Small particle size distributions from mobility measurements

T. M. Sanders, Jr. and S. R. Forrest

H. M. Randall Physics Laboratory, The University of Michigan, Ann Arbor, Michigan 48109-1120

{Received 13 April 1989; accepted for publication 13 June 1989)

We report experiments performed on iron particles with radii in the range 40-100 A, produced
by pulsed evaporation from an electroplated tungsten filament in a cryogenic helium gas
atmosphere. Flight times in electric fields of singly charged particles produced in the
evaporation process yield values for gas velocity and charged particle mobility. Particle size
distributions are determined both by electron microscopy and from the mobility. The latter
method yields particle size distributions quickly and with good statistics, but with indicated
radii larger by about 20 A than those determined by electron micrescopy. The discrepancy,
which is most important for the smallest particles, is atiributed to the effect of van der Waals
interaction between the iron particles and the gas atoms. Comparison is made with theory,
which connects the van der Waals interaction with the dielectric response functions. For
particles in this size range, 2 van der Waals interaction determined from bulk iron data gives a

satisfactory explanation of the discrepancy.

L INTRODUCTION

Several different techniques have been employed tc de-
termine size distributions of submicrometer particles. In the
course of experiments in which we produced iron particles
by pulsed evaporation from an electroplated tungsten fila-
ment in an inert gas atmosphere,’” we decided to study the
particles which might become charged in this process. In
these experiments the temperatures are too low and the par-
ticles are tco small for there to be appreciable numbers of
iron particles lacking electrons. There will, however, be elec-
trens and positive alkali impurity ions emitted by the fila-
ment; we anticipated that we might be able to detect particles
with both signs of charge. This has proved to be the case.

In this paper we will describe the experiments we per-
formed, particularly on the positively charged particles. We
will show that it is possible to use the time-dependent current
waveform to determine the convective gas velocity and the
mobilities of charged particles in the apparatus. These mo-
bilities can be used to determine the particle size distribu-
tion. We prefer this method of determining size distributions
to the other we have used, electron microscopy, because the
distribution is available imnmediately, and better statistics are
obtained with much less effort. There is, however, a small
systematic difference between the sizes determined by the
two methods, an effect we attribute to van der Waals interac-
tions.

We will first describe the experimental apparatus, then
give some data, present data reduction, and finally discuss
the interpretation of the results and compare the present
technique with others.

fi. EXPERIMENT
A. General

In our experiments we have produced ‘‘smokes” of
small particles of various metals by evaporating them from
an electroplated tungsten filament (0.0127 cm diameter) in
a helium gas atmosphere maintained at cryvogenic tempera-
ture. The low temperature greaily reduced the tendency of
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the small crystals to aggregate into large clusters and chains,
& striking phenomenon when the evaporations were per-
formed at higher ambient temperatures.” We suspect that
the aggregation process is thermally activated.* We have
measured times of flight of charged iron particles in a sealed
cell which is immersed in a pumped bath of liquid helium.
The pressure of the helium gas in the cell was varied from
approximately 0.5 to 10 Torr.

B. Source

The particles are produced by pulsed evaporation from
2 filament which is heated by a constant-voltage pulse ap-
proximately 250 ms long. The voltage drop across the fla-
ment is monitored by two potential leads, and an operational
amplifier driver circuit provides a rectangular voltage wave
form across the filament. An analog divider is used to deter-
mine the time-dependent resistance of the filament, a mea-
sure of the average filament temperature. Evaporation oc-
curs from the hottest portion of the filament; we have related
the filament “hot-spot” temperature with filament resis-
tance by the use of optical pyrometry. Filament tempera-
ture, when referred to below, will indicate hot-spot tempera-
tures determined by this two-step process. During filament
firing, both ends of the filament are several voits positive
with respect to ground; after firing, the filament is at ground
potential. When the filament is fired, atoms are evaporated
from the filament during the time the filament is hottest. The
atoms travel out from the filament, losing their large initial
velocity by colliding with the helium atoms and coalescing
into larger and larger clusters. This process occurs in a
spherical volume, typically about 1 cm in radius, which we
call the ballistic region. Beyond the ballistic region the parti-
cle motion is determined by the flow velocity of the gas and
by forces applied to the particles.

C. Electrodes

The charged particles are controlled and detected by the
grids and collector shown in Fig. 1. The source grid is placed
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FIG. 1. Cross section of cell for measurement of charged particle transit
times in helium gas atmosphere.

just outside the ballistic region. The potential of the source
grid is usually set equal to that of the midpoint of the fila-
ment by using a voltage divider. The space between the two
grids is called the drift region; its length disset to 1.2 or 1.6
cm. Both grids were fabricated of gold with 8 lines/cm and
transmission near 95%. Below the collector grid by 1.8 mm
is a copper collector plate connected to an operational ampli-
fier electrometer with sensitivity near 0.5 pA and a response
time of approximately 10 ms. Grid and collector potentials
can be varied to set the magnitudes and signs of the electric
fields in the various regions.

B. Cbservations

We show in Fig. 2 a typical electrometer output when
the potentials are adjusted to collect positive charges. When
the potentials are set to collect negative charges, signals of
larger magnitude and similar shape are observed. It would be
interesting to study these negative particles also, but this was
not done in the present experiments.

We have designated three features of the waveform as
the prompt pulse, the trailing edge pulse, and the late pulse.
We now discuss their causes. The prompt pulse appears dur-

TRAILING EDGE PULSE

et g
230 \  LATE
= PROMPT - PULSE
520 PULSE
[
g )
x40+
(&)
0 ‘,
0 250 500 750
TIME (ms)

FIG. 2. A typical electrometer output when the potentials are adjusted to
collect positive charges. The time 7y is the duration of the filament firing
pulse. Time 7, is a transit time, measured from the end of the firing pulse.
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ing the filament heating period. We associate it with collec-
tion of alkali impurity ions evaporated from the filament.
Both potassium and sodium are volatile materials whose va-
por pressure varies approximately as exp( — 5000 K/7);
potassium is present in the tungsten wires, and sodium is a
likely contaminant in our electroplating and handling proce-
dures. The approximate mobility of a K ion under the con-
ditions of Fig. 2 would be 300 cm?/V s, and its time of flight
is small. The calculated evaporation rate for K or Na s plot-
ted against time in Fig. 3(a). Its similarity to the observed
prompt pulse supports this identification. We interpret the
narrow pulse which appears at the trailing edge of the firing
pulse as a carrent due to emission of photoelectrons from the
copper collector. This identification is suggested by the fact
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FIG. 3. (a) Calculated evaporation rate for K or Ma plotted against time.
(b) Calculated flux of photons with energy greater than 4.5 eV plotted
against time. (c¢) Calculated evaporation rate of iron.
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that the magnitude and timing of this pulse are unaffected by
the electric field in the drift region. Additional support of
this identification is provided in Fig. 3(b) where we show
the calculated flux of photons with energy greater than 4.5
eV plotted against time. The magnitude of the current is
consistent with this model if the guantum yield of the collec-
tor is approximately 4 1072, Both the prompt pulse and
the trailing edge pulse are observed with bare tungsten fila-
ments. The late pulse is observed only with plated filaments
heated to at least 1600 K. We associate it with collection of
positively charged iron particles. Since the evaporation rate
of iron is 2 rapidly varying function of filament temperature,
approximately proportional to exp( — 20 000 K./ T}, evapo-
ration occurs primarily near the end of the heating pulse. We
show the calculated evaporation rate of iron in Fig. 3(¢}.
The evaporation rate peak has a full width at half maximuom
of 67 ms; the observed late-pulse widths are sometimes as
small as 35 ms. The additional narrowing may occur because
clusters form only at the highest vapor densities, but we have
not studied the effect in detail. At any rate, it should be a
good approximation to take the creation time of a cluster t¢
coincide with the end of the heating pulse. Muiltiply charged
particles should have mobilities proportional to their
charges, and correspondingly earlier arrival times. We see
no evidence of such early arrivals nor would they be expected
for energetic reasons. In the analysis which follows we will
assume all charged particles to be singly charged and to be
created at the end of the heating pulse.

fii. DATA AMALYSIS
A. Methods

The average motion of particles of mobility » in electric
field E in a gas with flow velocity v, relative to the laboratory
is given by

v:vg—%‘uE. (1)

We will assume, for the moment, that v, v,, and E are all in
the same direction and independent of position, whence

=v, + E. (2)

The particle velocity v approaches v, when uE<v,. We de-
termine v, in two ways: A series of filament firings is taken
under identical conditions except that the electric field £ ig
changed. The gas velocity is found by extrapolating the drift

time (and velocity) to zero field, i.e. v, = limv.
E-G

The second method permits determination of v, from a
single firing. If, at the electric field values used, there are
particles with mobility solow that u E €v,, the transit time of
the slowest particies 7., will determine v, by v, =d /1,,,,.
This second method is preferred because it is not necessary
to assume that v, is completely reproducible between firings.
The two methods are generally in good agreement. See Fig.
4, a plot of the field dependence of the velocity of the parti-
cles at the pulse peak and of the slowest particles, for a series
of firings at p = 0.9 Torr, T'= (2.6 + 0.3)K.

The mobility of a singly charged heavy particle in a light
gas when the particle size is small compared to the mean free
path of the gas molecules is®
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FIG. 4. Field dependence of the velocity of the particles at the pulse peak
(solid line) and of the slowest particels {dashed line).

p=Cpn/ Qv (3)
with
C(p, Ty = (3e/16p) (2R T /s, } V2 (4)

Here ¢ is the electron charge, p the pressure, T the tempera-
ture, o, the molecular weight of the gas, and ¢V is the mo-
mentum-transfer cross section, which is related to the differ-
ential cross section for scattering of a gas atom by

Q‘“:j(%)(l — cos )dQ. (5)

In cur experiments all quantities determining g are
known except the cross section. Thus a measurement of gy
determines @V and an effective particle radius a,,, which we
define by QV=ma’,. We may relate the transit time ¢
through & drift space of length & with potential difference ¥/
to particle radius g, by writing

d/t=v, + [C(p, TV /rald ], (6)
From this we obtain
a, = [C(p, TVt /du(d — v,1)]'". (1)

The measured guantity is the time-dependent current 7{¢).
The quantity /(£)dt /2 is the number of singly-charged parti-
cles collected in the interval from ¢ to 7 + dr. We equate this
tog(a, Yda,, the mamber of particles with radius between a,,
and a, + da# , and obtain

gla,) =i(2)/(eda,/dt}, (8)

which can be expressed in terms of measured guantities by
differentiation of the expression (7) fora,,.

B. Resulis

We show in Fig. 5 the size distribution g(q,, ) derived
from the late pulse shown in Fig. 2. Note that the size distri-
bution is quite unsymmetrical. The peak of the distribution
isatg,, =50 1&; the median radiusis 2, = (58 4 4} A. The
median radius averaged over electric field values at this tem-
perature and pressure is (64 4 5)1&. Similar distributions
can be obtained at various pressures and temperatures. We
have measured g, at three different pressures at 7= 2.6 K.
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FIG. 5. Size distribution g{a,, ) derived from the late pulse shown in Fig. 2.
The solid line is a log-normal distribution with parameters shown.

The resulting values are fitted roughly by a power law
(0.15 4 G.05)
a,,«<p .

V. DISCUSSION
A. Comparison with other methods

Size distributions of particles produced by evaporation
in inert gas atmospheres have been studied by other
workers.® A technigue frequently used is to collect the parti-
cles on a thin film and subsequently study the deposited par-
ticles in a transmission electron microscope. We have per-
formed such studies in our apparatus, and show a typical
particle size distribution in Fig. 6. In order to obtain this
distribution, the filament was fired 10 times; the apparatus
was warmed to room temperature; the grid supporting the
thin carbon film holding the deposit was transferred to the
electron microscope; a photograph was taken and processed,
and a section of the photograph was scanned; size measuare-
ments were performed on approximately 250 particles. Re-
sults were not available until several days after the run.

An extensive study of particle size distributions deter-
mined by electron microscopy has been reported by Grang-
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FIG. 6. A typical particle size distribution obtained using a transmission
electron microscope. The dashed line is a log-normal function with param-
eters g = 35 A, == 1.4.
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vist and Buhrman,” whose size distributions are well ap-
proximated by the log-normal function

= 2
]\Etw _ expg m__l_(in(a/a)) } (9)
af27(In o)? 2\ Ino

The smooth curves shown in Figs. 5 and 6 are fitted log-
normal distributions. Best-fit median radii @ and dimension-
less width parameters o are shown. Our size distributions,
determined by electron microscopy and by the mobility
technigue, are both fitted guite well by the log-normal form.
The slow increase of particle radius with inert gas pressure
has also been noted by other workers.® The data of Grangvist
and Buhrman are consistent witk a « p®*. Our radii deter-
mined by electron microscopy show a similar behavior,
Fopy & p P =19 but the charged-particle radii determined
by the mobility method are systematicaily larger and more
slowly varying with pressure g, < p®> 2% a5 was dis-
cussed in Sec. HI B.

The use of charged particle mobilities to characterize
particie size distributions has been pioneered by Whitby et
al.? Since they study initially neutral particles, their appara-
tus includes a charging region utilizing an electric discharge.
They measure a steady current in the presence of a known
fiow velocity and a transverse electric field. The configura-
tion is very different from the present one and analysis of the
results is complicated by multiple charging, which cccurs in
the discharge region. In the present experiments, both theo-
ry and experiment indicate that there is insufficient energy to
produce multiple charging, except perhaps for particles so
large that both their number and mobility are unmeasurably
small. The mobilities in the present experiments are three
orders of magnitude larger than those encountered by
Whitby er al. The largest particies we study have sizes com-
parable to the smallest siudied by them, so the techniques are
complementary.

gla) =

B. Interpretation

We have noted a systematic difference between the par-
ticle distribution determined by electron microscopy and the
distribution inferred from mobility measurement of positive-
Iy charged particles. Before concluding that this difference is
rezl we turn to the matter of systematic errors which may
influence our determination of particle size from mobility.

We have previously described a number of assumptions
and idealizations used in the analysis of our data. These cer-
tainly preciude use of this method for high-precision deter-
mination of particle size distributions. We now show, how-
ever, that the discrepancy with particle sizes determined by
electron microscopy is much too large to be explained by
these effects.

1. Systematic errors in measuremenis

We have assumed that the particles appear at the start of
the drift region, precisely at the end of the filament firing
pulse, and that the gas flow field in which they move is inde-
pendent of space and time. We have already discussed the
actual distribution of “‘birth times” of the particles due to the
time dependence of the evaporation rate of the iron. Since we
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have observed pulses as narrow as 35 ms, it seems unlikely
that these effects can be larger than 30%. In order for the
true radius to be smaller than the apparent one, the true
mobility would have to be larger, and the true transit time
shorter; thus the particles would have to be “born” affer the
end of the firing pulse, which seems very unlikely. After the
atoms are emitted from the filament, a finite time is required
for them to coalesce into crystallites, and for the crystallites
to slow down with respect to the gas. These processes are
difficult to analyze precisely, but the time required for the
particles to slow down can be estimated from the measured
mobilities. The characteristic time 7 can be estimated from
7= mu/e=10"°s, for typical particles with g=3 cm*/V s
and a=60 A (Ny,_ = 10*). This time and also estimated clus-
tering times are orders of magnitude too small to be signifi-
cant in our experiment, where we deal with transit times of
order 107" s,

The assumption that the particles come to rest precisely
at the entrance to the drift region is aiso not accurate. It is
easy to show, however, that if the particies come to rest in the
source region, then the plot of velocity versus electric field
will become nonlinear. Experiment {see Fig. 4) rules out any
iarge nonlinearity. One has for the apparent velocity v,

v, =d/t, =d/[6/v, +d/{v, + uE}] (10

if the particles start a distance 6 before the drift region. I, on
the other hand, the particles come tc rest within the drifi
region the apparent mobility will be greater than the true
one, and the apparent size will be simaller than the true one.
Netther possibility explains our discrepancy.

The gas flow velocity in the cell is not precisely constant.
However, variation in fiow velocity across the charged-par-
ticle beam would result in a broadening of the beam, and no
such phenomenon is observed. A variation along the beam is
expected, and its consequence is easily analyzed if the vari-
ation is linear. We find

v, = d /t = [1,(d) —v,(0) | /In[v(d) /v(D) ], (1
leading to an apparent weak-field mobility given by

iy E;% %— =l —x)*/{xn?x),
where

x=[v (@) /v, (D) ]. (12)

This correction is negligible except in extreme cases where x
is very different from 1. In such cases this effect will (i}
always raise the apparent mobility above the true one, lead-
ing to an underestimation of the radius, and {ii) produce a
nonlinear dependence of v, upon £. We conclude that we
cannot find an experimental error of the magnitude and sign
reguired to explain our discrepancy.

2. Connection between cross section and radlus

(a) We have defined an effective radius a, by
QW= wa;,. For hard sphere collisions, a,, is the sum of the
radii of the colliding objects. The radius of 2 He atom'® is
approximately 1.5 A, so that for particle radii greater than
30 A the difference between particle radius and a, duetothis
cause is never more than 5%.
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(b} There will be helium atoms adsorbed on the metal
particle under the conditions of our experiments. Estimates
of the thickness of the adsorbed layer under our conditions
{which are time dependent after the filament is fashed) give
thicknesses of approximately 5 A for a true particle radins of
40 A. Such an effect may be marginaily detectable, but is
small compared with the discrepancy between the two meth-
ods of determining particle radii.

(¢) Deviations from hard-sphere scattering will alter
the connection between particle radius and cross section. If
the scattering were primarily backward, the effective radius
might be larger than the geometrical value by a factor up to

J2. Forward scattering will correspondingly reduce the ef-
fective radius below geometrical. If the atoms are absorbed
into the film and subsequently emitted isotropically and elas-
tically, the resuit is identical with hard sphere scattering. If
the atoms are diffusely reflected upon collision, the cross
section is greater than the geometrical by a factor of 13/9.
None of these mechanisms explains the discrepancy.

(d) There are long-range interactions between the
charged particle and the colliding atom. These can some-
times have significant consequences. The electrostatic (po-
larization) energy, |¥,| = 1o (0)E? is negligible compared
with k, T under the conditions of the present experiment.'?
For a single electronic charge and radii greater than 30 A,
|V, 1/ kg <0.02 K. The van der Waals interaction, on the
other hand, can produce surprisingly large effects, which we
now estimate.'>'® For an atom a distance d above a semi-
infinite medium, the interactionis ¥{d) = — £ /d *, whileat
large distances 7 from the center of a sphere it is proportionat
to r~°. We model the potential as a function of » by

V(r) = — 8ia®/(# —a*)* for

Viry=ow for r<a

r>a,
(135

and use the Lifshitz theory'* to estimate £, finding quite con-
sistent values at large and small values of r. This theory en-
ables us to express £ in terms of the dielectric response func-
tions of the atom (He) and the substrate (Fe). We
characterize iron by a single plasma frequency @, so that

2 2
(@) =1ty
@+ iy 5 — 87

with @ = is and use for the frequency-dependent polarizabil-
ity of a helium atom

, (14)

2

g () =%Eﬁ,/(wi — ). {15)

The sum is over excited states of the atom. Following
Sabisky and Anderson,’® we include three terms in: the sum:
The most important bound excited state (1s2p 2'P) of Heis
at #iw, = 21.2 eV, and has an oscillator strength'® £, = 0.28.
We put the remaining one-electron oscillator strength
(/3 = 0.72) at the first ionization energy fiw, = 24.6 eV, and
take the second electron oscillator strength (f; = 1.0) at the
second ionizaticn energy fiw, = 79 V. Weuse!’ @, =25eV
for Fe, and find 85 =3.0X 10* K A%, both for r> 4 and for
r — a<€a. A natural energy unit for the scattering problem is
E =8¢ /a* = 0.24 K for a = 50 A. The scattering can be
considered to be classical, since typical angular momenta are
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of order a*\[(3mk, T) /fi=50 under the conditions (7'=2
K) of cur experiments.

For the model potential (13), deflections are small for
impact parameters significantly greater than z critical value
b,, whilefor b < b, trajectories strike the sphere, resulting in
large angular deflections. We approximate the momentum
transfer cross section by 75 2. We show the dependence of b,
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FIG. 8. Calculated radius (&,),,,,, averaged over the Maxwell-Boltzmann

distribution at 7'= 2.6 K, plotted against the geoometricai radius a. The
straight line shown, (b, } .., = 1.0757a + 14.402 A, fits the data rather well

in this range.

onenergy in Fig. 7, whichisaplotof 2/2° — lvse=E /E,.
This is a “universal” plot, applicable regardless of sphere
radius and van der Waals force constant. The points are fit-
ted very well by the power law, &2/0°—1

= 2.2556 ¢ O2*8 % 50 that we can readily perform integrals
over the Boltzmann energy distribution. The result can be
written in the form'®

(b3 / =0V /ma® =1 + 0.5T(3 — 0.288 65)2.2556( T /E,) ~ 028865

=1+ 1.072(2.6 K/T)02%85(q/40 A) ~ 559586 /3.0 10° K A%)0288¢65,

We show in Fig. 8 the calculated radius

(B.) s =+ {& ) vsradius a. The relationship is very similar
to that found experimentally between ¢, and 2,,,. We donot
have data taken by the two methods under identical condi-
tions. However, we find 4., = (44 + 4)A at p = 0.9 Torr,
T=1.6Kandad, = (64 + 5)A atp =0.9 Torr, 7= 2.6 K.
The agreement seems sufficiently good to allow the conclu-
sion that the discrepancy between “mobility radius” and
“clectron microscope radius” is accounted for by the effect
of the van der Waals interaction. To our accuracy we find no
evidence that the van der Waals interaction for particles in
this size range cannoct be calculated from bulk properties.
Furthermore, the fact that the fractional correction is largest
for the smallest particles accounts, at least semiguantitative-
ly, for the observation that e, varies more rapidly with
pressure than does a,,.

em

V. CONCLUSION

We have demonstrated the usefulness of a mobility mea-
surement for a real-time determination of particle size distri-
butions in gas atmospheres. The distributions are available
quickly and with good statistics. A discrepancy between ap-
parent particle sizes determined by this method and by elec-
tron microscopy is attributed to effects of the van der Waals
interaction between particles and gas atoms. This technigue
could permit accurate study of the dependence of the van der
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(17

i

Waals force on particle size; our rather crude measurements
find no discrepancy with bulk properties.
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