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We develop and demonstrate a spectroscopic method for Rydberg-Rydberg transitions using a phase-
controlled and -modulated, standing-wave laser field focused on a cloud of cold #Rb Rydberg atoms. The

method is based on the ponderomotive (A2) interaction of the Rydberg electron, which has less-restrictive
selection rules than electric-dipole couplings, allowing us to probe both nS,/, — nP;), and nS;,; —

(n+1)S, /2 transitions in first order. Without increase in laser power, third- and fourth-order subharmonic

drives are employed to access Rydberg transitions in the 40 to 70 GHz frequency range using widely
available optical phase modulators in the Ku band (12 to 18 GHz). Measurements agree well with
simulations based on the model we develop. The spectra have prominent Doppler-free components with
linewidths <200 kHz. The method paves the way for optical Doppler-free high-precision spectroscopy of
Rydberg-Rydberg transitions and for spatially selective qubit manipulation with pm-scale resolution in
Rydberg-based simulators and quantum computers, provided that magic states are chosen and that the

atoms are sufficiently cold.

DOI: 10.1103/PhysRevLett.131.023201

Innovations in quantum technologies based on Rydberg
atoms rely on manipulation of their internal states.
Technologies include simulators exploring quantum phase
transitions and walks [1-5], quantum processors [6,7], and
Rydberg-atom-based sensors [8,9]. It is often beneficial to
trap and arrange the Rydberg atoms using tightly focused
laser beams, optical-tweezer arrays, or optical lattices to
configure such systems. Coherent interactions on Rydberg
qubits can be performed with rf to sub-THz radiation. The
diffraction limit of 21 mm then potentially disallows
single-qubit operations or short-distance gates. One method
to achieve spatial selectivity of Rydberg transitions on a pm
scale, required in many of these applications, is through
optical addressing of isolated-core excitations (ICE) in
alkaline-earth atoms [10-16], but limitations of the ICE
method include autoionization of low-/ Rydberg states due
to Rydberg-ICE interaction. Also, ICE addressing is not
practical in commonly used alkali atomic species. Here, we
explore direct optical drives of Rydberg transitions as a
more widely applicable method with pm-scale spatial
selectivity.

Rydberg transitions can be directly optically driven
through ponderomotive interactions, e’>A%/2m,, where A
is the vector potential of the driving laser [17]. Driving
ponderomotive transitions entails generating an optical
intensity gradient that is spatially varying within the
Rydberg electron’s wave function, and modulating the
intensity distribution at (a subharmonic of) the atomic
transition frequency. Suitable control of the modulation
frequency leads to transitions between Rydberg states.
Ponderomotive transitions in modulated optical lattices
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typically have a Doppler-free component with an interac-
tion-time-limited linewidth [18]. Ponderomotive Rydberg
atom spectroscopy has been previously performed by
amplitude-modulating an optical lattice, allowing transi-
tions between states {|0), |1)} of equal parity, i.e., (O[T1|0) =
(1|T1|1) [17]. Odd-parity ((O[I1j0) = —(1|TT|1)) transitions
are forbidden for this drive method, unless the modulation is
detuned from resonance by the lattice trap-oscillation
frequency [18,19] and the atom’s motional quantum state
v is changed, which is generally undesirable. On the other
hand, Rydberg quantum simulators operating on electric-
dipole interactions between atoms sometimes require the
preparation of a mixed-parity system (e.g., nS and n’ P atoms
[3,5,20]). Harnessing optically driven ponderomotive tran-
sitions for Rydberg quantum simulators therefore requires a
generalization that will allow local odd-parity transitions
without motional excitation of the atoms.

In this Letter, we demonstrate optically driven alkali
Rydberg transitions using an optical lattice that is phased-
modulated at a subharmonic w,, = @w,/q of the atomic
transition frequency @, with an integer subharmonic order
q. The transitions occur in first-order perturbation theory
even at large ¢, no intermediate atomic states are involved,
and the required optical-field strengths do not increase with
q (see Appendix A). Optical setup, selection rules, and
transition Rabi frequencies in phase-modulated lattices
fundamentally differ from the case of amplitude modula-
tion. Phase modulation of the laser allows both odd- and
even-parity transitions without change of the motional
number v. Here, we perform ponderomotive optical
spectroscopy of ®Rb transitions by scanning the lattice
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phase-modulation frequency w,, over a subharmonic of the
atomic resonance, w,, ¥ @w,/q. A one-dimensional lattice
with counterpropagating laser beams is used (wavelength
A =2rc/w; =2x/k; = 1064 nm), and, in a single setup,
both odd-parity nS,/,, — nPy;, ((0|I1|0) = —(1|I1|1)) and
even-parity 1S, — (n+1)S,, ((O[T10) = (1[T1[1)) spec-
tra are studied.

The lattice is constituted of three colinear beams, a pair
of left(r)- and right(i)-propagating unmodulated beams

with optical fields E\ and E\”, plus a beam with field

E 5,';) that is phase-modulated at w,, and coaligned with E,(j).
The constant phase difference between the modulated and
unmodulated beams is denoted 7, and the amplitude of the
phase modulation 7,. A phase 7,(¢) is optionally applied
to translate the lattice along the atom’s center-of-mass
coordinate, Z,. Equation (A1) of the Appendix A gives
expressions for these fields.

The ponderomotive interaction is given by the mean
square of the field in Eq. (A1) (Appendix A), averaged in
time over many optical cycles and a small fraction of
27/w,,. One finds a time-independent component that
constitutes a positive optical-lattice atom-trapping potential
with an offset, Uycos[2k;Zy+1,(t)]+ Uy, and a time-
dependent atom-field interaction potential, U g(Z, 1), that
couples states |0) and |1). For the latter we find

1)(0| + H.c.,
(1)

where Q| cos (2k;Z,)| is the Z,-dependent Rabi-
frequency magnitude for the gth subharmonic drive, and
£ is the Zy-dependent phase of the atom-field coupling.
Coupling strength, |U x|, and phase, £(Z,), are plotted in
Fig. 1. Owing to the staircase shape of &(Z,), which is
inherent to ponderomotive lattice-modulation spectros-
copy, the method represents a paradigm of Doppler-free
spectroscopy.

In our first demonstration of lattice phase-modulation
drive, we prepare ®°Rb atoms in |0) = |46, ,,) from a
sample of ground-state atoms laser-cooled and localized
near local maxima of the 1064-nm lattice intensity using
off-resonant (A = +140 MHz), two-photon laser excita-
tion with 780- and 480-nm light. It is 7y = 1, = 0, while 1,
is pulsed on from zero to 1.3(3)x for the duration of the
drive, 7 =6 ps. We measure the |0) — [1) = |46P)5)
transition, which has a lattice-free transition frequency
/27 = 39.121294 GHz. We use a subharmonic order
g = 3, and the modulation frequency w,,/2x is scanned
from 13.040 211 GHz to 13.040 633 GHz in steps of 3 kHz.
Notably, the ¢ = 3 subharmonic drive allows us to project
the Rydberg transition (frequency ~39 GHz) into the Ku
band (12-18 GHz), for which efficient optical fiber
modulators exist. Internal-state populations of |0) and

n .
Uar(Zo. 1) = EQq,o| cos (2k; Zy)|e'(E=aen?)
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FIG. 1. (a) Qualitative sketch of the trapping potential,
Uy cos [2k; Zg + 12(1)] + Uy, created by EY and E, vs
center-of-mass position Z;, with two Rydberg atoms roughly
to scale. (b) Qualitative magnitude of the atom-field drive,

|Uag|(Zy), formed by Eg,;) and Ef,r). (c) Phase of the atom-field
drive, £(Z,)) (red solid), in comparison with phase functions that
would apply to Raman transitions (blue dashed). Several trapped
(1, 2) and untrapped (3) atom trajectories vs time, Z(t), are
plotted on top (details, see text).

|1) are counted with state-selective field ionization [21]
(Appendix B). Figure 2 shows the spectrum with an
overlapped numerical simulation (for details of the simu-
lation, see Supplemental Material [22]).
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FIG. 2. Population in |1) as w,, is scanned over @/3 in 3 kHz
steps. Here, |0) = [46S ;) and [1) = [46P, ). The blue signal is
an average of 10 individual w,, scans with 400 measurements

each and E,(f) unblocked. The gold line is a corresponding
numerical simulation. The pink signal shows the population in

[1) when Ef,r) is blocked for an average of 4 individual scans
with 400 measurements each. The shaded spectrum shows a
single-photon microwave drive using a horn antenna without any
1064-nm light. In all spectra, 7 = 6 ps.
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The peak Rabi frequency €,_3 in Eq. (1) for the case
of Fig. 2 has the following dependence on experimental
parameters:

_ %“’L) £D£0) (20 . 20

x (1] sin (2k;.z,)[0)J3(m1). 2)

where a,(w;) is the free-electron polarizability for light
at angular frequency w; and z, the electronic coordinate.
This quantity is —545 a.u. for 1064 nm. For the spectrum in
Fig. 2, we estimate Q3 ~ 27 x 70 kHz and Uy~ h x
2.5 MHz by comparing simulated and experimental

signals. When E§,’> is extinguished, the Rabi frequency
vanishes, as the intensity gradient in the laser field no
longer varies within the Rydberg-electron wave function.
This test proves that there is no population transfer into |1)
by means of higher-order A -p interactions originating
from microwave leakage, and that the observed transfer
into [1) is entirely due to the A? interaction in the
modulated optical lattice.

Three peaks appear in the spectrum in Fig. 2. The central
peak is free of Doppler shifts, conserves the motional state
v, and has a linewidth of ~200 kHz (measured with a peak
fit). This peak arises from trapped atoms with large
oscillation amplitudes Z; (trajectory 1 in Fig. 1). The
phases & near the turning points, where the oscillating atom
spends most of its time, differ by 2z, leading to a
predominantly fixed-phase Doppler-free drive. The broad
sidebands at about £300 kHz correspond to Doppler shifts
of atoms traveling over many lattice wells (trajectories 3 in
Fig. 1). Those atoms move across multiple steps of £(Z;) at
aroughly constant velocity v along z, and exhibit a Doppler
shift according to the time average

b

~ iz (v) = (v) = 2k (v). (3)

(€)
There, we use the fact that the average slope of the step
functions in Fig. 1 is d&/dZy~4n/A. Additionally, the
sidebands contain signals from trapped atoms undergoing
motional-state changes of Av = +2, causing an asymmetry
in the transition strengths [18]. Both physical origins of the
sidebands are different and do not interfere.

The strength of the sidebands in Fig. 2 relative to the
Doppler-free line follows from the Rydberg excitation
scheme. Rb [5S,,,) atoms, which have a positive ac
polarizability, are laser-cooled and trapped at the lattice-
intensity maxima. Rydberg excitation lasers are tuned to the
ground-Rydberg resonance at the lattice-intensity maxima.
Because the ponderomotive force generally repels Rydberg
atoms from regions of high laser intensity, most Rydberg
atoms prepared in this way are not trapped along z and
traverse over multiple lattice periods during the atom-field
interaction, partially giving rise to the strong sidebands in
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FIG. 3. Spectrum measured for the same states and same
conditions as in Fig. 2, except that the lattice is suddenly shifted
in position by A/4 between Rydberg-atom preparation and
modulated-lattice drive.

Fig. 2. A minority of the Rydberg atoms is barely trapped in
the Rydberg-atom lattice (trajectory 1 in Fig. 1), which
suffices to produce the observed Doppler-free peak. The
vibrational wave functions of the barely trapped atoms peak
close to lattice-intensity maxima, where the differential
light shift between states |0) and |1) is negative, causing a
redshift of the Doppler-free peak relative to the field-free
atomic resonance [23,27]. Large oscillation amplitudes Z;
also are conducive to changes in the motional quantum
number v of trapped atoms by £2, causing extra signal
within the locations of the sidebands [18].

To enhance the visibility of the Doppler-free peak
relative to the sidebands, we suddenly shift the optical
lattice in z by A/4 immediately after Rydberg-
atom preparation. The shift, implemented by a phase step
function 7, (¢) with step size z in Eq. (A1) (Appendix A),
places the atoms near a lattice-intensity minimum during
atom-field interaction [23]. Most atoms are then trapped
while being probed, and the Doppler-free peak becomes
larger than the side peaks. Since Z; < 0.1254 in this case, &
is fixed throughout the interaction time (trajectory 2 of
Fig. 1), also leading to a Doppler-free drive. In Fig. 3 we
show a spectrum for the same transition as in Fig. 2, with
the A/4 lattice translation applied. The Doppler-free peak in
Fig. 3 increases in strength relative to Fig. 2, as expected,
and in Fig. 3 it is blueshifted due to a positive differential
light shift between states |0) and |1) near the lattice-
intensity minima [23,27], providing evidence for a large
proportion of atoms being collected and trapped near the
intensity minima.

While the sidebands in Fig. 3 are suppressed, as
expected, they are stronger in the measurement than in
the simulation result. We attribute the disagreement to the
fact that the lattice translation is not perfectly instanta-
neous, causing a dragging effect. Classically, Rydberg
atoms that are initially excited near a maximum of the
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Rydberg-atom trapping potential begin rolling down the
potential during the not-quite-instantaneous translation,
causing an increased fraction of nontrapped atoms. Also,
the atoms that are successfully captured in the lattice wells
experience center-of-mass heating due to the dragging.

In both Figs. 2 and 3 the central Doppler-free compo-
nents are broader than in the antenna drive spectrum and in
the simulations, where the FWHM of the Doppler-free
components is near the Fourier limit of ~150 kHz. This
excess broadening of the experimental Doppler-free com-
ponents likely arises from the 46P,/, hyperfine structure
[28], stray magnetic fields, and possible Rydberg dipole-
dipole interactions. Also, state |1) experiences a shallower
lattice depth than |0), yielding Zj-dependent light shifts,
A « cos (2k; Z,). The resultant inhomogeneous broaden-
ing within the lattice wells primarily broadens the Doppler-
free component and may cause it to overlap with the
Doppler-shifted peaks. Lowering the temperature from our
estimated 200 pK and eliminating the dragging in Fig. 3
would reduce the inhomogeneity and enhance the transition
strength (see simulations in the Supplemental Material).
Magic lattices, such as for n = 69 in our case, have A = 0
for all Z, and are insensitive to inhomogeneous broadening
within the wells, resulting in narrower and better-defined
Doppler-free peaks (as calculated in [18]), making them a
good choice for quantum-gate operations, where high
fidelity is required. Finally, imperfections across the lattice,
such as intensity variations and running-wave components,
can cause additional differential shifts and inhomogeneous
broadening.

Next, we demonstrate Doppler-free ponderomotive lat-
tice phase-modulation spectroscopy for Rydberg states |0)
and |1) of same parity, which are not subject to line
broadening from electric-dipole interactions. We choose
|0) = [48S,,) and 1) = |49S, ;). The sample is initial-
ized in |0), for which our lattice potential has a half-depth
Uy = h x 2.5 MHz. The phases 7, and 7, are set to zero,
the subharmonic order is ¢ =4, and w,,/2x is scanned
from 17.618 785 to 17.619 065 GHz in steps of 2 kHz.
The modulation parameter 7; is set to 1.7(4)z such that
the ¢ =4 peak coupling in Eq. (1) becomes large
(409 ~27x90 kHz for our case). The interaction
time between atoms and the phase-modulated lattice is
7 =12 ps.

Figure 4 shows our results for the even-parity |0) — |1)
spectrum. There are no transitions when blocking EE,”,
which proves that the observed spectrum cannot be a high-
order transition driven by stray microwave radiation, nor
can it be an optical stimulated Raman transition driven by
the remaining unidirectional, phase-modulated laser beam.
A Lorentzian fit to the Doppler-free central peak has a
FWHM linewidth of 96 kHz, which is in line with our Rabi-
frequency estimate and the linewidth in the simulated
spectrum. The small redshift of the Ilattice-driven
Doppler-free peak relative to the microwave reference
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FIG. 4. Population in |1) as w,, is scanned over wy/4 in 2 kHz
steps. In this spectrum, |0) = [48S;,), |1) = [49S;),), and
wy /27 = 70.475710 GHz. The blue signal is an average of 10
individual w,, scans with 400 measurements each and E, ("
unblocked. The green, dashed line is a Lorentzian fit of the
Doppler-free, Av = 0 line, revealing a linewidth of 96 kHz. The
gold line represents a numerical simulation result scaled down by
50%, accounting for an inefficiency in state-selective detection.
The pink signal shows the population in |1) when E.” is blocked
for an average of 6 individual scans with 400 measurements each.
The shaded spectrum shows a two-photon microwave drive using
a horn antenna for 7 = 6 ps without any 1064-nm light.

peak, which is a two-photon transition, reflects a differ-
ential light shift between states |0) and |1) at the standing-
wave maxima.

We finally discuss why Figs. 2—4 demonstrate a type of
Doppler-free spectroscopy. Semiclassically, an atom moves
on a trajectory Z(¢) as it is being probed. In spectroscopy
based on the A - p interaction, the phase function usually
is &(Zy) = AkZ,, and the first-order Doppler effect is

& = Akv. If atoms underwent a stimulated Raman tran-
sition (notably nonexistent, in our work) in counterpropa-
gating lattice beams with wave numbers +k; , there would
be three branches of £(Z,), namely & = 0, corresponding to
a Doppler-free spectral component, and ¢ = +2k;Z,,
corresponding to spectral components with Doppler shifts
+2k; v [blue dashed lines in Fig. 1(c)]. Whereas, lattice-
trapped atoms probed by ponderomotive lattice-modulation
spectroscopy either remain on a single step of the staircase
function [trajectory 2 in Fig. 1(c)] or predominantly reside
on steps differing by 27 [trajectory 1 in Fig. 1(c)], resulting
in Doppler-free excitation in either case, as in the Doppler-
free component of a hypothetical Raman transition [hori-
zontal blue dashed line in Fig. 1(c)]. Untrapped atoms
(trajectories 3) run over many steps, resulting in approx-
imately the same Doppler effect as in the Doppler-shifted
Raman transitions [diagonal blue dashed lines in Fig. 1(c)].
The underlying A2-drive mechanism, the staircase shape of
&(Zy), and off-resonant atom trapping in domains of fixed &
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make ponderomotive lattice-modulation spectroscopy a
novel type of Doppler-free spectroscopy.

In summary, we have observed both even- and odd-
parity ponderomotive Rydberg transitions with linewidths
<200 kHz using a phase-modulated optical lattice. We
believe that subharmonic driving with the lattice is feasible
for ¢ < 10 (see Appendix A). Doppler- and recoil-free
|nSy2) = |n'Py,) optically driven Rydberg transitions,
demonstrated here, are useful for spin manipulations in
quantum simulators [3,5], especially in protocols that
require site-selective excitations. Doppler- and recoil-free
|nS)2) = |n'S;,) transitions, also demonstrated here, are
useful in high-precision spectroscopy where strong elec-
tric-dipole interactions between Rydberg atoms are to be
avoided [29]. Far-reaching elimination of orbital-angular-
momentum selection rules, which the technique described
here provides, permits coherent preparation of Rydberg
states with / as large as n — 1 [30], as well as high-precision
spectroscopy on such states in first order, applicable to
determining constants that deepen our understanding of

|

EP(Ry+r,.1)
Ez(f)<R0 + r, t)

EY(Ry+r,.1)

where R, is the atom’s center-of-mass vector, r, is the
Rydberg-electron vector operator, el () are polarization
vectors of the right(i)- and left(r)-propagating beams, 7,
accounts for spurious phase offsets between modulated and
unmodulated beams, 7, is the modulation amplitude, and
As is the path length of the modulated beam from the phase
modulator to the atoms. The step-function phase jump 7, (¢)
is optionally applied to both i beams immediately after laser
excitation of the Rydberg atoms in the lattice. The phase
jump, if applied, effects a sudden translation of the lattice
relative to the atoms before the spectroscopic sequence. In

our experiments, £ ,(,i) (peak power of 12 mW) is about one-
tenth the magnitudes of 854’) (peak power of 880 mW) and

55,’> (peak power of 940 mW). The three beams are
overlapped and focused down to a waist of ~15 pm in
the center of a ®Rb optical molasses (see Supplemental
Material for a detailed schematic of the optics). To form an
optical lattice, the polarization vectors of all beams are kept
linear and parallel with the optics shown in the Supple-
mental Material. Combined, the ponderomotive interaction,
time-dependent at the order of the Rydberg electron’s
Kepler frequency, yields the atom-field interaction potential
given in Eq. (1). Odd-parity transitions are driven for
odd integer values of ¢ and have Qo o (1] sin (2k;z,)|0)
while even-parity transitions are driven for even ¢ and
Q0 « (1] cos (2k,z,)[0). A complete derivation is pro-
vided in the Supplemental Material.

eDEW(Ry) cos [k, (Zo + z.) — wpt + 1o + 11 €08 (0 As/c — wpt) + (1)),

fundamental physics [29]. Optical couplings of Rydberg
states free of the usual selection rules, afforded by ponder-
omotive lattice modulation spectroscopy, open access to
higher-dimensional Hilbert spaces, including circular
Rydberg states, allowing novel methods for quantum-state
engineering and control [30-32]. Lattices in the synthetic
dimension [20,33] of the Rydberg internal-state space can
also be generated using the ponderomotive light-matter
interaction presented here. Lastly, in alkaline-earth
Rydberg atoms, the ponderomotive interaction, at suitable
frequencies, would enable spatially selective addressing of
the Rydberg electron, with the core electrons remaining
spectators.

This work was supported by NSF Grant No. PHY-
2110049. R. C. acknowledges support from the Rackham
Predoctoral Fellowship.

Appendix A: Optical lattice field —The laser fields
forming the optical lattice are

eWED(Ry) cos [k (Zy + 2.) — wpt + na(2)),
g(r)gﬁf) (Ry) cos [k (Zy + z.) + o 1],

(A1)

The subharmonic order ¢ does not appear in the atomic
matrix elements (1|sin (2k;z,)|0) and (1|cos (2k;z,)|0).
For this reason, subharmonic ponderomotive lattice phase-
modulation spectroscopy does not require substantial
increases in laser intensity (if any) to drive transitions in
increasing subharmonic order q. Hence, the frequency
reduction afforded by the subharmonic drive does not
come at the expense of larger ac shifts and lattice-induced
photoionization rates. This benefit stands in contrast with
multiphoton microwave spectroscopy, where both field
intensity required and ac shifts increase drastically with
g. From the Bessel function J (1) in Eq. (2), it is apparent
that subharmonic ponderomotive lattice phase-modulation
spectroscopy comes with two minor penalties: (1) a higher
microwave power for #; to reach the first extremum of
J,(n1) and (2) a mild drop-off of the atom-field coupling,
which scales linearly in J,(77,). For instance, an increase
from g = 4 (used in Fig. 4) to ¢ = 10 requires an increase
in n; by about a factor of 2.2, corresponding to about a
factor of 5 in microwave power supplied to the phase
modulator, while the atom-field coupling drops by only
about 40%. These minor penalties are heavily outweighed
by the massive expansion of accessible Rydberg-transition
frequency ranges afforded by high-order subharmonic
drives. Practical factors presently limiting g to ¢ < 10
are phase sensitivities and rf damage thresholds of
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commercially available phase modulators. In addition, for
any target transition with a given subharmonic order
g < 10, modulation frequency ®,,, and initial state, the
chances that the same initial state has another transition at
frequency ¢'w,, with ¢’ # ¢ and within a few tens of MHz
from the target transition are very small. (It is straight-
forward to check for such coincidences.) In comparison,
high-precision microwave spectroscopy of Rydberg tran-
sitions in 10th order would fundamentally not be feasible.

Appendix B: State-selective field ionization.—State-
selective field ionization at a given modulation frequency
yields a ratio of Rb ions that were in state |1) prior to
ionization to all detected Rb ions by means of a gated
particle counter (SRS Model SR400). The “transition
probability” axes for all collected optical spectra in this
Letter are these ratios subtracted by the average of all points

in the spectrum where E,(f) = 0 and no spectral feature is
observed (pink data points in Figs. 2 and 4). We do this to
eliminate any unwanted background signal from electrons
and ions that were not involved in the spectroscopy but
were recorded by the particle counter.
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