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Porous structure can strongly change the electric behavior of material submitted to bombardment by
energetic electrons: strong electric fields (10® V/m) can grow within the pores, because of the small sizes
of these pores. We give a model of porous material that enables us to emphasize and illustrate the
enhancement of the yield of secondary-electron emission (and the broadening in frequency of its profile)
in a porous medium, compared to that in bulk material. Here we have considered materials of astro-
physical interest [graphite, iron, aluminum (Al,0;), and silica]. The enhancement is characterized by
two emission peaks for small energies of the primary electrons and by an increase of the yield roughly by

a factor of 4 for large energies (> 1 keV).

PACS number(s): 79.20.Hx, 96.50.Dj, 95.30.Qd

I. INTRODUCTION

Secondary electron emission (hereafter denoted by
SEE) follows from energy exchange between the so-called
“primary” electrons, striking the material, and the elec-
trons inside the material, resulting in so called ‘“‘secon-
dary” electrons, expelled out of the material. Primary
electrons with energies lower than a few hundred eV are
quickly absorbed: they cannot travel along distances
larger than a few angstroms, while excited electrons easi-
ly escape. Now, at larger energies, electrons are excited
more deeply inside the material so that it is more difficult
for them to escape; this is obvious in Fig. 1, which shows
the yield of the SEE versus the energy of incident elec-
trons. Thus, one can expect that, for porous materials, in
which holes and pieces of material with different scale
sizes are mixed, the yield of the SEE is certainly greatly
changed.

For porous layers of MgO, Jacobs, Freely, and Brandt
[1] measured yields higher than those of bulk material by
a factor 100, suggesting that this could be due to a
discharge following the growth of strong electric fields
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FIG. 1. Yield of secondary electron emission (in emitted elec-
tron per incident electron) for carbon, iron, silica, and alumi-
num (Al,03) versus the energy of the incident electron, for bulk
materials.

1050-2947/95/52(1)/433(6)/$06.00 52

throughout the pores. Millet and Lafon [2—4], used this
model to describe the behavior of probably porous dust
grains [5,6] in astrophysical plasmas.

In Sec II of this paper, we summarize the model of
Jacobs, Freely, and Brandt and the results already ob-
tained with it [3] under astrophysical conditions, em-
phasizing the relations between the stimulated electric
field and the yield of secondary electron emission; then
(Sec. IIT) we describe the SEE produced [7] inside a bulk
material in which the penetration of an electron and the
absorption of its energy can be described using the Whid-
dington law. This is used in Sec. IV to describe a simple
model of porous material with which the behavior of dust
grains in astrophysical plasmas was already outlined else-
where [4], and for which we now analyze the coefficient
of SEE (Sec. V). Sections VI and VII are respectively de-
voted to numerical results obtained with the model and
to the discussion and the conclusions.

II. MODEL OF JACOBS, FREELY, AND BRANDT

The very high SEE yields measured from insulators un-
der peculiar physical conditions were quickly attributed
to the growth of strong electric fields inside the material:
a synthetic view of various analyses was given by McKay
[7].

However, Jacobs and co-workers [1,8,9] were the first
authors to show by experiment the link between these
phenomena and the porosity of the material. Layers of
MgO were obtained by deposition of magnesium under
an oxygen pressure of 80 um and then oxidation by in-
ductive heating under 2 mm of oxygen [1]. This method
was responsible for the porous structure of the MgO lay-
ers.

With a microscope, one can observe a uniform distri-
bution of small 6-um-high and 2-um-thick stalactites.
The nonporous layers exhibit more spherical and less uni-
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form small structures. The mean thickness of the layers
analyzed is 1 pum and the currents of the primaries range
between 1 and 10 pA with electron energies below 400
eV. Under such conditions, the bulk material on which
the layers are deposited seems to play no role, since all
the primary electrons are confined to the porous layer.
Besides, the SEE is highly sensitive to the strength of the
electric field in front of the layer (with an exponential
dependence); it looks to be independent of the energy of
the primary electrons.

All these results led Jacobs, Freely, and Brandt to ana-
lyze the emission mechanism in terms of field emission
analogous to the Townsend discharge in gases; then the
emitted current J was related to the incident current J,
as

8=J/Jp =explax,,) ,

where x,, and a, respectively, denote the penetration
depth inside the material and the number of excited elec-
trons per incident electron and unit length; these parame-
ters are related to the pressure p, the mean-free path L,,
the electric field E, and the extraction potential V;
through the equation of von Engel and Steenberg [1]
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For weak enough fields E, a is proportional to E,
a=yE, with y=0.059V"! for MgO .

The strength of the electric field E is determined by the
boundary conditions on the surface together with Ohm’s
law

E=J,(8—1)p[1—exp(—t/pe)],

where p and € respectively denote the resistivity and the
permittivity of the material. It is obvious from this equa-
tion that the electric field grows in the porous layer with
a characteristic growth time equal to pe, say 10~ s for
MgO.

From all these equations one can derive an equation re-
lating the value of § and that of the primary current, in
the steady state:

Ind/(8—1)=J,pex,, x .

Millet, Lafon, and Gonin [3] used this model to compute
the floating potential of porous grains embedded in astro-
physical plasmas, but in a way suitable for grains with
lower sizes (the typical grain sizes do not exceed 100 pm).

The porosity of the grains was inferred from the polar-
ization and the forward scattering of the light crossing in-
terplanetary or interstellar dust clouds [6]; observations
of dust grains collected in the terrestrial atmosphere sup-
port such an hypothesis [5]. The pores should be mi-
crometer sized. Assuming that grains grow by continu-
ous collection of gas particles [10] or by electrostatic at-
traction of small grains of different sizes and materials
[11,12], one can imagine that porosity does not only
occur close to the surface but exists inside the material
with many small cavities.

In the experiments of Jacobs and co-workers, the pri-
mary electrons with small energy (say below 300 eV) can-
not cross the stalactites and reach the deeper layers
through free paths, they generate additional secondaries
in other stalactites. We describe a model of porous ma-
terial with holes separated by walls of bulk material in
which the primaries must cross some layers of bulk ma-
terial before reaching empty pores to generate secondary
electrons. Thus, the range of energy of the efficient pri-
mary electrons is fairly higher than that involved in the
experiments of Jacobs and co-workers, since, for instance,
crossing a layer of 0.1 um of silica requires energies
greater than 1000 eV. Consequently, our mechanism is
somewhat different from that described by Jacobs and
co-workers, both by the energy of the primary electrons
and the way in which they interact with matter. It will
be efficient in hot plasmas (for instance, in some planetary
magnetospheres), or when dust grains are submitted to
cosmic rays; this is the subject of a forthcoming paper.

III. MECHANISM
OF SECONDARY-ELECTRON EMISSION

The energy of an electron with initial energy E,
penetrating into bulk material at a distance x from the
surface is given by Whiddington law (13)

E*x)=—bx+E},

assuming normal incidence; this assumption will be used
throughout the sequel. The coefficient b was derived by
Bohr [14,15] for 3 rays and cathodic rays:

b =4me*NL ,

where e is the electron charge, N the atomic number, and
L an average (dimensioned) logarithmic term weakly sen-
sitive to the mean rotation frequency of any bound elec-
tron. For iron, b=9.784X10™%* kg?m3sec™*. The max-
imum penetration length is x,,=E3/b. For electrons
with an energy of 1000 eV incident on iron,
X, =2.617X107° m. Let dJ, denote the current of
secondary electrons generated in a slab dx at a distance x
from the surface by the primary current J,,

dJ;=—KJ,(dE(x)/dx )exp(—kx)dx , (N

where K ! is the energy released and carried away by the
ejected electron:

dE (x)/dx=—b/2E(x)=—b/[2(E}—bx)'?], )

according to Whiddington’s law; k is the absorption
coefficient and exp(—kx) is a probability for a primary
electron at distance x from the surface to generate a
secondary electron. The minus sign expresses the de-
crease of the electron energy inside the material. In the
case of slabs of bulk material with thickness e, large
enough, i.e., when E3 < be,, the yield of secondary emis-
sion is given by

Kb o/

S(Eq)=J, /J,==>

b
> (E3—bx)" " ?exp(—kx)dx ,

(3)
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TABLE 1. Values for various materials.

Density 10%b E, K! k=a!
Material cm ™3 8, (kg?>m3sec™) eV eV (10 m™1)

Graphite 2.26 1 1.432 250 117 7.575

S0, 2.65 2.9 2.143 420 67.9 4.016

Mica 2.8 2.4 1.061 340 66.1 3.036

Iron 7.86 1.3 5.377 400 144 11.11

Al 2.70 0.95 1.8394 300 147 6.757

MgO 3.58 23 4.668 1200 24.3 1.071

Lunar dust 3.2 1.5 2.74 500 155 3.623
which can easily be written smaller than 100 um is to say that the primary electrons
Eg(k/b)172 must cross a first layer of material, then reach holes
8(Ey)=K (b /k)?exp(—KkE} /b) f exp(Y2)dY . where a high electric field will help them to produce oth-
0 er secondary electrons so that the net yield is highly in-

4) creased.

In fact, due to their nature b and k are not independent;
they characterize, respectively, the energy transport and
the probability of electron transfer; now, since the func-
tion

— 2 r y2
f(r)=exp(—r )foexp( Yy
has a maximum for » =0.92, one can prove that [7]
0.92=(k /b)'"?E,,, , (5

which relates the ratio k /b and the experimental values
of E,,-

Table I displays values for various materials (from
Draine and Salpeter [17]); thus, for iron,
k=1/(9%X10"1%) m™! which, from Eq. (5) with
E,,, =400 eV, leads to b=5.377X 10" % kg?m>s ~*; this
is in fairly good agreement with what can be found using
Bohr’s formula, in spite of all the simplifying assump-
tions, so that hereafter we go on using formula (4).

Figure 1 shows the values 8§ obtained from Eq. (3)
versus E|, for several materials. It is noticeable that the
values of §,, and E,,, are on average 25% higher than
those of Table I, which were measured values. This is a
consequence of the influence on measured collected
currents due to the state of the surface, the way in which
it was designed, and also the experimental conditions (in-
cidence, vacuum quality, temperature). Another source
of discrepancy is the use of Whiddington’s law even for
very small energies; the main drawback of a law of this
type is that, whereas the rate of secondary electron pro-
duction decreases when the incident energy decreases,
which is realistic, it increases to infinity as E(x) de-
creases to zero [Egs. (1) and (2)]. Young [16] obtained a
better agreement between theoretical and experimental
values with an exponent of 1.35 instead of 2. Neverthe-
less, Whiddington’s law leads to much easier and explicit
derivations with not strongly different results, so that
hereafter we keep to it.

IV. A SIMPLE MODEL OF POROUS MATERIAL

The most realistic way in our opinion to describe the
secondary electron emission by porous grains with sizes

The easiest way to describe such a phenomenon is to
consider a thin layer C,; of material of thickness e,
separated from the remaining part of the dust grain by a
vacuum layer C, of thickness e, (Fig. 2). Both e, and e,
are much smaller than the grain size (0.001-0.01
pm <<100 pum); one can deal with a problem in plane
geometry.

So, S, and S,, respectively, denote the outside bound-
ary of the grain, the inside boundary of the outer layer
C,, and the inside boundary of C,. Crossing C,, a pri-
mary electron generates secondary electrons and progres-
sively loses its energy; if E (2, > be, it penetrates into the
vacuum pore with an energy E, such that

E?=E3}—be, ,

and travels on towards S,, which bounds bulk material.
The secondary emission yield 8(E) on S, is given by Eq.
(3). The electrical equilibrium within the bulk material
requires, on the surface S,, a net current equal to zero; in
other words,

J,—J,=J,—J,8(E)=0 so that 8(E)=1 . )

Figure 1 shows that there are two energies E, <E,,
and E, > E,, satisfying this condition. If E, >E;, §<1,
and the primary electrons accumulate on the surface S,

BULK MATERIAL
T,=10eV
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FIG. 2. Illustration of our model of porous medium (details
in the text).
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S, is then negatively charged, which generates an electric
field reducing the energy of the primary electrons down
to E,,.

If E; <E, <E,, then 8§ >1 and the current leaving .S, is
greater than that reaching it; in a transient phase, S, ac-
quires a positive charge that increases the energy of the
primary electrons towards E,, and the potential
difference V,—V; increases and impedes the ejection of
secondary electrons. These leave S, with the energy
E;=kgTs (kg is Boltzmann’s constant and T the mean
temperature of emitted secondary electrons). If
E,g=Eg—e(V,—V,)>0, they reach S| with the energy
E,5. Now, since E,—E,=e(V,;—V,) (conservation of
energy), the condition E 5 > 0 implies

E1>Eh_ES . (7)

This condition is not much different from the condition
E,>E,, since Eg (1-10 eV, depending on the material)
is always much lower than E, (a few hundred eV). If
E 5 <0, i.e., if condition (7) is not satisfied the potential
difference V,—V, increases during the transient phase
until the secondary electrons emitted from S, can never
reach S, and accelerated primary electrons accumulate
on S,. The only possible equilibrium now becomes that
in which a braking electric field decelerates the primary
electrons in such a way that they reach the surface S,,
with the energy E,, and that the net current is zero. This
electric field accelerates all the electrons emitted from S,
to S, these electrons reach S| with the energy E ;3 >0
with

E,s=E;—e(V,—V,)=Eg+E,—E, . (8)

This singular behavior comes from the assumption of a
unique velocity for all incident electrons and should be
smoothed out by taking into account a full velocity distri-
bution function.

Finally, if E, <E,, again 8§ <1, the primary electrons
accumulate on the surface S,; S, is then negatively
charged, which generates an electric field, reducing the
energy of the primary electrons until all primary elec-
trons are reflected just on the surface S, with no emission
of secondary electrons. To summarize:

WDIfE,>E,,i.e,

E3>be,+E},
there is an equilibrium with an electric field directed from
S, to S,, which can reach very high values;
e(Vi—V,)=E,—E,.

(i) Under the condition E, —E; <E, <E,, i..,

be,+(E,—Eg)*<E}<be,+E},

than E /e and directed from S,
e(Vl_Vz)zEl —Eh'

(iii) Under the condition E; < E, —Eg, at equilibrium,
there is an electric field directed from S; to S,;
e(V,—V,)=E,—E,.

(iv) If E| <E,, at equilibrium, there is an electric field
directed from S| to S, and E;=e(V,—V,).

to S,. Again

Under the astrophysical conditions considered (hot
planetary magnetospheres and flows of cosmic rays), the
most probable case is the first one.

V. ON THE YIELD OF SECONDARY-ELECTRON
EMISSION IN POROUS MEDIA

In porous media the electric current pattern is much
more complex than in bulk material. The currents can
have various sources. Under the conditions of our model,
they can be due to electrons emitted in the layer S, pri-
mary electrons reflected inside the pore between S| and
S, and generating new secondary electrons between S,
and S,;, and secondary electrons emitted from S, and
crossing the pore and in turn generating new secondary
electrons between S, and S;. In all cases it is assumed
that the electron current is constant as long as the energy
of the concerned electrons is not zero, whereas electrons
that have lost all their energy can be ignored.

If E2<be,, the primary electrons do not cross the
external layer of material and produce a secondary-
electron current equal to J,8(Ej).

If E3 > be,, the secondary-electron current stimulated
in the outer layer of material is equal to

E (k/b)'/?

Js1=K(b/k)"/% exp(—KkE}/b) [ L, exp(Y2)dY

of
E,(k/b)
9)
the spatial range of integration extending from O to e, in-
stead of from O to x,,. Now, if E3 > be,, one must add
the current Jg, due to the secondary electrons generated
in the bulk material between S and S; by the secondary
electrons emitted from S, or the primary electrons
dynamically reflected in the pore. Depending on their
energy, the electrons coming from the pore can cross the
outer layer of material or not; let E, denote this energy.
Depending on the four cases distinguished in Sec. IV,

E,=E,—E,+Eg incases 1 and 2,
E,=E,—E;+Eg in case 3,

there is an equilibrium state with an electric field smallerI E,=E, in case 4.
If E2 > be,,
E,(k/b)1/?
J§’2=K(b/k)’/2Jpexp{—k[e,—(E%/b)]}fo exp(— Y2)dY , (10)
and the primary current J, flows out of the material. If E 2 <be,,
E,(k/b)!/?
I =K(b/k)" exp{ —k[e;,—(E3/b)]} [ exp(—Y?)dY . (11)

(k/b)VX(E3 —be

172
1)
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In all cases the net yield § is equal to the ratio of the sum
of the currents leaving the surface S, to the current J,
due to electrons impinging on it.

VI. NUMERICAL RESULTS AND DISCUSSION

We especially investigated porous materials of astro-
physical interest made of silica, graphite, iron, and alumi-
num (in fact, Al,0;). However, the features of the yield
curve are general and independent of the material, since
they mainly result from the model of porous media and
the (universal) shape of the yield curve for bulk media.

We computed the net yield of secondary-electron emis-
sion & as a function of the energy of the incident primary
electrons, the thickness e; of the outer layer, and the
average temperature of emission Tg. The computations
were performed using a FORTRAN program on an IBM
personal computer. The energy of incident primary elec-
trons E, ranges between 100 and 10000 eV in order to
mimic plasmas of hot planetary magnetospheres and
flows of cosmic rays.

Figure 1 shows the classical curve illustrating the vari-
ations of 8 versus E, for bulk materials (graphite, iron,
aluminum, and silica), for which the energy of the pri-
mary electrons is completely absorbed. This is the case
for the range of energies considered, for e; >0.1 pm.

For porous materials (e¢; <0.01 um), the most obvious
result is that 8 is roughly higher by a factor 4 for high en-
ergies, while it takes its classical values for bulk materials
for very small energies or as soon as e; =1 um. More-
over, two peaks with increased yield appear. Compare
Figs. 2 and 3; for small energies and values of e; lower
than 0.1 um, two peaks appear for silica at energies de-
pending on the temperature (Fig. 3) and the thickness
(Fig. 4); for e; >0.1 um, there is only one peak on the
figure, the other one appearing for an energy out of the
range considered (Fig. 5); this is also the case for the oth-
er materials at e; =0.01 um (Fig. 5). Variations of T
only produce a small linear shift of the energy scale.

Let us now discuss the shape of the yield curve; in par-
ticular the peaks. Figure 4 shows the shape of the peaks
for T¢=10 eV, depending on the values of e;,. For
e,=0.001 pum the first peak starts with strong discrepan-
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FIG. 3. Yield of secondary electron emission for silica versus
the energy of the incident electron, for porous materials, de-
pending on the temperature T characterizing the energy of the
emitted electrons; e; =0.01 um.
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FIG. 4. Yield of secondary electron emission for silica versus
the energy of the incident electron, for porous materials, de-
pending on the thickness e, of the external layer of material.

cies from the characteristics of bulk material, for an ener-
gy of primary electrons EJ =289 eV ( <E,), which corre-
sponds to zero energy at the surface S; for an electron
crossing the layer C;; a small increase of E, from this
value decreases the production rate of secondary elec-
trons [Eq. (1)] and so decreases the secondary current
generated in C; [the integrand decreases as
(E3—be;) %3 and the integration range is unchanged, so
that the emission reaches a limit]. Obviously, the greater
e,, the greater the energy E < E,, the smaller the altera-
tion of the production rate of secondary electrons close to
E} (the discrepancy is reduced for larger thicknesses e ).

For values of E, greater than EJ, an electric field ap-
pears and reflects the incident electrons. The secondary
current through C, is then increased by the amount of
the reflected current and increases. E; becomes equal to
E, for E,=297 eV.

For E,>297 eV, E, > E;, the primary electrons reach
S, and now stimulate, at a yield larger than 1, the pro-
duction of secondary electrons with the energy Ty.
These are accelerated by the electric field and produce a
secondary current in the layer C,;. This current increases
with E, as long as these secondary electrons are absorbed
within C,; then, it decreases when they can escape
through S, as already explained.

8 : T T T
T,=10eV
e,=10"%m

SiLicA ——
CARBON -~~~
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FIG. 5. Yield of secondary electron emission for silica, iron,
carbon, and aluminum (Al,0;) versus the energy of the incident
electron, for porous materials; e; =0.01 um.
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The sharp end of the first peak coincides with the new
state in which E;=E, —Tg (when E;=1629 eV), for
which the electric field in the pore no longer accelerates
the secondary electrons in such a way that they reach §,.
At that point, the current from S, becomes zero and the
secondary current is only due to the primary electrons in
C,. An increase of the energy decreases the production
rate in C|, so that the discrepancy is weakened when e,
increases. For increased Tg the sharp end of the first
peak appears for a lower energy since the case in which
the field inside the pores accelerates the electrons is
reached more quickly (Fig. 3)

For E, greater than 1629 eV, but lower than 1639 eV,
for which E;=E,, a reverse electric field appears; the
secondary current from S, reaches S though it is de-
celerated. Beyond this value the field accelerates the
secondary electrons; the secondary current from S, is
first completely absorbed within C; then it crosses C, for
larger energies, generating the second peak.

In any case, as just explained, the separation of the two
peaks is a consequence of the assumption of one unique
velocity for the incident particles (monokinetic beam).
This assumption, which at this step of the investigations
allows detailed calculations with correct orders of magni-
tude and enables us to understand the physical
phenomenon, can be removed, but this implies huger
computations out of the scope of this paper (but en-
visaged for a forthcoming one). A distribution of veloci-
ties of incident particles, in other words a continuous
spectrum of energies, would produce a superposition of
yields with the same topology but shifted in energy, thus
broadening the peaks and mixing them.

Figure 5 compares results for various materials under
the same conditions. Figure 6 shows the difference of po-
tential between the two faces of the pore versus the ener-
gy of the primary electrons under these conditions. It is
noticeable that the strength of the FDSE field is fairly
strong as soon as E;>1000 eV for Si, C, and Al,O,,
whereas E, > 1700 eV is necessary for F,.

VII. CONCLUSION

The properties of this very simple model of porous ma-
terial easily emphasize and illustrate the enhancement
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FIG. 6. Difference of potential between the surfaces S; and
S, versus the energy E, of the incident electrons for silica, iron,
carbon, and aluminum (Al,0;).

and the broadening in frequency of the yield of
secondary-electron emission in a porous medium, due to
the growth of strong electric fields in the vacuum pores
because of the small sizes of these pores.

The enhancement is characterized by two emission
peaks for small energies of the primary electrons and by
an increase of the yield roughly by a factor of 4 for large
energies. Of course, local variations of the pore size may
shift, broaden, or mix the peaks, the final effect being a
broadening of the yield profile in energy, just as can result
from a complete distribution of energies for incident elec-
trons.

Discussing the great interest of such a mechanism in
astrophysics is out of the scope of the present paper, but
we can already mention the importance of this mecha-
nism for all processes involving interactions of solid ma-
terials with hot plasmas or highly energetic charged par-
ticles; for instance, in dust grain charge and dynamics.
This also concerns the formation of complex molecules in
cold media, for which both the rates of chemical reac-
tions between molecules and their migration over the sur-
face of solids can be accelerated by strong electric fields.
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