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I. Summary 
 
We have performed several thousand high-energy laser shots in the LAPD to investigate the 
dynamics of an exploding laser-produced plasma in a large ambient magneto-plasma. Debris-ions 
expanding at super-Alfvenic velocity (up to MA=1.5) expel the ambient magnetic field, creating a 
large (> 20 cm) diamagnetic cavity. We observed field compressions of up to B/B0 = 1.5 at the 
edge of the bubble, consistent with the MHD jump conditions, as well as localized electron 
heating at the edge of the bubble. Two-dimensional hybrid simulations reproduce these 
measurements well and show that the majority of the ambient ions are energized by the magnetic 
piston to super-Alfvenic speeds and swept outside the bubble volume. Nonlinear shear-Alfven 
waves (δB/B0 > 25%) are radiated from the cavity with a coupling efficiency of 70% from 
magnetic energy in the bubble to the wave. While the data is consistent with a weak 
magnetosonic shock, the experiments were severely limited by the low ambient plasma densities 
(1012 cm-3). 2D hybrid simulations indicate that future experiments with the new LAPD plasma 
source and densities in excess of 1013 cm-3 will drive full-blown collisionless shocks with MA>10 
over several c/wpi and shocked Larmor radii. In a separate experiment at the LANL Trident laser 
facility we have performed a proof-of-principle experiment at higher densities to demonstrate key 
elements of collisionless shocks in laser-produced magnetized plasmas with important 
implications to NIF. Simultaneously we have upgraded the UCLA glass-laser system by adding 
two large amplitude disk amplifiers from the NOVA laser and boost the on-target energy from 30 
J to up to 1 kJ, making this one of the world’s largest university-scale laser systems. We now 
have the infrastructure in place to perform novel and unique high-impact experiments on 
collisionless shocks at the LAPD. 

 
 
I. Collisionless shock experiments at the LAPD 
 
I.1. EXPERIMENTAL SETUP 
The experiments were performed with the Phoenix Nd:glass-laser system and the LAPD. The 
LAPD creates highly magnetized plasmas that are large enough (18 m length, 60 cm diameter) to 
support Alfven waves. Plasmas are typically produced at densities up to ni=2x1012 cm−3, electron 
temperatures around Te=5 eV, and ion temperatures around Ti=1 eV. The quiescent and current-
free plasma is created in helium or neon in a steady, axial magnetic field of 275-1800 G by 
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pulsing a barium oxide coated (BaO-Ni) cathode at one end of the machine negatively with 
respect to an anode grid 30 cm away. A few ms after the discharge is initiated, the plasma reaches 
a steady state, and a 0.5” thick graphite-target embedded in the preformed plasma is irradiated 
with a laser energy up to 25 J. 
The high-energy laser system consists of a Q-switched Nd:YAG oscillator (1064 nm, 10 mJ, 5 ns 
FWHM), 7 mm Nd:YAG pre-amplifier, and four flashlamp-pumped Nd:silicate rod-amplifiers 
(25 mm double-pass, 32 mm, and 45 mm) that boost the 10 mJ seed-pulse to an out- put energy of 
30 J (25 J in the P-polarized component). A 30 m long beamline in air transports the 40 mm 
diameter beam from the laser-laboratory one story down to the LAPD. A combination of quarter-
waveplate and thin-film polarizers is used to optically isolate the laser- system from the target, 
preventing laser damage due to backscatter and creating a circularly polarized beam on target. An 
aspheric f/6 doublet-lens inside the plasma vessel creates a tight focus (50 µm FWHM) and peak 
intensities up to 1013 W/cm2 at 20 J with an energy stability of 10%. The on-target intensity could 
be changed during the experiments by translating the focusing lens closer to the target by several 
cm. The target normal was aligned exactly perpendicular to the external field to direct the blow-
off plume into a transverse direction. The flat target surface was offset 13 cm from the axis of the 
LAPD, providing roughly 40 cm of ambient plasma to interact with as the laser-plasma expands 
perpendicularly across the magnetic field (Fig. 1). After each shot, the target was translated by a 
few mm to provide a fresh surface. In the following, all data will be expressed in LAPD- 
coordinates (see Fig. 1), where the external B-field points in the positive z-direction, the laser 
blow-off propagates horizontally in negative x-direction, and the transverse field of the shear-
waves is typically measured where it is vertical (y-direction). Relative distances from the target 
along these coordinates will be denoted as ∆x, and ∆y in transverse direction, and ∆z axially. 

 
 
 
 
 
 
 
 
 
FIG. 1 Experimental setup at the LAPD (a) 
and details of the laser-target configuration 
(b). 
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sponsible for Larmor coupling in stronger shocks. Exper-
iments are currently limited by the low ambient plasma
density and consequently large scale-lengths (c/!

pi

) that
exceed the piston size by a factor of about two. Although
a super-Alfvénic pulse is observed to separate from the
piston and propagate through the ambient plasma, it
does not currently have enough space and time to steepen
into a full-blown collisionless shock. Future experiments
will take advantage of a new plasma source [22] support-
ing higher ambient densities (factor 10 or more) and a
new kilojoule-class laser [23] supporting larger pistons
(factor 5). The measurements and hybrid simulations
presented here strongly suggest that collisionless shocks
with relevance to magnetized shocks in the heliosphere
can be launched in the LAPD with the improved ambi-
ent plasma parameters.

Second, we give a detailed description of the low-
frequency current-systems that emerge from these large
laser-plasma cavities and compare their properties to
those found in previous experiments performed at lower
laser-energies. While the underlying physics is similar,
the amplitude and spatial extend of the shear-waves and
the coupling e�ciency from the bubble to the waves is
significantly higher. Specifically, the larger, deeper, and
faster cavities in the experiments described here, launch
nonlinear shear Alfvén waves with record amplitudes of
�B/B>25% and coupling e�ciencies in excess of 70%
from the diamagnetic cavity to the waves. The overall en-
ergy in these flux-ropes is two-orders of magnitude higher
than those found in previous experiments. The genera-
tion of such intense waves by laser-produced plasmas pro-
vides a unique experimental platform to study nonlinear
processes associated with these wave modes not currently
accessible with antennas [24, 25]. Nonlinear Alfvén waves
can interact with the surrounding plasma or with other
waves, giving rise to a number of nonlinear phenomena,
including filamentation or wave amplitude modulations
[26]. Large amplitude Alfvén waves can modify the am-
bient plasma density through ponderomotive forces [27].
Nonlinear Alfvén waves are important in space and as-
trophysical plasmas [28], as well as in magnetic fusion
devices [29]. The energy cascade in wavenumber space
in magnetic turbulence in the solar wind, for example, is
believed to be mediated by nonlinear interactions among
Alfvén waves [30]. A high average power slab-laser sys-
tem will be available for future experiments in the LAPD
[31] and enable such measurements both at high laser
pulse energy (25 J) and high shot-rate (1 Hz), thus sup-
porting a detailed characterization of nonlinear Alfvén
waves. Highly-nonlinear shear waves with amplitudes
in excess of �B/B=1 may also be excited with the new
single-shot kilojoule laser. The data presented here may
serve as a reference for such upcoming experiments.

The paper is structured as follows: Section II describes
the experimental setup and diagnostics. We then present
measurements of the bubble dynamics in section III and
compare them to two-dimensional hybrid simulations.
The most important findings on the coupling to shear-

waves from earlier low-power laser experiments are re-
viewed in section IV A for comparison. In section IV B we
present detailed measurements of shear-waves produced
in high-power laser experiments and how they relate to
the bubble dynamics (section IV C). Section V is a sum-
mary.

II. EXPERIMENTAL SETUP

The experiments were performed with the Phoenix
Nd:glass-laser system [14] and the LAPD [15]. The
LAPD creates highly magnetized plasmas that are large
enough (18 m length, 60 cm diameter) to support Alfvén
waves. Plasmas are typically produced at densities up
to n

i

=2x1012 cm�3, electron temperatures around T
e

=5
eV, and ion temperatures around T

i

=1 eV. The quies-
cent and current-free plasma is created in helium or neon
in a steady, axial magnetic field of 275-1800 G by pulsing
a barium oxide coated (BaO-Ni) cathode at one end of
the machine negatively with respect to an anode grid 30
cm away. A few ms after the discharge is initiated, the
plasma reaches a steady state, and a 0.5” thick graphite-
target embedded in the preformed plasma is irradiated
with a laser energy up to 25 J.

FIG. 1: (Color online) Schematic of the LAPD (a) and the
laser-target configuration (b). The graphite target is located
at 5 m axially from the anode and x=13 cm from the sym-
metry axis of the cylindrical vacuum vessel. An f/6 lens in-
serted into the plasma focuses the beam onto the target sur-
face (x=13 cm, y=0, z=0) with an angle of incidence of 43o.
The magnetohydrodynamic response of the ambient plasma
across and along the field is measured with an array of mag-
netic flux probes that can be translated in the x-direction.
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An array of ten magnetic flux probes (i.e. Bdot probes) was distributed along the machine at 
distances ∆z up to 7 m from the target to measure the magnetohydrodynamic (MHD) response of 
the ambient plasma along the direction of the magnetic field. One additional probe was inserted 
from a port opposing the target to investigate the dynamics of the diamagnetic cavity 
perpendicular to the external field. All probes could be positioned at arbitrary transverse positions 
(x-axis) using motorized probe- drives with sub-mm precision. The reproducibility of the ambient 
plasma, along with its 1 Hz repetition rate and the high-shot rate of the laser system (5-10 
shots/hour) allowed detailed scans of the magnetic field over large spatial regions in the plasma. 
The three-dimensional magnetic pickup coils were differentially wound on a 1 mm or 3 mm cube 
core (10 turns each axis) and were calibrated to frequencies of up to 100 MHz. Probe signals were 
recorded using custom-built 100 MHz differential amplifiers coupled to 14 bit, 100 MS/s 
digitizers, and numerically integrated to compensate for the individual frequency response. In 
addition, plasma density and ion time-of-flight measurements were performed with double sided 
Langmuir probes. 
 
I.2 Evolution of the diamagnetic cavity 
The experiments were performed in a perpendicular geometry (i.e. target-normal and laser blow-
off direction aligned perpendicular to the external field) to investigate the formation and collapse 
of the diamagnetic cavity in the presence of the ambient magnetized plasma. The debris ions have 
directed Larmor radii of several tens of cm and are essentially unmagnetized. The lighter 
electrons are tied to the field lines (r Larmor,e <1 mm), causing a radial electric field and azimuthal 
electron E×B drift. These currents reinforce the pressure driven diamagnetic electron-drift due to 
plasma density gradients at the leading-edge of the exploding plasma (∇P×B) and thus create 
azimuthal currents that ultimately expel the external field. The azimuthal electric field also 
accelerates ambient ions that start to E×B-drift radially in a quarter gyroperiod (i.e. Larmor 
coupling). 
 

 
 
Fig. 2. Magnetic-flux probe measurements of 
the evolution of the magnetic field (Bz) at 
various distances from the target in He+  at 
275G (a). The field compression increases 
with distance from the target, reaching a 
steady B/B0=1.5 from 14 to 22 cm. Inside the 
bubble the field is fully expelled but diffuses 
back into the bubble-volume after about 1 µs. 
(b) The contour-plot of the same data is a 
composite of 80 laser shots and shows Bz as 
a function of time with a spatial resolution of 
5 mm. 
 
 
 
 
 
 

 
Figure 2 shows magnetic probe measurements of the formation and collapse of the diamagnetic 
cavity that is formed by a laser-produced carbon-plume exploding into a stationary He+ plasma at 
upstream (i.e. the unperturbed region ahead of the piston) conditions of ni=9x1011 cm−3 and Te=5 
eV in 275 G. The complete expulsion of the field and compression into a thin shell as well as the 
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FIG. 2: (Color online) Magnetic-flux probe measurements of
the evolution of the magnetic field (B

z

) at distances of 4 cm,
9 cm, 14 cm, and 22 cm from the target in He+ at 275 G
(a). The field compression increases with distance from the
target, reaching a steady B/B0=1.5 from 14 to 22 cm. Inside
the bubble the field is fully expelled but di↵uses back into the
bubble-volume after about 1 µs. (b) The contour-plot of the
same data is a composite of 80 laser shots and shows B

z

as a
function of time with a spatial resolution of 5 mm. To obtain
this data the perpendicular probe was moved to a di↵erent x-
location in each shot. The compression of the expelled field at
M

A

=1.5, formation and collapse of the magnetic bubble, and
subsequent propagation of a fast magnetosonic pulse is clearly
visible. The dimensionless axes represent the spatial and tem-
poral scales with respect to the upstream ion-inertial length
and ion-gyroperiod. Downstream the length-scales and time-
scales are slightly better, considering the compressed field.
The left dashed line indicates the time of peak compression.

parable to the thickness of the ramp in a collisionless
shock [5]. When the bubble stagnates and the piston
stops, the magnetic compression continues to propagate
as a fast magnetosonic pulse through the ambient plasma,
gradually decreasing in speed to M

A

=1 at twice the bub-
ble stopping radius. This pulse eventually dissipates due
to geometrical e↵ects and collisional and electron Lan-
dau damping in the upstream plasma, and broadens to a
width of several tens of electron-skin-depths (c/!

pe

). Hy-
brid simulations of the formation time of perpendicular
shocks show that a shock can form in two ways, either by
a hot ion-beam or by a cloud of hot electrons [36]. In the
hot-electron case, which is more relevant to the experi-
ment described here, coupling between the debris-plasma
and the ambient plasma is provided by the presence of
laminar electric fields due to the electron pressure gra-
dient across the bubble interface. The formation time is

on the order of !

�1
ci

depending on the electron � (i.e. the
ratio of plasma energy density to magnetic field energy
density), and is quite close to the duration of our ex-
periment. Shock formation is slower in the hot-ion case,
where coupling is due to the Larmor motion of the ener-
getic ions, as in most extraterrestrial shocks.

The maximum size of the bubble is around 23 cm
when defined as the volume where the ambient field is
reduced by more than half. Complete-field expulsion
occurs only in a volume with a size of around 17 cm.
We note, however, that some field reduction is observed
out to distances in excess of 30 cm. The size of a dia-
magnetic bubble can be estimated from a simple energy
balance, considering that the kinetic energy of the de-
bris E

debris

= V · B

2
/(2µ0) + 1/2 · n

i

m

i

V v

2
ambient

is
fully converted to magnetic energy in the bubble vol-
ume V and kinetic energy of the ambient ions that start
streaming in the bubble explosion direction due to Lar-
mor coupling [3]. Assuming a spherical bubble of ra-
dius R

B

, consistent with two-dimensional hybrid simula-
tions [11], and neglecting the energy in the compressed
shell, the maximum bubble radius can be calculated as
R

B

=
⇥
3µ0Edebris

/(2⇡B

2)
⇤1/3 (1 + M

2
A

)�1/3, where the
dependence on M

A

= v

ambient

/v

A

stems from the B

2

and n

i

terms in the magnetic and kinetic energy, respec-
tively. Hybrid simulations show that Larmor-coupling
accelerates the initially stationary ambient ions to the
piston velocity in a quarter gyroperiod ⇡/2 ·!

ci

[12]. For
the present parameters the bubble stagnates after t=0.7
µs or t!

ci

⇡ 0.5 and the ambient ions in at least half
of the bubble volume should acquire the piston velocity.
The magnetic energy contained in the bubble volume is
around 1.3 J, which is only 6% of the on-target laser
energy. Considering that about half of the ambient ions
expelled from the bubble should have acquired the piston
velocity and a total energy around 2 J, the overall con-
version e�ciency from the laser to the ambient medium
would be around 13%. We note, however, that there is no
measurement of the ambient ion velocity in the present
experiment and no in-situ comparison with a vacuum
expansion to quantify the coupling to the background
ions. Without Larmor-coupling (or laminar coupling) the
energy now lost to kinetic energy of streaming ambient
ions would be available for additional field expulsion and
should increase the size of the bubble by 30%. Experi-
ments performed at identical laser-target parameters in a
neon background (A=20) yield the same bubble-stopping
radius within the accuracy of the measurement. While
neon-ambient ions moving at an identical velocity as the
helium ions would contain a factor of five more energy,
Larmor coupling proceeds five times slower so that not
much momentum transfer is expected for neon at the cur-
rent conditions, consistent with the observed insensitivity
of the bubble size to the ambient ion mass. The bubble
size roughly obeys the (E/B2)1/3 scaling in experiments
with varying magnetic field (see table I), and reduces to
11±2 cm and 5±2 cm diameters for 600 G and 1800 G,
respectively. This indicates that coupling between the
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overall size and lifetime of the cavity are clearly visible in the contour plot (Fig. 2b), which com- 
bines single-point measurements from 80 separate laser shots conducted over the course of two 
days. To obtain this dataset one magnetic field probe was moved to a different transverse position 
(x-axis) for each shot, while the experiment was repeated at reproducible laser-target and ambient 
plasma parameters. The magnitudes of the transverse magnetic field components (Bx and By, not 
shown) are much smaller at a few Gauss since measurements were performed only at points along 
the blow-off direction and perpendicular to the initial field, where the expelled and compressed 
field is mostly parallel to the direction of the external magnetic field. 
 
The magnetic pulse expands initially at vpiston = 5x107 cm/s and is super-Alfvenic at 
MA=vpiston/vA=1.5. The pulse is also hypersonic at Ms = vpiston/vs=35, where vs is the ion-sound 
speed. This velocity is consistent with empirical scaling laws for the ablation plume at the laser 
parameters used. The field compression factor increases as the bubble grows and reaches a 
maximum value of B/B0=1.5 at a distance of 14 cm from the target. This compression ratio is 
maintained until the bubble stagnates at 22 cm and is consistent with the Rankine-Hugoniot jump 
conditions for a shock, although the piston only travels for a fraction of a gyroperiod (tωci=0.5 
considering the initial ambient plasma parameters, or tωci=0.75 in the downstream region 
considering field compression). The thickness of the pulse is around 1 cm and on the order of 10 
c/ωpe, which is comparable to the thickness of the ramp in a collisionless shock. When the bubble 
stagnates and the piston stops, the magnetic compression continues to propagate as a fast 
magnetosonic pulse through the ambient plasma, gradually decreasing in speed to MA=1 at twice 
the bubble stopping radius. This pulse eventually dissipates due to geometrical effects and 
collisional and electron Landau damping in the upstream plasma, and broadens to a width of 
several tens of electron-skin-depths (c/ωpe). Hybrid simulations of the formation time of 
perpendicular shocks show that a shock can form in two ways, either by a hot ion-beam or by a 
cloud of hot electrons. In the hot-electron case, which is more relevant to the experiment 
described here, coupling between the debris-plasma and the ambient plasma is provided by the 
presence of laminar electric fields due to the electron pressure gradient across the bubble 
interface. The formation time is on the order of ω−1 depending on the electron β (i.e. the ratio of 
plasma energy density to magnetic field energy density), and is quite close to the duration of our 
experiment. Shock formation is slower in the hot-ion case, where coupling is due to the Larmor 
motion of the energetic ions, as in most extraterrestrial shocks. 
 
The maximum size of the bubble is around 23 cm when defined as the volume where the ambient 
field is reduced by more than half. Complete field expulsion occurs only in a volume with a size 
of around 17 cm. We note, however, that some field reduction is observed out to distances in 
excess of 30 cm. The size of a diamagnetic bubble can be estimated from a simple energy 
balance, considering that the kinetic energy of the debris Edebris = V · B2/(2µ0) + 1/2 · nimiV v2 is 
fully converted to magnetic energy in the bubble volume V and kinetic energy of the ambient ions 
that start streaming in the bubble explosion direction due to Larmor coupling. Hybrid simulations 
show that Larmor-coupling accelerates the initially stationary ambient ions to the piston velocity 
in a quarter gyroperiod π/2 · ωci . For the present parameters the bubble stagnates after t=0.7 µs or 
tωci ≈ 0.5 and the ambient ions in at least half of the bubble volume should acquire the piston 
velocity. The magnetic energy contained in the bubble volume is around 1.3 J, which is only 6% 
of the on-target laser energy. Considering that about half of the ambient ions expelled from the 
bubble should have acquired the piston velocity and a total energy around 2 J, the overall con- 
version efficiency from the laser to the ambient medium would be around 13%. We note, 
however, that there is no measurement of the ambient ion velocity in the present experiment and 
no in-situ comparison with a vacuum expansion to quantify the coupling to the background ions. 
Without Larmor-coupling (or laminar coupling) the energy now lost to kinetic energy of 
streaming ambient ions would be available for additional field expulsion and should increase the 
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size of the bubble by 30%. Experiments performed at identical laser-target parameters in a neon 
background (A=20) yield the same bubble-stopping radius within the accuracy of the 
measurement. While neon-ambient ions moving at an identical velocity as the helium ions would 
contain a factor of five more energy, Larmor coupling proceeds five times slower so that not 
much momentum transfer is expected for neon at the cur- rent conditions, consistent with the 
observed insensitivity of the bubble size to the ambient ion mass. The bubble size roughly obeys 
the (E/B2)1/3 scaling in experiments with varying magnetic field, and reduces to 11±2 cm and 5±2 
cm diameters for 600 G and 1800 G, respectively. This indicates that coupling between the debris 
ions and the ambient plasma is comparable in all three cases. This assumption is reasonable, since 
higher fields will not only decrease the ion-gyroperiod (ωci

−1) but also the bubble size and thus the 
piston transit time. We observe variations in the peak compression B/B0 at the cavity edge with 
MA. Reducing the blow-off speed to 3.5x107 cm/s by defocusing the laser beam (MA=1.1) 
decreases the peak compression to B/B0=1.3. In neon (MA=3.4) we measure compression ratios of 
1.4. These are well below the values predicted by the magnetohydrodynamic jump-conditions, 
since an ambient neon plasma is only weakly magnetized and Larmor coupling is inefficient 
during the short bubble transit times. At 1800 G in helium (MA=0.36), the measured peak 
compression was ∆B=300 G or B/B0=1.2. 
 
The cavity collapses roughly 0.5 µs after it stagnates and much faster than the magnetic diffusion 
time µ0σRB

2 ≈ 100 µs, where σ = 50π1/2ε0
2(kTe)3/2/(√mee2Z · lnΛ) is the plasma Spitzer- 

conductivity, and RB is the magnetic bubble radius. Initially the diffusion proceeds anomalously 
fast until the field in the bubble is restored to around B/B0=80%. The diffusion rate then slows to 
near classical. Fast anomalous diffusion is a common feature of experiments on interpenetrating 
plasma clouds. Similar bubble-lifetimes have also been reported from experiments at the LAPD 
with smaller lasers, driving smaller cavities at lower blow-off velocities. Since the bubbles here 
are an order of magnitude larger in size, comparable diffusion times indicate significantly larger 
diffusion coefficients (by a factor of 100), consistent with the faster piston speeds and higher 
cross-field currents. We note that at later times, during the collapse of the cavity, we observe 
variations in both transverse field components that are comparable to the ambient field. The 
apparent early diffusion near the target (at ∆x=3-8 cm and 0.8 µs in Fig. 2b) is in fact due to a 
rotation of the field direction from Bz to Bx and By, probably caused by geometrical effects near 
the edge of the bubble. 
The magnetic field data displays high-frequency oscillations in the lower-hybrid range, indicative 
of the growth of micro-instabilities responsible for the anomalous field diffusion. Similar 
pulsations are observed in the ion-saturation current from Langmuir probes (see next section). 
The nature of these high-frequency oscillations is a topic under investigation. Magnetic 
fluctuations inside the cavity are also observed in hybrid simulations, especially near the edge of 
the bubble. The large-Larmor radius Rayleigh-Taylor instability grows to large amplitudes on 
time-scales faster than ωci

−1 due to the population of fast debris ions with Larmor-radii larger than 
the bubble stopping radius. Also the modified two-stream instability and the lower-hybrid drift 
instability have been proposed or observed to explain fast field diffusion in earlier work. 
Experiments performed with identical ambient plasma parameters but increased focal spot size 
and thus lower blow-off velocity (3.5x107 cm/s) display similar oscillations inside the cavity but 
at significantly reduced amplitude (factor 2-5). Simultaneously, the diffusion time increases from 
0.5 µs to 2 µs. This behavior is consistent with a reduced growth of micro-instabilities when the 
cross-field current at the edge of the bubble decreases. 
 
I.3 Fast electron generation at the bubble edge 
Figure 3 shows ion-saturation-current measurements inside the diamagnetic cavity performed 
with a Langmuir probe biased at a fixed potential of -70 V with respect to the anode of the 
discharge circuit, which is at plasma potential. The probe thus excludes all bulk plasma electrons 
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and measures both ion saturation current (Isat) and electrons with sufficient energy to overcome 
the 70 V probe bias, corresponding to velocities above 3.5x108 cm/s. The exposed area of the 
probe was positioned such that it was facing away from the laser target. The voltage drop across a 
10 Ω resistor was measured through an optical isolator on a 100 MS/s, 14 bit digitizer. The 
contour plot (Fig. 3a) shows a composite of 20 laser shots where the probe was moved transverse 
to the external magnetic field in 1 or 2 cm increments as the experiment was repeated with 
reproducible laser and plasma parameters identical to those in Fig. 2. We observe a negative 
double-spike at the edge of the bubble out to distances of 15 cm from the target due to electrons 
above 70 eV. Inside the bubble we observe the positive ion- saturation current from the laser-
blow-off plasma. The first negative spike coincides with the ramp on the Bdot-probe signal where 
the magnetic field is compressed (Fig. 3b) and is due to adiabatic heating (dB/dt>0). The second 
negative spike occurs at the time of maximum field expulsion and may be due to Ohmic heating 
by the diamagnetic current, or by anomalous heating by micro-instabilities. Inside the bubble, the 
plasma density n can be calculated from the ion saturation current Isat = 0.61neA(kTe/mi)1/2, if the 
temperature Te is known (A=1 mm2 is the exposed area of the electrode, and mi is the ion mass). 
A temperature around 10 eV several cm from the laser target was measured in a different 
experiment with similar parameters, in good agreement with radiation-hydrodynamic simulations. 
The measured ion-saturation current is roughly consistent with these temperatures and 1015 debris 
ions ablated from the target, assuming that the bulk of these ions are stopped and evenly 
distributed throughout the bubble as suggested by the data. The Isat signal inside the bubble is 
approximately constant over 2 µs, even though the bubble collapses at around t=1 µs. After 2 µs 
the plasma dissipates, and the probe no longer draws a detectable ion-saturation current. 
 

 
 
Fig 3: Ion-saturation-current 
measurements show electron heating at 
the edge of the diamagnetic cavity, and 
the blow-off plasma filling the bubble 
volume (a). The contours of the 
magnetic field as well as the time of 
peak compression from Fig. 2b are 
shown for comparison. (b) Evolution of 
Isat and the Bdot-probe signal 13 cm 
from the target. The first negative spike 
in the Langmuir probe signal coincides 
with the time of peak- compression, 
while the second negative spike occurs 
during field expulsion. The Isat data 
also displays high frequency (∼ 10 MHz) 
oscillations inside the bubble. 
 
 

I.4 Hybrid simulations 
The experiment was modeled with a two dimensional hybrid code from LANL. In the hybrid 
mode, the ions are treated as particles in self-consistently generated electromagnetic fields, while 
the electrons are modeled as an inertialess, charge-neutralizing fluid, thus eliminating the shortest 
length and time scales associated with the electron dynamics. The electron temperature is 
modeled to fluctuate adiabatically. Particles are tracked in two spatial coordinates (x and y, 
perpendicular to the external magnetic field) using three-dimensional velocities and fields. The 
simulation does not model the laser-plasma interaction explicitly but is initiated with a cloud of 
debris ions (C+4) exploding at MA ∼ 1.5 isotropically into an ambient He+ plasma at conditions 
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FIG. 3: (Color online) Ion-saturation-current measurements
show electron heating at the edge of the diamagnetic cavity,
and the blow-o↵ plasma filling the bubble volume (a). The
contours of the magnetic field (for B/B0=20% and 50%) as
well as the time of peak compression from Fig. 2b are shown
for comparison. The contour (a) is a composite of 20 separate
laser shots with the Langmuir probe moved to di↵erent dis-
tances from the laser-target (in the direction perpendicular
to the external field). (b) Evolution of I

sat

and the Bdot-
probe signal 13 cm from the target. The first negative spike
in the Langmuir probe signal coincides with the time of peak-
compression, while the second negative spike occurs during
field expulsion. The I

sat

data also displays high frequency (⇠
10 MHz) oscillations inside the bubble.

C. Hybrid simulations

The experiment was modeled with a two dimensional
hybrid code [11]. In the hybrid mode, the ions are treated
as particles in self-consistently generated electromagnetic
fields, while the electrons are modeled as an inertialess,
charge-neutralizing fluid, thus eliminating the shortest
length and time scales associated with the electron dy-
namics. The electron temperature is modeled to fluctuate
adiabatically:

T

e

(x, y) = T

e0(ne

(x, y)/n0)�e�1
, (1)

where �

e

= 5/3 [46]. Particles are tracked in two spatial
coordinates (x and y, perpendicular to the external mag-
netic field) using three-dimensional velocities and fields.
The simulation does not model the laser-plasma inter-
action explicitly but is initiated with a cloud of debris
ions (C+4) exploding at M

A

⇠ 1.5 isotropically into an
ambient He+ plasma at conditions consistent with the
experiment (n0 ⇠ 9x1011 cm�3, B0 ⇠ 275 G, T

i

⇠ 1 eV ,
T

e

⇠ 5 eV ). A mean charge state of C+4 was deter-
mined by spectroscopic measurements performed in a re-
lated experiment at similar laser energies [44] and is also
consisted with radiation-hydrodynamic and collisional-
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FIG. 4: (Color online) Hybrid simulation of the laser-plasma
expansion in the preformed plasma and magnetic field. (a)
streak plot of the magnetic field profile during the first t!

ci

along the x-axis. A debris cloud containing C+4 explodes
spherically into a He+ background in 275 G from x=0 at
M

A

⇠ 1.5. The formation of the diamagnetic cavity and
magnetosonic pulse propagating away from the bubble are
clearly visible. Plots (b) and (c) show the background and
debris ion densities respectively.

radiative modeling [45].
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consistent with the experiment (n0 ∼ 9x1011 cm−3, B0 ∼ 275 G, Ti ∼ 1 eV , Te ∼ 5 eV ). A mean 
charge state of C+4 was determined by spectroscopic measurements performed in a related 
experiment at similar laser energies and is also consisted with radiation-hydrodynamic and 
collisional-radiative modeling. 

 
 
 
 
 
 
 
 
 
 
Fig. 4: Hybrid simulation of the laser-plasma 
expansion in the preformed plasma and 
magnetic field. (a) streak plot of the magnetic 
field profile during the first tωci along the x-
axis. A debris cloud containing C+4 explodes 
spherically into a He+ background in 275 G 
from x=0 at MA ∼ 1.5. The formation of the 
diamagnetic cavity and magnetosonic pulse 
propagating away from the bubble are clearly 
visible. Plots (b) and (c) show the background 
and debris ion densities respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 (a) shows the evolution of the magnetic field in a space-time streak plot, displaying Bz 
along x at a fixed y position (y=0) at various times. The exploding debris cloud is originally 
located in the center of the simulation box at x=y=0. The field-expulsion and compression, and 
the formation of the diamagnetic cavity is clearly visible. In the simulation the number of ions in 
the debris cloud was adjusted to create a bubble with a size of ∼ 0.45c/ωpi (22 cm), consistent 
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FIG. 3: (Color online) Ion-saturation-current measurements
show electron heating at the edge of the diamagnetic cavity,
and the blow-o↵ plasma filling the bubble volume (a). The
contours of the magnetic field (for B/B0=20% and 50%) as
well as the time of peak compression from Fig. 2b are shown
for comparison. The contour (a) is a composite of 20 separate
laser shots with the Langmuir probe moved to di↵erent dis-
tances from the laser-target (in the direction perpendicular
to the external field). (b) Evolution of I

sat

and the Bdot-
probe signal 13 cm from the target. The first negative spike
in the Langmuir probe signal coincides with the time of peak-
compression, while the second negative spike occurs during
field expulsion. The I

sat

data also displays high frequency (⇠
10 MHz) oscillations inside the bubble.

C. Hybrid simulations

The experiment was modeled with a two dimensional
hybrid code [11]. In the hybrid mode, the ions are treated
as particles in self-consistently generated electromagnetic
fields, while the electrons are modeled as an inertialess,
charge-neutralizing fluid, thus eliminating the shortest
length and time scales associated with the electron dy-
namics. The electron temperature is modeled to fluctuate
adiabatically:

T

e

(x, y) = T

e0(ne

(x, y)/n0)�e�1
, (1)

where �

e

= 5/3 [46]. Particles are tracked in two spatial
coordinates (x and y, perpendicular to the external mag-
netic field) using three-dimensional velocities and fields.
The simulation does not model the laser-plasma inter-
action explicitly but is initiated with a cloud of debris
ions (C+4) exploding at M

A

⇠ 1.5 isotropically into an
ambient He+ plasma at conditions consistent with the
experiment (n0 ⇠ 9x1011 cm�3, B0 ⇠ 275 G, T

i

⇠ 1 eV ,
T

e

⇠ 5 eV ). A mean charge state of C+4 was deter-
mined by spectroscopic measurements performed in a re-
lated experiment at similar laser energies [44] and is also
consisted with radiation-hydrodynamic and collisional-
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FIG. 4: (Color online) Hybrid simulation of the laser-plasma
expansion in the preformed plasma and magnetic field. (a)
streak plot of the magnetic field profile during the first t!

ci

along the x-axis. A debris cloud containing C+4 explodes
spherically into a He+ background in 275 G from x=0 at
M

A

⇠ 1.5. The formation of the diamagnetic cavity and
magnetosonic pulse propagating away from the bubble are
clearly visible. Plots (b) and (c) show the background and
debris ion densities respectively.

radiative modeling [45].
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with the experiment. Figure 4 (a) shows a magnetic field compression of ∼ 1.5, which 
corresponds to the Alfvenic Mach number of the debris expansion and is consistent with the 
MHD- jump conditions. Figures 4 (b) and (c) shows streak plots similar to that of the magnetic 
field, but show the background and debris ion densities relative to n0, where n0 is the initial 
density of the He+ background plasma. The background ions are pushed out of the diamagnetic 
bubble as they are accelerated by the piston. Figure 4 (c) shows that around tωci ∼ 0.5 some debris 
stagnates or turns around, and some moves outward at a sub-Alfvenic speed. It can be seen by 
these figures that the debris ions initiate a magnetosonic pulse which then separates from the 
debris cloud and propagates out radially; however, the pulse does not steepen into a shock under 
these conditions. 

 
 
Fig 5: A composite image of the magnetic 
field strength Bz, a sampling of background 
ions (blue dots), a sampling of debris ions 
(red dots), along with trajectories of a couple 
of background (light blue) and debris 
(yellow) ion trajectories throughout the 
course of the simulation. The markers on the 
trajectories correspond to the test particle’s 
current position at tωci = 0.5. 
 
 
 
 
 
 

When the piston stagnates at tωci ∼ 0.5, the bulk of the debris ions piles up at the bubble edge as 
shown in figure 5. The weak magnetosonic pulse can be seen just outside of the dense ring of 
debris ions. Complete magnetic field expulsion can be seen inside of the ring of debris ions. A 
few test particles were chosen to illustrate the motion of various background and debris ions. The 
yellow lines show two different debris ion particles, a fast ion which makes it out past the 
majority of the debris ions, and one that slows and diffuses back into the bubble at a later time. 
The light blue lines show two background He+ ions, which clearly couple to the debris ions and 
move outward radially. 
 
Fast shocks in space at these low Mach numbers (MA ∼1.5) are observed, but the dissipation is 
usually only in the electrons. In the hybrid-model we use, there is effectively no resistivity or 
resistive heating. Ion reflection is the only dissipation mechanism, but the phase space (not 
shown) does not show clear evidence for reflected ions. It should be noted that adiabatic 
compression will only heat the background electron temperature to ∼ 7 eV. This suggests some 
other form of heating (e.g. anomalous, resistive) is responsible for the electron heating seen in the 
previous subsection. This is consistent with earlier experiments on magnetic pinches, which 
showed that only 20% of electron heating is due to adiabatic and Ohmic heating, while the rest is 
due to plasma turbulence. 
 
It should be noted that the length scales within this simulation are less than the ion inertial length 
(c/ωpi). The diamagnetic bubble radius is currently only ∼ 0.5· c/ωpi. Since the hybrid 
implementation assumes the electrons are massless and high frequency electron effects are left 
out, length scales much less than the ion inertial length may be somewhat meaningless. Future 
experiments will take advantage of a new plasma source that supports higher densities in excess 
of 1013 cm−3 and a larger laser system that supports larger bubbles. Hybrid simulations using the 
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Figure 4 (a) shows the evolution of the magnetic field
in a space-time streak plot, displaying B

z

along x at a
fixed y position (y=0) at various times. The explod-
ing debris cloud is originally located in the center of the
simulation box at x=y=0. The field-expulsion and com-
pression, and the formation of the diamagnetic cavity is
clearly visible. In the simulation the number of ions in
the debris cloud was adjusted to create a bubble with a
size of ⇠ 0.45c/!

pi

(22 cm), consistent with the experi-
ment. Figure 4 (a) shows a magnetic field compression of
⇠ 1.5, which corresponds to the Alfvénic Mach number
of the debris expansion and is consistent with the MHD-
jump conditions. Figures 4 (b) and (c) shows streak plots
similar to that of the magnetic field, but show the back-
ground and debris ion densities relative to n0, where n0

is the initial density of the He+ background plasma. The
background ions are pushed out of the diamagnetic bub-
ble as they are accelerated by the piston. Figure 4 (c)
shows that around t!

ci

⇠ 0.5 some debris stagnates or
turns around, and some moves outward at a sub-Alfvénic
speed. It can be seen by these figures that the debris ions
initiate a magnetosonic pulse which then separates from
the debris cloud and propagates out radially; however,
the pulse does not steepen into a shock under these con-
ditions.

FIG. 5: (Color online) A composite image of the magnetic
field strength B

z

, a sampling of background ions (blue dots),
a sampling of debris ions (red dots), along with trajectories
of a couple of background (light blue) and debris (yellow)
ion trajectories throughout the course of the simulation. The
markers on the trajectories correspond to the test particle’s
current position at t!

ci

= 0.5.

When the piston stagnates at t!

ci

⇠ 0.5, the bulk of
the debris ions piles up at the bubble edge as shown in
figure 5. The weak magnetosonic pulse can be seen just
outside of the dense ring of debris ions. Complete mag-
netic field expulsion can be seen inside of the ring of
debris ions. A few test particles were chosen to illus-
trate the motion of various background and debris ions.
The yellow lines show two di↵erent debris ion particles,

a fast ion which makes it out past the majority of the
debris ions, and one that slows and di↵uses back into the
bubble at a later time. The light blue lines show two
background He+ ions which clearly couple to the debris
ions and move outward radially.

Fast shocks in space at these low Mach numbers
(M

A

⇠1.5) are observed, but the dissipation is usually
only in the electrons. In the hybrid-model we use, there
is e↵ectively no resistivity or resistive heating. Ion re-
flection is the only dissipation mechanism, but the phase
space (not shown) does not show clear evidence for re-
flected ions. Using equation 1, with T

e0 = 5 eV and
n

e

/n0 ⇠ 1.5, it should be noted that adiabatic compres-
sion will only heat the background electron temperature
to ⇠ 7 eV. This suggests some other form of heating
(e.g. anomalous, resistive) is responsible for the electron
heating seen in the previous subsection. This is consis-
tent with earlier experiments on magnetic pinches, which
showed that only 20% of electron heating is due to adia-
batic and Ohmic heating, while the rest is due to plasma
turbulence [47].

It should be noted that the length scales within this
simulation are less than the ion inertial length (c/!

pi

).
The diamagnetic bubble radius is currently only ⇠ 0.5 ·
c/!

pi

. Since the hybrid implementation assumes the elec-
trons are massless and high frequency electron e↵ects
are left out, length scales much less than the ion iner-
tial length may be somewhat meaningless [50]. Future
experiments will take advantage of a new plasma source
that supports higher densities in excess of 1013 cm�3 [22]
and a larger laser system that supports larger bubbles.
Hybrid simulations using the larger ion density (smaller
c/!

pi

) show that a full-blown collisionless shock does in-
deed form at these improved ambient plasma conditions,
with a diamagnetic bubble that spans multiple ion iner-
tial lengths [23].

IV. EMISSION OF SHEAR-ALFVÉN WAVES

A. Review of earlier low-power experiments

Earlier laser experiments at the LAPD at lower laser
energies (⇠ 1 J) and sub-Alfvénic expansion velocities
discovered that streams of fast electrons, generated by
the laser-plasma interaction, launch shear Alfvén waves,
even though the lifetime of the bubble is much shorter
than the period of the waves [9]. These experiments
investigated the coupling to shear-waves both in paral-
lel [9] and perpendicular laser-blow-o↵ geometries [17],
as well as the interaction of two colliding laser-plasma
bubbles [18, 48]. Measured shear waves had frequen-
cies at about 1/2 f

ci

. Work done in argon has also
shown wave phenomena above the cyclotron frequency
that displayed characteristics of compressional Alfvén
waves [9]. The directed Larmor radius of the debris ions
rLarmor,D was several times larger than the bubble size
(✏ = rLarmor,D/D

B

⇠ 5), as was the wavelength of the
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larger ion density (smaller c/ωpi) show that a full-blown collisionless shock does indeed form at 
these improved ambient plasma conditions, with a diamagnetic bubble that spans multiple ion 
inertial lengths. 
 
I.5. EMISSION OF SHEAR-ALFVEN WAVES 
Figure 6a shows a typical magnetic flux probe signal of the transverse field component (By) 
recorded 6.8 m axially from the target, at (x,y)=(12 cm, 0). A shear-Alfven pulse with an 
amplitude around 15 G (or δB/B=5%) is clearly visible passing the probe around 20 µs after the 
laser is fired. We measure an axial field component δBz (dashed red line) that is around 1/10 of By 
(solid black line), characteristic of a shear wave. The horizontal field component (Bx) at y=0 is 
nearly zero (not shown). The frequency of the shear-wave is initially around 40 kHz and below 
the cyclotron frequency (0.4·fci), corresponding to a wavelength of 8.3 m. We measure field 
fluctuations as high as 70 G (or δB/B>25%) at the probe closest to the target (∆z=0.3 m), 
decreasing to 40 G (or δB/B=15%) at a distance of 1-1.5 m, and to 20 G at distances above 4 m 
(figure 7). These experiments where performed in the kinetic regime, as the Alfven speed is about 
half the thermal electron speed. Therefore, Landau damping could damp the wave and explain the 
decrease of the field magnitude with distance from the target. At later times (not shown), after 
several transit times of the wave, the signal is dominated by lower frequency oscillations due to 
standing waves in the 17 m long He-plasma column. 
 

 
 
 
Fig 6: A shear-Alfven wave is launched 
by the diamagnetic bubble and 
propagates over several meters along the 
machine (z-axis) at vA=3.3x107 cm/s. A 
fast wave procedes the shear-wave at 
3x108 m/s, corresponding to electrons 
with a kinetic energy of 25 eV. (a) 
Evolution of By and Bz at y=0, ∆z=6.8 m 
from the target, and x=9 cm from the 
center of the plasma column. (b) Contour 
plot of the trans- verse field component 
(By) as a function of time and spatial 
coordinate along the field (z). The plot is 
comprised of simultaneous measurements 
from 9 magnetic pickup coils distributed 
at longitudinal positions ∆z between 2 m 
and 6.8 m. (c) Total transverse field 
component as a function of both 
transverse dimensions in a vertical plane 
at ∆z=6.8 m from the target at t=20 µs. 
The coaxial current system is clearly 
visible and is aligned with the center of 
the plasma column. The arrows indicate 
the transverse direction of the magnetic 
field, while the rectangle at (x,y)=(9, 0) 
cm indi- cates the probe location for 
plots (a) and (b). 
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shear-waves (D
B

/�

A

⇠ 0.1). As a result, it was esti-
mated that only 0.5% of the initial laser energy was con-
verted into shear-waves. The peak wave fields were found
to scale as v

te

/v

1/3
A

and were on the order of 1 G (v
the

is the thermal electron speed). These shear waves have
been explained theoretically by Cherenkov radiation of
Alfvén waves by field aligned suprathermal electrons at
mean speeds above the Alfvén velocity [49]. In a sep-
arate experiment [19] quasielectrostatic whistler waves
have been observed to be generated by fast electrons es-
caping laser-produced plasmas. A more recent experi-
ment observed oscillations in the 10 MHz range at the
bubble edge that were identified as static flute-like struc-
tures translating past the probes, related to the large-
Larmor radius Rayleigh Taylor instability [20], and con-
sisted with earlier work done at the Naval Research Lab-
oratory [6, 8].

B. Shear-Alfvén wave generation at higher power

Like previous laser-plasma experiments in the LAPD
at low-power, our rapidly expanding cavities launch
shear-Alfvén waves, albeit at higher amplitude and larger
spatial extent.

Figure 6a shows a typical magnetic flux probe signal of
the transverse field component (B

y

) recorded 6.8 m axi-
ally from the target, at (x,y)=(12 cm, 0). A shear-Alfvén
pulse with an amplitude around 15 G (or �B/B=5%) is
clearly visible passing the probe around 20 µs after the
laser is fired. We measure an axial field component �B

z

(dashed red line) that is around 1/10 of B
y

(solid black
line), characteristic of a shear wave. The horizontal field
component (B

x

) at y=0 is nearly zero (not shown). The
frequency of the shear-wave is initially around 40 kHz and
below the cyclotron frequency (0.4·f

ci

), corresponding to
a wavelength of 8.3 m. We measure field fluctuations as
high as 70 G (or �B/B>25%) at the probe closest to the
target (�z=0.3 m), decreasing to 40 G (or �B/B=15%)
at a distance of 1-1.5 m, and to 20 G at distances above 4
m (figure 7). These experiments where performed in the
kinetic regime, as the Alfvén speed is about half the ther-
mal electron speed. Therefore, Landau damping could
damp the wave and explain the decrease of the field mag-
nitude with distance from the target. At later times (not
shown), after several transit times of the wave, the sig-
nal is dominated by lower frequency oscillations due to
standing waves in the 17 m long He-plasma column.

Simultaneous measurements of this type with an array
of 10 magnetic field probes distributed along the plasma
column at distances �z between 2 and 6.8 m from the
target are shown in Fig. 6b. All probes were located
in the horizontal (xz) plane through the plasma column
center (y=0), at a transverse distance of x=12 cm from
the center of the machine where the wave-amplitude was
close to the maximum. The traveling shear-Alfvén wave
is clearly visible, propagating along the magnetic field at
3.3x107 cm/s, which is consistent with the Alfvén speed
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FIG. 6: (Color online) A shear-Alfvén wave is launched by
the diamagnetic bubble and propagates over several meters
along the machine (z-axis) at v

A

=3.3x107 cm/s. A fast wave
procedes the shear-wave at 3x108 m/s, corresponding to elec-
trons with a kinetic energy of 25 eV. (a) Evolution of B

y

and
B

z

at y=0, �z=6.8 m from the target, and x=9 cm from the
center of the plasma column. (b) Contour plot of the trans-
verse field component (B

y

) as a function of time and spatial
coordinate along the field (z). The plot is comprised of si-
multaneous measurements from 9 magnetic pickup coils dis-
tributed at longitudinal positions �z between 2 m and 6.8 m.
(c) Total transverse field component

p
B

2
x

+ B

2
y

as a function
of both transverse dimensions in a vertical plane at �z=6.8
m from the target at t=20 µs. The coaxial current system
is clearly visible and is aligned with the center of the plasma
column. The arrows indicate the transverse direction of the
magnetic field, while the rectangle at (x,y)=(9, 0) cm indi-
cates the probe location for plots (a) and (b).

computed at the plasma parameters. Figure 6c shows
measurements of the transverse magnetic field compo-
nents in the xy-plane at �z=6.8 m from the target at
the time when the shear-wave amplitude peaks (20 µs).
To obtain this data, one magnetic field probe was moved
in two-dimensions over 20 cm horizontally and 12 cm
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Simultaneous measurements of this type with an array of 10 magnetic field probes distributed 
along the plasma column at distances ∆z between 2 and 6.8 m from the target are shown in Fig. 
6b. All probes were located in the horizontal (xz) plane through the plasma column center (y=0), 
at a transverse distance of x=12 cm from the center of the machine where the wave-amplitude 
was close to the maximum. The traveling shear-Alfven wave is clearly visible, propagating along 
the magnetic field at 3.3x107 cm/s, which is consistent with the Alfven speed computed at the 
plasma parameters. Figure 6c shows measurements of the transverse magnetic field components 
in the xy-plane at ∆z=6.8 m from the target at the time when the shear-wave amplitude peaks (20 
µs). To obtain this data, one magnetic field probe was moved in two-dimensions over 20 cm 
horizontally and 12 cm 
 
 The temporal evolution of B of transverse position (x-axis) at y=0 is shown in Fig. 7. The quasi-
coaxial character of the current system centered at x ≈ -3 cm is evident, with the maximum field 
amplitude 10 cm from the current channel. The current density that produces such a current 
system is shown in Fig. 8b and is around 3 A/cm2 and close to the electron saturation current. The 
total current carried by the wave is on the order of 1 kA. The rapid fall- off of the field outside the 
current-channel (faster than ∼ 1/∆x) can only be explained with a negative return current around -
1 A/cm2 in a surrounding shell. In the shear-Alfven wave, the current along the magnetic field is 
carried by electrons, while the current across the field is carried by ions due to the ion-
polarization drift. Although the data suggests that Ienc vanishes at large x, the spatial range 
covered in this measurement was not large enough to show that the net-current through any plane 
is exactly zero. In helium we measure shear-Alfven wave velocities of 650 km/s and 1400 km/s 
for magnetic fields of 600 G and 1800 G, respectively. These velocities are consistent with the 
computed Alfven speed, considering that the plasma density increases from 8.5x1011 cm−3 at 275 
G to 2x1012 cm−3 at 1800 G. 
 

 
 
 
Fig 7: Evolution of the transverse 
magnetic field component By at y=0 as a 
function of transverse position across 
the plasma column (x), at a distance of 
∆z=5.2 m from the target in the axial 
direction (a). A shear-Alfven wave 
passes that probe roughly 15 µs after the 
laser-trigger, consistent with an Alfven 
speed of 330 km/s. A fastwave is also 
visible preceding the shear-wave. (b) 
Line-out of By as a function of x at the 
time when the peak of the pulse passes 
the probe (t=15 µs). The shear-wave 
carries a total current around 1 kA 
distributed over a 20 cm diameter 
channel, creating a traverse field up to 
15 G (or δB/B = 5%). We observe 
current densities around 3 A/cm2 in the 
center with a return current around -1 
A/cm2 carried in a concentric shell. 
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FIG. 7: (Color online) Evolution of the shear-wave amplitude
as a function of distance from the target. The figure shows
the magnetic field magnitude at the transverse location where
it peaks, at distances of � z = 0.3 m (black), 1.0 m (blue),
2.9 m (green), and 6.8 m (red). The magnitude drops from
80 G near the target to less than 20 G at a distance of several
meters.

vertically. The contour-plot is a composite of 77 high-
energy laser shots performed over the course of two days,
and shows the total unfiltered transverse field component
(B2

x

+ B

2
y

)1/2, while the vector-plot indicates the orien-
tation of the field. In contrast to earlier work with low-
power lasers [9] or helical antennas we do not observe two
anti-parallel current channels but a wide, quasi-coaxial
current system centered near the plasma column (x,y)=(-
3,0) cm, with the magnetic field vanishing in the center
and peaking approximately 10 cm radially from the sym-
metry axis. The symmetry axis of the shear-wave current
system at x=- 3 cm is thus located close to the projection
of the bubble edge at the time of peak diamagnetism (x
= -7 cm), and has no relation to the location of the target
(x=13 cm). The temporal evolution of B

y

as a function
of transverse position (x-axis) at y=0 is shown in Fig. 8.
The quasi-coaxial character of the current system cen-
tered at x ⇡ -3 cm is evident, with the maximum field
amplitude 10 cm from the current channel. The current
density that produces such a current system is shown in
Fig. 8b and is around 3 A/cm2 and close to the electron
saturation current (I

sat,e

= n ·v
th,e

·e). The total current
carried by the wave is on the order of 1 kA. The rapid fall-
o↵ of the field outside the current-channel (faster than
⇠ 1/�x) can only be explained with a negative return
current around -1 A/cm2 in a surrounding shell. In the
shear-Alfvén wave, the current along the magnetic field
is carried by electrons, while the current across the field
is carried by ions due to the ion-polarization drift. Al-
though the data suggests that I

enc

vanishes at large x,
the spatial range covered in this measurement was not
large enough to show that the net-current through any
plane is exactly zero. In helium we measure shear-Alfvén
wave velocities of 650 km/s and 1400 km/s for magnetic
fields of 600 G and 1800 G, respectively (see table I).
These velocities are consistent with the computed Alfvén
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FIG. 8: (Color online) Evolution of the transverse magnetic
field component B

y

at y=0 as a function of transverse position
across the plasma column (x), at a distance of �z=5.2 m from
the target in the axial direction (a). The contour plot shows
a composite of 45 laser shots where the magnetic probe was
moved to a di↵erent x-position in each shot. A shear-Alfvén
wave passes that probe roughly 15 µs after the laser-trigger,
consistent with an Alfvén speed of 330 km/s. A fastwave is
also visible preceding the shear-wave. (b) Line-out of B

y

as a
function of x at the time when the peak of the pulse passes the
probe (t=15 µs). The data is consistent with a pseudo-coaxial
current system centered near the middle of the plasma column
(x=3 cm) although the target was located at x=13 cm. The
shear-wave carries a total current around 1 kA distributed
over a 20 cm diameter channel, creating a traverse field up to
15 G (or �B/B = 5%). We observe current densities around
3 A/cm2 in the center with a return current around -1 A/cm2

carried in a concentric shell.

speed, considering that the plasma density increases from
8.5x1011 cm�3 at 275 G to 2x1012 cm�3 at 1800 G.

A fast wave is also observed, propagating along the
plasma column at a wavefront velocity around 3x108

cm/s, corresponding to a beam of electrons with a ki-
netic energy of 25 eV. At an axial distance of 6.8 m from
the target we observe low amplitude fluctuations of the
magnetic field signal as early as 350 ns after the laser-
trigger, corresponding to velocities in excess of 2x109

cm/s. These perturbations are due to the presence of
a high-energy tail of supra-thermal electrons with keV
energies. We observe field fluctuations of a few Gauss
in all three orthogonal components. Figure 9 shows the
auto spectrum of the flux-probe signal from Fig. 6a. The
compressional mode is clearly visible at a frequency de-
creasing from 1 MHz at early times to 0.5 MHz just before
the arrival of the shear-wave.
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A fast wave is also observed, propagating along the plasma column at a wavefront velocity 
around 3x108 cm/s, corresponding to a beam of electrons with a kinetic energy of 25 eV. At an 
axial distance of 6.8 m from the target we observe low amplitude fluctuations of the magnetic 
field signal as early as 350 ns after the laser- trigger, corresponding to velocities in excess of 
2x109 cm/s. These perturbations are due to the presence of a high-energy tail of supra-thermal 
electrons with keV energies. We observe field fluctuations of a few Gauss in all three orthogonal 
components. Figure 9 shows the auto spectrum of the flux-probe signal from Fig. 6a. The 
compressional mode is clearly visible at a frequency de- creasing from 1 MHz at early times to 
0.5 MHz just before the arrival of the shear-wave. 
 
I.6. Coupling efficiency 
The coupling-efficiency to shear-Alfven waves can be estimated by integrating the measured 
magnetic-field profile B(r) over the volume of the current system. We find an energy EA around 
0.9 J, corresponding to a coupling efficiency of 5% from the laser to Alfven waves. The coupling 
efficiency from the diamagnetic cavity to the shear-wave is much higher at around 70%. In 
addition, a magnetic energy around 50 mJ is contained in the compressional mode, which is too 
small to affect the total energy budget. Compared to earlier work at lower laser energies, we 
observe coupling efficiencies from the laser to Alfven waves an order of magnitude higher and 
shear-waves that contain an energy two-orders of magnitude higher. Field amplitudes in the 
present experiments are only an order of magnitude higher, since the width of the current system 
is also larger. Using higher background fields decreases the bubble size, and the current in the 
shear-wave decreases from 1 kA at 275 G to 600 A at 600 G and 400 A at 1800 G. We thus 
observe the largest wave amplitudes and the highest cou- pling efficiency in helium at low fields. 
Experiments in neon yield smaller currents (600 A), and the total energy in the wave decreases to 
300 mJ. In experiments with varying magnetic field and ambient mass (table I), the frequency of 
the shear-wave is always around 0.5·fci over a large range of gyro-frequencies between 21 kHz 
for neon in 275 G to 685 kHz for helium in 1800 G. The width of the current system (as measured 
from maximum to minimum field) decreases with the ambient field from 20 cm at 275 G to 10 
cm at 1800 G, as the diameter of the diamagnetic cavity shrinks from 20 cm to 5 cm. We measure 
no difference in the coupling to shear-waves between shots with fast (MA=1.5) and slow 
(MA=1.1) laser-blow-offs, even though there is more electron heating at the edge of the bubble at 
higher speed. The observed reduction in coupling efficiency at higher fields is consistent with 
earlier work at less energ that found better coupling efficiencies where the cavity lifetime τB = 
1/(4fB) is closer to the cyclotron frequency (fB/fci →1). This is equivalent to evaluating the bubble 
size DB relative to the Alfven wavelength DB /λA, where λA ∼ vA/fci ∼ √mi. Thus DB/λA ∼ 
(E/B2)1/3/√mi increases with E but decreases with B and the ambient ion mass mi. In helium at 
275 G, the bubble expansion time is τB ≈1µs and the ratio is fB/fci ≈2. At1800 G, the ratio 
increases to 4. Similarly, the coupling to Alfven waves decreases as the ambient mass increases.  
 
 
II. Collisionless shock experiments at the LANL Trident Laser 
  
Since ambient densities in the LAPD are currently still limited to 1012 cm-3 by the barium-oxide 
coated cathode, we performed a laser-only experiment at the LANL Trident facility at higher 
densities. The experiment demonstrates key elements in the production of laser-driven, 
magnetized, laboratory-scaled astrophysical collisionless shocks. These include the creation of a 
novel magnetic piston to couple laser energy to a background plasma and the generation of a 
collisionless shock precursor. We also observe evidence of decoupling between a laser-driven fast 
ion population and a background plasma, in contrast to the coupling of laser-ablated slow ions 
with background ions through the magnetic piston. 2D hybrid simulations further support these 
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developments and show the coupling of the slow to ambient ions, the formation of a magnetic and 
density compression pulses consistent. 
 
 

 
 
 
 
 
 
 
Fig. 8: (a) and (b) Magnetic contour 
plots of the heater- and driver-created 
diamagnetic cavities for a background 
field B0 = 390 G. wci is the ion cyclotron 
frequency. The heater pulse arrives at 
t=0 us, and the driver pulse arrives at t 
= 9.5 us. (c) Proton deflection contour 
plot of the heater-driven diamagnetic 
cavity 0.6 us after the heater pulse for B0 
= 800 G. 
 
 
 
 
 
 
 
 

 
 
Like previous efforts, we use lasers to define the shock geometry (strictly perpendicular, though 
the transition to other geometries would be possible) and to create an exploding plasma. 
However, rather than directly shocking a background plasma, the exploding plasma creates a 
magnetic piston that accelerates background plasma, which in turn shocks unperturbed 
background plasma. Furthermore, unlike typical laser experiments, these experiments are large-
scale (~50cm), letting the piston interact with the background plasma while still allowing 
sufficient space and time for a shock to form. We characterize the process using magnetic flux 
probes, optical Thomson scattering, emission spectroscopy, and proton deflectometry. The 
experiments were performed at the Trident laser facility at Los Alamos National Laboratory. A 
graphite target was placed in vacuum at the inner edge of a 50 cm diameter pulsed Helmholtz coil 
that could create a quasi-static external magnetic field up to 1 kG. The magnetic field was aligned 
parallel to the central axis of the coil and defines the z axis, while the normal to the target surface 
defines the x axis. The target could be rotated or translated for each shot to provide a fresh 
surface and was irradiated by two sequential laser pulses. The first “heater” beam (1053 nm, 50 J, 
50 ns, 1:5, 1011 W/cm2) created an ambient, low-density, magnetized carbon plasma. The second 
“driver” beam (1053 nm, 250 J, 5 ns, 6:5 , 1012 W/cm2 ) ablated a super-Alfvenic blow-off 
plasma, which subsequently created a magnetic piston that accelerated the ambient plasma into a 
shock front. A modular array—consisting of 40 probe slots spaced 1 cm apart—of single-axis, 
non-differential 1 mm magnetic flux (“bdot”) probes was aligned along x. The probes measured 
up to 40 cm from the target the z component of the magnetic field compression, expulsion, and 
diffusion of the expanding laser-plasma (all references to magnetic field hereafter refer solely to 

blazed at 500 nm) with a magnification of 2 and imaged onto
a Princeton Instruments MAX

TM

intensified charge-coupled
device (ICCD) gated camera with a 10 ns exposure. The
short-pulse beam was focused onto a 10 lm Cu foil, creating
an intense MeV proton backlighter that was imaged through
a fiducial grid at the edge of the coil onto a large (8:5! 11
in.) radiochromic film stack, comprised of 4 layers plus a
7 lm Al low-energy filter. The film captured the deflection
of the protons in the x̂-ŷ plane in an image defined by the x̂-̂z
plane.

The ablation of the target by the heater beam creates a
diamagnetic cavity as the blow-off plasma expands out-
ward.14 The ablated ions have a larger directed gyroradius
and are essentially unmagnetized, compared to the electrons,
and can stream farther through the background field. This
sets up a radial laminar electric field that keeps the electrons
moving outward with the ions. Simultaneously, the presence
of this electric field induces an E! B azimuthal drift only on
the electrons. This diamagnetic current layer along the drift
direction wraps around to the target, expelling the magnetic
field within it to create a diamagnetic cavity and field com-
pression ahead of the cavity. This Hall physics extension of
MHD on small spatial scales, where the gyroradii of elec-
trons and ions differ, is well known and has been studied ex-
plicitly in diamagnetic cavity formation related to barium
releases in space.15 Furthermore, because the magnetic com-
pression is closely tied to the ablated ions, its speed can act
as a proxy for the speed of the (leading) ions (in fact, simula-
tions show that the driving ions move somewhat faster than
the corresponding compression).

In Fig. 2(a), the magnetic compression ahead of the cav-
ity moves at a speed of v0 " 400 km=s (the initial speed of
the blow-off plasma), while the cavity reaches a maximum
size D0 # 2161 cm (estimated where the magnetic field
returns to its initial value). In general, the cavities in vacuum
at various laser energies were quasi-spherical and homogene-
ous (see Fig. 2(c)), and their sizes were consistent with the
scaling provided by the conservation laws for the magnetic
stopping radius6 (assuming the relative energy partition
between shots was consistent). As a result, the extent of the
ambient plasma was assumed to be the cavity size. After
"7 ls (not shown in Fig. 2(a) but detailed elsewhere16), the
magnetic field was measured to have completely diffused

back in (i.e., returned to its initial value, though much
faster17 than the classical Bohm diffusion time of 300 ls).
The magnetized ablated carbon plasma was characterized
with Thomson scattering and emission spectroscopy, as
reported elsewhere.16 For a background field B0 # 390
610 G, 3 cm from the target, and 8.5 ls after the heater
pulse (after the field has diffused back in), the plasma’s elec-
tron temperature and density were found to be 11.5 6 1.5 eV
and 2:061:0! 1014 cm–3, respectively, and the carbon ion
charge state was calculated to be Z # 3:860:2. This yields
an ambient plasma Alfvén speed vA;0 # B0=$4pni0mi%1=2

# 3465 km=s, where ni0 is the ambient ion density and mi is
the ion mass.

The interaction of the driver-ablated plasma with the
heater-created ambient plasma is shown in Fig. 2(b). The
prominent feature is a super-Alfvénic magnetic compression
(and associated driver-ablated ions, hereafter “piston” ions)
moving significantly slower (vp " 55 km=s) than in the vac-
uum case. As in the heater-ablated case, the piston ions cre-
ate a diamagnetic cavity. However, unlike the heater cavity
in vacuum, the driver cavity in the ambient plasma only
reaches a maximum size of Da # 1461 cm under the same
laser conditions. Using a simple energy balance model, the
energy in the piston ions can be related to the energy used to
expel the magnetic field out to radius R and the energy
imparted to the ambient ions with mass ma, density na, and

accelerated speed va: Episton #
B2

0

8p&
1
2 manav2

a

h i
4p
3 R3
! "

. As

outlined by Zakharov,6 in the vacuum case the cavity reaches

FIG. 2. (a) and (b) Magnetic contour plots of the heater- and driver-created
diamagnetic cavities for a background field B0 # 390 G. Xci is the ion cyclo-
tron frequency. The heater pulse arrives at t# 0 ls, and the driver pulse
arrives at t# 9.5 ls. (c) Proton deflection contour plot of the heater-driven
diamagnetic cavity 0.6 ls after the heater pulse for B0 # 800 G.

FIG. 1. Schematic layout of the experiment.
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the z component, unless otherwise stated). A third beam line could be configured as a Thomson-
scattering probe (527 nm, 0.5 ns, 50 J) to measure electron density and temperature, or as a high-
intensity, short-pulse (200 TW, 1019 W/cm2, 500 fs) probe for proton deflectometry to map 
magnetic fields. Either probe could be arbitrarily delayed relative to the heater or driver beam.  
  
The ablation of the target by the heater beam creates a diamagnetic cavity as the blow-off plasma 
expands outward. This Hall physics extension of MHD on small spatial scales, where the 
gyroradii of electrons and ions differ, is well known and has been studied explicitly in 
diamagnetic cavity formation related to barium releases in space. Furthermore, because the 
magnetic compression is closely tied to the ablated ions, its speed can act as a proxy for the speed 
of the (leading) ions (in fact, simulations show that the driving ions move somewhat faster than 
the corresponding compression). The magnetic compression ahead of the cavity moves at a speed 
of 400 km/s (the initial speed of the blow-off plasma), while the cavity reaches a maximum size 
of ~20 cm (estimated where the magnetic field returns to its initial value). In general, the cavities 
in vacuum at various laser energies were quasi-spherical and homogeneous, and their sizes were 
consistent with the scaling provided by the conservation laws for the magnetic stopping radius 
(assuming the relative energy partition between shots was consistent). As a result, the extent of 
the ambient plasma was assumed to be the cavity size. After 7, the magnetic field was measured 
to have completely diffused back in (i.e., returned to its initial value, though much faster than the 
classical Bohm diffusion time of 300 us).  
 

 
 
 
 
 
Fig. 9: (a) Magnetic contour plot and 
(b) ambient ion density (with overlaid 
piston ion density) contour plot from a 
2D hybrid simulation of the driver-
created diamagnetic cavity for a 
background field B0 = 390 G and initial 
ambient ion density n0 = 5 x 1013 cm–3. 
The driver pulse arrives at t = 0. As in 
Fig. 1, a fast ion population moving at 
400 km/s decouples from the 
background, while a slow ion population 
at 55 km/s forms a cavity before 
stagnating. The compression ahead of 
the cavity moving at 70 km/s indicates 
that the ambient ions have been swept 
out of the cavity and accelerated. (c) 
Normalized profiles at t = 3 us for 
magnetic field B (crosses), ambient 
density (circles), and piston density 
(squares). 
 
 
 

 
A simulation of the driver component of the experiment was carried out using a 2D hybrid code 
with massless fluid electrons and kinetic ions The simulation did not include the laser-target 
interaction, but focused on a dual-population plasma (fast and slow components) expanding out 

plasma conditions, a laser-facilitated magnetic piston sweeps
up background plasma that steepens into a collisionless
shock as it expands into the non-perturbed ambient plasma.
In addition, we see evidence of decoupling between fast ions
and the background plasma. While future experiments will
refine our ability to create and diagnose collisionless shocks,
more importantly the use of a laser-generated magnetic pis-
ton will allow us to transition to the quasi-parallel shock geo-
metries26 prevalent in space plasmas but never achieved in a
laboratory setting.
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the background, while a slow ion population at 55 km/s forms a cavity
before stagnating. The compression ahead of the cavity moving at 70 km/s
indicates that the ambient ions have been swept out of the cavity and accel-
erated. (c) Normalized profiles at t! 3 ls for magnetic field B (crosses), am-
bient density na (circles), and piston density np (squares).
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from a planar target perpendicular to a uniform magnetic field into an ambient plasma at the 
experimental conditions. The salient features observed in the experiment, including the formation 
of a diamagnetic cavity by the piston ions, the coupling of the piston to the ambient ions, the 
formation of a magnetic and density compression pulse consistent with a collisionless shock, and 
the decoupling of the fast ions, were also observed in the simulation (see Figs. 9(a) and 9(b)). In 
particular, Fig. 9(b) shows that the piston ions stagnate inside the diamagnetic cavity while the 
ambient ions are swept out, consistent with Larmor coupling between the piston and background 
plasma. Additionally, Fig. 9(c) shows both the ambient ion density and the magnetic field being 
compressed by a factor of 1.5, consistent with the experimentally derived Mach number and the 
jump conditions for a collisionless shock. 
 
These experiments have demonstrated that a laser-ablated plasma can create an effective 
magnetic piston that couples laser energy to a background plasma, as evidenced by the reduction 
in diamagnetic cavity size. This coupling has generated features that are consistent with a low 
Mach number magnetized collisionless shock. 2D hybrid simulations further show that under the 
experimental laser and plasma conditions, a laser-facilitated magnetic piston sweeps up 
background plasma that steepens into a collisionless shock as it expands into the non-perturbed 
ambient plasma. In addition, we see evidence of decoupling between fast ions and the background 
plasma. While future experiments will refine our ability to create and diagnose collisionless 
shocks, more importantly the use of a laser-generated magnetic piston will allow us to transition 
to the quasi-parallel shock geometries prevalent in space plasmas but never achieved in a 
laboratory setting. 
 
 
III. High-energy laser facility 
 
A new kilojoule-class laser has been activated at UCLA for experiments on laser-driven shocks. 
The laser can deliver energies up to 500 J in a 25 ns pulse at 1053 nm, and potentially up to 1.5 kJ 
at longer pulses (~100-1000 ns). The project was funded by the American Recovery and 
Reinvestment Act through a supplement to this DOE/NSF partnership in basic plasma science 
grant. The laser includes recycled components from the decommissioned NOVA laser of LLNL 
and was designed as a university-scale system using modern multi-pass architectures along with a 
trimmed-down pulsed power configuration to reduce the footprint and project cost.  Our laser 
system is now the world’s highest-energy university laser, the only kilojoule class laser solely 
dedicated to basic science, and the only laser of this magnitude ever designed, built, and operated 
by graduate students! 
 

The optical-layout is configured in a classical master-oscillator power amplifier (MOPA) 
architecture (figure 10), including a Nd:YLF front-end, and a series of flashlamp-pumped rod and 

 
Fig 10: Block-diagram of the different amplifier stages, key optical components, and the variation of 
pulse energy and fluence throughout the laser chain. 
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Brewster disk amplifiers driven by a 500 kJ capacitor bank (equivalent to the pulsed power of the 
Texas petawatt laser). While the total length of the optical system is 45 m, we use a folded 
architecture that fits on three 10’ x 3’ optical tables. 
 
The master oscillator is currently comprised of a 4 mm Nd:YLF rod amplifier in a Q-switched 
cavity that includes a frequency selective 30 mm solid fused silica etalon. Inside the resonator, a 
low power oscillation is allowed to build over many passes through the etalon (over 1-2 µs) 
resulting in a single longitudinal mode. This weak single frequency oscillation then serves as a 
seed to build up a high power Q-switched pulse. The pulse width can be varied between 8 ns and 
several tens of ns by changing the gain in the Nd:YLF rod at the time of switching. The 1053 nm 
transition in Nd:YLF closely matches the gain curve peak in the Nd-doped phosphate glass used 
in the large aperture disk amplifiers. A single frequency master pulse (δf/f <10-6) is employed to 
assure reproducible smooth temporal pulse shapes without modulation from multiple longitudinal 

modes. The output from the mono-mode oscillator is around 5 mJ and is pre-amplified to a few 
100 mJ in a flashlamp-pumped 9 mm Nd:YLF rod in a double-pass configuration.  
 
A large (6 m, f/36) vacuum relay telescope is used for an angle-multiplexed four-pass through the 
9.4 cm main amplifier (Fig. 11). We inject the low energy pulse from the pre-amplifier (250 mJ) 
into this large spatial filter using a high-reflector positioned 28 cm from the focus. The beam is 
collimated at a reduced diameter of 50 mm in the first two passes through the 9.4 cm head to 
simplify alignment, since the fluence is low. A retro-reflector behind the first pass located in the 

 
 
Fig 11: Optical layout of the power-amplifier section, including the injection spatial filter for angular 
multiplexing, the two Brewster disk amplifiers and the transport telescope to the target. The close-up in 
the lower-right corner shows the geometry used for far-field separation and the final Faraday rotator.  
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relay plane sends the beam back through the amplifier and into the large spatial filter at a small 
angle of 0.5o relative to the first pass. The spatial filter pinholes for different passes are separated 
by 2 cm vertically and horizontally, which leads to a maximum beam separation of 3 cm on the 
small (f =2:34 m) telescope lens. A second pickup mirror located 40 cm from the pinhole ejects 
the beam from the spatial filter, where it is re-collimated to a demagnified beam of 15 mm 
diameter. The energy after the second pass is 6.8 J, corresponding to a fluence of 10 J/cm2 at the 
pickup mirror and 12 J/cm2 on the exit port window. These fluences are the highest in the system 
but are a factor of two below the manufacturers specified damage threshold. We maintain a 
clearance of 7 mm between each beam and the edges of the pickup mirrors. A permanent magnet 
Faraday isolator with high damage threshold thin film polarizers and 20 dB isolation is installed 
in the relay plane and is the last isolator before the target. The beam is then injected back into the 
relay telescope by a third pickup mirror located 34 cm from the far-field for the third and fourth 
pass. The nominal output energy after the last 9.4 cm pass is 167 J, which is well below the 850 J 
saturation limit of the amplifier. The fluence of 5 J/cm2 is a factor of 2 below the damage 
threshold of the laser disks due to platinum inclusions at this pulse length. The large injection 
spatial filter image-relays the beam onto the 15 cm booster amplifier, where it is amplified to 500 
J. A total energy of 1.5 kJ is stored in the four 15 cm disks, well above the final output energy. 
Photograph of the main-amplifier and the pulsed-power bank are shown in figures 22 and 23. 
 
 
 

 
 

 
The NOVA phosphate disks are hygroscopic and had to be resurfaced since they were not kept in 
a controlled environment for several years. In order to protect the glass from humidity we purge 
each amplifier with dry air at 30 standard cubic feet per hour (SCFH) at all times to maintain a 
positive pressure in the hermetically sealed housings. Large aperture Brewster windows are 
installed at both ends of the amplifier housing for beam entry. Dry air is produced on site by a 
compressed air dryer, which delivers 390 SCFH at -100o F dew point at the 60 psig compressed 
air pressure. The air flow is temporarily stopped for a laser shot and is increased to 300 SCFH for 

Fig 12: Left: Photograph of the 9.4 cm four-pass main-amplifier and the transport spatial filter. The 15 cm 
booster amplifier on the far side of the laser-tables is not visible. Right: the 10 cm NOVA Brewster amplifier 
disks being assembled in the amplifier structure (bird-cage). UCLA is the only institution that has 
successfully assembled a cylindrical NOVA amplifier in-house and without the dedicated NOVA assembly 
fixture available at LLNL. A 18 ft tall class 10,000 clean-room was built at UCLA with a vertical amplifier 
assembly station to allow refurbishing of the NOVA amplifiers.   
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15 minutes after the shot to speed up cooling of the lamps and disks. Flow rates through the disk 
and lamp chambers are adjusted to be identical to avoid stress on the cylindrical pyrex blast shield 
that separates the lamp chamber from the disk chamber. We replaced the original silver plated 
reflectors from NOVA (80% reflectivity) with highly reflective aluminum (>98% reflectivity) 
which does not tarnish due to the oxygen in the dry air purge. Instead of the shaped single-cusp 
reflectors from the original NOVA design, we use a simple cylindrical reflector geometry. 
 
The two disk amplifiers are driven by a 500 kJ capacitor bank with high-current ignitron 
switches, configured similarly to the original NOVA design. The 9.4 cm amplifier contains 16 
flash tubes connected to pulse forming networks (PFN) in 12 pairs of in-series connected lamps. 
The 15 cm amplifier contains 24 flash tubes. Each lamp pair is driven by two paralleled 52 µF / 
22 kV capacitors in one circuit. The entire bank consists of 20 such circuits with a total 
capacitance of 2 mF that stores 40 C at 20 kV. Each PFN includes a 450 µH inductor connected 
in series with the capacitors to stretch the current pulse length to more than 1 ms and limit the 
current to 4 kA. The resistivity of the flash lamps damps the circuit so that only a small reverse 
current appears at the capacitors and the high-current switch. The capacitor housings are iso- 
lated from the support frame by polyvinyl chloride sheets (PVC) and connected to pulsed power 
ground via 15 Ω tube resistors. Each frame is electrically isolated from the ground and connected 
to pulsed power ground via 100 Ω disc-resistors, which can dissipate 135 kJ in case of accidental 
arcing. Each circuit includes a high current fuse (4400 A2s), 3.9 kΩ charge resistor, and a shorting 
switch with 5 Ω dump resistor for overvoltage protection. Each capacitor pair can be safely 
discharged in less than a second through a 1 kΩ disc resistor  with a pneumatic dump-switch. We 
employ a separate high current switch for the 9.4 cm bank (8 circuits) and the 15 cm bank (12 
circuits). Thus each amplifier can be fired independently. Following the original NOVA design 
we use a dual-ignitron switch for each bank with two ignitrons in series to prevent premature 
breakdown. A capacitive voltage divider consisting of two 10 MΩ tube resistors paralleled by 100 
nF capacitors ensure equal division of the supply voltage across the two ignitrons. The ignitrons 
are water cooled to 17oC with a closed loop de-ionized water chiller. We monitor and maintain a 
conductivity below 20 µS/cm, which corresponds to an additional resistance of 20 MΩ per 
ignitron in parallel with the voltage divider caused by the 1.2 m long water hose. Each anode is 
heated with a 60 W ceramic emitter at a distance of 15 cm to prevent condensation of the 
mercury. We maintain a minimum temperature difference of 10oC between anode and cathode at 
all times to guarantee a hold off voltage of 20 kV. Ignitrons are triggered by a commercial four-
channel trigger generator using only one of the ignitor pins per ignitron. The igniters are 
galvanically decoupled from the trigger board using high current transformers. Pulsed power 
bank and ignitron switches are installed in a 130 ft2 pulsed power cave with the ignitron switches 
mounted on free-standing support structures (so called NOVA brass giant), which define pulsed 
power ground and are electrically insulated from the floor. Power transmission between the 
capacitor cave and the amplifiers is facilitated by 15 m long RG-217 coaxial cables routed on 
fiber-glass trays. An additional RG217 cable is installed between the laser head inner reflector of 
each amplifier and the pulsed power ground at the ignitrons to minimize current though the 
building ground in case of explosive flash lamp failure. Pulsed power ground and building ground 
are connected through a 100 Ω resistor at only one point near the brass giant. Both banks for the 
two amplifiers are charged with the same 8 kJ/s (25 kV) power supply in 45 seconds. A 
freewheeling diode assembly with 100 Ω series resistors (100 W) protects the PSU from an 
accidental breakdown. In case of voltage reversal a high-voltage diode (8 A at 48 kV, 1.5 kA 
surge current) will discharge the entire bank through a high power 100 Ω disc-assembly resistor 
which can dissipate close to a MJ of energy.  A small capacitor (150 nF, 25 kV) with 100 MΩ 
bleeding resistor connected to the PSU output protects the unit from an accidental open load 
condition. Three normally open high-voltage relays isolate the ground and the high-voltage 
terminals for both banks when charging is complete, immediately before the discharge trigger. 
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Completely isolating the PSU from the pulsed power bank for the discharge protects the unit from 
voltage reversal and ensures controlled separation of the pulsed power and building ground. Once 
the PSU is disconnected, the capacitor banks slowly discharge through the voltage divider and 
cooling water in the ignitrons (RC=3.6 hours). We use a field programmable gate array (FPGA) 
to automatically control the charging sequence, including the opening of the relays to keep this 
time to a minimum (10 ms) and reproducible from shot to shot. In the charging sequence the PSU 
high-voltage output is disabled upon full charge shortly before the charge relays open. We use 
original NOVA energy storage capacitors, ignitrons, and charge resistors but replaced the 
inductors, dump switches and dump resistors, as well as the high current fuses. We use original 
NOVA flash tubes with a length of 44” and xenon fill at 300-700 torr with a light conversion 
efficiency up to 50%. Although the pulsed power bank and lamps are qualified for a nominal 
bank voltage of 22 kV the optical system was designed for reduced amplifier gains. We therefore 
operate the lamps at 16 kV to increase their lifetime without the need of a low-energy pre-
ionization discharge. 
 
 
 

 

 
All laser and pulsed power systems are controlled by an array of stand-alone 400 MHz FPGAs 
(National Instruments, CompactRIOTM) connected to each other through a secure 100 Mbps 
intranet based on plastic- optical-fiber (POF). Personal computers connected to this intranet only 
monitor the FPGA status through network shared variables but do not control any crucial or time 
sensitive systems. Areas in the laboratory that are physically separated (pulsed power cave, laser 
tables, target area, control room, LAPD) use individual FPGAs for data acquisition and control. 
The control system consists of more than 300 input/output channels including fast digitizers for 
laser-pulse shape, flash lamp current and beam energy measurements, CCD cameras for beam 
diagnostics, and stepper motor controllers for spatial filter pinhole and wave plate adjustments. A 
separate FPGA is used for a laser-safety interlock that connects to sensors and controls 
throughout the laboratory via plastic fibers. Pulsed power diagnostics include a self-powered 
high-voltage to frequency converter board on each ignitron switch, coupled to the pulsed-power-

Fig 13: Left: UCLA researcher Carmen Constantin assembling the 500 kJ capacitor bank with high-current 
ignitron switches that power the flashlamps.  The computer-control system (right picture) was built from 
scratch by a UCLA graduate student (Derek Schaeffer) and controls more than 500 input/output channels for 
pulsed-power, laser-beam-diagnostics, safety interlock systems, and the target area 
(https://decibel.ni.com/content/groups/sweet-apps/blog/2012/03/06/  ). 
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FPGA with plastic fiber senders and receivers to measure the actual voltage on each bank. The 
discharge current through each lamp pair and the reflector return cables are measured with current 
transformers  coupled to 12 bit, 100 kS/s digitizers on the FPGA. Beam parameters are monitored 
throughout the system by diagnosing low-power leaks through the retro- reflector and turning 
mirrors. Near-field and far-field are recorded on 12-bit charge-coupled-device (CCD) cameras. 
An aspheric f/10 lens relay-images the retro-mirror plane onto two cameras for near- field 
measurements of the first and third pass. The leaks from the two passes are separated at the far-
field, where the beams are offset by 8 mm. Similarly, the second pass is monitored behind the 20 
mm rotator, and the final output behind the transport telescope. At each location both near-field 
and far-field are recorded on the same CCD using beam-splitters to save cost. Beam energy is 
measured with pyroelectric detectors coupled to 16 bit, 100 kS/s digitizers on the FPGAs. Single-
mode optical fiber is used to transmit pulse shape information to fast photodetectors (InGaAs, 1.2 
GHz) in the control room 15 m away. Backreflections from the target or misaligned optical 
surfaces are monitored with a combination of calorimeters and fiber-coupled photo-diodes at the 
polarizers of each Faraday isolator. 
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