7
@
O
c
©

%

g

=

g

A “real-time” guitar recording using
Rydberg atoms and electromagnetically
induced transparency: Quantum physics
meets music @

Cite as: AIP Advances 9, 065110 (2019); https://doi.org/10.1063/1.5099036
Submitted: 05 April 2019 . Accepted: 23 May 2019 . Published Online: 18 June 2019

Christopher L. Holloway "/, Matthew T. Simons ", Abdulaziz H. Haddab ", Carl 3. Williams "/, and
Maxwell W. Holloway

COLLECTIONS

Paper published as part of the special topic on Chemical Physics, Energy, Fluids and Plasmas, Materials Science
and Mathematical Physics

G This paper was selected as Featured

0 ) &S @

opdn View Online Export Citation CrossMark

/RN

ARTICLES YOU MAY BE INTERESTED IN

A Rydberg atom-based mixer: Measuring the phase of a radio frequency wave
Applied Physics Letters 114, 114101 (2019); https://doi.org/10.1063/1.5088821

Weak electric-field detection with sub-1 Hz resolution at radio frequencies using a Rydberg
atom-based mixer
AIP Advances 9, 045030 (2019); https://doi.org/10.1063/1.5095633

Digital communication with Rydberg atoms and amplitude-modulated microwave fields
Applied Physics Letters 112, 211108 (2018); https://doi.org/10.1063/1.5028357

>z

Sign up for topic alerts

New articles delivered to your inbox

AIP Advances 9, 065110 (2019); https://doi.org/10.1063/1.5099036 9, 065110

© 2019 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1167510&setID=378289&channelID=0&CID=390544&banID=519902572&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=7aaa55a2163a7405f47dd653615c362b4d422573&location=
https://doi.org/10.1063/1.5099036
https://aip.scitation.org/topic/collections/featured?SeriesKey=adv
https://doi.org/10.1063/1.5099036
https://aip.scitation.org/author/Holloway%2C+Christopher+L
http://orcid.org/0000-0002-4592-9935
https://aip.scitation.org/author/Simons%2C+Matthew+T
http://orcid.org/0000-0001-9418-7520
https://aip.scitation.org/author/Haddab%2C+Abdulaziz+H
http://orcid.org/0000-0003-2803-6091
https://aip.scitation.org/author/Williams%2C+Carl+J
http://orcid.org/0000-0003-4274-3227
https://aip.scitation.org/author/Holloway%2C+Maxwell+W
/topic/special-collections/cp2019?SeriesKey=adv
/topic/special-collections/eng2019?SeriesKey=adv
/topic/special-collections/fp2019?SeriesKey=adv
/topic/special-collections/ms2019?SeriesKey=adv
/topic/special-collections/mp2019?SeriesKey=adv
https://aip.scitation.org/topic/collections/featured?SeriesKey=adv
https://doi.org/10.1063/1.5099036
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5099036
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5099036&domain=aip.scitation.org&date_stamp=2019-06-18
https://aip.scitation.org/doi/10.1063/1.5088821
https://doi.org/10.1063/1.5088821
https://aip.scitation.org/doi/10.1063/1.5095633
https://aip.scitation.org/doi/10.1063/1.5095633
https://doi.org/10.1063/1.5095633
https://aip.scitation.org/doi/10.1063/1.5028357
https://doi.org/10.1063/1.5028357

scitation.org/journal/adv

AIP Advances ARTICLE

A “real-time” guitar recording using Rydberg
atoms and electromagnetically induced
transparency: Quantum physics meets music

Cite as: AIP Advances 9, 065110 (2019); doi: 10.1063/1.5099036

Submitted: 5 April 2019 « Accepted: 23 May 2019 -
Published Online: 18 June 2019

@

Christopher L. Holloway,'® " Matthew T. Simons,’

and Maxwell W. Holloway®

Abdulaziz H. Haddab,'

Carl J. Williams,”

AFFILIATIONS

TNational Institute of Standards and Technology, Boulder, Colorado 80305, USA
ZNational Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
*Cooperative Institute for Research in Environmental Sciences, Boulder, Colorado 80305, USA

2 Electronic mail: christopher.holloway@nist.gov

ABSTRACT

We demonstrate how Rydberg atoms and the phenomena of electromagnetically induced transparency can be used to aid in the recording of
a musical instrument in real time as it is played. Also, by using two different atomic species (cesium and rubidium) in the same vapor cell, we
demonstrate the ability to record two guitars simultaneously, where each atomic species detects and allows for the recording of each guitar
separately. The approach shows how audio data (the musical composition) can be detected with a quantum system, illustrating that due to the
research over the past decade we can now control ensembles of atoms to such an extent that we can use them in this “entertaining” example

of recording a musical instrument.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5099036

Rydberg atoms are atoms with one or more electrons excited to
a very high principal quantum number #.' These atoms have sev-
eral useful properties that scale as n. They have very large dipole
moments (that scale as n%). Their polarizability scales as #’, and
their lifetime scales as n*. The spacing between the Rydberg levels
scales as 1/n°. Rydberg atoms have large range interactions between
each other that scales as n*/R® (where R is the inter-atomic dis-
tance) and have a van der Waals interaction that scales as n'!/R®.
These various properties allow for a large array of applications
and interesting physics. For example, (1) the large dipole moments
make them sensitive to electric fields, making for good field sensors,
(2) the long lifetimes could lead to the development of new laser
sources, and (3) the large interaction lengths create the possibili-
ties for qubits and highly-entangled cluster states, just to mention
a few.

Over the past six years, significant progress has been made in
the development of radio frequency (RF) electric (E) field strength
and power metrology techniques based on the large dipole moments

associated with Rydberg states of alkali atomic vapor.” *’ In this
approach, the concept of electromagnetically induced transparency
(EIT) is used for the E-field sensing. EIT is basically an atomic
spectroscopy approach where the spectrum of a laser transmission
through the atomic vapor is altered by the presence of an RF field,
see details below. The EIT approach can be performed either when
the RF field is on-resonance of a Rydberg transition (using Autler-
Townes (AT) splitting)2 7 or off-resonance (using AC Stark shifts)”’
and Floquet methods."”

This Rydberg-atom based sensor can act as a compact
receiver/antenna, enabling quantum-based receivers to be used in
communication applications to detect and receive modulated sig-
nals.”” "’ This has led to the new term “atom-radio.”””” Recently we
extended the atom receiver to develop a Rydberg atom-based mixer
that allows for the measurement of the phase of an RF wave,” ! which
was the needed missing link for Rydberg atom-based quantum sen-
sors to be able to fully characterize the RF E-field in one compact
vapor cell. The Rydberg-atom mixer is based on two slightly detuned
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RF fields (one is the field being measured and one is a reference
field). The Rydberg atoms detect the beat-note between these two
detuned fields. Embedded in this beat-note is the phase difference
between the two RF fields.”

In this paper we illustrate how this Rydberg-atom EIT-based
approach can be used as a means to both record (in real time) the
output of a guitar (or any other musical instrument), and to listen to
the output of a guitar as it is played through a set of speakers. We also
demonstrate the ability to detect and record two guitars simultane-
ously by using two different atomic species in the same vapor cell. In
this approach, we use the output of the guitar to amplitude modulate
(AM) a continuous wave (CW) carrier. The AM modulated carrier
is detected and received with the Rydberg atoms. The output of the
Rydberg-atom based detector is both played through a set of speak-
ers and is also recorded through a computer. One way of explain-
ing how this works is, in effect, one is hearing the change in the
quantum state of the Rydberg atoms at audio frequencies through
the speakers.

ARTICLE scitation.org/journall/adv

The measurement approach is explained in detail in Refs. 2-20;
here we give a brief explanation. The EIT/AT technique involves
monitoring the transmission of a “probe” laser through the vapor
cell. A second laser (“coupling” laser) establishes a coherence in
the atomic states, and enhances the probe transmission through the
atoms, see Fig 1. [Note that Fig. 1 shows four lasers. We use two
different atomic species (cesium (***Cs) and rubidium (¥Rb)) to
simultaneously record two guitars, which required the four lasers,
two for 3Cs (a 850 nm probe laser and a 510 nm coupling laser)
and two for *Rb (a 780 nm probe laser and a 480 nm coupling laser).
Each atomic species works in the same way, the only difference is the
wavelengths of the lasers needed for the different two atomic species.
The following discussion concentrates on 85Rb.] In the presence of
the coupling laser, the atoms become transparent to the probe laser
transmission (this is the concept of EIT). This occurs over a very
narrow frequency range. Applying an RF field causes a splitting of
the transmission spectrum (the EIT signal) for the probe laser. This
splitting of the probe laser spectrum is directly proportional to the
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applied RF E-field amplitude. By measuring this splitting (Afin), we
get a direct measurement of the magnitude of the RF E-field strength
for a time-harmonic field from:**

h h
|E| = 271;1) Afyn = Zn;Afo, 1

where £ is Planck’s constant (defined in November 2018 in the re-
definition of the International System of Units), p is the atomic
dipole moment of the RF transition (see Refs. 3 and 17 for discus-
sion on determining g and values for various atomic states), Afp,
is the measured splitting, Af, = DAfy, and the value of D depends
on which of the two lasers is scanned during the measurement. If
the probe laser is scanned, D = %, where A, and A, are the wave-
lengths of the probe and coupling laser, respectively. This ratio is
needed to account for the Doppler mismatch of the probe and cou-
pling lasers.'"'” If the coupling laser is scanned, it is not required to
correct for the Doppler mismatch, and D = 1. The phase of the RF
field can also be measured with a modification of the technique (by
using a Rydberg atom-based mixer’').

The measured EIT spectrum for an RF source with different
E-field strengths is shown in Fig. 2(a). These results are for scan-
ning the probe laser, in which A, is the detuning of the probe laser
(where Ay = wp — wo; w, is the on-resonance angular frequency of
the Rydberg state transition and w, is the angular frequency of the
probe laser). Notice that the AT splitting increases with increasing
applied E-field strength. To obtain these results, we use °Rb atoms
and the atomic levels |1), |2), |3), and |4) correspond respectively to
the ®Rb 581/2 ground state, the 5Pz, excited state, and two Rydberg
states. The coupling laser is locked to the 5P3/; — 47D5/285 Rb Rydberg
transition (A = 480.2704 nm). The probe is scanned across to the
D2 transition (581/2-5P3/; or wavelength of 780.241 nm). As is typi-
cally done, we modulate the coupling laser amplitude with a 30 kHz
square wave and detect any resulting modulation of the probe trans-
mission with a lock-in amplifier. This removes the Doppler back-
ground and brings the EIT signal out of the noise, as shown by
the curve with the one peak in Fig. 2(a). Application of RF at
20.64 GHz to couples states 47Ds/; and 48Ps, splits the EIT peak
(shown by the two other curves in the figure).

There is a minimum RF field level that is required before the
splitting shown in Fig. 2(a) occurs. When an RF-field strength is
increased from zero, the amplitude of the EIT signal decreases and its
linewidth broadens before the EIT signal splits into two peaks.” This
type of behavior is shown in Fig. 2(b), where results for the EIT sig-
nal with no RF field and three cases for different RF fields strengths
are shown.

Here we used amplitude modulation (AM) to detect and record
the guitars, in which the output of the musical instrument is used
to AM modulate a carrier. We will discuss the situation where
the amplitude of the carrier (and the modulation depth) is such
that no splitting in the EIT signal will occur (other situations are
discussed in Ref. 25). The AM modulated carrier will only cause
the peak of the EIT line to move up and down the dashed line
shown in Fig. 2(b). Hence, by locking the probe laser to A, = 0
(while also locking the coupling laser to 5P3/,-47Ds/, Rydberg tran-
sition), the voltage output of the photo-detector (the probe laser
transmission) will be directly correlated to the modulating signal.
That is, no demodulation circuity is needed. The Rydberg atoms

scitation.org/journal/adv
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FIG. 2. lllustration of the EIT signal (i.e., probe laser transmission through the cell)
as a function of probe laser detuning A,. This dataset is for 20.64 GHz and cor-
responds to this following 4-level Rb atomic system: 58y, — 5P3, — 47D,
— 48Pyp,. (a) splitting of EIT signal and (b) before splitting of EIT signal (AM
modulation scheme at the center of the EIT signal).

automatically demodulate the signal and we get a direct read-out of
the audio signal (the signal or waveform of the guitar output in our
case).

The experimental setup for transmitting, detecting, receiving,
and recoding (or listening to) a guitar (or a guitar duet) is shown
in Fig. 1. We used an acoustic guitar with an electronic pickup and
an electric guitar. The voltage output level of each guitar’s pickup
needed to be amplified before it was used to modulate a CW carrier.
The output of the each guitar pickup was fed through an “in-house”
built voltage amplifier. The voltage amplifier was simply an opera-
tional amplifier with one 1 kQ resistor and one variable resistor (with
maximum value of 100 k€, which is controlled by a knob that ranges
from 1 to 11). These two voltage waveforms from the two amplifiers

AIP Advances 9, 065110 (2019); doi: 10.1063/1.5099036
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were used to AM modulate two different carrier frequencies. The
acoustic guitar waveform modulated a 19.626 GHz carrier and the
electric guitar waveform modulated a 20.644 GHz carrier. We used
two different signal generators (SG) to generate these two different
continuous wave (CW) signals. The modulation was performed by
using the AM feature in the SG. The SG AM feature is limited to
100 kHz, which is adequate since the waveform for audio signals
is limited to about 20 kHz. For higher modulation rates, an exter-
nal mixer is required (as was done for receiving pseudo-random bit
streams at different modulation rates’®).

Each SG is connected to two separate standard gain horn anten-
nas and each antenna is placed 15 cm from a cylindrical glass vapor
cell containing both **Cs and *’Rb atomic vapor, see Fig. 1. The
vapor cell has a length of 75 mm and a diameter of 25 mm. The
133Cs atoms are used to receive the 19.626 GHz modulated carrier,
and the **Rb atoms are used to receive the 20.644 GHz modulated
carrier. Since we use the two atom species in this experiment, four
lasers are required, see Fig. 1. The probe laser for '**Cs is a 850.53 nm
laser (6S1/2-6P3);) focused to a full-width at half maximum (FWHM)
of 425 ym, with a power of 41.2 yW. To generate an EIT signal,
we couple to the '**Cs 6P3j; — 34Ds); states by applying a counter-
propagating coupling laser at A, = 511.1480 nm with a power of
48.7 mW, focused to a FWHM of 620 ym. We apply an RF field at
19.626 GHz to couple states 34Dsj; and 35P3/;. For ®°Rb, the probe
laser is a 780.24 nm laser focused to a full-width at half maximum
(FWHM) of 400 ym, with a power of 22.3 yW. To produce an EIT
signal in ®°Rb (using the atomic states given in Fig. 2), we apply a
counter-propagating coupling laser (wavelength A, = 480.271 nm)
with a power of 43.8 mW, focused to a FWHM of 250 ym. We apply
an RF field at 20.644 GHz to couple states 47Ds; and 48P3/».

We use two different photodetectors to measure the transmis-
sion for each probe laser through the atomic vapor (one for ®*Rb
and one for *>Cs, see Fig. 1). The output of the photo-detectors
(which are voltage waveforms and basically the audio waveforms of
the two guitars) are connected in two different arrangements. First,
we simply connect the output of the photo-detectors to a set of com-
puter speakers. The output for the '*>Cs probe laser photo-detector
was connected to the left computer speaker, and the output for the
8Rb probe laser photo-detector was connected to the right com-
puter speaker. In the second arrangement, the output of the two
photo-detectors are connect to a stereo jack and plugged into the
microphone input of a computer. We use the open-source program
Audacity (mentioning this product does not imply an endorsement
by NIST, but serves to clarify the software used) to record the guitar
composition from the microphone input.

We first demonstrate the recording of a single guitar (the acous-
tic guitar), and before recording the guitar composition, we listened
to the guitar through the two speakers. The output sounds from the
speakers (apart from hearing a little noise) was of high fidelity, in
that the musical composition was clearly audible and very under-
standable (see Ref. 25 for discussion on audio quantity assessment).
We then recorded the guitar composition (via the microphone input
and with Audacity). The recording is shown in Fig. 3. These curves
show the entire recording, as well as zoomed-in part at the begin-
ning, and a zoomed-in part in the middle. This recording was
replayed thorough the speakers with high-fidelity and were clearly
audible. While noise was present, it had a very minor effect on the
quality of the sounds.

ARTICLE scitation.org/journall/adv
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FIG. 3. Recorded waveforms: (a) the entire time record (the total time period of
these waveforms is approximate 60 seconds), (b) zoomed in at the start of the
guitar recording, and (c) zoomed in the middle of the guitar recording.

We then played a musical duet with the two guitars. The output
sounds from each speaker (apart from hearing a little noise) was of
high fidelity, in that the musical composition was clearly audible and
very understandable. We then recorded the two guitar compositions
from each guitar (via the microphone input and with Audacity). The
recordings are shown in Fig. 4. As before, these recordings were
replayed thorough the speakers with high-fidelity and were clearly
audible.

In the recording of any musical instrument, one needs to ensure
that the recording equipment has enough bandwidth for the data
being recorded. A Rydberg-atom receiver has a bandwidth of about
1 MHz to 5 MHz.”****" This bandwidth limit is due to the time
required to populate the atoms to a Rydberg state.”*”**’ Since music
is limited to 20 kHz in frequency, the Rydberg-atom based recorder
can capture the full musical range of the instrument with high
fidelity.

We demonstrated the ability to use a Rydberg-atom based sen-
sor (or receiver/antenna) to allow us to hear and record in real
time a musical composition played on a guitar (or any other type of
musical instrument). The simultaneous recording of two guitars was
also demonstrated and was accomplished by using two different
atomic species placed in the same vapor cell and detecting the EIT
signal from each species. While the results in this paper used AM to
transit, detect, and record a musical instrument, frequency modu-
lation (FM) of a carrier could also be used (as discussed in Refs. 25
and 27, from the sensing prospective, FM modulation works in a
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FIG. 4. Recorded waveforms from a guitar duet: (a) electric guitar and (b) acoustic
quitar (for better visualization, the acoustic guitar data in the figure was put though
a high-pass filter such that the notes of the melody can be easily distinguished).

similar way as AM). In fact, the AM and FM features of a SG have
been used to transmit and receive AM and FM radio in stereo.”

The results in this work show an interesting applications of
atomic physics applied to the age old topic of musical recording,
quantum physics meets music. It is quite amazing that over the past
decade we have learned to control ensembles of atoms to such an
extent that they can be used to record waveforms. Hopefully, this
“entertaining” example of an application of the sometimes esoteric
field of quantum physics may entice individuals to study and apply
quantum science to a whole new generation of quantum devices and
thereby help create the future quantum-based workforce needed to
accelerate the field.

Supplementary material audio file for the data in Fig. 3, i..,
the acoustic guitar recording using the Rydberg atom experiments
discussed in this paper.
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