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of the absorption profile of 1s2-1s3p indicates a
density of about (6-7) X10?® cm~3, Hydrodynamic
simulations predict a figure closer to 9 X102
cm™3, More detailed analysis of such spectra
offers the possibility of future direct compari-
sons between spectra and radio chemistry® diag-
nostics,

The laser-driven implosions were simulated
in one dimension with the Lagrangian hydrody -
namics code LASNEX.®° The laser temporal profile
used in the calculations is an accurate replica of
measurements made with fast pyroelectric de-
tectors and a 5-GHz-bandwidth oscilloscope. The
hot-electron temperature is constrained to be
equal to the value obtained from fast-ion meas-
urements. ! A particularly fine zoning (of the
Lagrangian grid) is used in the outer laser absorp-
tion region. In Table I, we show comparisons of
experiment and theory for several important im-
plosion parameters.

In conclusion, CO,-laser-driven implosions
have been shown to yield high densities under con-
ditions which also produced significant thermonu-
clear yield. The highest total mass densities
reached in these experiments was 2-3 g/cm?.
With respect to inertial confinement fusion, these
experiments have shown that the highly efficient
CO,-laser driver (~2 overall laser efficiency) is
capable of producing high-density implosions.
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V-Shaped Double Layers Formed by Ion Beam Reflection
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A potential double layer is observed when an ion beam is injected into a collisionless
magnetoplasma along converging magnetic field lines and reflected at a positive electron-
absorbing boundary. The double layer is V shaped, highly stationary, strong (e¢/kT,

S 25) with amplitude determined by the beam energy (¢ 5V,), and occurs with magnetized
(H2+) and unmagnetized (Ar*) ions. Distribution function measurements show self-
consistently formed trapped electrons on the high-potential side.

PACS numbers:

Potential double layers are of general interest

in nonlinear plasma physics and of particular in-
terest in space plasmas where they are thought

to be the source for energetic auroral particles.’

Double layers have been produced in the labora-
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tory by various methods such as ionization proc-
esses in current-carrying discharge tubes®3 or
injection of drifting electron distributions from
cathodes®* and plasma sources.’”” Because of rel-
evance to space plasmas the recent interest has
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shifted to double layers in magnetized ionization-
free plasmas. In this Letter we report the obser-
vation of strong double layers in a laboratory
plasma with magnetized ions. A new mechanism
for generating double layers by means of reflect-
ed ion beams is described. Distribution functions
differing from the standard pairs of trapped and
free particles are observed.

The experiment is performed in a double-plas-
ma device with surface magnetic field confine-
ment in a parameter range »n,~ 10° cm™3, T, =2
eV, p~"Tx10"° Torr H, and 2x 10" ° Torr Ar. As
shown in Fig., 1 an ion beam is generated by a
source plasma and injected against a permanent
magnet (6 cm diameter, 2 cm length, B~500 G
at pole face) located in the center of the target
plasma. A weak uniform axial magnetic field (B,
=~ 20 G) generated by external Helmholtz coils is
superimposed in the direction opposite to the ax-
ial magnetic dipole. Thus, within the separatrix
(dashed curve) all field lines are closed via the
magnet while outside there are open field lines.
Both pole faces of the magnet form two electrical-
ly insulated electrodes which can be biased sep-
arately. The diagnostics includes axially and ra-
dially movable emissive probes, ion velocity an-
alyzers, and Langmuir probes.

When the magnet surfaces are biased positive
so as to draw electron saturation current an elec-
tron-rich sheath of a few Debye lengths (Ap=0.83
mm) is formed as shown in Fig. 2(a). A field-
aligned electron current (I~ 1 mA) is drawn whose
density increases toward the magnet because of
current and magnetic flux conservation. At the
magnet surface the current density is measured
(fomax=0.14 mA/cm?, radial half width Ay =~ 1.5
c¢m) which corresponds to a drift below the elec-
tron thermal speed in the plasma up to the sheath
edge. Now an ion beam of energy eV, is injected
in the direction of the electron drift and reflected
at the front magnet surface of potential vV >V,
>kT,/e. Potential profile and collected current
are free to evolve. As shown in Fig. 2(a) we ob-
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FIG. 1. Schematic view of the experimental setup.

serve the formation of a stable double layer of
width L =~ 14), and potential height ¢ ~ 8.8kT,/e
<V, well separated from the narrow sheath
(<5xp) of residual potential drop V,,—¢. No dou-
ble layer is formed unless V= V,. Within this
constraint double layers are observed in a wide
parameter range (3<eq@/kT, < 25) with nearly
predictable amplitudes [see Fig. 2(b)]. From the
slope of the potential profile (8¢/8z ~ 13 V/cm)
and the temporal fluctuations (¢ ~1 V, ) we find
the layer to be stationary to within 6z ~0.8 mm
(=ap!). Differentiating ¢ (z), we obtain from
Poisson’s law a net charge density #,,, = 1.2x 107
cm”? of ions on the high-potential side, the same
number of excess electrons on the low-potential
side, at a target-plasma density #,,~ 1.4x 10°
cm” 3, In the presence of the double layer, the
collected electron current to the front surface
(I,=~5 mA) is ~5 times larger than to the back
side at the same bias.

Figure 3 shows the magnetic field topology and
two-dimensional potential contours for light ions.
Beam analysis by time of flight indicates that in
hydrogen the dominant ion species is H,*. The
decelerated hydrogen beam ions (kT , < $mv W2
«eV,) and the background ions (¢T;~0.2 eV) are
reasonably magnetized near the double layer or
closer toward the magnet (v,;=7 mm at B=200 G,
BT ,=0.5 eV). In contrast, the Ar* Larmor radi-
us is comparable to the magnet dimensions. The
contours of constant plasma potential ¢, in H,*
[Fig. 3(b)] are V shaped indicating a maximum

z(cm)

FIG. 2. (a) Potential ¢ (relative to target plasma
potential) vs distance z from magnet biased at V. A
double layer is formed in the presence of a reflected
ion beam of energy eV,<eV,,. (Argon, kT, =1.7 eV,
Ngo=1.3% 108 em™. (b) Double-layer potential jump vs
beam voltage in argon and Hy(RT, =2.8 eV in Hy).
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FIG. 3. (a) Magnetic field lines (arbitrarily spaced)
and axial field strength (top scale) in front of magnet
surface (indicated by heavy line) (B=0 at» =0, 2=10.5
cm). (b) Contours of constant plasma potential Qae,
=2 V between contours) showing a V-shaped double
layer in Hy (V, =30V, V,_=38V).

parallel field E;~ 10 V/cm at z ~ 3 cm limited
radially to the central current-carrying channel.
E, and E | are of comparable magnitude. Strong
positive-potential islands arise near the magnet’s
periphery where B~ 1000 G and »n, -~ 0 because of
small cross-field diffusion but »; >0 because of
beam injection with »; > 7. Without ion beam or
V .<V, the potential contours outside the sheath
are field aligned. In Ar* the radial extent of the
double layer with E || B is wider than in H,*, i.e.,
the double layer is more plane than V shaped.
Nevertheless, at large » the curvature of B im-
plies E, L B,

A small (4 mm diameter) retarding grid veloc-
ity analyzer has been used to measure distribu-
tion functions. With the analyzer in front of the
magnet (=0, z =5 mm) and its outer grid biased
to the magnet potential (which does not perturb
the potential profile as verified by the emissive
probe) the electron distribution is obtained from
the collector I-V characteristic. Figure 4 shows
fe.w,) for v,<0 at two different beam voltages in
Ar*. In contrast to all previous experiments on
double layers we have no electron source on the
high-potential side which provides for trapped
electrons. Ionization cannot be significant since
the double layers are also observed in an after-
glow plasma and at potential levels below the ion-
ization potential. Thus, the slow electrons ob-
served must be produced self-consistently from
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FIG. 4. Distribution functions on the high-potential
side of the double layer (»=0, 2=0.5 cm) for velocities
toward the magnet (argon, 2X 107% Torr). (a), (c) Origi-
nal collector I -V curves and graphically formed deriva-
tives for electrons and ions, respectively. (b) Electron
velocity distribution for V, =32 V (4mv,%=0.85 eV
<kT,=1.7 eV, 3mv,*=18 eV<e@, =21 eV) and for
V, =18 V (dashed line) where asymmetric distribution
is more pronounced. (d) Ion velocity distribution
Gmvy’~3.6 eV, tmv;2=1.2eV).

the free electron population by mirror reflection,
wave-particle scattering to reduce the parallel
velocity, and electrostatic reflection by the double
layer. These scattering processes require an in-
teraction length which increases with velocity. At
high potentials (V,=32 V, ¢,~21 V) we observe
almost only free accelerated electrons with vde/
v, 5. This distribution is subject to the classic
Buneman instability.® The observed fluctuation
spectrum is broad (w .~ 2rx4 MHz>>w,; in Ar).
A detailed analysis of the turbulence will be pub-
lished later. At lower drift speeds (V,=18 V,
V40/V, = 1.6) the number of slow electrons increas-
es dramatically as evident from the asymmetry
of the shifted distribution. From measurements
of the distribution function, the radial current
density profile and the total current to the mag-
net we determine the electron density at the ana-
lyzer’s position to be n,=1,25x 10° cm™® at V,

=18 V(0.66x 10 cm™2 at 32 V),

Using the velocity analyzer for ions, we ob-
serve at the low-potential side or for V=0 the
incident ion beam and the low-energy background
ions, both with comparable fluxes. At the high-
potential side of the double layer (»=0, z =5 mm)
only one ion population is seen with considerable
energy spread around the local plasma potential.
These are the retarded beam ions since all low-
energy ions are reflected at the double layer. In-
dependently, the retardation of beam ions has



VoLUME 45, NUMBER 18

PHYSICAL REVIEW LETTERS

3 NOVEMBER 1980

been established by small-amplitude sinusoidal
beam density modulation and dispersion measure-
ments w =~ kv,. At the double layer the phase ve-
locity decreases rapidly and the amplitude van-
ishes without reflections. No ion acoustic waves
could be excited on the high-potential side, pre-
sumably because T; = T,. Although not directly
measured the ion distribution for v,>0 must con-
tain the reflected ions since none are absorbed

by the magnet.

The evolution of the double layer has been stud-
ied by pulsing V, or V,. The sheath potential ex-
pands, changes curvature to form an inflection
point, i.e., a weak double layer, which propa-
gates into the plasma at decreasing velocity (v
<C,) but growing in amplitude and gradient. The
buildup time is approximately 50 usec (in argon)
whereas the decay after turnoff of V,, is within
7<5 usec. The switching process is accompa-
nied by large waves and particle bursts.

These observations lead to the following sim-
plified physical picture for the double layer for-
mation: Beam ions enter the electron-rich
sheath, decelerate to rest and form a positive-
space-charge layer (n; >n,). The potential pro-
file expands so that acceleration of electrons, re-
tardation of beam ions and reflection of back-
ground ions occur at increasing distances from
the magnet. Experimentally we find that the final
position and potential jump of the double layer
adjust themselves so as to establish charge neu-
trality on the high-potential side, With rising po-
tential the retarded-ion-beam density increases
[n; =n,(1=¢/V,)"*?] while the accelerated-elec-
tron density decreases [n, =n,,(1+e@/kT,)" */2].
Since at the low-potential side the ratio of beam
to electron density is small {n,/n,,<[1+ (2 eV,/
ET,)"?]"*} the potential must adjust itself close
to ¢ <V, in order to satisfy n; =n,. This is even
more required when trapped electrons increase
n, which is pronounced at low V, [see Fig. 4(b)]
consistent with the shape of Fig. 2(b). The posi-
tion of the double layer approaches a stationary
value because of the axial-magnetic-field depen-
dence. With increasing distance from the magnet
the double-layer area increases (ScB~!) imply-
ing increased electron density toward the magnet
since the electron current and not the flux is con-
served (I, =Sn,ev =const). The position is found
to increase when, at a given V,, the collected cur-
rent I is increased by raising V,, thus the posi-
tion regulates the electron supply. Likewise,
when the ion density is raised by a larger source-
plasma density the double-layer position increas-

es so as to establish charge neutrality self-con-
sistently. In this manner the double layer can be
positioned anywhere between 0 <z < 8 cm. Final-
ly, V,>V, is an essential requirement to gener-
ate the return ion flow through the double layer.
Magnetized ions with finite v, undergoing parallel
deceleration by the mirror magnetic field can al-
so be reflected at the double layer when ¢ <V,.
At their stagnation point near the high-potential
side, they contribute to the positive-space-
charge layer. ‘

In summary, we have observed a new mecha-
nism for generating double layers in a magneto-
plasma. From the laboratory observations, we
speculate on the following scenario in space:
Given a distributed potential difference between
a highly conducting boundary such as the iono-
sphere and the distant magnetosphere, the poten
tial profile can steepen into a V-shaped double
layer when energetic ions from the magnetotail
precipitate down along a dipolar flux tube, stag-
nate and reflect at a location where e = zmv 2,
and form a positive—space-charge layer. Such
Earthward streaming protons are thought to be
an energy source of precipitating electrons re-
sponsible for auroras.® The double-layer poten-
tial is determined by the ion energy. Reconnec-
tion processes may be the origin for energetic
ion precipitation while the potential difference is
set up by the solar-wind dynamo action.
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