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Negative differential conductivity of electrons in pure rare gases
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A mechanism for negative differential conductivity (NDC) in pure rare gases is presented. The drift

velocity of electrons in these gases has been calculated using the two-term expansion of the anisotropic

electron energy distribution function in Legendre polynomials. In ionized rare gases (viz. Ar, Kr, and

Xe), Coulombic collisions cause electron drift velocity to become a decreasing function of the electric

field for specific energy levels and over a certain range of electric field strength. A detailed investigation

of the effect of Coulomb interactions and electron collisions with excited atoms on NDC has been per-

formed.

PACS number(s): 52.20.—j, 52.25.Dg, 52.25.Fi

I. INTRODUCTION

Negative differential conductivity (NDC) defined as the
decrease in the drift velocity of electrons (or holes) with
increasing electric field has been observed in weakly ion-
ized gases [1,2] and in semiconductors [3]. This
phenomenon induces spontaneous oscillations in exter-
nally sustained direct-current (dc) gas discharges [4—6],
and is important for gas lasers [7,8] and devices detecting
nuclear radiation [9—11]. Drift-tube measurements of
the electron drift velocity in gaseous mixtures with NDC
are used to normalize (scale) electron-molecule collision
cross sections [12—14].

The occurrence of NDC has been explained in terms of
the special features of the elastic and inelastic collision
cross sections of the electron [15,16]. NDC can occur
when the combination of the electron elastic and inelastic
cross sections is such that an increase in the reduced elec-
tric field E/X (E is the electric field strength and X is the
gas number density) leads to an abnormally large increase
in the elastic collision frequency. The resulting enhanced
randomization of the directions of the velocity vectors
can decrease the drift velocity even though the mean
electron energy increases. The combination of the rapid-
ly increasing elastic cross section for Ar, Kr, Xe above
the Ramsauer-Townsend minimum and the vibrational
excitation cross section for some molecules is known to
produce the NDC eff'ect when the specific mole fraction
of the molecule in the gas mixture (rare-gas atom and
molecule) is small. Recently it has been shown that NDC
may be observed in mixtures with helium (He) in place of
molecular gas (i.e. , rare-gas mixtures) [17,18]. In this
case, the greater energy exchange in collision between
electrons and He because the smaller mass of He plays an
analogous role to weak inelastic collisions in
molecule —rare-gas mixtures.

We present in this work a new mechanism for the oc-
currence of NDC, which may be observed in pure rare
gases. This paper reports that results of calculations of
the drift velocitv of electrons in Ar, Kr, and Xe predict

that NDC can occur in these gases at certain values of
degree of ionization when Coulomb collisions become im-

portant. At such values of degree of ionization, there ex-
ists in the plasma singly ionized atomic and molecular
ions, the total number density of which is equal to the
electron number density. We study the e6'ect of the e-e
(electron-electron) interaction and the collisions between
electrons and excited atoms on NDC.

II. MODEL CALCULATIONS

We would like to point out that the rare-gas plasmas
under consideration here are weakly ionized, meaning
that the degree of ionization a = n /X (where n is the elec-
tron number density) is in the range from 10 to 10
The physics in weakly ionized plasma divers greatly from
that of plasmas that are fully ionized (a= 1). The funda-
mental processes adopted in our model calculations are
typical of those used in modeling weakly ionized plasmas.

Solving the Boltzmann equation with the two-term ex-
pansion of the electron distribution function in Legendre
polynomials, we calculate the electron drift velocity,
which can be written as [19]

1/2
eE 2 - E ~fo

W= BE
3X m o o. Bc

where e and m are the electron charge and mass, respec-
tively, 0. is the electron-atom collision cross section for
the momentum transfer, fo(E) is the isotropic component
of the electron energy distribution function (EEDF). The
processes considered here are the e e, e i(electron--i-on)
elastic collisions, the elastic electron-atom scattering, the
direct and stepwise excitation and ionization of atoms by
electron impact. Any inelastic e-i collision may be
neglected because of the low degree of ionization con-
sidered here.

The role of e-e collisions in the formation of the aniso-
tropic component of the electron energy distribution
function is implicit (see, for instance, [20]), because these

1063-651X/96/53(3)/2730(5)/$10. 00 53 2730 Qc 1996 The American Physical Society



53 NEGATIVE DIFFERENTIAL CONDUCTCTIVITY OF ELECTRONS. . . 2731

~ ~

collisions conserve the electron momentum. The ener
exchan e in e-eg

' e-e collisions is very effective and it
n um. e energy

ma be cha
e, an its rate

y c aracterized by the effective cro t fe cross section of the
or er of 10 cm at energy equal to 1 eV. The e-
lisions exert an irt an infIuence on the shape of the EEDF. The

o e . ee ecol-

contribution from e-e-e collisions become comparable to
electron-atom collisions when the de r
o.=n

en e egree of ionization

10-'.
a=n (where n is the electron numb dm er ensity& is about

The momenentum transfer cross sections for Ar, Kr Xe
are taken from [21]. At hi h 1

' '
sig electron number densities

efficient excitation of atoms b 1s y e ectron impact can in-
crease strongly the fraction of excited atom Th foms. ere ore,

collisions
ave a so carried out a calculat t k'a ion a ing into account

co isions between electrons and atoms in the first meta-
stable state includining excitation and quenching of the ex-
cited atoms. The cross sections of interactions of elec-
trons with excited Ard Ar and Kr are taken from [22], and
the data in [23] are used for Xe.

III. RESULTS ANB DISCUSSIONS

10' g

lp 2—

1P-3
0

~ (eV)

gy distribution functions in Xe at theFIG. 2. Electron ener i
follo~jng values of E/N in V cm 4 X 10 ' (f(full curves);

(broken curves). (1) o, =0; (2) 10;(3) 10

Figure 1 shows the calculated iL)

E/N for several
cu ated iL) in pure Xe versus

atoms 6=%*
va ues of o. and fractions fo excited

/N (the excitation degree, and N* is the

The rocesse
number density of the atom in th fiin e rst metastable state).

electrons, ions an
e processes considered are collisions of 1 to e ectrons with

ec rons, ions, and ground-state and excited atoms. Col-
lisions with an Xe atom in the fi
su t in the ex

'~ ~ ~

n e rst excited state may re-
h excitation to the next excited t t

'
h

of electron energy of 1.16 eV th
s a e wit a loss

, or e ionization or deexci-
tation to the ground state. NDC is cl
at not too hi h an

is c early seen to occur
no oo ig and not too low degree of ionization. The

results for pure Xe at 6 =0 arare surprising since it was pre-
vious y assumed that NDC occurs onl frs on y or systems for

ere exists some inelastic co hsto processes
or elastic collisions with light t 'H

In order to explain the origin of the NDC eff
pure rare as wi

e e ect in a
gas with Coulomb collision, we show in Fig 2

EDF s in pure Xe for different 5 and E /Nn an for 6=0. At
ow, co isional relaxation of electrons with ener c

respondin to the R
s wi energy cor-

momentum tran 'm ransfer cross section is very low. Therefore,
umint e

Electron-
at not too high energies, the EEDF '

1e is a most constant.
ectron-electron collisions are most ff te ec ive at low elec-

tron energies because of the d
C

e 8 epend ence of the
oulomb collision cross section
11

0 ~

ion on energy. Hence e-e
co isions drive the EEDF towards a M 11s a axwe ian at first
in e ow-energy region. Then this region where th
EEDF is close toe to the Maxwellian grows with 6. Th

ere e

chan e of shag ape of EEDF is accompanied by dim' ishin
wl . is

~ ~

mean energy (see Fig. 3) and the h

p ained in two wa s:
e growt of m may be ex-

ays: as a result of an increase of the in-
tegrand (

—i3 /BE inE ) in (1) or a decrease of the momentum
transfer cross section
The NDC effect will take place if the increment in m is
greater at the lower electric field Ne . umencal calculations

10' -—

io6

1PO

ip5

I

10 'g 10 '7 1P ~6 ip-18
i i I i I I I I

$p-17
i I I I I I I I

1P-16

E/N (Vcm2) E/N (Vcm2)

FIG. 1. Elec cx= =0;ctron drift velocities in Xe vs E/N. (1) =6=

n=10-'.
) a = 10 and 5=0; (3) a =6= 10 (4) a=10 and

FIG. 3. ~ ~

Fi 1. =D
Characteristic energy 8 vs E/N fk or conditions of

ig. . ck =D/ Di . =D p, is the electron transverse diffusion
coe%cient, p is the electron mobility.



2732 ALEKSANDROV, DYATKO, KOCHETOV, NAPARTOVICH, AND LO 53

-4

10-14

g 10-», 1O-6—

10-17

10-3
I r r r 4 r r I I ~ r I I i r r

10-~ 10-1 100 10~

g {eV)

10-s

10-

I

I
s i I r r i & I

I rr
I lr
r ~ r
Ir r I l ri I

10-16

FIR. 4. Momentum transfer cross sections vs electron energy
for Ar, Kr, Xe.

(Fig. 1) demonstrate that this is the case. For a high de-
gree of ionization, a = 10, the EEDF is close to
Maxwellian in the energy range of a few eV. This is also
the range that contributes the most to the integral in (1).
In this limit, the electron drift velocity is a monotonically
growing function of E/X. One could assume that for
NDC to appear, it is necessary for the e-e collision to
compete with the electron-atom energy exchange col-
lision. Figure 1 demonstrates that excited Xe atoms
make the NDC effect more pronounced. Their role, be-
cause of the relatively low threshold for the process
Xe*+e~Xe**+e (1.16 eV), is similar to the role of
molecular additives.

The inAuence of superelastic collisions with metastable
atoms on the NDC effect is found to be insignificant as
the removal of superelastic collision in our model pro-
duces no noticeable effect in our calculations.

One can observe from Fig. 4 that the positions of the
minimum in the momentum transfer cross section and
the shape of 0. versus c. curve are quite close for both
Xe and Kr. For the case of Ar, the minimum position is
lower (0.25 eV against 0.65 eV for Xe) and the rise with
respect to energy is not very strong. It is of interest to
study how these variations of cross sections affect the ex-
istence and amplitude of NDC.

By numerical calculations, the regions in the a E/N—
parameter space where NDC exists are located. The cal-
culations are made for Xe (Fig. 5), Kr (Fig. 6), and Ar
(Fig. 7). As was shown above, the concentration of the
metastable atoms exerts strong inAuence on the NDC
effect. In Figs. S—7, results for two values of metastable
fraction 6=a and = 10m are illustrated. The populations
of higher electronic states are neglected. (It should be
noted that the boundaries of specified regions in Figs.
S—7 are drawn by a linear extrapolation procedure be-
tween calculated points. )

The role of electron-ion collisions is also studied. It
should be noted that in contrast to e-e collisions, where
electron momentum is conserved, the e-i collisions cause
much change of the electron momentum and the efFect on
electron energy is much less sigmficant. We therefore
choose to ignore electron energy change in the e-i col-

FIG. 5. a —E/N diagram for Xe. Full lines: bound region
where the NDC exists. (1) 6=0; (2) 6=a; (3) 6=10'. Broken
lines correspond to ionization-recombination balance. (a) 6=0;
(b) 6=4o.; (c) 6= 10m; (d) 6= 100m.
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FIG. 6. Region of the NDC effect in n —E/N space for Kr.
(1) 6=0; (2) 6=ex; (3) 6=10'.

lisions. The momentum transfer cross section for the e-i
collisions in Ar is about 10 " cm at v=0. 2S eV, which
is of the same order as for electron-atom collisions at
a = 10 . Calculations show that for Xe and Kr, the role
of e-i collisions may be neglected, and for Ar, these col-
lisions serve to reduce the regions for NDC existence. To
illustrate this efFect, curve 1 in Fig. 7 is calculated when
e-i collisions are neglected. All other calculations are
made by including e-i collisions.

Let us discuss the data presented in Figs. S —7 in more
detail. Because the results for Xe and Kr are qualitative-
ly similar, we place our attention on the comparison be-
tween the NDC effect in Xe and Ar. In the absence of
excited atoms, 6=0, the regions of the NDC existence
are oriented along some line that corresponds to the rela-
tionship between a and E/N of the type 3 (E/N)',
where s is approximately 2. The value of s is greater in
the case of Xe than in the case of Ar. Additional calcula-
tions confirm that this correlation between o, and E/X
corresponds to the condition that the e-e collision fre-
quency is of the order of electron relaxation frequency in
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FIG. 8. Reduced w increment induced by metastable atoms
(w *—w )/w as a function of E/X. 1: Ar, a = 8 X 10
6=8X10;2: Xe, a=10, 6=10 . The E/%ranges for the
NDC are shown on the E/N axis.

elastic collisions with the main body of the EEDF. The
greater the electric field strength, the greater the charac-
teristic electron energy and higher ionization degree is
necessary for the e-e collisions to compete with the
electron-atom collisions.

The difference in the range of E/X where NDC can be
observed (compare Figs. 5 and 7) is explained by the
difference in positions of the minimum of the momentum
transfer cross section (see Fig. 4). The smaller sizes of the
NDC region for Ar in comparison with Xe are due to
slower increase of the momentum transfer cross section
with energy.

Most striking is the deformation of the NDC region
with the metastable state populations. It is of opposite
signs for Xe and for Ar. The increase of the NDC region
with X* for Xe can be easily explained by the analogy be-
tween the electron-excited atom collisions and inelastic
collisions with molecular species like N2 and so on. To
understand why the same collisions in Ar give opposite
results, it is necessary to look at processes more
thoroughly. The momentum transfer cross section for Ar
has a much deeper minimum and at a lower energy than
for Xe. As a result, the e-i collisions come into play at
much lower u, and effectively modify the momentum
transfer cross section first near the minimum. The cross
section for the excitation of the lower metastable state to
the higher-lying state has the threshold at 1.5 eV. Calcu-
lations predict the existence of the NDC effect in Ar at
characteristic electron energies less than 1 eV. It means
that for comparable conditions, the role of inelastic col-
lisions with metastable Ar is less important than in the
case of Xe. Indeed, at 5=a in Ar (Fig. 7), there is no
difference between curves 2 and 3. At higher excitation
degree when 6= 10', the sizes of the NDC region are di-
minished at the expense of greater E/X and a. In Fig. 8,
the increment of m induced by electron-excited atom col-
lisions is shown as function of E/X (the w increment is
scaled by w at d =0 increments). There is a great
difference in these functions for Ar and Xe. In Ar the
electron-metastable collisions act as a potential barrier
reflecting more effectively electrons with higher energies,

which have larger momentum cross sections. As a result,
the increment of the electron drift velocity for a stronger
electric field is greater than for the lower one. At the
same time, the electron-metastable collisions in Xe slow
down most of the electrons. Then the increasing momen-
tum transfer cross section causes electron drift velocity to
diminish with the electric field.

Let us discuss whether it is possible to observe the pre-
dicted NDC in experiments. To estimate chances to ob-
serve NDC in a self-sustained discharge, in Fig. 5, the
balance between ionization and dissociative recombina-
tion processes is plotted as the broken lines for the excita-
tion degree from 0 to 100o,'. It is supposed that the dom-
inant ion in Xe plasma is Xe +. The ionization may

occur in two ways: by electron impact from the ground
and metastable states. The higher the degree of excita-
tion, the greater the ionization rate because to ionize the
metastable, the required energy of the electron is much
smaller (3.66 eV) than that for the ionization of the
ground state (12.1 eV). It is easy to see that at 6=10a,
the ionization-recombination balance condition is compa-
tible with the condition for realizing the NDC effect.
Based on this, one can conclude that NDC can in princi-
ple be observed in a self-sustained discharge, e.g. , in the
positive column of a glow discharge at a sufhcient large
value of pR, where p is the gas pressure and R is the
discharge tube radius. However, this conclusion may be
violated by the constriction of the positive column, which
is associated with the onset of ionization instability when
the recombination loss prevails over the diffusion to the
walls.

The use of external ionization such as a relativistic
electron beam or an x-ray source allows one to control
the degree of ionization and electric-field strength in-
dependently. In this case, there is no problem realizing
the conditions necessary to observe NDC, which should
manifest itself as thy Gunn-effect instability in the form
of discharge current oscillations at characteristic frequen-
cies in the range of 0.1 to 1 MHz [4j. It is well known
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that in the glow discharge there are regions with abnor-
mally low electric field. These regions are the negative
glow and the neighboring dark space, which is a transi-
tion zone from the negative glow to the positive column
of the discharge. Our estimates show that for gas pres-
sures greater than 1 torr, some region should exist where
NDC could take place. It is more probable that this re-
gion could be found for discharges in Xe and Kr. The
amplitude and frequency of oscillations anticipated de-
pend, among others, on the length of the region with the
NDC.

IV. CO)NCI. USION

In conclusion, the main results of this study are as fol-
lows. A mechanism for the NDC formation is proposed
for plasmas of pure rare gases (viz. , Xe, Kr, or Ar). The
amplitude and the necessary conditions for observing the
NDC eA'ect are predicted by means of numerical calcula-
tions of EEDF, taking into account e-e, e-i, electron-
excited state, and electron-ground-state collisions. The
possibility of observing NDC experimentally is discussed
brie Ay.
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