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FOREWORD

This final report was prepared by Lockheed Missiles and Space Co., Inec.
under NASA Contracf NAS2-9280 and covers work performed during the
period June 1976 to November 1976. This work was administered under
the direction of NASA Ames Research Center with William B. Van Ark as
the technical monitor. The chief investigator was Dr. Leroy O. Thielman,
with support from Dr. John S. Osmundson and Norman L. Thomas of IMSC.
Acknowledgement is given to the valuable contributions made by Dr. F. C.
Witbeborn and Dr. L. S. Young of NASA/ARC.
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ABSTRACT

Lockheed Missiles and Space Company developed and used a Laser Doppler
Velocimeter {ILDV) to measure the velocity distributions for particles
entering a vacuum chamber from the atﬁbsphere through calibrated lesks.
The relative number of particles per velocity interval was obtained for
particulates of three size distributions and two densities passing through
six different leak geometries. The velocity range 15 to 320 meters per
second was investigated. Peak particle velocities were found to occur

in the 15 to 150 meters per second range depending upon type of particle
and leak geometry. A small fraction of the particles were found to have

velocities in the 150 to 320 meters per second range.
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Section 1
INTRODUCTION

The effect of  contaminants on the Space Shuttle infrared telescope facility
( STRTF) depends on the velocify distribution of the contaminant particles
with the degree of interference depending on the production rate, vélocity
and size of the particles. Leakage from pressurized equipment and from

the manned areas of the Bhuttle mey be a primary source of particles with
sufficient velocity to reach telescope fields of view. The size and the
concentration of particles within such a volume can be based on postulates,
and typical leak geometries can be simulated. It remains to measure the
velocity of escaping particles because the velocity is very difficult to
éredict analytically.

This report contains a description of a laser Doppler Velocimeter (LDV)
developed to measure particle velocity distributions for four particle
species and six leak geometries. Glass spheres with diameters of 13, 53,
and 106 um and polystryene with a 13qum diameter were used to, simulate
Space Shuttle contaminants. The veloeity range 15 to 320 m/s was in-

vestigated.

Tt was found that the distributions for smaller particles had peaks with
peak velocities in the 15 to 150 m/s range. ZLarger particle distributions
tended to not be peaked. Instead, these distributions were spread over

s wide velocity range with decreasing numbers of particles at increasing
velgéities. The 106 um diameter glass spheres-had significant numbers

in the 150 to 320 m/s range, while the 13 um particles had ve}y few in
that range.

The following sections present LDV operating principles, the procedure
used to measure velocity, a discussion of measvrement accuracy and
resolution of the LDV and finally, the data obtained and a discussion of
the trends noted.

1-1.
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Section 2
THEORETICAT ANALYSIS OF MEASUREMENTS

The theory of operation for an LDV is presented in this section. First,
it is shown that light scattered from moving particles is shifted in
frequency from the incident light by sn amount dependent upon the particle
velocity and the scattering geometry. Then, it is shown how the amount
of this freguency shift may be obtained by utilizing optical heterodyne
detection. Finally, the optical arrangement is anglyzed and a signal-to-

noise ratio derived in terms of particle sizes and opbical paraméters.

2.1 Theory of Laser Doppler Velocimetry

This description of Laser Doppler Velocimetry (LDV) is based on the
theory of optical-mixing spectrosct)py.l Consider a monochromatic in-
cident laser beam of frequency wi and wave vector Ti’l The electric

field for this beam can be written
— —
=B -3 T - .
B, . (t) = E exp [ i(w,t -8 r)]

where Ei is the amplitude of the electric field, and t and ¥ denote
time and position respectively. The light scattered from a particle

at position ?P is given by

Esca(t) = 8 E,

inc = P
ik| R -

EEEAR

(1) H. Z. Cumins and E. L. Swinney, Progress in Optics, Vol. IIT
(Worth-Holland, Amsterdam, 1970), p. 135.

2-1
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where k is the scattered wave number and S is the amplitude function
which depends on the direction of the scattered light, the particle
size and the particle'’s dielectric proverties. If the scattered 1ight

is coliegted at R vhich is far from the scattering region, we can write

— —_ - -_— - —
R - ©|== andk]R-rlgkR-k . ¥, vhere ve have defined a
P ) s * p

scattered wave vector ks = k§7r7§ . Therefore, the scatbered electric
field is

= dlwt + (F - %) > .

Esca(t) A exp { 1[ i't (ki ks) rp]}

Here we have A = SEiexPﬁkﬂ)/ikR being nearly a constent. Assuming
the particle velocity does not change appréciably while crossing the

scattering volume, we can write'?é(t) E_Fpo +“5§t wheré“?b is the
velocity of the particle. The scattered electric Tield now becomes

B (t) = A exp Pin+<%-?Q-%t*%ﬂ

where‘¢P is a phase factor which depends upon the location of the
scattering particle. We note that the optical frequency of the scattered
light has been shifted in frequency

¥ote also thet this doppler shifter freguency is dependent upon the
particle velocity and the scatiering geometry.

(2)

classes of LDV's sre local oscillator heterodyne, symmetric heterodyne

The three optical arrangements which differentiate between the three

and differential heterodyne. We use the local oscillator hetercdyne

(2) C. P. Weng, "A Unified Anslysis on Laser Doppler Velocimeters',
J. Phys. E, 5, 763 (1972}

2-2
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arrangement as shown in Fig. 2-1. In this configuration, two parallel
laser beams of unequal intengity.are focused by a lens so that the tﬁo
beams intersect at the point of focus., This intersection defines the
scattering volume and the particles are incident from & dirsction normel
to the optical axis of the lens. Some of the light which 1s scattered
from the strong incident beam is in the direction of the weak reference
beam;” both are recollimsied by the second lens. The weak reference .
beam and the scattered light are then focused upon an optical (square

law) detector at a remote location.

Beams of unequal intensity are used because the reference beanm is limited
by the ssturetion power of the detector while the incident_beam is only
limited by the available laser power. The oubput of the opticael detector
is an AC signal whose frequency is the difference between the reference

frequency anté the scattering frequency which is
£y = (JL/evr)G?i . ks).vp

Using IgéjGEEZ\ = EW/A , we see from Fig. 2-2 that the doppler shifted

freqguency is

2v
fD = _XE sin@

where X 1s the wavelength in & vacuwnm.

To cbtain two parallel laser beams, one heing much less intense then

the other, an uncozted glass plate of thickness t and index of refraction
n is used. Referring to Fig. 2-3 and using Snell's law, we see that the
beam separation is given by

d = 2% tan Qr cos Bi

vhere Q} = sint (1/0 sin Qi). The power reflection coefficient is
2-3
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Fig. 2-2. Relation of Wave Vector to Velocity Vector
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Flg. 2-3. Peamsplitter Used to Produce Two Parallel Beawms
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. given by

R = sin (6 -6p)
sin? (8 +6

If we assume an incident power P » then the power in the strong beam is
P_ = (1 - R) P, and the pover in the weak beam is P = R (1 - R) P,
Since R~ 1/10, we see that the strong beam is about two orders of mag-

nitude stronger than the weak beam.

2.2 Theory of COptical Heterodyne Detection

When two collinear optical beams are incident upon a detector, an AC
signal at the difference frequency is obtained provided the freguency
response of the detector is high encugh. This can be seen in the
folloving way. The electric field of the two optical beams is the sum
of the electric field for each beam )
wit -
B(t) = B, e *9b + g st
1 2
The deteéctor response is proportional to the square of this electric

field
0 el 1] 2l o] o[ % o8]

The first two terms are DC and can be removed with a blocking capacitor.

The heterodyne signal current then is

i(t) = 2%1(‘)0 P1P2 cos ['(QJ2 -wl)t + ¢]

[

where e is the electronic charge, Tis the detector quantum efficiency,
f is Planck's pongtant divided by 27, wis the average optical angular

th
frequency and Pi is the power in the i optical beam.

2-7
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Usually one optical beam is of very low intensity while the other can

be mede arbitrarily laree (within the constraints of the optical detector).
The high intensity beam is termed the local oscilletor and designated

by PLO’ OJLO'- The low intensity beam is the signal and is designated

by PS’ W,
There gare two dominant sources of noise for the detector used. The
first is detector Johnson noise and the second is shot noise due to the
random arrival of photons in the local oscillator beam. The power

signal-to-noise ratio (S/N) referred to the detector output is given by

2
en ]
S/N = ,e(ﬁ"&) Pro Fs

(aezq/ﬁ‘“)PLo * %EE B

.

Here k is Boltzmann's constant, T is the absolute temperature, I Is the
noise Tigure of the préamplifier, R is the wvalue of the load resistor
and B is the width of the bandpass filter. Vhen PLO is made large so
that the first noise term dominates, the detection process is said to

be quantum noise limited and the signal-to-noisé ratio is given by

s/m=_"s
hGB

This 1imit is difficult to achieve in practice, but it can be approached

regsonably closely.

When the local oscillastor and signal beams are not exaectly collinear,
the detector response is degraded., The antenna theorem(S) applies which

states that the ares of the detector multiplied by the solid angle

(3) A. E. Siegman, "The Antemma Properties of Optical Heterodyne
Receivers", Proc. IEEE, 5k 1350 (1966).
2-8
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field of view is on the order of the wavelength squared. For a circular
detector of radius r, the half angle of the conical field of view is
given by

Any signel povwer incident on the detector from outside this cone will

not contribute to the signal current.

2.3 ANALYSIS OF OPTICAL BASELINE

In this section, we assume the oubtput of the laser to be a TEMooq
gaussian beam. The intensity distribution in a direction perpendicular

to the direction of propagation for a gaussian beam is given by

2, 2
I(r) = Ioe-8r /@B

where r2 = x2 + yg, Io = 8P/ﬂ'dB2 is the on.-axis intensity, and P is
the total power of the beam. The beam diameter dB increases with dis-

tance z along the direction of propagation according to

4 = Vi o+ (2 hefray =) .

This is a hyperbolic distribution with dB being the minimum beam dia-

meter at the focus. ¥For large z, the beaf diameter expands in & conical

shape with helf angleg = BA/W-dB . Note that dB is the 1/e2 intensity
o

dismeter.

We will make some simplifying assumptions to enable this analysis to
proceed smoothly. First, when dB is large, we will assume the beam

has negligible expansion over the®short distances involved in this work.

2-9
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Second, when dB is pmall (as vhen a beam is focused by a lens), we will
o
assume the beam expands linearly with distance with the half angle listed

above.

The beam from the laser vhich is split into two beams and is incident on
lens Ll is large and, hence, will be assumed not to expand. The beams
emerging from this lens are each focused to a diameter ds. The half
angle of the converging beam is given by § = dB/2F where 4y is the beam
diameter ai therlens. But the helf angle is also given by g = EKﬁFds.

Hence,
a = lL)\F/?Td.B.

The intensity at the focus is given by

2,2
I(I‘) - B-P/‘_’Tdsge“Br /dS

The power incident upon z small particle in this beam is

PP = / I(r)aa
ares

vwhere the integral is over the cross sectional area of the particle.
For a spherical particle of diameter d_ (dp<§ ds) on the axis of the

Tocused laser beam, we have
P =2d2P/d2 .
b b S

The light incident upon the perticle is scattered over 4 7 steradians
by reflection, diffraction and refraction (if the particle is trans-
parent) in a complicated angular distribution. Rather than calculate
this anguler distribution, we will assume a1l power incident on the
particle is uniformly distributed over 47 steradians as from a point

source. The solid angle subtended by the detector at the particle is

2-10
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given by 1rdrf/h52 where dD is the diasmeter of the detector. Hence,
the scattered signal power which reaches the detector from a particle
on the laser beam axis is given by

2 44
p . &° 4t P

s D
8&82 F

In terms of the unfocused laser beam diameter dLB, the signal power is

5 2 2 2
Psz'rr-dded.D.P
128 32

The diameter of tThe detector is determined by the size of the iris in
front of lens L3. Ir dD;,dB, then the area to which the heterodyne
detector ig sensitive is smaller than the incident illuminating laser
beam and some of the lager power is wasted. 1If dD<CdB, some of the local
ogseillator power is wasied. The optimum condition is when dD = dB.

In this case, the signal power is given by

2 ;2.4
p = 7 &9 T
s ) lj. ’
1280 F .

Wote that this is only correct when the particle is on the laser beam
axis, For other locations, less power is ineident on the particle and,
hence, less power 1s scattered into the detector. We can congider the
value given as the pgak signal power to be expected for a given scatter-
ing geometry. The peak heterodyne signal to noise ratio in fhe guantum
noise limit then is R
s/= 7. ey a'p .

BWB gppy2 gt

2-11
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Using w = 2Me/ ) , we have

. 224
S/N = TT"J? dp d-.B »
2565ch413

For the following typical walues

‘0.5

7 =

d = 1

P 3 pm
d‘.B = 1.3 'mm

A = 514k.5 nm
F = 30 em
P = 320 mW
B = 100 kHz

we have S/ = U4B.6 3B. Experimentally, we measure a peak signal %o
noise ratio of 48 dB. Since we were not at the quantum noise limit, the
closeness of the two values indicates that we were receiving more pover

than what would be expected from a wniform scatterer.

2-12
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Section 3
EYPERTMENTAT, ARRANGEMENT

This section describes each element of the experimental arrangement and
includes the values of component parameters. In addition to the LDV,
the section covers the method of partiecle generation, scattering volume,
the signel processor, types of leak geometry, and the particles used to
simulate the dust conteminants. The system was designed so that all

active elements such as the laser, detector, and signel processor
were placed outside the vacuum chamber,

The particle generator was designed so that particles entered the vacuum
chamber snd passed throughthe scattering volume in surges. The amount

of doppler frequency shift per unit -velocity per particle was & ractor
determined primsrily by geomefrical parameters. Therefore, by varying
these parameters, the data could be made to occur at convenient frequency
intervals, i.e., from 0.4 MHz to 10.0 MHz, The sensitivity of the LDV

in this interval was 32 m/s/MHz. As a parbicle passed through the scatter-
ing region, an RF pulse was generated in the optical detector. By

counting the number of pulses per frequency-interval, the particle velocity
distribution could be obtained for a given particle size distribution and . -

for a given leak geometry.

3.1 Bauipment Configuration

The experimentsl arrangement used is depicted in Fig. 3-1. Figs. 3-2
and 3-3 shov the laser, laéqr beam path, and vacuum chamber.. A Specira
Physics Model 165 Argon-Ion laser equipped with prism end mirror and
alr spaced etalon was used. The laser generate& sbout 400 mW at

A= hik.s nm, in & single longitudinal cavity meode. The output amp-
litude was actively stabilized to within 1/2%.

3-1
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LDV and Vacuum Chamber

Pig. 3-3.
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The beam splitter was a glass plate 6.35 mm thick with an index

of pefraction of 1.5 which separated the two beams by 4.8 mm when
oriented 45° from the incident beam. With this separation, the LDV
sensitivity was 32 m/s/MHz. The reflection coefficient of the beam
splitter at 45° is 9.2% and, hence, P_ = 330 mW and P = 2.8 mW.
Although the power of the weak reference beam was not strong enough to
operate the detector in the quantum noise limited condition, it main-

tained a sufficient S/N for this work.

The lenses L1 and L? were both 30 em focal length; in the final con-
figuration, the strong beam was blocked before L2 so as to reduce optical
scattering from the following optical elements. This extraneous scattered
light from the many optical elements was nearly as intense at the de-
tector as the weak reference beam. This resulted in a doubling of the
photon noise without an increase in signal. Lens L3 was 5 cm focal
length and focused all radiation passing through the iris onto the de-

tector.

The detector used was a PIN photodiode HP5082-4220, reverse-biased at
10 V coupled to a Tron-Tech W200B preamplifier. With a multi-mode
HeNe laser as a source, this is capable of detecting longitudinal
cavity mode beat frequencies as high as 1.5 GHz. However, with the

optical configuration used here, no date higher than 10 MHz was observed.

3 a2 Particle Generation

The experiment was designed to simulate dust particles escaping from an
atmospherically-pressured Space Shuttle cabin into the vacuum of outer
space. The large diameter of leaks used { = 33)pn0 to enable large
quantities of particles to reach the scattering volume made it difficult
to maintain a good vacuum. The steady state vecuum with mechanical
pumping was about 0.5 Torr. This was felt to be low enough since most

of the acceleration given to a particle occurs across the T759.5 Torr

3-5
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differential, and very little across the remaining 0.5 Torr differ-

ential. The particle generator is shown in Fig. 3-4. The glass portion

consists of a particle reservoir with a narrow air inlet near a constrict-

ion. The large opening is connected by vacuum tubing to the long hollow
aluminum cylinder. The vacuum "leaks" were drilled in a brass plate,
soldered to copper tubing and attached with "Swageliok" fittings to the
aluminum cylinder which fits into a vacuum quick-connect so that the

entire apparatus can easily be removed from the vacuum chamber.

As there was insufficient air flow through the particle generator to
sweep up particles from the reservoir and drive them through the leak
into the vacuum chamber, the air inlet to the particle generator was
blocked for about 15 seconds and then unblocked. The surge of air then

picked up the particles and carried them through the leak.

33 Scattering Volume

The scattering volume is defined by the intersection of the strong

incident and weak reference laser beams as shown in Fig. 3-5. If the
diameter of the two beams at the intersection is given by ds and the
intersected angle is 2 @ , then the length of the seattering volume L

is given by

EdS cos f

sin?b
and the maximum width by

2dS sinf

sin26

With d_ 200 pm and A = 8 mrad, then L = 25 mm and w = 200 pum.
Actually, the effective scattering volume is shorter than the L given

above for two reasons: (1) at the extreme edge, the strong incident

3-6
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beam intensity drops to l/e2 (144%) of its on-sxis intensity which drops

the signal to noise ratio by 8.7 dB and, (2) the particle traverses this
region so fast that very little RF energy paesses through the eléctrical

handpass filter. As a compromise, we used L = 12.5 mm as the effective

- length of the scattering volume.

3.h Signal Processing

As each particle passed through the scattering volume, an R¥ pulse whose
center frequency was the doppler shifted freguency was detected. Pulse
length varied between 1 and 100 psec depending upon the speed of the

particle and where it traversed the scattering volume. To obtain a dis-
tribution of particle ve%ocities, the nunber of particles per frequency

interval was obtained, as follows,

The signal at the preamplifier output was divided into two channels.,
One contained a bandpass filter with a fixed center frequency of 1.75
MEz and a bandwidth of 1 MHz. The other contained & varigble center
frequency bandpass filter varisble from 0.4 to 10 Miz which corresponds
to a range of velocities from 13 to 320.m/s. Although the bandwidth of
the fixed filter could be varied, most data was taken with a bandwidth
of 30 kH=z.

After passing through the two filters, the RF pulses were then electron-
ically detected, converted into DC pulses, and sent to an electronic
counter. The pulses counted in both chamnels for each surge'was tab-
ulated. The fixed channel count was assumed to be proporitionsl-to the
total number of particles disvensed in a given surge. After each surge,
the center frequency of the variable filter was reset to another value
and the counters reset to zero. This procedure continued until the
entire frequency range of interest was covered. The ratio of the number
of pulses counted in the variable channel to the number of pulses

counted in the fixed channel for each variable chamnel center frequency

3-9
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The characteristics of the six leaks investigated in this study are

summarized in Table 3-1:

Tgble 3-1: BSimulated Leek Geometry
Lesk Orifice Wall
Number Diameter Thickness Genersl Description
1 200 pw 250 pm Short cylindrical orifice
2 b3 pum 125 pm Short ecylindrical orifice
3 343 um 3.2 mn Long cylindrical orifice
L WC 2-56 3.6 mn Threaded orifice w/bolt in-
(corresponds serted 4 turns; bolt head on
to about 8 atwospheric pressure side of
threads) wall; bolt diemeter reduced
by about 50 um to facilitate
particle flow.
Sa 383 pm 343 pum High pressure side of double
walled leak, walls spaced
2.4 mm apart.
5b 1 mm 3.5 mm Low pressure side
e 3k3 pm 343 pum High pressure side of double
walled legk, walls spaced
2.4 mm apart.
6b 1.6 mn 3.5 mm Low pressure side

3-10
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The two cylindrical orifices in Leaks. 5 and 6 were offset so that there
was no optical path through them.

3.6 Particles

(Glass spheres to simulate conbaminants were obtained from the Micro-
beads Division' of Ferro Corporation, Jackson, Miss. Three sizes were
used: +the smallest with 80% in the 10-15 pm diameter range, the next
with 85% in the 44-62 um diameter range and the largest with 85% in the
88-125 ST diameter renge. Polysityrene spheres were cbtained from Royco

in Memlo Park. These were mostly in a 2 um range centered at 13 pym.

3-11
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, Chapter k4
AWATYSTS OF VELOCITY MEASUREMENTS

This section describes the accuracy of the velocity measurements and
the resolution of the ILDV. Where all particles pass through the
scattering volume at the same speed, the response of the LDV is then
a broad pesk, whose center is the perticle speed. Anything causing
this center point to change contributes tc measurement insccuracy;

anything which broadens the peak degrades the system resolution.

Measurement inaccuracies are due to the uncertainties in measuring the
angle betweeq the strong incident and the weak reference beams, and in
measuring the center frequency of the RF pulse generated for each perticle.
The LDV's resolution is degraded due to the broad fregquency content of

the short RF pulses and due to particles passing through the scattering
region in unanticipated directions. LDV measurement sccuracy varies

between 10.5% to 20% depending upon velocity; its resolution is 149,

k.1 Velocity Measurement Accuracy

The scattered light incident on the detector is doppler shifted by

fd = 2v sing .
A

For small angles, the velocity is determined from

v = ’\fd
28

b
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The fractional accuracy of the veloeity measurement is given by

Av AX ., A9 . ATy

The uncertainty in laser wvavelength measurement is determined by in-
homogenous broadening of the Argon-Ion transition responsible for lasing.
As this broadening is quite small (AA) = 10-6), it is neglected hence-
forth. The angle § is given by half the separation between the vwesk re-
-ference beam and the strong incident beam divided by the focal length of

the focusing lens. The fractional wmceertainty in thié angle is shoun

- a8,

A _
6

The 4.8 mm distance can be measured to an accuracy of +0.25 mm by simply
measuring the center to center distance between the two beams, thus,
A-d/d = 0.10. The uncertainty in measuring the doppler frequency depends
on the accuracy of the variable filter, presently taken to be 30 kiHsz,
(regardless of the center frequency). The doppler fregquencies measured
in this work ranged from 0.5 MHz to 10 MHz; thus, the meximum fractionsl
uncertainty in measuring doppler frequency is‘lO?. Velocity measurement

accuracies range from 20% at the lowest speeds to 10.5% at the highest.

k.2 Velocity Measurement Resolution

Three factors are involved-in the resolution of the LDV, The first is
due to the finite length of the scattering volume and the fact that
particles. escape from -the legk orifice at all angles. If a particle
passes through the scattering volume &t an angle ¢ from the expected
direction, the scattered light will be doppler shifted by an amount

L2
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2v sin@

A

T

3 cosP

The maximun value of 525 is given by the scattering volume length divided
by twice the distence from the orifice to the scattering volume. This
angle was measured to be gbout 100. The spread in velocity due o this
effect then is -

Ay . A%y = v (1 - 1/cos@).
2sing 2sing cos@

5V =

which gives §v/v = 1.5%.

The second factor is due to the changing value of 9 as a particle
traverses the scattering volume. This angle changes by an amount egual
to the width of the scattering volume divided by the lens focal length.
This value is about §6/6 = 4.2% for a 200 um scattering volume width.

The third factor bearing upon LDV resolution is the broad frequency
content of the RF signal pulse from the heterodyne detector. A particle
traverses the scabttering region in a time T = ds/v. The frequency spread
of the induced RF pulse then is §f = 1/2T = v/EdS. The fractional

wncerteinty in frequency then is

Bf - v A - A
bl

For d, =200 pum and ¢ = 8 m radians, we have 8£/f = 8%, so the total

frectional velccity measurement resolution is

Sv o lll-?ia.
v

L3
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Chapter 5
RESULTS AND DISCUSSION OF DATA

Four varisbles were investigated under this contrect: orifice dismeter,
orifice length, particle diameter, and particle mass density. In
addition, special effects were noted with a double walled leak and a
threaded orifice with & bolt inserted. The differences noted as these
variables ﬂere varied independently -were the veloecities attained and

the shape of the veloeity distribution curves.

5.1 Orifice Diameter

Two orifice diameters were investigated with the 10 - 15 pm glass spheres.
The Tirst orifice was 200 pym diameter in a 2350 ym thick wall, while the
second was 3#3;1m diameter in a 125 pym thick wall. As indicated in Figs.
5-1 and 5-2, there did not appear to be any significant difference in ’
the data for these two ﬁiameters. In both cases, there is a well de-
fined velocity peak centered on L0 m/s with a width of about 38 m/s.

While it would be better to have both wall thicknesses the same, the
researchers felt that it is unlikely there could have been two effects

here which were almost exactly cancelled.

5.2 Orifice Length

. T™yo orifices with identical diameters of 343 um in wells of differing
thicknesses (125 pm and 3.2 nmﬁ were next investigated with four
different particle species. TFor each species, the same effect was
noted, namely, the longer the orifice, the faster the particles moved.
Figs. 5-2 and 5-é show that the velocity péak for 10 - 15 um glass
spheres increases from 40 m/s to 96 m/s as the length of the orifice

increases. The results also show & change in the velocity distribution

5-1
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Fig. 5-1. 10 - 15 um glass spheres, 200 pm diameter orifice, 250 pm long
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for the longer orifice with a second, somevhat brosd pesk appearing
centered at 68-m/s. There is no escaping the conclusion, however, thet

particles are accelerated to a higher velocity with the longer orifice.

Figs. 5-4 and 5-5 show the effect of oxrifice length upon 13 pm polystryene
‘SPheres,- Here again thers is a peak velocity change from 8t m/s to 150 m/s.
Wote also that in this case there appzars to be a peak at or near zero,
vhich is discussed later. Tigs. 5-6 and 5-7 show the orifice length

effect for the b - 62 um diameter glass spheres, showing once again

an increase in peak velocity from 30 m/s to 45 m/s. Note mlso that the
distributions d@o not drop off to zero quite as fast as for the smaller

particles.

Figs. 5-8 and 5-9 show an increase in the high velocity tail effect. In
faet, in Fig. 5-9, there is no well-defined velocity peak, oniy a long
tail on the distribution. For the thinner leak shown in Fig. 5-8, a
peak possibly exists at 40 m/s. However, it is clear that the velocity
distribution teil extends further with +the longer orifice. Note the
different scale on the abscissa vhich goes to 400 m/s rather than 200
m/s as in all the other figures.

5.3 Particle Diameter

Next, the effect of particle diameter on velocity was investigated.
Figs. 5-2, 5-6 and 5-8 ghow the velocity distributions for three
different diameter glass spheres for the same 343 um orifice in a 125
gm wall. TIn addition, we have Figs. 5-3, 5-7 and 5-9 for which the -
three perticle sizes were used with the 3#3;1m orifice in the 3.2 mm
wall. Here for both wall thicknesses the particle distribution changed
from a peaked distribution for small particles to a long-tailed distri-
bution for the larger partiéles. For small particles, the ratio of
orifice to particle diameter is about 30:1, vhereas, for the large

particles it is 6:1 or 3:1.

5-5
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We believe the shape of the velocity distribution is directly abtributable
to this ratio, thus, if an orifice diameter of 3 mm were used, all

particle diameters investigated would show a peaked distribution curve.

5.4 Particle Density

Finally, the effect of particle density on velocity distribution was in-
vestigated with 10 - 15 pum glass and 13 um polystyrene svheres, The
density of glass is about 2.5 gm/cm3 while the density of polystyrene is
about 0.9 gm/cm3. Both particle species have dismeters centered at 13
pm Witﬁ the glass distributed over a range of 5 pum and the polystyrene
digtributed over about 2 - 3 um. We believe that the effects noted below
are dve solely to density rather than diameter distribution. Figs. 5-2
and 5-4 for the 343 um diameter orifice in the thin wall show a definite
velocity increase from 40 m/s to 85 m/s. Figs. 5-3 and 5-5 show an in-
crease in velocity from 96 m/s to 150 m/s. Wote also the sbsence of the
second broad peak in the lighter particle distribution. It is unclear
why this broad pesk is ébsent; however, there is no question that lower
density particles are accelerated to greater velocities than are higher

density particles. -

Fig. 5-10 shows the particle distribubion for the threaded NC 2-56 orifice
with a bolt inserted & turns. Only with the 10 to 15 um glass spheres
were we able to obtain a sufficient number of particles to determine

a distribution. The larger particles had insufficient room to pass
through in large ﬁumhers and the polystyrene spheres seemed %o adhere to
the bolt and orifice surfaces and plugged the leak. Those particles
which did pass through this leak did so at reduted velocities, peaking

at about 20 m/s.

The last leak geometry investigated was the double wall simulated lesk
vhose dalta arc shown in Figs. 5-11 and 5-12 for a 343 ;m diameter oriflice

in a 343 pm wall (on the high pressure side), followed by an offset 1 nm

5-12
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diameter orifice in a 3.5 mm wall. For the 10 - 15 um glass spheres,
the velocity distribution in Fig. 5-11 shows a peak near 58 m/s. The
distribution in Fig. 5-12 for bh - 62 um glass spheres shows a possible
peak near 15 m/s with the characteristic large perticle veloeity distri-

bution tail.

After these data were taken, the second orifice was enlarged to 1.6 wm.
Pigs. 5-13 and 5-14 show velocity distributions for the 10-15 ym and Lk-
62 ym diasmeter glass spheres respectively. For the smaller particleé,
there is a definite reduction in the peak velocity from 58 m/s to 33 m/s.
For the large particles, the change is almost undetectable, except for
only one change in the lowest velocity data point. The velocity distri-
bution for the larger particles shows the characteristic tail at high

velocities.

Data taken early in the study always showed a large nunber of particles at
velocities below 15 m/s independent of leak geometry o£ varticle species.
It developed that these numbers could be reduced by‘prevenfiqg particles
from bouncing off the chamber walls and reentering the scattering regién
at reduced velocity and/or at angles other than the expected ones.

Comting the walls with felt accomplished this. It is possible however,
that some vparticles which appear in the velocity distributions shown

here have suffered at least one 'wall collision before entering the
gscattering region. As a consequence, the dats below 15 m/s is felt to be
of doubtful validity.

It is important to note that the absence of data points at high velocities
does not indicate that no particies were observed at that velocity.
Although a small fraction alvays appeared at high velocities for most
leak geometries and particle species, the data were not taken because

an insufficient number of particles per burst were-Obtéined to provide

a valid distribution.
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Section 6

CONCLUSIONS AND RECOMMENDATICNS

This report deseribes the use of a Laser Doppler Velocimeter to measure
the velocity distributions of particles leaking into a vacuum chamber to
simulate dust contaminants escaping from the Space Shuttls into space.
Velocity distributions for four particle species and six leak geometries
are revported. Glass sphereé with the diameters of 13, 53, and 106}um

diameters and polystyrene spheres with a 13 pum diameter were used. A
velocity range from 15 to 320 w/s was investigated.

It was found that the distributions for smaller particles peaked at
velocities in the 15 to 150 m/s range. Larger particle distributions
tended Yo spread over a wider velocity range with nunmbers of particles
decreasing as velocities increased. In the 150 to 320 m/s renge, the
106 pm diameter glass spheres had significant numbers while the 13 ym
spheres had very few.

Particle velocity is independent of orifice diameter for leaks in thin
walls provided the orifice is much larger than the particle diameter.
Leaks through thick walls accelerate particles to higher veloecities than
do leaks through thin walls. Finally, lower density particles are

accelerated to higher velocities than are higher density particles.

Experience indicates a few ways in wvhich these experimental investi-
gations can be extended or improved. We measured only the velocities
of parvkicien whileh exited a lenk o nodlvoction novront Lo Lhe wall,

We belicve o wensuwrcement ol the angular dlstribulton ol direclions lor
*Lhe escaping particles would provide Interesbing and useful data to
help explaiu, Cov example, Lhe clfect double walls have on shielding or
preventing high velocity particles from escaping.

6-1
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In the work completed, the largest particle diameters were about 1/3 the
diameter of the leak orifice in some cases, while the smallest particles
were 1/300 the orifice dismeter. We believe the velocity distribution
curves change from a peaked distribution for small diameters to a mono-
tonically decreasing distribution for large diameters. The use of one

or more small diameter particle sizes could verify this assumption.

The gignal processor used in this work ubilized two channels, one of

which counted particles in a fixed veleocity interval and the other wvhich
counted particles in a velocity interval which could be varied over the
entire range of interest. The first channel was used to give an indication
of the total number of particles dispensed and the second, in conjunction

with the first, gave the particle velocity distribution,

Data sccumulation could be facilitated encrmously by utilizing many

more channels so that the entire velocity range of interest could be
covered continuously. The time required to produce one particle velocity
distribution with an I channel processor would be veduced 1/ times the

time required to take N data points with a two channel processor.

6-2
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APPENDIX

The raw experimental data used to produce the results presented in
Section 5 are tabulated in this Appendix. The center frequency of the
tunable filter in the variable channel is listed in +the first column.
The nunhber of particle count per particle surge is listed next for the
variable channel and fixed channel respectively. The fingl column lists
the sum total of the variable channel count divided'by the sum total of

the fixed channel count.
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Table A-1: Data for Fig. 5-1

IMSC/D-5T70053

Freq. | No. of Particles No. of Particles Ratio
MKz in Variable Channel (V)| ir Fixed Channel (F) V/F
0.4 50, 106 511, 742 .125
0.5 73, 130 793, 781 .129
0.6 74, 332 473, 851 . 307
0.7 177, 366 657, 856 . 359
0.8 284, 502 688, 846 .512
0.9 313, 550 555, 827 .624
1.0 39¢, 597 657, 836 .661
1.1 277, 493 488, 742 .626
1.2 406, 552 667, 824 .643
1.3 355, 589 590, 895 .636
1.4 214, 598 366, 815 .688
1.5 266, 504 450, 779 627
1.6. 369, b57 656, 822 .627
1.7 232, 464 586, 832 .491
1.8 208, 291 759, 814 317
1.9 83, 96 706, 608 .136
2.0 49, 14 852, 291 .055
2.25 6, 5 652, 304 012
2.50 3,6 467, 430 010
2.75 1 6,7 581, 441 013
3.0 4,6 609, 453 .009
3.5 5, 6 652, 559 .009
4.0 4, 10 495, 670 012
4.5 4, 8 423, 617 011
5.0 3, 1 423, 596 .004
6.0 0 520 .000
7.0 0 482 .000
8.0 0 441 .000
9.0 0 613 .000
10.0 0 545 .00
A-2
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IMSC/D-570053

LOCKHEED MISSILES & SPACE COMPANY. INC.

Freqg.| No. of Particles No. of Particles Ratio
MHz in Variable Channel (V) | in Fixed Channel (F) V/F
0.4 366, 157, 308 1152, 843, 1110 . 268
_0.6 292, 89, 174 1196, 718, 942 . 194
0.8 405, 427, 394 1040, 1021, 957 .406
1.0 593, 434, 582 966, 801, 1031 .575
1.2 836, 617, 563, 594 1204, 925, 925, 883 .663
1.4 657, 1001, 881 . 1021, 1614, 1258 .652
1.6 729, 703, 655 1070, 1200, 1060 .626
1.8 438, 362, 445 950, 935, 1011 .430
2.0 259, 193, 209 1055, 1141, 1158 197
2.2 47, 25, 27 925, 743, 864 .039
2.4 10 914 011
2.6 4 692 .006
3.0 8 664 012
4.0 7 818 009
5.0 0 833 .000
A-3
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Freq.! No. of Particles No. of Particles Ratio
MHz in Variable Channel (V) | in Fixed Channel (F) V/F
0.4 172, 315, 104 1785, 1887, 1104 124
0.6 261, 166 2191, 1914 .104
0.8 189, 59 1933, 1691 .068
1.0 202, 132 2048, 1905 .084
1.2 271, 217 1782, 1732 139
1.4 603, 492 1942, 1883 .286
1.6 652, 679 1943, 1930 .344
1.8 736, 794 1836, 1824 418
2.0 909, 740 2118, 1734 .428
2.2 831, 748 2005, 1651 432
2.4 830, 798 1950, 1928 420
2.6 917, 963 1726, 1826 .529
2.8 1140, 1053 1893, 1917 576
3.0 1362, 1021 2053, 1636 .646
3.2 1000, 893 1766, 1590 .564
3.4 694, 587 1710, 1462 404
3.6 447, 268 1781, 1437 222
3.8 139, 65 1847, 1268 .065
4.0 45, 18 2037, 1496 .018
4.5 10 1794 .006
5.0 14 1765 .008
6.0 7 1449 .005
7.0 5 1626 .003
8.0 0 1916 .000
9.0 0 1683 .000
Al
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Table A-4: Data for Fig. 5-4

Freq. | No. of Particles No. of Particles Ratio
MHz in Variable Channel (V) in Fixed Channel (F) V/F
0.3 | 3473 3745 ' .928
0.4 | 2279 3688 .618
0.5 | 1835 3056 .600
0.6 | 1894 2860 .662
0.7 | 1888 ( .| o883 .655
0.8 | 1237 2574 .481
0.9 11110 | 2511 - 442
1.0 | 742 2074 .358
1.2 | 849 2328 .365
1.4 | 682 -1 1894 .360
1.6 | 631 1829 .345
1.8 1763 ‘ 1710 446
2.0 | 797 1690 472
2.2 | 713 1420 .502
2.4 | 1609 3051 ,527
2.6 | 1658 2791 .594
2,8 11529 2607 .586
3.0 | 1306 2399 .544
3.2 | 943 2148 .439
3.4 |630 1853 .340
3.6 | 313 1681 .186
3.8 | 151 1465 .103
4.0 | 30 1096 .027
4,5 10 882 .000
5.0 |1 1385 ©.0007
A-5
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Table A-5: Data for Fig. 5-5
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Freq. | No. of Particles No. of Particles Ratio
MHz in Variable Channel (V) in Fixed Channel (F) V/F
0.3 | 1677 747 2.245
0.4 1601 860 1.862
0.5 1115 1273 .876
0.6 438 797 550
0.8 519 917 .566
1.0 270 656 412
1.2 145 439 .330
1.4 116 454 .256
1.6 196 711 .276
1.8 138 687 .201
2.0 163 897 . 182
2.2 120 958 125
2.4 23, 108 259, 942 . 109
2.6 |77 531 145
2.8 | 146 545 .268
3.0 53 295 .180
3.2 90 429 .210
3.4 200 537 .372
3.6 172 445 .387
3.8 254 422 .E02
4.0 278 354 .785
4.2 485 449 1.080
4.4 593 463 1.281
4,6 616 513 1.201
4.8 620 465 1.333
5.0 919 829 1.709
5.1 248 306 .810
5.2 528 733 720
5.3 78 202 . 368
h.4 219 765 .286
A-6
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Table A-6: Data for-Fig. 5-6
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Freq. | No. of Particles No. of Particles Ratio
MHz in Variable Channel (V) | in Fixed Channel (F) V/F
0.4 95, 41, 24, 75,70, 80 119, 47, 79, 187, 170, 229 .A63
0.6 25, ]8, 42, 50, 58, 67 86, 102, 129, 141, 206, 193 .303
0.8 53, 25, 38, 75, 37, 51 145, 89, 120, 179, 125, 168 .338
1.0 14, 38, 40, 81, 71, 38 62, 88, 113, 236, 187, 126 .347
1.2 47, 34, 54, 53, 27 136, 133, 159, 177, 103 .304
1.4 29, 29, 39, 24, V7 97, 145, 199, 145, 113 197
1.6 60, 47, 19, 15, 21 256, 212, 68, 129, 185 .188
1.8 20, 28, 26, 23, 23 142, 213, 251, 207, 192 119
2.0 63, 18, 17, 15, 17 416, 176, 262, 221, 170 . 100
2.2 5,13, 8, 4,7 123, 205, 133, 205, 167 .044
2.4 9,3,3,0 226, 175, 165, 191 .020
2.6 5, 1, 1, 2 176, 169, 140, 107 015
3.0 4, 2, 3,1 130, 122, 87, 64 .025
3.5 1, 2 148, 102 012
4.0 3,0 324, 196 .006
5.0 2, 1 188, 271 .007
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Table A~7: Data for Fig. 5-7

IMSC/D-570053

Freq. | No. of Particles No. of Particles Ratio
MHz in Variable Channel (V) in Fixed Channel (F) V/F
0.4 122, 188, 105, 380, 126 286, 386, 192, 875, 391 432
0.6 49, 31, 27, 301, 85 194, 102, 136, 776, 304 .326
¢.8 12, 31, 27, 235, 49 62, 141, 228, 645, 228 271
1.0 6, 80, 53, 131, 216, 78 59, 384, 277, 547, 506, 245 279
1.2 74, 205, 66, 246, 109 300, 544, 289, 515, 353 . 349
1.4 95, 269, 307, 288, 81 282, 531, 559, 541, 201 .492
1.6 108, 281, 278, 244, 104 249, 564, 560, 524, 269 .469
1.8 136, 217, 210, 176, 54 321, 585, 542, 517, 184 . 369
2.0 “ 120, 170, 170, 133 379, 533, 571, 530 .295
2.2 29, 105, 141, 134 114, 532, 587, 582 . .225
2.4 24, 84, 96, 67 208, 549, 576, 512 147
2.6 36, 77, 69, 72 403, 537, 537, 578 124
2.8 30, 86, 58, 42 316, 525, 511, 517 116
3.0 18, 92, 54, 39 244, 535, 491, 519 113
3.2 11, 45, 52 181, 461, 499 .095
3.4 25, 35, 40 259, 480, 412 .087
3.6 2, 77, 41, 28 87, 523, 659, 604 079
3.8 3, 27, 34 114, 584, 555 051
4.0 8, 20, 22 - 230, 520, 500 .040
4.5 18, 21 497, 498 039
5.0 22, 11 487, 512 .033
6.0 2, 8 475, 5711 .010
7.0 8, 5 © 574, 517 012
8.0 2, 3 482, 512 005
8.0 0, 1 442, 461 .001
10.0 0,0 469, 497 .000
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Table A-8: Data for Fig. 5-8

Freg. | No. of Particles No. of Particles Ratio
MHz in Variable Channel (V) - in Fixed Channel (F) V/F
0.4 100, 103, 86, 90, 83 241, 307, 321, 312, 239 .325
0.6 70, 64, 68, 56, 64 253, 266, 303, 219, 199 . 260
0.8 68, 69, 46, 57, 60 226, 264, 240, 227, 242 .2b0
1.0 74, 74, 62, 43, 29 286, 324, 241, 201, 176 .230
1.2 88, 69, 70, 26, 32 353, 301, 272, 117, 120 .245
1.4 56, 60, 32, 33, 62 244, 228, 154, 123, 156 .269
1.6 41, 92, 64, 51, 28 221, 402, 292, 138, 117° .236
1.8 30, 37, 39, 23, 23 249, 208, 248, 107, 223 147
2.0 37, 23, 19, 20, 9 268, 224, 237, 192, 180 .098
2.2 21, 18, 27, 39, 18 250, 240, 279, 348, 224 .092
2.4 24, 18, 7, 10, 11 i 284, 236, 219, 205, 198 061
2.6 22, 11, 15, 11, 18 241, 222, 276, 175, 193 070
2.8 9, 10, 11, 11, 8 246, 287, 239, 210, 187 042
3.0 20, 10, 7, 7, 7 233, 254, 199, 189, 221 .047
3.5 17, 12, 16, 15, 5 323, 241, 329, 285, 215 047
4.0 10, 21, 13, 3, 9 251, 531, 240, 188, 167 .041
4.5 6, 13, 10, 9, 9 201, 224, 343, 431, 149 .035
5.0 6, 6, 3, 4, 5 213, 299, 244, 169, 179 .022
6.0 3, 3,1 254, 272, 158 .010
7.0 3, 1,0 252, 266, 160 .006
8.0 0, 0 243, 260 .000
9.0 1, 0 360, 218 .002
10.0 0, 0 319, 221 .000
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Table A-9: Data for Fig. 5~9

Freqg. { No. of Particles No. of Particles Ratio
MRz in Varijable Channel (V) in Fixed Channel (F) V/F
0.4 86, 59, 85, 75, 59, 84 129, 94, 131, 104, 81, 137 .663
0.6 . 55, 58, 133, 51, 57, 48 04, 94, 284, 87, 88, 89 .539
0.8 571, 93, 81, 65, B3, 49 88, 183, 162, 86, 65, 80 .580
1.0 37, 68, 52, 180, 67, 51 108, 137, 112, 346, 142, 100 .492
1.2 43, 62, 57, 51, 73, 40 79, 132, 113, 102, 122, 90 511
1.4 35, 39, 28, 35, 48, 43 86, 104, 85, 82, 100, 83 A22
1.6 25, 34, 29, 29, 25, 25 80, 98, 96, 75, 95, 89 .313
1.8 28, 21, 26, 25, 28, 16 87, 86, 99, 91, 101, 81 .264
2.0 15, 14, 22, 21, 8, 15 83, 69, 102, 71, 65, 71 .206
2.2 15, 21, 16, 17, 15, 13 98, 119, 99, 100, 80, 91 . 165
2.4 |13, 18, 18,18, 15, 12 76, 117, 88, 86, 105, 89 | .168
2.6 21, 27, 29, 13, 9, 11 01, 96, 137, 82, 75, 61 .199
2.8 i6, 21, 27, 14, 12, 6 104, 124, 135, 94, 76, 72 . 159
3.0 22, 32, 26, 14, 17, 9 109, 133, 157, 68, 115, 86 . 180
3.2 11, 18, 13, 19, 16, 4 127, 125, 106, 118, 110, 78 122
3.5 16, 17, 13, 40, 26, 4 17, 116, 91, 162, 157, 90 . 158
4.0 24,12, 8, 14, 8, 6 116, 94, 95, 169, 108, 84 .108
4.5 15, 35, 34, 17, 17, 5 103, 293, 193, 106, 80, 77 144
5.0 8, 16, 11, 9, 10, 8 102, 103, 109, 85, 104, 66 . 109
5.5 12, 7, 21, 11, 8 g3, 109, 89, 98, 108 119
6.0 19, 7, 9, 6, 3 132, 76, 77, 95, 75 097
6.5 7,9, 8 106, 90, 83 ) .086
7.0 8,7, 8 178, 97, 92 063
7.5 1, 7, 3 150, 93, 75 035
8.0 5,3, 2 131, 70, 81 035
9.0 2, 3, 0 124, 71, 160 017
10.0 {0, 0, 2 97, 71, 67 .009
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LOCKHEED MISSILES & SPACE COMPANY.

Table A-10: Data for Fig. 5-10
' Freq. | No. of Particles 1 No. of Particles Ratio
MHz | in Variable Channel (V) | in Fixed Channel (F) V/F
0.4 | 70, 272 12, 275 .884
0.5 | 143, 328 214, 256 1.002
0.6 | 262, 224, 184 270, 176, 145 1.134
0.7 | 237, 235, 219 290, 203, 205 .990
0.8 | 298, 172, 194 332,188, 222 .895
0.9 | 215, 103, 108 286, 136, 138 .763
1.0 | 210, 117, 40 336, 185, 113 579
1.1 | 181, 45, 72 371, 161, 197 409
1.2 | 106, 32, 24 335, 189, 151 240
1.3 | 37, 22, 16 293, 202, 186 110
1.4 | 16, 14, 6 294, 183, 176 .055
1.5 | 14,6 315, 187 040
1.6 | 5,2 278, 150 .06
1.8 | 5,2 251, 168 .017
2.0 | 3,5 278, 175 .018
2.5 | 5,3 312, 140 .018
3.0 | 3,1 296, 159 .009
3.5 | 3,0 284, 165 .007
4,0 | 1,0 257, 157 .002
4.5 | 0,1 181, 149 .003
5.0 | 0,0 250, 125 .000
A-11
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Table A-11: Data for Fig. 5-11

IMSC/D-570053

LOCKHEED MISSILES & SFACE COMFANY.

Freq. No. of Particles No. of Particles Ratio
MHz in Variable Channel (V)! 1in Fixed Channel (F) V/F
0.4 346, 764 1116, 2186 .336
0.5 258, 546 1029, 2060 .260
0.6 311, 453 1050, 1755 272
0.7 241, 436 1080, 1755 .239
0.8 175, 468 921, 1949 . 224
0.9 207, 475 1022, 1861 .237
1.0 126, 487 867, 1817 .228
1.1 252, 368 1220, 1421 .235
1.2 405, 524 1419, 1684 .299
1.3 330 1193 .277
1.4 355, 561 1182, 1597 .330
1.5 366 1047 .350
1.6 429, 727 1180, 1663 407
1.7 386, 775 893, 1580 .46%
1.8 362, 878 864, 1704 .483
1.9 327 866 . 378
12.0 246, 577 821, 1370 .376
2.2 127, 293 833, 1603 72
2.4 48, 121 814, 1555 071
2.6 7,38 790, 1656 018
2,8 4, 16 779, 1360 .009
3.0 3, 12 710, 1216 .008
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Table A-12: Data for Fig. 5-12

IMSC/D-570053

Freq. | No. of Particles No. of Particles Ratio
MHz in Variable Channel (V) in Fixed Channel (F) V/F
0.4 308, 454 496, 528 744
0.6 | 342, 512 580, 601 .723
0.8 398, 418 620, 544 -, 701
1.0 323, 335 552, 533 .606
1.2 211, 188 550, 558 ‘ . 360
1.4 157, 138 604, 562 .353
1.6 107, 95 518, 506 . 197
1.8 86, 82 515, 598 .151
2.0 64, 76 561, 578 .123
2.2 53, 52 586, 537 074
2.4 61, 49 610, 559 .094
2.6 41, 36 532, 521 073
2.8 55, 38 599, 543 .081
3.0 39, 50 575, 574 074
3.5 |33, 3] 558, 533 .059
4.0 23, 22 516, 537 .043
4.5 16, 23 572, 554 .035
5.0 18, 12 541, 508 .029
6.0 3, 3 527, 534 ,006
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Table A-13: Data for Fig. 5-13

LMSC/D~570053

LOCKHEED MISSILES & SPACE COMPANY,

Freq. | No. of Particles No. of Particles ﬁatio
MHz' in Variable Channel (V) in Fixed Channel (F) ’V/F
0.4 838, 776 1854, 1835. .438
0.6 10i3, 982 1869, 1993 .517
0.7 1058, 1118 1773, 1800 .609

10.8 1365, 1182 2136, 1757 .654
0.9 1083, 1176 1613, 1658 691
1.0 1313, 1156 1980, 1689 .673
1.1 1013, 1241 1624, 1802 .658
1.2 1221, 991 1863, 1489 .660
1.3 1143, 973 1959, 1598 .595
1.4 | 1028, 705 1946, 1604 488
1.6 624, 277 1916, 1450 . 268
1.8 279, 104 2037, 1597 .105
2.0 79, 29 1886, 1522 032
2.4 14, 12 1857, 1402 .008
3.0 10, 5 1915, 1536 .004
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Table A-14: Data for Fig. 5-14

Freq. { No. of Particles No. of Particles Ratio
MHz | in Variable Channel (V) in Fixed Channel (F) V/F
0.4 {280, 311, 516, 603 305, 352, 1139, 678 .691
0.6 {310, 539, 535 321, 819, 660 .769
0.8 | 256, 424, 489 346, 620, 639 .728
1.0 {135, 370, 381 287, 682, 666 .542
1.2 | 116, 260, 250 354, 689, 709 .431
1.4 |67, 189, 142 331, 635, 630 .249
1.6 |45, 132 297, 637 .190
1.8 |48, 96 321, 641 - .150
2.0 |37, 91 326, 666 .129
2.2 {45, 92 362, 695 .130
2.4 |25, 50 313, 652 ©.078
2.6 |17, 51 291, 659 .072
2.8 |17, 48 305, 679 .066
3.0 |12, 57 311, 712 .067
3.5 |10, 31 280, 689 .042
4.0 |7, 23 265, 683 .029
4.5 |1, 15 264, 652 .017
5.0 {0, 5 221, 674 .006
6.0 1,1 199, 717 .002
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