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ABSTRACT

A time~of-flight aerosol beam spectrometer (TOFABS) is described. The
instrument has been designed and constructed to perform in situ real time
measurements of the aerodynamic size of individual aerosol particles in the
range 0.3 to 10 ym diameter. The measurement method consists of (1) allowing
a sample aerosol to undergo expansion through a nozzle into a vacuum chamber,
such that each particle acquires a terminal velocity depending on its aero-
dynamic size, then (2) measuring the terminal velocity by determining the time
taken for each particle to traverse a laser beam of fixed width. An experi-
mental calibration curve relating time-of-flight and aerodynamic size, based
on the use of polystyrene latex spheres, is shown to be in good agreement with
a theoretical calibration obtained from the gas - particle dynamics equations.
A comprehensive discussion of the properties and uses of aerosol beams is in-

cluded as an appendix.

This report was submitted in fulfillment of Grant No. R803065 by the
“University of Rochester under the sponsorship of the U.S. Environmental
Protection Agency. This report covers the period June 1, 1974 to February 28,
1977, and work was completed as of March 15, 1977.
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SECTION 1
INTRODUCTION

In recent years the physical and chemical properties of airborne partic-
ulates has become a subject of keen interest because of the increase in air
pollution and the péssible widespread effect on public health. However, the
problem of measuring the size distribution (not to mention the chemical nature)
of airborne particulates has proved quite difficult. »Despite significant ad-
vances in measurement techniques and instruments obtained by the substantial
efforts in many laboratories, there is presently no single instrument avail-
able that can monitor the size distribution of an aerosol over the full "res-
pirable" size range, i.e., the particle size range between 0.0l and 5 um diam-
eter.

Aerosol beams seem useful in the measurement of airborne particulates be-
cause the pérticles are isolated from their suspending gas which allows use of
sensitive detection and measurement techniques, such as mass spectrometry, and
because the terminal velocity obtained by the particles in the vacuum chamber
uniquely infers their "aerodynamic size", as described 1later in this report.
Because this report focuses on the description of a particular aerosol beam
instrument, we include as an appendix an article reviewing aerosol beams for
the reader with broader interest in this topic.

We proposed as the goal of this research to design and build a time-of-
flight aerosol beam spectrometer (TOFABS) capable of rapid on-line measurement
of the size distribution of atmospheric particles in the size range from ~ 0.5
to 10 ym diameter and to demonstrate the instrument by measuring example size
distributions of the atmospheric aerosol.

The instrument has been built and operated. It can measure particle
sizes in the range from 0.3 to 10 Um diameter. .However, atmospheric aerosol
size distributions were not measured because of insufficient time to build one
final electronics item. This lack of time was due, in part, to unexpected

difficulty encountered in the development of the electronics components and
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in part to an unfortunate reduction in the project support due to an unantic-
ipated shifi: of Agency funds causing the project to be terminated six months

early. Evaluation of the instrument was therefore performed with laboratory

aerosols.



SECTION 2
CONCLUSIONS AND RECOMMENDATIONS

The TOFABS technique provides a fast, on-line method for sizing airborne
particulates. When the particle density is known, the sizing is accurate.
For particles of unknown mass density, an inherent uncertainty in par-
ticle size exists which can be substantial. This sizing technique has
the advantage that particles are not removed from the beam but are avail-
able to subsequent measurement of, say, composition.

The measurement of particle TOF in a TOFABS would be more simply and
accurately accomplished by detecting the beam particles at two locations
of known separatién rather than with a single detector as in the present
design. The advantage of the two detector method lies in the simpler
electronics required. For example, linear (analog) signal processing is
not required as in the present electronics system so that pulse compres-
sion is not needed. With two separated detectors the TOF could be mea-
sured using pure logic components regardless of whether the signal pulse
was amplifier chopped. Almost all of the electronics developed for the
present TOFABS system are directly usable in this type of system, An im-
portant advantage of the present instrument, namely small coincidence
error levels due to the short time required to measure the particle TOF,
can be retained in a dual detector system if two separate detectors are
used to provide start and stop signals to the TOF counters. Parallel
counters would allow counting of more than one particle simultaneously
passing between the detectors. In the event coincidence errors may be
significant due to faster particleslovertaking slower ones between the
detectors, the addition of a third detector and suitable gating circuitry
could be used to eliminate coincidence errors altogether. However, this
third detector does not seem neceésary unless long flight paths between
detectors are used and concentrated aerosols are being measured.

Even when operated in a '"two location'" mode, as indicated in 2., particle
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sizing in a TOFABS by optical methods cannot be strongly recommended

because

a. the laser light source, PMT and associated equipment are expensive,

b, this equipment is not well suited for field measurements because of
its power requirements, cooling water requirements, fragility, and
the susceptibility of the optical components td contamination by
dust and other deposits, and

C. the huge variation in optical signal with particle size can present
difficult problems.

A novel method of particle detection more suitable for use in a TOFABS,

including use in field models, may be the charging of the aerosol beam

particles in a crossed electron beam with subsequent particle detection

by electron beam scattering as the charged particle passes through other

electron beams. The feasibility of this method is investigated in the

Appendix. The electron beam method presents an added benefit, namely,

the pcssibility of electrostatically focusing the aerosol beam. This

methoc¢, is being further investigated in our laboratory.



SECTION 3
SYSTEM DESIGN

The basic operation of the TOFABS system comprises the expansion of a
sample aerosol through a nozzle into a vacuum chamber. Within the vacuum
chamber the aerosol beam particles pass through a focused laser beam. Each
particle thus generates a scattered light signal seen by a photomultiplier
tube (PMT) which converts the scattered light signal into an electronic sig-
nal. Because the velocity attained by each particle in its acceleration
through the nozzle-free jet expansion of the aerosol depends on the particle
aerodynamic size, the size may be inferred from a measurement of the particle's
time-of-flight (TOF) through the light beam. The intensity of the scattered
light signal is not used to infer particle size, as in optical type sizing
instruments.

Details of the system design and operation are given in the following
sections. As the system incorporates vacuum, optical and electronic components

the description is organized under these headings.

VACUUM SYSTEM AND SAMPLE INLET

The aerosol beam was generated by expansion of the aerosol sample through
a converging nozzle of 0.2 mm throat (exit plane) diameter having the geometry
shown as nozzle 1 of Fig. 1. The aerosol sampling rate was 100 cc/min en-
trained into the central core of a flow of clean, dry air through the nozzle.
The total flow through tﬁe nozzle was 342 cc/min. The aerosol sample being
confined to the central core of the expanding jet provided an aerosol beam
having substantially smaller solid angle. Thus, the beam particles passed
through the center of the laser beam giving uniform signals for similar par-
ticles.

The vacuum chamber is shown to scale in the diagram of Fig. 2. Of course
many details are omitted for the sake of clarity, such as the plug of the
bottom hole and the exhaust hole to the vacuum pumps located on the back sur-

face, right hand side, midway between top and bottom. The size scale of the
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diagram can be taken from the bottom hole which has a diameter of 2.54 cm.
The system was pumped by two Alcatel mechanical pumps type ZM2012 having
a combined pumping capacity of 600 liters/min. These pumps maintained a vac-
uum chamber pressure of 0.7 Torr as measured on a pair of Hastings Vacuum
Gauges, Models VT-4 and VI-6. Two gauges were continuously used to provide

a cross-check and to provide high resolution in complimentary ranges.

OPTICAL SYS'TEM

The source of the focused laser beam was a Spectra-Physics Model 164-03
Argon laser tuned to 488.0 nm wavelength. Although the laser was capable of
producing more than 1 Watt of power at this wavelength, it was operated at an
output powe:r of 400 mW,

The laser beam was cleaned by passing it through a spatial filter
(Gaertner Scientific Corporation, Chicago) incorporating a 10X microscope ob-
jective, a 5 um pinhole and a 20X microscope objective.

The laser beam was then directed by means of two reflectors, which allowed
adjustment of the laser beam height and direction. The beam next passed
through an :lris disphragm to stop scattered and reflected light from the lenses
and reflectors, except that which was nearly on axis.

The laser beam entered the vacuum chamber through a planoconvex cylin-
drical lens (Klinger Scientific, #318851) having 100 mm nominal focal length.
This lens served as a window to ‘the vacuum chamber and focused the laser beam
in one dimension (the vertical). The plane surface was inclined 45° to the
laser beam to cause internal reflections to be separated from the primary beam
so they could be easily stopped. The intersection length for this lens is
normally 94.5 mm but because the lens was inclined to the light beam axis the
intersection distance was about 77 mm. This intersection distance caused the
laser beam to reach its one-dimensional focus at the aerosol beam axis, as
shown in Fiz. 2. The horizontal width of the laser beam at this point was
approximately 2 mm while its wvertical thickness was about 100 pum.

Two sets of externally adjustable knife edge stops were located in the
vacuum chamrer between the cylindrical lens and the aerosol beam. These were
used to clean the beam of scattered and reflected noise generated in the cyl-
indrical lens and upbeam elements.

The laser beam light not scattered by aerosol beam particles passed

through a hole 4x5 mm cut into the spherical mirror of Fig. 2 and on into a
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light trap consisting of a bundle of needles located at the end of a threaded,
blackened tube of 25 c¢m length. This light trap was able to absorb the 400 mW
laser beam without detectable heating.

Light scattered by aerosol beam particles in the forward direction between
about 2° and 25° angle with the beam axis was collected by the spherical mirror
of Fig. 2 (Klinger Scientific, #340023) and focused onto the small plane de-
flector mirror also shown in Fig. 2. This latter mirror diverted the scatter-
ed light signals out the side of the vacuum chamber through a pair of biconvex
lenses (Klinger Scientific, #311138) which focused the scattered light signals
onto the cathode of the photomultiplier tube (ITT Model FW-130).

Since the 1light intensity distribution was Gaussilan across the focused
laser beam, the PMT output signals should be Gaussian in time as each particle
traversed the laser beam at constant velocity, provided the particle size was
small compared to the laser beam thickness. The upper oscilloscope trace of
Fig. 3 shows an example PMT signal which is indeed Gaussian.

To measure particle TOF across the beam, i.e., across a fraction of the
beam of fixed path length, it was necessary to turn on a counting system over
the duration for which the PMT signal exceeded a fixed fraction of the signal
peak. This process of "mormalizing" the signal pulses was necessary because
variations in particle size, orientation and index of refraction can cause
changes in the pulse width, but not in the normalized pulse width.

Of course several equivalent electronics schemes can be used to accom-
plish this result. The electronics system we designed is described in the

next sectibn.

ELECTRONIC SYSTEM

The PMT output signal 1is regarded as the input signal of the electronics
system shown schematically in Fig. 4. Not shown is a preamplifier circuit
(line driver) that boosts the power of the PMT output. This line driver cir-
cuit is shown in Fig. 5.

The basic operation of the electronics system is as follows. After am-
plification the signal reaches a peak detector whose output is divided by a
resistor chain to a constant fraction (namely 1/3) of the peak signal voltage.
This constant voltage level is provided as the reference level of the analog

comparator. The same amplified input signal, delayed 0.5 usec, 1is the test



input of the analog comparator. The analog comparator output is therefore at
the low logic level except for the duration for which the delayed signal
exceeds 1/3 of its maximum amplitude, as shown by the lower trace of Fig. 3.
That is, the analog comparator output gives a high level logic signal for thé
duration of the particle TOF across a fixed fraction of the laser beam thick-
ness. The TOF of each particle is therefore measured for the same path length.

The ouvtput of the analog comparator triggers an AND gate, provided the
amplified FMT signal exceeds an adjustable noise level determined by the ref-
erence input of the lower analog comparator of Fig. 4. Thus, PMT or amplifier
noise is prevented from triggering the AND gate.

When the AND gate is triggered to the high logic level the particle TOF
through the laser beam is digitally counted on.the binary counter driven by
the 64 MHz oscillator. Thus, the digital number accumulated in the binary
counter is incremented every 15.6 nsec. The resolution in particle TOF is
therefore tetter than 15.6 nsec.

When the particle passes out of the light beam the analog comparator out-
put drops tio the low logic level causing the contents of the binary counter to
be transferred to a buffer storage (parallel load shift register), not shown
in Fig. 4. The circuit is then reset and ready to count the TOF of the next
particle while the further electronics continues to process the TOF data for
the last particle.

To determine the size sub-range of the particle from the measured TOF,
the digital TOF number in the buffer storage is compared by means of a binary
comparator to the various numbers (sub-range limits) stored in the size range
ROM. When the correct size sub-range is obtained, a single count is added to
the size range counter corresponding to that sub range.

The s:.ze range counters are continually scanned and their contents dis-
played on an oscilloscope. Their contents can also be printed out with a
Teletype printer. An example oscilloscope display obtained from a poly-
disperse NiaCl aerosol is shown in Fig. 6.

Complete details of the electronics system are shown in Figs. 7-17 on
which all components of the system are identified. The operation of the elec-
tronics is illustrated by the timing diagram of Fig. 11, where signals cor-
responding to the identified points throughout the circuitry are shown.

The effort we expended in the development of this electronics system
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was substantial. It comprised by far the majority of our effort.

In the meantime microprocessor systems have become commercially available
which can perform many of the functions of our electronics system. However,
the microprocessor systems of which we are aware are all far too slow to be

used in our system as presently constituted.



SECTION 4
CALIBRATION

The calibration curve relating particle size and TOF is needed to obtain
the partic..e size distribution from the measured TOF data or to- program the
size range ROM to give TOFABS output as the particle size distribution directly.
This curve was obtained in two ways, analytically and experimentally, described

in the following sections.

ANALYTICAL CALIBRATION
The motion of-a particle or droplet whose mass mp may be changing due to

condensation or evaporation is described by the equation of motion

& )
mp it =" [f + It ] (vp - vf) [1]
and the energy equation
d(mp 9pT) dmp
at =rg ¢ (2]

where vP is the particle velocity, Ve the local velocity of the surrounding
fluid (calculated by ignoring the presence of the particle), t the time, f the
particle’s friction coefficient, Cp the specific heat of the particle material,
T the particle temperature (assumed uniform), A the latent heat of condensation
or evaporation, and q the rate at which heat is being transmitted from the
particle to the fluid.

The particle's friction coefficient is
f = 6Tua |</Cs [3]
where § is the fluid viscosity, a the particle radius, Kk the dynamic shape
factor and CS the slip correction factor
C,=1+ Kn[1.234 + 0.414 exp(-0.876/Kn)], [4]

Kn being the Knudsen number £/a where % is the mean-free-path of the fluid
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molecules. For non-spherical particles the value of a must be adjusted in
this latter expression to give the proper correction Cs' For spherical par-
ticles the factor Kk is approximated within a few percent by

0.8561
>

K =1+ 0.1062 Re Re = 2alv, - vpl/\) [5)

where v is the kinematic fluid viscosity. For non-spherical particles an ad-
ditional shape factor must be included in «.
The solution of [1] is

g=o

—ftOL(t)dt t [ Tado
° [ve +Je - a(nv(1)dr] [6]

vp(t) = e

(o]

where Veo is the fluid (and particle) velocity at the nozzle entrance x = 0

and t = 0 and where

dm ‘
= + o
a= (f EEB)/mp ' (7]
The particle location at time t'is‘given by
x(t) = [ ae. [8]
o p

The following procedure is used to calculate the velocity of a particle
as it accelerates through a nozzle system into a vacuum chamber. First, the
steady state fluid velocity field vf(x) is calculated for the given nozzle
system. Second, for a specific particle size, shape and mass, [6] and [8] are
solved to obtain vp vs. Xx. In practice, to prevent underflow and overflow
errors from occurring in the computer calculations, [6] and [8] are solved in

an iterative scheme, viz.,

fadt tHhe gﬁt
vp(t+At) = e [Vp(t) + e a(t) vf(t) dt] [9]

ot
‘.t+At
x(t+At) = x(t) + J vpdt [10]

t
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Furthermore, if At is sufficiently small so that o(t) does not change signif-
icantly over the interval between t and t+At, then

v (6HAE) = v () = [vg(t) - v ()]1(L - RUOLLY [11]

With sufficiently small At, [10] and [11] can be used with [2] to obtain the
vp vs. x curve for a particle without incurring underflow - overflow problems.
Example results showing particle time-of-flight are shown in Fig. 1.

Further cal.culated results showing the influence of nozzle diameter and of

particle density are shown in Figs. 18 and 19.

EXPERIMENTAL CALIBRATION

To ob-ain an experimental calibration curve, monodisperse latex aerosols
. were generated and the PMT signals like that of the upper trace of Fig. 3 were
;measured. For each particle size the width (TOF) of the Gaussian pulse at
'1/3 the maximum pulse amplitude was measured. These measured data are shown
iin Fig. 20.

The two measured values at 0.81 um diameter were obtained for two batches
iof Dow latex spheres, both identified as 0.81 um nominal diameter. Our mea-
surements suggest that one batch had particle diameters slightly higher and
xthe other batch slightly lower than 0.81 um.

Since the exact thickness of the laser beam was not known, the analytical
and experimental calibration curves could not be directly compared. However,
they were combined By assuming a light beam thickness of 72 um, which gave the
besﬁ agreement of the two curves. This value of the light beam thickness,
between points where the intensity is 1/3 the maximum (axial) value, agrees
well with the estimated laser beam thickness of 100 um between points where
the intensity is 1/e2 or 13.5% of the axial value. The curve shown in Fig. 20
is the analytical calibration curve for an assumed laser beam thickness
(flight path) of 72 um. The good agreement of the calculated and measured
data suggests the validity of the calibration curve.

12



SECTION 5
RESULTS

The TOFABS described in the preceding sections was used to measure var-
ious laboratory aerosols and the ambient atmospheric aerosol in the laboratory.
Some experience in its use was thereby obtained.

The TOFABS was found to work well in the measurement of monodisperse and
nearly monodisperse aerosols. To make these measurements the high voltage to
the PMT was adjusted so that the amplified PMT output signals lay in the range
between 0.1 and 10 volts. The lower limit corresponded approximately to the
noise level while signals above the upper limit were "chopped” by the input
amplifiers.

It was therefore not possible to measure the size distribution of moder-
ately or highly polydisperse aerosols unless various PMT voltages were used in
a sequence of measurements. The strong dependence of pulse height on particle
diameter allowed only a relatively narrow size sub-range to be measured at one
PMT voltage level.

We intended to solve this problem by the addition of a final electronics
element to the system, namely, a '"pulse compressor'" that would compress pulses
of a large range of amplitudes to pulses having a small variation in amplitude.
Pulse compression would not affect the particle TOF measurement provided com-
pression was obtained by linear amplification or attenuation of the pulse,
since the pulse was effectively normalized by the electronics system anyway.

A possible design of the pulse compressor is shown schematically in Fig.
21. Unfortunately, the Agency supporting this project experienced an unex-
pected shift of funds and had to discontinue support of this project before
this pulse compressor could be built. Measured data for.highly polydisperse

aerosols including atmospheric aérosols were therefore not obtained.
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Figure 3.

Upper trace: superimposed PMT signals generated by the
scattered light signals of 2.02 um diameter latex spheres
traversing the focused laser beam. The horizontal scale
is 0.2 uysec per cm.

Lower trace: superimposed logic pulses of fixed amplitude
and width equal to the TOF of the 2.02 um particles
"through" the laser beam. The logic pulse time scale is
delayed 0.5 usec relative to the PMT signal.
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Figure 6.

Example display of a measured TOF distribution for a
polydisperse NaCl aerosol. The vertical axis represents
the number of particles (counts) per TOF sub-range while
the horizontal axis represents particle TOF. The maximum
corresponds to an aerodynamic diameter of 0.9 um, that is,

a unit density sphere of this diameter will have the
same TOF.

19



DELAY LINE
ALLEN AViIONICS

Ty
H dde 3 5
Qeeeee/

SPIRDEL
IO So0 228"
® 0
pmy .0¥7 "
weuT ﬁ—"(— [y DELAY S/6NAL

LHeo3sce i LHOO33CG

t-0%T t1-0308 - /A\Q _1
il LARD

il 191t ALL RES/STORS I¥ OHMS Kw
ALL CAPACITORS W 4 F OELAy AND Burren
voo@

4}
hY}
rd

C/ACKIT
- @ ceam oisc.

® ]
TerPFREy & LINK
N FEARITE @ TavTacum 8DEC. 1476
It i OFF-SET 82ADS @ mowoiiTHIc NFo

ADIVST Y
o o @ 7w REV B
FERRITE BEADS ARE FERAONICS
‘°°® PART NUMBERS

o0
@ @ 21-01T 20308
L E @ O = |J Voits

14
L\Y
L
Ay

LHOC3IC G
L1AS /MG

Figure 7. Delay and buffer circuit. Output signal B is delayed
0.5 usec and is one-half the amplitude of input signal A
(from the line driver circuit or PMT). Biasing circuitry
for the buffer amplifiers is also shown.

20



12

Lo
Ulcoce nBD 01
ont ‘c."" I .00/ 0K
N . NOISE 1xVEL
Tweul tioo32Cs hd ADIUST
PEAX DETECTOR
= +Ve
¥ Ve
Joo v YA B-MOS-FRT % LEVEL
o- sony TURV-ow 1ok oKk
n e Tq !;l“]lo iy Yo 10w ADJusT
w im 3VIT 6 ;
i ®
£ $ox
£ BA” g 1 ASG Ae oEsAY
e ¥ siaAL
113 N 4.3
YT 7viei -Vee
21-0301  21-0308 t-owi  troxe ALL RESISTORS IN OHMS UNLESS NOTED
Ve O__@_Er . T ALL CAPACITORS IN 4f CERM, DISC UNLESS NOTED
idols ALL IYPIN x.C."V( PIN 14, GROUND PIN 7
ve _J EA0) AbL SESRTR , +Vc PINIO,+Vec PINQ, -V PIND
oo ;T 0 RD COMPONENT SIOL OF F.c. BGOARD GROUND E /A\ f;] E
® NOTES? D
(D caraciTor N pf PEAR DETECTOR AND
$ TIME OF FLIGHT PULKE (T.EP)
I 5o OFF SET @® PoLysTYRENE GENERATOR
= ® ApJusT @ vaw
() @ @ TANTALUM TEFFREY 6. LINK
oo | . L l o @ Mowow 8 DEC. 1976
21-0304 oWy T
-1 ity FERRITE BEADS ARE FERRONICS PAKT NUMBERS REV. A
“Vee yug LHOO03¢eCG
. IS

Figure 8.

Peak detector and TOF pulse generator.
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logic pulse of width equal to the particle TOF through the
laser beam.
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Figure 10.

Size range calibration PROM, magnitude comparator and storage input address encoder.
The PROM is coded through its various memory levels by clock #2 (16 MHz) and binary
counter Al2 and Al7. When the contents of a PROM memory level (upper limit of a size
sub-range) equals or exceeds the particle TOF in the buffer storage, the magnitude
comparator output Q changes from high to low logic level, stopping the clock signal
and causing a single count to be added to the contents of the proper binary counter
(size sub-range channel).
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Figure 18, Calculated calibration curves for nozzle 2 of Fig. 1

with three nozzle diameters. Particle TOF was calculated
for a flight path of 100 um beginning 2 mm from the
nozzle exit. An aerosol at NIP containing unit density
spheres was assumed expanded through the nozzle to
generate the beam.
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diameter as it is usually defined is proportional to
mass density to the 1/2 power. The mass density
dependence calculated here is slightly stronger.
Particle TOF was calculated for a flight path of 100 um
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COMPARTORS SWITCHES

Example pulse compressor circuit. The PMT current pulse,
delayed 0.5 usec or longer, is attenuated by variable.
amounts to maintain the amplifier input signal within a
limited range. This prevents amplifier chopping of large
amplitude pulses. The various resistor values are selected
to provide (a) the desired attenuation levels and (b) the
proper output impedance for the delay line. This pulse
compressor would also be useful in other systems such as in
measuring scattered light signals from aerosol particles.
Logic signals from the various analog comparators give the
order of magnitude of the signal while the compressed pulse
can easily be measured without amplifier distortion to give
the pulse magnitude within the order of magnitude range
(sequential coarse scale, fine scale measurement).
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APPENDIX A

Reprint of a Technical Article
Entitled "Aerosol Beams".
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AEROSOL BEAMS

Barton Dahneke
Radiation Biology and Biophysics
University of Rochester
Rochester, New York 14642

ABSTRACT

Becausce of their ability to focus large numbers of airborne particulates
into a narrow beam in which the particles are isolated in a vacuum environ=-
ment, aerosol beams are useful for a variety of applications in the detection
and measurenent of airborne particulates, in measuring particle-surface inter-
actions and in measuring the aerodynamic and other properties of particles.
Properties and applications of aerosol beams are described and critically dis-
cussed with particular interest in the use of aerosol beam techniques and de-
vices for measuring the size distribution and other properties of airborne
particulates. One aerosol beam device for measuring the particle size dis-

tribution ig described in detail.

To appear in Proceedings of the Symposium on Aerosol Science and

Technology, John Wiley & Sons, New York (in press).
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1. Introduction

An aerosol beam is generated when an aerosol expands through an orifice,
capillary or nozzle into an evacuated chamber. The gaseous portion of the
aerosol jet so formed is scattered by collisions with background gas molecules
and removed by pumping. The particles or droplets in the aerosol, because of
their relatively large momentum, are not scattered by the background gas but
form a high speed beam of the aerosol particles. The aerosol particles are
thus isolated from their suspending gas, except for the background gas in the
vacuum chamber, the density of which can be made very low by passing the beam
through multiple pumping chambers. The particles can therefore be detected,
counted, measured and collected with minimal interference from a suspending
gas. These features of aerosol beams make them uniquely attractive for cer-
tain measurement techniques. |

Although aerosol beams have features in common with molecular beams,
these two types of beams also possess substantial differences. One example is
the pumping speed required in the two systems. Molecular beams are signif-
icantly dissipated over péth lengths of the order of several mean-free-paths
of the background gas, due to collisions with these gas molecules. Molecular
beam systems are therefore generally operated under high vacuum requiring beam
skimming and several pumping chambers with relatively large vacuum pumps.
Aerosol beams, because of the large momentum of the beam particles, are not
rapidly dissipated in chambers of relatively high pressure. Some aerosol beam
systems operated at background chamber pressures between 0.1 and 1 Torr have
useful beam lengths of several cm. Such aerosol beam systems require vacuum
pumps of modest size so that portable systems are possible.

To determine whether an aerosol beam technique is suitable for a partic-
ular application, the various properties of aerosol beam systems must be under-
stood, preferably by means of accurate theories and specific experimental data
or, when these are not available, by use of qualitative results and approx-
imate information. The properties and certain applications of aerosol beams
have been investigated in various laboratories. The results of ﬁhese inves-
tigations are summarized and critically discussed in the next section. Later
sections deal with the fundamental properties of aerosol beams, in particular
with the calculation of particle velocities obtained in a beam considering the

influence of nozzle shape and size, and with various applications of aerosol
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beams.
2. Summary of the Properties of Aerosol Beams

2.1 Particle velocities in an aerosol beam.

Particles and droplets in an aerosol beam obtain maximum velocities
in the vacuum chamber of the order of the sonic velocity of the suspending gas
(1-4). Thus, particles suspended in air obtain velocities of the order of 300
m/sec while particles in helium obtain velocities of the order of 600 m/sec.
The maximum particle velocity depends substantially on the particle size, mass
and shape. Particles of larger size (mass) obtain lower velocities. Because
of the importance of the velocity characteristics of aerosol beams, this sub-
ject will bz treated in a éeparate section.

Limited evidence (1) suggests variation in orientation of non-spherical
particles does not cause significant variation in maximum velocity. Identical
particles neutrally buoyant with respect to orientation seem to obtain a
unique maximum velocity due to time averaging of the influence of orientation
during the acceleration process. (This topic, however, needs further inves-
tigation.) Identical particles having a preferred orientation in the accel-
erating jet obtain a unique terminal velocity corresponding to that preferred
orientation. .

2.2 C(Cross-section of an aerosol beam.

The cross-section of an aerosol beam always grows with downbeam dis-
placement in the vacuum chamber. The beam divergence is, of course, caused by
radial expansion of the aerosol jet as it enters the vacuum chamber. Since
smaller (less massive) particles follow the gas motion more readily than larger
ones, the solid angle of an aerosol beam increases substantially as the size
(mass) of the beam particles decreases. Effectiﬁe techniques for reducing the
beam solid angle have been demonstrated. One method (5) accelerates the par-
ticles in a converging nozzle so that the particles at larger radial positions
obtain larger inward radial velocit& components. Upon outward radial expan-
sion of the aerosol in the vacuum chamber, the inward radial velocity com-
ponents compensate the outward components to cause a substantial decrease in
the beam solid angle. A second method (6) restricts the sample particles to
the central core of the gas jet and thus reduces beam so0lid angle by reducing
the radial gas velocities seen by the particles in the expanding jet.

Collimztion has been used to give extremely narrow beams. Disadvantages
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of this method include biasing of the size distribution in the beam sample and
plugging of the collimating hole if the aerosol sample contains a liquid
fraction. Los Angeles smog plugs collimating holes rather quickly. A collim-
ating hole in a heated plate would reduce the problem of plugging.

Because of the relationship of beam cross-section and velocity, the cross-
section of uncollimated aerosol beams will be discussed with beam velocity in
a separate section.

It seems possible to focus beams in one dimension by means of a gas cross-
jet intersecting the aerosol beam in the vacuum chamber. Deflection of beams
by asymmetric jet expansion has been demonstrated (6,7). In the similar case
of a cross—-jet, particles nearer to the jet source obtain larger deflections
because the jet gas is more dense and better able to influence the particle
motion. An aerosol beam thus deflected should obtain a relatively narrow
focus. The "spot size" and focal length will depend on particle size. Two
cross-jets could provide two-dimensional focusing. Such a focusing process
has been independently proposed for molecular beams by Gspann and Vollman (8)
and for aerosol beams by the present author. However, the technique has not
yet been demonstrated for aerosols either experimentally or theoretically.

2.3 Size separation of particles iﬁ an aerosol beam.

Two techniques have been demonstrated for size separation of par-
ticles and droplets in an aerosol beam. In one (6), the aerosol beam is de-
flected by means of a cross-jet or by asymmetrical expansion of the aerosol
jet into the vacuum chamber. Since smaller particles are more readily deflec-
ted, the particle trajectory is diverted increasingly as particle size is de-
creased. Upon passing through the cross-jet or asymmetric expansion region
the various particle trajectories, corresponding to different particle sizes,
are linear. This technique has been patented (7).

In a second method (1,4,9), particle size is discriminated by measuring
particle velocity in the vacuum chamber. Since terminal particle velocity in
the vacuum chamber depends on particle aerodynamic size (which will be defined
in the next section), with smaller particles obtaining higher velocities, the
velocity measurement or, equivalently, the measured time of flight (TOF) re-
quired for the particle to traverse a fixed path length infers the particle's
size. This method of measuring particle size is also patented (7).

A technique commonly used in molecular beams can, of course, be used to
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separate panticles of selected velocity range, i.e., of selected size range.
Velocity sel.ectors used in molecular beam systems provide velocity resolutioms
AV/2V between 5 and 25% and maximum transmission probabilities between 27 and
497 (10-29). These selectors pass some molecules at every velocity between

V - AV/2 and V 4+ AV/2 with maximum transmission at V and zero transmission at
the two extremes. Use of such a velocity selector with an aerosol beam should
provide a velocity selected beam containing up to 497 of the total particles
in the beam having terminal velocity V and lesser amounts at V * §V, where

0 < 8V < AV/2. Young (30,31) describes analytical inversion methods which
account for this variable transmission as well as other non-idealities of vel-
ocity selectors so that the velocity distribution of the beam can be accurately
obtained from intensity data for velocity selected beams. Thus, intensity
data for Qelocity selected aerosol beams can provide the velocity distribution
function of the beam particles, which infers their aerodynamic size distri-
bution. Since the particle number and mass distributions are frequently of
"intermediate'" interest for calculating other distributions, velocity selected
beams have the advantage of allowing direct measurement of, say, the abundance
of a certair. toxic chemical present in a selected aerodynamic size range of an
aerosol sample. Although all elements of the velocity selector technique have
been demonstrated in molecular beam research, they have not yet been success-
fully applied to an aerosol beam system.

Israel and Whang (32) captured aerosol beam samples on grease coated
slides to determine the deposit density distribution over the radial dimension.
They proposed using such data with experimental and analytical calibration
curves to ottain the size distribution of the beam particles from deposits on
a coated target. Because the deposit 1s cumulative rather than size sorted
as in (6), the analysis requires substantial microscopic counting.

The poesibility of charging the beam particles and separating them in an
electrostatic or magnetic field is suggested by simple analogy with mass spec-
trometry. Eowever, unlike deflection of ions in mass spectrometry where one
or two charges is adequate and unit charge differences are easily distinguished,
aerosol beam particles require many charges to obtain adequate deflections and
techniques for obtaining uniform charges of this level have not yet been dem-
onstrated. The topic of charging of aerosol beam particles will be discussed

in a separate sub-section below.
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2.4 Detection and measurement of aerosol beam particles.

The most important current problem in aerosol beam technology is the
development of adequate techniques for detecting and measuring particles in the
beam smaller than ~0.1 um. Detection and measurement techniques for particles
~0.1 um and larger, such as light scattering techniques, have been demonstrated
(33), some of which can also be used in aerosol beam systems. Because aerosol
beam particles are isolated from their suspending gas, which frequently causes
the lower detection limit in light scattering techniques, it should be possible
to extend the detection and measurement limit to smaller particle sizes in an
aerosol beam instrument.

Note that in order to measure the aerodynamic size of a beam particle it is
sufficient in two techniques described above to simply detect the particle as it
either passes a location corresponding to a deflected trajectory or as it passes
two points of known separation. The problem of measuring particle aerodynamic
size thus reduces to the simpler problem of detecting the presence of the particle.

One method of detecting particles in an aerosol beam.has been the use of
focused laser beams through which the aerosol beam is directed (1-4). The light
scattered by a particle passing through the beam is directed to a photomulti-~
plier tube (PMT) which provides a current pulse in response to the scattered
light signal. One instrument (4) using this method can measure particles of
0.3 ym diameter and larger. With simple changes, their capability can be
extended to ~0.1 ym, but this limit is still inadequate. Moreover, the laser
system and associated electronigs are large and expensive.

An alternative technique has been proposed by Schwartz and Andres (9),
wherein beam particles pass through a velocity selector before they are accum-
ulated on a peizo-electric crystal surface where their mass is measured by ob-
serving the change in the frequency of oscillation of the crystal. However,
this method may not be practical because unless the crystal surface is coated
to prevent particle bouncing, the particles are not retained on the crystal
surface. On the other hand, if the crystal is coated with, say, a layer of
grease sufficiently thick to capture particles, the mass loading may already
be so high that the crystal operates in the non-linear range so that frequency
changes cannot be used to monitor adsorbed mass changes.

Hollander and Schormann (34) demonstrated a novel technique wherein aero-

sol beam particles were impacted on a thin plastic membrane which had been
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reflective coated and was one of the mirrors in an interferometer. By obser-
yation of tae interference patterns (momentum changes) and independent measur-
ment of particle velocities they could measure particle mass directly, to a
lower limit of lO_12 gm (1.3 u particle diameter for a unit density sphere).
The system was large, complex and expensive and only suited for laboratory
measurements. . ‘

The interferometer technique just described recalls an earlier technique
of Avy and 3enarie (35) described in one of the first papers on aerosol beams.
In their instrument Avy and Benarie directed an aerosol beam towards a sensi-
tive microphone. The instrument was able to detect particles above 30 um
diameter. A refined instrument was described by Benarie and Quetier (36).
With it the authors could monitor the mass loadings of particles between 1 and
20 um diame:er.

Hepburn, et al., (37,38) detected beams of highly charged glycerol drop-
lets by impacting them onto a phosphor screen or liquid crystal target. The
resulting luminescence of the phoéphor screen revealed the beam geometry and
density distribution. Although this method removes the particles from the
beam when they strike the screen, this detection technique may be useful with
aerodynamic deflection in measuring the size distribution of the beam particles.

A technique for measuring the quantity of any of various atomic and mol-
ecular spec:es present in individual beam particles or in accumulated samples
has been described by Myers and Fite (39) and by Davis (40). The technique
comprises inpaction of the beam particles onto a heated filament, usually
rhenium at about 1200°C, where the particles apparently stick and evaporate.
The evaporating atoms or molecules having sufficiently low ionization poten-
tial are ionized by the rhenium filament, because of its high work function.
The ions thus generated are focused into a quadrupole mass filter or magnetic
analyzer whereby the quantity of ions of a selected charge to mass ratio can
be monitored. Some of the compounds which Davis was able to observe using
this technique are listed in Table 1.

Because of the difficulty in detecting small particles in aerosol beam
~ systems, it is sometimes desirable to grow the particles to a larger size by
condensation of a supersaturated vapor. The larger particles can be easily
detected by, say, scattered light signals. Although the initial size distri-
bution of the particles is not determined, this type of absolutely calibrated
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condensation nuclei counter (CNC) can detect each pafticle present which is
larger than the critical cutoff diameter (~20 %) and wettable by the conden-
sing vapor. (The importance of the latter condition seems to be poorly under-
stood.) Use of this CNC with additional devices that discriminate particle
size, such as an impactor, filter or diffusion battery, would allow inference
of the original size distribution of the aerosol sample. Further details of
this proposed system are discussed in (4).

2.5 Particle bouncing and sample collection.

Both expériments (41,42,43) and theory (44) have demonstrated that
micron size solid particles striking solid surfaces will bounce when the normal
component of their incident velocity exceeds ~1 m/sec. Viscous droplets are
captured on target surfaces placed in high velocity aerosol beams; however,
they burst upon impact so that parts may be lost from the target surface.
Solid particles are captured when the target surface is coated with a viscous
layer to dissipate the kinetic energy of the incident particle.

These results indicate that samples of aerosol beam particles should be
collected on grease coated targets or in special collectors within which the
particles will rebound many times without escaping. An exception appears to
be sampling on a heated filament. Evidently the particle tip is melted on
contact so that it provides its own viscous layer. .

The grease coating on a collector surface must be supplemented or re-
placed periodically to prevent a solid overcoating on the grease surface.
This can readily occur in highly focused aerosol beams of solid particles.

Because solid particles moving at typical beam velocities may bounce on
uncoated solid surfaces many times before being captured, particles reflected
from, say, a velocity selector will reflect throughout the vacuum chamber.
Care must be taken to prevent 'background particles" from reaching the detec-
tion system.

2.6 Alteration of particles in an aerosol beam.

Possible mechanisms by which sample particles may be altered in an
aerosol beam include evaporétion, condensation, cooling in the adiabatically
expanding jet, freezing, breaking of frozen particles, breaking of droplets
and aggregates during accelerétion and charging of particles in the acceler-
ating flow. The importance of the last four mechanisms in aerosol beam sys-

tems is not well understood. These topics need investigation. The first
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three, on the other hand, have been investigated.

In the course of measuring the free molecule drag on latex beam particles
passing through a deceleration chamber containing dilute air at controlled
pressure, one group of investigators (2,3) found the spheres had different
drag coefficients when the beam was accelerated in an air jet (air aerosol) or
in a helium jet (helium aerosol). The data and the associated analysis of
these authors suggest the difference is due to cooling of the latex spheres in
the adiabati.cally expanding jets, with substantially more cooling occurring in
the air jet. The authors estimated 2.02 um latex spheres were cooled some
30°C in the air jet expansion but only a few degrees in the helium jet. The
difference seems to be due to condensation of gas molecules in the air jet
which draw their latent heat of evaporation from the warmer particles thus
causing significant cooling of the particles in the air jet. In the helium
jet no condensation was expected at the given expansion ratio so that these
particles were apparently not cooled by cluster evaporation.

The authors (2) went on to estimate the evaporation loss of a 1 um water
droplet in an aerosol beam taking into comnsideration the cooling of the drop-
let in the air jet expansion process and the cooling of the droplet by evap-
oration. They estimated that the droplet diameter would decrease by less than
3% over intervals of ~1 msec, i.e., sufficient time for a particle flight of
40 cm in the vacuum chamber. Thus, evaporation of droplets does not appeér
to cause substantial alteration of aerosol beam particles.

Another investigation (4) has shown that condensation in: the jet does nﬁt
significantly alter beam particle size, even for high inlet vapor pressures,
becaﬁse the rrapidly accelerating particles spend too little time in the super-
saturated region of the jet to realize significant growth. This topic will be
discussed further in the next section.

In the case where a thin surface layer of liquid or adsorbed vapor is of
interest, then evaporation and condensation can have substantial effect in
altering parf:icles in the beam.

2.7 Electric charging of aerosol beam particles.

Because of its relation to the detection and measurement of particles
in an aerosol beam, this topic is of substantial interest. Unfortunately, its
importance hzs not been fully appreciated and relatively little work has been

done.
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Aerosol beams of charged particles can be obtained in several ways.
First, the particles can be generated in a manner that causes them to have a
high charge level (45) or the aerosol can simply be passed through a suitable
charging device (46) before it enters the aerosol beam system. Second, the
particles or droplets may be charged by breaking up in the air stream during
their acceleration in the jet, as mentioned earlier. Although this topic has
been investigated over many years in connection with meteorological studies
(47) (the generation of charge in thunderclouds) it is not yet well understood.

A third way of obtaining a beam of charged particles is by charging the
particles by means of a crossed electron beam in the vacuum chamber. This
technique takes advantage of the vacuum environment of the beam particles, as
the electron beam would be dissipated too quickly except at sufficiently low
gas density. Hall and Beeman (48) have demonstrated the charging of polysty-
rene latex beam particles in a sheet electron beam of 4 to 10 mA current with
electron energies of the order of 100 eV. The beam particles required between
5 and 10 uséc to traverse the electron beam during which time they experienced
an (overestimated) surface temperature increase of 17°C. Latex particles of
0.357 ym diameter obtained a calculated charge of 620 electronic charges while
0.557 um particles obtained 965 charges.

A similar process, namely the charging of clusters in molecular beams,
has been discussed by Hagena (49). Dolder (50) reviews several techniques and
results of molecular beam investigations of ionization processes and inter-
actions of charged and neutral particles. Some of the techniques he describes
may be useful in aerosol beam systems.

Charging of beam particles is an important problem which deserves further
investigation. This topic is discussed further in the applications section.

2.8 Coincidence errors in particle counting.

In the counting or measurement of aerosols of high number concen-
trations, coincidence errors due to simultaneous occupation of an "observation
volume'", such as a focused laser beam, by more than one ﬁarticie can become

substantial. We show here that such problems are less serious in aerosol beam

systems.
Consider a system in which the aerosol particle flow rate is NiAiVi’
where Ni is the particle number concentration, Ai the flow cross-section and

Vi the average particle velocity at location i. From conservation of particles
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N2A2V2 = NlAlvlu
Assuming negligible particle loss to the system walls, this expression must
apply regardless of whether the aerosol particles are suspended in a gas
medium or a vacuum.

The l:near density NiAi (particles/cm) provides a measure of the proba-
bility of a coincidence error occurring within the observation volume of fixed
thickness 1.. That is, for more particles per cm in the stream the probability
that more than one occupies the interval L at any time must increase. Because

the linear density

NZAZ = NlAlVl/VZ

is smaller in an aerosol beam.wheré;vllvz its small, coincidence errors in aero-
 'sol beam systems are aiways less than in.other systems where Vl/V2 is larger.

Thus, for a given coincidence error level, it is possible to count or
measure sample particles at higher number densities in an aerosol beam system
than in otler systems. |
3. Calculation of the Dynamical Properties of Aerosol Beams

The f;ndamental properties of . aerosol beams most pertinent to their eval-
uation as possible experimental or industrial systems are the velocity and
geometry characteristids of such beams. This section reviews methods for cal-
culating these properties of aeroscol beams and presents example results. A
related prcblem‘of fundamental interest, namely, condensational growth of
particles in adi#batically expanding jets, is also considered.

The motion of an aerosol particle in a fluid stream is described by the

particle equation of motion

By T b
mp ic - " [f + it ](vp - vf) (1)

where mp is the particle mass (which may change with time due to evaporation
or condensation), @p the particle velocity, t the time, f the particle

friction coefficient and ve the local fluid velocity. The ratio o = f/mp is

given by

- 2 )
o = 9uk/2a ppCS _ 2)

where U is the local gas viscosity, a the particle radius (or equivalent
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sphere radius), pp the particle mass density, Cs the slip correction factor
and K the dynamic shape factor that includes two factors x = §0 that correct
for non-negligible particle Reynolds number and for non-spherical particle
shape. Example corrections for non-spherical shape 0, as well as the values
of CS for such shapes, are described for several geometries by Dahmneke (3,51,

52). The factor § is given for spheres by the empirical expression
§ =1+ 0.1062 Re*8%8! (3)

where

Re = 2apf l$p - ;fl/u,

Pe being the local mass density of the fluid. This expression for § was ob-
tained by fitting the coefficient and exponent to experimental data for spheres
in continuum flow (53,54) to provide an adequate approximation when Re < 50,
which is the Re range encountered in aerosol beam generation.

For aerosol expansions through nozzles, orifices and capillaries of cir-
cular cross-section, the vector equation (1) is equivalently expressed in two
scalar equations for'the axial (z) and radial (r) components of particle

motion. Thus,

oo

mp rraliaie [f + T ](vPz - vfz) (la)
LS

mp ac (£ + dt ](vpr - vfr)' (1b)

If we define

‘e
a'(t) = [£ + 32)/m,

then the solutions of these equations are

t
feoa'd\)

S
~[Ta'dv 5
{vfz(o} + | e vfz(ﬁ)a'(e)de} (4a)

vpz(t) = @
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~{"a'dv éea'd\)

Vpr(t) = e vfr(o) + | e vfr(S)a'(e)de} (4b)

0

and
t .

z(t) = z(o) + J vpz(t)dt (5a)

o

t
r(t) = r(o) + j vpr(t)dt. (5b)

)

These equations form the basis of numerical programs for tracing the motion of
particles in accelerating'jet flows. When evaporation or condensation has
significant influence on particle motion or is otherwise of interest, an
energy equation coupled to the equation of motion may also need to be solved
simultaneously. .

When eviporation or condensation does not have significant influence on
particle motiion, the a'(t) in equation (4) can be replaced by the a of
equation (2). In this case it is sometimes convenient to delete the inter-

mediate parameter t from the calculation by use of the chain rule.

dv

sz _EEE =T 0L(sz - vfz) (6a)
dv r

vpr _EE— =T OL(vpr - vfr) (6b)

Although these expressions are non-linear which tends to make their numerical
evaluation urstable, they are sometimes very convenient.

For example, when aerosol beams are decelerated in a motionless back-
ground gas, their dynamics is especially simple since ¥. = 0. TFor this case

£
axial motion of the beam particles is described by the simple expression

S
o(v)dv (7

<
1]
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where z is the upbeam distance from the particle's stopping location with a
similar expression applying for radial particle motion. For sufficiently

small Zs (7) simplifies to

Voz = az (7a)

where o is the constant given by expression (2). Dahneke and Friedlander (55)
and Dahneke (2,3) verified expressions (7) and (7a) for aerosol beams in a
motionless background gas and Dahneke (41) used this property of aerosol beams
to measure the capture of beam particles on target surfaces.

"To calculate beam particle velocities, beam cross-sections and evaporation
or condensation obtained in an aerosol beam, the fluid flow field $f in
equation (1) must be known. The temperature, pressure and density fields of
the suspending gas are also required in these calculations. These present a
substantial problem. Fortunately, analytical, semi-empirical and empirical
expressions provide simple approximations of the gas jet centerline velocity
and state properties for nozzle flows. These simple approximations can be
used to estimate some of the properties of aerosol beams.

The fluid flow field in aerosol beam systems divides into four regions:
the nozzle orifice or capillary entrance region, the internal flow region with-
in the nozzle, the transonic flow region at the nozzle exit and the supersonic
free jet flow region. Beyond these regions the vacuum is. generally adequate
so that the motion of the beam particles is not significantly influenced by
the background gas except where high background pressures or long path lengths
occur.

0f the four flow regions, the entrance is usually not significant in
nozzle flows. It can be important in capillary flows, as discussed below.

But capillaries are not advised in aerosol beam systems because of particle
losses on the wall, especially in the entrance region. Thus, entrance region
flow is not generally important in aerosol beam dynamics and will be discussed
below only briefly in connection with capillary flows. Flow in the transonic
region near the nozzle exit is not understood. This flow region comprises one
of the classic unsolved problems of gas dynamics. Approximations of the center-
line flow must therefore be based on expressions for the nozzle and free-jet
regions.

The simplest model of compressible nozzle flow assumes one~dimensional,

1
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isenfropic, frictionless flow of an ideal gas. This model provides simple

expressions for the gas velocity and all the properties of a gas in terms of

the stagnation condition of the gas and the local area ratio A/A%*, where A*

is the nozzle throat area. These expressions are derived by Shapiro (56).
The Mach number M is defined by

M= vf//RT7M (8)

where Ve 1s the local gas velocity, R the universal gas constant, T the local
absolute temperature of the gas and M the gas molecular weight. The Mach num-

ber and area ratio are related by

Y+l
) vl a0\ 212
AA¥ = {(m) 1+ M)} ” 9)

where Y is the ratio of specific heats: y = cp/cv = 7/5 for air, 5.3 for
helium and 7/7 for COZ' The local state parameters of the gas are given by

T/T=1+ (y-1)M2/2 (10a)
p/p = (1 + (y-Lm2/2)¥/ D (10b)
PP = (L + (Y—l)Mz/Z)l/(Y_l) © (10e)

where To’ P, and p, are the stagnation state properties of the gas.

The most severe of the above assumptions in the case of small nozzles is
the assumptioh of frictionless flow. This topic will be briefly discussed
below.

Free-jet flows have received considerable interest because of their use
in continuun source molecular beams. The properties of these jets are there-
fore known. This subject has been reviewed by Ashkenas and Sherman (57), by
French (58) and, more recently, by Anderson (59).

Ashkenss and Sherman give an accurate fitting for the centerline Mach

number of a free-jet

M= AB - —12- (%)/(M) +c/B®; B = {x/D - xo/D}\Y_1 (11)

where D is the nozzle diameter and x the downstream distance from the nozzle
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exit plane. ¥For air jets vy = 1.40, A = 3.65, C = 0.20 and xo/D = 0.40. These
authors also provide values for other gases. This expression applies for the
range |

1.0 < x/D < 0.67 (po/Pb)l/z,
the upper limit being the location of the Mach disc or normal shock where the
overexpanded supersonic jet shocks to the background pressure. The ratio
po/pb is the ratio of stagnation to background pressure in the vacuum chamber.
The third term of the fitting formula is not included by Ashkenas and Sherman
on the basis of analytic considerations, as are the first two terms (by com-
parison to radial source flows). TFor the case of air and helium jets it does
extend the range of validity of the two term fitting formula, the two term
version being only valid above a lower limit of x/D = 6.

Since the gasdynamics solutions are not available for the transonic flow
region near the nozzle exit, flow in this region can be approximated by a
suitable expression that fits the boundary condition M = 1.0 at x = 0 and
matches expression (11) when x/D > 1. The result for the centerline Mach
number in the free jet within the range 0 < x/D < 6 is

M= 1.0 + A'X/D - B' (x/D)° 2. ' (12)

When Yy = 1.40, A' = 1.55 and B' = 0.042. The form of .this expression is sug-
gested by the curves of French (58). Since the free jet flow is assumed to be
isentropic flow of a perfect gas, the centerline Mach number of expressions
(11) and (12) can be combined with expressions (8) and (10) to obtain the
centerline gas velocity and state properties..

The assumption of frictionless flow in the nozzle-jet system causes
errors in the calculated flows due to several types of viscous effects (57).
The most important of these in the small nozzle system used in aerosol beam
generation seems to be boundary layer formation. The boundary layer can pro-
duce a change in the effective nozzle diameter and a distortion of the flow
pattern in the transonic region near the nozzle exit. The effect is reduced
as the nozzle Reynolds number is increased, since boundary layer growth in
the nozzle is diminished. Ashkenas and Sherman (57) present experimental data
relating effective orifice size to nozzle throat Reynolds number for two

orifices and one long nozzle with length/diameter ~4. Their data suggest the
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influence of the boundary layer is not important for nozzle throat Reynolds
number exceeding a few hundred.

These centerline flow approximations for the nozzle, transonic and free-
jet flow regions appear to be generally adequate for calculating aerosol beam
velocities, since it is good practice to confine the aerosol sample to the
central core of the jet flow to obtain "focused" aerosol beams (6). Also,
for isentrcpic expansions of air at NTP, the calculated nozzle throat Reynolds
numbers for throat diameters of 100, 200 and 500 um are 1470, 2490 and 7340,
respectively, so that boundary layer formation should not substantially affect
the flow.

Figure 1 shows a comparison of measured particle velocities and those
calculated by use of the above approximation for the centerline gas flow (1).
The converging nozzle used to obtain these data had a diameter of‘0.40 mm, a
length of 2.1 mm and was opefated at a calculated nozzle throat Reynolds
number of 58370. The particlés were confined to the central core of the nozzle
flow. A collimating orifice was located 2 mm downstream of the nozzle exit so
that a normal shock must have occurred just upstream of this location, but the
particles had essentially obtained their terminal velocity before reaching
this plane. Particle deceleration behind such a shock was calculated to be a
few percent for the smallest spheres used (0.81 um diameter) and was less for
larger sizes. The close agreement of the calculated and measured data
suggests the simple expressions for the centerline gas flow are adequate.

Similas results reported by Dahneke and Padliya (4) are shown in Figure
2 for a different nozzle having a diameter of 0.2 mm, a length of 1.5 mm and
a throat Reynolds number of 2940. Again, the particles were confined to the
central core of the nozzle flow. The data of Figure 2 are presented as par-
ticle TOF across a fixed path length of 72 um. This path length, the thick-
ness of a fccused laser beam, was determined by fitting the calculated TOF
curve to the data. However, the close agreement of the curvature of the cal-
culated and experimental curves again suggests the calculated particle veloc-
ities are accurate. Calculated flow values and particle velocities for this
nozzle-jet system are shown in Table 2.

Figure 3 shows values of terminal particle velocities obtained in the
expansion of an aerosol of latex spheres of density 1.027 (2.02 um) and 1.05

gm/cm3 (otherwise) in air and helium jets. These jets were generated by
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~expansion of the aerosol at NTP through a capillary with square ends, a length
of 300 mm and diémeter of 0.50 mm. The aerosol beam was collimated so that
the velocities correspond to centerline flow. This collimating effect tends
to occur naturally in long capillaries anyway, because the Bernoulli force
acting on the particles in the parabolic velocity field causes them to concen-
trate in the center of the capillary. The data have not been compared to cal-
culated velocities because no simple theory is available for choked capillary
flow (60). The largest particles obviously do not obtain velocity equilibrium
with the expanding helium jet at the capillary exit. Expressions (11) and
(12) for the centerline Mach number are probably inadequate in free-jet flows
originating from a capillary because the flow in the capillary is a boundary
layer flow.

Figures 4-6 show calculated particle TOF across a 100 ym path length
Beginning 2.0 mm from the nozzle exit plane for spherical particles of unit
mass density. Nozzle 1 of Figure 4 is the nozzle for which the data of Figure
2 were measured and calculated, except for a constant diameter section of 0.1
mm length at the outlet end not present in nozzle 1. Comparison of the three
calculated curves show that nozzle geométry does not have substantial influ-
ence on particle terminal velocity.

Substantially larger differences in particle terminal velocity occur with
changes in nozzle diameter, as shown in Figure 5. This happens because the
nozzle and free-jet flow fields are scaled to the nozzle diameter. A larger
nozzle diameter means a slower rate of increase in gas velocity over (unscaled)
axial distance so that the accelerating particles can follow the gas motion
more closely. That is, particles in a larger diameter jet lag the gas veloc-
ity less than in a smaller jet. Particles in a smaller jet therefore have
larger TOF as shown in Figure 5.

This feature becomes important in certain applications of aerosol beams
such as in a time of flight aerosol beam spectrometer (TOFABS) (1,4). As 1l-
lustrated by the curves of Figure 5, to retain size resolving power down to
small particle sizes it is important to use a small diameter nozzle, which is
also helpful in reducing vacuum pumping requirements. The improvement thus
obtainable in small particle resolving power greatly exceeds the improvement
obtainable by shortening the nozzle or otherwise changing its geometry.

Although the above conclusion is believed to be generally valid, it
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should be noted that the calculated particle TOF values for the conical sec-
tion nozzles of Figures 4-6 may be less accurate than the calculated values

of Figures | and 2. Since the flow is actually converging rather than parallel
at the exit of these conical section nozzles, the effective value of nozzle
diameter D and apparent origin location X in expressions (11) and (12) may be
slightly diiferent. No accurate beam velocity measurements have yet been re-
ported for conical section nozzles or any nozzles not having a constant diam-
eter length at the nozzle exit.

Figure 6 shows the influence of particle mass density on particle TOF for
nozzle 2 of Figure 4. Particles of unknown mass density can only be character-
ized in terms of their aerodynamic diameter, which is defined as the geometric
diameter of a sphere of reference mass density obtaining the same TOF. Since
atmospheric particles and droplets often have average mass densities near
1.8 gm/cm3, a reference density of 1.8 gm/cm3 would be useful for defining the
aerodynamic diameter of atmospheric particles as this would give an aerodynamic
diameter corresponding closely to the particles' geometric diameter.

Dahneke and Padliya (4) used the simple centerline flow theory, expres-
sions (8) through (12), together with an interpolation formula for the conden-
sational growth of small particles in an adiabatically expanding jet. Their
interest in this problem was in the possible use of condensational growth to
aid in the cetection of very small particles. They therefore considered jet
expansions containing various vapors added to the aerosol sample at thelr sat-
uration pressure for this purpose. Although some questionable assumptions
were made ir. the calculations, such as assuming temperature equilibrium be-
tween the pzrticle (droplet) and expanding gas throughout the nozzle flow,
these assumptions were conservative in the sense that they would cause an
overestimate of condensational growth. Thus, actual growth would be less than
their calculated results shown in Table 3. The calculations reveal that in-
crease in perticle size is not significant in the jet because the particles
spend insufficient time in the growth region between the critical super-
saturations for the onset of heterogeneous nucleation and homogeneous nucle-
ation. Dahreke and Padliya concluded that to obtain sufficient growth to aid
particle detection, the particles must be allowed to grow in a growth chamber
upstream of the jet in which the vapor supersaturation is controlled by, say,

a relatively small pre-expansion of the gas-vapor-sample mixture.
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Of course, the centerline gas velocity and properties cannot be used to
calculate aerosol beam expansions in the vacuum chamber. The calculations of
Israel and Whang (32) and the measured data of various investigators (5,6,32)
remain the only information available. Some aerosol beam diameters measured '
by the present author are shown in Figure 7.

Israel and Whang (32) analyzed the dynamics of aerosol beams generated by
aerosol expansion through a capillary and converging nozzle and compared their
results to experimental data. They considered three flow regions: flow near
the capillary or nozzle inlet, flow within the capillary or nozzle and free
jet expansion flow near the capillary exit. In each case they made idealized
assumptions to simplify the calculations. However, their calculated results
reveal interesting details of the beam dynamics which were supported by their
measured data.

For expansion flows through a capillary, they found that the beam geometry
in the vacuum chamber was substantially influenced by the entrance region flow.
They predicted and observed annular deposits reminiscent of the "halo deposits"
sometimes observed in impactor samples. Such deposits were also reported for
capillary expansions in one figure of Israel and Friedlander (5). Israel and
Whang's analysis indicates this effect in aerosol beams (and probably in im-
pactors) is due to the particle distribution in the flow field obtained in the
inlet flow region of the capillary and to the beam expansion caused by the
radial expansion of the jet in the vacuum chamber. 1In their converging nozzle
design this effect was not significant.

To analyze the beam dynamics for the converging nozzle expansion, they
assumed parallel sonic gas velocity at the nozzle exit plane and velocity
equilibrium between the gas and the suspended particles. Beam dynamics in the
vacuum chamber other than parallel, constant velocity motion were therefore
assumed caused by the free jet expansion. TFurthermore, they assumed the free
jet flow was adequately characterized by planar,‘two dimensional flow as would
occur in the central region of a long, narrow slit nozzle. They solved for
this two-dimensional flow field using the method of characteristics.

Israel and Whang calculated the particle trajectories in the calculated
flow field to obtain beam diameter (radial_expansion) versus downbeam distance
for various aerosol particle sizes and compared these results to their measured

data. The data generally supported the calculated results. Israel and Whang's
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investigation, besides providing interesting details, suggests the general re-
sult that the dynamics of aerosol beams of submicron particles generated in
long slende: nozzles are predominantly due to the acceleration of the beam
particles in the free jet expansion. This conclusion is also suggested by the
results obtained using much shorter nozzles in the present author's laboratory,
provided the beam particles are $ 0.1 um diameter. For larger particles a
substantial velocity difference can occur between the particles and gas so that
beam dynamics are strongly influenced by flow in both the nozzle and free-jet
regions, as shown in Table 2,

Since the above investigations, several techniques have been reported
which provicde improved estimates of the flow properties in nozzles, orifices
and capillaries. These techniques have been recently reviewed by Edwards (60).
Although a general solution of the Navier-Stokes equations for compressible
flow in a cepillary, orifice or nozzle has not yet been reported, experimental
investigaticns and model calculations have provided considerable information
about these flow systems. None of these data or techniques have yet been
applied in zerosol beam calculations.

4, Applications of Aerosol Beams

Aerosol beams have been used in several applications and proposed for
others. Examples include systems for the size sorting of fine powders (1),
for measuring particle drag (3), particle bounceé and particle adhesion energy
(41,42), particle size or mass distributions (1,4,9,32,34-36), composition of
particles (39,40) and the electrical charging of particles (37,38,45,48). All
of the systems used in these investigations were experimental in the sense
that they attempted to incorporate a new technique for which little precise
information was available into a system capable of accurate measurements. For
this reason alone, the results of each of these investigations are useful be-
cause, in addition to demonstrating the advantages and limitations of the var-
ious applications, they provide useful information about the properties of
aerosol beams.

One application of aerosol beams, namely, time of flight aerosol beam
spectrometry (TOFABS) (1,4,7,9) will be described in detail. Although this
particular application was rather arbitrarily selected, it comprises an im-
portant application and illustrates some of the unique features of aerosol

beams. It also illustrates an important current need in aerosol beam
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technology, namely, the development of adequate techniques for detecting and
measuring small particles in the beam.

TOFABS instruments can be used for measuring the size distribution of air-
borne particles. This type of instrument infers a particle's aerodynamic size
by measuring its TOF in the vacuum chamber, as described previously. Example
results from Reference (1) showing the capability of this technique are shown
in Figure 8. These data show the number of particles counted versus particle
TOF between two focused laser beams of 1.077 cm separation. The aerosol
samples measured were monodisperse latex spheres and aggregates (doublets,
triplets, etc.). Two sample aerosols were separately measured containing
spheres of 1.25 ym diameter (solid curve) and 2.02 um diameter (dashed curve),
respectively. The aerodynamic size difference between the singlet spheres
and doublet aggregates in air at NTP is 19%. The TOFABS easily resolves dif-
ferences of this magnitude and seems capable of resolving smaller differences.

Because of the relatively large separation of the light beams in the
above apparatus, the particle TOF values were large. This had the consequence
that only rather dilute aerosols could be measured. For aerosol number den—
sities > 103 particles/cm3 coincidence counting errors would have become sig-
nificant. '

To solve this problem the single beam TOFABS of Figure 9 was built. 1In
this version, the vertical downward aerosol beam intersects a single horizontal
laser beam at its focus. As each beam particle passes through the laser beam,
it scatters light into the spherical mirror which focuses the scattered light
signal onto a small deflector mirror which directs the signal onto a photo-
multiplier tube (PMT). The instantaneous amplitude of the PMT signal there-
fore corresponds to the instantaneous location of the particle in the laser
beam.

Because the intensity distribution in the laser beam was Gaussian, the
PMI signals were Gaussian in time as the particles traversed the laser beam
at constant velocity, provided the particles were small compared to the laser
beam thickness of 72 um. Such Gaussian signals are shown for monodisperse
latex spheres of 2.02 ym diameter as the upper oscilloscope trace of Figure
10. The lower trace is a logic pulse of constant amplitude and of width equal
to the particle TOF across the laser beam. This logic pulse was provided by

the circuitry shown in Figure 11, which assured that the particle TOF was
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. always measured for a fixed path length.

Figure 2 shows experimental calibration data obtained using latex spheres,
compared to an analytical calibration curve fitted to the data by selecting
the laser beam thickness giving the best agreement (72 um). ‘

An example size distribution measured with this instrument is shown in
Figure 12. The sample was a heterodisperse NaCl aerosol obtained by spraying
an aqueous colution in air and allowing the droplets to dry. The vertical axis
is number of particles measured while the horizontal axis is TOF (particle
aerodynamic size). The maximum in the distribution curve occurred at 0.9 um
diameter.

This TOFABS canAmeasure particles-between 0.3 and about 10 ym diameter.
The lower size limit occurs because the scattered light signals are sufficient-
ly weak for smaller particles so that statistical or "shot" noise, due to
statistical fluctuations in the small number of photons reaching the PMT, pre-
vents accurate measurement of the instantaneous location of smaller particles
in the laser beam. '

Because of substantial interest in particles of smaller size (the "res-
pirable" sizz range covers particle diameters between a few hundredths to a
few um) currant research in the author's laboratory is investigating methods
for detecting beam particles of small size and thereby extending the measur-
able size range of TOFABS instruments. Since these particles can be isolated
from their suispending gas, very sensitive detection techniques capable of ‘sen-
sing particles much smaller than 0.1 um should be usable in detecting smail
particles wi:hout removing them from the beam or attenuating their velocity.

One promising detection technique is electron beam scattering. The fol-
lowing analyisis of the scattering of an electron beam by charged aerosol beam
particles illustrates the important features of the process and suggests that
particle detection by this technique should be possible. The complete analy-
sis is too complex to summarize here. Only the simplest prototype problem:
will be considered. However, this prototype problem shows all the important
features of the scattering process and provides an order of magnitude approx-
imation of the attainable signal level. A more complete analysis will be des-
cribed elsewl.ere.

Consider an aerosol beam passing through a crossed electron beam which

charges the team particles, as in the experiments of Hall and Beeman (48).

58



The design and performance of such electron beams are described in References
61-64. The aerosol beam particles, now charged, will scatter electrons in
passing through other electron beams and may thereby be detected and measured.
We wish to determine the magnitude of the signals obtainable by electron beam
scattering and whether this detection method seems useful for small aerosol
beam particles.

In order to prevent the disintegration of small droplets when the repul-
sion of their surface charges exceeds their surface tension, i.e., to prevent
the droplet charge from exceeding the Rayleigh limit, we assume the electron
beams of such a system to be low energy beams. High energy beams and detec-
tion of particles by secondary electron emission will not be considered here.
Thus, the energy and current of the first electron beam is controlled so that
particles obtain a desired (size dependent) saturation charge in this electron
beam. They retain this same charge while passing through a subsequent beam or
beams. (In fact, measurement of particle charge may also be useful in infer-
ring the size of the aerosol beam particle.)

Rutherford (65) analyzed the deflection of a small charged particle (an
electron in the present problem) by coulombic interaction with a more massive
charged particle. He assumed the interaction of point charges and used con-
servation of angular momentum to calculate the angle ¢ by which the electron's

final trajectory is deflected from its initial trajectory. He obtained

cot(¢/s) = 2 r/b . (13)

where r is the minimﬁm separation between the initial electron trajectory and
. the charged particle. The trajectory of the more massive particle is not sig-
nificantly altered by the interaction. In fact, we can regard the more mas-
éive particle as stationary.

The quantity b is given by

b=2 Nezl(muz)

where, for the present application, N is the number of electronic charges on
the aerosol beam particle, e the unit electronic charge, m the electron mass
and u the electron velocity. The quantity b represents a simple physical
quantity, namely, the minimum separation of the two point charges obtained

when the initial electron trajectory intersects the charged particle.
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Rutherford's result for ¢ is therefore exact for charged particles of radius

a provided a << b or r >> a. If one of these conditions 1s not satisfied the
point charge assumption may no longer be adequate. We shall assume and later
demonstrate that (13) is an adequate approximation in the present calculations
for low energy electron beams.

Rutherford's result for ¢ applies irrespective of the sign of the charge
on either particle, since the same deflection angle ¢ is obtained, albeit with
opposite sign, by coulombic repulsion or attraction.

The simplest prototype problem we are considering here comprises passage
of a chargec particle through the center of a parallel, circular eiectron beam

of radius R. This system, having collectors Cl and C, for the scattered and

2

unscattered electrons, is shown in Figure 13, Collector C,, having a hole of

l,
radius Rl > R and outer radius Ri, is located an axial distance L from the

scattering particle.

Electrons with initial trajectory at r will fail to intercept C, if their

1
deflection angle ¢ given by (13) exceeds the angle {', where

tan Y' = (Ri - 1)/L.
That is, when

2 arctan {b/2r} > arctan {(Ri - r)/L}.

Since only electrons at small r obtain sufficient deflection, this expression

1
deflection angle is too large when

applies when r << R!. Thus, electrons will fail to strike C1 because their

r<r = b/{2 tan %-arctan (Ri/L)}. (14)

The first orcer or paraxial approximation of (14), valid when Ri << L, is

= '
r = bL/R;.

Electrons between r, and R will strike Cl.if ¢ > , where

tan ¥ = (Rl - r)/L.

That is, to first order approximation, electrons will strike Cl if
r2 - er + bL > 0.
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The equality has.the roots

R R 2,1/2
r,=5R -3 Rl(l 4 bL/R1 ) X bL/R1 (15a)
1o yloqo 21/2 4 o _

r, =3 Rl + 5 Rl(l 4 bL/Rl ) Rl bL/Rl. (15b)

Four r ranges are thus specified. Electrons initially in the range 0 < r < r

will not strike C1 because their deflection ¢ is too large. Electrons in the
range r <r< ry will strike C1 because they pass near the scattering par-
ticle and obtain sufficient deflection. Electrons in the range ry <r< r,

will not strike C, because their deflection is too small. Electrons in the

1 .
range r, < r < R (assuming r, < R) will strike C, because they require only a

2
small deflection.

2 1

As a numerical example, consider the case where L/R, = 100, Ri/R1 =10

1
and %-mu2 = 1 eV. Calculated values of b, T Ty T, and scattered electron
current Il are shown in Table 4 for various N values.

These calculated data show several interesting results. First, water
droplets can be charged to below their Rayleigh limit, shown as N in Table 4

for droplet radius r (46), and cause significant scattering of the electron

beam down to droplethiameters of 10_'6 cm. Thus, water droplets of this size
and larger seem to be detectable by electron beam scattering.

Second, the distance of nearest approach b between an electron and a
droplet charged to near its Rayleigh limit exceeds the particle radius by an
order of magnitude and since r, exceeds b, Rutherford's scattering theory
based on the assumption of coulombic interaction of point charges seems to be
an adequate approximation for all electrons having r > LI i.e., for all elec-

trons reaching the collectors C, and C2'

1

1
a preferred detector design would not attempt to collect scattered electrons

Third, because Rl -r, =T is small except when N becomes quite large,

on Cl from the outer annulus r2

tron beam radius R to be nearly as large as R

< r < R because this would require the elec-
10 In this case, background
noise due to poorly collimated or unfocused electrons and to space charge ex-
pansion of the electron beam would probably cause poor signal to noise ratio
(SNR). An optimum SNR value can only be obtained by both minimizing the back-

ground noise level and maximizing the signal level. (The importance of the
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former has siometimes been overlooked in light scattering systems.) We there-

fore require R to be significantly less than R, which generally eliminates a

1

scattered electron signal from the outer annulus r, < r < R, since r, > R.

2 2
Fourth, because rl exceeds ro by an order of magnitude the scattered
electron signal current Il is adequately given by
I, = 7(bL/R )2 1 (16)
1 1 o)

where‘Il is the current density (amps/cmz) at the electron beam axis.
A similar analysis of the scattering from a sheet electron beam passing
through a slit of width 2t in the collector, analogous to the orifice of diam-

eter 2 Rl in collector Cl’ gives the scattered electron signal

I, = /2 (bL/t)2 I (17)

which is exactly one-half that derived above for a circular beam with R1 = t.
Thus, the gcattered electron signals from a sheet electron beam have comparable
magnitude to those for a circular electron beam.

The electron beam current density Io cannot be very large in a narrow,
low energy beam like the one we are considering because space charge expansion
of the beam dccurs too quickly at large IO. At a beam energy of 1 eV and
current density Io of 30 uamp/cm2 the electron beam experiences negligible
expansion ovar a path length L of 1 cm. Beyond this distance space charge
expansion of the beam is rapid. A current density of this magnitude is easily
obtainable, =ven by thermal electron emission which is space charge limited
at low beam cnergies (62). A current density of I0 = 32 uamp/cm2 was assumed

in calculating the signal currents I, of Table 4.

1
Of course space charge expansion of the electron beam can be reduced by
increasing the electron velocity. For sufficiently small expansion (small L),

the beam expansion is given by the first order approximation (62-64)
_ 2 3 3
AR/Ri =Tel [ (4emu™) o Io/u (18)

where AR is the increase in beam radius over the initial radius R, and € the
permittivity of vacuum. This idealized expression was obtained by solving
Newton's law for a parallel, circular electron beam having uniform current

density and electron energy. It is wvalid when
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emy] -2
< 2]
0

since higher order terms become important for larger L values.
According to expression (16) the signal current increases with beam energy

according to

Il =

2.42
2Ne L 4
ﬂ[ 2] Io « Io/u .

leu

Thus, increase in both Io and u so as to maintain constant signal I_ always

causes an increase in space charge expansion of the electron beam aicording to
(18). Nevertheless, an electron beam energy somewhat higher than 1 eV may be
optimum because higher energy beams can be better focused. Of course, the
above analysis assuming point charge interaction only applies for beams of
sufficiently low energy.

The signal currents of Table 4 cannot be detected without amplification.
If the collector Cl is an electron multiplier, amplification of lO8 and some-
times 109 is possible. (However, acceleration of the scattered electrons may
be required to induce secondary emission in the multiplier.) A gain of lO7
together with a load resistance of 100  would give voltage pulses of max-
imum amplitude between 1 mV and 10 V. Since the current density distribution
is approximately Gaussian in electron beams (61), the resulting current or
voltage signals will be roughly Gaussian of width equal to the particle TOF
through the electron beam.

Although we have ignoréd complexities such as electron beam convergence,
divergence and other distortions (64,66,67), background and shot noise and’
saturation of the electron multiplier, the foregoing prototype calculations
suggest the detection of charged aerosol beam particles by electron beam
scattering is a feasible technique for water droplet diameters > .0l um and
for even smaller solid particles.

The calculations therefore suggest the TOFABS technique for measuring
aerosol size distributions, previously demonstrated for particles > 0.3 um,
should be usable with electron beam detection for measuring size distributions

over a much broader range. Although substantial development work remains, it
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seems justified by these results and the need for a single instrument capable

of rapid, a:curate measurement of the particle size distribution over the size

raﬁge from J.01 to 10 um.
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Table 1 Compounds detected in airborne particulates by

Davis (40) using surface ionization mass spectrometry.

Acetone Nicotine Cr,.0

Toluene Camphor Pbioz
Mesitylene . _ Cinchonine NiSO4

- Naphthalene - Uranyl Acetate - MgO
Dimethylnaphthalene CsNO, L1,0
Pyrene BaCQ3 CCl4
Ethyl Alcohol BiCO3 Cu0
t-Butyl Alcohol CaCO3 MoO
Aniline ' SrCO3
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Table 2  Calculatpd gas velocities and properties and the calculated particle velocities that result
for unit density spheres.

length of constant diameter at the nozzle exit not pyegent in nozzle 1.

These data apply for nozzle 1 of Fig. 4 except for a 0.1 mm

Distance o Gas velocity and properties Particle velocity

from nozzle v, M T, P, d Q1 um d=1.0 um d = 10. um

inlet plane, M(Fec - °K Torr M/gec M/sec M/sec
= Y
0.1 2,07 . 006 293.0 730.0 3.06 2,00 1.08
0.3 4,94 .014 293.0 729.9 6.93 4.65 1.97
0.5 1q,86 .032 292.9 729.5 1q.82 9.70 3.47
0.7 24,07 .070 292.7 727.5 23.87 19.61 6.08
0.9 54,42 .159 291.5  717.2 53.43 38.56 11.12
1.1 120,46 . 355 285.8 669.0 ll§.02 73.45 21.18
1.3 238,36 .731 264.7 511.8 223.09 129.03 38.77
1.5 313'27 1.000 244.2 385.6 alq.74 188.80 59.50
1.7 571,93 2.500 130.2 42,7 439.79 238.54 76.00
1.9 663'82 3.856 73.7 5.8 478,97 255.93 B82.59
2.1 700'48 5.000 48.8 1.4 489,50 260.46 84.84
2.3 716'89 5.858 37.3 0.5 493,46 262.11 85.77
2,54 724?46 6.404 31.8 0.3 495.60 262.99 86.27
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Table 3 Calculated increase in particle diameter due to condensational

growth.

The various vapors were added to an air aerosol so

that the mixture was at NTP and the partial pressure of the vapor

equalled

its saturation pressure.

Condensible

Vapor Pressure

Final Diameter for Initial

Vapor at 293 °K Particle Diameter of:
0.5 um 0.1 um

(Torr) (pm) (um)
Water 17.404 0.5004 0.1004
Acetone 177.810 0.5084 0.1080
Benzene 74.662 0.5007 0.1007
Ethanol 42.947 0.5021 0.1021
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Table 4

Calculated values for a circular electron beam scattered by a

particle at its center having N electronic charges.
N rRL’ b, ro, .r1=Rl—r2, Il,
cm cm cm cm ].lamp
10 2x1077 1.44x107° 1.45%x107° 1. 44x10™ 2.56x10"°
20  3x1077 2.88x10°° 2.89x10"° 2.88x10"% 1.02x107°
50  5x10°7 7.20x10™° 7.20x10° 7.20x10"% 6. 40x10 >
100  8x10™’ 1.44x10"° 1.45x10"% 1.46x1073  2.56x107%
200  1x10°° 2.88x10° 2.89x10"% 2.88x103 1.02x10°3
500  2x10°° 7.20x10™° 7.20x10™% 7.20x1073 6.40x10>
1000 4x107° 1. 44x10" 1. 44x1073 1.44x107%  2.56x1072
. _ 2 1 2 -
L/Rl = 100, L/Rl = 10, Io = 32 pamp/cm’, Zmu” = 1 eV

T = [Ne/¢16ﬂ0]2/3, o = 75.6 dynes/cm.
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Figure 1

Comparison of measured and calculated particle velocities in an
aerosol beam generated by expansion of latex sphere aerosols at

NTP through a converging nozzle 2.1 mm long and 0.4 mm in diameter.

A normal shock was assumed just upbeam of a collimator located

2 mm from the nozzle exit plane. The shock wave location was
szlected to give the best agreement of the calculated and

mzasured data.
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Figure

TOF,

2

10

Hsec

0.1

Comparison of measured and calculated particle TOF through a
focused laser beam. The laser beam thickness of 72 um was
assumed because it gave best agreement between the measured and
calculated data. The beam was generated by expansion of latex
sphere aerosols initially at NTP. These results are comparable
to the data of Table 2.
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Figure 3 Measured particle velocities vs. particle diameter for beams of
latex spheres generated by expanding helium and air aerosols at

NTP through a capillary of 0.5 mm diameter and 300 mm length.
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Figure 4 Calculated particle TOF vs. particle diameter for beams of unit
density spheres generated by assumed expansion of air aerosols
at NTP through the three nozzles specified. A flight path of

100 ym beginning 2 mm from the nozzle exit plane was assumed.
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Figure 5 Calculated particle TOF vs. particle diameter for nozzle 2 of
Figure 4 with three nozzle diameters. An air aerosol at NTP
containing unit density spheres was assumed expanded through
the nozzle to generate the beam. The TOF was calculated for
a flight path of 100 ym beginning 2 mm from the nozzle exit
flane.
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Figure 6

1.0

TOF, usSec

o

Calculated particle TOF vs. particle diameter for assumed

expansion of air aerosols at NTP containing spheres at the
three mass densities shown through nozzle 2 of Fig. 4,

Particle TOF was calculated for a flight path of 100 um

beginning 2 mm from the nozzle exit plane.
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Figure 7

10.

-0l

Orﬂlhl

Measured beam diameter Db vs. particle diameter Dp for beams of
latex spheres generated in a converging nozzle of 0.4 mm throat
diameter, 2.1 mm length and total flow of 1390 cc of air at NTP
rer min. Open and closed circles represent beam diameters at
10 and 20 mm from the nozzle exit plane, respectively. Beam
¢lameter was reduced an order of magnitude by restricting the
zerosol sample to a small central fraction (28 cc/min) of the
total flow. Except for the smaller particle sizes in such
focused beams, which apparently tend to unfocus by particle
diffusion, the data all fit én expression of the form

D, =D exp(-mD_ ) where D and m are constant.
b 0 p o _
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Figure .8 TFrequency (no. of particles) vs. TOF for air aerosols at NTP
containing uniform latex spheres of a single size and aggregates
of these spheres. The unusually high fraction of aggregates
was obtained by spraying undiluted aqueous suspensions of the

spheres into an air stream.
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Figure 10 Upper oscilloscope trace: superimposed PMT signals generated by
the light scattered as 2.02 um diameter latex spheres traverse
the focused laser beam. The horizontal scale is 0.2 usec per
major division. Lower trace: superimposed logic pulses of
fixed amplitude and width equal to particle TOF through the laser
beam. The logic pulse time scale is delayed 0.5 usec relative
to the PMT signal.
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Figure 11 S5Schematic diagram of the electronics system that processes
the PMT signals of Fig. 10 to obtain the logic pulses of
Fig. 10 and stores and displays the data as shown in Fig. 12.
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Figure 12 Measured TOF distribution for a polydisperse NaCl aerosol.
Vertical axis is number of particles while horizontal axis

is TOF. The maximum corresponds to an aerodynamic diameter

of 0.9 ym, that is, a unit density sphere of this diameter
will obtain the same TOF.
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Figure 13

Schematic diagram of a scattered electron beam detector.
Aerosol beam particles previously charged in passing through
an electron beam can be detected in passing through

subsequent electron beams because the charged particles

scatter electrons onto the collector (electfon multiplier)
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