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The accuracy of secondary-electron emission coefficients, that are used as input data of discharge models,
seriously influences the calculated discharge characteristics. As it is very difficult to consider all possible
electron emission processes of a cold cathode separately, in most of the recent models an apparent secondary
coefficienty is applied, which is often assumed to be constant, even for a wide range of discharge conditions.

In contrast with this common assumption, the present calculations—based on a heavy-particle hybrid model—
show that in abnormal glow dischargesvaries considerably with changing discharge conditions: a factor of

3 change ofy has been found in the range of reduced current densities (0.04 mA& Bonr 2<j/p?

<4 mA cm 2Torr 2) covered in this study. The present simulations also confirm that ionization by heavy
particles plays a significant role in the ion production at the abnormal cathode fall. Moreover, it is shown, that
the fast heavy particles reflected from the cathode surface play the dominant role in the gas heating.

DOI: 10.1103/PhysReVE.64.026401 PACS nunider52.80.Hc, 52.65-y

. INTRODUCTION ment between the calculatatlj curves of the discharge and
the experimental datfl5]. While discharge models have
In the last decade a better understanding of the operatioeen getting more and more complex in the last years, some
of low-pressure dc glow discharges was achieved by the desf the studies pay marginal attention to the issues related to
velopment of complex numerical models. Using fluid andthe secondary-electron emission coefficigntin some of
“electron-ion” hybrid models—that combine fluid descrip- the recent papers reporting on sophisticated modeling studies
tion of slow electrons and ions with particle simulation of the used value of is not even communicated.
fast electrons—several discharge characteristi@sg., For the case of homogeneous electric field “effective”
voltage-current curves, electric field distribution, chargedelectron yield values including the effect of all surface and
particle densitigswere calculated in a self-consistent way gas-phase charge-creating processes became recently avail-
for various discharge configuratiofis—6]. Additional infor- ~ able [16—-19. However, while these effective yield data
mation about cathode sputtering, gas heating, and heavygiven as a function of reduced electric fitdn) character-
particle excitation of spectral lines was also obtained withze well discharges with uniform electric field, they are not
“heavy-particle” hybrid models that include the simulation directly applicable for the simulation of discharges with
of the motion and the collisions of heavy particlégpically ~ well-developed cathode fgIR0].
ions and fast neutral§7—-13. The primary aim of this paper is to present self-consistent
The basic input data set of hybrid models consists of colcalculations of the apparent for cathode-fall conditions in
lision cross sections, mobility and diffusion coefficients, asabnormal argon glow discharges, with “practical” copper
well as the operating conditions of the dischafgkectrode cathode surfaces. The apparentor the cathode-fall region
geometry, pressure, voltagdo calculate the voltage-current is analogous to the effective yield data for homogeneous
density V—j) characteristics of the discharges it is also necield. The present calculations of are based on a heavy-
essary to prescribe the ratio of the electrpn)(to ion (j *) particle hybrid model, which makes it possible to determine
current density at the cathode surface, i.e., apparent the flux-energy distributions of heavy particles in the cathode
secondary-electron emission coefficient: sheath. From these distributionscan readily be obtained
using published values of the energy-dependent electron
i yield of Ar* ions and fast Ar atomf16]. For the range of
V=7 . (1)  discharge conditions covered in this study, secondary-
I I cathode electron emission due to these two types of particles is domi-
nant. The effect of argon metastables is expected to be at
The several possible electron emission mechanigas  least an order of magnitude less importgbé]. Besides the
to the impact of ions, fast atoms, metastable atoms, and ubelf-consistent calculation of, the dependence of the calcu-
traviolet photongsare usually not treated separately in mostlatedV-j characteristics of the discharge on different model-
discharge models. Thus the apparenhas to include the ing assumptionsconstant/variabley, effect of gas-phase
effect of all the relevant mechanisms as accurately as poseavy-particle processes, and gas heatisglso examined.
sible, since the calculated discharge characteristics senssection Il describes the modeling network, its assumptions
tively depend on the value of, see, e.g[14]. As an alter- and input data, as well as the interfacing of the submodels.
native technique, when the electrical characteristics ar@he results are presented and discussed in Sec. Ill, while
known from an experimenty can be adjusted to reach agree- Sec. IV summarizes the work.
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Il. DISCHARGE MODEL gradients near the cathode induce nonequilibrium transport
The one-dimensional heavy-particle hybrid model Con_of particles, t_he ionization source functio.n can_be more ac-
sists of(i) a two-component fluid code for Arions and slow curately obtained from Monte CarlC) simulation .Of the
electronsii) Monte Carlo simulation modules for fast elec- fast eIectron.$22]. The electrons, that have lost their energy
trons (in order to obtain an accurate ionization source func-N the negative glow and are no longer able to produce any
tion), argon ions Af and fast neutral atoms Afin order to additional ionization, are transferred from the MC simulation

obtain the fluxes and energy distributions of these species ¥ the slow electron group in the fluid modske e.g[3-6)).

the cathode surfageand (iii) an additional module for the N order to obtain accurate energy distributions of heavy par-
calculation of the gas temperature distribution in the dis-icles, their motion is traced by Monte Carlo simulation in
charge gap. the cathode sheath, similar to the case of fast electrons.

Molecular ion formation and recombination processes, as The elementary processes considered in the Monte Carlo
well as the backscattering of electrons from the anode argsubmodels for electrons, positive ions and fast atoms include
neglected in the model. The electrodes are assumed to ledastic scattering of the projectiles, as well as excitation and
parallel, infinite planes, separated by a distabhc€athode ionization of Ar atoms by the projectiles. The cross sections
sputtering is not taken into account due to the relatively lowof the elementary processes—taken from PhEl8s-25—
values of the reduced current density. are reproduced in Fig.(4).

The principal variables of the fluid model are the positive  The scattering of electrons in elastic momentum transfer
ion and slow electron densities;(x) and ne(x), respec- and excitation collisions is assumed to be isotropic. In the
tively, and the electrostatic potenti&l(x). These variables case of electron impact ionization, the energies of the scat-
can be calculated self-consistently from the continuity andered and ejected electrons, and the directions of their veloc-
momentum transfer equations for the charged species, ang vectors are calculated in accordance with the procedures
from the Poisson equatio.g.[3-5]) described in Refg26-29.

an a(nvy) The cross section of the isotropic part of the elasti¢ Ar
= (2 +Ar collisions (Q;) is taken from Ref.[25], while the
charge transfer cross sectifimackward part of elastic scat-
tering, Qp) is obtained from the momentum transfer cross

ot X ’

dNe  d(NeVe)

T o S., (3) sgction Qm) as Qb=(Qm—Qi)/2 [25]. In isotropic colli-
sions the scattering and azimuth angles are chosen to reflect
a(n.D) isotropic scattering in the center-of-magssm., system. The
NV, =n;uE— ——_ (4) energy sharing of the collision partners is determined from
X the scattering angles, see, €.@]. In charge transfer colli-
(D) sions the resulting fast atom keeps the velocity of the incom-

' (5)  ingion and the “new” ion is assumed to start from rest.

Ix The cross section of the elastic /ArAr collision in iso-

d tropic approximation iQ?=(3/2)Q, , whereQ, is the vis-

_V - E(ni —ny), (6) cosity cross sectiof23]. The calculation of scattering angles
dx €0 and energy sharing is carried out in the same way as in the
case of A +Ar collisions. The scattering of particles in
inelastic heavy-particle collisions is assumed to be isotropic
in the c.m. system.

NeVe= —NeieE—

wherev, andv; are the mean velocitie§, and S, are the
source functionsu. and u; are the mobilities, an@®. and
D, are the diffusion coefficients of slow electrons and ions,

respectivelyg is the elementary charge, agglis the permit- T-he charge and momentum transfer CO"'S'On.S of heavy
tivity of free space. The mobility of electrons, is taken to particles create fast argon atoms that play a dominant role in

be 3x10°%p cm?V~1s~! (with p given in Tory [21], and the heating of the gas and in the sp_uttering of the cathode
their diffusion coefficienD, is chosen to result a fixed 1 ev [29)- In the Monte Carlo modules the ions and fast atoms are
characteristic energy for slow electrof-5]. For the Ar" traced until they' reagh the cathode surface or—in the case of
ions, the mobility is taken froni16] andD; is set to result ~fast atoms—until their energy falls below a threshold energy
D;/u;=0.026 eV=kT, (at a gas temperatuig,=300 K). (8‘.“’ see latey when they can be considered thgrm_allzed.
At the solution of the above set of equations the sourcd his way the energy of each fast atom and positive ion can
functions of ions and electrons are needed as input data. InR¢ calculated upon arrival to the cathode surface. Besides the
“pure” fluid approach the source functions are calculatedions created in the cathode sheath, the flux of ions arriving
using the “local-field” assumption: from the negative glow is also taken into account.
Let N; andN, denote the number of ions and fast atoms
E(x) arriving to the cathode due to the emission rimar
Si(X) = Se(x) = ai(T) bel(X), () electrogns from the cathode. In stationary state’\?{h%se io)rqs and
fast atoms have to induce the emissionNyf “new” elec-
wheren is the gas densityg; is the first Townsend coeffi- trons from the cathode, in order to ensure that the discharge
cient, and¢, is the electron flux. As the large electric field is self-sustained, i.e.,
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secondary-electron yieldprobabilities of the emission of an
electron from the cathode due to the impact of a positive ion
or a fast atomande is the energy of théth ion or atom.
The ratio of the electron to the ion current density at the

5 cathode (being itself the appareny) equals to the ratio
g No/N;, which gives a way to determing:

g Ni Na

2 > (et 2, Yalsw

o k=1 k=1

[$] .

Y= N 9

In the simulations presented here thg(e) and y;(¢g)
data are taken from Phelps and Petrd\ié], and are shown
in Fig. 1(b). The data characterize “practical” or “dirty”
cathode surfaces. The electron yields of such surfaces can be
10° LR LLL B R AL LR L significantly different compared to those obtained in ion
beam experiments with heavily sputtered samples in ultra-
high vacuum environment.

After completing the Monte Carlo simulation of fast elec-
trons, ions and fast atoms, the source functions of ions and
slow electrons are normalized:

10'
particle lab. energy [eV]

Ar " ion impact

j Ny

SO0 = AT 177)Ax Ny’

(10

Ar " atom impact

electron yield per ion or atom

10" —— """'1 —— — wherej is the current density calculated in the previous fluid
10 10 10 10 cycle, andN, is the number of iongslow electronscreated
ion or atom energy [eV] in the slab of widthAx aroundx due to the emission dfl,

3 1.0 T T primary electrons from the cathode.
g i The gas temperature distributidi(x) is calculated simi-
§ 08 - larly to the manner described by Rewalal. [11]. The heat
> i conductivity equation
S 06
s o 2
5Ll FTy00 PO _ )
2 Ar + Au/ Pt (expt.) 4 dx? K
L 02 —e—Ar+Cu(expt) o _ _
° Ar + Cu (assumed) | where P(x) is the gas heating source term ane
£ oo Lol vl vl i =0.0177 Wrﬁl_K*l, is the thermal conductivity of argon
g 10" 10° 10' 10? 10° gas, is solved with the following boundary conditiorid]:

(1) fixed anode temperaturgé,=Ty(x=L)=300 K, is used

and (2) specified temperature gradient in front of the cath-
FIG. 1. (a) Cross sections of elementary processes used in thede,

heavy-particle modgl23-25. The solid line§—) indicate electron

collisions (1: elastic, 2: excitation, 3: ionizatipnthe dashed lines

(- - -) indicate A" cross sectiong4: isotropic part of elastic scat-

tering, 5: backward elastic scattering, 6: excitation, 7: ionization

and the dotted lines-( -) indicate fast Ar atom cross sectio(& is assumed, where is the thermal accommodation coeffi-

isotropic elastic scattering, 9: excitation, 10: ionizajidb) Energy cient, C, is the specific heat of the gas at constant pressure
dependence of secondary-electron yield due to6 and Af impact ;] %nd v, are the mass, the density, and the average,
S S ) ]

[ H ” H p1
onto *dirty” copper surface[16]. (c) Fractional energy loss of thermal velocity of Ar atoms in front of the cathode, respec-
heavy particles bombarding a copper cathode surface. The thin ling

and the solid circles indicate the experimental data of R831], tlvefly, ar!d ATﬁ 'Z_;fhe temp;err?ture g]urgp at the cathc(;de
the heavy line shows the data assumed in the model. surface, I.e., the difference of the cathode temperaipign

the gas temperature in front of the cathdde
N, N, The thermal accommodation coefficiemtdescribes the
(eu)+ e)=N 8 extept of energy exchange between the cathode and the slow
kgl vilew gl va(e)=No ® particles colliding with it. Ata=1 the backscattered par-
ticles attain the temperature of the cathode, whileat0 no
must hold, wherey;(e) and y,(&) are the energy-dependent energy exchange occurs during reflection. For the interaction

ion or atom energy [eV]

daT
dx

2 N ¢
= ﬂcpmpATsT (12)

K

cathode
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of fast particleqthat can have energy up to several hundred 380 _X Rozsaetlal AL
eV s in the cathode sheatwith the cathode surface different | - Stefanovic and Petrovic® X ]
assumptions are used in the modeling literature. In the 360 |- —m— pL = 0.5 Torr cm .
present model it is assumed that the particles are reflected - —@— pL = 1.0 Torr cm X .
from the cathode with a fraction of their kinetic energy. The 340 [-_a— pr = 1.5 Torr em / 7
investigations of Winterst al.[30] and Coufalet al.[31] for = 320 [ ]
different gas(atom and ioh + metal combinations indicate = I .
that the fraction of kinetic energy deposited to the cathode % 300 |- .
increases with the kinetic energy of incoming particles. For o i 1
argon ions and atoms falling onto a copper surface, only S ]
relatively high-energy datas&=100 eV) are available. In 250 | ]
the present model the data for Ar Pt are used for lower " () .
energies, scaled up by-20% to fit the higher-energy Ar 240 | -
+Cu data at 100 eV, see Fig(cl. Since the fractional en- L .
ergy deposited to the cathode increases with increasing pro- 300 | 0.1 1 .
jectile energy, the energy of the reflected particles is rather . ! f=——p
limited, as it was already pointed out [82]. Nevertheless, Wil 7 () caleuation o ==H==T11
the present study indicatésee later that the reflected par- S 800 \ T
ticles (fast atoms and fast neutralized ipmsake significant g A
contribution to the heating of the gas, thus their effect cannot & 280 | .
be neglected. < _ 1
The gas heating terR(x)—arising from the thermaliza- 260 | T (X)W:;(Zttlaﬁon 4
tion of fast heavy particles—is calculated according to the ¢ )
procedures described by Bogaeetsal. [12]. The threshold a0 L () i
energy, at which a particle is considered to be thermalized, is o
chosen to be nine times the average thermal energy of argon 0.01 iy ] .

atoms, e, =9 X (3/2)k Ty(x). 5 " _2
At the solution of the set of fluid equatiorf®)—(6) and j/p [mAcm " Torr ]
the heat-conductivity equation the computational grid has a ) -
resolutionAx=L/300. To obtain the self-consistent solution _F'C- 2. Voltage—reduced current density characteristics of Ar
for a given set of discharge conditions the submodels are ruﬁscharges(a) obta!ned from the one-dlmenspnal heavy-particle
9 g
iteratively until the stationary state is reached. Most of the ybrid model for differenpL values, and experimental data from
. . L . the literature: - - - -[35] and - - * - -[36]. (b) results of the heavy
rgsults presented in the forthcoming section are obtauneé-",;lrticle model atoL=1 Torrcm, with and without gas heating
with the “full” model. However, some results are also {,.on into account.
shown, that were obtained neglecting gas-phase heavy-
particle processes or gas heating in the calculations. The e§jight negative slope appears for the two highest values of
fect of local-field ionization assumptiofEq. (7)] is also  pL. This behavior is caused by the increaseyefs) and
demonstrated. va(g) with increasing particle energy, see Figb)l (The
energy of particles rises with increasing current density that
Il. RESULTS results in a shortened cathode sheath.
Two sets of experimental data are also plotted in FHg).2
The voltage—reduced-current-densifyf?) curves of the The voltage-current density data of Raet al. [35] were
argon glow discharge atpressurgx (electrode separation obtained with a 43-mm diameter copper cathode mounted in
valueg pL=0.5 Torrcm, 1 Torrcm, and 1.5 Torrcm, calcu- a six-way metal cross that itself served as the anode. Thus no
lated with the heavy-particle model are plotted in Figg)2  definitepL value can be assigned to this experiment. In the
The data are obtained at fixed gas pressprel Torr) and  experiment of Stefanoviand Petroviglane-parallel, 54-mm
different electrode separations. In the rangepaf values diameter electrodes were used, and the electrical characteris-
studied the cathode shedttathode dark spat@nd negative tics were measured for differeptL values[36]. Their data
glow parts of the discharge exist between the electrodes. Thehown in Fig. 2a) were obtained apL=0.5 Torrcm. The
length of the cathode sheath ranges betweei®.1 cm and results of the present calculations are in very good agreement
0.4 cm, depending on the current density. The rest of théwithin 10 V) with this second set of experimental data, for
discharge gap is filled by the negative glow. As it can be seethe range ofj/p? covered in the experiment. Thé—j/p?
in Fig. 2(a), the discharge voltage dependspmin, a decreas- curve obtained by Resaet al. exhibits a steeper slope com-
ing pL value results in an increasing discharge voltage. Atpared with the results of the present calculations. The slightly
further reducedpL—when the negative glow is getting lower voltage than the one calculated apL
suppressed—the obstructed discharge mode would be estab41-1.5 Torrcm may be due to the large cathode-anode dis-
lished[33,34]. It can also be seen in Fig(& that the dis- tance in this experiment. At high currents, on the other hand,
charge voltage tends to saturate with increagifief, espe-  the heating of the cathode may be the cause of the increased
cially at higher pL. Above j/p?~4 mAcm 2Torr 2 a  voltage.
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R e e s B i e 400 ——
- I [ effective y i - —O— E-l model ,:' .
“— [ -
2 ! for homogeneous vy=0.01(E/n)
o / . 350 ¢ -
c 0.8 | /-~ field ;
© / - —®— H-P model
W
(7]
2 - —_ | ycalculated
g > 300
> 0.04 |- — |
[} (0]
e} ()]
§ s 8 250
g s |
;C: 0.02 - , B pl=05Torrcm )
5 S ® pl=1.0Torrcm 200 —0O— E-l model
§ i A pl-15Torrem ] | v=0.06 .
ooo Lt o 0 w0 0t n 111, —mB— H-P model
0 2 4 6 8 10 12 14 16 18 20 150 - ’ v=0.06
M sl A sl . "
E/n) . [kTd
(E/n) ¢ [Tl 0.01 0.1 1 4
FIG. 3. Apparent secondary-electron emission coefficient as a j/pg[ mA cm 2 Torr'z]

function of the reduced electric field at the catho@#n(), for dif-

ferent values opL, and the effective electron yield data of Phelps  FIG. 4. (a) Comparison ofV-j/p? curves obtained from the

and Petrovid16] for homogeneous electric field - -). heavy-particle(H-P) and the electron-iofE-l) hybrid models with
different assumptions oty. The dashed line labeleld shows the

The increased temperature of the cathode surface couFcpar‘"’mensuCS obtained from a *pure” fluid model with= 0.06.

easily be included in the model, but because of the lack of
experimental data this advantageous feature of the model §4 MAcm ?Torr 2) shows that it would be more appro-
not used. Therefore the cathode temperature is assumed to peate to calculatey in discharge models rather than using
T.=300 K throughout the calculations. It has to be men-any constant value for it.
tioned, too, that in the range of currents where gas heating The (E/n)-dependent effective electron yield dai#] for
effects and the increased cathode temperature become impfemogeneous field are also plotted in Fig. 3. At reduced
tant, the electrical characteristics of the discharge are exields E/n~3—-4 KkTd the appareny for the cathode fall is
pected to depend on the experimental conditigsteady- near the effectivey value characterizing a homogeneous
state or pulsed discharge, cooling of the cathode field distribution. Under such conditions the cathode fall is
In usual experiments the increasing cathode temperaturelatively long and the gradient of the electric field is rela-
and/or the radial diffusion loss of charged particles compentively small. Consequently the motion of ions and fast atoms
sates for the saturation/negative slope of the calculatets expected to follow the local value &/n to a reasonable
V-j/p? curves at high current densities. In fact, when the gagxtent. At increase®/n, however, the apparent obtained
temperature is kept di;=300 K in the calculations, a slight for the cathode fall is well below the effective yield data
negative slope is already observed in th@p?  obtained for homogeneous field, since the energy of heavy
=1 mAcm ?Torr 2 range of reduced current density. This particles is lower in théclosely linearly changing electric
is illustrated in Fig. %) where theV-j/p? curve is plotted field with a peak value of &/n)., compared to that in a
for pL=1 Torrcm, with and without gas heating taken into homogeneous field witk/n=(E/n);.
account. Apart from avoiding the negative slope, the gas Figure 4 compares the-j/p? curves calculated with the
heating only slightly affects the electrical characteristics ofheavy-particle hybrid model and an electron-ion hybrid
the discharge. model(that neglects gas-phase heavy-particle procgstes
The results of the calculations show that the apparent se@@L=1 Torrcm and taking different assumptions fer In
ondary coefficienty calculated from the flux-energy distri- the case of the heavy-particle model, besides the calculated
bution of heavy particlefEq. (9)] can be well approximated 7, the V-j/p? curve is also obtained using a fixed valug (
as a function of the reduced electric field at the cathode sur=0.06), while the electron-ion model is used with this fixed
face E/n)., regardless of the value @fL, see Fig. 3. Con- value ofy and with the apparent yield given by E43). The
sidering all values opL, the data can be approximated in the heavy-particle model with the constaptassumption results
3 kTd <(E/n).<20 kTd range (1 Te10 ?1Vm?) by: in about 100 V lower discharge voltage at low currents, com-
pared to the simulation with the calculated A similar dif-
ference between the/-j/p? curves is found with the
y=0.01(E/n)2*. (13)  electron-ion hybrid model using=0.06 and takingy from
Eqg. (13). The saturation of discharge voltage with increasing
j/p? is not observed whew is kept constantboth in the
The fact thaty changes by a factor of 3 in the range of electron-ion hybrid model and in the heavy-particle madel
(E/n),. studied(corresponding to 0.04 mAcnt Torr 2<| For comparison th&/-j/p? curve calculated with a “pure”
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oM —T—TrT7TT7T" T T T T T 1017:'|-|-|-|
B pl-05Torrom [ electron impact
® pl=1.0Torrcm ’/
008 A pi=15Torrcm .
%]
L (?E electron impact rate without
o 1 0 heavy - particle jonization
0.06 - 2
Y - atom impact (@)
c
. - -% ion impact
E p=1Torr
0.04 S V=312V
06 10° E
i ¥=0.01 (E/n) 1 3
c | I R R R
0.02 |- - 0.0 0.1 0.2 0.3 0.4 0.5
x [em]
17
0100.I.I.I.I.I.I.I.I.I. 10: ' ' ! '
0 2 4 6 8 10 12 14 16 18 20 1 atom impact (b)
(E/n) . [KTd] e
w
FIG. 5. Values of apparent secondary coefficightto be used 'g
in electron-ion hybrid models to obtain the saXhg/p? behavior as 5 e
predicted by the heavy-particle model withcalculated in the self- s Ok
consistent way. The dashed line shows a fit to the results of the 5 ion impact
heavy-particle model. 5 electron impact
[3]
x
fluid model[assuming local-field ionization, E¢7)] and us- ®
ing a constanty=0.06 is also plotted in Fig. 4. The results of
this model significantly disagree with the results of both the PPCH N T S T R T
electron-ion and the heavy-particle models. 00 01 02 03 04 05
The difference of the discharge voltage predicted by the x [em]

electron-ion and heavy-particle models using the sanig o i )

attributed to the effect of heavy-particle ionization: the" Ar FIG. 6. Contribution of electron/ion/fast atom impact processes
+Ar and Af+Ar collisions create additional charges low- © (@ fon production rate andb) excitation rate.p=1 Torr, V
ering this way the discharge voltage needed to sustain 3 S0 Y+ 1=3.1 mAcm The heavy line in(@ shows a de-
given current. This effect indicates that the apparent electroﬁreased electron impact lonization rate due to neglection of gas-
yield values obtained from the heavy-particle calcuIationsgha“':'e heavy-particle processeote that the graphs show only

- ; ) : : If of the disch ion.
are not directly applicable in electron-ion hybrid models. To alf of the discharge region
obtain the sam&-j/p? curves as the ones resulted from the \yhich is also valid in the 3 kT (E/n),<20 kTd range.

heavy-particle model, an increased emission coefficint |, the case of short gap discharges the use of a somewhat
has to be used in electron-ion models. The valueg*otan higher y* has to be considered.

be obtained by “turning off” gas-phase heavy-particle pro- “rigure 6 illustrates the contribution of electron impact and

cesses in the present model, and by adjusing sustain the  peayy-particle impact processes to the ionization and excita-
same current that has been obtained in the simulation includion of the gas. The discharge conditions are1 Torr, L

ing heavy particle processes. o =1 cm, V=312 V andj=3.1 mAcm 2. The results in-

~ The secondary coefficient —shown in Fig. 5 as a func-  gicate that the electron impact ionization/excitation plays the
tion of E/n at the cathode surface—is always higher than  gominant role in the sustainment of ionization and in the

Unlike in the case ofy, y* exhibits a dependence on the ¢reation of light emission from the discharge. Nevertheless,

value of pL. This dependence is relatively weak until the yery near the cathode, the major part of excitation is caused
discharge approaches the obstructed state, when some of th¢ heavy particles, mainly by fast atoms. The ove(afia-

high-energy electrons reach the anode and get absorbed. Thiglly integrated contribution of heavy particles to the total
is indeed the situation giL=0.5 Torrcm. In this case the jgn production may seem negligible according to the data
share of heavy-particle ionization becomes more importangnhown in Fig. 6a). However, the “extra” electrons created in
as it always occurs near the cathode. Taking into accourir+ + Ar and Ar' + Ar collisions are born very near the cath-
only the y* values obtained apL=1 Torrcm and 1.5 ode and basically behave like primary electrons emitted from

Torr cm, a reasonable approximation fgt is given by the cathode. The ionization caused by these electrons shows
. 0.76 up as electron impact ionization rate in Fig. 6. Neglecting
y*=0.008 E/n)¢ ", (14 these electrons, a significant reduction of the ionization rate
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10'E . I v I . L F T T ' 1 T 1_
3 . [ —fast atoms £ ‘o r . with reflected atoms _!
s 10 ———— ions 2
é F GE; 10° r without reflected 3
% 10 " E 10° r \__\. atoms .,
é 10°F e 10° [ [P NP B N
= E 0.0 o2 04 06 0.8 1.0
2: x[cm]
% 50 100 150 S '
325 | -
energy [eV] s with reflected 4
320 |- atoms -
FIG. 7. Flux-energy distribution of heavy particles reaching the I / J
cathode surfacgg=1 Torr, V=312 V, j=1.3 mAcm 2. < 315 H 4
is observed in the simulations, abea0% for the above set 8@ a10 | without reflected ]
of discharge conditions. Such a difference in the ionization ~ a:?ms b |
rate explains the deviation of thé-j/p? curves calculated 305 b/ - i
from the electron-ion and heavy-particle models. |/ Tl i
The flux-energy distribution of heavy patrticles is plotted 300 b——1 1 1 “io-e
in Fig. 7, forp=1 Torr, V=312 V andj=1.3 mA/cnf. 00 02 04 06 08 10
The present results—in agreement with earlier studies— X [cm]
show a high flux of fast atoms, compared to the flux of ions. 350 T b
Part of the ions present in the cathode-fall is created in the - 1
cathode fall, while a comparable number of ions flows there 340 - -
from the negative glowifrom the region situated at the cath- L .
ode side of the field-reversal plahg7]). ¥ 330} 4
The gas heating effect of the particles reflected from the ~ 5 ]
cathode can be simply estimated by considering the ions S 390 b i
flowing to the cathode sheath from the negative glow. These g | )
ions can be accelerated up to the energy corresponding to the 310 L |
full cathode-fall voltage. Due to the Ar-Ar collisions, | © -
however, very few of them arrive to the cathode with this N -
. . . 300
high energy—most of them deposit their energy to fast at- 0.01 0.1 1 4

oms. Nevertheles§if we neglect ionization by heavy par-
ticleg the total energy available to heat the gas by an ion
entering the cathode fall region from the negative glow, cor-
responds to the cathode fall potential. For the discharge cong
ditions p=1 Torr, V=312 V andj=1.3 mAcm 2, this

j/p [mAcem® Torr?]

FIG. 8. (a) Power input per unit volume of the gas aflf) gas
mperature as a function of distance measured from the cathode
with (——) andwithout (- - - -) reflected heavy particles taken into

deposited(heating energy is found to be only 11 eV/ion j.count atp=1 Torr, V=312 V, j=1.3 mA cmi 2 (¢) Peak
(averaged over a high number of ions entering the cathodg, e of the gas temperature profile as a functiorj/@P for pL

fall), and the rest of the energy is carried by the particles ta-1 Torrem.

the cathode £300 eV). After reflection from the cathode

(where most of the energy is absorpéte particles still have value of the temperature profile is shown in Figc)8as a
~20 eV energy altogether. This amount of energy—whichfunction of reduced current densifwith reflected particles
is about twice greater than the energy deposited by the iontsken into account The results indicate that in the current

and fast atoms on their way towards the cathode—is found tdensity range covered in this study the increase of the gas
be entirely deposited into the gas. temperature is rather moderate 20%). It is expected, how-

The power input into the unit volume of the gdwating  ever, to become important at higher current densities, since
term) has been calculated with and without considering theT .. increases rapidly with increasirjgp?. These observa-
reflection of particles; the results are shown in Figg)8for  tions show that the heavy particles reflected from the cathode
p=1 Torr, V=312 V, j=1.3 mAcm 2 discharge condi- play a dominant role in the heating of the gas and that an
tions. The gas temperature profile obtained at the same coaccurate description of the reflection process is essential for
ditions is plotted in Fig. &). It also shows a considerable accurate gas heating calculations, especially at higher current
difference as an effect of reflected heavy particles. The peattensities.
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IV. SUMMARY ence can be compensated by using an increased secondary

Self-consistent calculations of the apparent secondary co.nisston coefficienty” in electron-ion hybrid models. The

A o .
efficient y for cathode-fall conditions in an abnormal argon values ofy™ are found to exhibit a slight dependencejeln

) . . when plotted as a function o&(n)..
glow discharge are reported. The simulations are based ona The calculations show that it is important to take into

hybrid model incorporating gas-phase heavy-particle pro- . : )
cesses and the calculation of the gas temperature profile. Tﬁccount the reflection of fast heavy particles from the cath

€
apparenty is determined from the flux-energy distribution of

ode surface. While the energy of these particles is limited
Ar* ions and fast Ar atoms reaching the cathode surface. due to the increasing fraction of energy deposited to the cath-
It is found that the appareng is determined by the re-

ode, they transfer all their energy to the gas after the reflec-
L . . tion. Thus a proper description of the reflection process may
?nlazepdeﬁéicg:'ggfl?:;t tLheergzgheogFt/r?e)Cr,edal?ge(ljscz?rsefw?l(ljyen be essential for accurate simulations of discharges at higher
o S ; “current densities. The heating of the gas, on the other hand, i
sities covered in this work (0.04 mA cmTorr 2<j/p? N SINes g g S
<4 mAcm ?Torr ?) the apparenty increases by a factor

found to have relatively small influence on the electrical
. e . ) characteristics of the discharge, for the range of discharge
of 3. This result shows that it is advisable to calculgtéen g g g
discharge simulations as carried out in this work—instead o

Fonditions covered in this work.
. . The apparent secondary emission coefficients obtained
assuming any constant value for it, as done frequently.  pere may e used in future electron-ion and heavy-particle
The voltage—reduced-current-density/-{/p%) curves  ,qels of abnormal glow discharges. It is noted, however,
for the discharge are obtained for differepL values and 5 the accuracy of the present results depends on the un-
with different modeling assumptions. Using the heavy-ceqainties of the energy-dependent secondary coefficients
_partlcl_e hybru_j model it is shown that dg_creglsmg results vi(¢) and y,(s) used. These values depend sensitively on
in an increasing discharge voltage at giyép®. The calcu-  the gyrface conditions of the cathode material. The values
latedV-j/p* curves show a good agreement ;’V'th eXperimeny;seq in this work correspond to “practical” or “dirty” cath-
tal data[35,36. The comparison of th&-j/p* curves ob-  ,qe surface$16]. On the other hand in the case of heated
tained with the self-consistently calculated and with @ 414 well annealed surfaces, or different cathode materials
constanty (0.06 show a significant difference of discharge (e.g. molybdenium or different gasede.g. helium, which

. L . 2 A ) . ) . .
voltage, especially at low currentsAY~100 V at j/p has a higher ionization potential and consequently a different

<0.1 mAcm *Torr ). The differences between the elec- pehavior of they;(¢) and v.(c) coefficients the present
trical characteristics obtained with and without gas-phasgesyits may not be directly applicatas].

heavy-particle processes considered point out the importance
of heavy-particle ionization of the gas in the cathode-fall
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