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Prethermalization occurs as a state of quasi-equilibrium when an energetic or dynamic gap confines an isolated
many-body system to a subspace separated from thermodynamic equilibrium. Constrained relaxation in a prethermal
phase can support restricted mobility in natural and model systems of high dimensionality and limited disorder. Here,
we describe the signature of an enduring prethermal regime of arrested relaxation in the molecular ultracold plasma
that forms following the avalanche of a state-selected Rydberg gas of nitric oxide. This robust final state, consisting of
weakly associated nitric oxide ions and electrons, persists on a millisecond timescale despite accessible dissociation
channels to neutral atoms. In every realization, ionization avalanches mark the initial progress to this state by a
power-law size distribution that suggests an intermediate regime of self-organized critical (SOC).
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impact avalanche and evolution to form an ultracold
plasma.

The moving grid machine o↵ers an informative view of
the evolution from state-selected Rydberg gas to plasma
as a function of the DC field between G1 and G2. Figure 2
stacks oscilloscope traces showing how the plasma signal
varies with bias for a G2 position fixed at a distance of
28 mm downstream from the point at which the pair of
pulses, !1 + !2, illuminate the molecular beam. Under
conditions of +500 mV cm�1 forward bias, we clearly
see an initial signal of prompt electrons coinciding with
the firing of !2 at t = 0. After a flight time of 20 µs,
the illuminated volume, travelling at the propagation
velocity of the molecular beam, reaches G2, where it
forms a Gaussian electron signal waveform that broadens
with an increasing displacement of G2.
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The grid and detector assembly moves longitudinally
under external motorized control. By this mechanism, we can
vary the flight time through the G �1 G2 evolution region
from t = 0, when laser excitation forms the Rydberg gas, until
the the excitation volume transits G2 and forms an electron
signal.

To obtain pulsed-field-ionization spectra, we connect the
output of a Behlke high-voltage switch to G1. A pulse applied
to this electrode creates a rising electric field in the evolution
region. A tuned RC circuit controls the rise time of this pulsed
field. Figure 2 shows the experimental field pulse created for a
fixed G �1 G2 span of 3.6 cm, rising from 0 to 838 V cm−1

with a time constant of three μs.
To probe the excitation volume by means of a low-vol-

tage pulsed field, we use a Tektronix AWG2020 arbitrary
waveform generator to create a one μs, �3 V square wave
pulse, which we apply to G1.

3. Results

3.1. Preparation of the Xe Rydberg gas

With ω1 set to excite the transition in Xe from Xe⎡⎣ ⎤⎦p p5 P 6 [5/2]5 2
3/2

2
2, we tune ω2 over a range from 515 nm

to 508 nm, which drives absorption from the p6 state to
Rydberg states in the ns and nd series with an initial principal
quantum number ranging from =n 300 to 70. Using a for-
ward-bias high-voltage pulse, applied to G1 after a delay of
one μs, we detect the ω2 absorption spectrum by pulsed-field
ionization. Figure 3 plots the Rydberg spectrum from n = 38
to n = 53, observed in ω2 transitions from Xe p6 by inte-
grating the pulsed-field ionization signal.

If we omit the pulsed field and wait for the excitation
volume to travel the distance set between the excitation region
and G2, we observe a characteristic waveform, as displayed in
figure 4. The small prompt electron signal at ��t 0 s appears

with an intensity that does not vary with the properties of ω2,
but does depend sensitively on the ω1 power, indicating that
this weak feature arises from ω1 three-photon ionization.

The arrival time of the second feature depends on the
distance from the excitation region to G2. This distance
divided by this late-peak arrival time conforms precisely with
the measured �385 m s 1 velocity of Xe atoms in our beam.
The width of this feature in time transforms to the spatial
width of the excitation volume in the direction of propagation.

Figure 2. RampQ3 pulse used to obtain field-ionization spectra of Xe
Rydberg states. A tuned RC circuit produces a pulsed electrostatic
field that rises to 838 V cm−1 with a time constant of three μs. Figure 3.A portion of the pulsed-field ionization detected absorption

spectrum of high-Rydberg transitions originating from Xe⎡⎣ ⎤⎦p p5 P 6 [5/2]5 2
3/2

2
2. The ladder marks resonances assigned to the

nd series converging to Xe+ p P5 5 2
3/2.

Figure 4. Oscilloscope trace showing the electron signal as a
function of time at the MCP detector. The prompt peak at 0 μs arises
from three ω1-photon ionization of xenon atoms together with the
instantaneous evaporation of prompt electrons following Rydber-
g–Rydberg Penning ionization. The second, stronger electron signal
marks the transit of the excited volume through G2.
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function of time at the MCP detector. The prompt peak at 0 μs arises
from three ω1-photon ionization of xenon atoms together with the
instantaneous evaporation of prompt electrons following Rydber-
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FIG. 2. Shot-by-shot signal produced as the charged volume
formed by the !1 plus !2 excitation of nitric oxide propagates
in a molecular beam to transit the detection grid, G2 at the
indicated fields applied between G1 and G2. (yellow dots) The
arrival time of electrons accelerated by the field, calculated
figuring the inertial mass of NO+ ions

Here, we adjust the G1 - G2 bias continuously from
+1200 mV cm�1 (forward) to -400 mV cm�1 (reverse).
Forward bias produces a broad electron signal waveform
that leads the late-peak detection of the illuminated
volume. From the variation of this waveform with G1 - G2

bias, we can conclude that this signal does not arise from
free electrons but rather represents the polarization of a
loose NO+ - e� charge distribution (electrons in a sheath
bound by the associated NO+ space charge [108, 109]).
This space charge polarization relaxes to merge with the
late-peak illuminated volume signal when we tune the
G1 - G2 bias through zero. Note the evident absence of
a polarized electron signal trailing the late peak under
conditions of reversed bias.

The polarized space-charge signal appears with highly
variable amplitude. By contrast, the density of late-
peak electrons propagating with the illuminated volume
remains relatively constant over a wide range of initial
Rydberg gas density, ⇢0.

B. Selective field ionization as a gauge of plasma
electron binding energy as a function of time

The SFI spectrum formed by an electrostatic ramp ap-
plied at any point before the illuminated volume transits
G2 provides a measure of the evolving distribution of
plasma electron binding energy as a function of time.
Before the start of the ramp, a G1 - G2 potential held

bers, Fig.(5.3) is obtained. This figure illustrates the contour plots of the SFI for three distinct initial

principal quantum numbers (n0 = 40,44,49) and four different ramp delays (�tRamp = 0, 150, 300,

and 450 ns). By comparing the plots within each row, it becomes evident that, for a specific ramp

delay, the primary disparity observed among experiments initiated with different principal quan-

tum numbers lies in the electric field threshold necessary for the field ionization of the Rydberg

molecules. As the initial principal quantum number increases, the electric field required to ionize

the Rydberg molecules decreases.

In order to investigate the SFI spectras at long evolution times, the SFI experiment is replicated

in the imaging experiment. Fig.(5.4) shows a SFI spectra of the ultracold plasma formed by a

49 f (2) Rydberg gas after evolving for 400 µs. Similarly as with short evolution times SFI, this

plot represents a stack of 4000 individual SFI traces, where each trace was obtained by changing

the delay between the two laser pulses (�t�2) from zero to 1µs. Each trace is then sorted according

to their integrated signal. Notice how this spectra exhibits a single characteristic between 0 and 3

V/cm, similar to the frames displayed in the short evolution times SFI that have evolved for over

450 ns. In contrast to these two long-evolved SFI spectras, plasmas with a shorter evolution time

display a less prominent feature at low ramp fields while manifesting two distinct features at higher

ramp fields.

Figure 5.4: SFI spectra of NO for a n f (2) Rydberg gas with an initial principal quantum
number of n0 = 49 after 400 µs of evolution time.
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FIG. 3. (top) SFI spectrum, formed by 4,000 SFI traces sorted
according to the initial density ⇢0, for an nf(2) Rydberg with
an initial principal quantum number n0 = 49, following a
ramp delay, of tR = 6 µs. (bottom) SFI spectrum of electron
binding energies sampled after an evolution of 480 µs.

to 0 ± 20 mV cm�1 ensures that the ultracold plasma
evolves as a Rydberg gas together with a gas of ions and
unpolarized electrons. A complete account of the electron
binding energy spectrum of an ultracold plasma at any
point in its evolution considers the contour of SFI traces
for a wide interval of initial Rydberg gas densities.

To acquire this complete contour of SFI spectra, we
hold the laser powers in a regime of saturated !1 and !2

transitions and increment the !1�!2 delay in a series of
50 steps, increasing from 0 to 1000 ns. Over this range,
fluorescence of the A 2⌃+ state with a lifetime of 196 ns
diminishes the e↵ective size of the Gaussian ellipsoid by
a factor of 150.

The avalanche sizes measured by the integrated traces
at any given delay fluctuate widely, overlapping with
signal intensities observed at many neighbouring initial
densities. To regularize diagnostic aspects of these

Self-organization in a molecular ultracold plasma 9

FIGURE 5. Log–log plot of the distribution of avalanche size measured by the total electron
signal measured in 4000 SFI spectra recorded with a ramp delay of 4 µs after ω2 (red),
compared with the signal produced largely by Rydberg gas at a zero ramp-field delay (blue).
The distribution of early time signal, arising from the initially prepared Rydberg gas together
with the beginning stage of avalanche fits a Gaussian plus a slightly attenuated step function
(see text below). On the time scale of a few hundred nanoseconds, the system evolves to form
a plasma with very little residual n0-Rydberg population. The distribution of measured electron
signal at an evolution time of 4 µs conforms with a power law, described by P(N) = Nα with
α = −1.37 ± 0.05.

contribution. Instead, the electron signal recorded in each of 4000 SFI traces fits a power
law as shown by the red points on this log–log plot. After a flight time of 400 µs, we see
from the final SFI contour in figure 4 that this distribution collapses to form ensembles of
invariant final density and very low electron binding energy.

4. Discussion
4.1. Characteristic properties of a long-lived molecular ultracold plasma of nitric oxide
For initial Rydberg gas densities, ρ0, ranging from 5 × 1012 cm−3 (5 µm−3) to less than
1 × 1010 cm−3 (0.01 µm−3), and varying intervals of initial n0f (2), ellipsoidal ultracold
plasmas of nitric oxide bifurcate to form volumes of nearly invariant density. Entrained
in a molecular beam, these volumes propagate to produce compact 1 cm diameter circular
projections in the x, y plane of an imaging detector, with an elongation in z established by
the time dependence of this signal.

The figure 2 ω2 excitation spectra of this signal confirm its degree of uniformity at a
glance. Here, we see the magnitude of integrated electron signal waveforms collected as a
function of Rydberg gas initial principal quantum number after a field free flight of 500 µs.
Within systematically shifting intervals of n0, analysis of digital images, such as figure 3,
tells us that these resonances signal a final, arrested plasma density around 0.0027 µm−3

for all initial densities. As we see from figure 4, SFI spectra of such volumes recorded near
the imaging detector signify a uniform appearance potential of 1 V cm−1.

The velocity with which these volumes separate in x depends directly on the selected
initial principal quantum number of the Rydberg gas, and its initial density. However, to a
remarkable degree, plasmas formed with all separation velocities exhibit virtual identical
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FIGURE 2. Excitation spectrum of ω2 transitions to states in the n0f (2) series found when
integrating the long-lived ultracold plasma signal as pictured in figure 3 for the initial densities,
reading from bottom to top: 5 × 1012, 5 × 1011 and 1.25 × 1011 cm−1. All scans of detected
spectral intensities are plotted on the same scale: the active domains of these distributions over
n0 all yield approximately the same arrested density for all values of ρ0. Points plotted at each
principal quantum number denote relative values of the charge-transfer pair density, defined by:
ρCT = (ρNO+)(ρNO∗)/(ρNO+ + ρNO∗). See § 4.3.

FIGURE 3. Plasma bifurcation and recoil: (left) x, y images of ultracold plasma volumes
produced by 6:1 aspect ratio ellipsoidal 44f (2) Rydberg gases after flight times of 500 µs
over a distance of 700 mm, for estimated initial densities of 5 × 1011, 6.5 × 1011, 8 × 1011 and
1 × 1012 cm−3 reading from the smallest to largest separations. (right) Bifurcated traces giving
pairs of replicate absolute sums of imaging detector columns in y as a function of x for the images
pictured on the left.
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a)
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b)

Figure 1: a) Selective field ionization spectrum of the evolving NO
plasma in a power-law regime of avalanche size, b). c) Field ionization
spectrum of the prethermalized state, in which no electron is bound by
more than 10 cm−1 and the plasma bifurcates to form prethermalized
volumes, d).

For a wide range of initial conditions, this system
forms an evolving phase in which a substantial density
of NO+ and electrons balances a population of Rydberg
molecules. Electron collisions mix orbital angular mo-
mentum, scattering Rydberg molecules to states of very
high-ℓ. Low-ℓ states rapidly predissociate, purifying
this non-penetrating character, creating an extraordinary
gap between the plasma states of 𝑛 ≈ ℓ, with measured
𝑛 > 200 and penetrating states of ℓ = 0, 1 and 2. Evolu-
tion to a statistically equilibrated state of N and O atoms
cannot occur without Rydberg electron penetration, and
this gap blocks relaxation for a millisecond or more.

We find that a set of coarse-grained rate laws de-
scribing electron impact ionization, recombination and
neutral dissipation processes conforms with the attractor
observed experimentally. The stochastic implementation
of these rate processes in a percolation model captures
the transition to a critical state, replicating the attractor
and power-law characteristics of this system. Evolving
through the critical regime, electrons that balance the
NO+ charge behave as though localized in the prethermal phase and play an ineffective role in bridging this gap.
However, ℓ-mixng, driven by mm-wave Rydberg-Rydberg transitions to penetrating states or weak radiofrequency
field (RF) induced electron-Rydberg collisions, bridges the angular momentum gap, causing the entire ensemble to
thermalize. The molecular nitric oxide ultracold plasma offers a novel experimental and theoretical platform in which a
quantitative reference to microscopic dynamics accounts for the spontaneous formation of an emergent SOC ensemble
that evolves to a sub-critical prethermalized state.
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