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ABSTRACT
The size and velocity distributions of 500 contaminant particles in the
near environs of Skyleb are determined from video tape data ‘obtained by the
High Altitude Observatory's White Light Coronagraph (experimént number S052).
A complete listing of derived particle parameters, their frequency distri-
Eutions, and their behaviqr as a function of time are presented. A
correlation between particle size and velocity is noted, and at least two

prominent directions of the particle spacecraft origins are identified.
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I. INTRODUCTION

In a "Preliminary Study of Contaminant Pgrticulates around Skylab"
(Schuerman and Weinberg, 1976), it was demonstrated that data from the High
Altitude Observatory's White Light Coronagraph (experiment number S052)
contained reducible information on the particulate environment of Skylab. In
particular, for particles within two hundred meters or so of the spacecraft,
their size and velocity distributions could be determined. In this study, we
have analyzed 500 particles which appear on the S052 video tape on day 220
between GMT 17:34:02 and 17:37:10. This section of the video tape was chosen
because it is t@e onLy.section of data to which we have access that can provide
enough particles to establish a re;sonable get of statistics.

Figure 1 shows the number of particles in the field~-of-view as a function
of time for the six minute portion of the video tape used in this study. All
particles within the shaded region of the plot were studied in detail. It was
felt that any time dependence in the particle parameters could best be identi-
tied if the whole population (500 particles) was both‘gomplete and contiguous
in time. The ticks at the top of the graph refer to r,gﬁic1es studied earlier

by Schuerman and Weinberg (1976).
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IL. THE METHOD

The theoretical development necessary to extract the radial velocity,
the transverse velocity and direction, the distance from the spacecraft, and
the size of an individval particle from an 5052 photogfaplq is given by
Schuerman et al. (1977, hereafter called Paper I; equations and figures cited
from that article will be preceded by the Roman numersl I), a reprintiof which
is appended to this report. The reduction of the video date differs érdm that
of the photographic data in two important respects. First, the particles that
can be fully investigated are not limited to the extent that they were in the
photographic method, where the particle had to both start and stop on the film.
In the video method, we only require that the image speed be small enough so
that the image itself registers as circular within any individual frame. 1In
effect, about 95% of all particles observable on the tape fulfill this criteria.
Second, the theory developed in Paper I needs certain modifications. In
particular, the "effective" exposure time (eq. I-6) is no longer a defined
quantity, and At, defined by equation (I-3) for thé photographic method, is
juét the time interval between consecutive meusurements for the video data.
When equations (I-7) and (I-8) are redeveloped with T being replaced by T,
the frame exposure time, equation (I-10) becomes

W=lg 7-?2 . (1)

W, as defined in Paper I, is the brightness of the particle above background

in units of the brightness of the solar image. With these modifications,

the theory of Paper I can be applied to the video data without restriction.



ITa. DParameters obtained from the video tape.

f'he exposure time of the video system is 1/66 sec, so that, at any
instant, most particlé images are not tracks as on the photographs, but
rather well-defined circles-of-confusion. The diameter of the circle (a)
the x and y video positions, the brightness/area (h) und the>timeyweré all
measured at three points along the path of the particle's image. In practice,
the y coordinate and the width (a) of the particle's image were obtained by count-
ing the TV scanning lines. The line through the center of the occulting disc was
designated as the origin. The occulting disc itself was known from the photo-
graphic study to have an angular extent of .7520, and it was found to spaﬂ 76
TV scanning lines. This established the cénversion from number of lines to
arc degrees for the y measurements. By using this method to also cbtain the
width (a) of the particle image, we were able to resolve circles-of-confusion
as small as 1 line or ~ 0.01°. This corresponds to a particle being 180 meters
from the coronagraph,

The x and h measurements vwere real from an oscilloscope monitoring the
video signal; possible non-linearities in the monitor sweep were thus avoided.
By suitable delaying techniques, the single line of inleres® was displayed.
The x position was recorded as the time (in psec) from the start of line tu
the center of the image. The width of the occulting disc was fournd to be 22 ftsec
so that 1 pusec corresponds to 0.0340, and the center of disc was found to reside

at 27 usec. The brightness (h) of the image above background was read, in

arbitrary units, from the scope display of brightness vs., time. The range
of h was from .2 (for low background) to 4.0 for saturation. For h less than
about 3.8, h respcnded in a linear fashion to the gray scale provided with the

video tape.

e

i, i



TE To obtain W (in units of the solar image) from h, the image of Saturn,
which was in the field-of-view on day 166, was used. For Saturn, h = 1.51,
W and h are related by

w=1{ h : (2)
v (6)

where K ig a calibration constant and V is the vignetting fuﬁction (Fig. I-3).

Saturn was assumed to have a visual magnitude of +0.3 or L.U7 x 10™1L times

the solar flux. Its image spanned two TV lines. The imaée of the sun would

span 76 x 0.533°/0.752° = 53.87 lines. Therefore the brightness of Saturn (W)
in terms of the sun's image is
W= 147 x 10011 (53'.87/2)2 = 1,066 x 10’8. (3)
Furthermore, Saturn was measured to be 0==l.180 from the center of the disc
which corresponds to a value of V(@) of 0.867. Eguation (2) then yields the
value of K = 6.123 x 1072 EQ /b unit. Combining equations (1) and (2), we
£ind that )
Q= log g - 4.84+10g h-log V(8 ). (W).
Finally, the time corresponding to the particles instantaneous position

was recorued. Since a 1 second intervel display was provided on the video tape,

one could resolve time to 1/60 of a second by counting the number of frames
“elapsed (up to 60) before the time display changed by 1 second.
The following parameters for 500 consecutive particle images were recorded

at 3 different times along the trajectory of each particle:

GE IS
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Quantity
time
video x position

video y position

width of particle imege

scattering angle

vignetting

the surface brightness
of the particle image

logarithm of scattering
cross~sgection

Symbol
(i=1,2,3)

( 63)

Units

3ec

arc deg.

arc deg.

arc deg.

arc deg.

dimensionless

solar image
surface
brightness

log cm?

How obtained

from time display and
counting frames (60/sec)

oscilloscope time axis;
22 msec = 0.752°

counting of TV scan lines
76 lines = 0,752°

counting of TV scan lines

6 =VxTiy

instrumentul vignetting
function, see Fig I-3.

video level

from oscilloscope
+ calibration using
Saturn.

equation (k)



ITb. Computation of distance, velocity, and size.
The distance (L) of the particle from the 8052 entrance aperture is

found from equation (I-1). Xnowing the width (a) of the particle,
L (meters) = A(meters) fimmg

a(mm
= A(meters) = A(meters) o 180° (5)
a(radians) a(deg) m

= .09123 . 180°
a(deg T
For each particle, the disrtance Lj is calculated for 3 points on the particles
trajectory; i=1,2,3. The minimum and maximum values of L are tabulated in
Section IIT.

The radial velocity (VRi) is trivially calculated from the changés in L
with respect to the corresponding changes in time. Three values of VRj were
calculated for each particle:

VR, =(L;-L,)/(t;-t,)
VR=(L-Ly)/(tp-t,) (6)
VR =(Ly-L)/ (% -t3)
The average value of VR wac then taken as
=.25VR, +.25VRy+. 50VR, «
VR3 was doubly weighted because its increments are larger and thus are probarly

determined more accurately. The random error (1l standard deviation) in the

determination of VR was calculated according to

VR error = :\V/3 [(VR]_)2 + (VR2)2 + (V33)2 - (WR)® ] (7)
307 n 3 .

VR for each particle, along with its associated error, is presented in the next

section.

(H?RS[AD\I.!H\GHB
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In order to compute the tranverse velocities, the X and Y space coordinates

are nceded. These were calculated from equations (I-1) and (I-2):
X1=Axi/a1; Y1=Ay1/a1; i=1,2,3 for each particle.

VT was then computed according to

VT1.1JV(Xl~X2)2 + (Yl"'gr
(tl'tz)é

VI = o f (Xp-x3)2 + (Y2-Y3)zr-

(Eg't3)2 (8)

¥4
VI3 J(xl-x3)2 ¢ (6)
(t

2
1't3)

The average VT and its associated error were determined in exactly the same

msnner as VR (equations 6 and 7) and are listed for each particle in Section III.

The angle ¢ is the direction of the particle motion across the field of view.

When ¢=O°, the particle i3 traveling from left to right as viewed on the TV
monitor; ¢@ =90° corresponds to narticle motion from bottom to top of the
screen (see inset in Fig I-5). For the one recognizable "dump" on our copy of
the video tape, all particles had @ =90°. That portion of the tape (day 240,

10 hrs, 37 min.) was not analyzed in this report. ¢ was calculated by

tan¢ - Y3"Y1

X3-XI

: with due regard for quadrants; 0°< @< 360°. The value of @ for each particle

,‘ is listed in ‘the next section.

Finally, the size of each particle was determined using the values of

maximum, and best estimate of the particle radius, p in pgm. Results are

tabulated in Section III.

= Q3 (equation U4) and @; for each particle. This procedure is described in detail

in Paper I; the same Q vs @ diagram (Fig I-2) was used to determine the minimum,



III. RESULTS

The following ten pages contain the results of this study in tabular form.

The time column represents the reading of the GMI display when the first

messurements were made of the particle. In general, the numbering of particles

('l {hrough 5do) is monotonic in time. Thé other column headings are self-

explanatory.

average
average
average
average
average
average
average
average

average

IITa. Table
radial velocity (VR)

error (1L ¢ ) in VR

minimom Gistance (I min)
maximum distence (L max)
tranverse velocity (VT)
error (Lo) in VT

minimum radius (p min)

"best guess" radius (pbest)

maximum radius (p max)

averages

..

on

25 + 25 m sec™T,
70 + 7L m sec™t,

b3 +1 m.

58 + 2 m.

2.17 + .13 m sec-l.
1.2k + .21 ﬁx sec™T,
14.6 + .58 pm.
24.9 + 1.0 pm.
48.1 + 3.2 pm.

ORIGINAL PAGE IS
OF POOR QUALITY




TIYE VT .7580) L 4D VR (r/s5EC) PHI RHO (MICROMETERS)
¢ EINSSEC (DEG) MIN BEST HNAX
1 34:C2 oh: ol 17C=-17C 0“521 (67 152 120 ¢n.0 2.0
2 34303 U4 o0 &5~ 45 4.,C%0¢ LC33 172 12.0 15,0 20.0
3 36303 235.9% 15660 60120 4&,7062 3,71 219 11.0 25,0 25.C
& 34203 137 e7¢  94:% H0=1°0 15452 379 204 12,0 13.0 14,0
5 34:04 Belg 7246 25= 45 11,8302 4270 147 12.0 23,0 £5.0
€ 34304 oC# o0 S6= 3 o790% oCA1 231 20.C 36,0 40,0
7 34305 3,98 21,5 16= 25 1.0778 o877 171 15,0 37,0 40.0
£ 34:C T0e3% 577 2320= 60 12778 o796 187 20,0 30,0 70.0
S 34:75 4 o0 22~ 22 1,069 .C°7 162 19.0 24,0 30,
1C 34:05 26.34 TJe3 22= 36 2.Ck4% LE12 184 13,0 32,0 2.9
11 34:C5 25.Ce S5¢1 25= 45 o®75¢ ,227 102 14,0 21.0 22,0
12 34:05 oL o0 205= 25 2274 172 176 12.0 30.0 50.0
12 34:06 2e38 del 25= 435 o7682 270 16% 15. 30.0 67.0
14 346:77 %.61 4e9 11- 12 .’)\:2: 205 14° 300 ‘SOC 43,0
o 34306 9.0¢ Te& 36~ 45 e306% 127 215 13.0 19.0 30,0
1¢ 34207 =131.86% 10Ce2 30= 45 7,401+ 2,029 167 8, 9,0 9.5
17 34:07 18862 1647 22= 25 19122 368 157 9.0 30,0 40,0
12 34:08 "So.c: bo7 22~ 25 0791: L4 11¢ be?2 7.0 2.5
19 346309 3% 15642 6C= 90 2.287% 1.7 30 G0 172.0 1.0
es 34311 270474 23444 S0=100 10,4874 8,859 164 9.0 12,0 15.C
21 34:12 O3 «J 18~ 18 o852¢ o552 178 5S¢0 E0.,0 85.0
22 34313 Ot o0 32C~- 30 v217¢ ,C2%1 180 20,0 4%.,0 70.C
22 246514 5229 J63  op* 63 -J5273% »¢Y - 106 300 300 550
04 I6:14 o1 321e46 30= 76 1,341¢ .,6456 171 Ol 3%.0 55.0
¢S 34:4 36,12 31,2 8= 30 22,2672 JE43 €5 6¢7 2.0 30.
so- ShETD ofle 22.4 25= 20 210+ L6471 104 9.5 30,0 250,C
27 34209 =16.6% 13,2 6~ &5 7554+ 1M e S¢5 10,0 15,0
25 36810  95.4% 147.0 60- 90 1.823% .626 192 10.0 12.0 14,0
29 - 35311 21355 471.0 30~ 90 3739 1377 1By 150 2040 30
30 34:11 B esbd 4L6oD 18- 22 2.,237¢ LE20 1685 12,0 16.0 35,0
=1 34311 471+ 1444 22~ 10 0631% 072 2461 0.0 4%.0 55.C
-¢ 36:11 =372 gebh 13> 13 123398 L0021 279 30,0 30,0 73,0,
v3 343212 Tisat $65:.3 22= 30 3J.488% 337 1 Ceb 5¢0 26,0
obh 34312 =3T7.7¢ 2011 4&5= 60 5.4613+ 2.4%6 ° 183 .0 12.0 30,0
oo Shtd €0:9% 31,6 2= 25 Ts383¢ 539 1163 00 20,0 4&C,.0
o6 36312 BB5.3% 1600 36= SC 2.8722 .955 169 22 10:0 11.0
ST 34312 =3Ts7¢  S1:9 25~ 50 3.616% 1.356 169 8e5 200 47.0
=L 3312 O o0 25~ 2 1.06°¢ ,30¢ 210 77 €e0 o3
9 343%¢ T1:3% 1539 30~ 35 T:233% 9T 182 7.7 12.0 12.0
. oha e o:: oC éC- 60 4.‘1:! 2145 26% €e5 6e7 7.0
6% J&31¢2 SSoatt Yisy g~ 3 18512 262 182 9.0 17.0 40,0
e shiii 98.,0¢ 4Ce2 22~ 26 1.,177¢ 131 158 7.5 20,0 4C.0
L7 34313 0% o0 45= 45 T,320% 719 182 9.5 11.0 13,0
&4 34313 251,02 150,66 30= A0 T,679% 2,472 164 12.0 25.0 120.C
45 34:13 3778 4Ue2 1C= 22 146562 +2%9 169 16,0 4°.0 ¢€0,.0
L6 34:13 £5.2% S5.4 3C= 36 2.,115¢ 773 163 E.0 25.C ¢€E0,C
L7 264:13 Ot o0 o= 45 1+009% 3065 199 8¢5 353G 5040
bt 34:13 5272 16686 223~ 36 3.1122 o846 178 16.0 37,0 40,0
46 24:13 47,54 3¢3 25= 45 o745+ 012 166 14.0 50 SC0.0
sC 343213 67.8% 1207 11= 22 '2336% 1,024 167 16.0 2.0 70,0
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TIME

#£ *IN3SE
€1 34:13
€2 354314
€3 34316
£4 34314
€S 34314
€86 4314
$7 34:14
€8 34:14
5¢ 34:14
€C 34:14
€1 24:14
£2 34:14
€3 34:15
€4 34:14
€5 34:14
£6 34315
67 34:15
¢ 34L:15
€9 24:15
70 34:1%5
71 34:15
72 34:15
72 34:15
74 343215
75 34315
76 34315
t7 ahi1d
e 24215
79 34:15
0 34:15
21 34:15
22 Tw315
”2 54316
¢4 34:16
25 34:16
£6 34:16
27 34216
c8 34316
8¢ 34:16
“C 3&:1¢
a1 34:16
62 34316
63 34:16
G4 24:16
28 34:16
96 34:15
7 363117
98 34:17
$9 34:17
100 34:17

vT (1 25c0)
47.7¢ 3143
.C‘ O:‘
19.6%. 14,2
7t e3¢ £5.3
251,24 260.2
301.4% 72341
125.6% 134,19
35.2¢ 260
15C.7¢ 553.7
Se2¢ 3942
51.72 Te5
o0t +0
=18.1¢ 15.7
.r: .":
83,64 S3,
150.7¢ 130.5
51.12 15.7
o0 o0
"45.2’ :902
or" .C
229.6% T49,2
3(.0 ! .Co1
t2n,.¢ 208.2
’0"0?1 T'fo:
Wt o0
"2'01" 2106
0% :
160.3% 1¢4.9
62.3¢ 156.6
.C’ .C
oD% o0
17.32 el
§9.7% 44,7
L8 130,95
W04 e
140.5¢ 127.0
.C* .O
5.0+ 15
~25,54 10240
753.5¢ 8C4eS
6.3 Se3
76.4¢ 73.2
ok oL
1,50 308,13
6.7 11.2
.Ot .O
o0¢ 26140
45.2% 3542
9048 78.3
21.5¢ 20.58

L (M

25=
90-
30-
Lr -
30~
10-
LS~
10~
45~
16~
25-
60-
30-
0~
25~
60~
16
(0=
T6-
o~
60-1

-~

16—
ThH-
L5~
20=
6~
10~
2C -
6~
M-
7...
25~
45~
L~
25~
15~

1¢é-

G0=-1°

20-
20-
25-
45-
20-
40-
45-
16—
T6-
25-

)

20
1e
¢c
“0
90
60

B3
-

20
45

-
5

60
16
%0
45

ye (n/s5ec)
1.1262 +30¢
1.7374 L2047
1.4C1¢% 1.179
1.241% 1,017
3.,72202 3.976
14,7464+ 9.521
3.762% o741
WC164 W47
7.7624 5,542
1.597¢ 157
1.449% o176
2.766% 32
1.352¢ 1.0%52
1.003¢ ,906
W033% L0672
T,7004% 24756
o579+ 177
1,068+ .76
2.442% 1.1°3
2.529¢ <413
9,032¢ 5.244
o 7424 477
E.671% 5,07
1.142¢ L4115
S L e
1.663% +4CS
s060% ,017
7, 06%% 3,604
J8iss . 2%
1.,052% 4192
.055% L2752
2,237+ L6719
1.042% o596
T,000¢ 2.C70
1.290¢ 061
2,089+ 2.027
1.375% 071
1.018¢ 270
2.103% 244
21.959423.176
2,393¢ 1,292
2.271¢ 1.£56
1.270% 316
6e261% 54402
+297% 178
.729¢ 000
T hbet 30375
o774t o369
1.817% 1,153
2.245+ +8%0

PHI

(PEG)

132
172
147
162

50
171
171
153
130

€1

71
156

10
158
176
157
175
16¢
163
223

218
10¢
102

- 4
e

164
182

69
128
169
104
2e1
289
1£9

0%
245
16

75
167
176
210
215
144
178
154
161

50

s0

- )Y
o~ OO
N Ld

KHO
HIN
14.0

” L4
wvers

12.70
0.0
10.2

wn - )
T IS e R
oo

IO OND OO AN

w

-~

-J -

1A~ DMV
OOMOIDAVMOODOONW

— -
-

- N -
DOV mMm!

— - - — -
POOVONNON
MAO0OODOVODOWVMO NOO

~

-
DVOOVNMY O

OO OWVwWOoOO OO

10

(MICROMETERS)

BEST

R
OO O

- TIP) (N -

—
N - O
NNDOWVMJON=WNY D@
O i o - o L T

-
MO0 OO0 O0AaAND

0

N

o'-‘\!
1°.C
1.7
600
2-"00
45,0
%.C
25.°0
450
24,0
¢C.0
15.0
7.2

300.C

27.C

4070

1

~
- e PO W

-
WO OSSN WADOOD

-

SR Ls LI D

r
-

10.0
200

R.3
27.0
21.0

e7 0

70.0
n.on
N J

2nm
o on

40,0
4% .0
14,0
11.C
900
35.0
3? .'\.
SC.0

50

~

@ W .
OO0CIOWNMOCOOOWw

o )

24.0

i
o, ]
.

o

26,0
3%.0



-)
y -

)« )

S B

L
D N0 N -

M taN=a0

wh b P o il wb wd D e o od wb ob b b ed ab wd b b b bl b ad b ah w o b wb b wb o b o b b
S YIS WW A IO PINTITIRI T PIPI D) vd od b o wd b od «b ob «b L) ()

) O VSN WVEHSUWUMN D20V ISIOOND IV = OV N0

-
~
n

Y‘Iil‘

*INSAEL

k317
34317
24:17
sbh318
34:1;
34218
34318
34210
34218
34218
34:16
34:1%
243216
34:1%
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VT (a/S:C)
15.7_‘_ 17.%
15078 39165
C'J: Z?.,
112.4% 13¢44
ot ol
5.".‘3 1;.5
.C: o U
‘ﬁ26oC: 275.(
115.2¢ 21,5
00" o
2,18 €.7
.f‘f_ o0
44,03 33,5
226.0¢ 402,72
ot o0
75.3% 6543
3 65
02 11,9
3034 2943
1‘204: :o:
«0¢ 37,3
02 o
00: o:
22.64% 120.7
-7050 605
12.6% 47,9
o(‘: U
90.4% 78.3
75038 (5.3
10.0¢ 22,69
0% 0
0% o0
133042 115.2
oC# o0
oC# o0
N3 o0
O o0
25.5%+ 51.9
15085 518
L1o:z 133
WO o0

Y 3 i 923
-15—'071 13:.5
o4 o0
39.7% 1C0.6
.f_‘+ or:
$2.6¢ - 9.6
193.8¢ 31,2
17.9% 19,2
.04 o0

L (W)
18= 20
M= (€0
5= 70
6~ %0
2C- 0
15= 1¢
45~ LS
:u‘ CO
20- 10
£EC- ¢0
9- 10
éC- &0
L5~ 60
¢C=-1:0
45- 45
€0~ <0
0= 70
15- 146
10- 12
5= 10
25=- 20
L5- 45
45= 45
X6~ 4LS
19=- 12
c0=- 25
0~ 3
2é= 45
45~ 60
1¢- 20
- 26
£0=- &0
18- 22
2C=- 20
oC- 0
60~ 60
Z26= 36
15- 18
6C- S0
10= 12
2¢= 22
&0~ 6O
£0- ©n
50~ 90
9- 18
cC~- 90
25- 3C
25= 45
25- 20
36- 36

VB (M/sEC) Phl

.6 (5:
€ebET 2
o624
2,775+
WI4b%

82063
1.2004
1.8274

eh34%
1.166¢

.5&33

5063
2¢77.7

«JY
1.75

»3

1.52

Qo

>~
~N W o0
I+ i+1+1+1+

°4%

T47%

- NI

~N

‘DEG)
sse 168
2ailll. 180
vOES  LIb
2¢826 164
0428 2.1
o108 265
oC17 SC
Te473 238
1530 138
e384 168
o057 289
o173 228
ob?74 150
o228 164
o024 219
1161 196
1.¢24 127
117 250
225 198
o126 215
o772 200
o000 157
sibd %5
1.223 2C6

o??73. 2C0
1435 252
369 1239
o054 150
o314 192
1.813 1C¢€
018 234
178 251
007 138
o034 214
e5%6 182

okl 233
0277 218
0PS 241
1539 195
36715 e
SS1D et

¥ 13807 107

o157 182
o033 207

« 109 37T
=313 29
o022 227

RHO (MICRKO¥
MIN BEST
0.0 32,0
8.0 1%2.°0
12.0 16,C
2.0 12,0
€.0 S5
35.0 10C.0
9.0 17.0
Co 9.0
7.0 9.0
16.0 15,0
8.0 13.0
2240 Se0
7.0 Te5
d.0 9.0
17.0 17.0
8.0 2%,0
€l 2.0
Li.C 4%.C
2C.0 50.0
10.0 22.0
6s0 - 13:0
55 7.0
£.5 17.°0
350 45.0
35.0 43.0
g..nu 13.”
0s0 60.0
22.0 2%.0
14.0 27.0
o0 18.0
7e¢8 2.6
17.0 20
350 150,.,0
28,0 5.0
€.5 6e5
65 15,0
70250
10.0 70.0
9.0 11.0
C0.0 950
70,0 7560
Se2 6.0
€.5 6.5
6.0 6.5
16,0 45.0
7.C 2.0
60.0 70.0
10.2 22,0
18.0 30.0
50.0 60.0
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{ETERS)
FAX
45.0

11.0
.0
<00
9.0
2250
40.0
Qe
1.0
4% .0
26.0
350
7.8
¢bh .0
40.0
cbe0
2440

WV duvuv O~

~Nro s
W R S, RS TS
D0000AONO



TIME
¥ FINSSEC
151 34326
182 34328
PG L E T
154 34:2¢6
1£5 34:26
156 24326
157 34:27
158 34:27
186 S4:27
1€C 34:28
161 34:28
162 34:28
163 34:2¢8
1¢46 34:28
165 34:2E&
166 34:28
15 3-‘0:2-3
168 34:2E
165 34:29
17C 34:29
171 34:29
Te 346330
17> 34:2(
174 34:7C
175 34330
17¢ 34:20
1?77 34:30
178 34:3%
179 34:21
180 34332
181 3432
182 34:32
183 36:3
184 34:32
185 34:32
186 34:33
M sk B T
16536233
189 34:33
1¢C 34:74
161 34:3
122 34:34
193 34:34
194 34:35
195 34235
196 34:35
197 36:3
168 34:35
199 34:3
200 34:36

VT (1/SEC)

-~

0O+ .o
od! 65.3
04 o
10.8¢ 9,3
33,9¢ 1544
6C.22 52.2
-9(.41 75.3
R4 .2¢ 7C3,
2158 7048
25,83 22.4
00: o0
0% o0
04 .0
0
“43,1% 17,2
263.7% 201.1
5.3 13,9
25.8% 22.4
0P1 o0
0% o0
12.6¢ 1009.8
.P‘ .C
§.7% 20,8
.r‘i .:)
37.7% 6s5
o0t 20
0% oC
172.6% 2C6.9
21.9% 22,
-21'52 1846
Toeat Cdsd
.f* .C
-45,2% 30,2
.02 oC
15,18 5242
-3707" ‘:.2
o2 L
"452-1+ 652.5
e2+6% 13,6
676t €5.6
=37.7¢ 32.6
.c: ‘.6
103.C4 13.4
o4 o
132.5% 116.6
Ot o0
0% oC
14.1% 14456
17.14 7e4
DIt ANt

-

L ) Ve (n/sec)

25- 25  +T07s L078
45- 60 1,537+ 976
6C- £0 1.205% 095
25= 10 7163 L115
2e= X6 1.’3?: 03"5
36‘ 00 0997: .930
36= 45 2.805% .972
CC=12C 1%.997416.0°5
25= 26 1.695¢+ 1.004
25= 36 o¥382 .32

60- 40 1,105+ ,298
18- 18 1.344% ,323
36~ 36 8353 ,023
[ Lt sei?E  »BN1
25- 70 2.‘15: 101,‘
G0=17C 64,286+ 3,813
W~ 60 1,162+ 311
25- %6 1.065% 200
90- S0 563+ .171
36- 36  o435% 079
60= 90 1.675% 1.522
'L’ g 8 oﬂECi .C'1
12=- 13 962% 108
it ssoet D028
0= 45  L490¢ L1170
45- 45  ,519¢ L,010
20=-100 1.376% 665
[05- ‘C ‘50767i 10’0”5
2C- :2 303?1i 0C41
g9= 20 1,303+ 4691
25- 45 1.960% 1,270
45‘ 4: 1.29?: 02‘7
36= 45 3,141+ 1,405
16- 16 1.223%+ ,100
15= 22 1.3%%¢ .759
ab= 45 T:756% 924
90= $0 o777z o092
3C- 90 12746+ §.640
T6- 45 L,760% .27

20- 45 1.154% 1,203
45- 60 1.416% .571
6- 7 0424: OCLZ
I0- 45 2,280+ ,220
30- 0 1.055% 076
25= 20 2.202¢ 1.890
45- 45 o703+ LC0O
36- 16 0942: oCb?
6= 10 «269% 275
15- 2C 10“91 o027
25- 36 1.029% 692

PHI
(DEG)
217
142
253
168
14
161
129
208
77
162
203
49
239
120
212
152
244
45
224
224
22¢
218
263
1¢c¢
142
e
187
L 5 g
177
242
1€5
276
171
231
162
246
£35
é3
260
126
224
é8
177
7C
187
27C
r .Y
1¢0
269
156

12

RHO (“ICROMETERS)

“IN
42,0
15.0

o7
12.0
75.0
10.0

7.8

BEST
4% .0
15.0
9.0

350

PAX
€C.0
7.0
1.0
400
250.C
3C.0
21.C
12.0
7e8
3C.0
15.0
7.0
45.0
55.0
45C0.0
09
5540
52.0
350
4% .0
47.C
27,0
1C0.0

5 _n

R A
40,0
;C ol
1.0
15.0
25.0
23,0
9.0

o N
120w

40.0
11,0

€0

600
22.0
150.0
150.0
100.0
60,0
30.0
S?OC
300
150.0
60,0
55.0
4C0.0
25.0
35.0
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TINME VT (K/SEC) L (1) v® (M/SECY PHI AHO (MICROMETERS)
£ MINSSEC (pEC) "IN BEST MmAX

201 34336 96.9¢ £3.9 12- 22  2.785% 1,371 246 £.0 21,0 25.C
¢0¢ 34126 B3 M.% 28~ 30 o7804 L9402 243 25,0 60.0 100.0
203 34326 =bb. 0+ 3I3,5 60- S0 11,0152 L340 286 15.0 17,0 50,0
206 24375 ~=12.6% 20,5 11- 12 1,503¢ L5528 264 9.0 10.0 25.C
205 34336 =37.7¢ 322.6 45~ 60 11,4792 oh®5 241 15.0 17.0 50.0
206 24:37 =11.7%2 14,7 9= 10 1.211¢ ,2°3 230 10.0 2.0 30.0
207 34:37 .C: o0 6C- 60 1.95?: oLL2 248 9.0 27.0 30.0
208 38137 96.9¢ Lbo6 25~ 45 1.727% LE9Y 177 12.0 57,0 200,0
209 34:37 O+ o0 60~- €0 o264+ L079 221 12.0 26.0 27.0
210 34:37 22 .6% 2e2 1E~- 22 857+ ,229 30C 50,0 100.0 300.0
23% 3437 42 .12 7.3 16- 30 614% ,178 182 11.0 32,0 20C.0
212 34377 150.7¢ 120.5 45~ 60 T.160% 2,126 208 12.0 21.0 40.0
213 34138 Se2% 39,2 36~ 45 1.2343% ,2°8 185 10.0 23.0 2%.0
214 34338 A% o0 90~ %20 1.8554¢ .075 219 7.0 8.0 9.0
215 546338 33.9% 21,6 S5- 9 5124 .516 151 15.C 4%2.C 100.0
216 34:78 o+ ol 90~ 90 o220 L0339 180 G.C 21.0 S0
297 34338 =75.3% 653 6C= 90 T.T17% 2,135 248 9.0 120 30.0
21& 34:39 Gt 7:1 15= 918 1.213% .027 68 11.0 27.0 50.0
219 34:39 .0 o0 36- %6 1.3344 L0386 246 15.0 47,0 100.C
220 34:29 o0t o0 6C~- 60 1.174+¢ ,C74 67 €£.C .5 9.0
221 34:4C0 0% o0 3&= 386 1.,058¢ L0235 152 Se0 47.C 100.0
222 34:40 0% o0 45~ 45 1,266% .106 237 11.0 4¢.0 10C.0
223 34:40 18.8¢ 16,3 22~ 20 sovhY - SIu2 165 0.0 Ce2 11.0
224 34:49 M s o0 45~ 45 o429¢ 063 270 15.0 3%5.C 50.C
225 34340 =45.2¢ 39,2 36~ 45 1.°87% L9558 250 8.0 20 110
226 34:41 oLt o0 60- 60 1224 026 296 13.0 3.0 4760
c27 34:41 26¢2% 198 25= 45 8128 2228 178 25D 27.0 55,0
228 34:41 30.1¢ 46,2 3- 18 1,422+ L,242 295 7.0 1%, 20.0
229 24:42 0% o0 45~ 45 o7914%¢ oC7?3 200 40.0 42.0 50.0
220 3654 60,2+ Te1 36= 60 1.76%9¢%¢ 4275 141 10,0 22,0 30.0
227 34:42 7S.3%4 65.3 22= 30 2.249% 677 166 LR G SN R S R
232 34145  21.56 2604 20- 25 8262 155 73 25.0 55.0 65.0
2323 34:42 16:12 19.% 25- 30 o794% L2303 119 115 13.C 16.0
274 24:43 1.9¢ Tab 1)1 32 o364 o145 107 50.C 75.0 100.C
235 34:43 sl ® o0 45~ &5 L9824  LDL9 217 9.0 15.0 5.0
226 34:44 0t o0 25= 25 1.,724% 027 315 11.0 26.°C 30.0
2XT ShiA% 3.4% 33,8 0= 30 o272+ 440 16% 35.0 43.0 6C.0
eI€ 34:44 -0t o0 22~ 22 195+ L0400 125 40,0 6C.0 900.0
229 34:44 44 .04 102.5 16= 22 1.926% 643 172 £0,0: 52.,C 90.0
24l 24:44 0% 0 6C- 60 676+ 022 cS 5.0 2%.0 30,.C
241 34344 =332.7% 433.3 36— 60 L.116% 1.159 8 14.0 18.0 27,0
2L2 24:L5 12.1% S¢5 10- 12 o786+ 111 171 25.0 30,0 40.0
243 34346 =The2% 1519 36~ €0 4,241% 2.5727 259 14.0 17.0 49,0
2LL Z4:46 33.0¢ 30.C 20- 25 1,321 .09 273 2C.0 28.0 55.0
245 24:46€ 30.4% 37.0 15= 16 o2884 L2485 180 Co Pe? Q5
26 3L:L6 001 o0 90~ %0 07511 e 2bd 270 .8 9.0 22
247 3L:4E Ct o0 60= 60 4:372% 2728 175 e2 13.0 20,0

245 3445 563.42 414.6 S0-1°0 12.106¢+ €6.368 2C2 €5 €.2 7.1
¢k 34:47 6Ce3% 173.1 45- 60 2.226% 35173 3228 12.C 12.0 3C.0
250 34:47 =203.9% 287.0 60- %0 5.135% 5.292 270 g, 22,0 25.0
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TINME VT (M/SEC) L ) ve (!11/SEC) PHI RHKO (*ICRCMETERS)
# PINSSEC (GEG) MIN PEST HAX
251 24:483 77.9! 17.7 *C=- &0 ."‘C‘l: .4:'.1 165 ‘?.. 26,0 3?0"

252 34242 T72.T74 39348 45 60 77254 G019 203 14,0 E£35.,0 6CL.0C
¢53 34348 ~6e7% 7794 £C= 90 17,766212.557 214 €.% 25 10.7°
2564 34348 2922 1692 6= 45 T.,069¢ 2,675 210 20,0 2%.0 ¢£°0.0
255 34348 =27.%5¢ 2145 20= 22 1.083% ,552 164 20.0 27.C 67240
256 34348 L01.,0¢ 287¢2 6C= 90 11,574410.9°3 270 11.C 2%.0 2%.C
257 24:49 3.8 41,4 0= 36 «®36¢% 1.02C 111 1Z.0 17.C 22.0
eS8 243249 <=67.5% 119.8 20= 45 2.,799¢ 3.¢72 180 20,0 27.0 D0
259 34349 30L .54 2633 25- 26 6.,707¢ 5.063 ec F¢5 10.0 1140
260 24350 =37.8% 29540 25= 20 4.017¢ ,6°0 182 24,0 2?.0 40,0
¢€¢1 34:° «19.02 11,6 ¢éC= 90 2,175% 2.075 752 11.0 11.5 2%.0
262 34351 ~=12.%% 11.0 10=- 11 1.,447¢ 077 238 42,0 90,0 110.0
263 34351 =66.,C% 52,7 20~ 6 S.727% 523 176 G0 Bes 120
2€4 34251 =49.3%2 376 S= €0 1.729¢ .%%4 112 7.7 2e2 2.3
€65 343%2 =30.02 31.9 320~ 386 1.199¢ .18 17?7 €eS 3.C 0.8
cbb 34:52 Ot o0 90~ 00 02 988 21 3C0 el 26 Y -
267 24352 1.5¢% E6.4 16= 18 4.730% 203 178  Se7 7e5 7.9
268 34352 34,94 2¢5 20~ 25 of62¢ 41°2 ¢€ 35.0 3%, 5C.0
269 346:52 160.1% 573.0 20~ 45 9,122% 6,113 1282 71 Tl 76
210 383259 67.8¢ 852.0 £C- S0 11,5712 .E41 202 & p. 7.2 SeC
¢?71 34:53 3748 2645 40= 90D 1,459+ 118 178 2.C 10.7 11.0
272 34353 TeS# 6e5 g= 10 o315¢ 4211 240 12.0 15.0 20.C
Srd Sntad 35.C¢ 292 26~ 45 o 264¢ 57 190 15,0 170 20.0
274 34:53 2t 12,6 5= 10 s 11h S slb7- 258 280 3:0 40,0
275 34353 126.,6% 109,7 25= 20 1,161+ .E68 188 9. 13.0 ¢2C.0
276 34:53 =441.,64% B59.,1 Té~- €0 20.,855414.273 176 7.2 7% 2.1
277 34:54 =32,7¢+ (1.7 12= 15 2.9756% 1,042 188 23.0 300 ¢&C40
272 34:54 T2.8% 37,6 18- 25 2.M28s% 662 196 27,0 29,0 ¢EC.O
2f0 324:54 ~6e1% 20646 S= & 1.370¢ 833 256 45,0 75.C 80,0
281 54256 el end 360 6- 6 «921¢ 072 201 $:5 20,80 3C.0
282 34:54 -2C.1% S¢2 1I= 15 1.508¢ .7C0 174 2C.0 22,0 C.0
eBb3 3432395 =9s2¢ 17:.6 13= 15 582+ 1,175 174 12,0 18.C 40,0
224 24:55 «03% 50 36~ 36 2.290¢% 043 377 B.T 175 115
285 34:5 D4 o0 30=-30 253382 #5536 - IH0 Sel €e5 2
286 34:56 27 2% 2641 45~ 60 «2CC+ o2° 171 6.0 Tal 2.0
287 34:56 ~11.82¢ 2¢3 10- 12 0992+ 197 140 11,0 2%.0 4&C,0
288 34:56 <0t .0 90- 00 02274+ 175 16 765 7 £.0
269 2435 0% o0 SC= 90 +290% 023 180 8.0 £o3 9,0
250 34:57 $S+1s 10T 7 30=&5 2,837% 1,970 118 60 TeC 78
€91 34:°5 36.1% 919 -25- 3 1.452¢% 1442 166 12,7 26.C £2,0
292 34:58 Lt «C ¢©C=- 90 05318  SU&4 251 Cel 27.C 3C,C
293 34:58 2.8¢ Tak - 0= X6 2255% L1456 209 el 35,7 42,0
£95 36358 =25:%1% 56,6 1B~ ¢ 1.281¢ 1.226 17C $s3 1oav 25V
296 34358 SeX¢ 46,9 25~ 20 «748% 447 298 20,0 %5, 5T 2
297 34:°9 o SR TR R R T S +958% 310 o7 59 Ref 10,0
298 34:59 <=67.8% 4N.4 iC- 20 3.,C72% 1,553 237 7.0 9s5 140
299 34:%59 c2e0¢ 22,1 2C- 22 o533% 189 148 9.C 1050 12.0
300 24:%59 1268 Ge€6 18- 20 AS56+ (S 142 2.8 1%s0 LA S,
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TIME VT (/7SEC) L (M) VR (1 /SEC) PHI RH4O (“ICROMETERS)
£ FINSSEC (DEC) MIN BEST MAX
L1 35300 =25.32 21,9 13= 16 1.6E7¢ 037 22C 45.0 60,0 302.0
302 35:C0 12.1% Gel IT€= LS soebd 200 206 $¢0 45.C 50,0
SC3-35:00 37424 o6 20= 25 1,445 312 224 Ted 20 8,2
204 25300 51.32 2be1 25- €0 S LES — 1Rl 13N E+0 11.0 15,0
3CS 35:00 P72 Col C- 22 ob91% LCO9 T2 300 35,0 200
206 35:0C 46,74 S¢1 11- 16 oT094+ L2471 212 40.0 S51.C 67.0
3C7 35:01 3132 30,1 25= 36 1.376% ,183 174 $e5 7.0 9.7
<0& 35:01% 0 /L 4 61 25=- 20 o2E€E% JC44 212 11.0 14,5 30,0
209 35301 32e2% 12407 6C- S0 2.262% 1.%74 196 6.0 5 7.C
311 35:C1 =34.1¢% 258.8 C= 90 4&L.44¢8¢% 5,463 330 70 7.8 8.0
31e 35:02 Tttt Ts8 -18» 27 6612 043 172 Y e Gl 373
w13 352103 27.8% 23.5 36~ 45 ob72¢ ,327 206 €a2 765 Ceb
315 25:04 «0¢ o0 ¢0~- %C «h51% L0066 240 78 2.0 21
>16 35306 04 o 3J6= 36 1.348¢ 017 212 11,0 19,0 20.0
o ¥l 23105 80,42 9Ce& 60- ©0 73,2502 729 314 15.0 40.0 50,0
1& 35105 16:9% 5157 30= 22 o807 466 216 13.0 27.0 60.0
20 253206 =197,9¢ 14640 90=-1°C 5,431+ 1.798 270 8s0 130 30,0
221 35306 =15.6% 63.0C 60=- S0 11,2812 1,062 306 12.0 15.0 40.0
see o23L0 Ceoat 3550 = 1§ o680+ L4°9 127 7.2 70.0 170,0
s 35207 o0t 1¢2. 00=-150 2.732¢ 2.671 198 Eo? 2.0 10.0
3ok 35107 Ot o0 120-120 1.C74% .,260 264 7.0 7e7 85
325 35308 =22.5% 22.8 25~ 30 1.855¢ L1378 su- el 375l 24050
3¢ 35808  =39.0¢ 4571 12= 18 1.274% 720 153 5.2 5.3 70
oet aoite b7.0% 41.3 60~ 9C 1.589C+ 400 261 78 12.0 128.0
T K e Ot ol kS~ 45 a2y - U3 - 208 6.C 7+0 2.C
229 35:09 ot o0 00~ 60 1.406% 519 242 Te? Te® £l
SoW-NoTY] N o0 60~ €0 356% J120  2CS p 5 a1 S
S3E SNl Vs 2E2Ee 45 ANes U i 1 B 7
732 35311 293.84 261.2 SC0=-1E0 48,7624 5,269 210 7.0 ®.0 £e2
333 35:11 =159.5% 15.4 26- 60 o409+ 014 5¢ s 3045 115
Soh 35811 =T12.,3% 4&9.7 25= 36 4,D69% 1.925 113 7«0 11.0 27,0
33 35312 =164.9% 189.2 S0-120 3,712¢ 3.338 270 77 .C 10.0
226 35312 131.8% 98.1 90-180 3,728#% 2.293 270 6e5 77 Co
327 35:12 N4 o 45~ 45 o249+ L0586 79 Ta o .0 8.8
S2C 33:12 166.1% 131.9° U= 80 2:771% 1,320 173 15.0 21.0 300,0
Sy -1 T0 0% 513 C- 60 NS FAEERES -] e 120 - -75:0 250.5
a4k -55313 Y3 1657 12« 20 «hS3% 119249 3550 60,0 120.0
shl 9815 =3V Th:s9 12~ &0 SoIed - sAWE 250 fa2 119 2330
362 3%:13 131.9¢ 100.6 ©°C-1£0 4,004+ 3,073 32C Seb S8 o2
343 -35¢:13 =208t [Ce% 4&5= €D 1,059¢ 654 264 Te8 2:0 230
344 35316 ~=75.3% 573 6é0- °0 3,161+ 1.C76 260 6.7 2.5 Ge5
345 35315 =223+32% 191.5 3IC= 45 11.459% 2,176 177 °«0 12.,C 30.C
366 35315 =305.6% 170.2 2%= 30 8,772¢% 3.C43 178 Se¢7 6.6 7.2
Sk 23110 08e5% 2468 18~ T6 TB3ICH 24245 181 12.0 40D 9:20.0
34& 35:16 oCi oL 120-1%20 037‘0; e 147 305 959 - B S8
349 35316 =113.3% 93.1 6C- ©0 2,634+ 2.148 254 8+5 - 210 23.0
gol S8t SLe8s 27.€6 36~ 60 27338 07 118 1150 23,0 32,0

ORIGINAL PAGE [S
OF POOR QUALITY



e

TI%E VT (»75¢€C) L ") ve (i/7ueC) PHI RHO (MICROMETERS)
P NINSSEC (pec) MIN BESTY MAX
ISy 3% 194 o ol €0= °C 1.110¢ ,679 3 %ol oS 2240
A ES LA E b ovest 41,2 L= ¢0 1¢287% 1.124 X190 B8 - 2130 2230
e 35347 8Loe52 22.6 6= "0 17494 1928 247 €e% 2%.0 30,0
2oy 99117 e 9% 20.2 20+ 22 ob772 365 224 26.0 30,0 40,0
osb SUS1Y 62.2¢% 24,3 13- 1¢ o392+ 4270 187 11.0 70,0 150.0
os¢ 35218 . 0 6C~- 60 20698  L0%5 319 11,0 30.0 3.
338 35118 92G.7¢ 75.1 T6- LS 2e285% 1,274 164 6.0 sl 310
259 35319 «14.,2% 140,56 20- 36 26043 2,347 178 11.5 22.0 ¢0.0
26C 35:19 e ol 90=- 20 4.098¢ 813 188 62X Te?7 7.8
261 35120 =16.9% 12.7 45~ 6C «?770¢ L0285 27C 9:0 11,0 25.0
s€2 35:20 04 o0 20C- 2C o 7898 525 %4 16,0 28,0 30.0
3¢3 35:20 28,6+ 83,0 e= 30 1,402+ 1,616 17¢ 24,0 24.0 70.0
364 35:20 09.1% 47.F 18- 20 1.422¢ 1.C21 21C 17.0 12.0 300.0
265 35:2% 36ebt 2442 £0- 50 o770% o150 202 100 11.0 15.0
256 35:21 Cels Gl 22~ 70 2218¢ 035 200 92.0 27.0 35.0
o2&t 53121 14.5¢ 133.1 16= 22 2,078+ 1.8%55 1358 6.2 of T}
J¢€8 X5:22 135.0¢ 115.2 €= 22 201724 1,766 166 11.0 22.0 30,0
b9 35222 110.2¢ E7.9 20=- 70 ce- o2 15360 302 2.0 27.0 30.0
2?0 35¢22 oI oL 20- 60 soueot shoh 106 1%.0 33,0 14,0
STy 35122 L2 o0 060~ ¢0 5943 L0854 270 B+3 10,0 30.0
it 85! . % 146 .52 240,C 1&= 25 4212% 4o6°C 17C €e3 2.0 20,0
sT3-350i2 O o0 45= 45 1:141% 050 253 11.0 25.0 2s5.C
STk 38322 10.4% 29,2 1C- 16 11339 330 94 ¢35 2%,0 300.0
375 35223 =24 1% 174.,7 ©0-170 CabBeY - Sahss 152 S 190 124
ST0"35:23 3% 131.0 18- = L1884 Vik17 - 182 T« 26,0 30.0
SIT 25123 L4 oL 6H0= €0 eato® JUTE 229 12:0- 140 28.0
37225223 32ebt+ 44,3 22~ 25 o785+ 914 1319 EeC 7.0 3C.0
STy X552 106 .,8¢ 33.9 1€= 60 o30%% <249 175 11.0  13.0 14 .0
2L 3524 .C# o0 Z6- 2% nfAld - 028 229 1450 22.0 8s%.p
3o 3%:25 S.64 o3 20= 22 o392%  JINT  2%8 “435.0 &0.0 2380.0
SEZ 35325 of# o0 60- £0 o265+ 260 - 251 Yol 17503040
PhE TS R A 15e3% -78.6 ade B0 1,880 722 18D 115 oian 130.0
384 3C:25 =65.7% 216.F &0~ SO 202234 3,107 192 o5 6.7 71
3;5 s> 26 .C: + O LC=- ¢0 0732: oG39 224 21,0 2.0 45.0
S5C 35126 *80s1t &T+9 22=3%8 Te317% 1342 216 11.5 35.0 ECLD
ol 33227 =43.9% 42,8 2e= 2 e523% 425 49 24,0 28,0 27.0
S0 35:27 -10,0¢ P | 6=~ 45 »000% 183 224 Sepr-17T:0 -850
Gy B g -LL,44 157, 6C= °0 205264 2,721 15120260 27.0
S0 - 358327 265,09 139, 11=- 2¢C £e234¢% 3,250 167 1C.0 22.C 30.0
a1 - 35+20 87f.0% 23,5 30= &C 1.219¢ +124 185 Pes= 10 1350
25%¢ 35:29 Sl L0s% 25« 30 11,3874 620 219 108 2650 - 30,0
s%c 35320 100e1¢ 253.7 4%5- 86D 3 241+ 2.6°3 180 Bel 2e5 9.0
kb 35330 119.7¢ £87.8 45-120 12.508+12.67¢ €4 6.° Tag 11.0
o o5 35:7% 0074 84,1 90=180 2.,019¢ 2,270 150, T 77 2.0
556 35332 .74 T ce= 25 sonst - HJUAS 2%2 35,0 45,0 Se0
07 35:33 Lt st - 25« 28 1.04%¢+ 013 261 B8 19,0 27.:0
398 35:33 11.4% 10,2 36= &5 +031% 093 2990 13,0 29.D0 40 .0
98 35393 202.4% 21.3 3D 80 ST S g B S § g 7.8 2.0 - $1D
400 3S5:34 o0+ 116,59 Zé6- 45 3569¢ 2,790 20¢ 8- - 1303030



17

 §uf - YT (=/5EC) LtM) VR (Mr/SEC) PHI kKO (MICRCHMETERS)
- WINRSEC (DEG) MIMN BEST MAX

ACT1 5334 27C.0#% 220.4 2= 45 7e086¢ 5,259 210 Sell 15,9 Ce0
&02 35315 felg be6 “C= %6 02312 (%0 166 12.0 27.0 9$0.0
402 35335 140472 1211 45- 6C 11,5752 1.C76 16 45.0 46.0 SO.0
404 35:3¢ Ot ol 9= 90 1,333¢ ,775 258 Cel 220 53.0
&05 353327 30612 C1e4 22= 36 1.579% 1,028 2264 15,0 25,0 60,0
4C7 35:28 o0t o2 60- 60 o279¢ L0C1 90 11.¢ 2%.0 30.0
40 35338  T.78 643 16- 20 2098 LC17 196 12.0 35.0 45.0
409 35:7F ~11.%92 E23 11> 35 10878 A% 333 11.0 25.0 2s.p
41C 35:29 =3e62 50,0 45~ 60 12,1242 L6446 346 9.8 20,0 80,0
411 35229 =142.0¢ 117.6 ©°0=-130 8,817¢ 3,57 237 7.0 8.0 .8
412 35340 =31,8%8 23,9 &C= 60 1,137% 110 265 8.0 22.0 25.0
412 35:40 S5Ce72 497.9 60-17C 10,277+ Yokt 287 ok §.2 7.1
414 35:40 «Ct o0 60~ €0 se3lg 035 270 9.C 19,0 30,0
415 35:40 o4 o0 12C=120 1,991+ 1.473 237 €ol 6% 7.1
416 35:4C 29843+ 110.5 6C-120 L.O77% 1,467 261 Yl =502 118
417 35340 <=3L.0#% 27.1 36- 45 2.653%¢ ,715 1%6 12.0 S.0 200.0C
618 35:42 =244 292 &= 12 6334 203 118 Eef 2140 32.0
419 35:42 72.9% 17.7 12= 22 1.494% .32 318 15,0 16.0 40.0
1.2': 35:‘3 o{: ot {‘r' ,{J ."‘!2: o(? :LC 1?0:‘ :'?o 4”00
421 35:43 o:: g tC=- €0 P .'1 + 1£5 14 7e3 7.0 P B
422 35343 3.3 21.2 1t~ 20 sotly 5179 187 8¢2 15.0 22,0
‘?3 3::‘4 "011 ?.Q 25' ?U .141‘: 01’2 1.'4 LC.G l'n.g 4(‘.0
424 25:45 o0t 27,0 45~ 60 o540+ 42°7 204 %92 16,0 25,0
"":z 3::4() o’:i o( C(" "C or751 .Cl"(’ ?7'3 903 @.4 9.3
426 2Z5:46 0% «0 30~ 20 02322 .015 e 17.C 30.0 105.0
427 35:47 308 SE.C 60= 00  (FS08 235 30 .t 9.t 9.8
L2t 35:48 o4 of oC=- %0 o834 oC0S5 25¢ 2.8 200 25.0
420 3% 34§ O3 o0 90= S0 2,728% L£822 196 7.2 12.0 20.0
420 5535C 2eb% 175 26~ 45 siead DL 3D 15.0. 95.0 20,
A2 3531%0 -8t ol 13% 12 o8356% L1285 211 4B.0 S0.C 83,0
e 3585 O# o ©90= ¢0 sotiy 008 27D &0 70 2.C
433 35152 Toel2 152.7 €60~ 90 3,267+ 2.304 243 €6 8.5 10,2
Goh 35353 8sd% 24,1 9= 12 2964 L0460 297 10.0 22,0 80.0
433 35153 6.3% 6.0 22~ 25 o147% 107 172 35,0 S3.C 60,0
§36 35353 =32.2% 290, 18~ ? 12239 s 3%0 &7 6e1 21.0 28.0
43T 35355 o4 o0 45~ 45 w0672 LJ0E3 292 16.0 3%.0 40,0
38 35256 127.2% 31.0 12- 22 4,325+ ,L043 47 7e8 S0 200
ba% 35356 4 o0 - s B0 T376% (223 189 5,3 6e5 6.7
440 -35:87 Opor T hsl 125 o373+ 248 1860 23.0 65.0 100.0
FRERLETS, 1652 131 20= 36 1.264¢ .,169 245 7.0 8.0 0.5
hbs 35:59 el ] eC 6C= &0 selot by 66 1°5.0 15.0 40.0
447 36:00 3192 204 30- 45 1.021% .82 300 35.0 32.C 42.0
LL4 36:01 2702 10164 £C= 9C 242904 1270 249 720 - 110 4.0
4465 36:C1 o % ol OC~ S0 11,2638 084 388 €eC 7.2 10,0
G40 246302 169.2¢ 170.5 25- 4% Sec3ls 4,167 ¢0 60 £.0 %5
47 36:02 3668 28,1 60= %C 1,131+ 404 270 $SeS 7.9 g.C
448 36:03 Se1t sl 3058 o4h73¢ 023 226 11.0 43.0 50.0
450 36:C6 =92.6% 81.1 90-1%0 Te1234 2.287 246 7.0 Te? 2.C

ORIGINAL PAGE IS
OF POOR QUALITY



e R O R P I L A R
CRL BT R B
OO~V ULIN -

L I R

e —

S
MY ™MMOM

NN W

o= -4

CU L

-2 Y Ien %

™

CFoOwvrm™m

2O

<JWLJ(~J'~D-;

L
o o
.

-
-
—

-

4N

$11
36312
36213
36:15
36:1¢
3¢€:1C
36218
5€:20
36:21
36:23
346225
36:2

36327
36:27
36:27
-‘I.-z
36333
36236
35327
262838
36243
X6:343
.a/):loL
Tl -L[.
A4S
36:45
"A .‘C
36:47
35:47
7/. ._.?
36:54
Jé:54
36254
36:59
363259
a-308
=305
37:C¢
27:06
27:07
37:08
27:09
37:C9
37:11

vT (h/7SEC)
or: o ¥
"3"021 \.04
.C: .\-
-1’10‘,: (;70
03 ol
O3 o0
O oC
47 .5+ 44,5
.F: 1642
31.2% 27.C
=42.1% 35.¢
'9:.6‘ L}.I
-34.1’ dC.L
“11.8¢ 62,7
oC’" ..
.DE ol
-93:6% 1.1
-305001 4620‘0
32C.7% 2¢c.1
.04 o
93.3% 7046
135 3.9
’1:’031 ‘4(.0"
Ot oG
3202 147.7
=42 :2%¢ 39,
96.0% 23.:
0% o0
—6044 6.?
-17o:+ 2402
45,4+ 5,
o0 o0
04 0
7704310631
1.5: 2:0)
.04 o0
-253.4% 235,
"'6.?1 5701
1.0¢ 41.0
15.1% 287,7
135.9¢ 121,2
0% o0
_44-21 3703
04 ol
4CS.C* 342.5
.C* ol
66.0% SC.4
=6.3%¢ 83,6

YR (" /SEC)
4574 015
e554% 749
2415638 o575
s.él's- 2.074
20255% o079
(4333 017
«09%¢ oCCC
1,722¢ 775
e335% 172
.FC0%  .200
1.94%% L £01
T.276% 2.2%6
256% 007
1771¢% 1,660
0751 002
2723 0%
3073¢% 2.,2%°0
L.-31* 7.871
0256: 6.573
1.214% L0
2.213% 1,192
23772 5165
74254 8,37
LOL7F  ,z°3
10.31€% 9,473
2+143+ 1,5%1
1.532% 1.1°0
1.471% 1,107
1.?633 LE47
0)11: 180
o056+ L0119
1.735% 474
21 116
,.‘451 0..)1’
£.2013 2095
2#21.875
RE3% .377
1.22%+ 047
©.122% 7,301
©73% 1,042
2213 ,719
293% 4,600
+093+ 2,490
538 077
154% 275
1.559% ,Ce2
oS512% s i
s PI¥ - s ale
EeCt+ BE6

Phl

(pce)

-~
[ G

27C
123

)
300
121
27C
24°

‘53

ﬂ

¢C7

co

JraN
wWorn
wv

rJ
o
-

03 2 N N (D W L s

~n
~

N O~

LA BN I AN I S R o8 B o8 J

-
D TDDA'AN DA VITOOVINNINAAOWVMIOIOOWVDOONOD DONDOD W«

~

-

- e

—

~

E
IO DOMN VNIV DSOS O MaE N NDODRDNOAN MDD OGO M N~y

—

—_
OO0 QMOIODOAIVNOOOTOOOCCO

UG AT D T

N O~N09>

~

FhC (*ICRCH

EESY
14,0
SeS
17.°0
7.6
10,0
2.t
i
Y

7.2

-

. ..
DO

N W
OO0 Q

~ R - SR S T ST
OO ODONUDANDE 0D BNV O DOMN
. » . . » . " . L -

DN

OOOAONMWIMADQOODDVDWODOPPNDODDOOYOOWVN

(VAN N
9 = D

—

D -
A B RN B . T |

AP N e -
OO0 OV MO0 D A'ACMOD

—_
_ale dire el e HR(

VO SO AU -

- Y
oo
.



19

IV. DISCUSSION

In this section the results of this study are presented in graphic form.
The first three plots (Figs. 2, 3, U) show log VI, ¢ , and log p , respectively,
plotted against particle number. The particle number itself is a monotonic
function of time so that any trends apparent in these plots can be interpreted
as functions of time. In general, the particle parameters do not appear to be
strongly time dependent.

Figure 5 is a plot of log VI vs log p . A definite correlation between
velocity and size is apparent; the smaller the éarticle, the faster is its
transverse space velocity.

The final three graphs show the frequency distributions of log VI, log p ,
and ¢ (Figures 6, 7, and 8, respectively). The log VI distribution (Figure 6)
appears to be Gaussian-like. This distribution is not limited to any great
extent by instrument detectability; it represents the true velocity distribution
of the particles. The particle size distribution (Figure 7), on the other hand,
is limited by the detectability of the instrument. The minimum size particle
that can be detected is about 5 um in radius (for a detailed exsmination of
detectability limits, see Schuerman and Weinberg, 1976). Tinally, the frequency
distribution of ¢ is shown in Figure 8. The two strong peaks near 180° and 270°
suggest the anti-direction of at least two strong sources for the contaminants.

IVa. Suggestions for future study.

Beside providing directly the éize and velocity distributions of the
contaminant particles, this study illuminates other relationships which could be
expanded to determine' the origin and solution to eliminating the contaminant
particles. Figure 5 implies a relationship between size and velocity; the larger
particles travel more slowly. This would be true if the source from which the
- particles came needed a certain threshold energy (i.e. vibrational, thermal, etc.)

to dislodge them. If all particles from a given source were dislodged with tle
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same kinetic energy, the more massive particles would move more slowly. Also, it
would be of great interest to atbtempt to geomeirically locate the region of the
source of these particles on the spacecr:.ft surface. Such a study was previcusly
proposed to be incorporated into this work, but it was not funded. If the source
regions were identified, it would be interesting to apply the energy concept
mentioned above to see if the source regions had the same or different threshold

energies.
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Coronagraphic technique to infer the nature of the Skylab

particulate environment

Donald W. Schuerman, David E. Beeson, and Frank Giovane

Photographs tuken with the High Altitude Observatory's White Light Coronagraph (Skylab experiment.
5052) are shown to contain information on the sizes and velocities of contuminant particulates uround Sky-
lab, Sizes as small us b um (radius) are derived for particles as far away as 200 m from the spacecraft, ‘The
random error in the size derivation is about 30%, and no particle larger than 120 gm wuas observed.
Transverse velocities are determined to within 0,08 m sec™! and radial velocities to within 9 m se¢=!. The
5052 data bank contains about 3500 contaminated frames from which the nature of the Skyvlab environment

can be inferred,

. Introduction

The nature of the self-induced particulate environ-
ment of spacecraft is not well known due to a previous
lack of reducible, optical data. With the advent of
numerous Shuttle missions, it is imperative that the size
range, humber density, sources, and sinks of these
particles be understood because they may be the lim-
iting factor for optical and ir experiments.

The High Altitude Observatory's White Light Co-
ronagraph on Skylab (experiment number S052) pro-
duced over 35,000 photographs of the solar corona.
Approximately 10% of these frames contain evidence
of particulates in the environs of the spacecraft. The
contaminated frames now represent the only existing
large body of optical data relevant to the problem. This
investigation attempts (1) to define the S052 limits of
particle detectability, (2) to enumerate which particu-
late parameters can be inferred, and (3) to note the ac-
curacy with which these parameters can be found in
practice.

The S052 coronagraph was designed to observe the
K- and F-coronal components over the angular range
of 0.5-1.6° from sun center. A series of three external
disks and an internal Lyot disk was employed to achieve
a rejection factor (ratio of scattered light to the intensity
of the sun’s surface) of almost 10!V, The resulting
vignetting characteristics of the optical design were used
to advantage to suppress the extrcme radial gradient of
the coronal light to a net dynamic range of a factor of 16.
The plate scale is 482 & 3 sec of arc mm™1, so the focal

F. Giovane is with the U.S. Coast Guard, Research & Development
Center, Avery Point, Groton, Cunnecticut 06340; the other authors
are with SUNY at Albany, Space Astronomy Laboratory, Albany,
New York 12203,
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length f is 428 mm; the diameter A of the objective is
31.23 mm. A more complete description of the system
is presented by MacQueen et al.!

The actual film used in this pilot study is a first gen-
eration copy of eleven sequential S052 frames con-
taining particle tracks, This film, along with pertinent
instrumental data, have been provided by MacQueen,
the principal investigator of the S052 experiment. This
photographic sequence, initiated on day of year 159
(1973) at 0200 GMT, was selected only on the basis that.
it is representative of the contamination data.

li. Theory

A nearby particle moving within the field of view of
the S052 white light coronagraph registers as a track of
width a and length { on the film. The width of the track
is defined by the circle-of-confusion (here assumed
uniform) resulting from an out-of-focus point source
and is a measure of the particle’s distance L from the
instrument. Since the coronagraph is focused at in-
finity, a and L are related by

a= (AL fora 2 e, o {1
where ¢ is the resolution of the system. When L is less
than about 200 m, « is larger than e, and the particle’s
distance can be obtained directly from the film. The
two other space coordinates of the particle (X,Y) can
be found from the particle’s film coordinates (x,v):

X/L =x/fand Y/L = v/f. 2

The particle’s space velocity (except for sign) can only
be obtained if the track under consideration is entirely
contained within a single photograph. Then the length
[ of the track is known. Consider any two points on the
track separated by a distance on the film of Al. The
time At required for the particle image to traverse Al
is related to the frame exposure time T by
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aX () + 14 )
At = ﬂl‘ provided M «l (K1}
ANy oy
(32) +(2)
for both points on the track. The inequality holds ex-
cept for those few particles whose motion is mostly along

the line of sight. The radical and transverse space ve-
locities are then found by

1)

A X))+ F)2y 1/2
v o dbi v,-((“’ (.n)) :
At

(At)*

The transverse space velocity, in turn, is related to the
rate of image motion v across the film by

Vi
DS

L
It is this image motion which determines a\. effective
particle exposure time 7. At the center of the track an

elemental area of the film is exposed to the moving
circle-of-confusion of diameter a for a time

(5)

T8 = — —, (6)

The film density of the particle track thus depends on
7; the film background depends on the frame exposure
time 7.

Photometric measurements cf the particle track can
be used to derive the actual size of the particle. The
energy/area incident on the film in the center of a track
can be calculated if the spectral sensitivity of the system
is known. The wavelength response of the S052 coro-
nagraph is shown in Fig. 1. The monochromatic energy
response of the film due to an out-of-focus particle
image is then given by

E (N = const - O(X) « F(A) < 1,(N) « x(A/2) < t/m(a/2)?,  (T)

where O()) and F()) are defined in Fig. 1, and I,()) is
the particle irradiance. If Eq. (7) is integrated over
wavelength and normalized to the solar image through
the same instrument, it becomes

026-02 Response -F(A)
Solar Spectrum ~1g(4)

Reiative response

3000 4000 5000 6000 7000
A (Angstroms)

Fig. 1.  The spectral responses associated with the S052 White Light

Coronagraph. F()) is the film (026-02) sensitivity; o()) results from
F(X) < 15(X) - O(X).
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Fig. 2. The functions @ = log(a vs scattering angle parameterized

by particle radius for 2 um < p < 1000 um. The scattering cross

section ¢ (um”) has been calculated from diffraction theory and av-
eraged over the system wavelength response.
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The results presented in the next section confirm that
the particle irradiance /,,()A) is due to the scattering of
sunlight by particles larger than a few microns in radius.
For partic’: - of this size and larger, the scattering pro-
cess is well approximated by diffraction theory (Van de

Hulst?):
..Zl‘.
%0y anf
o l| ( r n )

1,(A) = [o()\) = 9
3 . L7 sin” 0 ’

W= (8)

where p is the radius of the particle, 0 is the scattering
angle, and J, is the first-order Bessel function. Com-
bining Eqgs. (1), (8), and (9), we find

= (l4“()
*TAV,'
where ¢ is the system-weighted average,

o 2
f L2 (ﬂ sinn) a(\)dA e
sin’ # A

(o) = : (1)
e fa(AdA

and o()) is the system response shown in Fig. 1.

The function @ = log;o(q) is plotted in Fig. 2 for
various values of the particle radius p(um). Since es-
timates of W and V, can be made from the film at sev-
eral values of # along a given track, ¢(p,0) is also deter-
mined experimentally. By matching log;o(q) with the
curves in Fig. 2, a particle size can be estimated.

(10

m——"
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both the backgrounds and central regions of the image
at. several positions along the track, and a scan of the
calibration wedge located in the center of each frame.
"The calibration of the step wedge in units of the sun's
surface brightness (Poland et al.?) allowed us to con-
struct density D vs log(E/E ) curves for both the 3-se¢
and 9-sec exposures; Eg is the energy per unit film
surface which results from an image of the sun. The
D-log (E/Eg) curves do not take into account the severe
radial vignetting function V shown in Fig, 3. Any
photometric measurement made within the annular
field of view of the coronagraph must be corrected for
this effect. Therefore, the quantity W, the midtrack
particle energy used in Egs. (8) and (10), is observa-
tionally determined by

_ E/Egttrack + background) = E/E,, thackground)

w
Vi

(12)

X once the E/E’s are obtained from the corresponding
i o (deg) density measurements and the D-log(E/E o) curves (see
i Schuerman and Weinberg! for specific examples).

.

Ep

Fig. 3. The radial vignetting tunction. V, the effective transmission

of the uptical system as function of angular distance from sun center,

must be included in the determination of the brighthess of each
particle track [Eq. (12)].

There exists a region of overlap in Fig, 2 in which the
exact interpretation of particle size is difficult for a track
which covers a narrow range of #. The angular depen-
dence of this effect is such that for § ~ 1°, the photo-
graphic response from a p = 10 um particle is approxi-
mately equivalent to one with p = 22 um, while for a
smaller scattering angle of say, 0.5°, this degeneracy is
well removed. The region of overlap shown in Fig. 2 is
the vestige of the oscillations of J1* in the integrand of
Eq. (11) and, because of the weight factor ¢(A), is unique
to the 5052 coronagraph, Since the coronagraph has
such a large bandpass, the averaging process [Eq. (11)]

keeps the region of overlap to a mininum. For a nar--

rowband instrument the region of overlap would be
much larger, and the oscillations in the individual curves
of Fig. 2 would be much more pronounced. It should
also be noted that since only diffraction theory is em-
ployed, no information concerning the chemical com-
position of the particle can be obtained. On the other
hand, the function @ is very sensitive to the projected
geometrical cross section of the particle, which, for ease
of interpretation, is considered a circle of radius p.

lll. Photographic Observations and Their Reduction

The sequence of eleven photos examined in this study
contains four 3-sec frames, four 9-sec frames, and three
27-sec frames. It was found that no tracks both started
and stopped on the 27-sec exposures. Those frames
were not considered further, since the locations of the
track end-points are crucial to size and velocity deter-
minations. From the eight remaining photographs,
sixty-one tracks were selected for analysis.

A Mann measuring engine was used to determine the
track length [. A scanning densitometer was employed
to obtain values of the track width a, the densities of

With a and W known on at least two portions of the
track and the length of the track known as well, the
theory of Sec, IT applies, and the following quantities
can be determined from u single track;

(1) particle radius—gp;

(2) characteristic distance of particle from space-
craft—L;

(3) transverse space velocity—V, = (Vx? 4 Vy2)l2
(without sign);

(4) azimuthal angle of transverse velocity—¢ =
tan~1(Vv/Vx);

(5) radial space velocity—V, (without sign).

An indication of the random uncertainties in the
above determinations can be found in most cases be-
cause any particular quantity has been overdetermined.
For example, scans of the track at two points are suffi-
cient to determine V, and V.. In fact, if the width of
the track does not noticeably change along its length,
only one scan is needed to determine V,, and V, is as-
sumed to be zero. In many cases, three scans of a single
track are used to determine ;. Once V, is established,
the same three scans are used to determine three values
of W, s0 a triplet of points is located on the scattering
diagram of Fig. 2. The extent to which this triplet lies
along a curve of constant p is indicative of the uncer-
tainty in particle radius. The measurements from any
one track thus yield two or three values of V, and p.
The spread in these numbers, when seen in the context
of a large number of particle iracks, indicates the pre-
cision with which p and V,; can be determined. The
same method is used for det¢rmining the uncertainties
inV,and L.

The p, V; plane makes a convenient format for the
discussion and presentation of the results for each track.
Not only can p and V, and their associated errors be
plotted in this plane, but the limit of particle detect-
ability can also be represented by this scheme. This is
because q(p,0) is proportional to WT'V,, as shown in Eq.
(10). At a fixed value of 0, the quantity WT has a
minimum value (WT),,;, below which no track can be
distinguishea. This minimum value is influenced by
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Fig. 4. The detectability limits for three scattering angles. Any
particle below the curves in the logp, logV, plane vill not be detected
by the system.

Fig. 5. A typical S052 photograph showing contamination tracks.

The support boom obscures part of the field of view on the left side

of th= frame; the step wedge is inset in the center of the occulting disk.

The matrix of white dots at the right are LEMs, which code the

housekeeping data. The nine contamination tracks analyzed in this
photograph are labeled A through /.

the vignetting function via Eq. (12) and, therefore, de-
pends on the radial position 6. We found the minimum
value of WT to be about the same for both the 3-sec and
9-sec exposures: (WT'),,i, = 9 X 10719/V(0). The value
of E/E (track background) — E/E (background) as-
sociated with (WT'),,,i, was 3.2 X 10~'° at a background
level of 1.8 X 107 for the 3-sec exposure. Thus a track
could be distinguished if its surface energy was 18%
greater than the background at a film density of 0.73.
By setting WT' = (WT),in in Eq. (10), detectability
limits can be established in the p, V, plane for fixed
values of the scattering angle. These limits, paramet-
erized by 0, are shown in Fig. 4. We define the system
limit to ba the bottom envelope of these curves.

One of the eight frames selected for study is shown
in Fig. 5. Itis a 3-sec exposure, the fourth frame of the
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eleven-exposure sequence. The occulting disk, with the
step wedge inset, subtends about 1.5 solar diameters.
The disk support is to the left and obscures part of the
corona. 'The matrix of bright spots on the right is due
to light-emitting diodes in the instrument which code
the housekeeping data. The nine particle tracks se-
lected for study are labeled A through /. The scattering
diagram associated with this frame is shown in Fig. 6.
Three points on tracks E and G were measured; only
two points were measured on the others. Each mea-
surement, labeled 1, 2, or 3 after the track letter desig-
nation, is represented by a point in this diagram. Lines
connect the points belonging to the same track. The
estimate of particle size is made by associating the
line(s) of a given track with the theoretical curves par-
ameterized by particle radius.

The results of all eight photographs are shown in the
logp, logV, plane of Fig. 7, along with the system limit.
It is evident that the bottom of the distribution of points
is interrupted by the system limit. The distribution
itself undoubtedly continues downward tc include
particles smaller than the system can detect. On the
other hand, if particles larger than 120 um truly are
present, they should be observable. Therefore, we in-
terpret the upper cutoff of particle sizes to be a real ef-
fect and representative of the spacecraft environment
at the time the pictures were taken. The upper bound
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Fig. 6. The scattering diagram associated with the photograph of
Fig. 5 for interpreting particle size. Each set of connected points are
derived from photometric measurements of the nine particle tracks
A through 1. The extent to which any set falls on a curve of constant
radius (um) is a measure of the uncertainty in the size of the
particle.
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Fig. 7. Plot of photographic results.  All particles that were unalyeed
are shawn in the logg, log ¥y plune along with the svstem limit.

on V;, on the other hand, arises because of the restric-
tion that a particle image must both start and stop on
the frame. It dues not represent the true velocity limit
of the contamination cloud.

A summary of all the derived parameters is presented
in Table I, In some cases, either a densitometer scan
was positioned incorrectly on the track, ur the track was
not distinguishable abuve the background so some of the
parameters could not be determined, These cases are
represented by dashes in the appropriate columns of
Table I. In that table the frames are presented in
chronological order along with the track designation,
The average radial velocity V, of each particle is shown
along with its standard deviation if two or more deter-
minations of V, were made. The column labeled L
contains the range of particle distances as determined
from measurements of the track width. The next two
columns specify the transverse velocity, The one
marked V, gives the magnitude and its standard de-
viation (where pessible), and the column labeled & gives
the track direction as seen on the photograph. The
reference direction for ¢ is shown by the inset in Fig. 5.
In that figure we have measured, fur example, the angle
i to be 88° or 268° for track F'. Since it cannot be de-
termined whether the particle was moving up or down
the track, we arbitrarily limit the range of angle to 0° <
¢ < 180°,

The last three columns include the best estimate of
upper and lower bounds to the particle size. These are
inferred from the scattering diagrams associated with
each frame. The average particle size as determined
from the best estimate column is 27 yum. Since the
sample is biased at least by the system limit, this num-
ber represents only an upper limit on the average of the
true distribution.

The standard deviations in the V;, and V', columns do
not. appear to be proportional to their velocity values,
so the precision of the velocity determination should be
expressed in absolute units, The average of the stan-
dard deviations of each of these two columns is used to
define a mean error associated with the reduction

method.  In this sense, the mean error in the determi-
nation of V is 0.08 msec—!, and for V. itis 8.9 m sec™!,
The average of the lower and upper limit columns
compared with the average of the best estimate column
suggests that the precision in determining particle size
is about 304, :

IV. Conclusions and Summary

From the S052 photographic data the following pa-
rameters are derived: the transverse space velocity to
within 0,08 m sec~!; the radial velovity to within 9 m
se¢~!; and the particle size to within 30% for those
particles closer than 200 m from the spacecraft, Since
the coronagraph cannot detect particles smaller thar
5 um in radius, the size average of the true particle dis-
tribution must be smaller than the 27-um average found
in this study. But the upper limit of 120 um seems to
be a characteristic of the true size distribution,

We have used techniques similar to those developed
here to investigate the S052 video data, Video data
exist for periods prior to actual picture taking: the TV
monitor was used to ensure that solar conditions war-
ranted and that spacecraft contamination permitted
photugraphy, The videv contamination data, which do
not have the step wedge calibration or the spatial reso-
Iution of the photographic data, have the advantage that.
the restriction of a track starting and stopping on a
given frame does not apply. The particle’s velocity is
determined from the video framing rate. The video
study? shows that the average transverse space velocity
is 1.2 msec™!, compared with the 0.1 msee~! found here.
The photographic analysis, therefore, is limited to the
slower particles.

Although in this paper we have not considered the
origin of the particles, the angles » of the particle tracks
with respect to the instrument could be used in con-
junction with spacecraft attitude data and particle ve-
locity te identify the location(s) of the contamination
source and thus to infer the chemical compuosition of the
particulates. It is the size distribution and chemical
makeup which determine whether spacecraft contam-
ination poses serious threats to the sophisticated sci-
entific experiments (particularly those operating in the
ir) planned for future manned missions. The applica-
tion of the techniques developed here to a much larger
sample of the S052 data, alung with the source deter-
mination discussed above, would be a major step in
understanding the spacecraft environment.
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Table l Photographlc Results

¥ p
v, L Vi Teack Particle radius in gim
Radial velomty Distance Transverse velocity  ungle Louwer Best Upper
Frame Track - (msee ) (m) (m su.") in deg l;mxt estimate limit
1-3 A 4.5+ 5,2 30-—40 U 1.33 + 0, O"3 141 ) 12 15
1-9 D 0.8 & = 16~21 0.061 + — 143 — — s
C 0.7+0.6 23-28 0.015 + 0.011 91 53 6 6
F 1.7+1.6 19-31 0.028 + 0.011 165 6 7 a)
G 2.3+ 6.0 37-49 0.080 « 0.022 105 6 3 10
H 0.6 + 3.3 21-30 0.063 + 0.048 150 bt 15 26
I 3.0 &= 21~25 0.037 + — 141 9 15 17
L 1.7+ 4.9 35—-42 0.077 + 0.051 120 7 12 17
J 0.8+1.6. 23-356 0,045 + 0.038 90 — } —
2-3 A 2,0 +— 31-36 0.007 + = 109 6 7 7
) B B 40-62 0,011 + — 92 6 7 -]
i C 19.6 + — 64-90 0.188 + — 137 70 100 130
| D 25.6 ¢+ — 81-126 0.392 + — 62 60 70 50
4 E 0.9 :0.8 32~35 0.069 + 0.012 134 6 10 20
F R 3d~=dd 0.192 ¢ — fat] 50 65 14
G 1.3+1.3 19-22 0.048 1 0.009 17 6 10 15
H 0.9 ¢ = 22-24 0.016 ¢+ == 166 5 H 6
I 1.5 s — 58-60 0.101 ¢+ — 50 T 12 20
2-9 J .2+3.8 69-86 0.065 + 0.02p 50 &} 7 iz
M 0.4 +— 43-=46 0,035 +— 87 10 16 27
L 5.0+13.0 1056116 0.166 + 0.042 45 13 20 26
' N 0.0 2 ~~ 4246247 €0.220 ¢ — 46 23 25 30
0 14— 3816 0.043 ¢ — 65 al [ o]
Q 1.2 ¢ = 2733 0.010 + — B8 [§] 7 7
T 5.2+ 1.4 26-57 0.043 + 0.018 164 25 35 15
P 7.3+18.0 3908 0.062 + 0.073 72 13 21 36
R 1.4+13.0 35-113 0.116 + 0.065 68 40 50 %3]
u. 11.3+13.0 42-128 0.190 £ 0.127 66 35 40 45
\'% 1.7+ 9.7 56~-118 0.162 + 0.033 56 12 18 25
. w 4.8 +4.6 75-1156 0.173 + 0,088 45 15 25 35
VA 31.0 + 89.0 =140 0.717 : 1.089 43 — 130 e
BB — 96 0.101 £ — 37 s _ —
' AA . 3.3 ¢ =— 121-151 0.317 ¢+ — 61 — - —
: X 3.2+85 53-88 0.072 + 0.018 49 7 13 20
Y 1.4+ 4.8 2944 0.071 + 0.049 69 35 45 56
3-3 B - 50 — 52 10 15 21
c¢ B4t 119-131 0.146 «+ = 45 50 60 70
A 1.4:+4.0 1720 0.063 + 0.024 139 30 35 40
D —= 44 B 50 12 17 25
E 21,1 4 — 38--41 0.035 + — 61 5 6 [
G - 89 — 51 7 16 20
3-3 F — 63 55 e 23 -
3-9 K 0.3+~ 88—-91 0.063 + — 68 — — -—
H 0.5 ¢ = 72-74 0.045 » — 54 30 35 40
J 5.3:0.2 68-101 0.086 + 6.006 53 12 40 hi
1 1.0+ — 113-119 0,063+ — 51 10 20 2h
L 0.7+ 04 67-71 0.030 + 0.011 45 o) 20 26
M 2.2+ 5.4 25-39 0.069 + 0.000 53 20 25 25
N 0.2+4.0 29-17 0.042 + 0.006 N %.] 7 13 1%
(0] — 258 0.344 «+ — 43 — — o
r 5.0 & — 36-82 0.232 + — 40 - — -
! Q 7.5 +=— 133-201 0,202 ¢ — 41 - —
R 5.9+ — 153181 0,098 « e 42 5 o] 22
T — 295 40163 ¢+ — 51 — — _—
S 0.3:5.0 30-60 0,082 « 0.081 54 25 50 76
4--3 D —_ 70 —_ 56 - ] -
C 5.1 +— 92-100 0.171 + = 44 23 28 30
A 5.2+ 6.5 37560 0.213+0.118 23 10 17 REs)
4-9 F — 90 0.0pY + — 43 — 30 .
E 0.5+ 20.0 54-163 0488 + 0,177 51 120 120 200
G — s 74 0.068 + — 43 — — o
Average 4.5 0.122 19 27 34
Average of the 8.9 0.083
standard devi-
duonh
i‘ 4Probably alower llmxt
“ n \
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