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Currents and shear Alfve ´n wave radiation generated by an exploding
laser-produced plasma: Perpendicular incidence

M. VanZeeland,a) W. Gekelman, S. Vincena, and J. Maggs
Department of Physics and Astronomy, University of California, Los Angeles, California 90095-1547

~Received 6 November 2002; accepted 7 February 2003!

Examples of one plasma expanding into another and the consequent radiation of wave energy are
abundant in both nature and the laboratory. This work is an experimental study of the expansion of
a dense laser-produced plasma~initially, nlpp /n0@1) into a magnetized background plasma (n0

5231012 cm23) capable of supporting Alfve´n waves. The experiments are carried out on the
upgraded Large Plasma Device~LAPD! at UCLA @W. Gekelmanet al., Rev. Sci. Instrum.62, 2875
~1991!#. It has been observed that the presence of a background plasma allows laser-plasma charge
separation to occur that would otherwise be limited by large ambipolar fields. This charge separation
results in the creation of current structures which radiate shear Alfve´n waves. The waves propagate
away from the target and are observed to become plasma column resonances. Conditions for
increased current amplitude and wave coupling are investigated. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1564598#
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I. INTRODUCTION

The basic physics of a spatially localized plasma
panding and moving into an ambient plasma and the co
quent radiation of wave energy is fundamental in many ar
of astronomy and plasma physics. Astrophysical explosio
irrespective of scale, are responsible for enormous rele
of energy and plasma into the surrounding ionized me
Coronal mass ejections~CME!1 may play a key role in the
dynamics of space weather and the origin of turbulence
the solar wind. Additionally, CME’s have been observed
be associated with outward propagating Alfve´n waves.2 In
laboratory fusion experiments, tokamak pellet injection
verely impacts the background plasma, radiates waves,
sometimes causes disruptions.3,4 In the Earth’s ionosphere
the 1962 detonation of a 1.5 Megaton nuclear device a
altitude of 400 km~project STARFISH! is believed to have
radiated Alfvén waves which later turned into standin
modes on the Earth’s field lines.5 Also in the ionosphere, the
Active Magnetospheric Particle Tracer Explorers~AMPTE!
and Combined Release and Radiation Effects Sate
~CRRES! barium release experiments created another
ample of high density plasma interacting with a dilute ba
ground plasma.6,7

As early as 1964 it was recognized that a laser deliver
power densities above 1010 W/cm2 could efficiently produce
hot plasmas with the bulk of the laser energy mainly dep
ited into ion kinetic energy.8 Since then, major advances
laser technology have created a growing area of rese
utilizing laser-produced plasmas~lpp! for a broad range of
fields, including fusion research,9–11 simulation of exploding
supernovae12,13 and thin film deposition.14 The experiment
presented here centers on the use of a laser to generate

a!Electronic mail: mav@physics.ucla.edu
1241070-664X/2003/10(5)/1243/10/$20.00
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idly expanding, dense plasmas embedded in a backgro
plasma.

A laser-produced plasma exploding into an ambie
magnetized plasma with our parameters, triggers a variet
phenomena which span several orders of magnitude in s
and time. For instance, in the first several nanoseconds
impact, x rays and other electromagnetic radiation are em
ted and some atoms in the vicinity of the target are pho
ionized. Also, on this time scale Langmuir waves and f
electrons (,100 eV! emanate from the target region. On th
order of microseconds a diamagnetic cavity forms and
bulk laser-produced plasma hits its maximum radius wh
simultaneously generating lower hybrid and Alfve´n waves.
After 10 to 1000 microseconds, acoustic waves and sho
are formed. This paper is an investigation of the reproduc
current structures and shear Alfve´n wave radiation that form
in the time period between 1/10 and 100 microseconds w
a rapidly expanding (vexpan/vAlfvén.0.1– 1), high density
(nlpp@n0) laser-produced plasma is embedded in an am
ent, steady state, fully magnetized plasma. It is organize
follows: the experimental setup and instruments are
scribed in Sec. II, the experimental results are presente
Sec. III sorted according to direction of expansion and
duced currents, together with a discussion of the gener
shear Alfvén waves, and Sec. IV presents conclusions.

II. EXPERIMENTAL APPARATUS

The measurements reported in this paper were taken
the upgraded Large Plasma Device~LAPD!.15 The upgraded
LAPD is 20 m long and the plasma column length is 17
The plasma is formed with a dc discharge. The discha
current (I dis<15 kA! emanates from a 80 cm diameter oxid
coated cathode capable of producing quiescent plas
(dn/n'0.01) with densities, 531012 cm23, ion tempera-
tures,2 eV, and electron temperatures,10 eV. The back-
ground plasma in this experiment was neonMi520, no52
3 © 2003 American Institute of Physics
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31012 cm23, Te55 eV, Ti51 eV, diameter550 cm as de-
termined by Langmuir probe measurements in a plane.
background magnetic field (Bo) was 1.5 kG and axially uni-
form. The laser used was a 1.5 J/pulse, 8 ns full width
half-maximum ~FWHM!, Q-switched Nd-Yag Quanta Ra
Pro from Spectra Physics. The extremely repeatable bea
focussed to an on-target spot diameter of 0.5 mm and is b
temporally and spatially Gaussian shaped. The target, loc
661.5 cm from the cathode, is a 1.9 cm diameter alumin
rod ~unless mentioned otherwise! which, to ensure a fresh
target surface, is translated and/or rotated using a dual s
per motor system by 1 mm after every five shots. A diagr
of the setup is shown in Fig. 1. The coordinate system use
centered at the laser impact point and is also shown in Fig

The probes used in this experiment are a 3-axis induc
pickup loop system and a Langmuir probe drawing ion sa
ration current. Each axis of the magnetic probe consisted
pair of 3-turn loops differentially wound to reduce electr
static pickup. The total combined area of all six coils f
each axis is 0.835 cm2. The Langmuir probe is planar an
has an area of 1 mm2.

The experiment proceeds as follows:~1! The probe is
positioned at some point on a predetermined data acquis
plane using a computer controlled stepper motor syste16

~2! plasma is pulsed on and allowed to reach a steady s
~3! 0.5ms before the laser is fired data acquisition begins
continues for 0.32 ms,~4! laser fires,~5! steps 2–4 are re
peated for five shots at 1 Hz,~6! target is rotated and/o
translated,~7! entire process is repeated at a new probe
cation.

Data are acquired using a VXI crate and up to four f
Tektronix TVS-645 waveform digitizers (, 4 G samples/s,
8-bit!. Several planes of fluctuating magnetic field and io
saturation data were acquired both perpendicular and par
to the background field. The received time series of magn
field and ion-saturation fluctuations were observed to
phase locked from shot to shot so a five-shot ensemble
erage was used to reduce background noise.

FIG. 1. A schematic of the experimental configuration. La550 cm, Lb5667
cm, Lc51033 cm, plasma diameter550 cm, Bo51.5 kG, V550 V. Mag-
netic fluctuation data were obtained on perpendicularxy planes 25 cm3 20
cm with Dx5Dy50.5 cm centered atx527.5 cm,y50 cm andz522,
234,2130,2194 cm. The parallelxz planes were 25 cm312 cm and 25 cm
324 cm withDx50.5 cm,Dz51 cm centered atx527.5 cm,y50 cm,
z526, andx527.5 cm,y50 cm,z5234 cm, respectively. Ion-saturatio
data were obtained on the same size perpendicular planes center
x527.5 cm,y50 cm andz5234,2130,2354, and2578 cm. The laser
impacts the target surface atx50, y50, z50.
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III. EXPERIMENTAL RESULTS

A. Initial perpendicular expansion

When a laser-produced plasma expands across a b
ground magnetic field in vacuum it goes through seve
phases. The initial laser impact results in immediate ioni
tion of surface atoms and a blast of fast electrons (E,100
eV! which rip ions from the target surface due to a lar
ambipolar field. The more massive ions hold back the el
trons and eventually overshoot them due to their relat
unmagnetized state. This creates a radially inward direc
ambipolar field which in turn causes an electronEW 3BW drift
and, in conjunction with¹W P3BW currents, the observed lase
plasma diamagnetism.17 When a background plasma
present, this effect is complicated because the backgro
electrons can shuttle along field lines and partially short
the initial large ambipolar field allowing laser-plasma ele
trons to escape. A schematic of this early-time situation
shown in Fig. 2.18 The lpp diamagnetic cavity size can b
approximated by setting the total excluded magnetic ene
equal to the kinetic energy of the laser plasma,Elpp . Namely,
a magnetic confinement or ‘‘bubble’’ radiusRb

5(3moElpp /pB0
2)1/3,19–21whereElpp is approximated as 1/2

the initial laser beam energy,Elpp50.75 J. Also, the volume
has been corrected for expansion into 2p steradians giving
Rb53.5 cm for our conditions. Faraday cup measurement
vacuum have shown approximately 2.531015 particles are
ablated with an average perpendicular expansion spee
v'51.43107 cm/s which corresponds to a kinetic ener
about halfElpp . These numbers are consistent with expe
mentally derived scaling laws and previous experiments
ing laser to plasma-kinetic-energy conversion efficiencies
large as 90% at these laser fluences.22–24 For our typical
background densities of 231012 cm23, this means that
when the lpp has reached the bubble radius it is a facto
approximately 13 more dense than the background plas
Both the diamagnetic bubble scaling and ambipolar fi
have been observed in previous experiments where the

at

FIG. 2. Simple cartoon of initial laser-plasma expansion into a backgro
plasma. The entire space is filled with a background Ne plasma. Left pa
laser is fired across the background field. Right panel, lpp expands out
with unmagnetized ions dragging electrons across the field. Simultaneo
electrons are escaping down field lines~escaping current! and being re-
placed by background electrons~return current!. Cross field neutralization is
then accomplished by background ions via polarization drift or electron–
collisions.Rb is the magnetic bubble radius'3.5 cm andE is an ambipolar
electric field.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 3. ~Color! Magnetic field data att50.39ms. Solid planes are current density obtained fromJ5(1/mo)¹W 3BW . Red/blue represents electrons going in t
2z/1z direction. Vector plot shows perpendicular magnetic field. The target is shown to scale at its approximate location relative to thez526 cm plane. The
red strip near the target indicates thex-direction extent of the diamagnetic cavity. The laser is incident along thex axis.Jte532 A/cm2.
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pansion occurred into vacuum19 and background gas.20,21,25

They have also been studied by this group for expansion
a background plasma and will be the subject of a fut
paper.

An example of the initial 3D current structure, derive
from measurements of magnetic field andJW5(1/mo)¹W 3BW ,
due to escaping electrons and background electron re
currents is shown in Fig. 3. In the solid colored planes,
represents positive current density and blue represents n
tive current density~i.e., electrons going in the negativez
and positive-z direction, respectively!. As one might expect
for times less than that of peak diamagnetism, the cur
distribution is approximately coaxial in nature with the ce
tral current channel corresponding to electrons coming fr
the target plasma and the outer channel associated with
trons from the background plasma. An approximation to t
time is given bytd52Rb /v'.0.5 ms. The plane located a
z52130 cm is a vector plot of the fluctuating magne
field—red indicating higher field values, clearly showing t
azimuthal field induced in the background plasma. The
strip next to the cylindrical target is for reference as to
extent and location of the diamagnetic cavity in thex direc-
tion.

In order to investigate the effect of background plas
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parameters on the outgoing electron current channel, a s
of magnetic field data were taken along a line atz5234 cm,
y50 cm. The background density and electron tempera
were varied by firing the laser at different times after the
discharge was terminated. Figure 4 shows the temporal
pendence of these parameters after shutoff. Thee-folding
time of the electron temperature is roughly 1 ms and tha
the density is 10 ms. The current channel formation ta
,1 ms therefore the background plasma parameters are
sumed constant over this time. A scaled parameter of
evance to these experiments which incorporates both
changing background density and temperature is the rati
electron thermal speed to Alfve´n speed

v te /vAlfvén5S 2kTe

me
Y B2

monoMi
D 1/2

,

or alternatively the plasma beta,b5nkTe /(B2/2mo). The
specific temperatures and densities change as to
v te /vAlfvén from roughly 2.0 to 0.2.

The resulting return and escaping electron current de
ties scaled to the background thermal current densityJte

5noev te) are shown in Fig. 5 for a range ofv te /vAlfvén .
Parallel current density was calculated fromJz

5(1/mo)]xBy along the line y50. This assumes tha
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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(1/mo)]yBx50 along this line, which is true for our nearl
azimuthally symmetric axial current distributions. This a
sumption has been verified whereBx andBy were measured
in a plane so that (1/mo)]yBx could also be computed. Fo
this case, it was found that the error in the magnitude oJz

introduced by neglecting they derivative ofBx was less than
10% for times earlier thant5td . The same method wa
used to deriveJz in the parallel planes shown in Fig. 3.

From Fig. 5 we see that for decreasingv te /vAlfvén the
escaping and return currents become a greater fraction o
background thermal current. Specifically, this relation can
approximated byJ5CoJte(v te /vAlfvén)

C1 where, using a
nonlinear regression fitting routine,Co and C1 were deter-
mined to beCoe50.360.01,C1e520.6260.04 andCor

50.1660.01,C1r520.6860.04 for the escaping and retur
current densities respectively. These fits are shown in Fi

FIG. 4. Background plasma parameters after the discharge current is t
nated~termination occurs att50!. This is the afterglow phase.L5electron
temperature,n5plasma density.

FIG. 5. Peak escaping and return current density normalized to backgr
thermal current (Jte) for y50, z5234 cm. Solid line is nonlinear regres
sion fit.v te /vAlfvén is for the background neon plasma and is varied by fir
the laser at different times during the afterglow phase.Jte values are 31.1,
26.7, 23.0, 18.0, 13.5, 9.4, 4.3, 2.6 A/cm2 and correspond to the points in th
direction of decreasingv te /vAlfvén .
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as solid lines where bothC1 values have been set to22/3.
Currently, this dependence is not understood. Not shown
Fig. 5 is that when the experiment was carried out for exp
sion into vacuum no current channel was detectable. T
indicates that there is a value ofv te /vAlfvén when J/Jte

should go to zero.
Figure 6 shows the current density alongy50 cm

z5234 cm when the target is struck during the discharge
well as 6 ms after turnoff (v te /vAlfvén51.95 and 0.34, re-
spectively!, overlayed with the diamagnetic field generat
near the target by the expansion. The peak positive cur
density occurs at approximately the cavity center and
return current occurs at the edge of the bubble—consis
with Fig. 2. Two different current density lines were show
to illustrate the fact that the width of the current channel do
not change withv te /vAlfvén and that the absolute magnitud
of the currents go down~each signal was normalized to th
thermal current before shutoff,Jteo532 A/cm2). The peak
return current has been observed to occur when the time
of change of the escaping current channel is maximum. T
indicates that the return current has a significant contribu
from the inductive parallel electric field generated by t
escaping ballistic lpp electrons. A phenomenon which h
been observed in recent particle-in-cell simulations for a
personic plume moving along a magnetized plasma.26

B. Further perpendicular expansion

As the unmagnetized laser-plasma ions continue to
pand across the confining magnetic field, dragging electr
along with them, the parallel electron current system indu
in the background plasma becomes highly asymmetric

i-

nd

FIG. 6. Solid line is the current density normalized toJteo along a line in the
x direction withy50, z5234 cm, t50.36 ms, andv te /vAlfvén51.95.Jteo

531.1 A/cm2 and is the thermal current in background plasma before tu
off. Error bars are shown at each data point location. Dashed–dotted li
the current density normalized toJteo along a line withy50, z5234 cm,
t 5 0.36ms, andv te /vAlfvén50.34. Dashed line is the diamagnetic cavity
measured along a line in thex direction with y50,z522 cm, same time.
Skin depth is 0.37 cm forno5231012 1/cm3.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



nts
w
ay

is

1247Phys. Plasmas, Vol. 10, No. 5, May 2003 Currents and shear Alfvén wave radiation . . .
FIG. 7. ~Color! Current density as derived fromJW

5(1/mo)¹W 3BW at z5234 cm, t51.45 ms normalized
to the background thermal current. Blue represe
background electrons going toward lpp ions. Yello
represents background and lpp electrons going aw
from the lpp. The bulk lpp has not yet arrived at th
plane.B0 points out of the page.
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evolves rapidly from a pseudocoaxial system (t.td) to two
antiparallel current sheets. At all times, however, the net c
rent through anyx-y plane has been measured to be z
within experimental error. The axial component of the c
rent density (Jz) at z5234 cm andt51.45ms is shown in
Fig. 7. These data were derived using the measurem
taken in a plane where the fullJW5(1/mo)¹W 3BW could be
calculated forJz and no assumptions about coaxial symme
were necessary so the late time signals could be investiga
Along with some remnants of the original coaxial structu
two current sheets are clearly visible with the blue/yellow
red representing electrons moving toward/away from the

This effect can be understood by examination of
charge distribution in the perpendicularly expanding lp
Mostovych, Ripin, and Stamper examined transverse exp
sion from a flat surface into a vacuum and consequent
collimation.27 The same phenomena occurs here. They s
gested that the expanding lpp becomes polarized due to

vW 3BW Lorentz force pushing ions to one side and electro
toward the other (1 ŷ and 2 ŷ, respectively!. The polariza-
tion then produces an electric field which causes the en
plasma to EW 3BW drift across the background magnet
field.28,29 As the lpp continues to expand further, focussi
occurs due to curvature of the polarization electric field
sulting in a wedgelike jet. Further expansion of the unm
netized ions allows them to accumulate ahead of the e
trons and another electric field forms with its ownEW 3BW drift
in the direction of electron gyromotion (2 ŷ). Our data sug-
gest that this model is correct. Figure 7 shows antipara
sheetlike electron currents consistent with background
lpp electrons rearranging themselves to compensate for a
larized wedgelike lpp. Additionally, these currents track t
curvature of the lpp in the direction of electron gyromoti
as can be seen by the curved appearance of the induced
Downloaded 13 Sep 2003 to 128.97.30.131. Redistribution subject to A
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currents. The current sheets shown in Fig. 7 are reminis
of the Alfvén wings or conduction wings discussed b
Borovsky.28 Estimates of the total current based on his
sults, however, are too large.

Shown in Fig. 8 is the time evolution of the curre
density observed at four different axial locations at the sa
perpendicular location. Thex–y location was chosen to cor
respond to that of the peak current observed anywhere in
plane and was found to occur atx523.5 cm,y521.0 cm.
The signal forz522 cm is possibly misleading. Although i
is normalized to the ambient background thermal current,
thermal current atz522 cm is probably higher due to x ra
and fast electron multiple ionization of the background g

FIG. 8. Largest observed current densities normalized to the backgro
thermal current at four different axial locations,x523.5 cm,y521 cm.
Solid lines located at the peak of each time series indicate constant pr
gation speed of 83107 cm/s.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1248 Phys. Plasmas, Vol. 10, No. 5, May 2003 VanZeeland et al.
The solid vertical lines are spaced according to a cons
propagation speed of 8.03107 cm/s and nearly coincide with
the time of arrival of the peak current at each axial positi
This number is larger than the Alfve´n speed, but it corre-
sponds to the low frequency limit of the kinetic shear Alfv´n
wave group and phase speed for a perpendicular wavele
equal to the bubble radius. It is possible that while the
caping electron beam creates a current channel very rap
the bulk current propagation speed is being limited by cro
field polarization currents through an Alfve´n wave front as
predicted by Borovsky.28 Alfvén wave radiation will be dis-
cussed in detail in Sec. III D.

C. Parallel expansion

While expanding in the perpendicular direction, the l
simultaneously expands along the magnetic field. The pa
lel component of expansion has a distribution of speeds c
tered around a value less than the peak perpendicular sp
Shown in Fig. 9 is a plane of ion-saturation data taken az
5234 cm, 4.93ms after the laser firing. The Langmu
probe is single sided and facing the expanding plasma.
interesting to note that the extent of the bulk lpp in thex̂
direction is approximately twice the directed ion Larmor r
dius value for doubly ionized Al travelling at 1.43107 cm/s
(RLi510 cm! indicating an average charge state ofZ52
based purely on radial magnetic confinement. The in
shows the time-evolved trace atx529.5 cm,y520.5 cm
in the same perpendicular plane. The large initial nega
spike is due to escaping fast electrons.30 The dashed line
indicates positions of time-of-flight measurements as d
cussed next.

An approximation for the total number of lpp ions can
reached by integrating the ion-saturation derived current d
sities over an entire plane~assumingZ52) and in time. The
results obtained in this manner for the total number of
lated particles is consistent with those derived using Fara

FIG. 9. Ion-saturation current measurement atz5234 cm, t54.93 ms.
Inset, time evolved trace atx529.5 cm,y520.5 cm. Probe area is 1 mm2.
Dashed line is where time-of-flight data were taken for Fig. 10.
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cup measurementsN'1015. Since the ion-saturation prob
position is known relative to the origin of the laser-produc
plasma it can also be used as a time-of-flight~TOF! diagnos-
tic. The relative number of particles passing through a s
cific x location along the liney52.5 cm,z5234 cm ~the
dashed line in Fig. 10! with a specific speed normalized t
the background ion-sound speed (cs5(kTe /Mi)

1/2) as de-
rived from the TOF is shown in Fig. 10. The speed is co
sidered to be the distance from the origin to the particu
position divided by the difference in time between laser
ing and time of arrival. While there are some lpp ions tra
elling abovev i /cs525, the parallel speed averaged over
x locations is approximatelyv i /cs518, or 0.93107 cm/s as
compared to the average initial perpendicular expans
speed of 1.43107 cm/s ~note in the background plasmav te

5108 cm/s, vAlfvén553107 cm/s, andcs553105 cm/s!.
With an average acoustic Mach number of 18, this sup
sonic plume should generate acoustic shocks as it mo
through the background plasma.

D. Shear Alfvé n waves

Whenever time varying current systems with power b
low f ci are present in a magnetized plasma the possibility
coupling to shear Alfve´n waves exists.31,32 The currents de-
scribed in this paper vary in time and are expected to rad
shear Alfvén waves. Previously, we reported the generat
of shear Alfvén waves from a laser-produced plasma crea
by a laser incident along the background magnetic field
the original LAPD.17 The mechanism is essentially the sam
the transient lpp currents and the self-consistent current
the background plasma. Perpendicular expansion adds
asymmetries discussed in Sec. III B which are visible in
early time spatial wave pattern and may draw additional c
rent from the plasma as well as radiate Alfve´n waves over a
larger volume. The top panel of Fig. 11 shows the fluctuat

FIG. 10. Contours of relative number of particles with time-of-flight deriv
speed as a function ofx location,y52.5 cm,z5234 cm. Position corre-
sponds to dashed line in Fig. 9. The laser impacts the target atx50. Speed
is normalized to ion-sound speed in the background plasma.~Note in the
background plasmav te5108 cm/s, vAlfvén553107 cm/s, andcs553105

cm/s.!
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1249Phys. Plasmas, Vol. 10, No. 5, May 2003 Currents and shear Alfvén wave radiation . . .
x component of magnetic field atx5210 cm,y524.5 cm,
z52130 cm, and2194 cm ~solid and dashed–dotted, re
spectively!. The bottom panel shows the power spectrum
the z52194 cm case as well as that of the correspond
Bz . The power spectrum shows a sharp cutoff at the ba
ground ion–cyclotron frequency and very littleBz as one
would expect for shear Alfve´n waves. Additionally, similar to
those observed in previous work, several peaks below
cyclotron frequency can be attributed to standing Alfv´n
waves on field lines33 of the 17 m plasma column. The pha
delay between the differentz locations reveals a propagatio
speed of 5.6310760.5 cm/s consistent with our backgroun
Alfvén speed of 53107 cm/s. To positively identify these
waves, dispersion relations of the fluctuations were inve
gated using the statistical method of Beall.34 Here the local
parallel wave number at each frequency is calculated fr
the phase in the cross-spectrum of two axially separated
nals. Typically, this calculation would use two time seri
that were obtained simultaneously, however, we are rely
on the repeatable nature of our experiment and captu
only the waves that are in-phase from shot to shot. To cre
a large ensemble, measurements from axial pairs~points at
the samex–y, z5234 cm andz52130 cm! located be-
tween215 cm,x,0 cm and25 cm,y,5 cm were used
in the average. Using the entire plane gives lower amplitu
since little power is concentrated at the edges. The resu
local parallel wave number (ki) and frequency spectrum i
shown in Fig. 12. The overplotted lines correspond to

FIG. 11. Top panel,Bx at x5210 cm,y524.5 cm,z52130, and2194
cm ~solid and dashed–dotted, respectively!, normalized to background mag
netic field, Bo51500 G. 1/f ci is shown to indicate mode is below back
ground ion–cyclotron frequency. Bottom panel, power spectrum ofBx and
Bz for z52194 cm.
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theoretically predicted dispersion relation for kinetic she
Alfvén waves at a variety of perpendicular wave numb
(k'), given below.

v/ki5@12~v/vci!
21~k'rs!

2#1/2vAlfvén , ~1!

wherers is the ion sound gyroradius:rs5cs /vci .
35,36 The

kinetic shear Alfve´n wave occurs when the electron therm
speed is greater than the Alfve´n speed, namelyv te /vAlfvén

.1. When v te /vAlfvén ,1, the wave is termed an inertia
shear Alfvén wave. The properties of these waves have b
studied in detail theoretically,37 as well as experimentally in
the LAPD.31,35,36To ensure that the waves were propagat
throughout analysis, the time series were truncated after
time at which the waves could have interfered and beco
standing waves. The transition to a standing wave skew
the wave number and frequency spectrum towardki50
(vphase5`) at the frequencies that turned into standi
waves on the field lines, some remnant of which still r
mains.

Shown in Fig. 13 are magnetic field data on planes p
pendicular toBo taken atz52194 cm, andt51.85ms and
23.45ms. At the earlier time, the parallel current sheets
apparent and the pattern is not azimuthally symmetric, ra
it is due to a summation of frequencies and perpendicu
wave numbers. The later time pattern shows a clearm50
mode structure centered near the location of the initial esc
ing electron beam current, the dominance of which, o
larger perpendicular wave number modes, is due to prefe
tial damping.33,35,36 The eventual formation of a standin
Alfvén wave retains thism50 mode pattern.

The same lines of data used to study the current cha
for various values ofv te /vAlfvén in Sec. III A were used to
investigate the lpp generation of shear Alfve´n wave radia-
tion. Specifically, the amplitude of radiated modes bel
the background ion–cyclotron frequency for each va
of v te /vAlfvén was calculated. This was accomplished by lo
pass filtering, below f ci , the received perpendicula

FIG. 12. Frequency and parallel wave number power spectrum. Whit
highest amplitude. Overplotted lines indicate dispersion relation of kin
Alfvén waves for a variety of perpendicular wave numbers.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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magnetic fields at eachx location ~every 0.5 cm between
x5215 cm and 5 cm! along the liney50 cm,z52134 cm
and recording the peak amplitude at each location. The
sulting peak amplitudes for the various values ofv te /vAlfvén

are shown in Fig. 14.v te /vAlfvén ranges from 2.0 to 0.2, thu
going from a regime where the radiated Alfve´n waves are
kinetic to one where they are inertial. The radiated wa
magnitude is observed to go down asv te /vAlfvén is de-
creased. This is reasonable since the escaping and return
rents having lower magnitudes for lower values
v te /vAlfvén . Meaning that for a given set of lpp conditions

FIG. 13. Planes of perpendicular magnetic field (Bx ,By) taken at
z52194, top/bottom panelt51.85ms/23.45ms. Largest vector is 3 G.

FIG. 14. Peak perpendicular wave field (103 dBperp/Bo) after low pass
filtering ~below f ci) vs v te /vAlfvén , z5234 cm. Solid line is nonlinear
regression fit.
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is possible to increase the radiated shear Alfve´n wave ampli-
tude simply by increasing the background plasmab. A non-
linear regression fit assumingBwave5CoBo(v te /vAlfvén)

C1

for Fig. 14 results in Co53.63102360.231023, C1

50.3260.06. The fit is shown as a solid line in Fig. 14.
To further investigate the coupling to shear Alfve´n wave

radiation the experiment was carried out in a backgrou
helium plasma as well as neon plasma (no5231012 cm23,
Te55 eV, Ti51 eV! for background magnetic fields of 500
700, 900, 1100, 1300, and 1500 G. The inductive pick
loop system was placed atx5210 cm, y50 cm, z5266
cm and they component of the received signals was r
corded for 16ms in helium and 162ms in neon. The experi-
ment was repeated for 51 shots at each combination of b
ground plasma and magnetic field and the results avera
The target material for these data was carbon. A carbon ta
changes the perpendicular and parallel expansion sp
roughly according to the square root of the mass ratio
tween carbon and aluminum. That is, the perpendicular
pansion speed of the carbon lpp is'1.93107 cm/s and the
parallel expansion speed is'1.23107 cm/s.

Shown in Fig. 15 are the receivedBy time signals for
helium and neon at 700 G and 1300 G. There are so
obvious differences as a result of both changing the ba
ground magnetic field and plasma ion mass. Considering
700 G case first, the two vertical lines represent the ti
delay corresponding to an Alfve´n transit time (TAlfvén

5z/vAlfvén) to the probe from the target. In neon, theBy

signal exhibits a quickly rising peak followed by a gradu
decay. We attribute thisy magnetic field to the outgoing bal

FIG. 15. The y component of wave field (103By /Bo) measured at
x5210 cm, y50 cm, z5266 cm for a carbon target. Results for bo
neon and helium background plasmas are shown atBo5700 G and 1300 G.
1/f ci – He is shown to indicate oscillations are below the cyclotron frequen
1/f ci – Ne is 5/f ci – He.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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listic electron current channel. At a much later tim
(t.TAlfvén), fluctuations arrive which we associate with th
shear Alfvén wave radiation. TheBy signal in helium at the
same magnetic field is quite different. For helium, due to
lighter mass, the Alfve´n speed is greater by a factor ofA5.
Some hint of the original peak as with neon at'0.9 ms is
present, but rather than decay rapidly it sets into oscillat
almost directly. Qualitatively, the time signals at 1300 G a
the same except that everything happens faster, i.e., the
cillations arrive sooner, consistent with the changing Alfv´n
speed, the time duration of the impulsiveBy component dis-
tinctly observable in the neon series goes down, and the
time oscillations are higher frequency. The FWHM of t
first spike in the neon time series actually tracks the diam
netic cavity lifetime, decreasing asB22/3. The oscillation
frequency increases linearly withB, so as to stay below the
cyclotron frequency of the background plasma. These fi
ings are significant in that they imply the driver for the she
wave radiation can be tuned with the external magnetic fi
or target material to couple optimally to the shear wave f
quency band (f , f ci). Smaller applied magnetic fields in
crease cavity lifetimes as do heavier target materials du
their slower expansion speeds. The frequency band itself
be adjusted by using different background plasmas. The
ter coupling is obvious for the helium plasmas where
cyclotron frequency is much closer to that of the cavity lif
time. A dimensionless ratio of relevance to this coupling
therefore

f b / f ci5
p

q S p

3moElpp
D 1/3S v'Mi

B1/3 D ,

where f b51/4td . Values of this ratio much larger than on
indicate that the original ballistic electron current chan

FIG. 16. Wave amplitude obtained by low pass filteringBy signals belowf ci

of the background plasma and taking peak amplitude.f b is 1/4td , solid line
is to show trend toward increasing wave amplitude asf b / f ci approaches 1.
f b / f ci was varied by changing background species and magnetic fieldBo

values used are 500, 700, 900, 1100, 1300, 1500 G in order of decre
f b / f ci .
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will have very little power below the background cyclotro
frequency and consequently possibly couple poorly to sh
Alfvén waves.

Since this series of experiments was carried out for la
incidence perpendicular to the confining magnetic field,
current channel was swept across the background pla
creating current sheets as mentioned in Sec. III B. T
launches a broad range of perpendicular wave numbers
adds additional timescales. For incidence along the confin
field, it is not expected that these sheets will form and
greater control over the perpendicular wave numbers can
exercised simply by adjusting the background field.

Figure 16 shows the peak amplitude of the low pa
filtered (f , f ci) signals for various values off b / f ci . The
peak wave amplitudes in helium are a factor of 3–4 lar
than in neon. The helium wave amplitudes reach a p
value of approximately 6 G and do not continue to grow a
f b / f ci is lowered. This may be due to limitations placed
the background thermal current or simply the fact that
measurements were made at the same location. As the b
ground field is increased, it is expected that the wave fie
will become localized over a smaller region, a fact whi
cannot be taken into account without further measureme

Since a semivolumetric data set was taken with a n
background plasma, an approximation can be arrived at
the total energy contained in fluctuating magnetic fields
only fluctuations on the shear Alfve´n branch are considere
( f , f ci), one arrives atEshear'0.01Elpp . This is very similar
to the previously determined value for laser incidence co
cident with the background magnetic field.17 Based on the
measured wave fields presented in Fig. 16, however, i
possible that by tuning the ratio off b / f ci the fraction of lpp
kinetic energy converted to shear Alfve´n wave energy could
be made larger by a factor of approximately 10 or more.

IV. SUMMARY AND DISCUSSION

The expansion of a laser-produced plasma from a
surface (Rlaser-beam!Rtarget), generated by irradiation perpen
dicular to a confining magnetic field, into an ambient ma
netized background plasma has been studied. The lpp is
served to travel across the background magnetic field w
simultaneously undergoing electric polarization and gene
ing current structures in the background plasma. Later
pansion is primarily directed along the field with little radi
lpp loss. The background plasma responds by generatin
variety of waves, the dominant magnetic response is du
shear Alfvén wave radiation. One percent of the expandi
lpp kinetic energy is radiated into these waves. The curr
responsible for driving the shear Alfve´n waves arises from
escaping lpp electrons and has a lifetime similar to that of
diamagnetic cavity lifetime. The peak current densities
found to scale asJte(v te /vAlfvén)

22/3 while the peak wave
fields scale asv te /vAlfvén

1/3, predicting a common tempera
ture dependence ofTe

1/6, but a differing density dependenc
n2/3 andn1/6 for the current densities and wave fields, resp
tively. One may expect the current densities and wave fie
to scale in the same manner. This may be the case, how
since we only varied density by a factor of 2.6 the disagr

ing
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ment is not obvious. The parallel current driver can be m
to deposit more power into Alfve´n waves based on the rati
f b / f ci . Additionally, it is possible to increase the driven cu
rent densities and consequently wave amplitudes by incr
ing the backgroundv te /vAlfvén . Other effects such as drif
waves, beam-plasma instabilities, compressional Alfv´n
waves, and acoustic waves will be the subject of future
search.

These results may be applicable to a variety of situati
where expanding plasmas are present in an ambient b
ground plasma. For example, in tokamak fuelling, it has b
hypothesized38 that there is an induced polarization fro
high-field side injected pellets due to magnetic curvature
¹W BW charged particle drifts. This polarization can then dri
parallel current flows and the emission of Alfve´n
waves.28,29,39On the surface of the sun, mass ejections m
create currents in the ambient corona and consequently
ate Alfvén waves in an analogous manner. In the STARFI
situation undoubtedly fast particles created parallel curr
flows in the ionosphere which closed through the expand
plasma creating Alfve´n waves. Another application of thi
research may be in the slowing of expanding plasmas
Alfvén wave radiation andJW3BW forces on the generated cu
rent structures.28,40
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