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ABSTRACT

The photoelectric emission process is considered to be the dominant mechanism for charging of cosmic dust grains
in many astrophysical environments. The grain charge and equilibrium potentials play an important role in the dy-
namical and physical processes that include heating of the neutral gas in the interstellar medium, coagulation pro-
cesses in the dust clouds, and levitation and dynamical processes in the interplanetary medium and planetary surfaces
and rings. An accurate evaluation of photoelectric emission processes requires knowledge of the photoelectric yields
of individual dust grains of astrophysical composition as opposed to the values obtained from measurements on flat
surfaces of bulk materials, as it is generally assumed on theoretical considerations that the yields for the small grains
are much different from the bulk values.We present laboratory measurements of the photoelectric yields of individual
dust grains of silica, olivine, and graphite of�0.09–5�m radii levitated in an electrodynamic balance and illuminated
with UV radiation at 120–160 nm wavelengths. The measured yields are found to be substantially higher than the
bulk values given in the literature and indicate a size dependence with larger particles having order-of-magnitude
higher values than for submicron-size grains.
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1. INTRODUCTION

It is well recognized that submicron/micron-size cosmic dust
grains play an important role in the evolution and dynamical
processes in the galaxy, the interstellar medium (ISM), and the
interplanetary and planetary environments. The dust grains in var-
ious astrophysical environments are generally charged, and their
equilibrium charge and surface potential influence the dynam-
ical and physical evolutionary processes (e.g., Bailey &Williams
1988; Harwit 1998; Field & Cameron 1975; Draine 2004). The
dust grains in space environments may be charged by a variety of
mechanisms that include collisional processes with electrons and
ions, triboelectric charging, and photoelectric emissions (e.g.,
Wyatt 1969; Feuerbacher et al. 1973;Draine 1978;Draine&Sutin
1987).

The photoelectric emission process is believed to be the dom-
inant process in many astrophysical environments with nearby
ultraviolet (UV) sources, such as the ISM, diffuse clouds, outer
regions of the dense molecular clouds, interplanetary medium,
dust in planetary environments and rings, cometary tails, etc.
The photoelectric emission from dust grains is assumed to be an
important mechanism for heating of the neutral gas in the diffuse
interstellar clouds, as well as in the surface regions of the mo-
lecular clouds, and is believed to play an important role in the
dynamical evolution of the ISM (e.g., Watson 1972, 1973; Draine

1978; Mukai 1981; Bakes & Tielens 1994; Dwek & Smith 1996;
Weingartner &Draine 2001). The charge and equilibrium poten-
tials of dust grains influence the coagulation and condensation
processes in molecular clouds. The photoelectric emission pro-
cess is also the dominant dust-charging process on the lunar sun-
lit environment leading to levitation and transportation of dust
on the lunar surface observed during the Apollo missions (e.g.,
Feuerbacher et al. 1972; Pelizzari & Criswell 1978; Horanyi et al.
1995, 1998, 1998b; Stubbs et al. 2006).

An evaluation of the charge and equilibrium surface potential
of dust grains of various astrophysical compositions induced by
photoelectric emissions requires knowledge of the photoelectric
yield defined as the electrons emitted per photon absorbed. Ac-
curate theoretical models for calculation of the yields of individ-
ual dust grains are not yet available, and the required information
has to be obtained by laboratory measurements. However, the
only measurements of photoelectric yields available in the lit-
erature for dust materials of astrophysical composition are those
made on bulk materials with flat surfaces. This situation exists
even though it has long been postulated on theoretical consid-
erations that the photoelectric yields of individual dust grains
would be substantially different from those for the corresponding
bulk materials (e.g., Watson 1972, 1973; Gallo & Lama 1976a,
1976b; Draine 1978). The photoelectric yields of small nanometer-
size gold and silver particles suspended in He gas and irradiated
by UV were measured in a series of papers (Schmidt-Ott et al.
1980; Burtscher & Schmidt-Ott 1982; Burtscher et al. 1984).
The measurements apparently indicated strong enhancements in
the yields compared with the bulk values for Ag particles, but
no enhancement for the Au particles. However, the latter paper
(Burtscher et al. 1984) showed that for clean Ag particles, the
yield curve was similar to that for the bulk values, indicating that
the measured enhancement was affected by the surface contam-
inants. The existing models have not provided a satisfactory ex-
planation for the observed data.
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Several theoretical models based on classical electrostatics
have been proposed that indicate an inverse size dependence of
�1/a for ionization threshold energy or the work function (WF).
A considerable amount of data now exists for experimental deter-
mination of the ionization threshold energy of particles extend-
ing in size over the range of clusters of a few atoms, nanometer/
micron-size particles, and progressively merging with the bulk
materials (e.g., Gallo & Lama 1974, 1976a, 1976b; Ekardt 1985;
Seidl et al. 1991; Bréchignac et al. 1992; Dugourd et al. 1992;
de Heer 1993; Wong et al. 2003). No direct photoelectric yield
measurements on individual dust grains of astrophysical interest
have been reported as yet.

In this paper, we present the first measurements of the photo-
electric yields of individual submicron/micron-size dust grains
of astrophysical interest. The yields reported here were determined
by directmeasurements of the discharge rates of negatively charged
dust grains of silica, olivine, and carbonaceous composition, with
sizes in the range of 0.09–5 �m radii. The measurements were
made by levitating individual grains of known size and compo-
sition in an electrodynamic balance and illuminating them with
UVradiation of known intensity at wavelengths of 120, 140, and
160 nm. In x 2, a description of the experimental apparatus em-
ployed in the measurement is given with a brief review of the
electrodynamic balance. The basic equations and the method-
ology employed for photoelectric emission and yield calcula-
tions are given in x 3. Experimental results of the photoelectric
efficiencies and yields of silica, olivine, and carbonaceous dust
grains are given in x 4, with a detailed discussion of the possible
sources of errors in the measurements in x 5. In x 6, we discuss
some theoretical considerations relevant to photoelectric emis-
sions. A summary and conclusions of the measurements are given
in x 7.

2. EXPERIMENTAL APPARATUS

2.1. Electrodynamic Balance

The photoelectric emission measurements reported here were
performed on an electrodynamic balance, also referred to as a
quadrupole trap, that permits levitation of a single micron-size
dust grain in simulated astrophysical environments. An electro-
dynamic balance consists of a top and a bottom electrode of
hemispherical configuration, and a ring electrode of cylindrical
configuration. The top and bottom electrodes are kept at posi-
tive or negative DC potentials (VDC) with respect to the ground,
depending on the polarity of the dust grain charge, and an AC
potential (VAC) is applied to the cylindrical electrode. The net
effect of the AC field is to produce a null potential at the geo-
metric center of the cavity with the DC electric field balancing
the gravitational force on a charged dust grain. The dust grains
may be kept trapped in the balance for extended periods as long
as the required AC and DC potentials and the AC frequency
(� ¼ 2�f ) satisfy the stability conditions for keeping the parti-
cle at the balance center. The stability conditions are determined
by the field and drag factors � and �, respectively, defined as

� ¼ 2g

C0z0�
2

VAC

VDC

; ð1Þ

� ¼ 18�

��D2
; ð2Þ

where � is the viscosity of air, � is the mass density of the par-
ticle, g is the gravitational acceleration, C0 is a geometric con-
stant experimentally determined to be 0.68, z0 ¼ 0:750 cm is

the distance from the trap center to the DC electrodes, and D is
the effective particle diameter. A particle is trapped only under
a certain range of values of � and � as determined by stable
solutions of the equations of motion of the particle. A detailed
description of the principles, basic equations, and the required
apparatus has been given in previous publications (e.g., Davis
1985; Spann et al. 2001; Abbas et al. 2002a, 2002b, 2003, 2004).

A basic quantity that is experimentally determined on the elec-
trodynamic balance with a particle stably trapped is the charge-
to-mass ratio given by

q

m
¼ gzo

CoVDC

: ð3Þ

With direct measurements of VDC, the charge-to-mass ratio of
a trapped particle given by equation (3) is a directly measurable
quantity and forms the basis of all measurements on an electro-
dynamic balance.

2.2. Experimental Setup and Procedure for Photoelectric
Emission Measurements

The experimental setup for photoelectric emission measure-
ments is shown in a schematic in Figure 1 and consists of the
following main components:

1. Electrodynamic balance: Top and bottom hemispherical
electrodes, and a cylindrical ring electrode in a vacuum chamber
with suitable viewing ports.

2. Electric power supplies: Consisting of an AC voltage
source (VAC � 100 2000 V, at fAC � 10 1000 Hz), a low DC
voltage source (VDC � 0:01 50 V), and a DC high-voltage
source (Vh � 0 1000 V) power supply for inductive charging of
the dust particles.

3. Particle injector: A pressure impulse device to inject an
inductively charged particle (positive or negative) of known
composition and density in the balance through a port at the top
(Spann et al. 2001).

4. Particle imaging system: A 15 mW, He-Ne laser with an
optical magnifying system to project the image of the levitated
particle on a monitor.

5. Vacuum system: With leak valves and pressure gauges
for controlled evacuation of the chamber pressures to �10�4 to
10�5 torr.

6. Far-UV source: A deuterium lamp with MgF2 window,
focusing equipment, and a vacuummonochromator with FWHM
resolution of 8 nm. The UV beam is collimated and focused with
a MgF2 lens to limit the beam diameter�3.5–4.5 mm (FWHM)
size, smaller than the 6 mm entry/exit apertures in the balance
ring electrodes, thus eliminating or minimizing photoelectrons
emitted by the walls due to any stray UV radiation.

7. Photomultiplier tube (PMT ):With spectral response in the
115–200 nm wavelength region.

The size or the ‘‘effective’’ diameter of a trapped particle is
determined from a few ‘‘spring-point’’ measurements at pres-
sures of�1–10 torr. The size calculations are based on marginal
instability of the levitated particle involving the field and viscous
drag factors defined in equations (1) and (2), and are discussed
in more detail in x 5.1 and in previous publications (e.g., Davis
1985; Spann et al. 2001). Estimates or upper limits of the parti-
cle sizes may also be obtained from the monitor images using
scale factors developed from particles of known sizes k5 �m.
After stable trapping and size determinations at pressures of �1–
10 torr, a controlled evacuation procedure is started to allow
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the chamber pressure to reach �10�4 to 10�5 torr, at which the
photoelectric emission measurements on the levitated particles
are carried out.

The levitated particles in the trap are charged positively or
negatively by an inductive process with a high DC potential in
the particle injector, the sign of the charge being selected by the
polarity of the charging voltage. A negatively charged particle
may be discharged by exposing it to UV radiation, and a posi-
tively charged one discharges through exposure to a low-energy
electron beam. The initial magnitude of charge on a grain is con-
trolled to a degree by the DC potential employed for the charging
process. A typical charge for measurements on silica grains,
for example, varied from �30–100 electrons for particles of
�0.1 �m radii to >200,000 electrons for particles of >3–5 �m
radii. When the UV radiation beam is turned on, the particle
begins to discharge by ejecting electrons at a rate that depends on
the radiation intensity, the size, and the charge state of the par-
ticle. The DC voltage is continuously adjusted to balance the
gravitational force and keep the particle at the trap center. The
UV radiation may be turned on or off, with the particle discharg-
ing or maintaining a constant charge, respectively. The particle
is ejected from the balance when it is nearly or completely
discharged.

A positively charged polystyrene particle of 2.3 �m radius
was kept trapped in the electrodynamic balance for a period of
about 8 days for test purposes and was periodically discharged
and charged by exposure to an electron beam of 50–2500 eVand
a UV radiation beam, respectively. A cycle of discharging and
charging of the trapped particle selected from a portion of the
data obtained over a period of about 5.5 hr is shown in Fig-
ure 2. With UV radiation at 160 nm wavelength turned on at t �
1060 minutes, the particle charge increases from an initial charge
q � 840e to �880e at t �1170 minutes. At this time, the UV

radiation intensity is changed to a much stronger value consist-
ing of ‘‘white light’’ covering all wavelengths in the visible to
120 nm spectral region, and the particle charge rapidly increases
to an equilibrium value of q � 1280e at t � 1270 minutes. At
t � 1360 minutes the particle is now exposed to an electron
beam at 2500 eV, and the particle discharges to q � 880e at
t � 1380 minutes. At this time the electron beam is turned off,
the white light with UV radiation is turned on, and the particle
charge increases again to the equilibrium value of �1280e at
t � 1500 minutes. It should be noted that the scatter in the grain

Fig. 2.—Variation of charge with time of a positively charged polystyrene
particle of 2.3 �m radius periodically discharged with an electron beam and
charged with a UV photon beam. [See the electronic edition of the Journal for a
color version of this figure.]

Fig. 1.—Schematic of the setup of an electrodynamic balance for UV photoelectric yield measurements.
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charge seen in Figure 2 reflects only the random variability of the
DC voltage VDC, the measurement accuracy of which is limited
to �1 mV.

An example of the discharging of a 0.35 �m radius silica
particle with an initial negative charge of ��300e is shown
in Figure 3. The particle maintains constant charge for about
5 minutes until it is exposed to UV radiation at 160 nm wave-
length when it discharges to about 50e in �6 minutes. With the
UVradiation turned off, the charge remains constant until the UV
is turned on again at t � 18 minutes when the particle discharges
to <10e when it is ejected from the trap.

All photoelectric emission measurements reported in this
paper were made on negatively charged dust grains. The choice
of negative charge was made in view of the ease with which neg-
atively charged particles may be discharged over a range of po-
tentials from high to negligibly small values. Measurements on
positively charged grains over a desired range of potentials may
be made with a sequence of charging and discharging processes
with UVand an electron beam, respectively, and are planned in
the future.

3. CALCULATION OF PHOTOELECTRIC YIELDS

The photoelectric yield calculations are based on measure-
ments of the discharge rate of a particle irradiated with a UV
beam of known photon flux density. The photon flux in the beam
is determined by reflecting it to a PMT and measuring the col-
lected current, with the beam width determined by direct mea-
surements at the trap center, as well as by modeling calculations
using the ZEMAX optical software. With the beamwidth smaller
than the projected area of the PMT, the number of photons per
second in the beam N

ph
B and incident on the PMT is given by

N
ph
B ¼ iPMT(k)

e�q(k)GR
; ð4Þ

where iPMT(k) is the current measured by the PMT at wave-
length k, e is the electron charge, �q is the quantum efficiency,G
is the gain of the PMT, and R represents the reflectance of the
mirror (Fig. 1). To determine the number of photons per sec-
ond incident on a dust grain levitated at the trap center, we as-

sume the radial distribution of photons in the beam to be of the
Gaussian form as

n
ph
B ¼ nphmax(0) exp � r 2

r 2e

� �
; ð5Þ

where re ¼ we /2 represents the half-width of the beam where
the photon flux density n

ph
B is 1/e of the maximum value nphmax(0)

at the beam center. The above assumption implies that the total
integrated photon flux in the beam and measured by the PMT is
represented by

N
ph
B ¼ (�r 2e )n

ph
max(0): ð6Þ

Since the beam width we � 3:5 4:5 mm is much larger than
the particle diameters, equations (4) and (6) may be used to cal-
culate the number of photons incident on the dust grain per sec-
ond with

n
ph
d ¼ iPMT(k)

e�q(k)GR

D2
�m

w2
e (k)

: ð7Þ

Using numerical values of the PMT used in the photoelec-
tric emission experiments discussed in this paper, with the gain
G ¼ 600 and R ¼ 0:6, equation (7) may be written as

n
ph
d ¼ 1:73 ; 1016

iPMT(k)
�q(k)

D2
�m

w2
e (k)

: ð8Þ

To calculate photoelectric efficiencies and yields, the number
of electrons emitted by a grain with the incident UV photons
needs to be determined. This information may be obtained from
the grain charge q(t) measured as a function of time (eq. [3]) and
can be written in terms of the current id to the grain as

ned(�s) ¼
id

e
¼ 1

e

@q

@t
: ð9Þ

The photoelectric efficiency of the dust grain is defined as the
number of electrons emitted by the dust grain per incident pho-
ton, is a function of the surface potential �s , and is written as

Epe ¼
ned(�s)

n
ph
d

: ð10Þ

The photoelectric yield, however, is generally defined in the
literature as photoelectrons emitted per photons absorbed with
the grain potential approaching zero and may be written as

Y ¼ Epe

Qabs

¼ ned(�s ! 0)

n
ph
d Qabs

; ð11Þ

where Qabs is the absorption efficiency of the grain and may be
obtained by using Mie scattering theory calculations, assuming
spherical particles with effective diameters D and a complex
refractive index corresponding to the grain material. The use of
effective diameters for nonspherical, irregularly shaped particles
leads to an uncertainty in evaluation of Qabs in the Mie theory
calculations and is expected to produce scatter in the measured
yield data representing the randomness of the particles. Equa-
tions (8)–(11) form the basis for measurement and calculation

Fig. 3.—Variation with time of the charge and DC voltage of a 0.35 �m
radius silica particle, with the UV radiation beam turned on at t � 5 minutes, off
at�11 minutes, and on again at�18 minutes. The charge remains constant with
the UV radiation off and discharges when it is turned on. The particle is ejected
from the trap when the charge approaches zero. [See the electronic edition of the
Journal for a color version of this figure.]
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of the photoelectric efficiency and yield of individual dust grains
suspended in the trap and illuminated by UV radiation.

4. EXPERIMENTAL RESULTS
OF PHOTOELECTRIC YIELDS

Measurements of photoelectric efficiencies and yields have
been carried out on micron/submicron-size grains of silica, oliv-
ine, and graphite levitated in the electrodynamic balance with the
procedure outlined above.An emitted electron from the negatively
charged grains employed in all experiments discussed in this pa-
per experiences a repulsive Coulomb force that is a function of the
grain charge or its surface potential. A repulsive force is exerted
on an ejected electron in addition to a force due to image poten-
tial that is attractive regardless of the polarity of the dust grain
charge. The photoelectric efficiency is thus expected to be higher
for heavily charged negative grains at high surface potentials com-
pared with the values when the grain is close to being completely
discharged with the surface potential approaching zero. The pho-
toelectric efficiency defined in equation (10) is a function of the
particle surface potential, and the measurements generally show
an upward trend with higher potentials. The photoelectric yield,
however, is generally defined for neutral bulkmaterials with zero
surface potential and is represented by the photoelectric efficiency
with the surface potential approaching zero. To determine the
photoelectric yield from the measurements, we adopt the proce-
dure of least-squares regression to determine the efficiency for
the potential approaching zero. This value of photoelectric effi-
ciency when convolved with the absorption efficiency Qabs rep-
resents the photoelectric yield in accordance with the definition
of equation (11). The absorption efficiency is calculated by us-
ing the Mie scattering theory (e.g., Bohren & Huffman 1983;
Wiscombe 1979) for the measured effective radius of the par-
ticle determined by the spring-point method. The photoelectric
yields in the composite yield plots given in xx 4.1–4.3 have been
determined from the efficiencymeasurements with the procedure
indicated above.

4.1. Photoelectric Yields of Silica Grains

The silica grains employed in the measurements presented here
were obtained from the Bangs Laboratories, Indiana, and have
been used for radiation pressure measurements as reported in a
previous publication (Abbas et al. 2003). These grains of spherical
configuration, with known density and complex refractive index,
are calibrated to the nominal sizes and are thus particularly suit-
able for investigating the effects of grain size on photoelectric
emissions under UV irradiation. In particular, the experiments
were performed on grains selected from five bins calibrated to
sizes of 0.13, 0.35, 0.75, 1.5, and 3.4�mradii. The accuracy of the
nominal particle sizes was verified by carrying out spring-point
measurements with standard deviations of�5%–6% in the nom-
inal radii. Photoelectric emission measurements were made on
several negatively charged particles of each size selected from
each bin, withUVradiation at 120, 140, and 160 nmwavelengths.
The measurements are repeated in cycles at several different parti-
cle surface potentials (�s) as the particles discharge and the surface
potentials change with time. The results presented here represent
measurements on 21 silica particles of radii in the 0.13–3.4 �m
range. The averaged values of the photoelectric efficiencies calcu-
lated as a function of surface potentials generally indicate higher
values at higher potentials. The plotted yields, however, represent
the efficiency measurements at the grain charge Z or potential ap-
proaching zero as discussed above.

Figures 4a–4c represent plots of the average photoelectric
efficiencies of silica particles of radii 0.35, 1.5, and 3.4 �mat UV

Fig. 4a

Fig. 4b

Fig. 4c
fig. 4a fig. 4b fig. 4c

Fig. 4.—(a)–(c): Average photoelectric efficiencies as a function of the par-
ticle surface potential based on measurements on a number of silica particles of
0.35, 1.5, and 3.4 �m radii illuminatedwith UVradiation at 120, 140, and 160 nm
wavelength. The error bars indicate the 1 � standard deviation due to the vari-
ability of the particles’ size, as well as the measurement errors. [See the electronic
edition of the Journal for a color version of this figure.]
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wavelength of 120, 140, and 160 nm, corresponding to photon
energies of 10.3, 8.9, and 7.9 eV, respectively. Each plot is based
on measurements on four to five particles of the same nominal
radius, and the error bars indicate the 1 � variability in the mea-
sured data representing the measurement errors, as well as the
variability in the particle size. Figure 5 represents the photo-
electric yields (�Qabs) deduced from the photoelectric measure-
ments on all silica particles and plotted as a function of the photon
energy. The measurements indicate an exponential increase in the
yields (�Qabs) with photon energy and a general trend of higher
yields for larger size particles.

The photoelectric yield, defined as the number of electrons
ejected per photons absorbed is determined by dividing the ef-
ficiencies corresponding to zero grain surface potentials by the
absorption efficiency Qabs of the particles, is plotted in Figure 6
as a function of the size parameter x ¼ (2�a/k), where a is the
grain radius and k is the wavelength. This parameter is calculated
by using Mie scattering theory (e.g., Bohren & Huffman 1983;
Wiscombe 1979) with the complex refractive indices deduced
from the data given by Draine & Lee (1984). Using the data
shown in Figure 6, the photoelectric yields Yof all silica particles

are shown in Figure 7 as a function of the size parameter. Fig-
ure 7 indicates the photoelectric yields increasing with the par-
ticle size for all three wavelengths reaching asymptotic values
for large particles. For large particles, the yields for all three
wavelengths of 120, 140, and 160 nm, with photon energies
of 10.3, 8.9, and 7.9 eV, respectively, are seen to approach as-
ymptotic values that may be assumed to correspond to the bulk
values.

4.2. Photoelectric Yields of Carbonaceous Grains

The carbonaceous grains employed in the measurements
were synthesized in a laboratory at the University of Alabama
at Birmingham and are of nonspherical and irregular configura-
tion with sizes in the range of �0.1–5 �m radii. The particle
sizes were determined by the spring-point measurements as dis-
cussed in x 3.2, and the density was estimated to be�2.0 g cm�3,
consistent with the irregular shape and porous nature of the par-
ticles. Typical examples of the photoelectric efficiency measure-
ments as a function of the particle surface potentials are shown
in Figures 8a and 8b for two particles of 0.44 and 4.5 �m radii. A
composite plot of the photoelectric yield measurements on all
carbonaceous particles is shown in Figure 9 as a function of the
size parameter. Also shown for comparison are the measure-
ments by Feuerbacher & Fitton (1972) made on a bulk carbo-
naceous material for three photon energies of 10.3, 8.9, and
7.8 eV (120, 140, and 160 nm, respectively). The plotted bulk
measurements have been corrected by using the reflectivities
indicated by Feuerbacher & Fitton (1972) to correspond with the
yields presented here as electrons emitted per photon absorbed.
The measurements shown for the individual dust grains are
seen to be higher than the corresponding bulk values by factors
of �90, 40, and 10 for wavelengths of 120, 140, and 160 nm,
respectively.

4.3. Photoelectric Yields of Olivine Grains

The olivine dust grains employed for the photoelectric effi-
ciency measurements reported here were synthesized in the ma-
terials laboratory at the University of Alabama at Birmingham.
These particles are of highly nonspherical configuration and were
measured to be of effective radii in the range of 0.09–1.6 �m.
Figures 10a and 10b exhibit two examples of the measurements
of photoelectric efficiency as a function of the surface potential,

Fig. 5.—Photoelectric yields (�Qabs) vs. photon energy averaged over mea-
surements on several silica particles.

Fig. 6.—Absorption efficiencyQabs of silica particles as a function of the size
parameter (2�a/k), using Mie scattering theory, with complex refractive indices
from the data in Draine & Lee (1984).

Fig. 7.—Photoelectric yields Y of all particles of 0.13, 0.35, 0.75, 1.5, and
3.4 �m radii measured at UV wavelengths of 120, 140, and 160 nm (10.3, 8.9,
and 7.9 eV, respectively) as a function of the size parameter x ¼ (2�a/k).
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Fig. 9.—Photoelectric yield measurements on all carbonaceous particles as a
function of the size parameter. Also shown are the measurements by Feuerbacher
& Fitton (1972) made on bulk carbonaceous material for three photon energies of
10.3, 8.9, and 7.8 eV (120, 140, and 160 nm, respectively).

Fig. 10a

Fig. 10b
fig. 10a fig. 10b

Fig. 10.—(a)–(b) Same as Fig. 4, but for two individual olivine grains of
0.09 and 1.6 �m radii. [See the electronic edition of the Journal for a color
version of this figure.]

Fig. 8a

Fig. 8b
fig. 8a fig. 8b

Fig. 8.—(a)–(b) Same as Fig. 4, but for two individual carbonaceous par-
ticles of 0.44 and 4.5 �m radii. [See the electronic edition of the Journal for a
color version of this figure.]

Fig. 11.—Photoelectric yields of all olivine particles of radii in the 0.09–
1.6 �m range as a function of the size parameter representing measurements at
UVphoton energies of 10.3, 8.9, and 7.8 eV (120, 140, and 160 nm, respectively).



conducted on two individual particles of 0.09 and 1.6 �m radii.
As in the previous cases, the measurements indicate a general
dependence on the surface potential, in particular, for the smaller
0.09 �m particle. A composite plot of the photoelectric yields as
a function of the size parameter, representing measurements on
eight particles of�0.1–1.6 �m radii is shown in Figure 11 at UV
photon energies of 10.3, 8.9, and 7.8 eV (120, 140, and 160 nm,
respectively). A general trend of higher yields for large size
particles at all three wavelengths is indicated by the olivine par-
ticles, consistent with the silica and carbonaceous particles. To
our knowledge, no photoelectric yield measurements on bulk
materials for this material are available for comparison.

5. AN EXAMINATION OF POSSIBLE SOURCES
OF ERRORS IN MEASUREMENTS

In view of the novel nature of the results presented in paper,
we examine the potential sources of errors that may render the
experimental values unreliable. In particular, sources of experi-
mental errors that may lead to systematic effects relevant to the
particle size are considered. As discussed in xx 2 and 3 the mea-
surement procedure and the analytical technique for determina-
tion of photoelectric efficiencies and yields are based on direct
measurements of the quantities iPMT(k), the UV beam width
we(k), the effective diameterD�m of the grain, and the charge as
a function of time. The number of photons incident per second
on the dust grain n

ph
d is determined by using equation (8). Also,

the number of electrons emitted per second by the grain ned de-
fined by equation (9) is evaluated by direct measurement of the
charge q and the discharge rate (@q/@t). The photoelectric effi-
ciency and yield is finally based on measurement of the quan-
tities n

ph
d and (@q/@t) as defined in equations (8)–(11).

5.1. Measurement of Photons Incident on a Grain, n
ph
d

Evaluation of this quantity requires direct measurements of
the following:

1. The total number of photons per second in the UV beam
N

ph
B : It is determined by projecting the beam on a PMT and

measuring iPMT(k). This is a direct measurement and provides an
accurate value of n

ph
B with no systematic effects relevant to the

particle size.
2. The UV beam width we(k): It is evaluated by using the op-

tical modeling program ZEMAX, with the calculated values val-
idated by direct measurements by using the knife-edge method
in the trap under vacuum. The measured beam width is �3.5–
4.5 mm and has no systematic size-dependent effect.

The above two measurements are made at pressures of
�10�4 torr. The nearly constant measurements of iPMT (k) at each
wavelength indicate the consistency of n

ph
d from one particle to

another, ensuring that the calculation of the number of photons
per second in the beam remains nearly the same. With small var-
iations in the measured values being incorporated in the calcula-
tions, there is no possibility of systematic size effects.

3. Determination of grain effective diameter D�m: For mea-
surements of the photoelectric efficiency and yield of silica grains,
spherical particles of predetermined diameters of 0.2–6.8 �m,
prepared and calibrated by Bangs Laboratory, Indiana, were em-
ployed. For other nonspherical particles, the effective diameters
were determined by using the spring-point method that is based
on marginal stability conditions as a function of the atmospheric
drag at pressures of �1–10 torr. This methodology was devel-
oped by acquiring a database with measurements of viscous drag
factor � as defined in equation (2), on calibrated micron-size
spherical particles of silica and polystyrene of predetermined

size. The validity of the measured database was evaluated with
diameter measurements of particles of predetermined size by the
spring-point method. The validation procedure involved labo-
ratory prepared polystyrene particles of known size, large-size
particles with approximate diameters determined by imaging
on a monitor with magnification optics, and small-size particles
with the size range limited by one-electron detection. The spring-
point technique employed for size determination in the measure-
ments presented here was validated by employing ‘‘blind’’ tests
and found to provide effective diameters with uncertainties of
less than 10%.

It should be noted that a random uncertainty in knowledge
of the effective diameters only contributes to the scatter in the
measurements of photoelectric emissions caused by the irregular
shape of the particles as well as uncertainties in the measurable
quantities. Systematic uncertainties in effective diameters, on the
other hand, only lead to systematic shifts in the photoelectric
yields with respect to the size parameter. A systematic uncer-
tainty in size determination does not lead to a size-dependent ef-
fect in the photoelectric yields. The effect of uncertainties in the
size parameter is clearly much smaller than the size dependence
of the yields indicated by the measurements.

5.2. Measurement of the Grain Charge
q and Discharge Rate (@q/@t)

This measurement is most crucial for accurate evaluation of
the photoelectric yields and requires careful scrutiny. The results
on photoelectric emissions presented in this paper were made
on negatively charged particles with a high initial charge q ¼ Ze
and discharged with UV radiation in sequences at three wave-
lengths of 120, 140, and 160 nm. The particles are discharged to
Z values approaching zero at which they are ejected from the
trap. The DC voltage VDC required to keep the particle at the
trap center is recorded as a function of time (Fig. 3), and the dis-
charge rate is calculated in accordance with equation (9). In the
following, we examine the accuracy of the charge measurements
in view of the following potential sources of errors.

1. How accurate is evaluation of the discharge rate (@q/@t)?
The discharge rate is determined from measurements of the
change in the particle charge with time as shown in Figure 3. The
particle charge q may be determined accurately with high sen-
sitivities, approaching the detection limit of a single electron
emission at a time in sufficiently low charge regimes. The dis-
charge rate is calculated with a computer program that permits a
running average over a variable interval of time or alternatively
over a number of data points, determined by the nature of the
measured data. The accuracy of this measurement is basically
determined by the accuracy of the measurements of VDC.

2. Could the vibrational motion of a trapped particle move it
in and out of the UV beam with systematic effects for large and
small particles?The effective particle diameters are�0.1–15�m,
whereas the beamwidth is �3500–4500 �m. The UV beam is
aligned with the horizontal axis through the trap center. With
amplitude of the vibrational motions being limited to maximum
lengths of a fewmicrons, the particle remains near the beam cen-
ter as validated by the projected image on the monitor.

3. Could the discharge rate be influenced by collisional pro-
cesses with the ambient gas? This effect is completely negligible
since with the UVradiation turned off at pressure levels of 760 to
�10�5 torr, a charged particle may be kept trapped for several
days at a time without any measurable change in the charge. The
ionization potential ( IP) of major gases in the trap (N2, O2) is
much higher than the UV photon energies. In addition, the mean
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free path at pressures �10�5 to 10�4 torr is so large that any ef-
fect due to the presence of positive ions would be completely
negligible. A typical example of the effect of UVradiation on the
discharge of a particle with charge q is shown in Figure 3 as a
function of time with the corresponding DC voltage VDC.

4. What are the effects of differences in particle shapes and
surface features on photoelectric emissions? In our analysis, the
particles of irregular shape and known density, with measure-
ments of charge-to-mass ratio, are characterized by effective di-
ameters. The photoelectric emission process is determinedmainly
by the particle size, with random differences in shapes and sur-
face features reflected by the scatter in the data. This is indeed
what is observed.

5. Are there any effects of electron emissions from the walls
illuminatedwithUVradiation?The entrance and exit apertures for
the UV beams are�6 mm, while the beam size is�3.5–4.5 mm.
The effects of any electrons emitted from the walls with incident
UV radiation and colliding with negatively charged dust grains
are expected to be negligible under a repulsive force of the nega-
tively charged particles. Nevertheless, for cases in which the UV
beam width is wider than the exit aperture, using equations (8)–
(11), we estimate the fractional change �Y in the photoelectric
yield due to electrons emitted from the walls as

�Y ¼ 3:9 ; 10�9 YW

Yd
�stickSA; ð12Þ

where YW and Yd are the photoelectric yields for the trap walls
and the dust materials, respectively; �stick is the efficiency of
the photoelectrons for sticking to the negatively charged dust
grains; and SA (�m�2) represents the surface area of the walls
exposed to UV radiation. It should be noted that any particle
size dependence of�Y in equation (12) enters only through Yd ,
and there is no direct dependence on the particle size. If the Yd is
not size dependent, the electron emission from the walls would
not produce a size-dependent effect. If, on the other hand, Yd is
higher for submicron-size particles, as expected by the current
theory, the fractional change due to emission from the walls
would be smaller for small-size particles, an effect contrary to
the measured trend. In any case, the numerical values for�Y for
the beam diameter larger than the aperture by, say, 2–4 mm,
Yw ¼ Yd , and sticking efficiency�0.1 for the negatively charged
particles is indicated to be <1%. From equation (12), we find
the effect of electron emission from the walls to be negligibly
small, for any realistic values of beam diameters, sticking ef-
ficiencies, and the relative yields of the grain and wall materials.

6. What are the effects of the electrical fields of the DC volt-
age VDC and the AC voltage VAC on the measured photoelectric
emission rates? The role of the DC potential (�0.05–36 V) ap-
plied to the top and bottom electrodes is only to produce a ver-
tical field to balance the gravitational force and keep the particle
at the trap center. The AC potential applied to the ring electrode,
however, produces a null field at the trap center, and the sus-
pended particle is confined to a region of relatively small electric
field at frequencies of �100–800 Hz.

The external AC and DC fields would influence the photo-
electric emission rates only if they modify the WF or the thresh-
old energy required for ejection of an electron from the dust
particle. Field emission phenomenon occurs at electric field
strengths several orders of magnitude higher than the AC or DC
fields involved in the experiments reported here, and consequently
we find the field emission effect due to applied potentials to be
completely negligible.

The above conclusion is validated by the data relating to a
whole series of experiments on a large number of particles in-
volving a wide range of values of VDC, VAC, and fAC, where the
particles discharge only when the UVradiation is turned on, with
no significant difference in the discharge rates for similar par-
ticles at different values of VAC. Figures 12a–12c exhibit three
plots of measurements of the photoelectric efficiency, the AC po-
tential VAC as a function of grain-surface potential �s , carried
out on three similar silica grains at UV wavelength of 160 nm:
(a) a ¼ 0:33 �m, VAC � 1000 2000 V, �s ¼ 0:1 1:4 V;
(b) a ¼ 0:37 �m, VAC � 700 2000 V, �s ¼ 0:2 1:8 V; and
(c) a ¼ 0:38 �m, VAC � 250 1000 V, �s ¼ 1 9 V. The plots in
the above figures indicate dependence of the photoelectric effi-
ciency on grain surface potential or the charge as discussed pre-
viously. However, the efficiencies at similar surface potentials
exhibit only small differences that are indicative of differences in
the particle size and shape. The photoelectric yields correspond-
ing to efficiencies for �s ! 0 indicate values of �(1:7 2:6) ;
10�4 despite significant differences in the values of VAC. Also, it
is significant to note that the photoelectric efficiencies indicate
a decreasing trend with increasing values of VAC, which is op-
posite to what would be expected for enhanced emissions for
higher AC potentials. We therefore conclude that the external
fields have no influence on discharge rate of a trapped particle
under UV illumination.

6. THEORETICAL MODELS AND COMPARISON
WITH EXPERIMENTS

6.1. Theoretical Models on Size Dependence
of Photoelectric Yields

In this section, we examine laboratory measurements of the
photoelectric yields presented in this paper in view of the existing
theoretical models and predicted values for micron/submicron-
size dust grains. Detailed descriptions of the basic theory of pho-
toelectric emissions are given in standard texts on solid-state
physics (e.g., Cusack 1958; Kittel 1996). The electrons at the
surface regions of neutral dust grains are considered to be con-
fined to a potential well produced by a double layer of equal and
opposite charges formed at the boundary of the grain and the
surrounding medium. The double layer of atomic dimensions is
assumed to be of order a few angstroms. The absorption of a UV
photon in a dust grain leads to an excited electron moving to-
ward the surface. The excited photoelectron may be ejected from
the grain provided its energy is sufficiently high to overcome the
energy lost in the inelastic scattering, penetrate or tunnel through
the barrier formed by the double layer at the surface, and in
addition is enough to overcome the attractive force due to the
image potential of the ejected electron.With a positively charged
grain of charge Ze (Z > 0), an ejected electron experiences a
strong attractive force at short distances, e.g., a few hundred
angstroms from the surface due to the image potential, and is
subjected to a long-range attractive Coulomb force at longer
distances. With a negatively charged grain (Z < 0), the ejected
electron also experiences an attractive force at short distances
from the grain (�10–500 8), due to the image potential, but
is subjected to a repulsive Coulomb force at larger distances. A
neutral insulating grain has all valence band energy levels occu-
pied, and the excess electrons occupy the first available vacant en-
ergy levels in the conduction band, with the difference in the
energy levels referred to as the ‘‘band gap.’’ Consequently, the
energy required for ejection of an excess electron from the con-
duction band, also referred to as photodetachment, is less than
that required for ejection of an electron from the valence band.
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No rigorous theoretical models of the photoelectric yields of
individual small dust grains are available as yet. In the following
we examine the predictions of the current theoretical models on
size dependence of the WF, IPs, or ionization energies, and ex-
perimental validations of the models by measurements of the
photoelectric yields.

1. According to a model adopted by Watson (1972), the
probability of an electron being emitted from a solid after photon
absorption at a distance x below the surface is proportional to
exp �x/leð Þ, where le is the electron escape length. The electrons
that are excited deep inside the solid at distances larger than the
attenuation length la , corresponding to an e-folding length of the
radiation, do not reach the surface. The yield of small grains is
assumed to be enhanced relative to the bulk values as the dis-
tance x of electron excitation to the surface is limited for small
grains. Several reviews of theoretical evaluations of the photo-
electric emissions have been given in the literature, in particular,
on expected enhancements of the photoelectric yields of small
dust grains in comparison with measurements for the correspond-
ing bulk materials (e.g., Watson 1972, 1973; Draine 1978, 2004;
Bakes & Tielens 1994; Weingartner & Draine 2001). Based on
this consideration, Draine (1978) developed an expression for the
yield enhancement factor for small grains of radii a, given by

y1 ¼
�

	

� �2	2 � 2	þ 2� 2 exp (�	)

� 2 � 2� þ 2� 2 exp (�� )
; ð13Þ

where 	 ¼ a/la þ a/le and � ¼ a/le. The typical values for the
two lengths le and la , from experimental data, are estimated to
be �10 and 100 8, respectively, although the value for le is
uncertain (e.g., Bakes & Tielens 1994; Hino et al. 1976; Pope &
Swenberg 1982). For particle sizes corresponding to polycyclic
aromatic hydrocarbon molecules, Bakes & Tielens (1994) es-
timated the yield enhancement to be�11 with the above choice
of parameters. However, for particle sizes in the range of 0.09–
5 �m radii employed in the experiments reported here with the
parameters discussed above, equation (13) does not predict any
enhancement and the factor y1 approaches unity. This model
predicts a constant value of the photoelectric yields with no var-
iation over the size range considered, whereas the measurements
indicate a size dependence with a sharp decrease in the yields
for smaller sizes. The model described by equation (13) is thus
not in agreement with the measurements made on individual
dust grains presented in this paper.

2. Weingartner & Draine (2001) provided estimates of the
threshold energy h
pet for the photoelectric ejection of electrons
from the valence band, as a function of grain charge and size.
Here we reproduce their results but ignore quantum effects that
are unimportant for the grains in our trap. For Z � �1,

h
pet ¼ Wb þ Z þ 1

2

� �
e2

a
: ð14Þ

Van Hoof et al. (2004) slightly modified the Weingartner &
Draine result for Z < �1, finding

h
pet ¼ Wb �
e2

2a
þ (Z þ 1)

e2

a
1� 1

1þ (�Z � 1)�1=2

� �
:

ð15Þ

From equation (15), the threshold energy decreases as the grain
becomes more negatively charged. This is in qualitative agree-
ment with our result that the photoemission efficiency increases

Fig. 12a

Fig. 12b

Fig. 12c

fig. 12a fig. 12b fig. 12c

Fig. 12.—(a) Photoelectric efficiency of a negatively charged 0.33 �m radius
particle discharged with UV radiation at 160 nm wavelength from an initial
surface potential of�1.4–0.1 V, at AC ring electrode peak potentials of �1000
and�2000 V. (b) Same as in (a), but for a particle of 0.37 �m radius at AC ring
electrode peak potentials of �1000 and �2000 V varied at different particle
surface potentials of�1.8–0.2 V. (c) Same as in (a), but for a particle of 0.38 �m
radius at AC ring electrode peak potentials of �250–1000 V varied at different
particle surface potentials of �9–1 V. [See the electronic edition of the Journal
for a color version of this figure.]
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with �Z. However, the shift in threshold energy is at most
�0.1 eV for the grains considered here. From equation (14), the
threshold energy for neutral grains decreases with size a. If this
shift in threshold energy were the only factor influencing the
yield, then the yield would increase with grain size. Weingartner
& Draine (2001) also included theWatson size-dependent yield
enhancement, so their model yields tend to increase as the grain
size decreases (for aP300 8). For the grains considered here,
both the threshold energy shift and theWatson effect are expected
to be negligible. Thus, this model is not in agreement with the
measurements presented in this paper.

Parallel to the above developments of photoelectric yields of
dust grains for astrophysical applications, a large body of literature
exists on development of theoretical models for size dependence
of the WFs, IPs, or the ionization energies of individual atoms,
aggregates, or clusters of atoms (e.g., Gallo & Lama1974, 1976a,
1976b; Ekardt 1985; Seidl et al. 1991; Bréchignac et al. 1992;
Dugourd et al. 1992; de Heer 1993; Wong et al. 2003). The basic
assumption in the development of these models is the expectation
of evolution of the physical properties of small atomic systems
progressing to large clusters and particles of arbitrary size. The
models are designed to predict the energy required to remove an
electron from an atomic system, with a systematic transition of the
IP for single atoms to clusters of a few to a large number of atoms,
and extending to the WF for bulk materials. In these models, the
effective radii Rcl of a cluster of N atoms is assumed to vary as
Rcl / N 1=3, with the predicted IP dependence on N varying as
/N�1/3. With the new techniques for production and experi-
ments on atomic clusters, the models are being tested and val-
idated for clusters of sizes ranging from a few to thousands of
atoms (e.g., Ekardt 1985; Seidl et al. 1991; Bréchignac et al. 1992;
Dugourd et al. 1992; de Heer 1993; Wong et al. 2003). The mea-
surements exhibit a clear trend of lower IPs and therefore higher
expected photoelectric yields for larger clusters. A brief sum-
mary of the theoretical ideas relevant to the measurements pre-
sented here is given in the following.

3. A classical electrostatic model for evaluation of the WF
and ionization energy of an insulating sphere of arbitrary radius
a and dielectric constant K was given by Gallo & Lama (1974,
1976a, 1976b). This formulation for estimation of the ionization
energy, defined as the energy required to remove an electron
from a sphere of arbitrary radius a to a distance r0 ¼ aþ x0 , just
outside the surface where all the kinetic energy is dissipated
against short-range forces. The ejected electron has to overcome
the electrostatic forces due to the residual positive charge on the
sphere, the polarization of the sphere induced by the residual
charge, and by the electron itself. The energy required to move
an electron from r0 to infinity is derived as

"¼
Z 1

r0

F = dr ¼ e2

r0 � a

� �
� e2 K � 1ð Þ

X1
n¼0

n

1þ n K þ 1ð Þ
an

r nþ1
0

þ 1

2
e2 K �1ð Þ

X1
n¼0

n

1þ n K þ1ð Þ
a2nþ1

r 2nþ2
0

: ð16Þ

The complex expression in equation (16) is approximated by

" ffi e2

x0

(
1� K � 1

K þ 1

� �
a

aþ x0

� �

þ 1

2

� �
K � 1

K þ 1

� �
a3

2aþ x0ð Þ aþ x0ð Þ2

" #)
: ð17Þ

In the limit of very large particle radii, equation (17) reduces
to

" � W ¼ e2

4x0

� �
K þ 7

K þ 1

� �
: ð18Þ

Plots of equations (17) and (18), shown in Figure 1 of Gallo
& Lama (1976b), for insulated spherical particles as a function
of radius a and dielectric constant K indicate that the ionization
energy or the WF monotonically decreases with radius and ap-
proaches asymptotic values for large radii representing bulk
materials. Also, the plots indicate the WFs for a particle of ra-
dius a decreasing with increasing values of the dielectric con-
stant K. The size dependence indicated by these plots implies
the photoelectric emissions and yields increasing with particle
radii with the asymptotic values approaching the bulk measure-
ments and higher yields for particles with materials of higher
dielectric constant.
The size dependence of the yield measurements presented in

this paper, which indicates an order of magnitude higher yields
for the larger particles compared with the small submicron size,
is thus qualitatively consistent with the trend of the above clas-
sical electrostatic model. It is interesting to note that the trend of
dielectric constant dependence indicated by the yield measure-
ments presented in this paper is also qualitatively consistent with
the above model. The measurements for carbonaceous particles
(Fig. 9) with dielectric constant of�12–15, compared with silica
(Fig. 7) with dielectric constant of�2.5–3.5, are measured to be
higher by a factor of 2–3 as expected from the model. Clearly,
the above classical model is only an approximate representation,
and a rigorous theoretical model remains to be developed.
4. A model developed byWong et al. (2003) is based on clas-

sical electrostatics for studies of the size dependence of the WFs
and IPs. It provides a scaling relation based on the image charge
method for calculation of the energies required for removal of
an electron from particles over a size range of individual atoms,
clusters or small particles, and bulk materials. As in item (3) dis-
cussed above, the interpolation formula is based on the energy
required to remove an electron from a distance d above the sur-
face to infinity and is written as (Jackson 1975)

�(R) ¼ e2

4d

1þ 4(d=R)þ 6(d=R)2 þ 2(d=R)3

(1þ d=2R)(1þ d=R)2

� �
¼ W�

d

R

� �
;

ð19Þ

where � (d/R) represents the scaling function for particles of
radius R. In the limiting cases of R ! 1, the scaling reduces to
unity, and the IP approaches the bulk WF W ¼ e2 /4d. On the
other hand, for particle sizes approaching atomic dimensions,
d/R is �1, � (1) ¼ 2, and the expression �(R) provides the ratio
of the atomic IP to the WF of bulk material by the well-known
value of IP/W � 2. Equation (19) indicates a size dependence
of the photoelectric yields, with higher values of the IP and
lower photoelectric yields for particles of smaller radii, and is
consistent with the measurements presented in this paper. How-
ever, the above scaling function for size dependence may be
considered only on a qualitative basis in view of the simple clas-
sical electrostatic model on which it is based, and the IPs of small
grains may not be estimated accurately.

The size dependence indicated by the scaling function in
equation (19) has been generally verified by a large variety of
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measurements on clusters of sizes varying from a few atoms to
several thousand alkali metal atoms, to nanometer and micron-
size particles. These measurements indicate the trend of pro-
gressively decreasing IPs or WFs, implying higher photoelectric
yields for larger particles, from individual atoms to clusters and
submicron/micron-size particles (e.g., Müller et al. 1988; Seidl
et al. 1991; Dugourd et al. 1992; de Heer 1993; Wong et al. 2003).
The following two examples are of particular interest for exam-
ining the size dependence of the photoelectric yields.

a) The measurements by Bréchignac et al. (1992) for evalu-
ation of ionization cross sections of sodium clusters composed of
170–900 atoms. These measurements indicate a dramatic increase
in the photoionization cross sections or the yields of clusters ir-
radiated with photon energies of�3–6 eV, when the cluster size
increases from the number of atoms n ¼ 170, 500, to 900, con-
sistent with the photoelectric yield size-dependence measurements
presented in this paper.

b) The measurements by Müller et al. (1988) on finite-size
silver particles of 2.7, 3.8, and 5.7 nm radii, indicate photo-
electric yields for the 5.7 nm particles about a factor of 2 larger
than for the 2.7 nm particles, at all photon energies in the range
of �4.6–5.6 eV. These measurements are in agreement with the
size dependence of the measurements reported in this paper.

The size dependence and the general trend of the experimental
data on photoelectric yields presented in this paper are thus qual-
itatively consistent with the theoretical �1/a functional depen-
dence of the WF or IP indicated by items (3) and (4) above. The
results are also consistent with a large body of experimental data
that covers a wide range of particle sizes extending from clus-
ters consisting of a few atoms, large number of atoms, extend-
ing to nanometer and micron-size particles. No measurements
are available for micron-size particles discussed in this paper.
It should be emphasized that the theoretical considerations dis-
cussed above are based on semiclassical electrostatic theory, and
the expressions for IPs or WFs involve assumptions that provide
approximate estimates and trends only. Only a general qualita-
tive consistency of the experimental data with the theoretical
considerations can thus be expected. Rigorous theoretical expres-
sions based on quantum mechanical considerations involving
complex physical processes in detail are not yet available and
need to be developed. We do not currently have a viable expla-
nation as to why the photoelectric emission increases with �Z
and grain size a for the submicron grains. Clearly, further work
on theoretical and experimental front on the photoelectric emis-
sions from small micron/submicron-size particles needs to be
carried out.

7. SUMMARY AND CONCLUSIONS

We have presented the first direct measurements of the photo-
electric yields of individual dust grains of silica, graphite, and
olivine composition with effective radii in the 0.1–5 �m range.
The measurements were made by levitating negatively charged
dust grains in an electrodynamic balance and illuminating them
with UV radiation at 120, 140, and 160 nm wavelengths (10.3,
8.9, and 7.8 eV photon energies, respectively). The photoelec-
tric yields are determined by directly measuring the discharge
rates of the dust grains along with the incident photon flux. The

principal results and the conclusions of measurements are the
following:

1. Photoelectric emission measurements on individual silica,
carbonaceous, and olivine dust grains of �0.1–5 �m radii ex-
posed to UV radiation in the 120–160 nm wavelength range
(10.3–7.8 eV) indicate a size dependence of the photoelectric
yields, increasing with the size parameter (x ¼ 2�a/k) reaching
asymptotic values for particles of large size (x � 200 300) and
an order of magnitude smaller for small-size particles (x � 1).
This dependence is indicated for the dust grains of all three
compositions, consisting of silica, carbonaceous, and olivine types,
and for the three photon energies. The measured yields over the
10.3–7.8 eV photon energies vary by about 2 orders of magni-
tude, similar to the variations on bulk materials (e.g., Feuerbacher
& Fitton 1972).

2. The size dependence of the yields presented in this paper
are found to be in qualitative agreement with the size depen-
dence predicted by classical electrostatic models applicable over
the range of atom clusters extending from single atoms, large
clusters, nanometer/micron-size particles, to bulk materials, and
are consistent with a large body of experimental data over this
range. The experimental evidence suggests that the WF and the
threshold energy required for photoelectric emission of an elec-
tron from a dust grain is a function of the grain size, and this
dependence extends to larger sizes than indicated by the classical
image theory equations.

3. The asymptotic values of yields for large size parameters
are found to be much larger than the available measurements on
bulk materials. For carbonaceous particles, the measured photo-
electric yields are larger by a factor �30–60 compared with the
available bulk measurements (Feuerbacher & Fitton 1972). No
bulk measurements for pure silica or olivine particles are avail-
able to our knowledge.

4. The photoelectric efficiency, defined as electrons emitted
per incident photon, is a function of the particle charge or surface
potential. This functional dependence is observed to be stronger
for small grains as comparedwith grains of large size.Aviable the-
oretical explanation for this observation remains to be developed.

5. The experimental results presented here have important
implications for the charge state of dust grains and the physical
and dynamical processes in astrophysical and space environments,
and are of particularly high interest in addressing the issues of
dust in the lunar and Martian environments.
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