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Abstract

Laboratory experiments using a plasma wind generated by laser-target interaction are developed to investigate the creation of a

shock in front of the magnetosphere and the dynamo mechanism. Magnetic obstacles are placed in the plasma wind and measure-

ments of the electro density gradients surrounding the obstacles are recorded. The experiments are analyzed with the methods used

in theoretical simulation of the solar-wind-driven magnetosphere interactions. The proposed experiments are thought to be relevant

to understanding the electron acceleration mechanisms at work in shock-driven magnetic dipole confined plasma surrounding com-

pact magnetized stars and planets. Electron shock acceleration mechanisms are discussed in some detail.

� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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Magnetospheres are ubiquitous in space and astro-

physics, being formed from plasma winds streaming past

magnetic planets and stars. In the solar system, we know

a great deal about magnetospheres formed by the solar
plasma wind interaction with Earth (Fälthammar,

1973) and Jupiter (Dessler, 1983). We will use this

knowledge in designing the laboratory astrophysical

experiments. The scaling factor from the laboratory to

the geophysical space scale is of order 109. The scaling

factor from the laboratory to a magnetic white dwarf

is 1012.

Detailed parameters have been given in Horton and
Chiu (2004) for the laser Z-pinch simulation of the

Earth�s bowshock. Here, we report some first results of

the laser Z-pinch experiment performed at the Univer-
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sity of Nevada. The Z-pinch produces magnetic field

B . 8 T = 8 · 104 G on the high-field side of the shock

with a plasma density increase from 1017 to 1018 cm�3

across the shock front. The Mach number is Ms = 3.

The astrophysical magnetosphere that is more

approachable for laboratory simulations is that inferred
to precede the Type Ia supernova. The Type Ia super-

nova is modeled as the culmination of a plasma wind

accreting on a white dwarf. White dwarfs (WD) typi-

cally contain a strong magnetic field B � 108 G pro-

duced by the magnetic flux conserving collapse of stars

with typical stellar magnetic fields B � 100 G.

Pulsars provide much strong magnetic fields

B � 108 T = 1012 G. It is difficult to model due to the
large magnitude field as well as the key role played by

the rotation speed. Some rotational effects may eventu-

ally be modeled in the laboratory by using spherical di-

poles with sufficient electric charge Q to reach the

desired rotation frequency from v/ = rx = Er/B =

�(Q/Mdp)r.
ved.

mailto:horton@physis.utexas.edu
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We have developed the details of the simulation of

the Earth�s magnetosphere as a magnetic obstacle in

the plasma wind emitted from the sun, which forms

a plasma-electrodynamic dynamo that accelerates

charged particles (Horton and Chiu, 2004). Because

the plasma wind is supersonic, the stationary magnetic
dipole can be viewed as a piston that drives a shock

in the rest frame of the inflowing plasma (Zel�dovich
and Raizer, 1966). The electron acceleration mecha-

nisms are not well understood (for example, see Li

et al. (1998), Li (2002), Sarris et al. (2002), compared

with Summers et al. (1998, 2002), Summers and

Thorne (2003) for two different theoretical models).

For the Earth�s magnetosphere, several different types
of theories are used to model the production of the

30 keV–1 MeV electron fluxes measured by instru-

ments on spacecraft in the Earth�s magnetosphere.

The same type of electron acceleration phenomenon

is also found in the magnetosphere of Jupiter, and

similar processes probably account for the electron en-

ergy fluxes inferred from synchrotron radiation from

magnetic stars (Shapiro and Teukolsky, 1983; Tajima
and Shibata, 2002).

Laser blow-off plasmas (London and Rosen, 1986)

and laser-plasma diagnostics indicate that the plasma

wind pressure should exceed P � 106 Pa � 10 atm for

the laboratory simulation experiment. Thus, the dipoles

need to have magnetic fields above 10 T to stand off the

plasma wind. In this work, we propose to carry out

modern, high magnetic field, laser-blow off experiments
in the laboratory. We analyze the possibility of using

high powered lasers target experiments to investigate

the nature of interaction of the dipole with the plasma

wind with laser blow-off plasmas from plastic foils. Both

front side and back side plasmas ejecta are candidates

for different types of plasma winds. The super strong

magnetic dipoles are produced by the Zebra-pinch facil-

ity at the University of Nevada. Key objectives in the
experiment are to create a shock from a magnetic obsta-

cle, to create the dynamo electric field, and to measure

electron energies.

1.1. Bow shocks from plasma winds on magnetic stars and

planets

Mildly supersonic Ms = u/cs � 1.4�5 plasma winds
are common place in astrophysics and space physics.

The winds may be associated with accretion onto a cen-

tral star. Winds occur in the precursor phase to the Type

Ia supernova (SNIa) where plasma is pulled into the

magnetic white dwarf (WD) from the companion star.

Plasma winds are intercepted by neutron stars (NS).

After stars are ignited, the stellar wind outflow creates

bow shocks at the magnetic planets and at the termina-
tion of the stellar outflow where the thermal pressure

jumps to match that of the interstellar gas.
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Due to the long history of magnetospheric space-

crafts with bow shock passages, we know a great deal

about the microscale structure of collisionless bow

shocks. This well-developed field has taken another

large step forward with the detailed correlation measure-

ments with the extensive instruments on the Four-Clus-
ter spacecrafts (Escoubet et al., 2004). Clusters is a

European space agency mission in operation for three

years and planned to continue until December 2005.

The inner spacecraft distances has been 600, 2000, 100

and 5000 km. The bow shock (Stasiewicz et al., 2003)

is now clearly seen to consist of hundreds to thousands

of microshocks that have widths of order of the ion skin

depth di = c/xpi which is comparable to the ion gyrora-
dius qi = vi/xci for the solar wind plasma which has

bi = pi/(B
2/2l0) of order unity. The compression ratios

of the magnetic field in the microshocks is observed to

B/B0 � q/q0 � 2–7. Now, we discuss how the micro-

shock is formed from the Hall-MHD description of

the plasma.

The shock structure is propagating upwind with

speed 250 km/s with respect to the plasma which is flow-
ing toward the planetary dipole with speed 400 km/s.

The magnetic field h is at about 30� to the flow velocity.

This bulk plasma flow speed is 5.7 times the sound speed

(70 km/s) and 13 times the Alfvén velocity (30 km/s).

The pulses shapes are well resolved by the four space

crafts and there are hundreds of these nonlinear pulses

in the overall bow shock region. This shocked plasma

streams around the magnetopause. The shocked plasma
outside the magnetosphere is called the magnetosheath.

The entry of plasma across the magnetopause into the

magnetosphere proper is largely from a back flow from

the down stream side of the planetary dipole. The spiky,

nonlinear nature of the plasma in the bow shock was

known earlier and named SLAMS for short large-ampli-

tude magnetic structures. There are a variety of shapes

to SLAMS some with little density variation and some
with density depletions.

1.2. Hall-MHD microshock structures

We take x̂ to point upwind into the undisturbed plas-

ma and ẑ (north) in the direction of the ambient normal

magnetic field Bz(x). We allow a Bx and there is a Hall

current sheet jy(x) in the shock front. The plasma wind
of density nw and electron temperature Tw flows with

speed u with respect to the dipole M ¼ BsR3
s where s de-

notes the surface of the dipole. The ion temperature is

typically lower than the electron temperature so that

the acoustic waves are given by x/kx = cs = (Te/mi)
1/2

and the Mach number Ms = u/cs > 1. Here, we restrict

attention to the regime of Ms = 1–5 and take Te . 5–

10 eV. The plasma wind density will vary from
ne � 10 cm�3 for the Earth�s magnetosphere to

ne � 10�3–10�2 cm�3 for the interstellar winds and the
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winds on to the compact stars (WD and NS). We post-

pone the study of strong shocks Ms � 1 to a later work.

The magnetic dipole obstacle in the plasma wind

turns the positive ions and negative electrons in opposite

directions creating the current layer jy in the shock front

which we take centered at x = 0 in the frame moving
with the shock. Clearly, the electrons are turned

promptly over the short distance qe = ve/xce while the

ions penetrate much deeper over the scale qi = vi/

xci > 43qe. This charge separation creates an electric

field Ex pointing upwind that draws the electrons into

the shock front for repeated attempts to pass through

the shock front. The magnitude of the electric potential

is DU ¼ �
R xEx dx ¼ B0Bz=ðl0nieÞ as determined by the

Hall-MHD description with massless electrons and

charge quasi-neutrality. Here, B0 is the field upstream

and Bz > B0 is the field in the shock front.

The shock structure is described as Hall physics since

the ion and electron have opposite velocities in the shock

front that differs strongly from the E · B drift velocity.

Thus, the Ohm�s law is given by the electron momentum

balance equation

E þ ue � B ¼ E þ u� B � j � B

ene
¼ gj; ð1Þ

where g is the microscale resistivity produced by wave-
particle scattering.

The ion velocity u fluid is given by the ion momentum

balance equation

du

dt
¼ ei

mi

ðE þ u� BÞ þ lr2u ¼ 1

mini
j � B þ lr2u; ð2Þ

where the term is jegj/mij � jj · B/minij omitted. The ion

pressure gradient is also small for these shocks. The con-

servation of mass is

dq
dt

¼ �qr � u ð3Þ

and the equation of state is taken as cold ions with neg-
ligible Ti/Te and isothermal electrons Te = constant.

Here, we summarize the Hall MHD shock compres-

sional model. The shape of the pulse is determined by

the ion viscosity l. The speed and compression ratio

are determined by the Rankine–Hugoniot conditions

for an oblique magnetic shock.

For a compressional disturbance propagating toward

the Earth at speed u into undisturbed near-Earth plasma
with vx = 0, q0, p0, Bz0 fields, the Rankine–Hugoniot

conditions are:

qðu� vxÞ ¼ q0u; ð4Þ

qvxðvx � uÞ þ p0
u

u� vx

� �2

þ B2
z0

2l0

u
u� vx

� �2

� l
dvx
dx

¼ p0 þ
B2
z0

2l0

; ð5Þ
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where we use Eq. (4) and the equations of state p = p0(q/
q0)

2 and Bz/q = constant rather than integrating the

thermal balance equation. Here, l is the viscosity and

we can use q(u � vx) = q0u again in terms of Eq. (5).

Without viscosity, there are solitary wave pulses of

space scale di = c/xpi for the SLAMS (Stasiewicz et al.,
2003). We have the fixed points (dvx/dx = 0) of Eq. (5)

for the two solutions in front and behind the dipolariza-

tion pulses given by the roots of

l
dvx
dx

¼ �q0uvx þ p0 þ
B2
z0

2l0

� �
u

u� vx

� �2

� 1

" #
¼ 0

for 0 < vx1 < u: ð6Þ

For strong compressions, the down-tail Earthward flow

speed is close to u. Thus, the fixed point (dvx/dx = 0) is

at

vx1 ¼ u 1� p0 þ B2
z0=2l0

u2q0

� �1=2
" #

: ð7Þ

The quadrature from Eq. (6) gives the shock speed
profile and width D determined by the microscopic vis-

cosity l. The compressional pulse shape is vx(x) = vx1/

[1 + exp(q0u(x � x0)/l)] which goes to zero for

x = q0u(x � x0)/l � 1 and goes to vx1 in the geotail for

x ! �1. For Bohm-like viscosity D = l/(q0u) � c/xpi

to qi.
T

2. First results of the bow shock simulations with laser

blow-off plasma

The laboratory experiment allows for a scaled simula-

tion of Geo-space and Astro-space phenomena. It is use-

ful for understanding the basic physics and inferring

models for the real systems, as well as for verifying exist-

ing models and simulation codes. In the initial experi-
ments presented here, we characterize the three

dimensional structure of the plasma interaction with

the magnetic obstacle. Experimental results are obtained

with time-resolved laser interferometry, schlieren imag-

ing, and magnetic probes. The study reveals details of

the dynamics of the transition region between the high

dynamic plasma pressure region and the high magnetic

pressure piston surrounding the current carrying rod
shown in Fig. 1.

The expanding plasma is created by laser ablation of

a solid plastic target, and the ambient magnetic field is

generated by a linear current (B/(r) � l0I/2pr). The

plasma flow is created by the ‘‘Tomcat’’ laser with pulse

energy up to 5 J at 1 lm wavelength and 6 ns pulse

width. At best focus, the laser irradiance on target is

higher than 1013 W/cm2. The laser target is placed at
x0 = 8.5 mm from the rod surface. The radius of the

rod is 7 mm. So the target is d0 = 15.5 mm from the axis
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Fig. 2. Schlieren snap-shots recorded from two experiments at 5 (a)

and 4 ns (b) after the beginning of the heating laser pulse. Image (a) is

recorded in the plane perpendicular to the rod (illustrated in Fig. 1(a)).

The arrow indicates the direction of the laser beam. Image (b) is

recorded in the plane perpendicular to the field (see Fig. 1(b)). In both

images the dashed line indicates the target position. The laser beam is

incident on the target as indicated in Fig. 1.

Fig. 1. Experimental set-up indicating the geometry of the magnetic

field, laser illumination, and plasma expansion.
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of the rod. The azimuthal magnetic field is produced by

axial current flowing in a rod acting as Z-pinch load in

the ‘‘ Zebra’’ pulsed power generator used in a pulse re-

gime with maximum current 0.6 mA and rise time

200 ns. The laser is typically synchronized with the Z-

pinch such that the ablation plasma is produced and

evolves during a constant magnetic field period of about
30 ns at the current peak. The magnetic field strength in

vacuum is measured with magnetic probes.

To study the acceleration mechanism, the collisions

with neutrals or ions, that would knock electrons out

from the trapped state, have to be avoided. This puts

an upper limit on the collision frequency electron-neu-

tral or electron-ion (if the plasma radiation ionizes the

residual gas in the experiment chamber), as shown in
Horton (2004). The background pressure is maintained

lower than 10 lTorr to maintain a negligible collision

frequency in the ambient plasma. For the current pulse

used, the surface temperature of the 7 mm radius rod in-

creases with less than 100 K above room temperature, so

no contaminant desorption or plasma formation from

the rod are expected. Assuming desorption takes place,

to expand 5 mm in 200 ns a hydrogen plasma would re-
quire that surface temperature of the rod to rise beyond

T = 1 eV (�104 K), which is unlikely.

In Fig. 2 two time snapshots from the schlieren diag-

nostic system that measures the electron density gradi-

ents are shown. The shock front has the steepest

gradient and shows up as the hemispherical surfaces in

both the x–y plane perpendicular to the rod and in the

x–z plane perpendicular to the magnetic field. An addi-
tional short laser pulse is used to create the two-frame

interferometry images. The delay between frames was

7 ns. The overall space resolution was better than

25 lm for schlieren imaging and about 100 lm for

interferometry.

A plasma front with steep density gradient develops

at about 3 ns after the beginning of the laser pulse. Most

likely it consists of hydrogen ions that expand faster
than fully ionized carbon ions. The hydrogen plasma

front is sufficiently conductive so that the magnetic field

exclusion from the volume behind the front is almost

complete. While the front is slowed down by the interac-
T
E
D
Ption with the external magnetic field, the plasma from its

interior expands freely. Eventually this plasma compo-

nent, which is richer in carbon catches up and mixes

with the front plasma. Being more energetic, the carbon

component affects greatly the dynamics and parameters
of the plasma–field interface. Schlieren and interferome-

try show that eventually the plasma concentrates in a

plasma shell with thickness and gradient size scale (1/

Ln = $n/n)Ln � 0.3–0.5 mm. According to PIC simula-

tions, although, the species separation is important at

the beginning of the plasma expansion, the plasma shell

becomes homogeneous due to the interaction with the

magnetic field.
The laser beam causes ablation of the target material,

releasing energetic ions of carbon and hydrogen.

The cloud of ablated plasma expands with the veloc-

ity vex � 3cs, where cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcZÞeffT=meff

p
is the speed of

sound. The effective quantities are defined by the equa-

tions (cZ)eff = ce(ZC + NZH) + (1 + N)ci and meff =

(AC + NAH)mp, and T is the temperature of each species

(electrons, protons, and carbon ions). The adiabatic
constants for electrons and ions are ce = 1 and ci = 5/3,

respectively, both ion species, carbon and hydrogen,

are considered fully ionized (ZC = 6, ZH = 1, respec-

tively), AC and AH are the atomic masses of carbon

and hydrogen, respectively, N = 2 is the hydrogen-to-

carbon ratio ion density, mp is the proton mass.

The expansion of the plasma cloud resembles the

hemispherical shock front as for a dipole obstacle in
the solar wind. For a spherical explosion, the plasma

pressure at the edge of an expanding plasma with radius

rex will drop approximately as p / r�2
ex . On the other

hand, the target is placed at d0 = 15.5 mm from the

rod axis, and rex/d0 � 1. To first order in rex/d0, the mag-

netic pressure increases locally as pm � pm0(1 + 2rex/d0),
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where pm0 � (8T)2/2l0 = 3 · 107 Pa, where pm0 is the

magnetic pressure at the surface of the target. Once

p = pm, the expansion of the plasma front will be sub-

stantially decelerated. The plasma density at the inter-

face with the magnetic field will start to grow due to

the incoming flow from behind, whose velocity becomes
larger than the expansion velocity. As the total momen-

tum of the plasma flow is fading away, the expansion

will eventually stop. The position rs of the stopping

point is determined by equating the initial thermal en-

ergy Eth of the ablated plasma to the magnetic energy

in the hemispherical diamagnetic cavity. Denote the

average magnetic field by B. Then Eth = Emag = VsB
2/

2l0. The volume of the cavity is V s ¼ ð2p=3Þr3s . The en-
ergy of the laser plasma is estimated using a laser

absorption efficiency of about 70% typical for the inten-

sity used (Key et al., 1983), and subtracting the ioniza-

tion energy. The corresponding numerical values are

Eth � 0.7 · 4 � 0.3 J � 2.5 J. Averaging magnetic field

strength over the cavity volume, gives B � 9 T. This

leads to Æpmæ � 3.2 · 107 J/m3. The resulting stopping ra-

dius is rs � 3.3 mm.
In Fig. 3, the position of the peak density gradient in

the plasma shell is plotted as function of time. The shell

appears to propagate with practically constant velocity

during the observation time, which means that a

dynamic balance is established between the magnetic

pressure and the total plasma pressure:
P

anakT aþ
qm20 ¼ B2=2l0. Here, na and Ta are the number density

and temperature of species a, in the plasma shell, respec-
tively, q is the mass density of the plasma, v0 the velocity

of directed motion, l0 the permeability of free space,

and k the Boltzmann constant. The species considered

in the summation over a are electrons, protons and car-
U
N
C
O
R
R 411

412

413

414
415

416

417

1
419

420

421

422
423

424

425

426

427

428

429

430
431

432

Fig. 3. The position of the peak density gradient in the plasma shell as

function of time after the beginning of the heating laser pulse. It

represents the result of many runs. Typically each run consists of two

points separated by 7 ns. There are also a few single-shot points. The

slope gives vpeak � 2 · 105 m/s compared to the free expansion speed

which doubles this slope, and to the sonic speed: cs � 1 m/s which leads

to a Mach umber Ms P 2. The solid curve is the approximate

representation of the laser pulse.
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bon ions. The average propagation speed of the plasma–

field interface is v0 � 2 · 105 m/s, which is to be com-

pared to �4 · 105 m/s, the free expansion speed deter-

mined from interferometry.

From interferometry, the peak plasma density in the

plasma shell is ne � 7 · 1023 m�3, and the plasma flow
density is �2 · 1023 m�3. We assume a plasma composi-

tion identical with that of the target, C:H = 1:2, and

fully ionized hydrogen and carbon at least 4 times ion-

ized. With these values we can estimate the ion density

in the plasma shell nH + nC � 2 · 1023 m�3 and the mass

density of the plasma flow qH + qC � 6 · 10�4 kg/m�3.

The vacuum value of the magnetic field at the location

of the shell is B � 9 T. With these values, the dynamic
balance holds for a plasma temperature Te � 50 eV.

The shell at the interface between the plasma and the

magnetic field is formed by the cumulation of plasma

as it interacts with the magnetic field. The steady speed

of the shell observed is attributed to be due to the

presence of a dynamic balance condition. The speed

of sound for an isothermal hydrogen plasma is

cs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðce þ ciÞT=mp

p
� 105 m=s, and lower for a hydro-

gen-carbon plasma. The flow of plasma wind is super-

sonic with a Mach number Ms P 2.

We now return to the assumption regarding the ion-

ization stage of the plasma components. At 50 eV, from

a corona model of the plasma, the carbon is 4 times ion-

ized (the ionization energy for C3+ to C4+ is 64 eV). On

the other hand, the plasma temperature reaches much

higher values during the heating laser pulse, before it
starts the free expansion phase. According to a hydrody-

namic simulation, with MULTI (Ramis et al., 1988), the

peak plasma temperature reaches 1 keV for the condi-

tions of this experiment. The ionization energy of C5+

is about 490 eV, therefore in this early stage the carbon

is nearly fully ionized. As the plasma expands, its tem-

perature and density decrease, but the recombination

rate is too low to reduce the population of C6+ by more
than a few percents for the duration of this experiment

(Kacenjar et al., 1986).

The mean free path for electron–ion collisions is

kei < 50 lm, and is smaller than the density gradient-size

scale Ln � 0.3–0.5 mm. On the other hand, the collision

frequency is smaller or comparable with the electron

cyclotron frequency, therefore the plasma shell is mildly

collisional. For the set of plasma parameters deter-
mined, the Spitzer resistivity is g > 3 · 10�6 X m so that

the magnetic field diffusion time is sd < 40 ns, on the

time scale of the experiment. The magnetic Reynolds

number is RM < 30, which indicates that magnetic field

diffusion is important at this stage of the plasma dynam-

ics. This is consistent with the plasma shell propagation

beyond the stagnation point predicted by an ideal MHD

simulation.
In this experiment, since the ion gyroperiod is compa-

rable with the duration of the experiment, the ions are
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not magnetized. On the other hand, the electrons are

magnetized at the plasma front. Indeed, for Te � 50 eV,

ne � 7 · 1017 cm�3, and B = 10 T, the electron gyrofre-

quency Xe � 1.8 · 1012 rad/s is larger than the collision

frequencies with protons meH � 6 · 1010 Hz and with

carbon ions meC � 3 · 1011 Hz. During the expansion in
vacuum, this creates charge separation and a sheath

potential well.

Since the magnetic field at the plasma–field interface

was not measured, we do not know to what extent the

magnetic field was compressed. Based on the existing

experimental data, we cannot rule out the possibility

that the dissipative or turbulent effects may significantly

reduce the magnetic field compression at the interface.
Other parameters unchanged, the collisionless regime

can be accessed with hotter plasma produced by lasers

with higher energy and higher power (I > 1014 W/cm2).

Increasing the plasma temperature, the collision mean

free paths can be made much longer than the plasma size

and the Larmor radius. In addition, at higher initial

temperature the species separation is more effective

and the hydrogen-rich front can persist longer. To pro-
duce magnetized collisionless shocks, additional coils

must be added to magnetize the plasma flow.

We conclude this section with a brief discussion. In

this experiment, the magnetic obstacles used is generated

by a current carrying rod. In the interface between laser-

plasma plume and the strong magnetic field, a plasma

shell is observed. The shell travels at about half the free

expansion speed which suggests that the shell is formed
by the cumulation of plasma at the shell interface.

The azimuthal magnetic field experiment has a posi-

tive gradient in the direction of the plasma flow and

the lines are curved, with the radius of curvature of

the magnetic field pointing towards the flow source.

These characteristics are similar to the dipolar field com-

monly found in Geo-space and Astro-space bow shocks.

If the parameters of the plasma flow and field are prop-
erly scaled to those of the simulated system they are

thought to be relevant to the understanding of the for-

mation of bow shocks and electron acceleration mecha-

nisms on the day-side. Astrophysical bow shocks occur

over a wide range of collisionality and ionization.

The difference in the system is that the magnetic field

lines are circular instead of closing through the poles. So

the plasma flow in the current experiment cannot create
an auroral plasma. The plasma flow in the current

experiment creates a wake that is different from that of

the planetary magnetotail. Removing these difficulties

is beyond the purpose of this experiment. Nevertheless,

the next stage of the experiment will use a 2D dipolar

magnetic field configuration attempting to reach more

realistic conditions. The 2D dipolar experiment is men-

tioned in Horton and Chiu (2004).
The present experiment represents a first step towards

the laboratory investigation of collisionless shocks. As
O
O
F

determined in the experiment, the plasma is collisional

and the plasma flow is not magnetized except for the

weak (Bearth � 0.3 G) magnetic field in the laboratory.

Upgrades considered for a follow-up experiment include

the use of a higher intensity laser for producing a colli-

sionless plasma, as well as means for applying a stronger
ambient magnetic field. The latter is important since

magnetization of the plasma flow appears to be essential

for the formation of numerous SLAMS within a colli-

sionless bow shock.

In the following section, we will see that there are two

basic ingredients, which lead to an effective acceleration

of electrons. They are the presence of a collisionless

shock front with substantial jump in the magnetic field
and the presence of high speed electrons in the plasma

wind. Our next step experiment will contain both of

these ingredients. Its outcome may provide insights on

the electron acceleration mechanism.
T
E
D
P3. Electron acceleration mechanisms

We proceed to analyze the electron acceleration in

oblique shocks based on our recent investigation (Chiu

et al., in press). For studies on the acceleration of ions

similar to the present framework, see Usami et al.

(2001), Usami and Ohsawa (2002, 2004). We will con-

sider the interaction between quasi-normal shocks where

Bx = Bcosh � B, and the high b-plasma where the elec-

tron speed is relatively high compared to the solar-wind
speed. We have found that when the magnetic field in

the shock front rises sufficiently rapidly, the gyrating

trajectory of the electron can linger in the reflection re-

gion over many cycles. This leads to a large energy gain.

Also, we will see there is a persistent transfer of the

transverse kinetic energy into the longitudinal kinetic

energy. The final energy of the accelerated electron is

dominated by the parallel kinetic energy.

3.1. Lorentz force on electron acceleration and the M/m

scaling solution

The motion of an electron is governed by the Lorentz

force equation

m
dv

dt
¼ �eðE þ v� BÞ: ð8Þ

We work with the dimensionless spatial and time vari-

ables, with the length scaled by the ion collisionless skin

depth c/xpi, and the time scaled by the inverse of the ion

gyrofrequency, i.e., x = cn/xpi and t = s/xc. Here,
xpi = (n0e

2/e0M)1/2 and xc ” xci = eBz0/M. The plasma

density n0 and the magnetic field B0 are defined in front

of the shock. Proton is used for the ion. M is the proton

mass. The velocity variable is scaled by the Alfvén speed:

vA ¼ ðc=xpiÞxc ¼ B0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0n0M

p
.
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The dimensionless fields are defined by b = B/B0 and

e = E/(vAB0), with b = (bx0,0,bz) and e = (ex,ey0,0).

Assuming one-dimensional approximation bz = bz(x)

and ex = ex(x). Since $ Æ B = 0, it implies oxBx = 0, so

the x-component of the magnetic field remains to be

the same before and after the shock, or bx1 = bx0.
(Throughout this work we will use the convention, the

script ‘‘0’’ is used for quantities in front of the shock,

and ‘‘1’’ behind the shock.) By definition, b0 = 1, then

bx0 = cosh. The magnetic field bz is assumed to have

the form of the damped soliton solution, which is

approximately given by

bzðnÞ ¼ 1þ b1 � 1

2
1� tanh

n
d

� �� �
: ð9Þ

Here, the thickness of the transition layer is 2d. In the

quasi-normal approximation, bz1 � b1, so the jump of
bz is �(b1 � 1). In the context of the soliton solution,

the corresponding dimensionless electric field is

ex ¼ � dbz
dn

¼ b1
2d

cosh2 n
d

� �
: ð10Þ

The gyroradius, the kinetic energy and the potential en-

ergy difference over a range Dy are given by, respec-

tively, as follows:

re ¼
v?
xce

¼ u?vA
M
m bxc

� qe

c
xpi

� �
with qe ¼

mu?
Mb

; ð11Þ

ke ¼
1

2
mv2 ¼ 1

2
u2v2A � ke½mc2b2

A	 with ke ¼
u2

2
; ð12Þ

W e ¼ qEyDy ¼ qðey0vAB0Þ Dny
c

xpi

� �

¼ M
m
ey0Dny

m
M

� qvAB0c
xpi

� �
� we½mc2b2

A	

with we ¼ ðM=mÞey0Dny : ð13Þ

The quantities qe, ke and we are dimensionless quantities

of the electron. Those in the square brackets are units.

In terms of the Cartesian components, the dimensionless
Lorentz equation is given by

dux=ds

duy=ds

duz=ds

0
B@

1
CA ¼

�ex M
m � uyXz

�ey0 M
m � uzXx0 þ uxXz

uyXx0

0
B@

1
CA: ð14Þ

Here, ui = vi/vA which is the ith component of the dimen-

sionless velocity, where Xi = Mbi/m is the electron gyro-

frequencies, and m the electron mass.

Based on Eq. (14), one may scale the time by a new
variable s* = s ÆM/m. This would then lead to a M/m-

scale invariant theory, except for the length parameter

d in the shock structure of the fields, which breaks the

M/m scale invariance in the following way. Let us fix
T
E
D
P
R
O
O
F

M, increasing m, so the ratio is decreasing. Here, the

electron momentum is increasing. In turn, the electron

gyroradius qe = mu^/Mb is increasing. Although the pre-

diction on the ‘‘energy multiplication factor’’ (or the

‘‘gain factor’’), depends on the M/m-scale breaking

parameter d/q, it turns out when d/q � 1, this factor
quickly approaches a limiting value. For the present

work, this occurs when the ration M/m is small com-

pared to the physical value: M/m = 1800.

Our investigation involves both numerical and ana-

lytical work. For numerical calculations, we use follow-

ing shock parameters based on the event in the SLAMS

data reported in Stasiewicz et al. (2003). The relative

velocity between the plasma and the shock is taken to
be vpl0x ¼ �210 km=s ¼ �7vA (vA = 30 km/s). The proton

sound speed is cs = 70 km/s which implies that the

proton temperature is T p ¼ Mc2b2
s ¼ 50 eV. Assuming

electron temperature is comparable to that of the

proton, the electron thermal speed in the plasma is

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2M=mcs

p
� 140vA. This gives b ¼ n0T e=

ðB2
0=2l0Þ � 11, which indicates that it is indeed a high

b-plasma. We assume the electron velocity is isotropic
in the rest frame of the plasma. Among those isotropic

points on the fixed energy shell, for the time being we

will consider the forward going electron, with its speed

relative the shock v0x ” u0xvA = �147vA. At the shock

front, the rise of the SLAMS event is about 100 km,

or the dimensionless half width d = 50 km/

150 km � 0.3. Below we will discuss two cases, the

‘‘physical case’’, where M/m = 1800, and the ‘‘M/m-scal-
ing limit case’’, which is essentially the ‘‘step function’’

case, for which we will take M/m = 20.

Fig. 4 illustrates the projection of electron trajectory

in the x–y plane for the physical case where M/

m = 1800 and d = 0.3c/xpi. To give some background

on the shape of the trajectory shown, we find it is

instructive to first describe a simpler shape, i.e., for the

M/m = 20 case, where the trajectory consists of essen-
tially three sides of a rectangle. The trajectory begins

with the left-going drift. This corresponds to the first

side of the rectangle. When the gyrating-orbit first

touches the x = 0 line, there is a clockwise 90� turn in

the drift, which leads to the upward drift. The upward

drift is accompanied by a gradual shift in the x-direc-

tion. First there is the slowing down of the shift to the

left. At around the midway of the y-drift, the x-shift
to the left slows down to stop and then turns around be-

gins shifting to the right with an increasing speed, slowly

but steadily. In this manner, the trajectory continues

drifting upward for some distance while it is persistently

shifting to the right. This upward drift constitutes the

second side of the rectangle. As the gyrating orbit leaves

the x = 0 line, there is another 90� clockwise rotation.

Here, the x-shift reaches its final right-shifting speed, it
becomes the main drift moving to the right, which is

the third side of the rectangle.
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Fig. 4. The M/m = 1800 case. (a) Projected trajectory in the x–y plane of the gyrating electron, which is from the collision of a high-b plasma with a

shocklet near x = 0. The shock parameters are based on the reported event in the SLAMS data: Bmax/B0 = 6, D = 50 km � 0.3c/xpi, except for the

oblique angle. Here the quasi-normal angle is h = 88.3�. Zoom-in views of local regions: (b) after the transient region at the exit of the y-drift (c) at the

midway in the y-drift region, and (d) before the transient region at the start of the y-drift.
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ilar to the scaling limit case just described except that the

two sharp 90� corners are replaced by the round corners

and the transition regions at both the entrance side and

exit side crudely characterized by the interval

0 < x < 0.3c/xpi = d, where d is the thickness parameter

of the shock, see Eq. (10). The x-range here is several

electron gyroradii. Notice that based on Eq. (11), in
the ambient magnetic field region, the electron gyrora-

dius is given by q0 = mu/Mb � 140/1800 � 0.08c/xpi.

See plot-a of Fig. 4. The zoom-in views: before the en-

trance transition region, at the midway and after the exit

transition region are shown, respectively, in plot-d, plot-

c and plot-b. From inspection on midway plot (plot-c)

and the overview plot (plot-a), notice that the x-coordi-

nate of the gyrating-orbits always satisfies x > �d =
�0.3. In other words, during the entire course of the

y-drift, the electron never left the ramp. It turns out

by fine-tuning the oblique angle, the maximum stretch

in the y-drift and in turn the maximum energy gain

can be determined. The oblique angle, the y-range and

the gain factor obtained for M/m = 1800 case are

h = 88.3�, Dny = 8.2 and G = 9.4, respectively. And for
the M/m = 20 case, they are h = 88.7�, Dny = 1410 and

G = 19.5. The time evolutions of the total kinetic energy

(heavy-solid curve) and its parallel component (light-so-

lid curve)and perpendicular component (densely dotted

curve)for the M/m = 1800 case are shown in Fig. 5(a).

Notice there is a persistent increase in the parallel com-

ponent kinetic energy and the final energy is dominated

by this component. Fig. 5(b) is the zoom-in view for a
typical small-time interval: ½5:0; 5:1	x�1

c showing that

there is a steady increase of Ki within this minute-time

interval. The corresponding time evolution of the energy

content for the M/m = 20 case is shown in plot-c. Again

there is the steady increase and the eventual dominance

of the parallel component. We will come back to discuss

plots c–h in Section 3.3.

The gyroradius of the M/m = 20 case is 90 times
greater than that of the M/m = 1800 case. For the M/

m = 20 case, the condition d/q � 1 is well satisfied.

The M/m = 20 case has essentially approached the M/

m scaling limit, i.e., the step function model. We will

proceed with the analytic work based on the step func-

tion model. We will show that the step function model

leads to satisfactory agreement on the y-range and gain
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Fig. 5. The M/m = 1800 case: (a) Time dependence of the total (heavy-solid), transverse (densely dotted) and parallel (light-solid) kinetic energies.

Here energy is in units of 0.005 eV. The total energy is increased from 50 to 500 eV. (b) Zoom-in view of parallel kinetic energy at time t = 0.50–0.51

1/xc. The M/m = 20 case: (c) Time dependence of total (heavy solid), transverse (dashed) and parallel (light-solid) kinetic energies. Here total energy

is increased from 50 eV to �1 keV. (d) Zoom-in view of the projected trajectory in x–y plane. The starting point S, and the subsequent four crossings

across the x = 0 line at A, P 0, A 0, P00 are indicated by the bullets. (e) The y time curve, (f) the x-time-curve with the zero crossing points A, P 0, A 0 and
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factor for the M/m = 20 case, and gives a qualitative

understanding of these numbers for the M/m = 1800
case.

3.2. Average acceleration in the shock normal-direction

and the total energy gain

With the goal of deriving a parametric form for the

energy multiplication factor, we first work on the aver-

age acceleration in the x-direction. The Lorentz force
equation Eq. (14), neglecting ex-term, which is justified

for the high-b case we are considering, leads to

d2uy
ds2

� �uyX
2
y or uy ¼ u? cosðXys � /Þ; ð15Þ

where X2
y � X2

x0 þ X2
z . Consider the situation of a typical

gyrocycle depicted in Fig. 6 along the path: PDAB 0P 0.

Along PDA, which is to the left of the x = 0 line, we de-

note uy by uLy . HereXy � X1 = (M/m)b1. Along AB 0P 0, de-
note uy by uRy , where Xy � X0 � (M/m)[1 + (coth0)

2/2].

The average x-acceleration per cycle is given by (see Chiu

et al., in press)
haxi ¼ �hXz1uLy iPDA � hXz0uRy iAB0P0

� ðcot hÞ2 u?
T

f ð/Þ;

where f ð/Þ ¼ sin/ � / cos/: ð16Þ
Notice that the averaged acceleration is a function of /.
In the y-drift region, / varies from p to some smaller po-

sitive angle then back to p. To describe the x-shift in

terms of some effective acceleration, we have made fol-

lowing simplifying assumptions. The effect of f(/) con-
tribution is presented by: �f ¼ f ð/effÞ. We have

assigned a typical period T = T1 for gyrocycles, and typ-

ical speeds: �u?, for the tangential speed along the path of
gyration, and �uy , for the y-drift motion. From their def-

initions, �u?=�uy � q0X0ð2q0=T 1Þ ¼ ½M=ð2mÞ	T 1. Based on

Eq. (16), the effective cycle-averaged acceleration

becomes

haxieff ¼
ðcot hÞ2

T 1

� M
2m

T 1�uy

� �
�f ¼ ðcot hÞ2�f �uy �

M
2m

: ð17Þ
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Following picture associated with the cycle averaged

x-shift motion emerges. Before the y-drift, the gyrocen-

ter has the initial velocity of the plasma, so the initial x-

shift velocity is �upl0x. During the y-drift, the x-shift is
governed by the effective acceleration given here. Along

the x-direction, it slows down, turns around and causes

the acceleration of the x-shift motion in the positive x-

direction. Inspection on the motion in Fig. 6 reveals that

within each gyrocycle, to the extent that one ignores the

slight change of transverse kinetic energy along the left-

hand side arc where the gyroradius is small, there is an

elastic bounce at each cycle. In turn taking y-drift as a
whole, there is an approximate overall elastic bounce

in the x-direction, i.e., at the exit end of the y-drift,

the x-shift velocity is � upl0x. Using Eqs. (16) and (17)

the total y-drift range is given by

Dny ¼
�uy � 2upl0x
haxieff

¼ 4
�f
� m
M

� upl0x
ðcot hÞ2

: ð18Þ

Based on Eq. (13), which can be deduced from the Lor-
entz force equation if the ex-term is to be neglected, Eq.

(14), the total energy increase is given by

Kf ¼ K0 �
M
m

� �
ey0Dny : ð19Þ
D
P
R
O
O
F

Using Eqs. (18) and (19), the energy multiplication fac-

tor is becomes

Ge �
Kf

K0

¼ 1þM
m

eyDny

ðu20=2Þ
¼ 1þ 8

�f
upl0x

cot hu20

 !2

� 1þ 4
upl0x

cot hu0

 !2

: ð20Þ

In the last step we set �f � 2, which is the scaling limit

value determined based on several simulations in the

parameter ranges 2 6 b1 6 7 and 0.001 6 d 6 5. The va-

lue �f here turned out to be the arithmetic mean of

f(p) = p and f(p/2). It is gratifying that �f obtained is

within the expected range.

Here is the comparison of the parametric forms of the

scaling-limit given in Eqs. (18) and (20) and our simula-
tion results. For M/m = 20 case, the scaling limit predic-

tion vs simulation results for the y-range is: (1400 vs.

1410) and for the gain is (19.2 vs. 19.5). The agreement

here is within 2%. For the M/m = 1800 case, for the

range it is (8.8 vs. 8.2) and for the gain it is (11.0 vs.

9.4). The agreement is within 20%. To sum up, the scal-

ing parametric form derived from the step function

model, works satisfactory for the M/m = 20 case and
for the M/m = 1800 case, it gives qualitative estimates

on the range and the corresponding gain factor.
T3.3. The temporal evolution of the total, the parallel and

the transverse kinetic energies

Now, we turn our attention to the time evolution of

the total, transverse and the parallel kinetic energy.
Again, we will use the step-function model for our anal-

ysis below and use simulation results of the M/m = 20

case as illustrated in plots c–h in Fig. 6 to verify theoret-

ical expectations based on the analytic work.

First consider the time curve of the total energy.

From Eq. (19), the profile of the total kinetic energy in

time should be the same as the corresponding profile

of y, which is confirmed by comparing the plot-g with
the plot-e.

Away from the shock layer near x = 0, from the Lor-

entz force equation it can be shown that the parallel

component equation of motion can be written as

duk
ds

¼ d

ds
ðux cos h þ uz sin hÞ ¼ �ex

M
m

cos h � 0: ð21Þ

The ramp region is defined as �d 6 x 6 d, where

d = 0.3. From inspection on the plot-f, one sees that a

full width in x, Dx = 2d corresponds to a time interval
Dt 6 0.01. Away from the ramp region, the Ki time-

curve should be flat. This leads to an overall pattern:

(ramp)–(short-flat-segment)–(ramp)–(long flat seg-

ment)–(ramp) . . .. We will see below that the heights of

the adjacent steps are positive definite and comparable
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in values. So one arrives at the pattern shown in plot-h,

which may be referred to as a ‘‘mixed staircase pattern’’,

or in short the ‘‘staircase’’ pattern. From inspection on

the pair of plots: the x-time-curve (plot-f) and the Ki
time-curve (plot-h), one sees that as expected the begin-

ning of each staircase step occurs at around the point
where the trajectory crosses the x = 0 line, such as the

4 points: A, P 0, A 0 and P00 indicated in plots-d, f and h.

In Chiu et al. (in press), we have shown that the jump

across the line x = 0 in the parallel component of the

velocity, in the quasi-normal approximation for high

u^ case, where a uz term may be neglected, is given by

duk � ufk � uik � uxðcos hf � cos hiÞ
�j hf � hi j u? sin/ > 0: ð22Þ

Notice that since cosh = b0x/b, the stronger is the local

magnetic field, the smaller is cosh, or the closer is h to

90�. Thus as the point x = 0 is crossed for both entrance

and the exit cases, the product ux(coshf � coshi) is

always positive definite. In particular for the entrance

case, sign [RHS] = (�)(�) = + and for the exit case, sign
[RHS] = (+)(+) = +. So the jump associated with the

crossing of the x = 0 line from either side gives a positive

definite quantity. Since both u^ and / at x = 0-crossing

points are slowly varying functions of time, Eq. (22) that

heights of successive jumps in ui are expected to vary

slowly as a function of time. Plot-h confirms the features

described.

Now, we return to plot-b, which is the Ki time-curve
forM/m = 1800 case. We extend Eq. (22) in the following

manner. Taking account that b is a smooth function of x,

for a typical ith differential increment dx = xi+1 � xi

duk ¼ ux
d cos h
dx

dx ¼ ux � b0x
b2

db
dx

� �
ðxf � xiÞ: ð23Þ

For the x-component moving along the negative x-

direction, which goes upward along the ramp, the sign

of the right hand side is: (�)[+](�) = +. For the x-com-

ponent moving along the positive x-direction, it is corre-

spondingly, (+)[+](+) = +. So within the quasi-normal
approximation, for a smooth ramp instead of a step

function, we expect there is a steady increase of ui.

Plot-b confirms this trend.

To sum up the total kinetic energy is the sum of the

transverse plus parallel kinetic energy. To the extend

that we ignore the ex-term, there is no jump in the total

energy. The building up of the parallel kinetic energy

across the x = 0 line is supplied by the transverse
momentum. Furthermore, the approximate elastic

bounce picture mentioned in Section 3.2 implies that

the initial and the final transverse kinetic energy should

be comparable, so the increase of the total kinetic en-

ergy, i.e., Kf � Ki � (M/m)ey0Dny of Eq. (19) should

have predominantly the parallel component of the ki-

netic energy.
F

In this work we assume that, in the rest frame of the

solar wind plasma, the electron velocity is approxi-

mately isotropic. The two cases we have considered have

the initial electron moving along the x-direction. We

have also studied how the energy multiplication factor

varies as a function the rest frame azimuthal angle for
various fixed values of the rest frame polar angles. For

the M/m=20 case, where the gain is �20, we found that

about 1/3 of electrons on the fixed energy shell of inter-

est has a multiplicative factor greater than 10. One may

conclude that significant fraction of the electrons on the

energy shell, which are being accelerated to an energy

over half of the maximum accelerated energy.
T
E
D
P
R
O4. Conclusions

An experimental simulation of planetary magneto-

spheres is being developed to investigate the formation

of collisionless bow shocks and the magnetospheres

from magnetic (dipolar) obstacles. The plasma and solar

wind are simulated by laser ablation is launched perpen-
dicular to the magnetic field of a high-current discharge.

The ablation plasma is created using the Tomcat laser,

currently emitting 5 J in a 6 ns pulse at 1 lm wavelength

and irradiance above 1013 W/cm2. The high impedance

Zebra z-pinch generator, with load current up to 1 mA

is used to produce the magnetic fields. Theoretical mod-

eling (Horton and Chiu, 2004) is used to estimate the

plasma parameters achievable at the front of the blow-
off and to optimize the experimental design. Time-gated

schlieren imaging and interferometry are used to detect

the density space distributions. Diagnostics to be added

include time-gated spectroscopy for temperature for

density measurements, as well as Faraday rotation with-

in the plasma and spectroscopic techniques to determine

the magnetic field, all with space resolution. The results

of initial experiment reported here indicate the presence
of a plasma-shell at the interface between the plasma

and the strong magnetic field region.

During the next-step proof of principle laser-Z-pinch

experiments with the University of Nevada–Texas col-

laboration, the emphasis is on documenting the change

in the magnetic geometry due to the plasma wind includ-

ing the existence of the magnetic tail and the creation of

the magnetopause behind a bow shock. The measure-
ment of the change in the magnetic field may be carried

out using the Faraday rotation instruments and mag-

netic probes.

Motivated by the new high resolution, spatially re-

solved measurements from the Four-Cluster spacecrafts

of the microstructure in the Earth�s bow shock, we have

presented a laboratory simulation proposed for creating

bow shocks from the laser blow-off plasmas and the
strong (B � 10–100 T) magnetic field produced by

capacitance powered exploding wires (Bauer et al.,
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1997) and (Chittenden et al., 2004). The flat top time for

the magnetic field exceeds 1 ls, so that, we may have a

quasistationary shock front for xceDt/2p � 106 cyclo-

tron periods.

We have presented two numerical simulations which

involve electron acceleration during the collision of a
high-b-plasma wind with a SLAMS-type shocklet. Our

numerical work is based on the shock parameters:

B0 = 2 nT, the half-width of the rise D = 50 km and

the mach number Ms = 6. When the physical ratio M/

m = 1800 was used, a 10-fold energy gain was obtained.

Using M/m = 20, which is close to the scaling limit, the

corresponding energy gain is about 20-fold. The latter

shows that as the parameter value of D is reduced, there
is a most a factor of 2 gain in energy. Of course the high-

er the mach number could also lead to higher energy

gain. Furthermore, we envision that electrons can un-

dergo acceleration in stages, when there are successive

plasma-wind-shocklet collisions. The higher is the elec-

tron energy, the larger is its gyroradius which would

lead to a longer y-drift, and in turn to a more rapid in-

crease in its energy. Taking all these factors into ac-
count, we find an energy-gain by a factor of 50–100 or

even beyond is not out of reach.

From our fixed-energy-shell ensemble study, we

found there was a significant fraction of electrons on

the shell which have been accelerated to over half of

the maximum accelerated energy. This leads us to sug-

gest that the local plasma near a shocklet should in gen-

eral be at somewhat higher temperature. The finding of
the large fluctuations in high momentum portion of the

electron momentum distribution near shocklets could be

significant, since large fluctuations here may be an indi-

cation of the presence of different stages of electron

accelerations.

In view of the universal appearance of shocks in

space and astrophysics we argue that it is important to

have several independent attempts at modeling collision-
less plasma shocks in the laboratory.
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