
VOLUME 45, NUMBER 23 PHYSICAL REVIEW LETTERS 8 DECEMBER 1980

Ion Heating Due to Double-Layer Disruption in a Plasma

K. Saeki, S. Iizuka, and N. erato
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A new mechanism is presented for ion heating in a plasma penetrated by an electron
beam. Oscillating potentials comparable to the electron-beam energy are observed be-
low the threshold of the stable double-layer formation. These fluctuations (formation
and disruption of double layers) accelerate, trap, and detrap thermal ions, resulting in
highly energetic ion bursts, which form a tail on the ion-energy distribution function.

PACS numbers: 52.50.Gj, 52.35.Fp

Recently, the nonlinear evolution of the elec-
tron-ion two-stream instability (the Buneman in-
stability)' into double layers' in plasmas has at-
tracted intense attention. Double layers have
been observed' near onset of this instability.
Iizuka et a/. 4 revealed clearly that the Pierce in-
stability following the Buneman instability re-
sults in the formation of double layers in a bound-
ed plasma. Qn the other hand, the Buneman in-
stability has been regarded as one of the effective
heating mechanisms in current-carrying plasmas. '
Anomalous resistivity and electron heating due to
the Buneman instability have been discussed
based on the quasilinear theory. ' A theory taking
the formation of several double layers into ac-
count has also been presented. ' This Letter re-
ports ion heating due to double-layer disruption
in an electron-beam-plasma system. Below the
threshold of the stable double-layer formation,
there appear large-amplitude fluctuations ey =eV,
» T„which are interpreted as successive forma-
tions and disruptions (P, potential fluctuation; V»,

acceleration voltage of the electron beam; T„
electron temperature). These fluctuations pro-
duce intense ion bursts (ballistic ions)' which
form a tail on the ion-energy distribution function.

The apparatus used in these experiments is
illustrated in Fig. 1(a). The experimental region
[between a, mesh anode A (at an axial location z
=0) and a, 6-cm-diam plasma emitter PE (at z
= I.= 10 cm)] is filled with a potassium plasma of
density n=10'-10' cm ' and temperature T, = T;
=0.2 eV, supplied by the plasma emitter. '"
Both the mesh anode and the plasma emitter are
grounded. An electron beam is injected into this
region from a 6-cm-diam oxide cathode biased
at a beam voltage V» (1-10 V). A control voltage
V, applied to a control grid G, is able to increase
the beam density linearly, if V, is constant and
the cathode is heated enough. The plasma is col-
lisionless because background pressure =5&10 '
Torr. The plasma parameters are measured by
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FIG. 1. (a) Experimental apparatus. The beam density
is varied by control grid C, . &, oxide cathode; A. , mesh
anode (at an axial position z =0); PE, plasma emitter
{at z =L =10 cm). (b) The stability of electron-beam—
plasma system. && =3 V; n =3&10 cm . Regime (A),
stable and homogeneous state; regime (B), the Buneman
instability; regime (C), repetition of double-layer for-
mation and disruption; regime (D), stable double layer.

a Langmuir probe, an emissive probe, and an ion-
energy analyzer.

Figure 1(b) shows the dependence of the elec-
tron current I~ (picked up by the Langmuir probe
at z = 7 cm) and the space potential y (the floating
potential of the emissive probe at z = 2 cm) on the
sawtooth voltage V, . Although the beam current
captured by the mesh anode increases linearly
with an increase in V„I~ and y behave in com-
plicated manners, as shown by control-voltage
regimes (A) —(D). No instability is observed in
regime (A). The space potential y is uniform
along z and almost equal to the ground potential.
The beam current is proportional to V, . In
regime (B), the average beam current still in-
creases linearly with V, . The space potential
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fluctuates at a low level in amplitude ep /T, =1,
although the dc potential is still nearly equal to
the ground potential. This instability has an av-
erage frequency of 80 kHz [=0.3(&u»&u~, ')'i'/2m at
knL/n = 1.8], being identified as the Buneman in-
stability. ' Here, cv», ~~, , and 0D are the plas-
ma frequencies of beam electrons and plasma
ions, and the Debye wave number of plasma elec-
trons, respectively. Still higher voltage V, [i.e.,
higher beam current, regime (D)] leads to the
nonoscillatory Pierce instability, ' limiting the
beam current. A large negative dc potential well
in front of the anode, generated by the Pierce in-
stability, results in the formation of a stable
double layer in the region between the anode and
the plasma emitter. 4 In control-voltage regime
(C), large potential fluctuations are observed.
The beam current of this region is close to that
calculated from a critical a» determined by
(&u»/U)' —(v/L)'+0 n' (eV»= m, U'/2). ' The maxi-
mum peak-to-peak amplitude y is found to be
=V~ (»T, /e). Thus, these fluctuations are ex-
pected to have large effects on the ion motion.

To investigate the behavior of plasma ions in

these four characteristic regimes, the ion-ener-
gy analyzer facing the electron-beam source is
set at z=8 cm where the space potential is per-
turbed at a low level. The dependence of the ion-
collector current on the collector voltage is
shown in Fig. 2(a). When V, (4 V and V, )15 V,
the normal Maxwellian distribution of ion energy
is obtained with T,- =0.2 eV, equal to the tem-
perature of ions emitted from the plasma emitter.
For 4 V & V, & 15 V, however, a high-energy tail
is observed on the ion-energy distribution func-
tion. At V, =8 V, the temperature of the bulk
ions is 0.3 eV, and that of the high-energy tail
T;, is 1.1 eV, several times larger than that of
the initial plasma. The relation between y and

T, , may be understood by comparing Figs. 2(b)
and 2(c). In the regime of the Buneman instabil-
ity (B), high-frequency (-80 kHz) and small-
amplitude (e p =T, ) oscillations are observed in
the whole experimental region. In the regime
(C), however, low-frequency (2—10 kHz) and
large-amplitude (e P =e V~) oscillations are de-
tected in the region from z =0 to 4.5 cm which
corresponds to the potential well in case of the
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FIG. 2. (a) The dependence of ion-collector current
I; on retarding voltage V„with control voltage V~ as a
parameter. V& =3 V; z =8 cm. {b) Peak-to-peak po-
tential fluctuations P& & and (c) temperature of higb-
energy tail T;& vs V, . &,0 is the temperature of ions
emitted from PK.

FIG. 3. Simulation of ion-burst formation. (a) Po-
tential profiles of double layers. (b) Propagation and

(c) temporal form (at z =8 cm) of ion bursts after turn-
ing off the double layers. (d) Computer simulation of
trapping and detrapping due to double-layer formation
and disruption. u;/u;0 is the ion velocity normalized by
the ion thermal velocity u;0 of the initial plasma. Double
layer is turned on at a normalized time T =ts&p/L =0,
and is turned off at T =4.0. Here, I is the length of the
experimental region.
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stable double layers (D). At z = 7 cm, the fluctua-
tion cp is =T, /e. The behavior of the beam cur-
rent suggests that the fluctuations are relaxation
oscillations between regimes (B) and (D), as ex-
plained qualitatively as follows. The double-layer
formation decreases the beam current below the
threshold of the Pierce instability, because of its
large potential well. The resultant beam current
does not sustain the well, and the potential re-
turns to the initial homogeneous one, which al-
lows again the initial beam current, enough to
excite the Pierce instability.

In order to clarify the ion-heating mechanism,
we turn on and off the double layers by pulsing
the bias V, . The ion collector current of the
analyzer (biased at 1 V) at z = 8 cm shows intense
ion bursts only when the double layers are turned
off. The movable Langmuir probe is used to in-
vestigate the behavior of the bursts temporally
and spatially, because the heat from the cathode
and the plasma emitter decreases the quality of
the analyzer when it approaches them. The ion
bursts are shielded by the plasma electrons. Con-
sequently, the plasma-electron current to the
probe contains direct information on the density
of the ion bursts. Figures 3(c) and 3(b) show ob-
served signals and space-time plots of the ion
bursts, respectively, after turning off the elec-
tron beam at a time t=0. The time delay of the
signals indicates that the average energy of the
bursts is about 60% of the electron-beam energy
eV, . The profiles of the stationary double layers
for each V, are shown in Fig. 3(a). The depth of
the potential well is nearly equal to V, . From
Figs. 3(a) and 3(b), the origin of the bursts is
concluded to be at the bottom of the potential well.

The simple computer simulation concerning
the phase-space orbits of ions in the potential y
varying similarly to the repetition of the double-
layer formation and disruption is shown in Fig.
3(d). The sudden drop of the potential is observed
to form the trapped ions, which consist of two
groups. One of them is the group which was
around z = 2.5 cm and the other is the group which
was on the slope of the potential y when y started
to drop. The latter group is accelerated and
trapped in the potential well, having a high kine-
tic energy. This forms intense ion bursts (de-

trapping)" in both directions after y returns to
the initial homogeneous state. The temporal
form of the ion bursts in Fig. 3(c) agrees well
with the time-dependent number of ions found at
z =8 cm in Fig. 3(d). A simulation is also carried
out for sinusoidal oscillations of the potential y,
as shown in Fig. 1(b). The resultant trapped ions
have a broad energy distribution function, which
provides the formation of the high-energy tail in
Fig. 2(a) after their detrapping.
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