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lon acoustic shocks are formed in a plasma with negative ions, where 7. > T_ (T,, T+, T-:
temperatures of electrons, positive ions, and negative ions, respectively). Depending on theofatio
negative to positive density, a steepening of positive or negative density jumps is observed< FQr
(=0.65, critical value), positive density jumps evolve into compressive shocks. ¢ Fere.., however,
negative density jumps evolve into rarefactive shocks. The eatiobserved is well explained on the
basis of Korteweg—de Vries equation. [S0031-9007(97)04802-3]

PACS numbers: 52.35.Tc, 52.35.Mw

There often appear new plasma phenomena in negatiteons, respectivelyA ¢ is the potential perturbation, and
ion plasmas which include negative ions in addition toAn; = An_ + An, = An (plasma density perturba-
electrons and positive ions [1,2]. They are of crucial im-tion). When the positive ion mass is smaller (larger)
portance to be investigated in space plasmas and materidhan the negative ion mass, the phase velocity of the PIA
processing plasmas, both of which contain various kindss larger (smaller) than that of the NIA. Then, the PIA
of negative ions, including dust particles charged up negaand NIA are called fast (slow) and slow (fast) modes,
tively in some cases. In fusion-oriented plasmas, an effegespectively.
of negative ions has to be clarified in conjunction with Here, we are interested in nonlinear propagation of ion
negative ion beams used for plasma heating. acoustic waves in collisionless negative ion plasmas. In

Most of the important negative ion effects on plasmageneral, on the basis of the Korteweg—de Vries (KdV)
phenomena are ascribed to a reduction of the electroaquation, rarefactive solitons are predicted to be formed in
shielding. This effect was well demonstrated for propa-addition to compressive solitons in the presence of nega-
gation and damping of linear ion acoustic waves in dive ions [8]. Experiments on the KdV rarefactive solitons
collisionless negative ion plasma with SFwhich was were carried out in Ar discharge plasmas@f > 7.,
produced in single-ende®-machine plasmas [2,3]. As T- (negative ion temperature), which include negative
well known theoretically [4], the ion Landau damping is ions F, although e was not definitely measured [9].
so strong for ion acoustic waves in such an isothermaln this case, the negative ion mass (mass number: 19)
plasma as &-machine plasma off, = T+ (T., T+: is smaller than the positive ion mass (mass number: 40)
electron and ion temperatures, respectively) that there isand the soliton formation is concerned with the NIA
big ballistic contribution to the wave propagation. Even(fast mode). Therefore, the solitons observed are “com-
in the single-ende®@-machine plasma of, = T, with  pressive” in the sense that they are associated with the
ion flow in Ref. [2], the ion Landau damping is strong for compression of the negative ion density, although this
ion acoustic waves, although the ballistic effect can becompression is accompanied by the depression of the elec-
neglected [5]. In the presence of negative ions, howevetron density for the NIA.

T, is replaced byT./(1 — &), yielding an increase in In our work here, a negative ion plasma with (SF
the phase velocity and, thus, a decrease in the Landds produced by introducing a small amount of (Sfas
damping of ion acoustic waves, wheras a density ratio into a collisionless plasma with K ions and elec-

of negative to positive ions. This is equivalent to thetrons in a single-ende® machine. Thus[T,/T+ > 1
increase inT,/T+, which was performed by an electron is not satisfied and the negative ion mass (mass num-
heating via the electron cyclotron resonance [6] or an iorber: 146) is much larger than the positive ion mass
cooling via elastic ion collisions with neutral particles (mass number: 39). In the presence of negative ions,
introduced [7] for formation of ion acoustic shocks in depending ore, compressive and rarefactive ion acous-
single-ended)-machine plasmas. Negative ions providetic shocks are demonstrated to be formed. Here, the
a new branch of ion acoustic waves [negative ion acoustishocks are concerned with the PIA and thus “com-
(NIA) mode] in addition to the ion acoustic mode [posi- pressive” and “rarefactive” correspond to the compres-
tive ion acoustic (PIA) mode] mentioned above [1,2]. Thesion and depression of the positive ion density, which
relations Any « An, (=~eA¢/T,) and —An_ « An, are accompanied by the compression and depression
(=eA@/T,) are satisfied for the PIA and NIA, respec- of the electron density, respectively. The critical den-
tively, among the perturbations associated with the wavsity ratio observed between compressive and rarefactive
propagations, wherdn., An_, andAn, are the density shock formations is reasonably explained by an analy-
perturbations of positive ions, negative ions, and elecsis based on the KdV equation.
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In our plasma, negative ions can be assumed to bthan the plasma column length. More details of negative
immobile for the PIA because the negative ion mass ison plasma production in a single-end€dmachine and
much larger than the positive ion mass. For simplicity,related works are found in Ref. [2].
we also assumé&. = 0 in spite of T,/T+ = 1 because In order to give a density perturbation to the plasma
T. is replaced byl./(1 — €) in the presence of negative flow toward the end plate, a ramp voltage is applied to
ions. Then, we can derive the KdV equation given by a 60-mm-diam grid (0.02-mm-diam wiré)0 mesktinch)

anq) anq) 1 8311(1) ata d_istfsmce _of 33 cm from the HP, which is surrounded

o + An) PY: + ) PyE =0, Q) by a limiter with a hole of 50 mm in diameter. A small

movable Langmuir is used to measure the plasma parame-

wheren() = Ang)/no is the first order normalized posi- ters and to detect propagating signals in the axial direction
tive ion density perturbation; and £ are the dimension-  toward the end plate.
less time and distance, respectively, ahe= (2 — 3¢)/ At first, linear propagation and damping of ion acoustic
2(1 — &). With an increase ile, a sign ofA changes from  waves are measured as a functionsofor small density
positive to negative at (=¢.) = % yielding compres- perturbations generated by applying small-amplitude sinu-
sive solitons fore < % and rarefactive solitons fer > % soidal voltages to the grid. Two branches of propagations,
These solitons are converted into compressive and rarée., the fast (PIA) and slow (NIA) modes are observed in
factive shocks, respectively, in the presence of varioughe presence of negative ions. A drastic modification of
kinds of dissipations [10], such as the Landau dampingthe PIA is observed whea approaches unity becausg
particle reflection and trapping, particle collisions, andis replaced by,/(1 — &) in this mode, i.e., the phase ve-
high- and low-frequency fluctuations. They are small buflocity increases and the damping rate decreases with an
cannot be completely neglected in our work. Thus, it isincrease ire. The results obtained are consistent with the
reasonable that we use Eq. (1) to find the critical densitpbservations in Refs. [2,3], being in good agreement with
ratio e, between positive and negative steepenings, i.ethe theoretical prediction. Measurements below are per-
compressive and rarefactive shock formations. formed on the PIA generated by density jumfs in the

The experiment is carried out in a single-endedrange of finite amplitude, where the wave propagation de-
Q machine with a vacuum chamber, 20.8 cm in diame{ends omn.
ter and 167 cm long, with pumping systems at both ends. Typical propagations ofAn >0 and An <0 are
A potassium plasma is produced by contact ionizatiorflemonstrated in Fig. 2, where initial density jumps
at a hot 52-mm-diam tungsten plate (HP) of 2300 K|An/no| = 0.12 are generated by applying the ramp
under an electron-rich condition and is confined by arvoltagesVs = +0.4 V (uppermost traces) to the grid at
axial magnetic field of 2 kG, as shown schematicallyz = 0 cm and the positive ion density=plasma density
in Fig. 1. The plasma is terminated by the end plateperturbations are measured in thelirection toward the
at a distance of 110 cm from the HP, which is keptend plate. Ate = 0 (Psg, = 0 Torr), we have a usual
at a floating potential. A background gas pressure is
2.0 X 107® Torr. Under our condition, the plasma den-

sity np = (1 ~ 2) X 10° cm™3, the electron temperature () (b) B
T. = 0.2 eV =T, (ion temperature), and the plasma y 04V vV 04V
flow speed= (5-10)T,. In order to produce a negative L v ¢ :
ion plasma, a Sfgas is introduced into th® machine. ® ©

The Sk has a large electron attachment cross section at 9:[ 0.5¢cm 91

T. = 0.2 eV to produce Sf ions. The Sk gas pressure

Psr, is varied in the rang®-1.0 X 107* Torr, yielding

e = 0-0.99. The negative ion temperature is estimated

to be approximately 0.05eV. Under our condition, &

collision mean free paths of charged particles are longer r
<
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1 RAMP PROBE FIG. 2. Propagations of (a) positive density jumpseat 0
GENERATOR (thin lines) and 0.3 (thick lines) and (b) negative density jumps
ate = 0 (thin lines) and 0.9 (thick lines), generated by positive
and negative ramp voltages (uppermost traces) applied to the
FIG. 1. Experimental setup. grid, respectively.
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single-ended)-machine plasma in which the propagationtions are useful for estimating spatial variations of normal-
fronts of both density jumps (thin lines) become broadized slopesa = (An/Az)/(An/Az),—5;um Of An >0
gradually in thez direction. In the presence of negative and An < 0, which are shown at = 0.3, 0.6, and 0.9
ions, however, the front shapes (thick lines) depend oin Figs. 4(b) and 4(c), respectively. The steepening can
e. For An > 0, there occurs a clear front steepening atbe found ate = 0.3 and 0.6 forAn > 0 and ate = 0.9

e ~ 0.3 (Psg, = 2.3 X 107 Torr), which is found in
Fig. 2(a). On the other hand, fa&kn < 0, there occurs
a clear steepening at=~ 0.9 (Psg, = 3.0 X 1072 Torr),
as found in Fig. 2(b).

Spatial front variations are presentedeat= 0.3, 0.6,
and 0.9 forAn > 0 andAn < 0in Fig. 3. ForAn > 0,
the steepening observed clearly at= 0.3 is found to
disappear at = 0.9. On the other hand, foAn < 0,
the steepening is not recognizedsat= 0.3, while there
appears the clear steepeningeat= 0.9. Either of the

for An < 0. In either case, we can observe this steepen-
ing in the spatial region up to a distance4ef6 cm from
the grid. For bottAn > 0 andAnr < 0, the steepening is
found to be followed by a gradual decrease in the slope at
z = 4-6 cm along the propagation. This is due to the ion
Landau damping which becomes small with an increase in
g, but cannot be neglected in our experiment. The Lan-
dau damping is responsible for not only the formation but
also the destruction of shock waves.

Dependences of the steepening|dm /ng| at e = 0.3

density jumps at = 0.6 has almost the same front shape,and 0.9 forAn > 0 and An < 0, respectively, show the
being accompanied by only a slight change of the slope,

in the z direction.

To evaluate the steepening observed, we define a
spatial slopeAn/Az for the density jump as illustrated

in Fig. 4(a), i.e.,

An An At An 1

A A S AT A Sy @)
where At is a rise time of the density jumAn, and vy
(=Az/Ar) is a propagation speed dfn. These defini-
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FIG. 3. Propagations of (a) positive and (b) negative density-IG. 4. Spatial variations of the normalized slopesof
jumps generated by positive and negative ramp voltageéb) positive and (c) negative density jumps with as a

(uppermost traces) applied to the grid, respectively, at 0.3,
0.6, and 0.9.

parameter, which are defined as shown in (a), under the same
conditions as in Figs. 2 and 3.
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steepening afAn/ng| = 0.03, which is remarkable at 0.08}
|An/ngl = 0.1 for both jumps. The steepening is found
to be stronger forAn < 0 than for An > 0. Since the —~
negative density jump steepens at larger valuese,of lE 0.04 - Adn/dz>0
T./(1 — €)is largerin the case of the negative steepening L. | @dn/dz<0
than in the case of the positive steepening. This might be N 0
the reason for the stronger steepeningdaf < 0. With E A
an increase ifAn/ngl, the propagation speeds increase <5
while the jump widths decrease for both density jumps, as —0.04
in the case of ordinary shock waves. -
In order to find a critical value of for the steepening —0.08%

of An > 0 andAn < 0, da/dz is plotted as a function

of & for An > 0 andAn < 0 in Fig. 5. Hereda/dz is FIG.5. Dependences ofda/dz of (A)positive and
measured around = 2 cm, where a clear steepening is gz%gegggmﬁoizr‘;g{nﬂéﬁnzs ZOE 4ar°“"dz = 2 cm under the
observed. Forn > 0, da/dz decreases monotonously gs- '

with an increase ire (= 0.3). For An < 0, however,

this value increases monotonously with an increase.in  We thank T. Ohya and K. Tsuchida for their participa-
Both curves cross the abscissasats 0.65, yielding @  tion in the preliminary stage of the research and H. Ishida
criteria e. for the steepening ofAn > 0 and An < 0.  for his assistance. The work is supported by a Grant-in-
Around &, we find almost the same front shapes of bothaid for Scientific Research from the Ministry of Educa-
density jumps in thez direction, as mentioned before, tion, Science, Sports, and Culture, Japan.

which are expected for shocks evolved from the modified

KdV solitons [11,12].
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