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Ion Acoustic Shocks Formed in a Collisionless Plasma with Negative Ions
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(Received 11 August 1997)

Ion acoustic shocks are formed in a plasma with negative ions, whereTe $ T1 ¿ T2 (Te, T1, T2:
temperatures of electrons, positive ions, and negative ions, respectively). Depending on the ratio´ of
negative to positive density, a steepening of positive or negative density jumps is observed. For´ , ´c

(ø0.65, critical value), positive density jumps evolve into compressive shocks. For´ . ´c, however,
negative density jumps evolve into rarefactive shocks. The ratio´c observed is well explained on the
basis of Korteweg–de Vries equation. [S0031-9007(97)04802-3]

PACS numbers: 52.35.Tc, 52.35.Mw
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There often appear new plasma phenomena in nega
ion plasmas which include negative ions in addition
electrons and positive ions [1,2]. They are of crucial im
portance to be investigated in space plasmas and mate
processing plasmas, both of which contain various kin
of negative ions, including dust particles charged up neg
tively in some cases. In fusion-oriented plasmas, an eff
of negative ions has to be clarified in conjunction wit
negative ion beams used for plasma heating.

Most of the important negative ion effects on plasm
phenomena are ascribed to a reduction of the elect
shielding. This effect was well demonstrated for prop
gation and damping of linear ion acoustic waves in
collisionless negative ion plasma with SF2

6 , which was
produced in single-endedQ-machine plasmas [2,3]. As
well known theoretically [4], the ion Landau damping i
so strong for ion acoustic waves in such an isotherm
plasma as aQ-machine plasma ofTe ø T1 (Te, T1:
electron and ion temperatures, respectively) that there
big ballistic contribution to the wave propagation. Eve
in the single-endedQ-machine plasma ofTe $ T1 with
ion flow in Ref. [2], the ion Landau damping is strong fo
ion acoustic waves, although the ballistic effect can
neglected [5]. In the presence of negative ions, howev
Te is replaced byTeys1 2 ´d, yielding an increase in
the phase velocity and, thus, a decrease in the Land
damping of ion acoustic waves, where´ is a density ratio
of negative to positive ions. This is equivalent to th
increase inTeyT1, which was performed by an electron
heating via the electron cyclotron resonance [6] or an i
cooling via elastic ion collisions with neutral particle
introduced [7] for formation of ion acoustic shocks in
single-endedQ-machine plasmas. Negative ions provid
a new branch of ion acoustic waves [negative ion acous
(NIA) mode] in addition to the ion acoustic mode [posi
tive ion acoustic (PIA) mode] mentioned above [1,2]. Th
relations Dn1 ~ Dne søeDfyTed and 2Dn2 ~ Dne

søeDfyTed are satisfied for the PIA and NIA, respec
tively, among the perturbations associated with the wa
propagations, whereDn1, Dn2, andDne are the density
perturbations of positive ions, negative ions, and ele
0031-9007y98y80(1)y77(4)$15.00
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trons, respectively,Df is the potential perturbation, and
Dn1 ø Dn2 1 Dne ø Dn (plasma density perturba-
tion). When the positive ion mass is smaller (large
than the negative ion mass, the phase velocity of the P
is larger (smaller) than that of the NIA. Then, the PIA
and NIA are called fast (slow) and slow (fast) mode
respectively.

Here, we are interested in nonlinear propagation of i
acoustic waves in collisionless negative ion plasmas.
general, on the basis of the Korteweg–de Vries (KdV
equation, rarefactive solitons are predicted to be formed
addition to compressive solitons in the presence of neg
tive ions [8]. Experiments on the KdV rarefactive soliton
were carried out in Ar discharge plasmas ofTe ¿ T1,
T2 (negative ion temperature), which include negativ
ions F2, although ´ was not definitely measured [9].
In this case, the negative ion mass (mass number:
is smaller than the positive ion mass (mass number: 4
and the soliton formation is concerned with the NIA
(fast mode). Therefore, the solitons observed are “co
pressive” in the sense that they are associated with
compression of the negative ion density, although th
compression is accompanied by the depression of the e
tron density for the NIA.

In our work here, a negative ion plasma with SF2
6

is produced by introducing a small amount of SF6 gas
into a collisionless plasma with K1 ions and elec-
trons in a single-endedQ machine. Thus,TeyT1 ¿ 1
is not satisfied and the negative ion mass (mass nu
ber: 146) is much larger than the positive ion ma
(mass number: 39). In the presence of negative io
depending oń , compressive and rarefactive ion acou
tic shocks are demonstrated to be formed. Here, t
shocks are concerned with the PIA and thus “com
pressive” and “rarefactive” correspond to the compre
sion and depression of the positive ion density, whic
are accompanied by the compression and depress
of the electron density, respectively. The critical den
sity ratio observed between compressive and rarefact
shock formations is reasonably explained by an ana
sis based on the KdV equation.
© 1997 The American Physical Society 77
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In our plasma, negative ions can be assumed to
immobile for the PIA because the negative ion mass
much larger than the positive ion mass. For simplicit
we also assumeT1 ø 0 in spite of TeyT1 $ 1 because
Te is replaced byTeys1 2 ´d in the presence of negative
ions. Then, we can derive the KdV equation given by

≠ns1d

≠t
1 Ans1d

≠ns1d

≠j
1

1
2

≠3ns1d

≠j3
­ 0 , (1)

wherens1d ­ Dns1dyn0 is the first order normalized posi-
tive ion density perturbation,t andj are the dimension-
less time and distance, respectively, andA ­ s2 2 3´dy
2s1 2 ´d. With an increase iń , a sign ofA changes from
positive to negative at́ s­´cd ­ 2

3 , yielding compres-
sive solitons foŕ ,

2
3 and rarefactive solitons foŕ .

2
3 .

These solitons are converted into compressive and ra
factive shocks, respectively, in the presence of vario
kinds of dissipations [10], such as the Landau dampin
particle reflection and trapping, particle collisions, an
high- and low-frequency fluctuations. They are small b
cannot be completely neglected in our work. Thus, it
reasonable that we use Eq. (1) to find the critical dens
ratio ´c between positive and negative steepenings, i
compressive and rarefactive shock formations.

The experiment is carried out in a single-ende
Q machine with a vacuum chamber, 20.8 cm in diam
ter and 167 cm long, with pumping systems at both en
A potassium plasma is produced by contact ionizati
at a hot 52-mm-diam tungsten plate (HP) of 2300
under an electron-rich condition and is confined by
axial magnetic field of 2 kG, as shown schematical
in Fig. 1. The plasma is terminated by the end pla
at a distance of 110 cm from the HP, which is ke
at a floating potential. A background gas pressure
2.0 3 1026 Torr. Under our condition, the plasma den
sity n0 ­ s1 , 2d 3 109 cm23, the electron temperature
Te ø 0.2 eV $ T1 (ion temperature), and the plasm
flow speedø s5 10dTe. In order to produce a negative
ion plasma, a SF6 gas is introduced into theQ machine.
The SF6 has a large electron attachment cross section
Te # 0.2 eV to produce SF26 ions. The SF6 gas pressure
PSF6 is varied in the range0 1.0 3 1024 Torr, yielding
´ ­ 0 0.99. The negative ion temperature is estimate
to be approximately 0.05 eV. Under our condition
collision mean free paths of charged particles are long

FIG. 1. Experimental setup.
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than the plasma column length. More details of negati
ion plasma production in a single-endedQ machine and
related works are found in Ref. [2].

In order to give a density perturbation to the plasm
flow toward the end plate, a ramp voltageVG is applied to
a 60-mm-diam grid (0.02-mm-diam wire,100 meshyinch)
at a distance of 33 cm from the HP, which is surround
by a limiter with a hole of 50 mm in diameter. A smal
movable Langmuir is used to measure the plasma para
ters and to detect propagating signals in the axial direct
toward the end plate.

At first, linear propagation and damping of ion acoust
waves are measured as a function of´ for small density
perturbations generated by applying small-amplitude sin
soidal voltages to the grid. Two branches of propagatio
i.e., the fast (PIA) and slow (NIA) modes are observed
the presence of negative ions. A drastic modification
the PIA is observed wheń approaches unity becauseTe

is replaced byTeys1 2 ´d in this mode, i.e., the phase ve
locity increases and the damping rate decreases with
increase iń . The results obtained are consistent with th
observations in Refs. [2,3], being in good agreement w
the theoretical prediction. Measurements below are p
formed on the PIA generated by density jumpsDn in the
range of finite amplitude, where the wave propagation d
pends onDn.

Typical propagations ofDn . 0 and Dn , 0 are
demonstrated in Fig. 2, where initial density jump
jDnyn0j ø 0.12 are generated by applying the ram
voltagesVG ­ 60.4 V (uppermost traces) to the grid a
z ­ 0 cm and the positive ion densitysøplasma densityd
perturbations are measured in thez direction toward the
end plate. At´ ­ 0 sPSF6 ­ 0 Torrd, we have a usual

FIG. 2. Propagations of (a) positive density jumps at´ ­ 0
(thin lines) and 0.3 (thick lines) and (b) negative density jum
at ´ ­ 0 (thin lines) and 0.9 (thick lines), generated by positiv
and negative ramp voltages (uppermost traces) applied to
grid, respectively.
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single-endedQ-machine plasma in which the propagatio
fronts of both density jumps (thin lines) become broa
gradually in thez direction. In the presence of negativ
ions, however, the front shapes (thick lines) depend
´. For Dn . 0, there occurs a clear front steepening
´ ø 0.3 sPSF6 ø 2.3 3 1026 Torrd, which is found in
Fig. 2(a). On the other hand, forDn , 0, there occurs
a clear steepening at́ ø 0.9 sPSF6 ø 3.0 3 1025 Torrd,
as found in Fig. 2(b).

Spatial front variations are presented at´ ø 0.3, 0.6,
and 0.9 forDn . 0 andDn , 0 in Fig. 3. ForDn . 0,
the steepening observed clearly at´ ø 0.3 is found to
disappear at́ ø 0.9. On the other hand, forDn , 0,
the steepening is not recognized at´ ø 0.3, while there
appears the clear steepening at´ ø 0.9. Either of the
density jumps at́ ø 0.6 has almost the same front shap
being accompanied by only a slight change of the slop
in thez direction.

To evaluate the steepening observed, we define
spatial slopeDnyDz for the density jump as illustrated
in Fig. 4(a), i.e.,

Dn
Dz

­
Dn
Dt

3
Dt
Dz

­
Dn
Dt

3
1
ys

, (2)

whereDt is a rise time of the density jumpDn, andys

s­DzyDtd is a propagation speed ofDn. These defini-

FIG. 3. Propagations of (a) positive and (b) negative dens
jumps generated by positive and negative ramp voltag
(uppermost traces) applied to the grid, respectively, at´ ­ 0.3,
0.6, and 0.9.
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tions are useful for estimating spatial variations of norma
ized slopesa ­ sDnyDzdysDnyDzdz­5 mm of Dn . 0
and Dn , 0, which are shown at́ ­ 0.3, 0.6, and 0.9
in Figs. 4(b) and 4(c), respectively. The steepening c
be found at́ ­ 0.3 and 0.6 forDn . 0 and at´ ­ 0.9
for Dn , 0. In either case, we can observe this steepe
ing in the spatial region up to a distance of4 6 cm from
the grid. For bothDn . 0 andDn , 0, the steepening is
found to be followed by a gradual decrease in the slope
z $ 4 6 cm along the propagation. This is due to the io
Landau damping which becomes small with an increase
´, but cannot be neglected in our experiment. The La
dau damping is responsible for not only the formation b
also the destruction of shock waves.

Dependences of the steepening onjDnyn0j at ´ ø 0.3
and 0.9 forDn . 0 and Dn , 0, respectively, show the

FIG. 4. Spatial variations of the normalized slopesa of
(b) positive and (c) negative density jumps with́ as a
parameter, which are defined as shown in (a), under the sa
conditions as in Figs. 2 and 3.
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steepening atjDnyn0j $ 0.03, which is remarkable at
jDnyn0j $ 0.1 for both jumps. The steepening is found
to be stronger forDn , 0 than for Dn . 0. Since the
negative density jump steepens at larger values of´,
Teys1 2 ´d is larger in the case of the negative steepenin
than in the case of the positive steepening. This might
the reason for the stronger steepening ofDn , 0. With
an increase injDnyn0j, the propagation speeds increas
while the jump widths decrease for both density jumps,
in the case of ordinary shock waves.

In order to find a critical value of́ for the steepening
of Dn . 0 and Dn , 0, daydz is plotted as a function
of ´ for Dn . 0 andDn , 0 in Fig. 5. Here,daydz is
measured aroundz ­ 2 cm, where a clear steepening is
observed. ForDn . 0, daydz decreases monotonously
with an increase iń s$ 0.3d. For Dn , 0, however,
this value increases monotonously with an increase in´.
Both curves cross the abscissa at´ ø 0.65, yielding a
criteria ´c for the steepening ofDn . 0 and Dn , 0.
Around ´c, we find almost the same front shapes of bo
density jumps in thez direction, as mentioned before,
which are expected for shocks evolved from the modifie
KdV solitons [11,12].

Under our assumptions, Eq. (1) includes no effect
the Landau damping, yielding the steepening ofDn . 0
even for´ ­ 0. In the experiment, however, the Landa
damping is not negligible especially foŕ ø 0 and the
steepening ofDn . 0 is observed for0.3 # ´ s,0.65d.
The critical valué c ø 0.65 observed for the steepening
of Dn . 0 andDn , 0 is in a reasonable agreement with
the valué c ø 2

3 estimated from an analysis based on th
KdV equation.

In conclusion, the positive and negative density jump
have been demonstrated to evolve into compressive a
rarefactive ion acoustic shocks, respectively, dependi
on the density ratio of negative to positive ions, i
a collisionless negative ion plasma ofTe $ T1 ¿ T2.
In this work, the negative ion mass is much large
than the positive ion mass and the shock formation
concerned with the positive ion acoustic mode. There
the critical density ratio for the steepening of the positiv
and negative density jumps, which is well explained b
the analysis based on the KdV equation. Our experime
has verified that compressive and rarefactive ion acous
shocks are formed in a collisionless plasma, even wh
TeyT1 ¿ 1 is not satisfied, in the presence of negativ
ions. The results can be applied to the formation of io
acoustic shocks in so-called “dusty plasmas” includin
large dust particles charged up negatively.
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FIG. 5. Dependences ofdaydz of smd positive and
sdd negative density jumps oń aroundz ­ 2 cm under the
same conditions as in Figs. 2–4.

We thank T. Ohya and K. Tsuchida for their participa
tion in the preliminary stage of the research and H. Ishi
for his assistance. The work is supported by a Grant-
Aid for Scientific Research from the Ministry of Educa
tion, Science, Sports, and Culture, Japan.

[1] For example, N. D’Angelo, S. v. Goeler, and T. Ohe
Phys. Fluids9, 1605 (1966); A. Y. Wong, D. L. Mamas,
and D. Arnush, Phys. Fluids18, 1489 (1975); T. Intrator
and N. Hershkowitz, Phys. Fluids26, 1942 (1983).

[2] N. Sato, A Variety of Plasmas, edited by A. Sen and
P. K. Kaw (Indian Academy of Sciences, Bangalore, Indi
1989), p. 79; Plasma Sources Sci. Technol.3, 395 (1994).

[3] B. Song, N. D’Angelo, and R. L. Merlino, Phys. Fluids B
3, 284 (1991).

[4] R. W. Gould, Phys. Rev.136, A991 (1964); J. L. Hirshfield
and J. H. Jacob, Phys. Fluids11, 411 (1968).

[5] N. Sato and A. Sasaki, Phys. Fluids15, 508 (1972);
N. Sato, H. Sugai, and R. Hatakeyama, Phys. Rev. Le
34, 931 (1975).

[6] V. Vanek and T. C. Marshall, Plasma Phys.14, 925
(1972).

[7] H. K. Anderson, N. D’Angelo, P. Michelsen, and
P. Nielsen, Phys. Rev. Lett.19, 149 (1967).

[8] G. C. Das and S. G. Tagare, Plasma Phys.17, 1025 (1975).
[9] G. O. Ludbig, J. L. Ferreia, and Y. Nakamura, Phys. Re

Lett. 52, 275 (1984); J. L. Cooney, D. W. Aossey, J. E
Williams and K. E. Lonngren, Phys. Rev. E.47, 564
(1993).

[10] D. A. Tidman and N. A. Krall,Shock Waves in Collision-
less Plasmas(Wiley, New York, 1971), p. 99.

[11] S. Watanabe, J. Phys. Soc. Jpn.53, 952 (1984).
[12] Y. Nakamura and I. Tsukabayashi, Phys. Rev. Lett.52,

2356 (1984).


