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This work is an experimental study of the diamagnetic cavity created by a dense laser-produced
plasma(initially, nj,,/ny>1) expanding into an ambient magnetized background plasrga Z

X 10'2 cm™3) capable of supporting Alfiewaves. The experiments are carried out on the upgraded
Large Plasma DeviceN. Gekelman, H. Pfister, Z. Lucky, J. Bamber, D. Leneman, and J. Maggs,
Rev. Sci. Instrum62, 2875(1991) ] at UCLA. Two-dimensional data of both the diamagnetic cavity

as well as visible light emission are presented and found to be rich in structure with spatially similar
characteristics. Laser-plasma diamagnetism has been observed to be relatively unaffected by the
presence of a background plasmarigy,/n,~ 10 at time of peak diamagnetism. @004 American
Institute of Physics.[DOI: 10.1063/1.1628233

Examples of high-beta plasmas embedded in ambie{nement or “bubble” radiust=(3M0E|pp/27-rB(2))1/3.7'1°'14
magnetized plasmas permeate all areas of plasma and ast@uth the diamagnetic bubble scaling and ambipolar field
physics, i.e., supernova explosions, coronal mass ejecfionshave been observed in previous experiments where the ex-
high-altitude nuclear explosiodsnertial confinement fusion pansion occurred into vacudfrand background gas»*°
plasmas;® and bollide impactS. Previous experiments When a background plasma is present, Ipp diamagnetism
aimed at simulating these phenomena have used lasgg complicated because the background electrons can shuttle
produced plasmadpp) embedded in both ambient photo- zlong field lines and partially short out the initial large am-
ionized gas and a theta-pinch plasfiié. Other experiments pipolar field allowing laser-plasma electrons to escape con-
such as the Active Magnetospheric Particle Tracer Explorergsequently radiating shear Affaevavest®>~*" The experiment
and Combined Release and Radiation Effects Satellite useflentioned here is the first to carry out an investigation of the
exploding canisters of barium which were detonated in tthiamagnetiC Cavity formed by an expanding sub-Atfiee
ionosphere. A common theme to each of these experimentgser-produced plasma embedded in an ambient magnetized
was the formation and relaxation of a diamagnetic Cd\}lﬁ background p|asrna for a Variety of background p|asma con-

The experiment presented here centers on the use Of(ﬁtions in which the ambient p|asma can support Aﬂfve
laser to generate rapidly expanding, dense plasmas embegaves. Shear Alfue wave generation by an expanding Ipp
ded in an ambient baCkgrOUnd plasma. When a |aserhas been reported previous|y by this grda'p?vla Experi-
produced plasma expands across a background magnefifents have shown that shear Alfvevave radiation into the
field in vacuum it goes thrOUgh several phases. The initiabackground p|asma may account for as much as 10% of the
laser impact results in immediate ionization of surface atomsitig| Ipp kinetic energy. This combined with other effects
and a blast of fast electron&£{ 100 eV) which rip ions  sych as compressional Affuewave generation and addi-
from the target surface due to a large ambipolar field. Thejonal currents which can form in the ambient plasma may
more massive ions hold back the electrons and eventuallyffect other facets of Ipp dynami€<® but have not been
overshoot them due to their relative unmagnetized state. Thighserved to significantly affect the diamagnetic cavity itself.
creates a radially inward directed ambipolar field which in The measurements reported in this paper were taken on
turn causes an electrdax B drift and, in conjunction with  he upgraded Large Plasma Devi¢elhe background plas-
VP XB currents, the observed laser-plasma diamagnéﬁsm.mas in this experiment were neon or helivh=20,4,n,

The Ipp diamagnetic cavity size can be approximated by set= 5 112 cm 3, T,=5¢eV, T,=1eV, diam=50 cm as de-
ting the total excluded magnetic energy equal to the kinetiGermined by Langmuir probe measurements in a plane. The
energy of the laser-plasmé&,,,. Namely, a magnetic con- packground magnetic fields(,) was varied from 0.5 to 1.5
kG and axially uniform. The laser used was a 1.5 J/pulse, 8
3Electronic mail: mav@physics.ucla.edu ns full-width half maximum, Q-switched Nd-Yag focussed to
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FIG. 1. A schematic of the experimental configuration.=l50 cm, Lb x—Position (cm)

=667 cm, L1033 cm, plasma diamete60 cm, B,=0.5-1.5kG, V
<60 V. The laser impacts the target surfacexat0,y=0,z=0.

an on-target spot diameter of 0.5 mm and is both temporally
and spatially Gaussian shaped. The target, located 661.5 cm
from the cathode, is a 1.9 cm diam aluminum or carbon rod
which, to ensure a fresh target surface, is translated and/or
rotated using a dual stepper motor system by 1 mm after ‘ ‘ ‘ ‘ ‘ 1
every 5 shots. A diagram of the setup is shown in Fig. 1. The 00 05 10 15 20 25
coordinate system used is centered at the laser impact point Time (ps)

and is also shown in Flg 1. FIG. 2. Diamagnetic cavity. Top panel: The spatial structure of the diamag-
The probes used in this experiment are a single-turhetic cavity for a background neon plasma and carbon target Bith
magnetic pickup loop with an area of 3.1 n’w,rm 3-axis in- =500 G (solid) and B,=1500 G (dashedl at time of peak diamagnetism,

ductive pickup loop system and a fast gated |ma%& ( 041,u§ and 0.23us, respectively. Bottom panel: The receivec_i magnetic
<10 ns). Each axis of the 3-axis magnetic probe Con5|steg“e13'59:1‘2‘3I atx=—2 cm andx=-1.25 cm, forB,=0.5 kG (solid) and
(dashedl respectively.

of a pair of 3-turn loops differentially wound to reduce elec-
trostatic pickup. The total combined area of all six coils for
each axis is 0.835 ¢ andB,=1500 G at time of peak diamagnetism, 044 and

The experiment proceeds as followd) The probe is 0.23 us, respectively. The temporal structure at the location
positioned at some point on a predetermined data acquisitioof the peak signal is shown in the bottom panel of Fig. 2.
plane using a computer controlled stepper motor syst@m; Each are typical of results obtained previously in experi-
plasma is pulsed on and allowed to reach a steady $8jte; ments at Lawrence Livermore National Laborat8ripr ex-
0.5 us before the laser is fired data acquisition begins angbansion into vacuum as well the Naval Research Laboratory
continues for 0.32 mst4) laser fires;(5) steps(2)—(4) are  and Maryland®°%for expansion into gas and photoionized
repeated for five shot@ll data presented is a five shot aver- plasma. Several distinct features are apparent in both space
age at 1 Hz;(6) target is rotated and/or translatéd) entire  and time. The leading edge of the bubble is preceded by a
process is repeated at a new probe location. Data are afield enhancement which moves at the Ipp expansion speed.
quired using a VXI crate and up to four fast waveform dig- The cavity center moves initially at the expansion speed but
itzers (<4 Gsamples/s, 8-bit slows to a stop by the time it reachBg. Expansion ceases

The Ipp itself has been analyzed in detailed experimentsvhen the cavity has reached the bubble rayis Not illus-
previously by both this lab and others. Faraday cup measurdrated in the figure, is that the trailing edge of the cavity stays
ments in vacuum have shown approximately 1.5 and 2.%&t the target surface and does not move significantly across
X 10 particles are ablated with an average perpendiculathe field. The classical magnetic diffusion timgg is given
expansion speed af, =1.8 and 1.4 10" cm/s for carbon by 7= ,uochﬁ, where ¢ is the plasma conductivity of
and aluminum targets respectively, which corresponds to a 507%2(kT,)*¥¥m%?ZInA). For T.=5eV, and a
kinetic energy about ha,,,. These numbers are consistent bubble radius of 4.0 cny,,=60 us. The field diffuses back
with experimentally derived scaling laws and previous ex-into the cavity rapidly at first then slows to a rate which is
periments citing laser to plasma-kinetic energy conversiortloser to the classical diffusion time. Figure 3 is a two-
efficiencies as large as 90% at these laser flueffcésFor  dimensional(2D) plane taken az=—2 cm with interpoint
our typical background plasma densities ok 201 cm™3, spacing ofAx=Ay=0.5 cm for a background neon plasma
this means that when the Ipp has reached the bubble radiusdt 1.5 kG, t=0.38 us and aluminum target. The spatial
is a factor of~10 more dense than the background. Forstructure from Fig. 2 is realized here in ag-plane. Addi-
singly ionized target materials, the directed Larmor radius idional observable features include the asymmetry in the field
always larger than the bubble radius. The order for the relenhancement region and the roughly circular shape of the
evant speeds is;<v|p,<va=~v, Where for some species diamagnetic cavity—excluding a wedgelike tip. The en-
vA>v¢e and vice versa. For neon at 500 &,,~v,. Here, hancement region appears only on the leading edge of the
va,Cs, anduy are the ambient plasma Alfaespeed, ion- expansion and continues to expand across the field at the Ipp
sound speed, and electron thermal speed, respectively.  speed while simultaneously growing wider.

Shown in the top panel of Fig. 2 is the spatial structure ~ Shown in Fig. 4 is a false-color 10 ns gated imager ex-
of the measured magnetic field created in the bubble regioposure of the visible light emitted by the expanding alumi-
for carbon Ipp expansion into a neon plasmag&=500 G num Ipp 0.36us after laser impact. The gated imager was

AB_ /B,
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FIG. 5. Experimentally derived bubble radii for carbon Ipp expansion into
vacuum, neon plasma, and helium plasma. Solid line is expected bubble
scaling normalized to the 0.5 kG point.
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is calculated by finding the time at which the maximum mag-
netic energy is expelled from the cavifpeak diamagne-
FIG. 3. (Colon) 2D plane taken of magnetic field data taken through thetism), then drawing a tangent to the cavity surface at the
diamagnetic cavity for a background neon plasma and aIL_Jminum target Witrboim of maximum| d B/dX| (dB/dx is the spatial derivative
Bo=15kG, aiz=~2cm,t=0.38us. The target surface is at=0. of B with respect tox-position. The bubble radius is then
defined as the distance from the maximukB,| to the point

Iogatgd an= — 11l m with its f|e!d of view directed in the where the tangent cross&s=0. The resulting bubble radii
+2 direction. Overlayed on the image is a vector plot of thef

dicul t densitv derived f ‘ ngr various background plasmas and magnetic fields are
perpendicular current density derived from measurements o, vy in Fig. 5. The solid line is thB~ 2 scaling normal-
magnetic field in anxy-plane at z=—2cm and J

. . . . ized to the 0.5 kG case. From Fig. 5, it is obvious that the

- (%/“O)VX B, St.”CtIy speaking, there is notFnough infor- presence of a 8 cm™2 background plasma has a negligible
Tatlgn N tof obtain J, = (1/’“0,[) ((ﬂygz—_ JZBV)IX+ (_ngZ effect on the diamagnetic cavity size. From a pressure stand-
Iz X).y)’ rom measuréments made in a piane. oweverpoim’ this is understandable in that at the bubble radius, the
assuming that t.he d|amagne_t|c c_awty IS symmetnp atmout Ipp is approximately ten times more dense than the back-

=0, we celTnth][_|ve an app.rOX|m.at|%n fﬂ.)ir b?]’ neglecdt!ng all ground. The radius follows the expected scaling law for all
Iz te.rms. IS Tigure 1S unique in t aF |t.s ows a direct Cor'except the highest fields. The depth of the diamagnetic cavity

relation between the visible light emission and the currents. <o in Fig. 6. As with the bubble radius, the depth of

respons_ible for the Ipp .diamagngtism.. n .pgrtic'ular,_ thethe diamagnetic cavity is not affected by the background
wedge-like shape of the diamagnetic cavity visible in Fig. 3'pla:;ma. The laser-plasma is less efficient at expelling larger

is apparent in both the current density and visible light. Pre ackground magnetic fields. &,=500 G, AB/B,~65%
vious experiments aimed at understanding Ipp cross-fiel hereas aB. = 1500 G AB/é %042% ’ ° ’
propagation have observed similar structure in the expanding An inves?cigation of ’the diz;magnetic cavity formed by an

laser-plasma using both resonant imaging techniques as Weé!(panding sub-Alfueic laser-produced plasma embedded in
as f?_St pholtograrf)k?ﬁﬁ fvari back d ol han ambient magnetized background plasma which can sup-
0 analyze the efiect of various background plasmas, t Eort Alfven waves has been carried out for a variety of back-

bubble radius as well as the peak change in magnetic fiel L : -
. . ~'ground plasma conditions. Laser plasma diamagneftism
are compared. To derive this from the data, the bubble radiu P P gnef
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FIG. 4. (Color) False-color 10 ns gated imager exposure with overlayed B, kG)

vectors corresponding to perpendicular current density. Background neon
plasma and aluminum target wifs,=1.5 kG, atz=—2cm, t=0.36 us. FIG. 6. Experimentally derived bubble depthB,/B,) for carbon Ipp ex-
The target surface is at=0. pansion into vacuum, neon plasma, and helium plasma.
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bubble radius R,) and cavity depth £B/B)] has been ob- also acknowledge the advice of G. Dipeso and D. Hewett and
served to be unaffected by the presence of a backgrountiank them for sharing their simulation results with us. Also,
plasma which haan/n,~10 atR,, despite the creation of we are grateful to M. Drandell for his expert technical
current structures and shear Alfvevave radiation in the assistance.

background plasm&:’ For the conditions investigated, it This work was funded by the Department of Energy
has been shown previously that between 0.5% and 10% dDE-F603-98ER54494and the Office of Naval Research
the expanding Ipp kinetic energy is radiated into shea(N00014-97-1-016)f M.V.Z.'s research was performed un-
Alfvén waves. Recent hybrid simulations have pointed toder appointment to the Fusion Energy Sciences Fellowship
situations where this number could be increased to 80%-Program administered by Oak Ridge Institute for Science
90% of the expanding plasma’s kinetic enérywith a pos-  and Education under a contract between the U.S. Department
sible marked effect on the diamagnetic cavity formation. Ad-of Energy and the Oak Ridge Associated Universities. This
ditionally, for conditions unobtainable in this experiment work was performed at the Basic Plasma Science Facility
(An/n,<0.01 atRy) collisions with the background plasma (BAPSH at UCLA. The BAPSF is funded by NSF and DOE
are important and blast wave formation becomes a factounder a cooperative agreement.
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