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ABSTRACT
Collisionless Larmor coupling is a fundamental process in space and astrophysical plasmas that enables momentum transfer between an 
expanding plasma and a magnetized ambient medium. In this paper, we report on the laboratory experimental study of Larmor coupling 
leading to the formation of a plasma blob associated with a laser-driven, super-Alfv�enic plasma flow on the Large Plasma Device at the 
University of California, Los Angeles. The high-repetition rate enables systematic spatial and temporal scans of the plasma evolution using 
Doppler spectroscopy, as well as measurements of the magnetic field, electrostatic field, and self-emission of both debris and ambient ions 
using filtered imaging. We observe the self-focusing of the laser-produced plasma and the formation of a secondary diamagnetic cavity asso
ciated with a blob composed of background ions. Doppler spectroscopy reveals the transverse velocity distribution of the background ions, 
providing direct evidence of ion energization via Larmor coupling. The systematic spatial and temporal scans enabled by the high-repeti
tion-rate experiment allow for a detailed characterization of the ion dynamics. These experimental observations are supported by numerical 
simulations that provide more insight into the kinetic-scale physics associated with blob formation as well as the role of the ambient plasma 
density.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0325985

I. INTRODUCTION
The interaction of an expanding plasma cloud with a magnetized 

background is a fundamental process in space and astrophysical plas
mas that can occur across vastly different scales, from the expansion 
of supernova remnants into the interstellar medium1 to the formation 
of cometary plasma tails2 and high-altitude nuclear explosions.3 In 
these rarefied environments, the collisionless interaction between the 
expanding plasma and the magnetized ambient can lead to the forma
tion of plasma blobs—localized, high-density structures that exhibit 
coherent cross field motion.4–9 Such blobs have been observed in 
space associated with ionospheric disturbances,10–12 solar flares,13 as 
well as cometary transits14 and in the laboratory in fusion devices and 
other magnetized experiments15–21 and laser-driven plasmas.22,23

Plasma blobs can generally occur in two types of conditions that 
can be categorized either as laminar - where the momentum transfer 

occurs through large scale polarization and induction electric fields, 
or turbulent - where the blob formation is associated with the devel
opment of instabilities at the interface between the expanding plasma 
and the magnetized ambient medium.1,24 In the laminar regime, the 
formation of plasma blobs is generally explained by the development 
of strong polarization electric fields, which in turn drive E� B drift 
currents. This process can result in the formation of blobs that propa
gate across field lines. This description works well for large systems 
evolving on fluid scales, but does not account for finite Larmor radius 
effects that arise on kinetic spatial and temporal scales, where it has 
been demonstrated that Larmor coupling can play a significant role in 
the momentum transfer between the debris and ambient plasma.25,26

This work aims to reproduce space-like conditions characterized 
by a super-Alfv�enic flow (MA ¼ vd=vA > 1, where vd is the debris 
velocity and vA is the Alfv�en speed in the ambient plasma) and a 
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magnetically dominated regime (b ¼ 8ppe=B2 � 1, with pe the elec
tron thermal pressure). In this regime, turbulence has been shown to 
be relatively inefficient at transferring momentum,27,28 and instead, 
momentum transfer is expected to be mediated by large-scale electric 
fields. In this low-b, cross field flow regime, the laminar electric field 
can be well approximated by29 

Elam ’ −
B� ðr � BÞ
4pe

P
i Zini

−
P

i Zinivi � B
c
P

i Zini
; (1) 

where vi is the ion velocity, ni is the ion density, e is the electron 
charge, and Zi is the ion charge. This left-hand term arises from 
magnetic pressure gradients in the plasma and points toward decreas
ing magnetic field gradients. The right-hand term represents the 
electric field induced by ions current transverse to the magnetic field 
ELar / Ji � B and is denominated the Larmor electric field.

Observations from space missions, such as the combined release 
and radiation effects satellite (CRRES)5,30 and the active magneto
spheric particle tracer explorer (AMPTE)31,32 have documented the 
emergence of plasma blobs following the release of artificial ion clouds 
in the upper atmosphere, demonstrating their ability to persist and 
transport across field lines. The formation and transport of these 
blobs were attributed to Larmor coupling,25,26 a mechanism in which 
the background ions are initially accelerated transversely by the 
Larmor electric field. These ions then undergo gyromotion in the 
magnetic field, effectively transferring their gained momentum into 
forward motion and enabling them to be picked up by the expanding 
plasma debris. These predictions have been corroborated by labora
tory experiments from our group, which observed evidence of 
Larmor coupling between a laser-produced plasma (LPP) and a mag
netized ambient plasma.22,29 A more recent experiment provided a 
deeper insight into the laser-plasma self-focusing and blob formation, 
with a particular focus on the dynamics of the debris plasma using 
laser-induced fluorescence (LIF) on the laser-produced carbon ions.23

Hewett et al.33 derived conditions for efficient collisionless cou
pling between an expanding driver plasma and the ambient plasma 
in a highly superalfvenic regime: p

2
Zdnd

ZdndþZana
� 1 and p

2
Zdnd

ZdndþZana 

� xca dtpulse, where Zd, nd and Za, na are the charge states and densi
ties of the debris and ambient ions, respectively, xca is the ambient 
ion cyclotron frequency, and dtpulse is the duration of the debris pulse. 
The left-hand side requires the driver’s charge density to be large 
enough compared to the background charge density to efficiently 
accelerate it, while the right-hand side dictates that the background 
ions should be sufficiently magnetized to remain coupled after the ini
tial acceleration.

While Ref. 23 focused on the dynamics of the C4þ driver ions 
through laser-induced fluorescence (LIF), measuring their collimation 
and velocity evolution, it lacked phase-space information on the back
ground Heþ ions. The present work completes the physical picture by 
providing spatio-temporally resolved Doppler spectroscopy of the 
Heþ 468.6 nm line, in order to access the transverse velocity distribu
tion of the background ions, enabled by the high-repetition rate of the 
experiment. Additionally, a background plasma density twice as high 
as in previous experiments was achieved, providing new insights into 
the role of density in the blob formation process. The experimental 
setup and diagnostics are presented in Sec. II and the obtained results 
in Sec. III. Particle-in-cell (PIC) simulations and associated physical 
discussions are presented in Sec. IV.

II. EXPERIMENTAL SETUP
The experiment was conducted on the large plasma device 

(LAPD), operated by the basic plasma science facility (BaPSF) at 
UCLA, and utilized a high-power laser system from the Phoenix laser 
facility to investigate the interaction between a laser-driven, super- 
Alfv�enic plasma and the magnetized ambient plasma. A schematic of 
the setup is shown in Fig. 1.

The LAPD34 is a linear, pulsed discharge device comprising a 
20-m-long, 1-m-diameter vacuum vessel capable of generating a 
long-lived (�20 ms), highly-repeatable plasma column at repetition 
rates of up to 1 Hz. Circular magnetic coils placed regularly along the 
length of the machine generate an axial (along z) magnetic field 
adjustable between 200 and 2500 G. The plasma density can be varied 
within the range of 1012 − 5� 1013 cm−3, with typical electron tem
peratures of Te �2 − 10 eV and ion temperatures around Ti �1 eV. 
General experiments are summarized in Table I. The laser, operating 
at a repetition rate of 1 Hz, delivers 10 J of energy in a 20 ns pulse at 
k ¼ 1053 nm. It is used to generate a super-Alfv�enic plasma flow by 
focusing the beam onto a cylindrical graphite target, achieving an 
intensity of I �1012 W=cm2. To ensure a fresh surface for each laser 
shot, the motorized target is rotated in a helical pattern, enabling up 
to 12.000 consecutive shots. The laser-produced plasma is mainly 
constituted of C4þ ions, which dominate the leading edge of the LPP 
at the laser intensities used here (1011 − 1012 W/cm2), as shown by 
previous characterization and simulation work.35,36 While a limited 
amount of other charge states is present, the C4þ emission provides a 
reliable tracer of the debris plasma dynamics. The LPP propagates 
along the x-axis at a speed of vd ¼ 270 km/s, transverse to the back
ground magnetic field. The Ion–ion collision mean-free path between 
the carbon and helium ions is kii ¼ 22 m so that their interaction is 
largely collisionless on the scale of our experiment.

In this experiment, the LAPD is filled with helium gas, produc
ing a background plasma composed of Heþ ions. Helium is chosen 
as it enables imaging and spectroscopy, as well as reaching a higher 
density. The background plasma density is measured with a combina
tion of a Langmuir probe and 288 GHz interferometer and was 

FIG. 1. Schematic of the experimental setup on the LAPD. 
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ne ¼ nHeþ ¼ 4� 1013 cm−3, yielding an inertial length for the Heþ
ions di ¼ c=xpi ¼ 7 cm where xpi ¼ ðniZ2e2=ðe0miÞÞ

1=2 is the ion 
plasma frequency. The background magnetic field is set to be 
B0 ¼ 800 G with B0 ¼ B0uz, yielding a super-Alfv�enic flow with a 
Mach number MA ¼ 2:1.

The time-resolved magnetic field and plasma potential are mea
sured in the XY-plane using a magnetic flux (B-dot)37 and emissive 
probe.38 The quantities are measured locally with three repetitions per 
position, and the probes moved between shots to map out the fields 
in 2D. An intensified (ICCD) PI-MAX4 camera with up to 4 ns time 
resolution images the interaction and captures snapshots at different 
delays on different shots. Narrow bandpass filters were placed in front 
of the camera, using either a 468.6 nm filter to image emission from 
an excited level of Heþ or a 227 nm filter to image emission from the 
C4þ ions. A spectroscopic fiber-probe is inserted from the side, below 
the target, collecting emitted light from the plasma line integrated in 
the z-direction. A 75 mm focal length lens projects the image of the 
plasma onto a line array bundle of 20–200 lm optical fibers, yielding 
a field of view of �1.5 cm in the z-direction and 0.1 cm in the x direc
tion. The fiber-probe is motorized so that it can scan and collect light 
at different positions along the x-axis. The collected light is sent to a 
grating spectrometer centered on the 468.6 nm excited Heþ line and 
imaged on a fast-gate, intensified (ICCD) PI-MAX2 camera, resulting 
in a spectral resolution of 0.02 nm.

III. EXPERIMENTAL RESULTS
As the fast-moving laser plasma expands into the background 

magnetic field, it sweeps the field away to create a diamagnetic cavity, 
while compressing it to the front of its expansion.39,40 Figure 2 shows 
the evolution of this diamagnetic cavity both in vacuum and plasma 
background. The cavity experiences collimation as it is pinched from 
the sides by the magnetic pressure associated with the large gradients 
of the magnetic field on the edges of the laser-plasma. This phenome
non has been characterized in a previous experiment measuring the 
evolution of the transverse velocity of the C4þ ions using laser- 
induced fluorescence (LIF).23 In the background plasma case, a sec
ondary diamagnetic cavity forms and expands from the upper part of 
the tip of the laser-produced plasma around t �500 ns. Later in time, 
as the main diamagnetic cavity’s expansion stagnates at x ¼ 7:5 cm, 
this secondary structure detaches and continues propagating forward.

TABLE I. Summary of key experimental parameters. 

Parameter Symbol Value

Laser

Wavelength kL 1053 nm
Pulse energy EL 10 J
Pulse duration sL 20 ns
Repetition rate 1 Hz
Focal spot diameter dspot �300 lm
Intensity IL �1012 W/cm2

Spectrometer

Grating 3600 g/mm
Spectral resolution dk 0.02 nm
Velocity resolution dVy 25 km/s

Background plasma

Ion species Heþ

Electron density ne 4� 1013 cm−3

Electron temperature Te 2 − 10 eV
Ion temperature Ti �1 eV
Magnetic field B0 800 G

Debris plasma

Dominant ion species C4þ

Debris velocity vd 270 km/s

Derived/dimensionless parameters

Alfv�en speed vA 130 km/s
Alfv�enic Mach number MA ¼ vd=vA 2.1
Plasma beta be �1
Ion inertial length (Heþ) di 7 cm
Heþ gyroperiod si 3.25 ls
C4þ–Heþ mean-free path kii 22 m

FIG. 2. Variation of the z component of the magnetic field DBz relative to the initial background field, for: (a)–(c) An expansion of the LPP in vacuum (d)–(f) An expansion of 
the LPP in the background plasma. The probe could not access the top left corner of the plane, as this region intersected the laser beam path.
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Figure 3 shows magnetic field data alongside filtered images of 
self-emission of Heþ and C4þ. We note that, as discussed in Ref. 22, 
the emission of the 468.6 nm Heþ spectral line is from a transition 
from the n¼ 4 to n¼ 3 quantum state, and repopulation of the n¼ 4 
state from the ground state requires collisional excitation by an elec
tron with energy> 51 eV. This means that it is visible only when the 
Heþ ions interact with energetic electrons, and therefore this emission 
line acts as a marker of collisionless energization of the background 
ions.29 It clearly shows that the formation of the secondary diamag
netic cavity is spatially correlated with the emergence of a large blob 
of excited Heþ ions at the upper edge of the LPP, though the two 
structures remain separate and do not overlap. Measurements from 
the emissive probe do not show evidence of a persistent upward elec
trostatic field near the lower end of the Heþ blob that could account 
for the observed transverse ion displacement. This suggests that the 
field responsible for this transverse motion is most likely electromag
netic in nature. The C4þ self-emission images (lower row) show that 
while at earlier times, the LPP experiences a quasi-ballistic expansion, 
the inward magnetic pressure associated with the diamagnetic cavity 
limits its transverse expansion and leads to self-focusing and a mainly 
forward motion of the debris plasma. Additionally, the increased den
sity compared to previous work23 leads to stronger self-focusing of 
the LPP as well as stronger coupling with the background ions, with a 
much larger and persisting Heþ blob forming.

In order to characterize the collisionless coupling leading to the 
formation and energization of the blob, the transverse (along y) veloc
ity distribution of the excited Heþ ions was measured using Doppler 
spectroscopy on the 468.6 nm line. As the fiber-probe is below the 
plasma looking up, light self-emitted by ions with a transverse velocity 
will be Doppler-shifted by Dk ¼ Vyk0/c, where Vy is the velocity 
along the line of sight, c is the speed of light, k0 is the rest wavelength. 
Therefore, positive Vy will lead to a redshift and negative Vy to a blue
shift of the line self-emission. As shown in Fig. 4(b), in early times, at 
t ¼ 600ns and x¼ 6 cm, corresponding to the blob position, the line 
emission spectra are significantly redshifted, with a displacement of 

the peak of the spectrum of Dk ¼ 0:07 nm corresponding to a trans
verse velocity of Vy ¼ 45625 km/s, but a significant portion of the 
ions have an even higher velocity, as the half-width half-maximum of 
the spectra corresponds to Vþ50% ¼ 75 km/s. After t ¼ 600 ns, the 
peak of the emission spectrum shift back toward lower wavelengths, 
indicating that the average velocity along y is decreasing. By t ¼ 1400 
ns, the emission becomes blueshifted relative to the reference spec
trum, indicating that the ions are moving downward.

This observed behavior aligns with Larmor coupling, leading to 
the transverse acceleration of the Heþ blob, as illustrated in Fig. 4(b). 
The cross field ion current Ji generated by the laser-plasma expansion 
induces a laminar electric field Elam directed upward. This field 
accelerates background Heþ ions along the y-axis, initially causing 
the observed redshift. The ions then begin to gyrate in the back
ground magnetic field, progressively converting their vertical veloc
ity into a longitudinal component, as evidenced by the decrease in 
transverse velocity measured via Doppler spectroscopy. Specifically, 
the ions start acquiring a negative velocity at t � 1400 ns, corre
sponding to a quarter of the gyroperiod of Heþ ions in the back
ground magnetic field (si ¼ 3:25 ls), after being accelerated 
upward at t ¼ 600 ns.

Additionally, as the emission of the ions becomes blueshifted at 
later times, a significant portion of the spectrum remains redshifted, 
resulting in an overall broadened spectrum. This suggests that while 
the first ions begin to rotate, new ions continue to be accelerated verti
cally by the laminar electric field. To account for this effect, we deter
mine from each spectrum the positive and negative velocities, Vþ50% 
and V−50%, corresponding to the half-width at half-maximum 
(HWHM) on each side. These values provide insight into the extent 
of ion acceleration in both directions. Taking advantage of the high- 
repetition rate, we were able to acquire Doppler spectra for different 
positions x 2 1:5; 13f g cm and times t 2 400; 1800f gns, and half- 
maximum positive and negative velocities for each point are 
represented in Fig. 5. Initially, we observe an important spectral 
broadening corresponding to a high velocity of the Heþ ions in both 

FIG. 3. (a)–(d) Variation of the magnetic field measured with a B-dot probe, (e)–(h) Filtered imaging of the plasma using a bandpass filter at 468.6 nm with a 0.5 nm band
width, corresponding to an excited Heþ emission line, with an exposure time of 50 ns (i)–(l) Filtered imaging at 227 nm with a 10 nm bandwidth, corresponding to a C4þ

emission line, with an exposure time of 4 ns. The direction of the electrostatic field, derived from plasma potential measurements using the emissive probe, is depicted by 
arrows whose length and color indicate the field’s magnitude.
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directions at early times (� 600 ns) and close to the target (x � 2 cm). 
This localized energization of the background plasma is not associated 
with Larmor coupling, but is most likely due to strong fields generated 
at the target surface during the laser interaction, and will not be dis
cussed further in this paper. At positions further away from the target, 
the trend indicated in Fig. 4 is confirmed. Initially, the background 
ions acquire a significant upward velocity—with Vþ50% reaching 
around 100 km/s—and no downward velocity is observed. Later, as 
the Heþ ions gyrate, large negative velocities of similar magnitude are 
observed for t > 1400 ns, and at progressively larger x positions as 
the blob propagates forward. This later increase in downward 

momentum, along with a moderate decrease in Vþ50%, provides clear 
evidence of Larmor rotation of the ions.

IV. PIC SIMULATIONS AND DISCUSSION
In order to gain more insight on the formation of the Heþ blob 

and its subsequent collisionless coupling to the LPP through Larmor 
coupling, we carried out fully kinetic PIC simulations using the code 
VPIC.41,42 The simulations are realized in a 2D3V geometry in the 
(XY)-plane at z ¼ 0, in a square domain of size Lx ¼ Ly ¼ 6 di, dis
cretized on a uniform grid with Nx ¼ Ny ¼ 600 cells with periodic 
boundary conditions, with nppc ¼ 1000 macroparticles per cell in the 

FIG. 4. (a) Doppler-shifted spectra and cor
responding transverse velocity Vy at different 
times at x¼ 6 cm (left) and x¼ 9 cm (right). 
The t < 0 case corresponds to the Heþ line 
measured in the resting background plasma. 
It provides the impulse response of the spec
trometer, with a full-width half max of 
dk ¼ 0.04 nm, corresponding to a velocity 
resolution dVy ¼ 25 km/s. The spectra were 
acquired with an exposure time of 200 ns 
and averaged over 200 shots. (b) Principle of 
Larmor coupling and its Doppler shift 
signature.
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uniform background plasma. The ion-to-electron mass ratio is set to 
mHe=me ¼ 50 and the ratio of the plasma frequency and the electron 
gyrofrequency is set to xpe=xce ¼ 2 to reduce computational costs. 
The simulations are fully collisionless: ionization, charge exchange, 
and recombination are not included. Key parameters that are 
matched to the experimental data include background Heþ density, 
the Alfvenic Mach number of the expanding carbon plasma MA ¼

2:1 and total energy in the debris ions, which sets the maximal size of 
the magnetic cavity.

The expanding LPP carbon ions are initialized using shifted 
Maxwellian distributions F ¼ nðr; hÞ expð−ðv − vdÞ

2
=v2

thÞ, with den
sity and drift velocity collimated in the forward direction: nðr; hÞ
¼ n0 expð−r2=2L2Þ cos 4ðhÞ and vdðhÞ ¼ v0 expð−h=hcollÞ, where 
v0 ¼ 2:1 vA, vth ¼ 0:2 v0, and L ¼ 0:1 di. The cos 4ðhÞ dependence is 
used to collimate the debris in the forward (h ’ 0) direction; other 
peaked profiles, such as an exponential, yield similar results. The LPP 
initial scale L is chosen as small as possible to give a density and corre
sponding local Debye length that is resolved by our simulation grid. 

The density n0 is chosen such that the C4þ population carries approx
imately 2/3 of the total debris kinetic energy. A purely thermal Cþ

population with vth ¼ 0:7 vA is included with the remaining 1/3 of 
the energy. This initialization is similar to that used in Ref. 22.

Figure 6 shows the evolution of different quantities associated 
with the LPP expansion in background plasma in the simulation, 
analogous to quantities measured in the experiment. Figures 6(a) and 
6(d) show that the LPP expansion generates a diamagnetic cavity, 
while leading to a compression of the magnetic field at the leading 
edge, as was observed experimentally. The strong magnetic field gra
dients of the diamagnetic cavity lead to the collimation of the LPP 
and the formation of a jet-like structure at its leading edge [see Figs. 
6(b) and 6(e)]. Two different background Heþ structures are formed. 
First, the strong inward electric fields associated with the magnetic 
field gradients around the edge of the diamagnetic cavity [see 
Fig. 6(c)] push and concentrate background ions toward the center, 
leading to a dense but slow population of Heþ, which is in good 
accordance with the strong Heþ emission observed in the experiment 
at early times, near the center of the cavity [see Figs. 3(e) and 3(f)]. 
Another population of background ions is accelerated upward by the 
vertical Ji � B electric field resulting from the cross field forward 
motion of the collimated LPP at its leading edge [see Fig. 6(c)]. This 
second population is responsible for the blob as discussed in Sec. III.

To characterize the coupling of the LPP to the background 
plasma, we examine the phase-space structure of the background Heþ
particles in the PIC simulation. To obtain a sufficient statistical sam
ple, we bin particles on a coarser 20� 20 spatial grid, and we con
struct a reduced phase-space histogram in the vx—vy plane 
(perpendicular to the background magnetic field) using a 100� 100 
velocity grid spanning from −vA to vA in each direction. We also 
define the number of Heþ ions with a velocity over vþ0 ¼ 0:6VA as 
N>vþ0

Heþ to quantify the energization of the background ions through 
collisionless coupling with the LPP [see Figs. 7(a)–7(d)]. This phase- 
space data are summarized in Fig. 7 and shows that a population of 
Heþ ions near the upper edge of the cavity is energized and initially 
pushed upward. As shown in Fig. 7(e) the vertical electric field at the 
tip of the LPP accelerates a large population of background Heþ ions 
in the þy direction, and numerous background ions have vy > 0:6vA 

FIG. 5. (a) Heþ ions positive transverse velocity at half-maximum V
þ50% and   

(b)Negative transverse velocity at half-maximum V−50% obtained from Doppler 
spectroscopy.

FIG. 6. PIC Simulations. (Left) Variation 
of the z component of the magnetic field 
DBz (cool–warm) and Heþ density nor
malized to background density showing 
only compressed density nHeþ=n0 > 1 
(green) (center) C4þ ion density nC4þ from 
the LPP (orange) with previous Heþ den
sity overlaid in green. (Right) Fluid velocity 
of the Heþ ions along y (red-blue) and 
arrows representing the strength and 
direction of the in-plane electric field, for 
simulation times t ¼ 0:10xci (a)–(c) and 
t ¼ 0:29xci (d)–(f).

Phys. Plasmas 33, 062110 (2026); doi: 10.1063/5.0325985                                                                                                                                                              33, 062110-6 
Published under an exclusive license by AIP Publishing

Physics of Plasmas                                                                                             ARTICLE pubs.aip.org/aip/pop 

 
1
5
 
J
u
n
e
 
2
0
2
6
 
1
6
:
0
7
:
2
0

pubs.aip.org/aip/pop


in Fig. 7(a). Similarly to the experiment, where the measured trans
verse velocities reach �50–100 km/s, this gain remains moderately 
sub-Alfv�enic (vy < vA). As time advances, the background magnetic 
field B0 ¼ B0uz rotates this energized population in phase-space, and 
converts this upward þy momentum into forward þx momentum. 
As the Larmor rotation continues, some of the momentum is trans
ferred back in the downward −y direction. This is in good accordance 
with the experimental observation of an initial redshift and a later 
blueshift of the line emission of Heþ, and it is a clear signature of the 
Larmor coupling mechanism.

While the simulations reproduce quite well the general dynamics 
of the ions and their collisionless coupling, we note that we do not 
observe as clearly a secondary diamagnetic cavity associated with the 
accelerated blob detaching from the main one in the simulations. At 
t ¼ 0:1xci, a small protrusion is starting to form associated with the 
Heþ blob, but it does not fully develop later on, as the density of the 
coupled blob remains relatively low. This discrepancy may arise from 
the simplified velocity distribution used to initialize the debris plasma, 
which is necessarily less realistic than the experimental LPP, and from 
the simulation’s 2D geometry.

V. CONCLUSIONS
We reported laboratory measurements of collisionless Larmor 

coupling during the expansion of a laser-produced plasma (LPP) into 
a strongly magnetized, low-b ambient plasma on LAPD. Using a 
high-repetition-rate laser, we performed systematic spatial and tem
poral scans of the interaction with complementary diagnostics: time- 
resolved magnetic field and plasma potential mapping in the XY 
plane, narrow-band self-emission imaging of both background Heþ
and debris C4þ, and Doppler spectroscopy of the Heþ 468.6 nm line 
to directly access the transverse (y) velocity distribution of energized 
background ions.

The measurements show that the LPP forms a diamagnetic cav
ity whose strong magnetic pressure gradients collimate the debris 
flow. In the presence of a background plasma, we observe the 

appearance of a distinct, excited Heþ blob at the upper edge of the 
LPP, spatially correlated with the development of secondary 
magnetic-field structure. Doppler spectroscopy provides direct evi
dence of collisionless ion energization consistent with Larmor cou
pling: at the blob location, the Heþ emission line is initially 
redshifted, indicating upward acceleration, and later evolves toward 
blueshifted emission at delays comparable to a fraction of the Heþ

gyroperiod. The coexistence of red- and blueshifted components at 
late times implies a sustained source of upwardly accelerated ions 
while earlier ions undergo gyromotion, producing a broadened line. 
To interpret these observations, we performed VPIC simulations ini
tialized to match the experimental magnetization and super-Alfv�enic 
conditions. The simulations reproduce the formation of a diamag
netic cavity, the collimation of the debris ions, and the emergence of 
an energized population of background Heþ ions near the leading 
edge of the LPP that subsequently rotate in phase-space through 
Larmor coupling.

These results provide a detailed experimental characterization of 
blob formation and ion energization driven by collisionless Larmor 
coupling in a super-Alfv�enic, magnetically dominated regime, com
plementing previous work22,23 with extensive characterization of the 
Larmor coupling mechanism.
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phase-space spatial grid marked by the crossed box in the top panels.
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