For example,
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the term 052)*052)Qe(g)*Q‘f,O)represents the fourth-order
process as pumping atoms from the ground state |b) — |d)
— |e) — |ay — |e), which is one of the final states.

We plot the probability of finding atoms on level |e) (P,) and
level |fy (Py) with parameters shown in Figure 4. For conditions
e; > e; and fi < f;, one can verify that probabilities P, and Py
oscillate at angular frequencies A; and A, respectively.
Therefore, e; and f, terms in Eq. 2 give fast oscillations, as
shown in resolved time windows in Figure 4C. Moreover, because
the frequencies are different, we can also see that the relative
phase of the beat oscillation shifts as the delay time increases. The
expression which only keeps up to second-order terms is plotted
in Figure 4A, where the envelope modulation of Py is absent;
while the plot using expression with fourth-order terms clearly
shows the modulation on Prand a larger modulation depth on P..
We conclude that the e, and f; terms in Eqs. 3 and 4 cause the
envelope modulation shown in the analytical results (Figure 4B)
and the experimental results (Figure 3). Furthermore, the main
reasons for the envelope oscillation are the fourth-order
processes coupled through the |a) state (9S;,) as well as
other processes in Eqs. 3 and 4. To see this more clearly, let
us set QY = 0 because |d) — [e) transition intensity is only 1/
9 of [¢) — |e) and 1/5 of |d) — |f) transition intensities. Then,
Egs. 3 and 4 become e; = ﬂzocpocgﬂég)*Qé‘?ﬂ}(g*ﬂi(,o)and
fi= nzapagQ}?*Qég)Qég)*Qéo), which are symmetrically
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exchanging the excitation probability from |d) (|c)) to |e) (|
f7) (Figure 1D). These fourth-order processes coupled
through the |a) state (9S,/,) are the main reason for
envelope oscillation in the 421 nm signal and a deeper
modulation on the 420 nm signal.

5 Conclusion

In this work, we demonstrate that the beat pattern of the
421 nm signal is much less disturbed by other quantum pathways,
and it is potentially a better candidate for the technique described
in Ref. [12] to characterize dipole-dipole interactions. In general,
F =1/2 levels have less coupled upper levels due to selection rules;
thus, they can be used to obtain cleaner beat patterns for sensing
dipole-dipole interactions. In addition, this technique requires a
long time scan (~ 100ps) in order to get enough spectral
resolution after a Fourier transform. Our experimental data
show persistence for a longer scan range despite the decay of
the signal. Because for a weak atomic excitation, both theoretical
[26] and experimental [27] works showed that the population on
the excited states can survive for hundreds of picoseconds.

It is also possible to detect the beat pattern by monitoring the
transmission of the infrared probe [14] as well as X-ray
absorption [28], as long as different quantum pathway
interferences at a common final state are realized [24, 29].
Controls of the beat pattern and thus the quantum path have
been studied in our group by shifting the pump wavelength [15]
or adding a control pulse [4]. In the present case, a shift of the
pump beam central wavelength would tune the amplitudes and
initial phase of the beat pattern. While our current system is
based on OPAs, new laser sources can provide an extended
wavelength range to cover more transition wavelengths and give
more control of the sources, such as different frequency
generation sources that extend to mid-infrared and a versatile
single-laser platform that combines a short-pulse laser source
with a tunable broadband wavelength converter based on a
highly non-linear photonic-crystal fiber (PCF), which was
recently demonstrated for single-beam dual-color two-photon
spectroscopy [30].

In conclusion, we investigate coherent emissions at
420 and 421 nm in *’Rb. We observed quantum beats at
different frequencies on these two emissions as we scan the
delay between pump and drive pulses. The profiles were
based
theoretical model are compared with the experimental

measured, and numerical simulations on a
results. Our results suggest that the SF delay time is a good
measure of the exponential decay of the beating envelope.
With the help of the time-dependent perturbation method, a
higher order (five-photon) process was identified from the
beat envelope of the 421 nm emission. The results pave the
way for detecting dipole-dipole interactions of atoms at

highly excited states.
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