
PHYSICAL REVIEW E 109, 015201 (2024)

Preliminary study of plasma modes and electron-ion collisions in partially
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Magnetic fields influence ion transport in plasmas. Straightforward comparisons of experimental measure-
ments with plasma theories are complicated when the plasma is inhomogeneous, far from equilibrium, or
characterized by strong gradients. To better understand ion transport in a partially magnetized system, we study
the hydrodynamic velocity and temperature evolution in an ultracold neutral plasma at intermediate values of the
magnetic field. We observe a transverse, radial breathing mode that does not couple to the longitudinal velocity.
The inhomogeneous density distribution gives rise to a shear velocity gradient that appears to be only weakly
damped. This mode is excited by ion oscillations originating in the wings of the distribution where the plasma
becomes non-neutral. The ion temperature shows evidence of an enhanced electron-ion collision rate in the
presence of the magnetic field. Ultracold neutral plasmas provide a rich system for studying mode excitation and
decay.

DOI: 10.1103/PhysRevE.109.015201

I. INTRODUCTION

Magnetic fields and plasmas are often found together.
In some cases, the magnetic field is applied to the plasma
to confine the plasma or influence its dynamical properties
[1–6]. In other cases, the fields are generated by the plasmas
themselves and become an embedded characteristic of the sys-
tem as it evolves [7–14]. Understanding how magnetic fields
change transport properties is an integral part of high-fidelity
multiscale plasma modeling for applications such as optimiz-
ing plasma confinement [2,15–19], understanding turbulence
[20–22], or probing magnetic reconnection [23].

Magnetic fields allow new kinds waves [24] and mod-
ify dispersion relations [25]. When collisions are important,
transport. coefficients themselves may depend on the mag-
netic field [26,27], modifying descriptions of diffusion,
viscosity, and temperature relaxation [28–42]. Transport coef-
ficients are determined by measuring gradients in temperature,
density, and velocity and the fluxes that they drive.

Isolating and identifying a single transport process in
experimental plasmas is extremely challenging [43]. Ultra-
cold neutral plasmas (UNPs) offer the possibility of not
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only scuplting the initial density [44] but also systemati-
cally varying the density, independently adjusting the initial
electron and ion temperatures [45–47], and choosing the ion-
ization state [48], as many recent results demonstrate [42,49–
55]. UNPs are strongly coupled, nondegenerate, quasihomo-
geneous, quasi-steady-state plasmas [45,46]. They simulate
high energy-density plasmas over a limited range of param-
eters [49,56–64]. UNPs have been used to study instabilities
[65], RF heating rates [66], and plasma confinement [5,67–
69]. They are part of a constellation of low-density, low-
temperature, complex plasmas including non-neutral [70–72]
and dusty plasmas [6,73].

In this paper, we explore ion transport in an expanding,
partially magnetized UNP more closely. Rather than measur-
ing the plasma size vs time as in previous studies [42,55],
we focus on the hydrodynamic velocity. Surprisingly, we ob-
serve a transverse radial breathing mode in the presence of
a magnetic field that does not couple to the longitudinal ion
motion. This mode is not readily detectable when measuring
the transverse plasma size. The mode frequency scales with
plasma non-neutrality, evidently driven by ion acoustic waves
originating in the wings of the density distribution, where the
plasma is no longer neutral [74]. We also observe enhanced
electron-ion heating in the presence of the field. These data
illustrate how UNPs provide a novel platform for studying
mode excitation and relaxation.

II. UNP EXPANSION

When UNPs are created by photoionizing laser-cooled
atoms in a magneto-optical trap, the initial ion spatial den-
sity is often spherically symmetric and Gaussian. For free
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expansion into the vacuum, the expansion is self-similar, of
the form,

ni(r, t ) = n0 exp[−r2/2σ 2(t )], (1)

where n0 is the peak ion density, σ (t ) = σ0(1 + t2/τ 2)1/2 is
the RMS size of the plasma, τ 2 = (miσ

2
0 )/[kB(Te(0) + Ti(0)],

τ is a characteristic expansion time, mi is the ion mass, and
Te(0) and Ti(0) are the initial electron and ion temperatures,
respectively.

These UNPs are not strictly charge neutral. The
non-neutrality, δ ≡ 1 − (Ne/Ni ), was shown to be δ =
λD/σ0, where Nα is the number of species α and λD =
[ε0kBTe/(n0e2)]1/2 is the electron Debye length in the center
of the plasma [75–77]. However, non-neutrality is confined to
the wings of the density distribution [74]. In the cold plasma
approximation, the electron density distribution is

n(0)
e (r)

n0
= exp

(
− r2

2σ 2

){
1, r � R,

0, r > R
. (2)

When Eq. (1) is a good approximation of the ion density, the
UNP charge imbalance is calculated as

δ = 1 − 1

(2πσ 2)3/2n0

∫ R

0
4πr2ni dr

= 1 + R

σ

√
2

π
exp

(
− R2

2σ 2

)
− erf

(
R

σ
√

2

)
. (3)

The expansion described by Eq. (1) is driven by electron
pressure [78]. However, a uniform external magnetic field
reduces the transverse electron pressure, significantly chang-
ing the expansion properties [42,55]. The importance of the
magnetic field can be understood in terms of a heirarchy of
length and timescales. For our UNP work, typical plasma
characteristics are Te = 100 K, Ti = 1 K, n0 = 6 × 108 cm−3,
σ0 = 1.3 mm, and B = 100 G. The electron Debye length,
electron Larmor radius, and Wigner-Seitz radius are

λD =
(

ε0kBTe

ne2

)1/2

= 26 μm,

rL = mevth

eB
= 22 μm, (4)

aws =
(

3

4πε0

)1/3

= 7 μm,

where vth = (kBTe/mc)1/2, yielding the relation

σ0 � λD ≈ rL > aws. (5)

The electron cyclotron frequency, electron plasma frequency,
and electron-ion collision rate are

ω(e)
c = eB

me
= 2π × 280 MHz,

ω(e)
p =

(
ne2

meε0

)1/2

= 2π × 230 MHz, (6)

γei =
√

2

3π
�3/2

e ω(e)
p ln

[
1

�
3/2
e

√
3

]
= 2π × 2 MHz,

where �e = e2/(4πε0awskBTe) and γei is calculated using the
peak plasma density. This yields the relation

ω(e)
c ≈ ω(e)

p � γei. (7)

The electrons move freely along the magnetic field lines and
orbit them tightly in the transverse direction, experiencing in-
frequent collisions with UNP ions. Because the measurement
window is only 50 μs, the magnetic field has almost no direct
influence on the ion motion. The degree of magnetization
for species α is characterized by the ratio of the cyclotron
frequency to the plasma frequency, βα = ω(α)

c /ω(α)
p . For elec-

trons and Ca+ ions at a density of 6 × 108 cm−3 in a field of
100 G,

βe = 1.3, βi = 0.005, (8)

quantifying the field’s strong influence on electronic motion
and its vanishing influence on the ions.

III. UNP EXPANSION IN REDUCED DIMENSIONS

With Eq. (8) in mind, we adapt the expansion models of
Refs. [58,79,80] to include the effect of the magnetic field on
the plasma expansion. Rather than including the Lorentz force
on the electrons explicitly, we include its effect phenomeno-
logically by allowing the transverse expansion to proceed
more slowly, corresponding to reduced transverse electron
pressure. This model assumes exact charge neutrality, in con-
flict with Eq. (2). However, the model closely describes the
expansion of UNPs in the absence of a magnetic field [58].
Because the non-neutrality is small and limited to the wings
of the spatial distribution, this model is expected to be valid
near the center of the plasma.

Using a self-similar Gaussian spatial distribution [42], and
allowing for a generalized asymmetry in both size and expan-
sion rate, we write the ion distribution function as

fi = Ni

8π3σ1σ2σ3v
3
th

exp

(
− x2

2σ 2
1

− y2

2σ 2
2

− z2

2σ 2
3

)

× exp

[
− (�v − �u)2

2v2
th

]
, (9)

�u = γ1xî + γ2y ĵ + γ3zk̂, (10)

where the rms widths σ1, σ2, σ3, and vth = (kBTi/mi )1/2 and
the hydrodynamic velocity gradients γ1, γ2, and γ3 all depend
on time but not space, Ti is the ion temperature, and mi is the
ion mass.

The continuity equation,

∂t ni + ∇ · (ni�u) = 0 (11)

describes the evolution of the spatial density,

ni =
∫

fi d3v, (12)
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in the absence of sources. For the distribution in Eq. (9), the
continuity equation is

1

σ1

(
1 − x2

σ 2
1

)
(γ1σ1 − ∂tσ1)

+ 1

σ2

(
1 − y2

σ 2
2

)
(γ2σ2 − ∂tσ2)

+ 1

σ3

(
1 − z2

σ 2
3

)
(γ3σ3 − ∂tσ3) = 0, (13)

for which the only nontrivial solution is

σ̇k = γkσk, (14)

with k = 1, 2, 3.
The ion momentum equation is

mini[∂t �u + (�u · ∇)�u] = −kBTe∇ni − ∇Pth,i + ni �Fii, (15)

where Pth,i is the ion thermal pressure and �Fii is the “ion-ion
correlation force” or the excess force arising from the ion-
ion correlation function gii [79]. The ion thermal pressure is
defined using an ideal gas law,

Pth,i = mi

3

∫
(�v − �u)2 fi d3v = nikBTi, (16)

due to the assumed Maxwellian nature of the velocity distri-
bution. The ion-ion correlation force, described in Ref. [79],
can be expressed as

ni �Fii = −1

3

[
∂ (uiini )

∂ni

]
∇ni

= Uii

3

(
x

σ 2
1

î + y

σ 2
2

ĵ + z

σ 2
3

k̂

)
ni, (17)

where Uii is the ion-ion correlation energy. Therefore, Eq. (15)
has the solution

γ̇k = kBTe + kBTi + Uii/3

miσ
2
k

− γ 2
k , (18)

provided that Ti has no spatial dependence.
The conservation of energy gives us an equation for the ion

temperature. Equation (6c) in Ref. [79] can be written as

mi

2Ni
∂t 〈v2〉 = −kBTe

Ni

∫
(∇ni ) · �u d3r − ∂tUii. (19)

This evaluates to

3

2
kBṪi + (kBTe+kBTi + Uii/3)

3∑
k=1

γk = kBTe

3∑
k=1

γk − U̇ii,

(20)

yielding the ion temperature equation,

kBṪi = −2

3
(kBTi + Uii/3)

(
3∑

k=1

γk

)
− 2

3
U̇ii. (21)

Including the effect of electron-ion collisions, as in Ref. [58]
modifies the ion temperature equation,

kBṪi = − 2

3
(kBTi + Uii/3)

(
3∑

k=1

γk

)

− 2

3
U̇ii + 2

me

mi
γeikB(Te − Ti ), (22)

where me is the electron mass and γei is the electron-ion
collision frequency.

The electron temperature equation follows from the ion
temperature equation. We recognize the first right-hand side
term in Eq. (22) as adiabatic expansion. Neglecting electron-
ion recombination and electron-electron correlation energy,
both assumed to be small, and assuming charge neutrality
and a Maxwellian electron velocity distribution, the electron
temperature evolution is

kBṪe = −2

3
(kBTi )

(
3∑

k=1

γk

)
− 2

me

mi
γeikB(Te − Ti ). (23)

Equations (14), (18) (22), and (23) form a set of coupled or-
dinary differential equations describing the plasma expansion.
We solve these numerically using expressions in Appendix to
determine Ti(t ) and γk (t ).

The magnetic field causes the expansion to become one
dimensional. It was shown in Ref. [42] that for magnetic
fields above a few hundred Gauss, the asymptotic transverse
expansion velocity falls exponentially to zero. The magnetic
field produces an external force on the electrons. We therefore
consider the case when the gradient functions γ1(t ) and γ2(t )
are zero and the rms size distributions σ1(t ) and σ2(t ) are con-
stants in time. Compared to the three-dimensional symmetric
expansion, the velocity gradient γ3(t ) is nearly unchanged.
However, the ion temperature will fall more slowly.

The effect of non-neutrality on these model predictions
is not obvious. Neutrality is implied in deriving the elec-
tron distribution and the properties of the plasma mean field.
While neutrality is an excellent assumption in the center of
the plasma, edge effects are explicitly not included. As we
will see, these effects play a significant role in the plasma
evolution.

IV. EXPERIMENT

We trap up to 20 million neutral Ca atoms in a MOT using
423-nm laser beams [42,50,57] and repumping at 424 nm
[81] [see Fig. 1(a)]. The Ca+ plasma is formed by ionizing
the Ca atoms using 5-ns duration laser pulses at 423 and
390 nm, driving the 4s2 1S0 → 4s4p 1P1 and 4s4p 1P1 →
continuum transitions, respectively. The photon energy of
the 390-nm laser above the ionization energy controls the
electron temperature, Te, with initial values ranging from 30
to 400 K.

We apply a constant uniform magnetic bias field in the z
direction. Calculations indicate that the magnetic field varies
by less than 1% across the spatial extent of the plasma. The
MOT fields turn off coincident with the bias field turning on
1.4 ms before the ionization pulses, as shown in Fig. 1(c). This
allows the neutral atom cloud to expand, reducing the peak
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FIG. 1. (a) Partial energy level diagram for Ca. The number of
atoms in the MOT is enhanced by repumping at 424 nm. Less than
1% of the population from the 4s7s 1P1 level is lost to the trap.
(b) Energy levels in Ca+. To avoid optically pumping, both �m = 0
transitions are driven by the 393-nm probe laser light. (c) Timing
diagram for the experiment. The MOT laser beams and magnetic
field gradient are turned off, and a uniform bias field is turned on
1.4 ms before the ionizing laser pulse arrives. After a time �t ,
the probe laser beams are turned on and the camera observes the
laser-induced fluorescence. (d) Schematic representation of the fluo-
rescence measurement geometry.

density and smoothing out the spatial distribution. We probe
the ion velocity distribution by shining a 1-mm-thick sheet
of 393 nm “probe” laser beam onto the plasma [82], driving
both 4s 2S1 /2 −4p 2P3 /2 �m = 0 transitions as shown in
Fig. 1(b). For times up to �t = 50 μs after ionization, we
measure laser-induced Ca+ fluorescence in a 200- to 2000-ns
duration time window. To prevent optical pumping into the 2D
states during the longer observation windows, we use lasers at
850 and 854 nm to empty the 3d 2D states. The initial den-
sity of the plasma is determined by fitting the zero-bias-field
kinetic energy oscillation [83], and this is most conveniently
done using the PMT signal. The initial plasma size is deter-
mined from fluorescence images. To a good approximation,
the initial plasma spatial density profile is Gaussian, n(r) =
n0 exp[−r2/(2σ0)2]. Typical experimental values of the ini-
tial rms size and peak density are σ0 = 0.8 to 1.5 mm, and
n0 = 0.1 to 1 × 109 cm−3.

The probe laser beam illuminates a central 1-mm-thick
slice of the plasma distribution, as shown in Fig. 1(d). The
density variation over this width is less than ±10%. When
measuring the transverse ion velocity, we observe the flu-
orescence in a direction orthogonal to both the laser beam
propagation direction and the magnetic field direction. Flu-
orescence from the plasma is optically filtered and imaged
onto an ICCD camera using a 1:1 imaging system, discussed
in the Supplemental Material [84,85]. Fluorescence images
are recorded for typically 11 different probe laser frequency
detunings, equally spaced across the Doppler- and Zeeman-
shifted velocity profile. We collect fluorescence images at
specific delay times after plasma formation, �td , ranging from
0.1 to 50 μs. These data give us a two-dimensional image of
the ion distribution function in the middle of the plasma at a
specific time. Analysis of these images provides information
on both the width of the velocity distribution and the spatially
dependent hydrodynamic velocity.

V. DATA ANALYSIS

The fluorescence intensity is proportional to the number of
ions in resonance with the probe laser beam at a particular
time and position in the plasma. Together, the 11 fluorescence
images can be analyzed pixel by pixel to determine the ion
temperature and hydrodynamic expansion velocity. The fluo-
rescence in each pixel, S, is fit to a Voigt profile as a function
of the laser frequency, f�, detuned from the Doppler-shifted
atomic resonance f0,

S(x, z, f�) =
∫

n(x, z)πγL

[w − ( f0 − f�)]2 + γ 2
L

× 1

frms

√
2π

exp

[
− w2

2 f 2
rms

]
dw (24)

where n(x, z), frms, and f0 are fit parameters. The
Lorentzian half-width, γL, is assumed to be half of the
power-broadened natural width of the 4s 2S1/2 -4p P3/2

level, γL = (4πτ )−1
√

1 + s = 11.49 MHz
√

1 + s, where
τa = 6.924(0.019) ns is the excited state radiative
lifetime [86], s = I/Isat is the saturation parameter, and
Isat = (πhc)/(3λ3τa) = 50 mW/cm2. Typical values in these
measurements are I/Isat in the range of 0.1 to 0.5. The
Gaussian rms frequency, frms is related to the thermal
velocity through the Doppler shift, vth = λ frms, and the ion
temperature is

kBTi = mi(λ frms)2, (25)

where λ = 393 nm is the wavelength of the ion transition.
All three fit parameters, n(x, z), frms, and f0, are two-

dimensional matrices. They contain information about the
number of ions, the thermal velocity, and the hydrodynamic
velocity in the plane illuminated by the probe laser beam.
Because of the Doppler shift, the fitted center frequency of
the fluorescence peak, f0(x, z), only yields the component of
the velocity in the direction parallel to the probe laser beam
propagation.

In the direction parallel to the magnetic field, we show the
time evolution of γ3 and Ti in Fig. 2. The data in Fig. 2(a) show
that the measured velocity gradient qualitatively follows the
asymmetric expansion model. However, the ion temperature
does not. After the initial disorder-induced heating phase at
times less than 1 μs, the ion temperature is higher than ex-
pected, revealing an additional source of heating.

In the transverse direction, two-dimensional false color
images of the ion temperature and hydrodynamic velocity are
shown in Fig. 3. In these images, the probe laser propagates
from left to right (the x direction) and the magnetic field points
upwards (the z direction). In the absence of a magnetic field,
the hydrodynamic velocity closely matches the predictions of
a Vlasov model for Gaussian distribution functions [45], and
the velocity gradient in the center of the plasma is highly
linear in space. However, when a magnetic field is applied,
transverse modes appear, as shown in Fig. 3.

The frequency of the mode depends on the initial electron
temperature. In Fig. 4 we plot the gradient of the ion velocity
in the center of the plasma. Although the transverse velocity
gradient at the earliest time is small and positive, similar to
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FIG. 2. Longitudinal UNP expansion in the presence of a mag-
netic field. The probe laser beam propagates in the z direction,
parallel to �B. Black circles: experimental measurements. Error bars
indicate 1σ scatter in repeated measurements. Solid line: one-
dimensional expansion model. (a) The scaled hydrodynamic velocity
gradient along the magnetic field direction, τγ3(t ), agrees qualita-
tively with the asymmetric expansion model. There is no evidence
of any oscillation in γ3. (b) The ion temperature, Ti, reveals an
additional source of heating beyond disorder-induced heating and
electron-ion collisions in Eq. (A2). For this figure, n0 = 3.3(2) ×
108 cm−3, σ0 = 1.30 mm, Te = 96 K, and B = 216 G.

the earliest-time measurement in Fig. 2, it quickly becomes
negative and oscillates around zero.

A study of ion acoustic waves in Refs. [87,88] showed that
the hydrodynamic velocity of an ion acoustic standing wave
can be written

uIAW = A0
ω

k
exp(−�t ) sin(kx) sin(ωt ), (26)

where k = 2π/λ is k vector associated with a wave of wave-
length λ, A0ω/k is the wave amplitude, and � is the damping
rate. In this model, the undamped velocity gradient in the

FIG. 3. Transverse hydrodynamic velocity measurements. (a)
B = 0 and (b) B = 183 G. The initial electron temperature, ion den-
sity, and rms plasma size are Te = 100 K, n0 = 6.7 × 108 cm−3, and
σ0 = 1.3 mm. These show the hydrodynamic velocity 2 μs after the
plasma was formed. The magnetic field points in the z direction, and
the probe laser propagates in the +x direction, from left to right.

FIG. 4. (a) Scaled transverse velocity gradient in the presence of
a magnetic field. In contrast to the longitudinal gradient plotted in
Fig. 2, pronounced oscillations about zero are observed. The black
circles are the experimental data. The solid line is a fit from Eq. (29).
(b) Fitted scaled oscillation frequency vs charge imbalance. The
symbols are experimental data with conditions listed in Table I.
The solid line indicates the scaled ion plasma frequency at the edge
of the electron density distribution, where the plasma becomes non-
neutral.

center of the plasma is

∂ux

∂x
= A0ω sin(ωt ). (27)

The one-dimensional plasma expansion of Sec. III predicts
that the plasma frequency should fall according to

ωp(t ) = ωp(0)

(1 + t2/τ 2)1/4
(28)

as the plasma expands.
We fit the plasma velocity gradient oscillations in Fig. 4 to

the function

∂ux

∂x
= a

(1 + t2/τ 2)1/4
sin

[
b

t/τ

(1 + t2/τ 2)1/4
+ c

]
+ d,

(29)

where a, b, c, and d are fit parameters for the amplitude, scaled
frequency, phase, and offset in the oscillation. The scaled
oscillation frequency is

ω

ωp(0)
= b

ωp(0)τ
. (30)

TABLE I. Experimental parameters for data in Fig. 4. The num-
ber in parentheses following the density, rms size, charge imbalance,
and scaled oscillation frequency are the estimated uncertainties in the
last digit(s).

B (G) Te(0) (K) n0 (cm−3) σ0 (mm) δ ω/ωp(0)

1 133 96 4.6(5) × 108 1.3(1) 0.024(2) 0.088(4)
2 183 48 6.7(7) × 108 1.0(1) 0.019(2) 0.067(5)
2 183 96 6.7(7) × 108 1.0(1) 0.027(3) 0.091(2)
2 183 192 6.7(7) × 108 1.0(1) 0.038(4) 0.126(4)
2 183 384 6.7(7) × 108 1.0(1) 0.053(6) 0.181(18)
3 187 48 3.3(3) × 108 1.3(1) 0.021(2) 0.072(3)
3 187 96 3.3(3) × 108 1.3(1) 0.029(3) 0.093(5)
3 187 192 3.3(3) × 108 1.3(1) 0.041(4) 0.113(8)
3 187 384 3.3(3) × 108 1.3(1) 0.059(6) 0.148(22)
4 216 96 3.2(3) × 108 1.3(1) 0.029(3) 0.109(5)
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FIG. 5. Ion temperature for different initial electron temper-
atures. (a) As the initial electron temperature increases, the
ion temperature decreases. The inset shows the ion temperature dur-
ing the first 800 ns. (b) Plotting the ion temperature vs scaled time
shows the influence of electron-ion collisions and plasma expansion.
The legend shows initial electron temperatures in K. The circles and
dashed lines show experimental data. Solid lines show predictions
from the asymmetric expansion model of Sec. III with enhanced
values of γei as described in the text. The experimental temperature
data are from set 2 in Fig. 4 and Table I.

The solid line in Fig. 4(a) shows the fit of this model to the
data. While good, the agreement between the model and the
experimental data is not perfect. The frequency chirp, which
arises from the falling ion density, is reproduced reasonably
well. However, the experimental oscillation appears to damp
out more quickly than the model predicts. This discrepancy
may arise from a transient response, not included in the stand-
ing wave model, or from imperfect initial conditions.

In Fig. 4(b) we plot the fitted scaled oscillation frequency
as a function of the charge imbalance. These data were col-
lected for experimental conditions spanning a factor of two in
density, a factor of 8 in initial electron temperature and a factor
of 1.6 in magnetic field strength (see Table I). Also plotted
in Fig. 4(b) is the ion plasma frequency at the edge of the
electron distribution, where the plasma becomes non-neutral.
The fitted oscillation frequency appears to correspond to the
ion plasma frequency at this location.

VI. THE ION TEMPERATURE

The ion temperature is plotted in Fig. 5 for a range of
different initial electron temperatures. The circles and dot-
ted lines show the experimental data. The solid lines show
the results from the asymmetric expansion model of Sec. III
with a small multiplicative adjustment to γei used as a fit
parameter. In Fig. 5(a), the temperature is plotted vs time.
The inset shows the temperature during the first 800 ns.
Although only partially resolved in the inset, the disorder-
induced heating temperatures show the expected trend with
electron temperature [89,90]. Smaller values of Te correspond
to shorter electron screening lengths. This, in turn, reduces the
ion temperature while the system evolves from a completely
disordered gas (gii = 1) towards a Yukawa liquid.

At times beyond 5 μs, the effects of electron tempera-
ture become manifest. The Ti trend in Fig. 5 is consistent
with electron-ion heating. Smaller values of Te correspond to

greater values of the electron-ion collision rate, as indicated in
Eq. (A2).

Plotting the temperature data vs scaled expansion time
[Fig. 5(b)] shows the influence of both electron-ion collisions
and plasma expansion. For the model to better match the ex-
perimental data in this plot, the value of γei has been increased
by roughly a factor of 4. The difference between the model
and the experimental temperatures is minimized for times
t � 10 μs if γei is increased by factors of [3.28, 3.53, 4.36,
4.69] for Te(0) = [48, 96, 192, 384] K. Our model evaluated
γei using the peak ion plasma density. If, instead, we had
used the average plasma density, then the enhancement factors
would need to be increased by an additional factor of 81/2 ≈ 3.
While these adjustments to γei improve the late-time agree-
ment, the model overestimates the ion temperature at early
times. A simple multiplicative factor cannot bring the model
into agreement with the experimental data for all measure-
ments. Because of this, the quoted enhancement factors have
low reliability, not because the fits are poor, but because the
collision model appears to be missing important physics.

Generalizing the Coulomb logarithm in Eq. (A2) to include
magnetic field effects has been discussed in many publications
(see, for example, Refs. [26,27,91]). However, in Ref. [26] it
is shown that the effect of a magnetic field is to reduce the
Coulomb logarithm, contrary to what our simplified analysis
suggests. It may be that the excess ion temperature is not
due directly to the collision rate. It could result from ex-
cess electric field energy in the initial plasma state relative
to equilibrium. Excess ion temperature was also observed in
Ref. [58] for UNPs expanding without a magnetic field.

It has been suggested that an enhancement in the electron-
ion collision rate exists when the electron plasma frequency
equals the electron cyclotron frequency [92]. For the data
in Fig. 5, the electron cyclotron frequency ωc = eB/me =
3.8 × 109 s−1 and the electron plasma frequency ω(e)

p =
[(ne2)/(meε0)]1/2 = 1.5 × 109 s are comparable. However,
the suggested collision rate enhancement has no electron tem-
perature dependence, contrary to what we observe. Besides,
the enhancement predicted in Ref. [92] is too small to account
for the increases in γei that we measure.

VII. CONCLUSION

In this paper we present a study of hydrodynamic ve-
locity and ion temperature evolution in a strongly coupled,
partially magnetized UNP. Although the density profile in
the transverse direction is Gaussian [42,55], the ion velocity
distribution displays rich dynamics. In Fig. 3 we show the
presence of a low-frequency ion acoustic wave, giving rise
to a shear velocity gradient in this strongly coupled plasma. In
Fig. 4, we show that the frequency of this wave scales with the
plasma charge imbalance consistent with the ion plasma fre-
quency at the edge of the plasma, where the plasma becomes
non-neutral. The exact nature of this response is the subject of
future work. In Fig. 5 we show excess ion temperature relative
to an expansion model. The excess temperature is consistent
with electron-ion heating. However, the apparently enhanced
value of γei remains an open question.

Future work is needed to understand the electron-ion colli-
sion thermalization rate in the presence of a magnetic field.
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The expansion dynamics, density gradients, and extended
timescales in our system pose challenges for comparison to
both theory and explicit electron molecular dynamics simu-
lations. In the future, it may be possible to manipulate the
electron-ion collision rate through electron cyclotron heating
[93–96]. If successful in UNPs, then this heating could be a
tool for manipulating the charge neutrality of the plasma, the
eigenmode frequency, and, perhaps, the ion strong coupling
parameter.

Future work could also explore mode excitation dynamics.
In Eq. (27) we model the mode frequency as though it is
a single frequency. In reality, many different modes are un-
doubtedly excited. The impulse response of the plasma [97]
and its relaxation to a quasi-steady-state oscillation could be
instructive. The visibility of modes as shown in Figs. 3 and
4 depends sensitively on the symmetry of the initial plasma.
These modes therefore provide a way to probe the spatial
density distribution. Future work using different geometries,
those that provide a higher mode frequency compared to the
plasma expansion rate, for example, would also allow mea-
surements of the mode relaxation rate.

Plasma mixtures provide yet another rich avenue of fu-
ture research [50,51,57,98]. Because the transverse modes are
driven by non-neutrality at the edge of the plasma, it may
be possible to excite transverse modes in different species,
somewhat independently of the other, and to measure the
approach to equilibrium.
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APPENDIX: SUPPORTING EQUATIONS FOR SEC. III

Equations (14), (18) (22), and (23) form a set of coupled or-
dinary differential equations describing the plasma expansion.
Solving these equations requires several additional equa-
tions. We include equations from Refs. [79] and [58] for γei

and Uii.

τcorr =
√

miε0

nie2
= [

ω(i)
p

]−1
, (A1)

γei =
√

2

3π
�3/2

e ωpe ln
[
1
/(

�3/2
e

√
3
)]

, (A2)

Uii,eq = kBTi�
3/2
i

(
A1√

A2 + �i
+ A3
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�i = e2

4πε0aws

1

kBTi
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�e = e2

4πε0aws

1

kBTe
, (A5)

ωpe =
√

nee2

meε0
, (A6)

ne = ni = Ni

(2π )3/2σ1σ2σ3
, (A7)

aws =
(

3

4πni
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, (A8)

A1 = −0.9052, (A9)

A2 = 0.6322, (A10)

A3 = −
√

3

2
− A1√

A2
= 0.2724. (A11)
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