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Properties of the Satellite Photoelectron Sheath Derived 
from Photoemission Laboratory Measurements 

Space Science Department, Europear• Space Research and Technology Centre 
Noordwijk, The Netherlands 

The electrical properties of the medium around a probe in the outer magnetosphere and 
in interplanetary space are modified by photoemission. Information on the energy distribu- 
tion of the photoemitted electrons is important for the evaluation of the physical param- 
eters of the surrounding photosheath and for the interpretation of the probe measurements. 
This energy distribution has been determined for various materials exposed to sunlight, at 
the earth's orbit, by combining laboratory measurements on photoemission with solar spectrum 
data collected in space. It is found that the photoelectron saturation current density is a 
function of the material and can vary from a few microamperes per square meter up to 
saveral tens of microamperes per square meter; the photoelectron density is of the order 
of 10•-10a/cm 8 in the vicinity of the probe. The shape of the distribution is approximately 
Maxwellion, and the mean kinetic energy is of the order of 1.5 ev. Current voltage char- 
acteristics and conductance of surfaces emitting photoelectrons are also derived. A number 
of photosheath parameters, such as shielding distance and surface electric field, are tabulated. 
Finally, the consequences of photoemission for the interpretation of space measurements 
are discussed. 

The plasma density is reduced to a few par- 
ticles per cubic centimeter beyond a distance of 
3-4 R•. There the electrical properties in the 
environment of a body, such as a satellite, the 
moon, or an interstellar grain, are strongly af- 
fected by emission of photoelectrons from its 
surface. The importance of this problem is ac- 
knowledged by most experimenters interested 
in measurements beyond the plasmapause. 

Theoretical considerations [Grard and Tuna- 
ley, 1971] and computer simulations [Grard, 
1970; $oop, 1972] have already improved our 
understanding of this phenomenon, but it has 
been found desirable to complement this work 
by surface physics experiments in the labora- 
tory [Feuerbacher and Fitton, 1972]. The pur- 
pose of this study is to combine solar spectrum 
data collected in space [Allen, 1955; Friedman, 
1963; Hinteregger et al., 1965] and photoemis- 
sion measurements made in the laboratory, to 
predict the electric properties of various mate- 
rials irradiated by sunlight. An accurate knowl- 
edge of this energy distribution is essential for 
predicting, for example, the extent of the photo- 
electron cloud around a spacecraft, the value 
of the electric impedance of probes, the strength 
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of electric drag on interstellar grain, or the 
magnitude of the electric field on the lunar 
surface. 

This study is based on laboratory measure- 
ments made by Feuerbacher and Fitton [1972], 
who discussed in detail the solid state aspect of 
this phenomenon. The materials, which have 
been selected in their experimental study, are 
th9se which are used in space technology, such 
as aluminum, stainless steel, and gold, or those 
which could be used as conductive coating on 
solar cells array, such as indium oxide. Lithium 
fluoride has also been included, because it is 
possible to control photoemission by coating a 
surface with a layer of this material. Finally, 
various carbon compounds, such as graphite, 
Aquadag (produced by Acheson Colloids N.V., 
Schiedam, Holland), and vitreous carbon (pro- 
duced by Vitreous Carbon Ltd., Bishop Auck- 
land, England), have also been chosen, be- 
cause the uniformity of their work function is 
an interesting property for dc electric field and 
Langmuir probe experiments [Trendelenburg 
et al., 1970]. 

In this paper we compute the energy dis- 
tribution of photoelectrons emitted from these 
materials in sunlight; we derive the current 
voltage characteristic and the ae electric con- 
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ductance of probes made of these materials. 
Other parameters of the photosheath are also 
given, such as the electron density and electric 
field on the surface. The effect of the ambient 

plasma is also discussed, and typical values are 
given for the floating potential of the surface. 
A similar study dealing with the lunar surface 
has been presented elsewhere [Fe•erbacher et 
al., 1972]. 

For clarification, a list of symbols is given 
in appendix 2. 

EXPERIMENTAL i•ESULTS 

Data on the Solar Flux 

The knowledge of the solar photon energy 
distribution at the earth's orbit is essential for 

the study of photoemission in space. Measure- 
ments of the energy spectrum S(w) per sec 
m 2 ev are shown in Figure I against the photon 
energy w in electron volts. These data have been 
collected by Allen [1955], Friedman [1963] 
and Hinteregger et al. [1965] and have been 
gathered by Walbridge [1971]. 

The continuous component of the solar spec- 
trum is approximated by a histogram, and its 
magnitude decreases by nearly 6 orders of 
magnitude between 4 and 12 ev. The accuracy 
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The solar flux energy spectrum measured 
in space. 

and resolution of the measurements are good 
in the lower energy range but are much less 
satisfactory above 15 ev. 

A number of discrete lines exists superim- 
posed on this continuous spectrum. Each line 
can be conveniently included in the spect•:um 
in the form of a Dirac pulse, which is generally 
represented by a spike, the height of which is 
indicated by • triangle in Figure 1. The flux 
corresponding to a line is equal to the ares 
under the corresponding pulse, which is obtained 
by multiplying the height of the spike by I ev. 
It is easily seen, for example, that the flux as- 
sociated with the Lyman a line, which is the 
most important line of the solar spectrum, is 
of the order 2.7 X 10 •5 photons per secm •. 

Laboratory Measurements 

Photoelectron yield. The photoelectric yield 
Y(w), i.e., the number of emitted electrons per 
incoming photon for a given photon energy w, 
has been measured in the laboratory for a num- 
ber of selected materials. The results, which 
are displayed in Figures 2a-9a, have been ob- 
tained by Feuerbacher and Fitton [1972] under 
near normal light incidence; more details on 
the experimental conditions can be found in 
their paper. 

The abscissa of the point where the axes in- 
tersect is the work function wt of the sample, 
the values of which are listed in Table 2 and 

lie between 4 and 5 ev for most of the materials 

under consideration. The maximum yield is 
reached at approximately 10 ev above the work 
function; this maximum value does not exceed 
3% for graphite (Figure 9a) but attains 30% 
for indium oxide and lithium fluoride (Figures 
3a and 7a, respectively). 

Fig. 2. (Opposite) Experimental results, alumi- 
num oxide. (a) Photoelectric yield per incoming 
photon versus photon energy. (b) Differential 
photoelectron flux versus photon energy under 
perpendicular solar irradiation. (c) Normalized 
photoelectron energy distribution curves for 
different incident photon energies. (d) Normalized 
photoelectron energy distribution curves under 
solar irradiation (left-hand scale) or per-unit- 
area conductances (right-hand scale) versus probe 
potential, associated with a planar probe (full 
line) or a small sample (dashed line). (e) Normal- 
ized photoelectron fluxes (left-hand scale) or 
current densities (right-hand scale) versus probe 
potential, corresponding to a planar probe (full 
line) or a small sample (dashed line). 
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Owing to experimental limitations, no yield 9c represents all the data available for this 
measurements were made for photon energies study and have been made by following the re- 
above 21 ev. However, for the purpose of this sults given by Feuerbacher and Fitton [1972] 
study, the yield for aluminum was extrapolated or d•t• privately communicated by the first 
at higher energies in a way such as to drop to author. The electron energy distribution for 
10 -• at 120 ev, as measured by Lukirskii et al. monochromatic light [•(•) is plotted against 
[1960]. For other materials this model was the electron energy e• for fixed values of 
scaled by a factor proportional to the yield the photon energy w. The graduation of the 
measured at 21 ev. photon energy axis is so chosen that it cor- 

Multiplying the differential yield by the solar responds to that used in parts a and b of the 
flux energy spectrum, we obtain the differential figures. Each energy distribution curve has 
flux of photoelectrons emitted under solar ir- been normalized in a way such that the area 
radiation, under it is equal to unity; i.e., 

H(w)- S(w) Y(w) (1) •w(•)d•- I (3) 
which is measured in photoelectrons per sec m 2 
ev; the results. are shown in Figures 2b-9b. The The straight line of equation 
vertical scale has been kept the same on all e•- w- wf (4) 
figures to allow comparisons between different 
materials; the photon energy is measured along has also been drawn; it indicates that. the 
a horizontal axis similar to that (•f parts a maximum energy with which an electron is 
of the figures. The contributions due to solar emitted cannot exceed the energy of the inci- 
lines a, re indicated by triangles, the most im- dent photon minus the work function of the 
portant being, for all materials, that of the material. 
Lyman a line. This differential flux is a func- The photoelectron energy distribution under 
tion of the photon energy w, and should not solar irradiation is found by multiplying the 
be confused with the photoelectron energy energy spectrum for monochromatic light [w(•) 
distribution. by the differential electron flux H(w) and in- 

Integrating (1) with respect to w, we oh- tegrating with respect to the photon energy. 
tain the total flux of photoelectrons per sec m 2 This is written 
emitted by a material irradiated by sunlight 

under normal incidence' p(•) - • !w(•)H(w) dw (5) 
I• - H(w) dw (2) note that p(•) is normalized in a way such that 

Values of I• for different materials are listed p(•) d•- 1 (6) 
in Table 2. Multiplying the electron flux by 
the elementary charge yields the saturation The quantity I•p(•) is a differential flux, 
photocurrent density eI, which is also given and it is correct to refe• to the function p(•) 
in Table 2. It is seen, for example, that the as an energy distribution, since its dimension 
current density is approximately 40 /•A/m • for is per electron volts. If confusion is to be 
aluminum oxide and an order of magnitude avoided, it is important to note that this may 
lower for graphite. be for some readers an unorthodox use of the 

Photoelectron energy distribution. The pho- term. Our definition of p(•) is that the flux of 
toelectron energy distribution has been mea- particles with energies between • and • -t- 
sured in the laboratory for various photon ener- A•, not their volume density, is. proportional 
gies. The set of curves shown in Figures 2c- to p(•)A•. This convention has the practical 

advantage that the energy distribution is di- 

Fig. 3. (Opposite) Experimental results, indium rectly linked to interesting physical parameters, 
oxide coating (see the legend of Figure 2 for such as the conductance and the current voltage 
deta,ils). characteristic of a probe. The correspondence 
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TABLE 1. Recapitulation of the Theoretical Results 

Distribution Function Arbitrary Monoenergetic Maxwellian 

Energy distribution p(•) 

Mean kinetic energy 

Most probable energy 

Max conductance per unit 
area, point source go 

Speed distribution ](u) 

Mean square speed 
u,' = 2e•pe/m 

Point source flux JO?) 

Energy distribution associated 
with perpendicular motion 
P(•) 

Energy associated with rms 
perpendicular velocity 

Average energy associated 
with perpendicular motion 
e• 

Max conductance per unit 
area, planar surface Go 

Perpendicular velocity 
distribution F (v) 

Mean square perpendicular 
velocity v•' = 2e•k•/m 

Planar source flux I($') 

Electron volume density 
/saturation flux N,/I, 

Measured •(• -- •o) •/•o • exp (-- •/•o) 

(8me)'/5 I. •oo (•) '/'p( •) d• e•o 
p(•) max for • = • e•o = •mUo • e•o = •mvo • 

e•,p(•,) • 0.3•Se•,/•o 

1 I, p(•) 1 •(u -- Uo) •S/•VoS exp -- 2• No • 4•Uo • Vo / 

4• u' • (u) du Uo • • • 

_ •' P•d• •; ,• •o exp 

• (•)•e(•) • •elo {e•o 

e e(•)• • {efo e•o 

e•.e(o) e•./io e•./•o 

2m I. p(•) 1 e •o Uo •-- (•)•%exp --% •o 

" f•'(o) do •Uo • •o • 
_ •' •' _ 

(8•) a/• •' p(•) 4 2(•) a/' •• d• u• Vo 

between energy distribution and the more fa- 
miliar velocity distribution is clarified in the 
appendices. 

The photoelectron energy spectrum under 
solar irradiation is shown in Figures 2d-9d for 
different materials. The scale for the function 

p is marked along the left vertical axis, and 
the electron energy is counted along the hori- 
zontal axis in electron volts. Parameters such 

as the mean kinetic energy e•ke and the most 
probable energy e•k• are defined in Table 1, 
and their values are listed in Table 2. The most 

striking feature is that these energies are very 
similar for all materials; the mean kinetic ener- 

gies lie in the range 1.2-1.5 ev, with the ex- 
ception of lithium fluoride, and the most prob- 
able energies are all of the order of 1 ev. 

Electric Properties oi Photoemissive Surfaces 

Probe geometry. In a vacuum the equilib- 
rium potential of a body under solar irradiation 
is such that all photoelectrons must return to 
its surface after being emitted. However, if a 
probe is polarized at a potential less than its 
equilibrium potential, a part of the photocur- 
rent is emitted. Conversely, in a space experi- 
ment a small flux of ambient electrons to the 

body allows an equal flux of the most energetic 
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photoelectrons to escape, and the potential of 
the probe is related to the flux leaving the sur- 
face. 

The knowledge of the current voltage char- 
acteristic of the probe is therefore essential for 
the determination of its equilibrium potential; 
in addition, the derivative of this characteristic 
curve yields the ac conductance of the probe 
at low frequencies. The contribution of the 
surrounding plasma to the incremental con- 
ductance of the probe can be neglected when 
the energy of the ambient particles is much 
higher than that of the photoelectrons and the 
incoming flux is not influenced by the probe 
potential. 

Let us now define a shielding distance for the 
photoelectrons analogous to the Debye length 
in a plasma: 

where e•e is the mean kinetic energy of the 
photoelectrons when they are emitted and No 
is the electron volume density near the surface. 

We consider two extreme situations; first the 
probe is assumed to be a small sample, or a 
point source, which means that its size is much 
smaller than ho; then we treat the case of a 
planar surface, the dimensions of which are 
much larger than ho. These two geometries are 
illustrated in Figure 10. 

In first approximation the equipotential sur- 
faces are spherical around a point source. If the 
photoelectrons are emitted radially out of the 
sample, the distance at which they are reflected 
is a function of their initial energy but is in- 
dependent of the direction along which they 
have been emitted, as can be seen in Figure 
10a. The situation is somewhat different for a 

planar surface; the equipotential surfaces are 
planar and the distance at which an electron is 
reflected is now a function of the orientation 

EO•UIPOTENTIAL 

y SURFACES 
/•.-' - •- --.• • • ELECTRON ...... 

J k•- •-- TRAJECTORIES 

(•) (b) 

Fig. 10. •Probe geometry. (•) Small s•mp]e. 

of the velocity vector with which the electron 
is emitted. An electron with a velocity vector 
perpendicular to the surface will reach a much 
higher distance above the surface than an elec- 
tron with the same initial speed but emitted at 
a lower angle, as is shown in Figure 10b. 

It is hoped that the results obtained under 
these two extreme assumptions will bracket 
the orders of magnitude pertaining to bodies of 
arbitrary size. 

Small sample. If the potential of a small 
probe with respect to space potential is •', 
photoelectrons emitted with energies higher 
than e•' do not return to the probe surface. 
The flux of these particles is simply related to 
the surface potential through the integral 

J(•') = I8 f• p(•) d• (8) 
It is seen that the saturation flux is reached 

for •' = 0 when the probe is at space potential. 
The photoelectron flux is plotted in Figures 

2e-9e as a function of the probe potential; 
the value of the normalized flux J/I, is indicated 
on the left vertical axis, whereas the corre- 
sponding current density eJ is shown on the 
right vertical axis in microamperes per square 
meter. 

The low-frequency per unit area conductance 
of the probe g(•') is simply given by the de- 
rivative of the current density with respect to 
the probe potential: 

g(g,') = --e dJ(g,') dg,' - eI,p(g,') (g) 
where the minus sign stands for the fact that 
positive currents are directed into the surface. 
The functions g and p are therefore repre- 
sented by the same curve in parts d of the 
figures, but the scale for the per unit area con- 
ductance in /•mhos/m' is shown on the right 
vertical axis. 

The maximum conductance 

go -- eI,p(•,) (10) 
is reached when the probe potential corresponds 
to the most probable energy in the distribution, 
e•. Values of go a, re listed in Table 2; they 
range from 2 to 20 •mhos/m 2. 

Planar surface. The electric properties of a 
large planar probe depend on the particle mo- 
tion along a direction perpendicular to its sur- 
face. Therefore the knowledge of the energy 
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e• associated with the 'perpendicular compo- 
nent of the velocity is more important than 
that of the total electron energy e•, which 
has been considered so far. 

The energy distribution associated with the 
perpendicular motion P(•) can be derived for 
a given material from the total energy distri- 
bution p(•). The detail of this treatment can 
be found in the appendix, and the main result 
is given by (A29). The only assumption to be 
made in this derivation is given by (A6) and 
concerns the angular dependence of the direc- 
tional flux. Photoemission is taken to be iso- 

tropic, which is realistic for amorphous ma- 
terials such as those presented in this study 
but would not necessarily hold for monocrystals 
or for finely powdered substances. 

The energy distribution associated with the 
perpendicular motion of the electrons, P(•), is 
plotted in Figures 2d-9d; the reference axes are 
the same as for the function p(•). 

The energy associated to the. rms velocity 
component along the perpendicular to the plane, 
e•, is defined in Table 1. As photoemission 
is isotropic, this energy is equal to one third of 
the mean kinetic energy e•. The magnitudes 
of • and • are shown on the horizontal axes. 
in parts d and e of the figures. 

The average energy of this distribution, 
is also defined in Table 1, and its values, which 
are listed in T'•ble 2, are all of the order of 
i ev. 

The flux of escaping photoelectrons as a 
function of the surface potential •' is given by 

I(•') = I• f•• P(O)dO (11) 
Replacing (A29) into (11), we obtain, after 
some manipulation, 

I(ek')-I8 f•• (1 -•)p(g,)dg, (12) 
The saturation flux is reached when •' '-- 0; 
by comparing (8) and (12) it is checked that 
the saturation flux is the same for an infinite 

planar surface as for a small planar surface, 
for given material and light incidence. 

The curves representing the normalized pho- 
toelectron flux I/Is and the current density 
eI are displayed in Figures 2e-9e in the same 
manner as the corresponding curves for a small 
sample. 

The per unit area conductance of a planar 
probe is given by the derivative of the current 
density with respect to the probe potential: 

G(ek') = -e d__•••;_) = eIsP(ek') (13) 
The function G is represented by the same 

curve as P, but the corresponding scale is shown 
along the vertical left axis. 

The maximum per unit area conductance, 

Go = eI•P(O) (14) 
is obtained when the probe is at space potential. 
Values of Go are listed in Table 2. It is seen 

that for a given material the maximum per unit 
area conductance is about twice as much for 

a planar surface as for a small sample. 
The electron volume density in the vicinity 

of the probe surface, N•, is given by (A30). A 
point is said to be in the vicinity of the sur- 
face if it is at a distance much less than the 

shielding distance Ao defined by (7) in the 
case of a large planar probe or much less than 
the size of the probe in the case of a small 
sample. 

It is implied in the theoretical treatment, 
which leads to (A30), that the density of the 
particles leaving the surface is the same as that 
of those returning to it; this means that the 
probe potential is supposed to be such that the 
flux of photoelectrons that is not returning to 
the surface, given by (8) or (12), is small as 
compared to the saturation flux I8. 

The values of No, which are recapitulated in 
Table 2, lie in the range 10•-10 • el/cm'; 
these electron densities are about 2 orders of 

magnitude larger than that of the ambient 
plasma beyond the plasmapause. 

The shielding distance ho has also been com- 
puted from (7); typical values are shown in 
Table 2 and are all of the order of a fraction 

of a meter. The shielding distance gives an or- 
der of magnitude of the sheath thickness, but 
the profile of the sheath is strongly influenced 
by the exact shape of the photoelectron energy 
distribution function. 

The electric field on the surface of • planar 
probe, as well as the surface density of the 
positive charge carried by the probe, can be 
analytically derived. The electric field on 
the surface, 

Eo = 2(2)•/"•e/3ko (15) 
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is of the order of a few volts per meter, as can 
be observed in Table 2. The surface density 
number of the positive charge carried by a 
planar probe, 

ao = (2)'/"Noko (16) 

is also equal to the columnar content of the 
photoelectron sheath, which is the electron vol- 
ume density integrated throughout the sheath 
along a direction perpendicular to the surface; 
values of ao are also given in Table 2. 

Discussion 

Accuracy Problems 

The accuracy with which the differential 
photoelectron flux H(w) is obtainable is limited 
by the resolution of the solar spectrum 
measurements above 15 ev and by the lack of 
information about photoelectron yield Y(w) 
above 21 ev. It can be checked, however, that 
the contribution due to photons with energies 
higher than 20 ev is generally not important 
and that the determination of the total satura- 

tion flux I, is not very sensitive to inaccuracies 
in material yield and solar spectrum data for 
high photon energies. 

The photoelectron energy distribution /•(•) 
has been measured for a limited number of 

photon energy values w. The shape of the dis- 
tribution for an arbitrary photon energy can 
be safely determined by interpolation especially 
for values of w below 15 ev, but extrapolation 
is more hazardous above 20 ev. Consequently, 
the integrated energy distribution under solar 
irradiation p(•b) is satisfactorily defined for the 
bulk of the low-energy photoelectrons, but the 
accuracy corresponding to the high-energy tail, 
say for values of •b above 10 ev, may be ques- 
tionable. The limitations of this technique can 
be appreciated by comparing the figures for 
the saturation current of aluminum oxide given 

Fig. 11. (Opposite) Comparison between three 
energy distribution models with identical mean 
kinetic energies: normalized photoelectron energy 
distribution curves (left-hand scale) or per unit 
area conductances (right-hand scale) versus probe 
potential associated with (a) a small sample and 
(b) a planar probe; normalized photoelectron 
fluxes (left-hand scale) or current densities (right- 
hand scale) corresponding to (c) a small sample 
and (d) a planar probe. 
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here, 42 /•a/m 2, with that directly measured in 
space, 30 /•a/m • [Whipple, 1965]. This dis- 
crepancy, however, is also due to differences in 
cleanliness, roughness, and oxidation of the 
samples [Grard and Tunaley, 1971]. 

Models [or the Energy Distribution 

Each material is characterized by i•s yield 
curve Y(w) and its energy distribution surface 
], (•). However, all the normalized energy dis- 
tribution curves p(•) present similar features. 
It seems therefore meaningful to look for models 
that will represent the shape of the energy dis- 
tribution for all materials. 

One can, for example, consider an average 
model defined by 

p(•b) = • [I,,p,(•b)]/ • I,, (17) 
i i 

where the subscript i refers to each material in- 
dividually and the sums are taken over all 
materials considered in this study. It is found 
that the mean kinetic energy associated to this 
model is 1.42 ev and that the average saturation 
current density is 21 /•a/m 2. 

One may also attempt to approximate an 
experimental energy distribution using an ana- 
lytical model; the simplest of all is the mono- 
energetic model 

p(•) = $(•- •o) (18) 

where • is the Dirac function; electrons are 
isotropically emitted with the same energy e•o. 
Analytical results, which can be derived using 
this type of distribution, are given in Table 1 
(it is recalled that the rectangular y = hII(x 
-- a) is such that y = h for a- 1/2 • x <• 
a + 1/o. and that y = 0 elsewhere). 

The MaxwellJan model is defined by 

p(•) = (•/•o •') exp (--•/•o) (19) 

where eq5o is the most probable energy. Analyti- 
cal results associated with this distribution are 

found in Table 1; it is seen that the current- 
conductance ratio for a planar probe is con- 
stant and given by 

eI(ek)/a(ek) = •o (20) 

The average monoenergetic and Maxwellian 
models are compared in Figure 11. The energy 
distributions displayed in Figure 11a have the 
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same mean kinetic energy. The right verticaI 
axis has been graduated in microvolts per square 
meter, since the same curves also represent 
the per unit area conductance for a small 
sample; it is assumed that the saturation cur- 
rent density is the same for the analytical 
models as for the average model. The corre- 
sponding curves for a planar surface are dis- 
played in Figure 11b. In addition, the current 
density characteristics for a small sample and 
a planar surface, respectively, have been drawn 
for the three models in Figure 11(c, d). More 
numerical comparisons have been made in 
Table 2. 

It is seen is Figure 11 that a typical experi- 
mental energy distribution, such as that ob- 
tained with the average model, can be approxi- 
mated by a Maxwellian distribution. It is also 
shown in Table 2 that parameters that char- 
acterize the photoelectron sheath, such as No, 
•o, Eo, and fro, are practically not affected by the 
shape of the energy distribution. 

E#ect of a Tenuous Ambient Plasma 

In the absence of ambient plasma the photo- 
current emitted by a probe ip is obtained by 
integrating the current density over the 
fective area for photoemission. Note that this 
area is generally smaller than that of the 
tire surface of the body; the ratio of the two 
areas is equal to one for a planar surface un- 
der normal light incidence, but it is of the 
order of 4 for a spherical body. The photocur- 
rent characteristic is schematically represented 
in Figure 12; the reference for the voltage is 
space potential. For negative values of the po- 
tential the current is constant and equal to the 

Fig. 12. Current voltage characteristics of a 
planar probe. 

photoelectron saturation current; for positive 
values of the potential the photocurrent 
creases as shown in Figure 11 (c, d), for exam- 
ple. In the absence of ambient plasma, no photo- 
electron may escape, and the floating potential 
is such that even the most energetic photo- 
electron must return to the surface. 

Considering now the effect of an ambient 
plasma and neglecting for the moment photo- 
emission, one can see that the current voltage 
characteristic is that of a Langmuir probe. In 
the case of a planar probe, the current ia is 
practically equal to the plasma electron satura- 
tion current for positive values of the probe 
potential; the ion saturation current, on the 
contrary, is reached for very negative values 
of the voltage. The probe is generally floating 
at a negative voltage that depends on the 
plasma temperature, unless secondary emission 
plays a significant role, as was discussed by 
Knott [1972]. 

Subtracting the photocurrent from the am- 
bient plasma current, we obtain the net cur- 
rent riowing through the probe. In equilibrium 
the current away from the body must equal 
the current into it; in a tenuous plasma a 
small flux of ambient electrons allows an equal 
flux of the most energetic photoelectrons to es- 
cape, and the probe is floating at a positive 
potential. 

It is seen in Figure 12 that Langmuir probe 
measurements made in interplanetary space 
must be interpreted with extreme care, since 
the plasma current may be completely masked 
by photoemission. In addition, if the photo- 
electron sheaths of the probe and that of the 
body with respect to which the probe is biased 
are overlapping, the existence of a stray photo- 
electron current through the sheaths will 
further complicate the task of the experimenter. 

When secondary emission is neglected, the 
floating potential of a body • is defined by 
the equality between photocurrent and plasma 
current. Assuming that photoelectrons have a 
Maxwellian energy distribution and that their 
most probable energy is equal to eeko, we can 
write 

ia _____ I8 exp -- (•r/•o) (21) 
Provided that the mean kinetic energy of the 
photoelectrons is much lower, than that of the 
ambient particles, (21) can be solved for small 
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values of the probe floating potential (• _• plasmapause the electron volume density is 
•o), assuming that i• is constant. larger in the vicinity of a probe than in the 

We use the average values for photoelectron ambient plasma. 
flux and most probable energy given in Table 2 The exact configuration of the photoelectron 
to estimate the floating potential of a space- sheath in deep space can now be derived for 
craft at synchronous orbit. Typical values for bodies of various shapes by using the results 
the ambient electron flux at the geostationary of the present study as input data for already 
altitude, which can be deducted from the ATS 5 existing simulation programs [So,op, 1972]. 
satellite measurements presented by DeForest 
and Mcllwain [1971], are of the order of 5 X APPENDIX 1 
10 TM el/'sec m •. Reporting these numerical Perpendicular Velo.city Distribution and 
values into (21) yields a typical positive float- Associated Energy Distribution 
ing potential of the order of 3 volts for a planar Let F(v) be the normalized perpendicular 
surface and 2 volts for a spherical body. velocity distribution function corresponding to 

Considering the magnitude of I8 given in particles leaving the surface (v • 0), and let 
Table 2 for various materials, it is seen that No/'2 be the density of these particles in the 
the floating potential will be positive under vicinity of the surface. The elementary flux 
average conditions at the geostationary orbit, of particles with perpendicular velocities be- 
even for graphite, which has nevertheless an tween v and v • Av is 
exceptionally low photoelectron yield. It is 
possible, however, that the floating potential A1- «NovF(v)Av (A1) 
be negative, even in su. nlight, whenever the If the normalized energy distribution function 
flux of ambient electrons is larger than that associated with F(v) is P(•), where 
of the photoelectrons. This phenomenon has 
been observed on the ATS 5 satellite and has e• - «my 2 (A2) 
been reported by DeForest [1972]. and if the total outward flux is 18, the flux of 

The probe conductance at very low fie- particles with energies between e• and e(• • 
quency is given by the slope of the current A•) is 
voltage characteristic. Around the floating po- 
tential the photoelectron current is much more AI - IsP(eh) A• (A3) 
sensitive than the ambient plasma current to Differentiating (A2) and replacing into (A1), 
variations of the surface potential, and the we obtain 
probe conductance can therefore be computed 
by using (9) and (13). AI - «(e/m)NoF(v) A• (A4) 

CONCLUSION Comparing (A3) and (A4) gives 

The energy distribution of photoelectrons P(eh)- «(e/m)(No/Is)F(v) (AS) 
emitted by a surface irradiated by sunlight at Characteristic parameters of the distribu- 
the earth's orbit was derived by combining tions are given in Table 1. 
laboratory measurements on photoemission and 
solar flux data. It has been shown that, al- Speed Distribution and Energy Distribution 

though the photoyield is a function of the We now take the case of an infinitely small 
nature of the material, the shape of the energy surface emitting particles radially with an 
distribution is very similar for all materials and isotropic velocity distribution. The outward 
can be approximated by a Maxwellian model. angular flux is 

The voltage current characteristic and the 
conductance of planar probes have been corn- Aj = Ajo cos a (A6) 
puted. The conductance, which should be 0, where 0 • a • v/2 (see Figure 13), and the 
in the absence of photoemission, can reach total flux is given by 
typical values of 10-20/•mhos/m 2. 

Various sheath parameters have also been AJ- f( A jd• (A7) estimated, and it is seen that beyond the •) 
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(dCV) 

p(•) '- 2•'(e/m)'.(No/!8)•'(u) (A15) 
Various parameters related to the speed and 
energy distributions are listed in Table 1. 

(•-) 

(As) 

Derivation o/the Volume Density and of the 
Energy Distribution Associated with the 
Perpendicular Motion o/ the Particles 

Monoenergetic emission. Let us suppose 
, that the energy distribution p (½) defined by 

(A15) has been obtained from the experimental 
study of a small sample of a given material. 

Fig. 13. Photoemission from a small sample. With the assumption that the angular de- 
pendence of the directional flux is given by 

where (A6), our purp6se is to determine the per- 
pendicular velocity distribution, or its asso- 

d• = 2•r sin a da (A8) ciated energy distribution P(•b) defined by 
is the area of the annular ring (do), shown in (AS), in the vicinity of a planar surface made 
Figure 13. Replacing (A6) and (A8) into (A7) of the same material. 
and integrating over the hemisphere (•) of With reference to Figure 14, let us first 
radius unity gives define in a plane (s) a laminar ring (As) of area 

AJ = •- Ajo (A9) 

This flux refers only to particles leaving the 
elementary surface, but there is indeed an 
equal flux of particles returning to it. 

For particles with speeds between u and 
u -]- /•u, the angular flux in the direction a -- 
0 is 

As = 2•rrAr (A16) 

let us also consider an elementary surface (Air) 
of area Aa, perpendicular to oz and at a dis- 
tance L, arbitrarily small, from (s). 

The flux of particles emitted out of (As) 
toward (A•) with a directional flux Aj is 
given by 

Ajo - l•rNo(4•ru•)•'(u)u Au (A10) 
where f(u) is the normalized speed distribution 
of the particles. Replacing (A10) into (A9) 
we obtain for the corresponding omnidirectional 
flux 

Ai---- AjAsA•/Aa (A17) 
where 

Arid = Aa COS a/(L" q- r'.) (A18) 
Replacing (A6), (A16), and (A18) into 

(A17), we obtain 

AJ = •rNou3](u) Au (All) 
On the other hand, if the energy distribu- 

tion of the particles leaving the source is p (•b), 
where 

e• = x '. (A12) • mu 

and if the total outward flux is L, the ele- 
mentary flux of particles with energies between 
e•b and e(•b -1- A•b) is 

Ai = Ajo2•rrAr cos" (A19) 

(AG') 

Ac• 

AJ-- Isp(•) A• (A13) 

Replacing (A12) into (All), we write 
(as) 

AJ-- 2•r(e/m)'.No•k](u) A• (A14) (s) 
Equating (A13) and (A14), we obtain Fig. 14. Photoemission from a planar surface. 
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which can also be written for monokinetic par- 
ticles: 

ai- «an 

where An/2 is the volume density of particles 
leaving the surface with perpendicular velocities 
between v and v q- Av; it is understood that 
the density of particles returning to the surface 
is also An/2. 

The perpendicular velocity is given by 

(A21) •) • U COSOt 

which yields after differentiation 

Av -- vrAr/(L" q-- r 2) (A22) 

Replacing (A9), (A21), and (A22) into (A19), 
we obtain 

= 2,vav/u 
Equating (A20) and (A23) gives 

An- 4AJAv/u" (A24) 

Integrating with respect to v between o and 
u, we have the total density of the particles 
in the vicinity of the surface: 

n- 4AJ/u (A25) 

With equations A2 and A12, equations A23 
and A25 become 

and 

n = AJ(Sm/e•) 1/•' (A27) 
respectively. 

Continuous energy distribution. We extend 
the results given by (A26) and (A27) to the 
case of a continuous distribution. 

Replacing (A13) into (A26) and integrat- 
ing over the energy distribution, we find 

Comparing (A28)with (A3), we obtain 

PC) = d• (A29) 

Replacing (A13) into (A27) and integrating 
over the entire energy distribution, we find for 

29O5 

the total electron density in the vicinity of 
the surface: 

APPENDIX 2 

The following nomenclature is used in this 
paper: 

e 

I 

I, 
J 

m 

P 

w 

electron charge. 
surface electric field on a planar electrode. 
photoelectron speed distribution. 
photoelectron energy distribution for a 
given photon energy. 

F distribution function of the velocity com- 
ponent perpendicular to the surface. 

g per unit area conductance for a small 
probe. 

go maximum per unit area conductance for 
a small probe. 

G per unit area conductance for a planar 
probe. 

Go maximum per unit area conductance for 
a planar probe. 

H photoelectron differential flux. 
ia ambient plasma current collected by a 

probe. 
photoelectron current emitted by a probe. 
photoelectron flux leaving a planar probe. 
photoelectron saturation flux. 
photoelectron flux leaving a point source. 
electron mass. 

electron density near the surface. 
normalized photoelectron energy distri- 
bution. 

P energy distribution associated with the 
motion perpendicular to a planar surface. 

S solar photon energy spectrum. 
u photoelectron speed. 

ue photoelectron rms speed. 
uo speed associated with a monokinetic 

distribution. 

v photoelectron velocity component normal 
to the surface. 

ve rms value of the velocity component 
normal to the surface. 

Vo •hermal velocity •ssociated with a Max- 
wellJan distribution. 

photon energy. 
work function. 

photoelectric yield per incoming photon. 
angle between the photoelectron velocity 
vector and the normal to the surface. 
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ko 
H 

O'o 

e•0 

Dirac impulse symbol. 
vacuum dielectric constant. 

shielding distance. 
rectangular function symbol. 
surface charge density carried by a 
planar probe. 
potential of a planar probe. 
floating potential of a probe. 
potential of a small probe. 
energy associated with the motion normal 
to the surface. 

average energy associated with the motion 
normal to the surface. 

energy associated with the rms velocity 
component perpendicular to the surface. 
most probable energy associated with a 
Maxwellian distribution. 

photoelectron energy. 
mean kinetic energy. 
energy associated with a monokinetic 
distribution. 

most probable energy. 
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