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A one-dimensional particle-in-cell code using Monte Carlo collision techniQU€C/PIC) for both

ions and electrons is used to simulate our earlier experimental results which showed that a
current-free electric double lay€DL) can form in a plasma expanding along a diverging magnetic
field. These results differ from previous experimental or simulation systems where the double layers
are driven by a current or by imposed potential differences. Both experiment and simulation show
accelerated ions with energies up to about 60 eV on the low potential side of the plasma. A new
numerical method is added to the conventional PIC scheme to simulate inductive electron heating,
as distinct from the more common capacitively driven simulations. A loss process is introduced
along the axis of the simulation to mimic the density decrease along the axis of an expanding plasma
in a diverging magnetic field. The results from the MCC/PIC presented here suggest that the
expansion rate compared to the ionization frequency is a critical parameter for the existence of the
DL. For the DL to be absolutely current free, the source wall has to be allowed to charge: having
both ends of the simulation at the same potential always resulted in a current flow. Also, the effect
of the neutral pressure and of the size of the diffusion chamber are investigated. Finally we show
that this particular type of DL has electrons in Boltzmann equilibrium and that it creates a
supersonic ion beam. @05 American Institute of PhysidDOI: 10.1063/1.1897390

I. INTRODUCTION layers would free theoreticians of the need to find a current
_ _ _ closure condition and would open the possibility of postulat-
An electric double layefDL) is a narrow localized re- ing a nonlinear field aligned dissipation mechanism. Such a

gion in a plasma which can sustain a large potentiamechanism would be of great help in explaining phenomena
difference. Alfven suggested about 50 years ago that DLsassociated with solar chromospheric expansion®%te.

could be responsible for the acceleration of electrons onto The current-free DL experiment was performed in a
the upper atmosphere creating the visible aufcFais hy-  horizontal helicon systenChi-Kung®’2?shown in Fig. 1. It
pothesis was then confirmed by later measurements withigonsists of a 15 cm diameter, 31 cm long helicon source
the aurora regioﬁ*.4 Since then, this phenomenon has beer]oined contiguously to a 32 cm diameter, 30 c¢cm long
studied experimentally;* theoretically,®" and by com- grounded aluminum diffusion chamber. Two solenoids
puter simulatiort® ** However, it is important to note that in - around the source are used to create a magnetic field of about
most of these cases, the DL requires the presence of an elegsg G in the source center which decreases to a few tens of
tron current. If not it is generally imposed by a potential gayss in the diffusion chamber. The current-free DL can be
difference or by two different electron temperatures. generated for pressures less than about 1 nm(Ref. 27 and
Perkins and Sun suggested over 20 years ago, by ag supersonic ion beam has been measured downstream of
analytical study, that a current-free double layer couldinis DL poth for argoﬁg and hydrogeﬁs discharges.
e"XiSt'_ZZA numper of papers followed srzmgwing ion accelgra- Although DLs driven by currentéor imposed potential
tion in expanding current-free plasnds;®but no clear evi-  ifferences have been studied by computer simulation since
dence of double-layer formation was shown. Their existencey,q early 197042 the simulation described here is, to the

had not been clearly experimentally verified until quite re-pegt of our knowledge, the first numerical attempt to gener-
cently: Charles and Boswé{*® have shown that a DL can .o 4 current-free DL in an expanding plasma.

be created in a current-free plasma expanding in a diverging  p4icle-in-cell(PIC) is a purely kinetic representation of

”.‘agl"‘e“c f|eI.d. Thggﬁ risults. have befen later fconf:jrmeb(? bé( system containing ions and electrons, considered as indi-
similar experiments.”"The existence of current-free double vidual particles, which move under the influence of their

— _ _ own self-consistent electric fiefd~®" In other words, PIC
Joint thesis with the *Centre de Physique des Plasmas et de leurgim|ations use the first principlg®oisson’s equation and
Applications de Toulouse,” CNRS, France. Electronic mail: , . . . .

albert meige@anu.edu.au Newton's law$ on_Iy. Eac_h pqrtlcle of the simulation is actu-
PAlso at the “Departement de Sciences pour I'lngenieur,” CNRS, France. ally @ macroparticle which is allowed to represent a large
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B ion-neutral elastic collisions are dominant and are isotropic
gas in the center-of-mass frame.

= == II. SIMULATION OF AN “INDUCTIVELY” HEATED

PLASMA
glass plate ] ] ) )
One-dimensional PIC simulations are commonly con-

‘wigl cerned with capaci'tive co.upling, where a rf voltage .of some

antenna /q hundreds of volts is applied to one of the boundaries. This

solenoids O mechanism has been thoroughly studfetf and creates a
RF

moving sheath that heats the electrons. The drawback of this
process is that it leads to an average rectified plasma poten-
- S— . ‘dmus‘on chamber‘ tial that is in thg order of half the rf amplitude. Our aim is to
(heating) (expansion) study a potential drop of only a few tens of vo(Sec. IlI),
: which is extremely small compared to the rectified potential
b from a capacitively heating process. Hence, it is inappropri-
o ate for the present study. Therefore, we have developed a
>§1f mechanism to heat the electrons differently. The “new” heat-
T i ing mechanism is described below in detail and a study of its
effects is conducted in a nonexpanding plasma to show that it
does not introduce any noticeable pathologies in the plasma
/ 0 5 10 X potential or in the electron transport.
z

T E,(0)
heating process loss process

FIG. 1. Experimental and numerical setup) Schematic ofChi-Kunga A Electron heating model

horizontal helicon systentRefs. 27-29 (b) one-dimensional numerical . . w - o
model of an expanding plasma. In bdth and(b), the electrons are heated This scheme is intended to model “inductive” excitation,

in the source region‘ i.e_’ upstream. (Im)’ this is done by a uniform rf but W|th0ut SOlVing eleCtromagnetiC f|e|d equations. In addi'
electric field at 10 MHz perpendicular to the resolution axis of the simula-tion to avoiding the rf excursions of the potential in the
tion. The plasma ex| i iffusi ie. i it i “r var
o e ot s s i g Plasma nroduced by a capacilve couping, th ‘inductve
expansion is modeled by a loss process that removes charged particles a?gheme was considered to be closer to the experimental con-
given loss frequency. ditions than other possible algorithms: an rf electric figdg)

of wp/27=10 MHz is applied in the source region in the
direction normal to the PIC axiéFig. 1). Note that a fre-
quency of 10 MHz was used in this work in order to have a
finite number of time steps per rf cycle and to be close to the
frequency used in the laboratory experime(#8.56 MH2).

The electric field amplitude was chosen not to be constant in
Sime to avoid electron overheating: with a constant electric
field amplitude the work done by the electric field would

. . depend on the electron density and would eventually lead to
be obtained in a few hours on a modern desk top compute n unstable simulation. Therefore, the current density ampli-

The particular PIC simulation developed here consists o ude (J;) was chosen to be the control parameter that fixes

a bounded one—dlmenspnal plasma where a planar geomet{l){e electric field amplitude and was chosen to be uniform in
is assumed. The potential of the left wall floats, whereas th e source region. The total current density at each point of

right wall is grou_nded to respect the experlmental sémg. _the source region is then
1). The left wall is allowed to float by placing a capacitor in
series with the plasma. Even if the simulation is one-  Jiota= Jaisplacement Jeonduction (1)
dimensional(the position of the particles is resolved along
the x axis), the collisions are modeled with three dimensions
of velocities, hence the model is called 1D-3V. Our code,
which is calledJanu$S implements the Monte Carlo collision
(MCC) model, including thenull collision®® method, devel-
oped by Vahedi and Surendfaand handles electron-neutral — N,
collisions (elastic, exciting, and ionizingand ion-neutral Fey=Nevey = L
collisions (charge exchange and elagticHigh energy L
electron-neutral collision scattering angles are very smallvherev,, is the average electron velocity alonygin the
(forward scattering whereas low energy electron-neutral source regiony; they velocity component of théh elec-
collisions are isotropic. At high energ§more than 1 ey  tron, N, the weight of a macroparticle per square meter, and
ion-neutral charge exchange collisions are predominant anld,. the length of the source. Equatid®) is then inte-
are anisotropic in the center-of-mass frame. At low energygrated over the source region

number of real particlen the order of 19or 101 particles
per macroparticle per square metand which can move
inside the simulated domain. With a small number of thes
macroparticlegtypically between 16 and 18 for a one-
dimensional1D) systenj, a realistic steady-state plasma can

. JE
‘Jtotal = Jo S|n(ll)0t) = EOEY + ere‘y, (2)

wherel', is the electron flux along thgaxis and is equal to

E Ueyi,ir (3)

sourcd Esource

Downloaded 09 May 2005 to 150.203.179.99. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



052317-3 One-dimensional particle-in-cell simulation... Phys. Plasmas 12, 052317 (2005)

a |
I
bl | |
I
c —
| s
d 1 =
c
0 5 10 2
g o
Position (cm)
5 — O0to5¢cm
FIG. 2. lllustration of the heating process in the simulation, where the gray - g?tﬁ'g gm
areas represent the different heating regions studied. 3:2 to 4 om
% ' 5 ' 10
Position (¢m)
_ . FIG. 3. Steady-state plasma potential profiles along the axis of the simula-
f JiotadX = Lsourcelo Sin(wt), (4) tion; the heating positions are shown in Fig. 2.
source
f I AX= Lo JE, (5)  regionis sufficiently small, the plasma potential is somewhat
cource eplaceme Souree0” ot higher on the side of the heating region, which is shown by
the dotted line.
The effect on the plasma potential of pressures from 0.5
j JeonductiofX = €N, > Veyis (6)  mTorr to 5 mTorr and where the heating source is located
source 1Esource only in the first quarter of the simulatidifrig. 2, caseb)] is
and rearranged into shown in Fig. 4. The solid and dashed lines represent the
E 1 plasma potential for 0.5 mTorr and 1 mTorr, respectively.
' _{‘]0 sin(wot) — en, > Ueyi:|- (7)  Despite the fact that the heating source is located in the first
gt € sourcaEsource quarter of the simulation, the plasma diffuses sufficiently that

the potential is uniform in the source and the diffusion cham-

ber. For higher pressures, e.g., 5 mTa@otted-dashed line

the plasma does not diffuse as much, the plasma potential is

therefore affected and it is higher in the source region than in
. . o L2 E Yhe diffusion chamber, which is presumably due to the elec-

anisotropic and act only on theaxis instead of being iso-

o . : tron temperature decreasing away from the source.
tropic in the plane perpendicular to theaxis. An advantage P g y

of this scheme is that the computational cost is compara;- Here we study how the heating source, localized in the
. . ) 'P P alIeft-hand side of the simulatiofFig. 2, casda)] affects the
tively low and since the simulation handles electron-neutra

collisions in three dimensions. the momentum and ener electron transport for a neutral pressure of 1 mTorr. Figure 5
. . o 9¥hows the logarithm of the electron velocity distribution as a

given to the electrons in thgdirection are eventually trans- function of the electron energy at different positions. The

ferred (at least partially to the other directions. In other .

words. if the electron-neutral collisions are “tumned off” in logarithm of the electron distribution can be linearly fitted
the sir:nulation this heating process is ineffective for energies up to 20 eV with an average relative error on the
k 9p ' fit of less than 1%. In other words, the percentage of Max-

The perpendicular electric fiell,(t) is evaluated using the
finite difference corresponding to E¢7) and the previous
time-step valuee,(t—1).

B. Study of the effects of the heating mechanism

In order to test the perturbations introduced by our new
heating technique, a set of simulations was conducted where
the heating region was localized in the left half of the system
(0-5 cm and where no expansion process was apflg=t.

).

Figure 2 shows the different positions of the heating pro-
cess tested in the simulation. A neutral pressure of 1 mTorr
and an electron density 0f>210* m~2 were used. The cur-

Potential (V)

5 — 0.5 mTorr

rent density in the heating mechanism was 100 Aand 7| 1 mTorr
the rf frequency was 10 MHz. Figure 3 shows that the - 5mTorr
plasma potential is little affected by the position of the heat- % ' 5 ' 10
ing region. Indeed, for relatively large source regions, e.g., a Position (cm)

quarter_ of the system, _the proflle qf t.he plasma p_otentlal _I%IG. 4. Steady-state plasma potential profiles along the axis of the simula-
not noticeably affected: the potential is the same in the difyqn for gifferent neutral pressures. The heating region is located in the first

fusion chamber and in the source. However, if the heatinguarter of the system, from 0 to 2.5 cm, FighR
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0 TABLE I. Standard parameters of the simulation.
2 Quantity Value
% Neutral pressure 1 mTorr
=4 Electron density & 10 m3
rf frequency(wy/27) 10 MHz
'8 Current density amplitudél,) 100 A/n?
10 10 System length 10 cm
20 5 Cell number 250
30 o " Total duration 25us
E v Paosition (cm)
nergy (¢V) Time step 5¢10ts
FIG. 5. Electron velocity distributioiog scale as a function of the elec- Macroparticle weightN,) 4x10°m™
tron energy at different axial positions in the plasma. lon mass(argon 6.68x 10726
Room temperature 297 K
Capacitance 22 nF

wellian electrons in the bulk is more than 99%. The spatially
resolved electron distribution shows that the distribution is
uniform in the bulk(uniform temperaturedespite the local-
ized heating region.

In summary, we have shown that the source position and The simulation is initiated by |Oading a certain number
extent do not have any particular effect on the plasma poterf macroparticlegelectrons and ionsbetween the floating
tial and the electron transport for pressures below 1 mTordeft wall and the earthed right wall. After the loading, the
The small percentage of electrons with energy h|gher thaﬁimulation evolves in time and space and if the conditions of
the bulk are not Maxwellian. Their evolution and energystability and accuracy of the PIC simulation are
where they join the bulk electrons is currently being studiedespected’*" a steady state is eventually reached.
in depth and will be presented in a future publication. Figure 6 shows the density and potential profiles of a
current-free DL obtained with a loss frequency slightly
greater than the creation frequengye., ionization fre-
quency for the standard parameters. Note that the plasma

1. Development of the steady state

Ill. SIMULATION OF AN EXPANDING PLASMA
A. Plasma expansion model

Seen from the axis, the expansion of a plasma in a di- a e
verging magnetic field can be considered as a process in
which particles are removed from the system at a given fre-
quency (v,s9 Which depends on their position, where the
loss frequency is the probability of removing a particle from
the simulation per unit of time. This loss process produces an
axial decrease in the plasma density and an associated poten-
tial drop. Figure 1, caséb), shows one of the loss-process
profiles which has been investigated: particles are removed
more or less suddenly with a given frequency from the be-
ginning of the diffusion chambeisudden expansion due to
the magnetic field and/or the geometry of the plasma source/ 10"
diffusion chamber systemand then the loss frequency is
constant or decreasing when moving in the direction of the b
right wall (equivalent to a constant volume and a less diver-
gent magnetic field A more realistic method would have
been to carry out a full two-dimensional PIC with magnetic

Density (m'®)

5
Pasition (cm)

30

field but for us this would have been prohibitively expensive 520
in both computers and run time. Nevertheless, we show be- K]
. . . c
low that the loss algorithm produces density and potential g
o

profiles in our 1D PIC which are quite similar to the experi-
mental results.

-
(=]

B. Study of the influence of different parameters 0 . . .
(] 5 10

In this section, we study the influence of the expansion Position (cm)
rate and prof|le, the size of the diffusion chamber, and t.h%l . 6. Typical PIC simulated double-layer profilds) steady-state elec-
ne_Utral pressure. The results -p.resent-ed h_ere were obtainggl, density andb) steady-state plasma potential as a function of the axial
using the set of standard conditions given in Table I. position.
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density and potential profiles are averaged over 10 rf cycles - A\
and given with respect to the grounded wall. The electron A
density decreases by an order of magnitude when passing 2
from the source regiorupstream plasmato the diffusion P
chamber(downstream plasmaA charging of the source of L b .. A
about 10 V is obtained. The potential drop associated with heating S~
the density drop is 12 V. Within the DL, the neutrality of the
plasma breaks down, and the upper and lower limit of the 0 5 10
non-neutral region were used to precisely determine the po-
sition of the DL and evaluate the density and potential drop.
Commonly’ DLs are Ch_araCtenzed by_the rabp, /KTe and . FIG. 7. lllustration of the different expansion rate, i.e., loss frequency ap-
the thickness over which the potential drop occurs. In thigjied in the simulation. The source region is located in the first half of the
caseedp, /kT,~ 2.7 (whereT, is average “Boltzmann” tem- system, the loss process in the second Halfv,ss=0. (b) vpss=10* s72. (C)
perature obtained in Sec. Il Q.1The DL thickness is less Yoss=10°S™ (d) #ss=10° s
than 20 Debye lengths.

Here we show that an adaptation to our case of the clas-
sical derivation of the sheath potenti&ef. 42, p. 16Dis in y= Al Ar (14)

Position (cm)

good agreement witb®p, /kT, measured above. L&tl" be e upstream lanv_.
4 e

AT =T .-T; . .
e v ® In the present case, the double layer is current {rel@ich

whereT, andT; are the electron and ion fluxes through aWi|| be discussed latg¢r hence, there are equal fluxes of ions

plane located at the downstream edge of the DL, resped’;}nd electronsy is therefore equal to zero. In addition, for

tively. The ions are assumed collisionless in the DL since thé'= 100, Eq.(13) can be approximated to

mean free path for these conditionss$ cm, which is much edbp,

larger than the DL thickness. The ions are supposed to enter k_Te ~Ina. (15
the sheath with the sound speed velogiiso called Bohm
velocity) On the other hand, whea becomes infinite, that is to say
when there is no downstream plasma, the asymptote of Eq.
KT, (13) is the classical wall sheath potential, whex®p, /KT,
Cs= 1\ —, (99  ~4.7 for argon. For the DL shown aboyEig. 6), a=15,
m which leads to a ratiedp, /kT,=2.7, which is in very good

agreement with the value measured in the simulation and the

wherem; is the ion mass. The ion flux is then given by experiment’

li=anc, (10 2. Study of the influence of expansion profile

with n being the downstream density aae the upstream Experimentally, Charles and Boswell have shown that
density. The electrons are assumed to be Maxwelliis-  the magnetic field is a critical parameter concerning the ex-
cussed in Sec. Ill C)land their net flux is given by the sum istence of the DL’ In our model, the shape and the ampli-

of the flux coming from the upstream side and the flux com-tude of the loss process are directly related to the magnetic
ing from the downstream side: field of the experiment. Therefore, the influence of the loss
process is a parameter which has to be studied in detail.

1 — ed
Fe:—nve[an[<— i) —1], (11
4 kT, PR
with
— 8KT, o~
ve=\ (12) &
Me =
2 13
and ®p, the potential drop. By substituting Eq€l0) and § 10 . 0
(12) into Eq. (8) and rearranging, we obtain ol s ot
10 7 Joss_ 108 &t

6 -1
. ( \/Zim 1) v Vigss=10 8
=—1In + -4 ) 13 " | | |
k |e Y ) o ( ) 10 ! . |

! Position (cm)

wherey is the ratio_between the net current and the upstrear g g. Electron density as a function of the axial position, obtained for the
electron current, given by different loss frequencies shown in Fig. 7, at a pressure of 1 mTorr.
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FIG. 9. Plasma potential as a function of the axial position, obtained for the £;5 1. Double-layer potential drop as a function of the loss frequency.
different loss frequencies shown in Fig. 7, at a pressure of 1 mTorr.

A series of simulations was performed with the standard, s the steady-state source end wall potential when the
parameters having different loss frequencies varying from Q,,,nqary is allowed to chargéioating boundary condition
to 10 s (Fig. 7) and for different pressure®.1, 1, and 10 {6, gifferent loss frequenciegormalized to the ionization
mTorr). Figures 8 and 9 show that no OLe., no dramatic  requency and pressures. When the loss frequency is smaller
density or potential dropis created for frequencies below a w4 the jonization frequency, the source does not charge up,
certain thresholddiscussed in detail belowFigure 9 shows 1t \yhen the loss frequency becomes the order of or greater
that the plasma potential does not drop for a loss frequency,ap, the jonization frequency, the source wall charges up to a
of 10* s™* (dashed linpand that it drops slightly for T0s™ ¢\ volts

. —1 b

(dotted-dashed line For a loss frequency of &7 (dotted The plasma potential obtained for identical parameters is
line) a potential drop around 12 V'is observed over a distanc@pqn in Fig. 12. The source end wall is floating in one case
of about 20 Debye lengths. To explain the sudden appearanggashed ling while it is grounded in the other caggolid
of the DL above the critical threshold, the potential drop wasine) For both cases the profiles and potential drops are very
studied as function of the loss frequency, normalized to the|,se However the sheath on the right boundary is very low
ionization frequency for different pressures with the ioniza-for the grounded source end wall cag®lid ling), which
tion frequency being determined by indicates that the electrons are not confined as much as in the

Vion = Ny{ov) = NyR, (16) floating source end wall case and that an electron current

. L ) may flow. A diagnostic on both boundaries shows that in the

where i, is the ionization frequencyl, the neutral density,  goating source end wall case there is no current flowing
o the ionization cross section,the electron velocity, an®  y,4,,gh the system, the DL is current free. By assuming that
the rate coefficient. The temperatures, the rate coefﬂment§he temperature is uniform in the system, the electrons are in
and the corresponding ionization frequencies for the diﬁere”holtzmann equilibrium(which is discussed in Sec. 111 Q.1
pressures are given in Table Il. Figure 10 represents the poqq the jons enter the left sheath at the sound velocity and
tential drop as a function of the loss frequency normalized tqy,, right sheath at an average velocitywof we can show

the corresponding ionization frequency for different PréSyyhy the wall charges up to the potentid,. If « is the
sures. For loss frequencies smaller than the ionization fre-

quency, no potential drop is created. However, if the loss
frequency is of the order of or greater than the ionization

frequency then a potential drop proportional to the logarithm « 04 mTorr
of the loss frequency is created. _30r o 1 mTorr °
A series of simulations was performed with the standard %
parametergTable |) to study the importance of the charging E
of the source on the current-free double layer. Figure 11 .gzo» °
8 o
E *
TABLE Il. Electron temperatureéT,), rate coefficient§R) and ionization 2 107 °
frequencieqvjy,), for different neutral pressurd®), the other parameters g .
being constant. ] "
w 0% © »° *0 * 0 *Fo©
P (mTorn 0.1 1 10
0 0.5 1 15
Te (V) 38 6 4 I()g(vloss)/bg<"ionisation)
R(X107°m3/s) 100 5 1
Vion(X10° Hz) 33 1.6 33 FIG. 11. Potential of the source end wall at 0 cm, as a function of the loss
frequency.
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FIG. 12. Plasma potential profile as a function of the axial position. TheFIG. 14. Electron density as a function of the axial position, obtained for the
solid and dashed lines represent the grounded and floating source end walifferent loss profiles shown in Fig. 13.
respectively.

length. On the other hand, it is interesting to note that despite

u_pstream _and downstream d(_ensity ratio, the flux conservas pull expansion lengtfcase(a)], the DL has a finite thick-
tion equations at the boundaries and downstream of the Dl ogq of~20 Debye lengths. Despite an extensive investiga-

[Eq. (19)] lead to tion, the thickness of the DL could not be reduced further.
ed,, Cs edpL In summary, the study of the loss-process parameters has
k_Te ~I (av_i> = k_Te (17) shown that both, the amplitude and the profile of the expan-

sion rate(related to the magnetic field and/or to the geometry

If both walls are grounded, a small electron current flowsof the plasma reactor in the experimeate critical param-
through the system from the source to the diffusion chambeters concerning the existence of the DL. In addition, we saw
For a pressure of 1 mTorr, an average electron density of that the double layer we create in an expanding plasma is
X 10" m™ and a loss frequency of 487, the measured current free when the source end wall is floating. These re-
current density averaged on 7.5 is 0.21 A/m%. The term  sults  differ from previous experiment® or simu-

¥, introduced in Eq(13), has in this case a finite value, but |ation'®?' systems in which the DL is driven by a current or
it is still an order of magnitude less thandl/Therefore its  imposed by a potential difference.

contribution to the potential drop is negligible: the DL is not

current free anymore, although the DL is not driven by thissl Study of the influence of the length of the diffusion

current. chamber and the neutral pressure

As we are artificially creating a particle loss to mimic the ] _
Figures 16 and 17 show the electron density and the

expansion of the plasma in a magnetic field, it is important to ) ! ] - .
investigate the length scale over which the loss frequencf?'asma potential profiles for different right wall positions as

rises to its maximal valuéi.e., the expansion lengthFig- ~ Shown in Figure 18from 2.5 cm to 10 cm from the DL

ures 13 and 14 the electron density and the plasma potentikirst: it is interesting to notice that the position of the DL is
for the different spatial expansion lengths as shown in Fighot affected by the position of the right grounded wall. Sec-
15. For the finite expansion lengthsases(b), (c) and (d)], ond, the nonsolid lines in Fig. 17 show that, if the right wall
the thickness of the DL corresponds to the actual expansiof$ far enough from the DL, i.e., a few ion mean free paths,

40

[~
[=]

s
i 8
heating £20
&
0
e s 10
Position (cm)
FIG. 13. lllustration of the different expansion lengtih e., loss profile¢ 0 ) ) )
studied in the simulation. The loss frequency is null in the sou@eThe 0 5 10
Position (cm)

loss frequency jumps suddenly to its maximal va{té® s™). (b) The loss

frequency reaches its maximal value after 2 cm from the beginning of the
diffusion chamber(c) After 3 cm. (d) After 5 cm (end of the diffusion FIG. 15. Plasma potential as a function of the axial position, obtained for
chambey. the different loss profiles shown in Fig. 13.
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wh a b c dk " — 75cm
§ N N R ----- 10cm |
> ---- 12.5¢cm
NI\ s
heating § § _
2
0 5 10 15 32
Position (cm) 5
°
FIG. 16. lllustration of the different diffusion chamber sizes studied in the - 10l
simulation: the right boundary is moved from 2.5 cm from the DL to 10 cm \ _
from the DL. \
00 15

then its position does not seem to have any influence on the Position (cm)

potential profile: the wall was even moved 50 cm away fromgic. 18. Plasma potential as a function of the axial position, obtained for

the DL, and the plasma potential as well as the potential droghe different right wall positions shown in Fig. 16.

did not present any significant differences. By extrapolation,

we can suppose that the right wall can be moved away from _ )

the current-free double layer indefinitely without changing€TeCt on the properties of the DL. However, in the pressure

its properties. On the other hand, if the right wall is close@n9€ that was simulated, the potential drop seems to be
enough from the Dl(less than an ion mean free patthen ~ Weakly dependent on the neutral pressure.

the average velocity of the ions entering the sheathin- . )

troduced in Eq(17)] is greater than the sound speed, which®- Particle transport in the current-free double layer

is due to the ions accelerated through the kec. Il C 2. 1. Maxwell-Boltzmann electrons distribution

As a consequence of the current-free condition, and as is  The electron velocity distribution has been determined
shown by Eq(17), havingu; = c; produces a decrease of the zjong the length of the simulation and most of the electrons
left wall potential (d,,), and therefore a decrease of the (upstream and downstream of the double lagee Maxwell-
whole potential profile. This is visible by the solid line in jan. In all cases an upstream electron beam has not been
Fig. 17, where the whole plasma potential profile is shiftedppserved, despite extensive attempts to measure such a phe-
down by a few volts with respect to the other profiles. nomenon. The downstream temperature is slightly less than
The evolution of the potential drop as a function of thethe upstream one: the average upstream temperature being
neutral pressure is shown in Fig. 19. Both, the downstreans g ev, while 5.6 eV for downstream. A more detailed study

and upstream plasma potentials are maximum for a neutraf the electron distribution and the temperature is presently
pressure of 0.2 mTorr, but the maximal potential drop for thepeing conducted.

pressure is increased, the potential drop decreases slightipe plasma potential for the electrons which are in Boltz-
However, above 1 mTorr, the potential drop starts increasingnann equilibrium:

again, and this is presumably an artifact of the localized heat-
ing mechanism: Recall from Sec. Il B that, above a few mil-
litorrs, the plasma potential is higher on the side of the heat-

Ing region than on th? other side. In other .vvords,.ab.o.ve Svhere Ne is the electron density), the electron reference
few millitorrs, the heating process starts having a S'g”'f'canbensity where the potential is nuib is the plasma potential,

andT, the electron temperature. For such electrons, the plot

ed
Ne=Ng expE, (18)
e

7 50 T
Zos :r:,n —&— Upstream potential
....... 12.5em —6— Downstream potential
e 15 0m ] 40t —&— Potential drop

Density (m'3)
Potential (V)
S

10
5 » 0 15 0 N .
Position (cm) 0.1 1 10
Neutral pressure (mTorr)
FIG. 17. Electron density as a function of the axial position, obtained for the
different right wall positions shown in Fig. 16. FIG. 19. Double-layer potential drop as a function of the neutral pressure.
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% ° In(ﬁe) vs. poténtial

_ Te‘u pstream=5.2 eV
=3.9 oV yay

\
-
[$,]

----- e,downstream

34+

lon velocity (km/s)
. s
HE

— )/
=0
E 3.7,

32r

-15 sheaths
0 5 10
) Position (cm)
390 : ' : 30 2.5¢cm 6 cm 8¢

20
Potential (V)

m
=
FIG. 20. Logarithm of the electron density as a function of the plasma =
potential. _j\
0 5 10

5 0 5 10 -5 0 5 10 -5
lon velocity (km/s)

of the natural logarithm of the electron density as a functiork L . .

L . . . IG. 21. (a) lon velocity distribution in phase space, showing a supersonic
O_f the plasma potential is a Stra'th line, the slope of whicho, heam. Increased brightness indicates increased dettitan velocity
yields the electron temperature. Figure 20 shows the naturalstribution function[f(v) in arbitrary unitd in different locations.
logarithm of the electron density as a function of the plasma

potential for a DL obtained under the standard parameters ) ) )
(Table ) and for a loss frequency of 871 Two distinct Pe seen, which corresponds to the ions accelerated while

parts are noticeable and obviously linear, where two lineaffaversing the potential drop of the DL. The density of this
fits are obtained with an average relative error of less tha#Pn beam decreases away from the DL as a result of ion-
0.5% for each one. This shows that the electrons are in Bolt?eutral collisions(charge exchange and elastic collisipns
zmann equilibrium everywhere in the system, even acrosand of the loss process which removes fast particles as well
the DL. However, two electron populations coexist: a hot@s slow particles, as seen in Fig(&8]L The sound speedi in
population upstream and within the DL, with a temperatureargon for an electron temperature of 5.8 @\stream effec-

of 5.2 eV, and a colder population downstream of the DL,tive temperatureis 3.7 km/s[Eq. (9)]. Figure 21a) shows

with a temperature of 3.9 eV. This result is quite importantthat there is a presheath upstream of the DL that accelerates
and different from earlier studies: although several experith€ ions up to the sound speed. As soon as the ion flow
mental DLs have shown two different electron temperatures?€comes supersonic, the DL appears and the ions are then
in addition to their current-driven nature, they generallyaccelerated up to twice the sound spétee average velocity
present an upstream electron beéinee electronsand do of the ion beam is 8.1 kmysfter less than 20 Debye lengths.
not show any clear evidence of Boltzmann electrbH< 1t The DL appears to be a detached sheath that behaves like a
has been known that the charged particles associated witfPrmal wall sheath.

previous laboratory generated DLs may be classified into

four types: free electrons, free ions, trapped electrons, anty. CONCLUSION

trapped ions. In general, three of these are sufficient to main-

tain a DL* It is interesting to note that although the simu- a 1D-3V simulation of an expanding plasma. A new heating

lation shows a downstream ion bedfree ions, Sec. IICE 1 achanism for 1D PIC simulation has been introduced and
no upstream electron beafinee electronshas been detected 55 shown that it does not introduce any noticeable patholo-
despite extensive investigation. This result confirms that th'@ies in the spatial distribution of the plasma potential or the

type of DLs has electrons in Boltzmann equilibrium, which electron transport. The expansion réte., loss frequendy

is rather different from the DLs which are generally simu-p a5 heen shown to be a critical parameter concerning the

lated or are at the origin of electron acceleration in the aurorg; mation of the DL. This particular DL is current free and
and suggests that the present DL is a different phenomen%s electrons in Boltzmann equilibrium, which is rather dif-

to those previously studied. ferent from all the DLs which have been simulated before.
Finally we showed that the DL generates a supersonic ion
2. Supersonic ion beam beam.

In this paper we have shown that a DL can be formed in

Figure 21 represents the ion veloci istribution in
gure eprese ts. the ‘fon velocity d St butio M. Raadu, Phys. Repl78, 25 (1989.
phase space, where thexis represents the position and the 2,y aen, Tellus 10, 104 (1958.
y axis the ion velocity. Increased brightness indicates in-°r. D. Albert and P. J. Lindstrom, Sciencr0, 1398(1970).
creased density. Throughout the simulation length, we ob-4z\/|-T3merin, K. Cerny, W. Lotko, and F. Mozer, Phys. Rev. Léi8, 1175
; ; ; 1982.
serve a low energy p(_)pu_lauc_m of ions, which corresponds tPSB. Quon and A. Wong, Phys. Rev. Le7, 1393(1976.
the ions created by ionization and charge exchange collisp coakiey, N. Hershkowitz, R. Hubbard, and G. Joyce, Phys. Rev. Lett.

sions. Downstream of the DL a high energy population can 40, 230(1978.
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