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The expansion of a two-electron-population, collisionless plasma into vacuum is investigated 
experimentally. Detailed in situ measurements of plasma density, plasma potential, electric 
field, and particle distribution functions are performed. At the source, the electron population 
consists of a high-density, cold (kT, -4 eV) Maxwellian, and a sparse, energetic 
(@zu: E 80 eV) tail. During the expansion of plasma, space-charge effects self-consistently 
produce an ambipolar electric field whose amplitude is controlled by the energy of tail 
electrons. The ambipolar electric field accelerates a small number ( - 1%) of ions to streaming 
energies which exceed and scale linearly with the energy of tail electrons. As the expansion 
proceeds, the energetic tail electrons electrostatically trap the colder Maxwellian electrons and 
prevent them from reaching the expansion front. A potential double layer develops at the 
position of the cold electron front. Upstream of the double layer both electron populations 
exist; but downstream, only the tail electrons do. Hence, the expansion front is dominated by 
retarded tail electrons. Initially, the double layer propagates away from the source with a speed 
approximately equal to the ion sound speed in the cold electron population. The propagation 
speed is independent of the tail electron energy. At later times, the propagating double layer 
slows down and eventually stagnates. The final position and amplitude of the double layer are 
controlled by the relative densities of the two electron populations in the source. The steady- 
state double layer persists till the end of the discharge (At= 1 msec), much longer than the ion 
transit time through the device (t- 150,usec). On the low-potential side, the double layer 
generates a monoenergetic, neutralized ion beam with no stationary background plasma. The 
field-aligned double layer contains no trapped or counter-streaming ions, and is current free; -- 
i.e., the relative electron-ion drift is zero. 

I. INTRODUCTION 
It is well known that when a high-density plasma ex- 

pands into vacuum or a low density background plasma, 
ions are accelerated to supersonic velocities’a during the 
expansion. The process of ion acceleration has been observed 
in laboratories since the 1930s when investigators5’6 work- 
ing with vacuum arc experiments had detected high velocity 
plasma jets in low-pressure dc discharges. In 1961, Plyutto’ 
for the first time proposed the process of plasma expansion 
as a possible mechanism for acceleration of ions. Plyutto 
postulated that in an expanding plasma the lighter, more 
mobile electrons would tend to escape into vacuum faster 
than the heavier ions, and thereby generate a self-consistent 
ambipolar electric field that would accelerate the ions and 
retard electrons. In 1966, Gurevich, Pariiskaya, and Pitaevs- 
kii’ analytically solved the one-dimensional, time-dependent 
problem of plasma expansion, and obtained a set of approxi- 
mate solutions, called self-similar solutions, which predicted 
the acceleration of ions to very high energies. Since these 
early works, the phenomenon of plasma expansion has been 
linked to a number of seemingly diverse physical situations 
which occur in a wide spectrum of plasmas ranging from the 
high-density, high-temperature laser-fusion8*9 plasmas to 
the low-density, low-temperature space”*” plasmas. 

As early as 1969, it was suggested” that plasma expan- 
sion is directly related to the problem of the interaction of 

‘I Present address: Department of Electrical Engineering, University of 
California, Los Angeles, California 90024-1547. 

terrestrial plasma with rapidly moving bodies such as satel- 
lites and planets. When a body travels supersonically 
through a plasma, a density cavity” is created on its wake 
side which the surrounding plasma attempts to fill. A natu- 
ral mechanism for the filling of the wake’2.‘3 is the free ex- 
pansion of the ambient plasma into the cavity. In laser-fu- 
sion experiments,‘4y’5 the laser light heats and ionizes a solid 
pellet, and generates a high-density, high-temperature plas- 
ma. The high-density plasma along with the vaporized target 
material expand radially outward, and the recoil momentum 
compresses the target to achieve thermonuclear fusion.‘6,‘7 
To improve the efficiency of target implosion, a basic under- 
standing of the plasma expansion process and subsequent 
ion acceleration is vital.lR Singh and Schunk” have suggest- 
ed that the basic physical process occurring in the polar 
wind*’ can be described in terms of plasma expansion. Ac- 
cording to the model, the high-density ionospheric plasma 
expands along the earth’s magnetic field lines into the mag- 
netosphere, and in the process ionospheric ions (H + and 
0 + ) are accelerated into the magnetosphere. In addition, 
the process of plasma expansion has also been speculated to 
be active in solar wind outflow from coronal holes,2’ forma- 
tion of ion beams in plasma sheet boundary layer,‘* active 
chemical release experiments in space,23 refilling of depleted 
flux tubes after a magnetic storm,24 and interaction of super- 
nova with the interstellar medium.2s In light of the fact that 
plasma expansion has a great deal of possible applications in 
a number of active research fields, the expansion process has 
been investigated in several laboratory experiments. A large 
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number of experiments’3*2G30 have been conducted to spe- 
cifically study the process of filling of the wakes. An obstacle 
is usually placed in a streaming plasma to model satellites 
moving through space plasma. The streaming plasma flows 
supersonically past the obstacle and creates a void or “vacu- 
um” immediately behind the obstacle. Biased and floating 
obstacles of various shapes and compositions have been used 
to study the filling of the void by the surrounding plasma. At 
least two major mechanisms3’ have been identified for filling 
of wakes. The first mechanism is the free expansion of plas- 
ma, and the second is the deflection of ions into the wake by 
the obstacle’s sheath electric field.32 The obstacle bias with 
respect to the surrounding plasma potential determines 
which mechanism dominates. 

A second group of laboratory experiments have been 
performed to exclusively study the expansion of the plasma 
into vacuum. Various experimental configurations such as Q 
machines,33 triple-plasma devices,34 and pulsed plasma 
sources35 have been used to investigate the expansion phe- 
nomenon. Initially a high-density plasma is either created 
locally or confined by grids; subsequently, the plasma is al- 
lowed to expand into a vacuum chamber. In general, these 
laboratory experiments have confirmed some of the predict- 
ed self-similar behavior including ion acceleration, and den- 
sity rarefaction. Ion velocities as high as ten times the sound 
speed have been reported.35 

A third group of experiments have studied the process of 
expansion in laser produced plasmas.3*‘5*‘8*36~37 Because of 
the high temperature and high density of the laser-produced 
plasmas, details of the plasma expansion and ion accelera- 
tion are difficult to observe. For example, the anomalously 
high-velocity ions emitted from the target are detected by a 
Faraday CUPID or a Thomson mass spectrometerlK placed 
outside of the vacuum chamber, at large distances away from 
the target. The dynamics of the plasma expansion and ion 
acceleration which in some cases occur in nanosecond time 
scales and over spatial regions of a few millimeters are only 
inferred from the external measurements. 

Except for laser-pellet experiments, the experimental in- 
vestigation of the plasma expansion has been limited to sin- 
gle-electron-temperature, Maxwellian plasmas. The more 
complicated and interesting case of the non-Maxwellian 
plasma expansion has not been fully investigated experimen- 
tally. In laser-pellet experiments, x-ray39 and KCY line4’ emis- 
sion measurements have shown that the electron distribu- 
tion function is a non-Maxwellian with an energetic tail. It is 
speculated 9*4’*42 that the fast tail electrons are responsible 
for generation of low-density, anomalously high-velocity 
ions which carry away up to half of the absorbed laser energy 
and reduce the efficiency of target implosion. Evidence for 
non-Maxwellian plasma expansion also exists in some active 
space experiments. For example, in the Star-of-Lima experi- 
ment, where the process of critical ionization of a dense neu- 
tral cloud of barium is studied, satellite measurements43 
have shown three distinct electron populations with differ- 
ent temperatures in the barium plasma. It is postulated4? 
that the energetic electrons could have a significant effect on 
ionization and expansion of the plasma cloud. 

In this paper, we describe in detail a laboratory experi- 

ment where a plasma with a non-Maxwellian electron distri- 
bution consisting of a Maxwellian and an energetic tail is 
allowed to expand into a large, high vacuum chamber. Evo- 
lution of plasma potential profile and particle distribution 
function are measured in situ over a very long expansion 
length; and a detailed picture of ion dynamics and electric 
field evolution is obtained during the expansion. Since the 
expanding plasma contains energetic electrons, the back- 
ground neutral density must remain low during the expan- 
sion to eliminate ionizing or charge-exchange collisions with 
the background gas. As will be demonstrated later, the pres- 
ence of even a low-pressure ( P> 2 x 10 - 5 Torr ) background 
neutral gas drastically modifies the expansion of the plasma. 
A new plasma source is developed which locally creates a 
relatively dense, pulsed discharge plasma while maintaining 
a low background pressure (P<2 x 10 - 6 Torr). The highly 
reproducible, pulsed plasma source allows detailed in situ 
measurements of the temporal and spatial evolution of the 
plasma during its expansion into vacuum. To our knowl- 
edge, no measurements of ion distribution and electric field 
profiles in an expanding non-Maxwellian plasma have been 
performed, with the exception of two Letters45.46 on this 
work. 

II. EXPERiMENTAL ARRANGEMENT 

The experiment is performed in a large cylindrical 
(80 cm diam, 170 cm length), high-vacuum (Phase c 3 
x 10 - ’ Torr) chamber (Fig. 1). A set of external coils pro- 
duces a uniform (AB/B <5%), magnetic field 
( Bo-O-50 G). The discharge ( Vdi, Ed 30-120 V, rdis 
Z l-20 A) is produced locally by a filamentary cathode con- 
sisting of a set of 18 tungsten filaments, 14 cm long and 
spaced 0.5 cm apart. The filaments are heated by a dc power 
supply which is switched off during discharge (At, 1 msec) 
so as to create monoenergetic primary electrons with an iso- 
tropic shell distribution. A grid anode is located behind the 
cathode (separation ~rO.5 cm); and at the backside of the 
source, a floating electrode is mounted to reduce the wall 
effects. The cathode is normally connected to chamber wall 
(ground). The source-plasma is created at the anode poten- 
tial ( VO + 30-120 V) by ionizing a collimated neutral (ar- 

FIG. 1. Schematic side view of the experimental device (not to scale). The 
radially injected neutral beam is locally ionized by energetic source elec- 
trons. The plasma expands axially along an externally applied magnetic 
field. 
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gon) beam. The pulsed (t,, E 1 msec, toK N 3 set) neutral 
beam is injected radially into the source, and is ionized 
quickly ( t2. S-10 psec) by the discharge electrons. Through 
continuous pumping, the background neutral pressure is 
maintained below P 121 2 X 10 - 6 Torr during the discharge. 

The pulsed neutral beam is produced in a small cylindri- 
cal ( 15 cm diam, 35 cm length) chamber with a separate 
pumping stage. The two chambers are connected to each 
other by a collimating orifice through which the neutral gas 
is injected into the main chamber. A modified, piezoelectric 
leak valve4’ regulates the gas flow. The normally closed leak 
valve is activated by applying a high voltage pulse 
( V-300 V) to the piezoelectric crystal. The valve opens 
rapidly (full closed to full open in t < 100 psec) against a 
high back pressure (40-60 psi) allowing the high density gas 
to expand supersonically through the nozzle orifice 
(2 mm diam). Because of rapid expansion, the gas mole- 
cules are accelerated to supersonic velocities while their ran- 
dom thermal energy decreases.48 Initially, the gas flow is 
highly collisional (laminar flow). However, as it expands, 
the gas density decreases and the flow becomes molecular. 
The supersonic, collisionless gas jet is then collimated by a 
sharp-edged skimmer before injection into the main 
chamber. Because of the low duty cycle of the valve 
(t,, -3 set) and two-stage pumping, a very low back- 
ground pressure (PC 2 X 10 - 6 Torr) is maintained in the 
main chamber. The axial density profile of the radially in- 
jected neutral gas is measured in the main chamber with a 
small (2.5 cm long, and 1 cm diam), moveable ionization- 
gauge probe”’ which consists of a miniature pentode 
(6AH6) with the glass tube removed. The probe has a linear 
response in the pressure range of 10 - 6-10- 3 Tori-, and its 
response time is better than 75 ,usec. Figure 2 shows the 
temporal evolution of the axial pressure profile. The mea- 
surements are performed along the central axis (r = 0) of 
the circular plasma source (diam 2: 10 cm), and at a radial 
distance of about 7.5 cm from the nozzle orifice. As can be 

123456 
Axial Distance Z (cm I 

FIG. 2. The temporal evolution of the axial neutral pressure profile at r = 0. 
The neural gas is injected radially at r = - 5 cm; the circular plasma 
source extends from r = - 5 cm to r = + 5 cm. The piezoelectric valve is 
activated at t = - 650,~sec, and the discharge pulse is turned on at 
I = 0 psec. 
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seen in Fig. 2, the bulk of the neutral density is concentrated 
at z = 0 (plasma source), and the axial expansion of the 
neutral along the z axis is insignificant even at trr 1 msec. 
Without the skimmer, the axial density profile of the neutral 
beam is broader by a factor of 3. 

The neutral beam is ionized by the energetic electrons 
emitted by the cathode and collected by the anode. The 
strong axial density gradient of the neutral beam limits ioniz- 
ing and charge exchange collisions to the vicinity of the 
source. In the rest of the chamber, the very low background 
pressure makes atomic collisions, both elastic and inelastic, 
negligible. The calculated ion-neutral collision mean-free 
path”” for charge-exchange collisions is 30 m. The electron- 
neutral collisions mean-free paths5’ are 40 m for elastic 
collisions, and over 400 m for ionizing collisions. This fea- 
ture of the experiment is very unique and is not found in 
other discharge plasmas where the background neutral pres- 
sure is one to two orders of magnitude higher 
( 5 X 10 - 4>/ P) 5 X 10 - 5 Torr ) . The pulsed discharge plas- 
ma expands supersonically along an axial magnetic field and 
reaches the end of the chamber in t- 100psec. The axial 
magnetic field confines the electrons radially (r, ~0.5 cm) 
and produces a plasma column of 12 cm diam which is 
roughly equal to the cathode diameter. The ions are unmag- 
netized. The source plasma consists of Maxwellian electrons 
(/CT,-4 eV), cold Maxwellian ions (/CT, ~0.5 eV), and a 
small number of energetic primary electrons which are emit- 
ted by the cathode. The source plasma is neutral; i.e., 
ni = nM + ntai, where n;, nM, and ntai, are the ion density, 
the Maxwellian electron density, and the energetic tail elec- 
tron density, respectively. Typically, the ratio ntai,/n, is less 
than 5% at the source. The basic parameters of the plasma 
outside the source are summarized in Table I. 

The source plasma expands rapidly into vacuum be- 
cause of its strong pressure gradient. As the plasma expands, 
the faster discharge electrons stream into vacuum first while 
the less energetic Maxwellian electrons and the heavier ions 
lag behind. The space-charge separation self-consistently 
generates an electric field which retards the electrons and 
accelerates the ions. The expansion proceeds at the ion veloc- 
ity. During the expansion, the two electron populations sep- 
arate with the energetic tail electrons dominating the expan- 
sion front. The expanding plasma is probed by a variety of 
movable emissive probes, directional energy analyzers, var- 
ious size Langmuir probes, and microwave resonator 
probes. A brief description of each diagnostic unit follows. 

Plasma potential is measured with an emissive probe 
mounted on a movable, L-shaped probe shaft. The emissive 
probe (0.1 mm diam, 3 mm long tungsten wire) is heated by 
a dc power supply. During the measurement, the heater 
leads are disconnected mechanically by a relay, and the 
floating potential of the probe is measured by a fast buffer. 
To reduce cable capacitance, the relay and the buffer are 
mounted on the probe shaft, inside the chamber, and at a 
close distance (& 17 cm) to the tip of the emissive probe. 
The emissive probe is shielded, and has a capacitance of 15 
pF to ground. Figure 3(a) shows schematically the emissive 
probe and the buffer circuit. The 1-Vcharacteristics of the 
probe are traced out to confirm that the floating potential of 
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TABLE I. Basic plasma parameters. 

Neutral gas, pressure (z> 10 cm) 
Density 
Electron temperature 
Ion temperature 
Tail electrons 

energy 
relative density 

Electron plasma frequency 
Ion plasma frequency 
Debye length 
Magnetic field 
Electron cyclotron frequency 
Ion cyclotron frequency 
Electron cyclotron radius 
Ion cyclotron radius 
Elastic electron-neutral collisions (Ref. 50) 

frequency 
mean-free path 

Argon, Pz2 X 10 ’ Tot-r 
n,=lOY- 10”cm--” 
kT,, -4 eV 
kT, $0.5 eV 

pm~ c: 80 eV 
n,,,,/n,<5% at the source (~~0) 
fm> =0.28-2.8 GHz 
f, z t-10 MHz 
R, a: 0.05-0.9 mm 
B,,E la-50 G  
A<, =28-140 MHz 
A, -0.38-1.9 KHz 
r, -0.1-1.3 cm 
r,, = 13-65 cm 

v,. z 1 X 10’ set - t 
ic,, 24X 10 3 cm 

Charge-exchange ( Ar + in Ar) collisions (Ref. 50) 
frequency 
mean-free path 

Ionizing Collisions (Ref. 50) 
frequency 
mean-free path 

Electron-electron collision frequency (Ref. 5 I ) 
Electron-ion collision frequency (Ref. 5 1) 

V,” c 2.5 x 10’ set I 
/;,, 2 3 x IO” cm 

Y ,,,,=l.lXWsec i 
/ ,~,,, rr 4.9 X 1 O-’ cm 
v,,<, 2 LOX IO’ - 6.2~ lo5 set ’ 
v,,~3.0X IO’- 2.5x Wsec ’ 

(a) 

Emissive probe 

(b) 

t * 5 I 
l---------- 
-*cm< 

Bias 
V  (50 V/div.) 

Plasma 
Potential 
#p (lOV/div.) 

Current 
I (0.1 A/div.) 

Time t (5psIdiv.) 

FIG. 3. (a) Schematic view of the emissive probe along with the buffer 
circuit for measuring the floating potential. (b) Probe response to a ,Iarge 
positive potential ( + 120 V) applied to an electrode. Displayed is also the 
electron current collected by the electrode. 

the emissive probe matches well with the plasma potential. 
The probe response time is measured by applying a fast, posi- 
tive pulse ( P’z 120 V, 100 nsec rise time, 30psec wide) to a 
large electrode ( 3 cm diam) immersed in the plasma, and 
recording the time response of the emissive probe. The float- 
ing potential of the emissive probe rises (36 V in t < 1 psec, 
fails ( 16 V in t= 2 psec), and then remains approximately 
constant ( -I- 20 V over the prepulse value of the plasma po- 
tential) till the end of the pulse [Fig. 3 (b) 1. A large positive 
sheath develops around the electrode to shield out the ap- 
plied positive potential. The emissive probe floating poten- 
tial and the electron current collected by the electrode have 
very similar waveforms; i.e., an initial overshoot”’ followed 
by a constant value. 

The electron and ion distribution functions are mea- 
sured with a directional retarding-grid energy analyzer3’ (2 
cm in diam and 1 cm wide). The directional analyzer has an 
energy resolution of 0.5 eV, and can measure the angular 
divergence of a monoenergetic beam to within its angular 
resolution (A@- 6”). The absolute value of the electron den- 
sity is measured with a microwave resonator probe.“3 The 
probe consists of small resonator, a /1/4 parallel-wire trans- 
mission-line section with one end shortened and one end 
open. The resonance is excited and observed via a transmis- 
sion line. A resonator of length (immersed in a uniform 
medium of dielectric constant E, exhibits resonance at 

w res = (77/2(r,(c/&,. (1) 
In a field-free plasma where E = 1 - (wz/w’), the reso- 
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nance frequency is increased from the value in vacuum 
[wkm = (7x/2/)] to 

co:, = w;,, + 0;. (2) 
By measuring the resonance frequencies in vacuum and in 
plasma, one can easily deduce the plasma frequency 
(0; = n,e2/e,m) or electron density. The above analysis 
also holds in magnetized plasmas as long as C$ gwf. The 
spatial resolution of the probe is determined by its size which 
is typically between 5.0 (f, N 1.5 GHz) to 6.5 cm (f,,, 
z 1.15 GHz) long and about 1 cm wide. Where possible, the 
density measurements are also performed by Langmuir 
probes which compare well (to within 20 %) to those ob- 
tained by the resonator probe. Various size Langmuir probes 
are also used to measure the radial plasma density profile, 
the electron temperature, and the relative densities of the 
Maxwellian to the energetic tail electrons. 

1.0 
0’ ‘Z 
5 0.8 
8 ‘C 

.z CL6 
$ 

.s 
p 0.4 
.; 
2 
2 0.2 

Energy ( eV1 
b 

FIG. 4. Normalized, parallel ion distribution function obtained from the 
derivatives of the directional analyzer characteristics. The beamlike distri- 
butions are measured on the central axis of the plasma at t = 100 ,usec. The 
beam streaming energy increases as a function of axial distance from the 
source. 

III. MEASUREMENT RESULTS 

The experimental observations are divided into two 
parts. The first part deals with the initial stage of plasma 
expansion into vacuum,45 and the second part deals with the 
subsequent evo1ution46 of the plasma after expansion into 
vacuum is completed. 

A. Initial expansion of plasma 

In the initial stages of the expansion, the highly localized 
discharge plasma expands rapidly into the highly evacuated 
vacuum chamber (p<2 x 10 - ’ Torr). Time-of-flight mea- 
surements indicate that the plasma front propagates and 
reaches the end of the chamber (length E 130 cm) in about 
100 psec (average velocity E 1.3 X 10’ cm/set). Since no 
background plasma exists, the faster electrons must be neu- 
tralized by the slower source ions (thermal velocity 
u,,, z 1 X 10-2 cm/set) which during the expansion process 
are accelerated to an average velocity of 
V avg E 1.3 X lo6 cm/set. The directional energy analyzer is 
used to resolve the energy and distribution function of ions. 

only the thermal ions ( kTi c 1 eV) are observed. As the dis- 
tance from the source increases, the kinetic energy of ions 
(measured at the peak of the distribution function) increases 
and energetic tails begin to form. A sudden increase in the 
ion kinetic energy is observed at Z.Y 35 cm. Thereafter, the 
ions are further accelerated at a decreasing rate. The acceler- 
ated ions have a beamlike distribution with their streaming 
energy far exceeding their temperature. 

The cold source ions are accelerated, and form an ener- 
getic ion beam whose streaming energy increases as a func- 
tion of axial distance from the source. The angular diver- 
gence of the ion beam is measured by rotating the directional 
analyzer (angular resolution A8,6”) about a radial axis. 
Figure 5 shows the normalized ion beam current as a func- 
tion of angle f3 between the collector normal and the incident 
beam direction at z- 60 cm for two different times. The ion 
beam has a narrow angular divergence with a half-width of 
he-7” at tr50,usec, which broadens to he-9” at 
t- 100 psec. The angular broadening is due to a decrease in 

1. Ion distribution 

The ion distribution function is measured with the di- 
rectional energy analyzer which is mounted on a movable, 
axial shaft. The analyzer is facing the source, and its surface 
normal is parallel to the external magnetic field. The collec- 
tor electrode of the analyzer is biased to V, = - 130 V (to 
collect ions and reject electrons) while the microchannel 
plate is allowed to float (to reflect most electrons and pass 
ions). At each axial position, the discriminator bias is 
changed in increments of 0.5 V, and the ion flux is averaged 
over ten shots, recorded, and stored for each discriminator 
bias setting. The analyzer is moved axially along the central 
axis of plasma in increments of 10 cm and the process is 
repeated. Subsequently, the current-voltage characteristics 
of the analyzer are reconstructed at each spatial position as a 
function of time, smoothed and differentiated once to obtain 
the parallel ion distribution function. Figure 4 shows the 
normalized ion distribution functions versus energy at 
t = 1OOpsec for several axial positions. Near the source, 

V,, = 80V 
B=30G 
Z= 60 cm 

Ae=9” 

Angle 0 (degrees) 

FIG. 5. Normalized ion beam current as a function of angle B between the 
beam direction and the analyzer normal. The angular spread AtI (half- 
width at half-maximum) is a quantitative measure of u, /u,, . The narrow 
angular profiles indicate that, to a good approximation, ions are accelerated 
one-dimensionally along the magnetic field lines. As a function of time, the 
angular profile broadens because of a decrease in the parallel velocity of 
ions. 
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FIG. 6. Ion density and streaming energy profiles at t = 100~sec. Ion den- 
sity decreases away from the source while its kinetic energy increases. A 
very small number of ions ( - 1%) are accelerated to energies exceeding 
that of the electrons (80 eV). 

the parallel streaming velocity of the beam as a function of 
time. The observed angular spread is a quantitative measure 
of relative parallel and perpendicular velocities of the ions 
(tan 6’ = u, /u,, ) . For a purely one-dimensional acceleration, 
the perpendicular velocity of ions is due to its initial thermal 
spread. In our case, the ion thermal spread at the source is 
kT, (0.5 eV, and the expected angular spread at t = 50 ,usec 
and t = 100 ,usec are 4.1” and 4X, respectively. Therefore, to 
within the angular resolution (A0,6”) of the analyzer, the 
ion acceleration is approximately one dimensional. 

The energy analyzer is calibrated to also measure the 
density of ions. The kinetic energy and density of ions at 
t- 100 psec are both displayed versus the axial distance in 
Fig. 6. As a function of distance, the ion density n; decreases 
while its streaming energy increases. There exists a contin- 
uous spectrum of ion energies with the high-density 
(ni N 10” cm - 3, thermal ions at the source and the sparse 
(n, < lo9 cm - 3, highly energetic ions at the expansion front. 
At z = 100 cm, ions reach a streaming energy of 100 eV well 
in excess of the tail electron energy (80 eV). The maximum 
measured ion streaming energy is $I&$ E 120 eV. During the 
expansion, the input discharge power is partially converted 
into energetic ions. It is instructive to estimate the power 
conversion efficiency. The average total ion power is given 
by Pi,, = n, ( fMuf ) uiA where izi, u,, and M  are the ion den- 
sity, velocity, and mass, respectively; and A is the plasma 
cross section. The energetic ions have approximately an 
average density of 1 O9 cm - 3 and a maximum energy of 120 
eV; and the plasma cross-sectional area is 150 cm*. Then, the 
average ion power is Pi u 7 W  which is less than 1% of the 
discharge power (800 W). Hence, only a small fraction 
( < 1%) of the input discharge power is converted into fast 
ions while the rest is primarily lost at the anode. 

2. Plasma po fenfial and efecfric field 
The axial, ambipolar electric field responsible for ion 

acceleration is deduced from the plasma potential measure- 
ments. The measurements are performed by the emissive 
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FIG. 7. Measured temporal evolution of the axial plasma potential profile. 
As a function oftime, a steplike structure similar to a double layer develops. 
The ions gain most of their energy while traversing the double layer. 

probe on the central axis of plasma over a distance of 100 cm 
and in increments of AZ, 1 cm. At each axial position, the 
floating potentia1 of the emissive is averaged over 10 shots, 
recorded and stored for processing in a computer. Subse- 
quently, the plasma potential profiles are reconstructed for 
different times. Figure 7 shows the time evolution of the 
axial plasma potential profile. At the source, the plasma po- 
tential approximately assumes the anode potential 
( + 80 V) . The plasma expansion is initiated by the primary 
(tail) electrons (&zuf z 80 eV) which expand into vacuum 
first due to their high veiocity. The space-charge separation 
induces a potential gradient (A~$--80 V, AZ-4 cm) which 
reflects the electrons and accelerates ions. As a function of 
time the potential gradient broadens axially and propagates 
away from the source (Fig. 8). At later times ( t > 40 ,usec), 
a localized steplike structure known as a double layer begins 
to emerge in the potential protile. Ions gain a large fraction of 
their streaming energy while traversing the double layer. 

The potential profiles are differentiated once to yield the 
electric field (E, = - A+,,/Az). As noted earlier, the elec- 
tric field propagates away from the source, its profile broad- 
ens axially, and its amplitude decreases (Fig. 8). At the posi- 
tion of the double layer, the electric field profile displays a 
well-defined peak. The cold Maxwellian electrons 

t ItO 
0 20 60 80 too 

Axial Oistance 2 (cm) 

FIG. 8. Axial electric field profiles obtained from derivatives - &$/& of 
the electrostatic potential. 
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FIG. 9. Propagation of the double layer. (a) Temporal profiles of the plas- 
ma potential as measured with the emissive probe for different probe posi- 
tions. (b) Plot ofthe axial probe position versus the temporal position ofthe 
double layer. 

(k T, =4 eV) are electrostatically confined by the double 
layer (A$=30 eV). Therefore, downstream of the double 
layer the electron population consists only of the retarded 
energetic tail electrons. Physically, the double layer marks 
the position of the Maxwellian electron front ahead of which 
their density is negligible. The double layer propagates away 
from the source (Fig. 9) at u= 3.3 X 10’ cm/set which hap- 
pens to correspond approximately to the ion acoustic speed 
(C,=3.1x105cm/sec) inthecold (kT,-4eV) Maxwel- 
lian plasma. It is worthwhile to mention that ions stream 
faster than the double layer. The propagation velocity of the 
double layer is independent of the energy of the energetic 
electrons, but does depend on the initial density gradient of 
the source plasma and the density ratio of the two electron 
species ( nta,, /n, ). As will be shown later, the double-layer 
velocity ranges from 1.5 X 10’ to 3.7 X 105 cm/set which is 
of the order of the ion sound speed corresponding to the cold 
electrons. At the double layer, strict charge neutrality is vio- 
lated. The excess space-charge density within the double lay- 
er can be inferred from the axial gradient of the electric field 
profiles ( ni - n, = q-iE,/e dz). Normalized to the local 
plasma density, the maximum excess charge density is less 
than 0.1% which is beyond resolution of any probe. 

It has been shown42*54 theoretically that the presence of 
asmall number ofenergetic tail electrons enhances ion accel- 
eration. Furthermore, for the case of a two-electron-tem- 
perature expanding plasma, numerical solutions4’,55*56 and 
particle simulations”7~58 results show the formation of a hy- 

(a) 
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FIG. 10. (a) Two-dimensional plasma potential profile as a function of z 
and rat t = 100 psec. (b) The corresponding contours of constant plasma 
potential (A+ = 5 V between contours). 

drodynamic shock (i.e., a potential double layer). Since the 
potential drop A4 across the double layer (shock) is estimat- 
ed to be of the order of the hot electron temperature 
(kT,,/e), the colder electrons (kT, <kT,,/lO) are predicted 
to be electrostatically trapped by the double layer. Across 
the double layer, the electron distribution function changes 
abruptly with the retarded tail electrons dominating the low- 
potential region. 

The plasma potential is also mapped in two dimensions. 
Because of the cylindrical geometry, the potential is mea- 
sured only in axial and radial directions. Figure 10 displays 
the plasma potential as a function of r and z at t = 100 ,usec, 
along with the contours of constant potential. Since the elec- 
trons are magnetized, they are confined magnetically to 
within a cylindrical tube whose diameter is equal to that of 
the cathode (diameter- 10 cm). Within the tube, the poten- 
tial gradient is mainly axial, while outside, it is radial. As 
expected, most of the axial potential gradient is concentrated 
within the double layer. The shape of the potential contours 
indicates that ions in the center of the plasma column are 
accelerated mainly in the z direction, which agrees with the 
ion distribution measurements. The radially inward directed 
electric fields which electrostatically confine the unmagne- 
tized ions develop due to magnetic confinement of the elec- 
trons. As the magnetic field is reduced, the radially inward 
electric field begins to change direction (Fig. 1 l), and be- 
comes radially outward for the case of very low external 
magnetic field. At very low axial magnetic fields, the lighter, 
more mobile electrons diffuse radially to the grounded 
chamber wall faster than the heavier ions, and as a result a 
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FIG. 11. Plasma potential contours for twodifferent values ofaxial magnet- 
ic field strength. The profiles show a radially inward directed electric field 
which becomes radially outward at low magnetic fields. The solid lines rep- 
resent the measured data while the dashed lines are the mirror images. 

radially outward ambipolar electric field develops to retard 
the radial diffusion of electrons. 

The presence of energetic ($rnvz = E, ) electrons limits 
the potential drop A$ at the plasma vacuum interface to 
~,/e. This is in contrast to the case of a purely Maxwellian 
plasma where the potential drop is unlimited; i.e., 
A$ = (kT,/e)ln(n/n,). Despite a finite potential drop, 
some ions gain more energy than indicated by the stationary 
electrostatic potential drop; i.e., $14v2 > eA+. A careful ex- 
amination of the temporal evolution of the electric field pro- 
file reveals a qualitative explanation, As a function of time, 
the electric field profile propagates, broadens, and occupies a 
larger region, even though A# (area under the curve) re- 
mains constant. Ions whose transit time through the electric 
field exceed the time rate of change of the electrostatic field, 
spend a longer time in the field, and are accelerated for a 
longer time (distance), and as a result gain more energy than 
in a stationary electric field. In principle, given a potential 
profile # (z, t ) , one can calculate the kinetic energy that a test 
particle can acquire from the field. Since the electrostatic 
potential is measured in great detail in space and time, a 
computer code is written to calculate in one dimension (z 
direction) the energy gained by the particle and to quantita- 
tively demonstrate the ion transit time effects. It must be 
stressed that the purpose of the calculation is to gain a 
further understanding of the motion of a single particle in a 
moving electric field, and is not a computer simulation of the 
experiment. In the computation, each test particle (Ar + ) 
has an initial parallel velocity of ui N 5 x lo4 cm/see which 
corresponds to a thermal energy of kTi ~0.1 eV. The parti- 
cles are injected individually into the electrostatic field in 
time increments of 0.1 ,usec. Each particle is advanced in z by 
Az = u(z,t)At(At = 10 nsec), and the change in its velocity 
is computed from 

AuW) = {2(e/M) [4(z,t> - Kz + Az,t) I)““, (3) 
where the values of qS(z,t) are interpolated from the mea- 

l Measured by analyzer 
-Calculated from c+, (qt) 

Axial Distance 2 (cm) 

FIG. 12. The calculated energy gain from the moving ambipolar electric 
field for a test Ar ’ ion. The test ions are injected continuously into the field 
at z = 0 with an initial energyofO.l eV. At f = 100 psec, thecomputed total 
kinetic energy ofeach test particle is displayed against its axial position (sol- 
id line). For comparison purposes, the measured ion kinetic energies are 
also displayed. 

sured potential profile. Subsequently, z and t are advanced 
by Az and At, respectively, and the values of v(z,t) and 
E, (z,t) are updated. Next, the particle is further advanced 
by Az and the iterative process is repeated. The computation 
is halted after t = lOO,usec, and the kinetic energy of each 
particle is recorded as a function of its axial position. The test 
particles injected in earlier times fully traverse the axial elec- 
tric field profile and gain the highest energy while the parti- 
cles injected at later times are accelerated for a much shorter 
time and acquire the lowest energy. Figure 12 displays both 
the measured and calculated values of the energy gain as a 
function of axial distance at t = 100psec. A surprisingly 
good agreement (to within 10% ) exists between the calcu- 
lated and observed values considering the fact that the mea- 
sured ion energies represent a time-averaged streaming ener- 
gy of an ion beam. As can be seen, some of the ions are 
accelerated to energies which exceed the electrostatic poten- 
tial drop ($Mvf>eA4). 

As mentioned above, the excess energy gained by the 
ions is due to ion transit time effects. To better understand 
this effect, the ion transit time is varied in the above calcula- 
tions by varying the mass of the test ions. For each case, the 
ion energy gain is calculated and plotted against its mass 
(Fig. 13). The lighter ions traverse the potential well before 
the potential profile changes (propagates) appreciably, and 
as a result gain roughly the full potential energy 
(eA4=83 eV) of the electrostatic electric field. As the ion 
mass increases, the time that each ion spends in the propa- 
gating potential well increases, and its gain in energy exceeds 
the potential energy. Finally, the very massive ions lag be- 
hind the faster moving potential well and end up gaining 
only a fraction of the potential energy. 

The dependence of the maximum kinetic energy of ions 
on the energy of the tail electrons is investigated by varying 
the tail electron energy. The energy of tail electrons which is 
determined by the discharge voltage is varied in increments 
of 10 eV from 50 to 120 eV. For each case, the ion distribu- 
tion functions are obtained from the current-versus-discri- 
minator voltage characteristics of the analyzer located at 
zcz 110 cm. As before, the ions have a beamlike distribution, 
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FIG. 13. Calculated ion energy gain as a function of ion mass. The ion tran- 
sit time through the electric field is controlled by the ion mass. The lighter, 
more mobile ions gain approximately the full electrostatic potential drop 
A& 83 eV), while the very massive, slower ions lag behind the moving elec- 
tric field and gain only a fraction of A$. 

The beam streaming energy has no sharp maxima, and de- 
creases continuously as a function of time while the beam 
density increases. The highest measured ion beam energy is 
limited by the signal-to-noise ratio. Figure 14 shows the 
maximum beam energy (measured at the peak of the distri- 
bution function) plotted against the corresponding tail elec- 
tron energy. The measurements show that the maximum ion 
beam energy exceeds the tail electron energy by 30-40 eV, 
and scales linearly with the electron energy. 

3. Electron temperature and density 

The electron temperature and density is measured with 
a Langmuir probe which consists of a small tantalum disk 
(diameter = 0.3 cm). Near the source, the electron tem- 
perature (kT, ~-4 eV) and density (n, z 10” cmv3) are 
readily determined from the probe current-versus-voltage 
characteristics. Probe measurements indicate that the elec- 
tron population consists of a high-density Maxwellian ( nM ), 
and a small percentage of energetic tail electrons 
( ntai, /n, ~0.05). The tail electrons have a shell distribution. 
During the expansion, the Maxwellian electrons are con- 
fined by the large ambipolar electric field set up by the tail 
electrons. The Maxwellian electrons form a well-defined 
front which is marked by the double layer.40v55,57 Upstream 
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FIG. 14. The dependence of the maximum ion kinetic energy on the tail 
electron energy. The ion energy is measured with the directional energy 
analyzer located at zz 110 cm, r~0. 
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of the double layer, the electron population consists of the 
Maxwellian and tail electrons; but downstream, only the tail 
electrons exist. On the downstream side where the tail elec- 
trons dominate, the probe characteristics display no electron 
saturation region; i.e., the electron density cannot be mea- 
sured. Therefore, the relative density profile of the plasma in 
the radial direction is measured with the Langmuir probe 
biased to collect ion saturation current. The radial profiles 
are bell shaped with a half-width at half-maximum of about 
Ar- 6 cm, and show very little radial broadening as a func- 
tion of axial distance from the source. This indicates that the 
radial expansion of plasma is negligible as asserted earlier. 

The absolute electron density is measured with the mi- 
crowave resonator probe yhich is mounted on an axially 
movable probe shaft. The resonator (5-6.5 cm long) is ori- 
ented radially to improve its axial resolution. Since the plas- 
ma density changes as a function of time, the applied micro- 
wave frequency o is kept constant while the time varying 
plasma sweeps through w. Figure 15 shows the ion satura- 
tion current [15(a) ] and the resonator output signal as a 
function of time [ 15 (b) 1. The resonator signal displays a 
resonance peak at a particular time (density). The sharpness 
of the peak is determined by the time rate of change of the 
density. As the applied microwave frequency is increased the 
resonance occurs at later times (higher plasma densities). 
At each axial position, the temporal electron density profile 
is measured; and the process is repeated at several different 
axial positions to obtain the temporal evolution of the axial 
electron density profile. Because of the small space-charge 
separation [ (n, - ni/ne ) (0.1% 1, the electron and ion 
densities are practically identical. Figure 16 displays the 
temporal evolution of the axial density and the correspond- 
ing plasma potential profiles along the central axis. The mea- 
sured density is actually an average density over the radial 
length of the resonator. The results indicate that as the plas- 
ma expands, the high-density source plasma rarefies and its 
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FIG. 15. (a) Ion saturation current as a function of time. (b) The micro- 
wave resonator output signal for different values of applied microwave fre- 
quency. As the frequency is increased the resonance occurs at later times 
(higher densities). 
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FIG. 16. (a) Plasma potential profiles are shown for different times. (b) 
Thecorresponding plasma density is measured with the microwave resona- 
tor probe. 

density drops by almost two and a half order of magnitude. 
The density gradient displays a sharp break (a knee) at the 
position of the double layer. 

4. Effects of background gas 
To study the effects of the background gas on the expan- 

sion process, the experiment is performed at several different 
background neutral pressures. For P = 4~ 10 - 4 Torr, Fig. 
17(a) shows the ion saturation current as a function of time 
for increasing detector distance from the source. As opposed 
to the case of low neutral pressure, the ion current waveform 
shows a well-defined ion front. The detector is moved away 
from the source at increments of 10 cm and the ion flux is 
recorded at each position. The velocity of plasma front is 
obtained by plotting the detector position versus the arrival 
time of ion front [Fig. 17 (b) 1. The time-of-flight measure- 
ments indicate that the plasma front accelerates away from 
the source with velocities approaching ~2: 7 X 10” cm/set 
which translates into a kinetic energy of about 1 keV for 
ions. The plasma front velocity decreases with decreasing 
neutral pressure. At pressures below 2~ 10 - 5 Torr, the 

. well-defined plasma front disappears, and an accurate time- 
of-flight measurement cannot be performed. 

The above observations would indicate that ions are ac- 
celerated to extremely high energies even at very high back- 
ground neutral pressures. The directional analyzer was used 
to independently measure the energy of ions. In contrast to 
the time-of-flight measurements, the analyzer shows that 
most ions at the plasma front are cold and stationary. The 
two apparently conflicting results can be explained in terms 
of ionization of the background neutrals. At high back- 
ground pressures, the energetic electrons ionize the back- 
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FIG. 17. Propagation of plasma front at high background pressures 
Pz4x 10. ’ Torr. (a) Measured ion current as a function of time for dif- 
ferent axial positions of detector. (b) Time-of-Right diagram of the plasma 
front. 

ground gas and create an electron-ion pair. The newly creat- 
ed electrons stream back toward the positive source while 
the ions neutralize the excess electron charge at the plasma 
front and enable the energetic electrons to propagate into the 
neutral gas. As the neutral density is increased, the ioniza- 
tion frequency (aion ) increases; the excess space charge is 
neutralized faster ( - l/w,,, 1; and the electrons can propa- 
gate at a higher speed through the background gas. At very 
low neutral pressures (p<2 X 10 - 6 Torr), the charge neu- 
tralizing ions are created in the source region only. There- 
fore, charge neutralization occurs over an ion transit time. 
Since the excess negative space charge must be neutralized 
before the electrons can propagate, the propagation velocity 
is limited by the velocity of ions. It must be pointed out that 
even at higher background pressures the ionization front ve- 
locity (u- 10’ cm/set) is much lower than the expected ve- 
locity of tail electrons (tmuf = 80 eV, u, -y 5 X 10” cm/set). 

The plasma potential and the electric field profiles are 
also measured at different background pressures. As the 
neutral pressure is increased, the ambipolar electric field be- 
comes stronger and spatially more localized (Fig. 18); the 
electric field also propagates at a much higher velocity. Fig- 
ure 19 shows the time-of-flight measurements of the electric 
field peak for different background pressures. At 
P-4x 10 - 4 Torr, the average propagation velocity (mea- 
sured at the peak) is 2.8 X 10’ cm/set. The newly created, 
cold (/CT, ~0.5 eV, u, ~1: 1 x 105 cm/set) ions cannot effec- 
tively interact with the high velocity, propagating electric 
field due to their inertia. The slower ions lag behind the elec- 
tric field, and are not accelerated. A similar effect has been 
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FIG. 18. Evolution of the axial electric field (~7,) profile at high back- 
ground neutral pressure (P=4X 10 “1. 

observed in a laser-pellet experiment by Tan and Borovsky59 
who have reported a reduction in the streaming energy of 
fast ions at high background gas pressures (P> 10 - 3 Torr) . 

B. Final state of expanding plasma 

The expanding plasma reaches the end of the chamber 
in t= 100 pusec, and is collected by a large conducting end- 
plate. The copper endplate is normally grounded, but can be 
biased with respect to the chamber wall. When grounded, 
the end plate collects ions and reflects electrons. The net 
current through the plasma is small ( < 100 mA= 1% of the 
discharge current). Figure 20 shows the time evolution of 
the plasma potential profiles along the axis. As a function of 
time, the potential profile develops a well-defined double 
layer. Most of the electrostatic field remains localized within 
the double layer which propagates away from the source at 
decreasing velocity ( UQC, ) and amplitude. At early times 
(t < 100 ,usec), the potential downstream of the double layer 
decreases monotonically as a function of z; but at later times 
(l> 200 psec), the downstream potential gradient becomes 
negligible. 

The propagation velocity of the double layer is deduced 
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FIG. 19. The propagation of the electric field (measured at the peak) at 
different background neutral pressures. The slope of the dashed lines are the 
average propagation velocities. 

from time-of-flight measurements of both the plasma poten- 
tial and the ion saturation current independently. As pre- 
viously mentioned, the propagation velocity is independent 
of the tail electron energy, but does depend on the initial 
density gradient of the source plasma which is controlled by 
the density of the injected neutral beam. At a constant dis- 
charge current (constant tail electron density), as the neu- 
tral gas density is increased the density of Maxwellian elec- 
trons nM (secondary electrons) and ions in the source 
increases. Thus, ntai,/n, is reduced as the neutral beam den- 
sity is increased. Figure 2 1 shows qualitatively the propaga- 
tion of the double layer for three different ratios of ntai,/n, . 
As nM increases ( nlai, /n, decreases), the double layer prop- 
agates faster. The initial propagating velocity of the double 
layer can range from 1.5 X lo5 to 3.7X 105 cm/set which 
corresponds roughly to the ion sound speed in the Maxwel- 
lian population (k7’, z-4 eV, and C,r N 3 X lo” cm/&). 
Hence, for a constant value of n,a,, , the velocity of the double 
layer is determined solely by the pressure gradient of the 
Maxwellian electrons. In contrast to our experimental ob- 
servations, however, the theory44S57 for a semi-infinite, two- 
electron-temperature, expanding plasma predicts the double 
layer to propagate at C, into the unperturbed, stationary 
plasma (i.e., in a direction opposite to the expansion). The 
apparent discrepancy could be due to the finite velocity of 
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FIG. 2 1. Time-of-flight measurements of the propagating double layer as a 
function of initial source density of Maxwellian electrons ( nM ). For a con- 
stant value of n,,,, as tzM is increased, the Maxwellian electron pressure gra- 
dient increases and the double layer propagates faster. 
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the ions upstream of the double layer, which in our case have 
supersonic velocities (u > C, ). 

7. Evolution of double layer 
The initially propagating double layer slows down and 

eventually stagnates. At t>200,usec, the double layer 
(A$=20-60 V, Az~2.5-5 cm=50-100/2,) reaches a 
steady state. The double layer maintains its steady-state con- 
dition till the end of the discharge pulse (At= 1 msec) which 
is much longer than the ion transit time (t- 150psec) 
through the device. When the discharge pulse is switched 
off, the double layer decays in less than IO ,usec. Some typical 
characteristics of the steady-state double layer are displayed 
in Fig. 22. The plasma potential profile is differentiated once 
with respect to z to obtain the axial electric field 
E, = - d+,,/dz. The excess space charge density 
An = n, - n, is deduced from the gradient of the electric 
field (An = e,dE,/e dz), and then normalized to the aver- 
age plasma density (n, -7 X IO9 cme3). The maximum, 
normalized, excess charge density is An/n, N 0.1% which is 
smaller than (m,/m, ) “‘3 0.4%. As will be shown later, the 
double layer is essentially currentless (i.e., relative electron- 
ion drift is zero), and the net current through the plasma is 
very small (of the order of ion saturation current). In addi- 
tion, the double layer contains no trapped or counter stream- 
ing ions. The existence of steady-state, currentless double 
layers has been predicted theoretically.@‘+“’ However, with 
the exception of this work,46 currentless double layers have 
only been observed in the vicinity of a strong magnetic field 
gradient.62.63 

Two-dimensional (z and r) plasma potential profiles are 
mapped over a half-plane 30 X 75 cm* containing 286 spatial 
data points. Figure 23 shows contours of constant plasma 
potential (a) and the radial plasma density profile (b) at 
t = 500 ,usec. The potential contours clearly display the dou- 
ble layer structure which forms at z- 27 cm. In the central 
region of plasma (diam 2 10 cm), the electric field is parallel 
to the axial magnetic field. Upstream of the double layer, the 
electric field at the edge of the plasma column is radially 
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FIG. 22. Measured axial potential profile of the double layer. The axial FIG. 24. (a) Steady-state plasma potential profiles along the z axis for dif- 
electric field E, and the spacechargeseparation An= n, - n,. are calculated ferent values of n,,,,/n, at the source. (b) The corresponding plasma den- 
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FIG. 23. (a) Contours of constant plasma potential (A4~3 V between 
contours) showing the steady-state double layer at tr 500,~sec, and 
B,, = 45 G. (b) The radial plasma density profile (arb. units) is measured 
atz=6Ocm,B,,=45G. 

outward; and downstream, it is radially inward (perpendic- 
ular to the axial B field). As the magnetic field is lowered, the 
radially inward electric field begins to change direction. At 
very low magnetic fieIds (B(3 G), the electric field becomes 
radially outward everywhere. Furthermore, the axial elec- 
tric field E, decreases and its profile broadens along the z 
axis as the magnetic field is reduced presumably due to a 
decrease in plasma density (an increase in the Debye 
length). 

As before, the absolute electron density is measured 
with the microwave resonator, while the relative density of 
tail to MaxwelIian electrons is measured with the small, disc- 
shaped (3 mm diam) Langmuir probe. Since space-charge 
separation is small, ion and electron densities are identical. 
At the source, the measured, relative density ratio of tail to 
Maxwellian electrons ( ntai,/n, ) is I%-5%. This ratio is 
controlled by the density of the injected neutral gas. Figure 
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FIG. 25. Plot of plasma density (log scale) versus the change in plasma 
potential. The slope of the curve is a measure of the parallel electron tem- 
perature. The plot shows the presence of two distinct electron populations. 

24 shows the steady-state plasma potential (a), and the cor- 
responding density profiles (b) along the central axis for 
different values of ntail /n, . The position and the amplitude 
of the double layer depend on the ratio ntai, /n, at the source. 
As the density of the Maxwellian electrons is reduced with 
respect to that of the tail electrons, the double layer moves 
back toward the source and its amplitude increases. 

As shown in Fig. 24(b), the plasma density decreases 
almost exponentially (linearly on the vertical log scale) 
away from the source. A steady-state, strong density gradi- 
ent is created, and the electrons remain in an electrostatic 
equilibrium with the stationary electric field (EDL > of the 
double layer; i.e., Vp, = neE,,. By plotting the log of the 
electron density versus the change in plasma potential, one 
can estimate the parallel temperature of the electrons from 
the slope of the curve [ kT, = eA#/ln( n/n,), the Boltz- 
mann relation]. Figure 25 is a plot of electron density versus 
the change in plasma potential lA~$l. It shows two distinct 
electron temperatures. On the high potential side, the esti- 
mated parallel temperature for the electrons is about 3.5 eV 
which agrees well with kT, -4 eV as measured with a Lang- 
muir probe. At the double layer, the effective parallel elec- 
tron temperature is about 30 eV. Since the energetic tail elec- 
trons have an isotropic distribution, the expected average 
parallel energy is roughly one-third of total energy (one- 
third of 80 eV) or 27 eV. The potential drop (A# 2: 20-60 V) 
at the double layer is of the order of “free” electron parallel 
temperature ( -30 eV); therefore, this is a weakb4 double 
layer. 

At the source, the Maxwellian electrons dominate 
(n,,,, /n, ~0.05). As the distance from the source increases, 
the Maxwellian electrons are retarded by the electrostatic 
field; nM decreases faster than ntai, , and ntai,/n, increases as 
confirmed by Langmuir probe measurements. Finally, the 
energetic electrons dominate the electron population. The 
double layer forms at a position where the transition in elec- 
tron population occurs ( ntai, >n, ), as predicted by earlier 
theoretical studies.S5*56 Obviously, the higher the density of 
Maxwellian electrons, the farther away from the source the 
transition would occur; this is why the position of the double 
layer is controlled by the relative densities of the two elec- 
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tron species. During the discharge, the neutral gas density 
varies in time (Fig. 2). As a function of time, the gas density 
increases, reaches its maximum at t 2: 500 psec, and then de- 
creases. Consequently, ntai,/n, decreases initially in time 
(t < 500psec), and then increases for t > 500 psec. These 
variations in ntai,/n, are reflected in the late (t > 200 psec) 
evolution of the double layer. As ntai,/n, decreases due to 
an increase m  nM, the steady-state double layer moves 
farther away from the source (AZ-~ cm, At,3OOpsec); 
and as nta,,/n, increases, the double layer returns toward 
the source (AZ, - 4 cm,At 1: 500 psec). 

2. ton and electron distribution 
As expected, the double layer accelerates ions to form a 

low-density, high energy beam in the downstream region. 
Upon impact with the endplate, the ions are neutralized. 
The parallel ion distribution function is measured with the 
directional energy analyzer. Near the source (z < 5 cm), 
only cold ( kTi < 1 eV) ions are observed. Away from the 
source, the ions are accelerated to supersonic velocities 
(v > C, N 3.1 x lo5 cm/set) before entering the double lay- 
er. When the ions traverse the double layer, they are further 
accelerated by the strong, localized electric field. On the low 
potential side, the ions have a beamlike distribution function 
with a small energy spread (kT, rr 0.1 eV). The kinetic ener- 
gy of the ion beam is equal to the potential drop across the 
double layer (;Mvf z eA$). This is in contrast to our earlier 
observations during the transient plasma expansion process 
where the streaming energy of ions exceeded the electrostat- 
ic potential drop (iMu* > ehd). There are no trapped or sta- 
tionary background ions on the low potential side. The angu- 
lar beam divergence (Af3,12”) is also wider than those 
measured in the earlier times (e.g., he-7” at t-50,usec). 
The broadening is partly due to a lower parallel beam veloc- 
ity, and partly due to the radially outward electric fields 
which develop near the source at late times (see Fig. 23). 

The low-potential region consists of a steady-state, 
monoenergetic ion beam neutralized by the retarded tail 
electrons which were able to overcome the double layer po- 
tential (@vi >eA$). There are no stationary background 
ions present. The retarded electrons are reflected by the 
grounded endplate and are accelerated back toward the 
source by the double layer. The electron distribution func- 
tion on the low potential side is measured along the z axis. 
The microchannel plate of the directional analyzer is biased 
to the local plasma potential, and a rapidly swept voltage 
ramp V(t) (dV/dt= 10 V/psec) is applied to the discrimin- 
ator grid. The positively biased collector current is averaged 
over 10 shots and stored. The collector I- Vcurve is differen- 
tiated and smoothed to obtain v*f( v) which when divided by 
u* yields the electron distribution function in one dimen- 
sion.h5 The directional analyzer is rotated by 180” in incre- 
ments of he= lo” to obtain the complete two-dimensional 
distribution functionf(v,& of the electrons streaming away 
from the source. The data in polar coordinates is converted 
to Cartesian coordinatesf( v,,v, ) for display purposes. Since 
the system is symmetric with respect to the z axis, it is as- 
sumed thatf(v,,u,) =f(v,,u,,) =f(vZ,uL ). The normalized 
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FIG. 26. Electron distribution function downstream of the double layer. 
(a) The normalized, three-dimensional view off(u,,uL ) on a linear scale. 
The external magnetic field B,,= 30 G is in the z direction. (b) Contours of 
constantffvl,u, ), 10% change per contour. 

electron distribution function at t- 300 psec is shown in Fig. 
26. The measurements are performed at z-60 cm, down- 
stream of the double layer (A4 = 25 V, zz 27 cm). The elec- 
tron distribution function is isotropic with a broad velocity 
spread. The effective electron temperature (half-width at 
l/e of maximum) on the low potential side is kT, -20 eV 
which is less than the measured parallel electron tempera- 
ture at the double layer (kT, ~30 eV). 

3. PIasma current 

The plasma current is measured externally as a function 
of the endplate bias. Normally, the endplate and the cathode 
are grounded, and the measurements show that a very small 
net current (of the order of ion saturation current) flows 
between the source and the endplate. Most of the discharge 
current (98%) flows between the cathode and the anode 
within the source. When the net current through the plasma 
is reduced to zero by floating the anode-cathode structure, 
no significant changes (to within 10% ) are observed in the 
position, amplitude, or width of the double layer even 
though the absolute value of the plasma potential with re- 
spect to the chamber wall changes. In contrast, when the 
endplate is biased positively with respect to the cathode to 
draw electron current, the double-layer amplitude decreases 
and finally disappears as the bias voltage is increased (Fig. 
27). The positively biased endplate collects the retarded 
electrons, reduces the excess negative space charge on the 
low-potential side, and weakens the double layer. A negative 
bias on the endplate has very little effect on the double layer 
because (a) the negatively biased endplate does not affect 
electrons, and (b) the excess collected ion current is insigni- 
ficant. 

As previously mentioned, the double-layer amplitude 
depends on the ratio ntail/n, . When ntail/n, decreases be- 

vbjas = 120 v 

204 , . . ‘ 
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Axial Distance 2 (cm) 

FIG. 27. Measured axial potential profilesat t- 500,usec for three different 
values of the endplate bias. As the bias is increased, the endplate collects 
more electrons which reduces the excess negative space charge and weakens 
the double layer. 

cause of an increase in densities of secondary electrons and 
ions, the ion flux into the low-potential region increases. The 
additional ions apparently neutralize some of the negative 
space charge and thereby reduce the amplitude of the poten- 
tial drop. Conversely, when ntail/n, increases, the source 
ion density and its flux into the low-potential side is reduced, 
and the double layer becomes stronger. At high background 
pressures (P> 2 x 10 - 5 Torr), where significant ionization 
does occur everywhere within the plasma column, no steady- 
state double layer is observed. Since ions are created uni- 
formly in the plasma column, they readily neutralize any 
excess negative charge buildup which is essential in estab- 
Iishing the double layer. 

Permanent (a) B (r= 0) (0) Magnet 

so (30 G) 
F 

Centrat Axis -- 

8 6 4 2 0 
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201 I , ’ 
0 10 20 30 40 xl 
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FIG. 28. (a) Magnetic field line profiles and axial field strength of the per- 
manent magnet. (b) The potential profiles with and without the magnet. 
The permanent magnet reflects the electrons and destroys the double layer. 
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The role of the energetic electrons in establishing the 
double layer is further demonstrated by a simple experiment. 
A strong SmCo permanent magnet (2.5 cm diam and 2 cm 
length, B,,, I: 3000 G) is suspended downstream of the 
double layer. The magnet whose dipole moment is parallel to 
the chamber axis is located at a distance of 28 cm from the 
source. To minimize plasma perturbation, the magnet is 
placed at the edge of the plasma column, radially offset by 4 
cm from the central axis of the plasma. The magnetic field 
lines of the permanent magnet and the field strength varia- 
tions along the axis of the magnet are measured and dis- 
played in Fig. 28(a). The magnetic dipole and the uniform, 
parallel axial field form a magnetic mirror. Figure 28(b) 
shows the double-layer potential profile with and without 
the permanent magnet. In the presence of the magnet, the 
double layer is observed to be annihilated because of magnet- 
ic reflection of the energetic electrons in the low-potential 
side. The low energy electrons are mainly reflected by the 
residual potential drop rather than by magnetic mirroring 
since Bmagnet 6B, at 2~20 cm. 

IV. CONCLUSIONS AND SUMMARY 
When a Maxwellian plasma containing a small number 

of energetic tail electrons expands into vacuum, the energet- 
ic electrons accelerate a small fraction of ions to energies 
above that of the energetic electrons. The plasma expansion 
is driven by the electron pressure gradient. During the ex- 
pansion, the two electron species separate with the tail elec- 
trons dominating the expansion front. Initially, a large elec- 
tric field (A#/Az=20 V/cm) develops at the plasma- 
vacuum interface due to space-charge separation. The prop- 
agating, ambipolar electric field whose amplitude is con- 
trolled by the energy of the tail electrons accelerates ions 
along the axial magnetic field. The energetic ions have a 
beamlike distribution with a high streaming energy and a 
small angular divergence. The maximum, measured ion 
beam energy scales linearly with the tail electron energy. 
There exists a small number of ions whose streaming energy 
exceeds the electrostatic potential drop of the electric field 
( &Uv2 > eA#). The excess ion energy is due to ion transit 
time effect. When the propagating velocity of the electric 
field becomes comparable to the ion velocity, the ion transit 
time through the field increases. As a result, the ions spend a 
longer time under the influence of the field, and are acceler- 
ated to higher energies. 

As a function of increasing background gas pressure, the 
ambipolar electric field becomes stronger, more localized, 
and its propagating velocity increases. At high pressures 
(@4X 10 -‘Torr), no energetic ions are detected at the 
expansion front even though both the ambipolar electric 
field and the plasma front propagate away from the source at 
speeds approaching 10’ cm/set. The energetic electrons ion- 
ize the background gas, and create an ionization front. It is 
this front which propagates at extremely high velocities 
(v = 10’ cm/set). The newly created ions rapidly neutralize 
the tail electrons at the ionization front and allow the rapid 
propagation of electrons through the neutral gas. The 
slower, heavier ions cannot effectively interact with the am- 
bipolar electric field at the ionization front, and are not ac- 
celerated. No steady-state double layer is observed at higher 
background pressures (P > 2 x 10 - ’ Torr ) . 

The possibilities of future work include detailed study of 
the observed low frequency fluctuations on the low potential 
side to fully understand the origin and the effects of the tluc- 
tuations on the modulation of ion streaming energy. In addi- 
tion, various tail electron velocity distributions (e.g., a beam 
or a hot Maxwellian) can be used to study the effects of 
different electron distribution functions on ion acceleration 
process. Another exciting possibility is the study of interac- 
tion of the energetic electrons with the background gas, and 
the role of the background neutral gas on charge neutraliza- 
tion and ion acceleration. With some modifications of the 
present experimental setup, the expansion of two counter- 
streaming plasmas into each other, and the interaction of a 
supersonically streaming plasma with a neutral gas cloud or 
with various magnetic configurations (e.g., converging, di- 
verging, or transverse field) could also be investigated. 

The space charge potential set up by the energetic tail 
electrons traps the much colder Maxwellian electrons which 
form a slow moving front behind the expansion front. The 
slow expansion front is marked by a double layer which 
propagates away from the source at a velocity comparable to 
the ion sound speed in the cold plasma component. The re- 
gion downstream of the double layer is predominantly popu- 
lated by the tail electrons, and the cold, Maxwellian electron 
population is virtually negligible since the downstream re- 
gion is 25-50 V more negative than the upstream region. At 
the double layer, strict charge neutrality is violated. The 
maximum excess charge density normalized to the local 
plasma density is An/n N - 0. I %. 
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