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The role of the quantum tunneling effect in the electron accre-
tion current onto a negatively charged grain immersed in isotropic
plasma is analyzed, within the quasiclassic approximation, for dif-
ferent plasma electron distribution functions, plasma parameters,
and grain sizes. It is shown that the contribution of the quantum
tunneling into the grain charging is small (negligible) for relatively
large (micron-sized) dust grains in plasmas with electron temper-
atures of the order of a few eV, but becomes important for nano-
sized dust grains (tens to hundreds nm in diameter) in cold and
ultracold plasmas (electron temperatures ~ tens to hundreds of
Kelvin degrees), especially in plasmas with depleted high-energy
“tails” in the electron energy distribution.

Complex plasmas — plasmas with dust particles (grains)
in them [1-3] — owe their complexity, to a large extent,
to the fact that the charging process of a dust grain em-
bedded in a plasma is sensitive to the plasma parameters
and to the proximity of other grains. Understanding the
physics of grain charging is thus important for under-
standing complex plasmas.

The most commonly used model for finding the equi-
librium charge of a grain immersed in plasma is the Or-
bital Motion Limited (OML) model [4], in which the
electron and ion currents from plasma onto the grain
are found by analyzing particle orbits and determining
whether they intersect the grain, using classical mechan-
ics. However, under certain conditions, quantum me-
chanical effects may become important, especially for
electrons, and may lead to a significant change of these
currents and, hence, of the equilibrium grain charge.
Examples of additional currents induced by quantum
effects include the electron photoemission current (if
the grain is illuminated by sufficiently energetic pho-
tons) or thermionic and/or field electron emission cur-
rents from the grain to the surrounding plasma. These
processes of spontaneous and field-assisted tunneling of
thermal electrons out of negatively charged grains into
plasma and the associated emission current densities
have been well studied in the literature (see, e.g., [5]
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and references therein). However, the inverse process
of quantum tunneling of plasma electrons onto a nega-
tively charged grain, which might, under favorable con-
ditions, significantly increase the rate of electron ac-
cretion from plasma onto the grain, has received no
proper attention, with an exception of Ref. [6] where
the cross-section for electron collisions with a spheri-
cal grain at low energies has been calculated quantum-
mechanically.

The aim of this work is thus to calculate the additional
current associated with the quantum tunneling of plasma
electrons, that are classically forbidden to overcome the
repulsive potential barrier, onto the negatively charged
grain. We compare this additional quantum tunneling
current with the classical electron current from plasma
onto the grain and analyze how this additional current
affects the self-consistent equilibrium grain charge for
different plasma parameters and grain sizes.

We consider a spherical grain of radius 7y immersed
in an isotropic plasma with electrons and positive singly
ionized ions. As the grain interacts with its environ-
ment, by absorbing electrons and ions from the plasma
and emitting electrons via processes such as photo
and/or thermionic emission, it acquires an equilibrium
net charge. Here, we assume this charge to be negative,
which is normally the case due to a higher mobility of
plasma electrons compared to plasma ions, and a rela-
tively minor contribution of electron emission processes
from the grain to plasma.

To determine the electron accretion current onto the
grain, we consider the radial motion of electrons in the
stationary central field of a spherical negatively charged
grain in isotropic plasma, governed by the effective po-
tential Ueg(r,1) = U(r) + A21(l + 1)/2m.r?, where [ is
the electron’s quantum angular momentum number (an-
gular momentum with respect to the center of the grain).
In what follows, we consider the quasiclassical approxi-
mation of electron’s motion in the grain’s field (the cri-
terion of validity of the quasiclassical approximation will
be given below). An electron with total energy E and the
absolute value of angular momentum #4/I(l + 1), com-
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ing toward the grain from infinity, will hit the grain of
radius rg if E > Ueg(ro,l). If B < Ueg(ro,1), it en-
counters a potential barrier of the width r; — rg, where
r1 is the classical turning point of the electron defined
from Ueg(r1,1) = E. In classical mechanics, the elec-
tron cannot penetrate this barrier, and is reflected back
to infinity. But, in quantum mechanics, the electron can
tunnel through the barrier onto the grain with some non-
zero probability w¢. In the quasiclassical approximation,
this probability can be obtained in the form [7]

we(E,1) = exp —*/\/277% o (r, ) — Eldr . (1)

To

The corresponding “classical” electron current onto
the grain, i.e., the current due to electrons with £ >
U (r0,1) that are classically allowed to hit the grain, is

e 473e 7 _
L5 = Zh2 (20+1) dE [(B, w(E,1),
e Uets (T0,1)
(2)
with Ue(ro,l) = U(ro) + B2l + 1)/2m.r3, and

wi(E,l) = 1 (as for electrons classically allowed to hit
the grain w;(E, 1) = 1), where fé_)(E, 1) denotes the dis-
tribution of plasma electrons coming toward the grain,
e is the electron charge. The current on the grain due
to electrons with F < U (1o, 1), which we here call the
“tunneling” current, is then given by the same formula,
but with the integral over E < Ueg(ro,1):

Uett (0,1)

1 A ih2(2l +1 dE (B, Dw(E,1)
tun — mg e ) t s Uy
=0 0

(3)

with the tunneling probability w,(E,!) defined by (1).
Note that, in classical mechanics, the tunneling proba-
bility for electrons with E < Ug is zero [one can see

this by formally taking the limit & — 0 in (1)], and thus
I(e)

tun = 0, as expected.

The tunneling probability wy(E,l) can be evalu-
ated analytically for the Coulomb (i.e., unscreened by
plasma) potential of the grain, U(r) = a/r, with a =
Z4€2, where Z; is the charge of the grain in units of
electron charge. Introducing the Coulomb units of mass,
length, time, and energy as me, h?/(am.), h3/(a?*m.),
and a?m, /h?, respectively, we define the corresponding
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dimensionless quantities as

m M ~ K2
> BE=—5F,
Me h M

Performing the integration in (1), we obtain

wy(E,1) = exp[—V8(Ly — Ly)], (5)
o I+ 1 1 ~
L1=T0\/( ) ) “FT_E_
27§ 70
, 1—2E7, I(1+1)
— arcsin - X

1+2E1(1+1)

1/7

L1141 [+ /200 + 1)/ B-1(141) /23 -

14+2F I(1+1)

xIn

(6)

o ir JI(l+1)
L2_4\/§+5\/ —. (7)

[Note that w; is a real quantity, as the imaginary parts
of Ly and Lo cancel each other.] A representative plot
of wy(E, 1) for a fixed [ > 0 is shown in Fig. 1.

The balance of the total (classical and tunneling)
electron current and the (classical) ion current 19 =
—V/8rergn;vri(1—eps/T;) [2] onto the grain defines the
equilibrium surface potential ¢s = «/ry of the grain.
The corresponding equation of balance of currents,

I(e) I(e)

clas tun T

-1, (8)

is a nonlinear equation for the surface potential of the
grain (and hence for the grain charge Z,, since ¢ =
a/ro with a = €2Z;) that can be solved iteratively, for a
given distribution function fe(_) (E,1) of incoming plasma
electrons far from the grain.

The importance of the electron quantum tunneling
onto the grain is characterized by the ratio of the tunnel-
ing and classical electron currents n; = I.%)/I) . The

tun/ “clas*
tunneling electron accretion current increases the total
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electron current onto the grain, thus offsetting the total
electron-ion current balance and changing the equilib-
rium grain charge. This change is characterized by the
ratio ny = (Z§sttun . zlas) /7¢las of the grain charges
defined from (8) with and without accounting for the
electron tunneling current. The ratios n; and 7z de-
pend on several factors: the electron distribution func-
tion, electron and ion temperatures, the grain size, and
the type of gas used in the plasma discharge. These
dependences are illustrated in Tables 1 and 2, respec-
tively, for the following three “model” electron distribu-
tion functions:

1. Maxwellian distribution:

3/2
FSNE ) = fu(E) = noe (;:T> exp (_JTE) ’

where ng. is the plasma electron density far from the
grain, T, is the electron temperature in units of energy.
2. Druyvesteyn distribution:

FENED = fo(B) =

3/2
Me
ex
7T, ) P

E\2
BD <T6> )

where the constants Ap ~ 0.177 and Bp ~ 0.243 are de-
fined from the conditions (n.) = ng. and (E) = (3/2)T,
(here (...) denotes the average over all electrons). This
type of electron distribution typically takes place in gas
discharges. For example, experimental measurements
in inductively coupled plasma (ICP) [10] and capaci-
tively coupled plasma (CCP) [11] discharges revealed
that the electron distribution function at low pressures
is indeed close to Maxwellian. At higher pressures
(p 2 10 mTorr in ICP and p 2 0.5 Torr in CPP), it
turns into a Druyvesteyn-like distribution with a de-
pleted high-energy tail.|
3. Step-like distribution: in complex plasmas, dust
grains absorb electrons with energies above Ueg (10, J?),
which depletes the high-energy “tail” of the electron dis-
tribution function [12]. For high enough number density
of the grain component, this effect becomes significant,
and the resulting electron distribution function can be
roughly approximated by the step function

FNEBN) = fs(B) =

= ngeAp (

167 Fax

3/2
M (L) for £ S Emax7
0 for £ > Fpax.
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E/E
c

Dependence of tunneling probability w: on the normalized electron
energy E = E/E. (where E. = a®me/h? is the energy in Coulomb
units) for a fixed value of [ > 0

Here, Enax = €|¢s| + 0E, where e|¢g] is the minimum
energy, at which an electron with I = 0 (zero angular mo-
mentum with respect to the grain) hits the grain, and §F
accounts for the fact that most electrons have [ > 0. For
simplicity, 6 F can be approximated by a constant de-
fined, e.g., from experimental data for a particular com-
plex plasma system. Here, for definiteness, we assume a
reasonable value 6 F = 0.5T,.

Generally, since n; is proportional to the ratio of
the populations of electrons with E > Ueg(ro,l) and
E < Uest(ro,1), both n; and 7z increase for electron dis-
tributions with depleted tails, such as the Druyvesteyn
or step distribution. Due to the same reason, for a given
type of electron distribution function, n; and 1z increase
at lower electron temperatures T, (for a fixed ion tem-
perature T;) and increase for smaller grain sizes rq.

The criterion of validity of the quasiclassical approx-
imation used here is reduced to the requirement that
the electron’s de Broglie wavelength A ~ 7i/4/2m.|E|
is small compared to the size a/|E| of the region near
the grain, where the electron energy F is of the or-
der of Usg [7]. For I = 0 (when this criterion is the
strongest, since U.g is the smallest for electrons with
I = 0 and increases with [), it becomes hv/a < 1,
where v ~ /E/m. is the classical electron velocity.
With v ~ vp, = \/m and o ~ rgzT,, where
z = e|gs|/Te ~ 1 is the dimensionless grain charge, we
have the following requirement for the applicability of
the quasiclassical approximation for the electron motion
in the grain field:

To >

9)

meT,
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Table 1.

Ratio ny

— I(e)

tun

/I(e)

clas?

sizes, in argon plasma with T, /T; = 102

for different electron distribution functions, electron temperatures, and grain

Maxwellian Druyvesteyn Step distribution
nr Grain radius rg, cm Grain radius rg, cm Grain radius rg, cm
106 [ 10°° 101 10-¢ 10-° 10—* 10=°¢ 10-° 10—*
Te = 0.01 eV 0.33 0.05 0.01 2.0 0.22 0.04 5.0 0.43 0.08
Te =0.1eV 0.12 0.02 0.005 0.57 0.10 0.02 1.24 0.18 0.04
Te=1eV 0.05 0.01 0.002 0.22 0.04 0.01 0.43 0.08 0.02

Table 2. Rationz =
and grain sizes in argon plasma with T. /T; = 102

(Zfllas"_t'm — Zglas) /Z512s for different electron distribution functions, electron temperatures,

Maxwellian Druyvesteyn Step distribution
Nz Grain radius rg, cm Grain radius rg, cm Grain radius rg, cm
10-°¢ 10-° | 104 10=°¢ 10-° 10— 10-6 10-° 10—
Te = 0.01 eV 0.1 0.02 0.03 0.25 0.05 0.01 1.25 0.18 0.04
Te =0.1eV 0.03 0.007 0.002 0.1 0.02 0.005 0.45 0.08 0.02
Te =1¢eV 0.02 0.003 < 0.001 0.05 0.01 0.002 0.18 0.04 0.008

This gives 79 > 107® cm for 7, ~ 1 eV and rg >
3 x 1077 cm for T, ~ 0.01 V. In other words, the crite-
rion of applicability of the quasiclassical approximation
is satisfied for all the grain sizes used in Tables 1 and 2.

As is seen from Tables 1 and 2, the effect of electron
quantum tunneling from plasma onto the grain on the
grain charging is small under the typical conditions of
most lab-based experiments on dusty plasmas (micron-
sized grains in plasma with electron temperatures of few
eV) and only becomes significant for small grains (rg ~
tens to hundreds of nm) in plasmas with low electron
temperatures (T, ~ tens to hundreds of K), especially for
electron distributions with depleted high-energy “tails”.
Note that we underestimated the tunneling current by
assuming the grain field to be unscreened. In reality,
the grain is shielded by plasma, and its potential de-
cays faster than the Coulomb potential, narrowing the
width of the potential barrier around the grain and thus
further increasing the electron tunneling probability and
the electron accretion current onto the grain, especially
in low temperature plasmas with small Debye lengths.
An estimate shows that the further enhancement of the
electron tunneling current due to the screening of the
grain becomes important when

7o

21
ADN’

(10)

where Ap is the plasma Debye length, and A\p ~ Ap; =

VT;/4me?ng. The ratio AID /IS = (ID — IS )/IS,
(where ID ~and IS, are the tunneling electron accre-
tion currents onto the Debye-screened and Coulomb-

screened (i.e., unscreened) grains, respectively), charac-
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terising the significance of the enhancing effect of Debye
screening of the grain on the tunneling current, is shown
in Table 3 for various ratios ro/Ap. It is seen that, for
the plasmas with low electron and ion temperatures, this
screening-induced enhancement of the tunneling current
is rather noticeable, especially for larger grains in plasma
with the Druyvesteyn electron distribution, by further
increasing the role of the tunneling effect in the grain
charging. For higher temperatures and/or lower plasma
densities, however, the enhancing effect of screening re-
duces as /T;/nge, according to (10) (for plasmas with
T, < Te).

Therefore, we expect the considered effect of quan-
tum tunneling of plasma electrons onto the grain to be
important in plasmas with nano- and submicron-sized
dust grains [1], in ultracold plasmas (where the electron

Table 3. Ratio AIP /IS, = (IR, n
(where IBm and Itcun are tunneling electron accretion

currents onto the Debye-screened and Coulomb-screened

— IS /IS

(i.e., unscreened) grains, respectively) for different elec-
tron distribution functions, and grain sizes. The cur-
rents are calculated for grains with the corresponding
equilibrium charges defined by Eq. (8). These charges
are immersed in argon plasma with nge = 102 cm—3,
Te 0.01 eV, T./T; = 102, with the Debye length
AD ~ Ap; ~ 7.4 X 10~ cm

Grain radius rg (and the corresponding 79 /Ap)
AIR /IS 1079 cm 1075 cm 1074 cm

(ro/Ap = 0.14) | (ro/Ap = 1.4) | (ro/Ap = 14)
Maxwellian 0.09 0.53 3.5
Druyvesteyn 0.13 0.68 4.5
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temperature can be as low as 30 K [8]), and in dark
molecular clouds in astrophysics [6, 9].
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ITPO POJIb KBAHTOBOI'O TYHEJIFOBAHHA
EJIEKTPOHA B 3APAJII IINJIOBUX
YACTUHOK YV KOMILJTEKCHIN TTJTA3MI

10.0. Tuweyvrut, C.B. Baadumupos
PeszomMme

Y KBaz3iKjacHUYHOMY HaOIMXKEHHI IPOAaHAJII30BaHO BILJIUB KBaH-
TOBOTO TYHEJIIOBAaHHHA Ha CTPYM aKpelil eJIeKTPOHIB IJIa3Mu Ha
BiJI’€MHO 3apsi/I2KEHY YaCTUHKY, 3aHYyPEHY B €JIEKTPOHHY ILJIa3My,
Iist pisHUX DYHKIIIH PO3IO/ILY €JIEKTPOHIB y IJIa3Mi, mapaMeTpiB
maa3Mu 1 po3MipiB yacTuHOK. [TokazaHo, 10 BHECOK KBAHTOBOTO
TYHEJIIOBAHHSI B 3apsAJKy YaCTUHOK HEXTOBHO MaJuil JJIst BiJTHO-
CHO BeJIMKHUX (MIKDOHHHMX PO3MIpPiB) IMJIOBUX YACTUHOK y IIa3Mi 3
TEMIIEPATYPOIO €JIEKTPOHIB MOPAIKY JIeKiibKox eB, aje crae 3na-
YHUM JJIs] HAHOYACTHHOK (Z[laMeTpoM B JEeCATKH—COTHI HM) y XO-
JIOHUX 1 yJIBTPAXOJIOMHUX IJIa3MaX 3 TEMIIEPATYPOIO €JIEKTPOHIB
necaTKu—CcoTHI rpajtycis Kenbsina, 0cobMBO y 1ra3Max 3 MaJjio3a-
CeJIEHMM BUCOKOEHEPIeTUYHUM XBOCTOM PO3IOJIIY €JIeKTPOHIB 3a
eHepriero.
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