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STUDY OF THE FEASIBILITY AND DESIGN OF

AN ULTRAVIOLET DENSITY SENSOR CALIBRATION FIXTURE

1.0 INTRODUCTION

This report presents the results of a study conducted at Beckman Instruments,
Inc. for the National Aeronautics and Space Administration Flight Research
Center for the purpose of mathematically investigating the design parameters
of a calibration fixture for the ultraviolet density sensor. This study

was conducted under National Aeronautics and Space Administration contract

number NAS44855.

—— yeb-91 1

The study includes an analysis of the ultraviolet density sensor's optical
paths and its detectable energy levels from Rayleigh scattering over an
altitude range of 10 to 100 km, The optimum positions of aperture stops

and light traps in the calibration fixture as well as the required number

of aperture stops are determined for a signal-to-noise ratio of 100, A
mathematical analysis of Fresnel and Fraunhofer diffraction of the aperture
stops and multiple reflections in the light traps is also presented. A
scale drawing has been made of the density sensor's optical path which shows
the location of the aperture stops, light traps and scattering volume rela-

tive to the ultraviolet density sensor's instrument package.
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2,0 THE ULTRAVIOLET DENSITY SENSOR

The ultraviolet density sensor measures the atmospheric air density in an
altitude range of 10 to 100 km by monitoring the Rayleigh backscatter of an

illuminated volume of the atmosphere.

2,0,1 Optical Design of the System

The optical components of the instrument are illustrated in Figure 1. An
argon arc source is collimated by a parabolic collimating mirror and directed
through the aperture stop Ag 2 and out of the instrument package. The
centerlines of the source's collimated light beam and the detector mono-
chromator's field of view (FOV) intersect 200 cm from the aperture stops
Ag 2 and Ap o as shown in Figure II. The volume that is common to the
source's beam and the detector monochromator's FOV defines the scattering
volume. Light backscattered from the scattering volume that is directed
toward the focal mirror of the detector system passes through the aperture
stop AD,Z and is focused on the entrance slit, Sp, of the Fery prism mono-
chromator. The photocathode of a photomultiplier tube D, intercepts the

light in the wavelength band of 1800 to 2800 A as passed by the monochromator.

2.0.2 Source Intensity

The argon arc source dissipates the energy stored in a .25 uf capacitor bank
that is charged to a potential of 10,000 volts in 1 u sec. at a frequency of
2 cps. The resulting peak energy of each pulse is 10 megawatts., The amount
of energy an argon arc radiates in the bandwidth AAwhich extends from 1800

to 2800 A is approximately 9% of its total radiated energy over the bandwidth

1700 A to 1.4 microns.(l) Assuming at least 507 of the energy delivered to

N
]
=



the lamp is dissipated spectrally by the argon arc of radius a, the source's

intensity B, over a unit sphere is given by

= (10 x 100 watts) (.09) (.5)
B (4T ster) (A)) Tra¢

The bandwidth (A)\) from 1800 to 2800 A is 0.1 micron and the radius of the

source 0.1 cm, therefore;

B = 1.14 x 107 watts I
stero-p-cmé

2.1 Total Energy Rayleigh Scattered

The energy density E that is incident upon the center of the scattering

volume (Z-Z) where its cross sectional area is a maximum is given by

E = TB sin?@ (AN) watts/cm?

m2 II
where,
20 = median angle subtended by the source's collimating mirror.*
m = magnification of the source at the scattering zone (Z-Z'),

For a parabolic reflector, the magnification m of an object a distance d

from the reflector is approximately fad, where { is the image distance.

In the UV density sensor, d and‘ﬂ are the distances from the collimating
mirror to the source and to the scattering zone (Z-Z) respectively. Hence,

equation.II may be written as

* The source's collimating mirror is rectangular, therefore; O was deter-

mined for a circular mirror of equal area,
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E = T B sin6 (AN) dzu2 watts/cmz, I11

The total amount of energy that will be scattered Ep by Rayleigh scattering

in a volume V having a particle density N is given by

Er = E N VUR watts Iv
where,

G?g is the Rayleigh scattering cross section,

2,1.1 Scattering Volume

The scattering volume consists of two pyramids of approximately equal height
h which have a common square base of length b. The scattering volume is,

therefore; just twice the volume of a single pyramid or
v = 2/3 b2 h cmd,

The density sensors pyramidal volume has a 7.94 cm base length b and an

altitude h of 71 cm, These values yield a scattering volume of 2,98 X 103 cm3.

2.1.2 Rayleigh's Scattering Cross Section

Rayleigh's scattering cross section for anisotropic particles that are small

compared with the wavelength of the light being scattered is given by

0o, = 4T _2_"3_'4 2 6+3(n cm? (2)
RT3\ = 6-70 , v
where,
A = polarizability of the scattering medium

depolarization factor of the molecular scatterers,

Ca

The depolarization factor is due to the anisotropy of the polarizability of
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the molecules, The median depolarization factor for nitrogen as computed
from several experimental values(3) is .0324., The polarizability of a model
atmosphere(4) at 2400 A is approximately 1.93 X 1024 cm3 for the altitude
range of 10 to 100 km, Substituting these values into V gives a Rayleigh

cross section of

4 2
0p = &4 (2T 1.93 X 10-24 6 + 3 (.0324)
R 3 (2.4 X 10-5> ¢ ) 6 - 7 (.0324)

or,

T

R = 7.75 X 10726 cn2,

The total amount of energy that is scattered from the scattering volume as

a function of particle density is given from III and IV as
Er(S) = 1B sinZ0 (AN) (a2/42) N VOR. VI

2.2 Intensity Distribution Function for Rayleigh Scattering

Rayleigh scattering from a single scatterer has an intensity distribution

in the plane of incidence which can be represented by the function

F (@) =1/2 (1 + coszé) where, e is the scattering angle measured from

the incident beam after it passes through the scattering center as illustrated
in Figure III. This function limits the light intensity that is scattered

at @= 772 to one half the light intensity that is scattered at §= 0 or TT.

The energy E. of of a light beam of intensity I that is uniformly distributed

over an drea A may be expressed as

2-4




For Rayleigh scattering, the intensity distribution takes on the form
I F(F), therefore;

dEc = I-1/2(1 + cos?-g)dA. VII

2.3 Fractional Energy Rayleigh Scattered into the Monochromator System

The energy E. that is Rayleigh scattered over a sphere of radius R and into
a conep='"'j-_ 0 which fills the focal mirror of the monochromator, is given
by integrating the differential energy dE; over the area of the sphere that

lies inside the cone. The integral of VII with limits of 7 and T+ ¢ is
sl

E. = /1-1/2(1 + coszp)Z'/T'R2 sine dﬁ.
m
The total energy that is scattered over the sphere of radius R is given by

integrating dE; over the surface area of the sphere

v
ET(S) = JI-I/Z(I + coszls)Z’lTRz sin@dé .
o
The fractional amount of the total energy Rayleigh scattered that is received
by the monochromator system is given by a ratio of _EE___ ET(S), therefore;
T+ Eq(s)
TR2I J 1+ cosZ‘B) sinﬁde .
E. = T ' ET\S).
™
Rr21 ( (1 + coszé) sinédé
. . (-]
Integrating gives ,n..+4>
(cos§+ 1/3 cos3p)
"\_EC = ET(S)'
3 n
(cos e+ 1/3 cos ‘9)
o

Evaluating E. at the given limiis,
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o E. = 3/8(cos § + 1/3 cos3 § - 4/3) Ex(®)
since,
cos (T+ ) = -cos .
For small values of §
cosd ~ 1 -7,
and
sin f ~ ¢,

therefore;

Ec = 3/8 ¢ Ep(®)

2.4 Total Energy Rayleigh Scattered into the Monochromator System

Since the collimating mirrors and focal mirrors have the same focal length
‘ and are equidistant from the scattering zone, l/d sin ¢ = sin O or (ﬂld)¢ o~ sin O

for small values of ?. The energy scattered into the detector monochromator's

FOV for ¢ small is

2
- 3 sin“@ E (s).

o 5 din2 Er VIII

Substituting expression VI for the total energy scattered ET(S) into VIII

yields

Ec = 3/8WB sin%® (A)N) d*/ 44 NV 0 watts, IX

The energy that is incident upon the photocathode of the photomultiplier
tube Ep will be some fraction of the total energy Rayleigh scattered into
the monochromator's FOV E. due to absorption by the focal mirror and Fery
prism. Assuming an optical efficiency Q of the monochromator systewm where
Q is a ratio of the amount of energy incident upon its exit slit to that

‘ on its entrance slit, Ep may be expressed as

Z-0




Ep = 3/8TB sin“e (AN) d4/y* Cxv an. X

Evaluating X for an estimated monochromator efficiency of 60% in the 1800

to 2800 A bandwidth yeilds

Ep = 2.5 X 10724 N watts X1
where,
B = 1.14 X 107 watts/ster-u-cm?
@ = 0.433 radians
BN= 0.1p

d = 5.55 cm
L = 216 cm
= 2.98 X 103 cm3
= 7.75 X 10-26 cm?

= 0.6

2,5 Extreme Values of Energy Incident Upon the Photocathode Ep

The ultraviolet density sensor is designed to measure the particle density
of the atmosphere in an altitude range of 10 to 100 km. Since the particle
density N of the atmosphere is directly proportiomal to the altitude, the
range of Ep will be evaluated with representative values of NG) at the
altitude extremes of 10 and 100 km., At 10 km and 100 km, the particle
density is 8.6 X 1018 and 7.8 X 1012 particle/cm3 respectively, Evaluating

Ep at these extreme altitudes gives

Ep = 2.15 X 1072 watts at 10 km -]

N
v

and

-11

1.95 X 10 watts at 100 km,

Ep
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The energy Eq of a quanta having a wavelength of 2400 A is 8.25 X 10-19 watt-

sec, Incidence rates of quanta on the photomultiplier tubes photocathode is
given by
Ep/Eq.

Using the values of Ej given in XII, the extreme rates are

2.6 x 1013 quanta/sec. at 10 km
and

2.36 X 107 quanta/sec. at 100 km.
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3.0 CALIBRATION FIXTURE FOR THE ULTRAVIOLET DENSITY SENSOR

The ultraviolet density sensor must be calibrated in a vacuum chamber which
simulates the atmosphere over an altitude raten of 10 to 100 km, Detection
of the energy Rayleigh scattered into the monochromator system of the density
sensor with a signal to noise ratio S, places a limiting requirement on the
energy level of the unwanted stray light that may enter the monochromator.
Assuming all stray light originates from scattering on the surface of the
density sensor's collimating mirror and fused silica window, the vacuum
chamber must be designed such that a given S is satisfied over the 10 to

100 km altitude range.

3.1 Signal to Noise Requirements

The energy Rayleigh scattered into the monochromator system is a minimum
at an altitude of 100 km. The energy incident upon the photocathode of

the density sensors photomultiplier tube at this altitude is given by
E, = 3/8TB sin% (A)) @*/¢H Tz vaN X

evaluated at 100 km or

Ep(100 km) = 3/8TB sin®® (AN) (d4/f* Gy VON(100 km)  XIII
where,
N(100 km) = particle density of the atmosphere at an altitude
of 100 km.

If the signal to noise ratio is S, the maximum amount of energy which falls

on the detector E; due to stray light is

Ey = (1/S)Ep (100 km) XIV




‘ It is required that Ep be smaller than Ep and the value of S be substantially

larger than one.

3.2 Energy Levels of Reflected Stray Light

Consider the energy level of light scattered from the surface of the colli-
! mating mirror after n reflections from i surfaces each having reflectance

Ri. If the source's beam travels a distance L; between reflecting surfaces

where,
Lo - distance from the collimating mirror to the first surface
Ly = distance from the first to the second surface
Lp = distance from the second to the third surface
| L, = distance from the nth surface to the focal mirror

the energy denmsity of reflected light Er p in the bandwidth A\ that is

incident upon the focal mirror after n reflections is given by

2 n ()
n,2
Een =Q'B sin®0 (A)) Rjd°( L, + 2. L L _ai‘fl
i=1 i=1 i XV
where,
-fli = total solid angle subtended by the light reflected from

the 1P surface*
-f11+1 = solid angle the i+l surface subtends from the 1th gurface

Q' = fractional source energy scattered by the collimating mirror.
The reflected energy ER,n that is incident upon the photocathode of the
monochromator's photomultiplier tube is given by
-1
* If the i"" surface is a plane, the reflected light would have a hemi-

spherical distribution and«}s would equal 2T,
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Egon =FErn Qi XVI

where,
Ap = area of the focal mirror
Q = optical efficiency of the monochromator system,

Combining XV and XVI gives

n
ER,n = Q Q' AyTB sin?@ (AN)R] (dz/Lz)iql'l i+l XVIT
i
where,
n
L = total pathlength of the stray light = L, + EE: L.

i=1
But Ep , must be less than or equal to Ep to satisfy the noise require-
3

ments, This may be expressed mathematically by

ER,n £ Ep- XVIII

Combining XIII and XIV, XVIII may be expressed as

N0
T

Q Q' A,T'B sin20 (AX)R?(dZ/LZ) ?[1
n i

< %%"B sin0 (AN)(d4/4%) T3 V Q N (100 km).

Cancelling terms,

L

= 22!2.2_?. i;TRv%' 1 N(100 km). XIX
12 8 SAnQ' |

3.2,1 A Single Reflection of Stray Light

For a single reflection from a region on a planar surface that is equi-

distant from the collimating 2nd focal mirrors,
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nes

R 20 42 e
L £3sin@ d7 gy 1 N (100 km).
2 8say g¢ } @, ¢ )

where,
L/2 = distance from the reflecting surface to the focal mirror
-Lll = total solid angle subtended by the reflected light
.le = solid angle subtended by the focal mirror from the reflecting
surface,
2 may be expressed as
0, - Ao
(L/2)?
and
L o,
therefore,
Ry . 3T sin?e a? @, v N (100 kn).

v 4
L4 16 S Q Am Q

The total path length that is required to reduce the energy of the stray

light to an acceptable noise level is given by

L= [.1_6__ SQ' AR 1M
3T sin2 42 G N(100 knm) | XX

where, the stray light has undergone a single reflection. Evaluating XX

for a 5 cm square focal mirror and a reflectance of .05 gives

L >1.3X 104 meters
where,
S = 100

Q' = 0.25
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A = 25 cm2

m
{ = 216 cm

Rg = .05

@ = 0,433 radians
d = 5,55 cm

0p = 7.75 X 10726 cn?

N(100 km) = 7.8 X 1012 cp3

This prohibitively large value of L requires that the extended energy of the
source be trapped in a region that lies out of the FOV of the monochromator

as illustrated in Figure IV,

3.2,2 Trapping Reflected Stray Light

Since the collimating and focal mirrors are potential scatterers with FOV's
which include and are greater than the source's and monochromator's FOV's
respectively (see Figure IV), the source's light trap Tg must include all of
the collimating mirror's FOV and still be isolated from the FOV of the focal
mirror. To be certain that the FOV of the focal mirror is optically black,

a light trap T must terminate it also,

Isolation of the collimating and focal mirror's FOV's as illustrated in
Figure IV would obviously occur at some prohibitive distance from the aper-
ture As,2 and AD,Z which would also result in a prohibitively large value
of L. The placement of rectangular apertures As,k and AD,k where k = 1,2
and a straight edge As,o and AD,o along the FOV of the source and mono-
chromator respectively as illustrated in Figure IV, reduces the FOV's of
the collimating and focal mirrors to a minimum without interfering with the
scattering volume,
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Figure V (a folded drawing) is a scale drawing of the optical paths of the
UV density sensor. The collimating mirror's FOV is restricted by the aper-
ture stops Ag,o, As,l and As’z. Likewise, AD,o’ AD,l and AD,Z define the
focal mirrors FOV. These two FOV's are isolated from each other at the

point P. The distance from P to the scattering region (Z-Z) is approximately
280 cm. P' is located at a point where the FOV's are separated by 1.25 cm
and (Z-Z)P' is approximately 316 cm. The opening of the light traps Tg and

Tp are placed at P' such that they have a common edge as shown.

The fractional source energy that will be scattered by the fused silica
window will be less than 107 of that which is scattered by the collimating
mirror, therefore; its contribution to the unwanted stray light is assumed

to be negligible.

3.2.3 Multiple Reflections of Stray Light

Assuming that a light beam entering Tg travels a distance of 100 cm while

encountering n reflections, the total pathlength L would, therefore; be
L =2 (532) + 100 = 1164 cm,

The minimum number of reflections that are required in T; to reduce the

reflected energy ER,n to some value that is less than or equal to E is

given by
B _3 sin®e a2g v 2 [
1 .3 sin’@ v N (100 km
12 8 sa,q Q% R (L Worwe: ( ) XIX

evaluated with L equal to 1164 cm,

Assuming all of the light that is reflected in Tg remains in T until the

final or ngb reflection



'fLi _AJQ-n

1=l Nyyy o
where,
-fl.n = solid angle subtended by the light reflected from the nth
surface
‘[ln+1 = solid angle subtended by the focal mirror from the nt? surface.

th

For a uniform reflectance of .05 in Tg and assuming the n™" surface is planar

and located a distance L/2 from the focal mirror, XIX may be written as

25 42
3 sin“® d 2 4
n — ——— et —
o5)® § s & Y A L* N(100 km). XXT

Evaluating XXI yilelds

(.05)" < 1x 10710,
therefore,

n>9,
Thus, nine or more reflections of the stray light scattered from the colli-
mating mirror will attenuate its energy to the acceptable noise level in
the case where the beam travels a total distance of 100 cm while inside Tg.
Attenuation of the source's collimated light beam would require ten or more

reflections. This may be found by setting Q' equal to one in XXI.

The energy of all light at the edge of the light trap T, which is common to

both Ty and Tp must also be investigated.

3.3 Fresnel Diffraction

There is associated with each aperture stop some Fresnel diffraction of
the stray light leaving the surface of the collimating mirror, since each

side of the rectangular stop is analagous to a straight edge. Figure VI

(58]
'
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illustrates a light beam of intensity I, and wavelength‘x that is incident
upon a straight edge which lies a distance £ from a point source. The rela-
tive intensity of the light I/I0 falling on the screen a distance h from the
straight edge is a function of its vertical distance S above or below the
straight edge and is given in Figure VIII by the Cornu spiral.(6) The func-

tion which yields the distance v to be measured along the spiral is

v = s [2(ER)
th

where, S is the arc distance of the light beam above the straight edge.
For S40, the relative intensity I/I, is directly proportional to v, If

vy <« £+ h, v may be expressed as

v = & 2(£+h)
£+h | fh . XXII

The relative intensity along the edge of the collimated beam where y = o

(therefore, v = o also) is 0.25 I/Io independent of the distance f and h

and the wavelength of the light being diffracted.

3.4 Energy Levels of Fresnel Diffracted Stray Light Reflected from the

Common Edge of T, and Tp

The source light beam is collimated by three aperture stops As’o, As,l

and Ag 2 as illustrated in Figure V. But, the collimating mirror's FOV is
restricted by the aperture stops Ag,o and As,l‘ To determine the relative
intensity of diffracted stray light at the edge that is common to Tg and Tp
requires computing (I/Io)As,o for a given distance y,. The distance Y, in
this case is the distance from the edge of the collimating mirror's KOV to

the common edge of Tg and Ty. As,o is located 194 cm from the collimating




mirror and 338 cm from the edge that is common to the light traps Tg and Tp.

Evaluating XXII for £, = 192 cm, h, = 340 cm and a maximum wavelength of 2800 A

at Yo gives

v =-(8.75) y,-. XXIII
This value of v, when applied to the Cornu spiral will yield a relative
intensity at the common edge of Ty and T due to the diffraction effects

of As,o'

The net relative intensity of the source beam at the common edge of T, and

Ty due to Fresnel diffraction is, therefore;

I
( I, )As 0" XX1V

The general expression of the energy E, of the source's beam which may be
incident upon the photomultiplier tube photocathode after a single reflec-
tion from the common edge of Tg and Tp is given by the product of XVII and
XX1IV as,

) . 2 a2 L,
Ee =Q Q' A, T B sin“@ (AN) iz RIH <I/I°)As’o .

3.5 Reducing the Energy Levels of Fresnel Diffracted Stray Light Reflected

from the Common Edge of T, and T,

The energy level of diffracted light that is incident upon the photocathode
of the photomultiplier tube must be less than or equal to the maximum allow-

able energy level of incident stray light.

Ee £ En,
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therefore;
2 0N
' .2 d 2 <I/
QQ Am"BSMQ(A\)'fz—R—Ql I°)As,o

a4

i

Cancelling terms and solving for the relative attenuation due to Fresnel

é.é.qr B sin%9 (AN)

25 0"g V Q N (100 km).

diffraction yields

(I/I ) = _38_].'__ nzg dz R V N(IOO km)
o
A

s,o 88 Q% A RQ' XXV

2421,
d,
The solid angle the focal mirror subtends 112 from the common edge of Tg

and Tp 1s Ap/(L/2), therefore, XXV may be simplified to

3 sin%e g2 Og V N (100 km) 4
Aoy, € 552 G g "B oy
m

Evaluating XXV gives

(I/Tg)pg o % 1.5 X 10-20 14 XXVI
where,
121 = 21Ir steradians
(To/Dp, o = (8:6X 1072y~1
R = .05
d = 5.55 cm
[, = 216 cm
N(100 km) = 7.8 X 1012 cm™3
@ = .446 radians
A, = 25 cm?
R = 7.75 X 10726 cn?

A

S = 100

3-10



Examining the case where the aperture of T 1is located a distance of 532 cm
from the plane of the mirrors, (I/IO)A must be less than or equal to
S,0

1.9 X 10-8,

For this case, y, must be less than or equal to -1.77 cm which is the total
separation of the FOV of the two mirrors at P'. Inserting the maximum value
of y, into XXIII yields a value for the arc length on the Cornu spiral of

v = -15.5,
The relative attenuation of the Fresnel diffracted stray light at the common
edge of Tg and Tp which is coincident with the edge of the focal mirror's

FOV at y, = -1.77 is
(1/Io), = 2.1 X 1074, XXVII
5,0

The attenuation of the diffracted light is therefore inadequate at

Yo = -1.27 cm,

The energy of diffracted stray light reflected from the common edge of Tg
and Tp may be reduced by increasing the distance from the aperture of Tg
and Tp and the plane of the mirrors L/2., The slope of the divergence of the
inner edges of the FOV of the two mirrors beyond their intersection point P
(see Figure V) is 1/70., Increasing the distance between the light traps and
the mirrors such that L is 3150 cm, the value of y, must now be,

Yo £ (3150/2 - 35) 1/70 = 22 cm
since, the distance from P to P' is 35 cm. Inserting the maximum value of
Yo into XXIII gives an arc length on the Cornu spiral of

v = 192,
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The relative attenuation of the diffracted stray light is now

~ -6
(I/IO)As,o 1.37 X 107°,
Inserting the new value of L into XXVI yields
(1/Ig),, € (15X 10-20) (3,15 x 103)4 = 1.48 X 1076,
0

Thus, the calibration fixture must be housed in a 15.75 m long vacuum
chamber (excluding the light traps Tg and Tp). The chamber may be shortened
if the common edge of T; and Tp is extremely sharp and Tp sufficiently

attenuates all diffracted stray light which enters its aperture,

3.6 Optimizing the Position of As,l

The relative attenuation of Ag ] is dependent upon Y1 and the distance f1
and h1 from As,l to the collimating mirror and to Ty respectively. Since
it is desirable to keep the aperture of Tg as small as possible, the posi-
tion of As,l must be chosen such that the required distance from the outer
edges of the collimating mirrors FOV to its respective outer edge of Ty is
a minimum. An examination of XXII for the three cases f<<h, £ = h and

£>N h shows that v will be a maximum when f>>h.

The optimum position of Ag 3 would, therefore, be as near to the scattering
zone as is physically possible. Positioning As,l where the distance
between the sources and the detectors collimated beams is .635 cm yields

values of f1 and hy of 138 cm and 394 cm respectively.

3.7 Locating the Outer Edges of Tg

The conergy of stvay light that is diliracied by As,l and reflected from the
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outer edges of Tj may be treated in the same manner as was the edge common
to Tg and Tp. Since the distance from the mirrors to the outer edges of Tg
has been established in Section 3.5, the required distance y of the outer
edges of Tg from their respective edges of the collimating mirror's FOV
must be determined. XXVI evaluated at

L = 3150 cm,
gives

(1/To), | £ 1.48 X 1075,

This relative intensity requires an arc length on the Cornu spiral of
v = 185,
Ag 1 is located 138 cm from the collimating mirror and 1437 cm from the

aperture of T;. Evaluating XXII and solving for y gives

y = 83.5 cm
where,
f =138 cm
h = 1437 cm
v = 18
A= 2800 A.

3.8 Attenuating the Energy Levels of Fresnel Diffracted Light Incident Upon

AD,o

The sources beam is collimated by the aperture stops A; ; and Ag 2 before

b
entering the scattering volume (see Figure V)., The collimated beam will be
diffracted onto aperture stop Ap o by Ag,1- The required relative intensity

of the diffracted light that is incident upon the surface of Ap o and
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reflected into the focal mirror's FOV is given by XXVI generalized for n
aperture stops in the source's beam

n
(11 < 1.5 x 10720 14, XXVIII
Kel ( O)As,k

The diffraction term may be separated into two terms

n
r -20 14
k2 (T/To)Ag (I/Io)As’lé 1.5X 1074 L XXIX

since, As,k’ where k = 2,3, ..., n collimates the beam and yields a relative
intensity of the source beam of 0.25 along y = o. Ag 1 diffracts the energy
incident upon it onto A , a distance y from the edge of the source's beam

’

with a relative intensity that may be found from the Cornu spiral.

Evaluating the arc length from

s N f1 2 (f1 + hy)
f1 + h1 -;I—EI———‘ XX11

¥y, = -2.22 cm

f1 = 138 cm
hy = 53.8 cm
\ = 2800 A
v = -69.
Therefore,

(1/To)y | = 1.06 X 1072

I
Inserting this into XXIX along with the attenuation of the n-1 aperture stops

located along the source's beam between A; ; and A, 9 and including A_ - gives

o
S5,c
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(0.25)% ¢ 3 X 107° XXX
where,

L=2 (f1+h1) = 383.6 cm,
Evaluating XXX,

n > 8.
Thus, seven aperture stops are needed between As,l and As,2 (as illustrated
in Figure V) to reduce the intensity of the Fresnel diffracted stray light
reflected from the inner edge of AD,o to the minimum acceptable noise level

at the photocathode,

3.9 Selecting a Chamber Length

The 15,75 meter long chamber is required if the Fresnel diffracted stray
light undergoes a single reflection from the common edge of Tg and Ty in

its total path between the collimating and focal mirrors.

Examining the 5,32 meter chamber illustrated in Figure V shows that the
common edge of Ty and Tj is out of the focal mirror's FOV, therefore, stray
light reflected from it must undergo more than one reflection to fall upon
the focal mirror. Evaluating XXV for the case of n reflections

14

(1/1), < 1.5%x 10720 L7
5,0 (.05)m XXXT

The relative attenuation of Fresnel diffracted stray light by Aj  at the
s

common edge of Tg and Tp is 2.1 X 104 as given by XXVII.

Evaluating XXXI for the 5.32 meter chamber and solving for the required

number of reflections gives
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(.05)% < .915 X 1074,

therefore;

n=4,
Thus, a total of four reflections of the Fresnel diffracted stray light
which falls upon the common edge of Tg and Tp will attenuate it to the
acceptable noise level. To insure multiple reflections of stray light
entering the focal mirror's FOV, aperture stops should be provided between
AD,l and AD,Z as shown on Figure V. The exact number of required stops
will depend on the cross sectional area of the chamber and must be deter-

mined experimentally.

Fresnel diffracted stray light will also enter the aperture of the focal
mirror's light trap Ty in the 5.32 meter chamber. If the geometric con-
figuration of the light trap is such that the angle of incidence of stray

light falling upon it is low, the trap should remain sufficiently black.

3.10 Location of the Outer Edges of T in the 5.32 Meter Chamber

The location of the outer edges of T; is solely dependent upon the maximum
allowable energy level Ej of Fresnel diffracted stray light that may be
reflected from it. The energy level that is reflected from the outer edges

E0 is dependent upon the distance y1 from the outer edges of the collimating
mirror's FOV to their respective edge of the light trap Tg. Since y1 may take

on any value, it must be found from the inequality
1/1 < 1.5 X 10720 14, XXVI
@ o)As,l

For a 5.32 meter chamber
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pa -8
(I/IO)AS ]._. 1.9 X 10

’
since,

L = 1064 cm,
This relative intensity requires an arc length on the Cornu spiral of

v >200.
This would require a separation between the outer edges of the collimating
mirror's FOV and their respective edges of Ty of

y >36 cm,
The outer edges of the source's light trap Tg is out of the FOV of the focal
mirror, therefore, the assumption that a single reflection of the Fresnel
diffracted stray light from its edge will cause it to fall upon the focal
mirror is false. The required number of reflections of the stray light after

being reflected from the outer edge may be determined from XXXI

14

(I/Io)As’lﬁé.(l.S X 10-20) 058 °

In this case, however, the optimum distance between the outer edges of Tg
and the collimating mirror's FOV must be used to evaluate the relative
attenuation of the Fresnel diffracted stray energy at the edges. Also, L

would have the value of 1064 cm for the 5.32 meter chamber. Hence
-8 -1
s,

3.11 Stopping and Trapping the FOV of the Focal Mirror and Detector

Because of the symmetry of the focal and collimating mirror's FOV, the focal

' R
nd the monochromator's FOV mav be troated in the came manmer

- v ey~ - -

as the sources, The apertures Aj q where q = 0, 1, ..., 9 are primarily for
b ]
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the restriction of the focal mirror's FOV, It is also necessary to place

other apertures ag; and a, along the FOV of the two mirrors as illustrated in
Figure V to prevent the generation of stray light along the walls of the
calibration fixture by reflection. These apertures need not contribute to
the collimation of the FOV's or attenuation of diffracted light. The aper-
tures ag trap the stray ligﬁt which may originate from the scattering in

the source's envelope or housing. Stray light entering the detectors leading
apertures AD,3 or AD,4 at angles other than those which are coincident with
the FOV of the focal mirror will likewise be attenuated by ap. Their number

and spacing is dependent upon the calibration fixtures physical size as was

mentioned in Section 3.9.

3.12 Design of the Light Traps Ts and TD

The Rayleigh horn is recommended for the light traps Tg and Tp. Figure IV
illustrates the optical paths of the calibration fixture with the Rayleigh
horn light traps. The interior surface of the horn must be smooth. Also,
Tg must be free of any macroscopic disfigurations which may scatter stray

light into the system.

3.13 Fraunhofer Diffraction

The aperture nearest the collimating mirror, Ag j also diffracts the source's
collimated beam by Fraunhofer diffraction. The intensity distribution of
Fraunhofer diffraction is giveﬁ by
. Z(Tb sin & ')
sin A

I~ (’kb singf
AN \l\ /
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where,
b = length of one side of the square aperture AS,Z
"\ = wavelength of the source's beam
= angle subtended from the center of the aperture to a point on a

screen where the central ray's intensity is I.

The angle subtended from the central maxima to the first minima of the
Fraunhofer diffraction pattern is given by

Tb sin &

—Lns - T,
therefore,

csin~! A

A =sin + -

Evaluating the maximum value of A for an extreme wavelength of the density

sesnor's bandwidth gives

o =5,6X 10'6 radians

where,
\ = 2800 A
b=5 cm,

The length w of the central maxima at the entrance to Tg is given by

w=2(a/2) =X a

where, a/2 is the distance from the collimating mirror to the entrance of Tg.

Evaluating w for the 5,32 m chamber;
w=2.9% 103 cm
where,
a = 532 cm.

The width of the aperture of Ty is greater than 18 cm, therefore, Fraunhofer
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diffraction effects are negligible in the 5.32 m calibration fixture.

3.14 cCalibration Fixture Interior

It is important that the edges of all apertures and especially the common
edge of Tg and TD be as sharp as is possible, Also, the total interior of
the calibration fixture including its light traps and apertures must be
coated with an optically black paint that will insure a reflectance that

is less than or equal to .05 in the 1800 to 2800 A bandwidth.

3.15 Optical Paint

A paint recommended for the calibration chamber is the Minnesota Manufac-
turing and Mining Company's "velvet coating.' This paint has a reflectance
which ranges from .01 to .05 at angles up to 70° from the coated surface's
normal. Its maximum reflectance at grazing incidence is 0.17. Calcula-
tions in this report are based on a reflectance of .05, which is a generous
figure since the incident angles of all light in the collimating mirrors
FOV excluding TS is near zero. Figure VII shows the reflectance of this
paint in the wavelength range of 2500 to 3600 A where the angle of incidence

. o
is 57,

The calibration fixture must be evacuated to 10'4 torr to simulate conditions
at 100 km. Velvet coating will easily satisfy these vacuum requirements,
Its manufacturer reports a 17 weight loss for velvet coating after 7 days

in a vacuum of 4.5 X 10"8 torr at room temperature,
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4.0 CONCLUSION

The required length L/2 of the calibration fixture's vacuum chamber for
adequate attenuation of stray light scattered from the surface of the colli-
mating mirror and the fused silica exit window is dependent primarily upon
the scattering coefficient Q' of the collimating mirror assuming the exit
window's contribution is negligible, the number of refelctions n of the

stray light from surfaces within the fixture having a reflectance R and the
relative attenuation of the stray light Fresnel diffracted by Ag (I/Io)As,o
onto the common edge of the source's and detector's light traps Tg and Tp
respectively. The relationship between these factors is shown by evaluating

XXV in terms of Q', n, R and (I/IO)AS o for the general case of n reflections
3
20 1/4
S ' n
L> [(2.66 x 1020 ' R (I/IO)AS’O] :

If the scattering coefficient of the collimating mirror is zero, the only
requirement of the calibration fixture would be to trap the source's colli-
mated beam and its length would be defined by the distance to the point of
separation of the FOV of the two mirrors. Also, since R4£1, a large number
of reflections will relax the requirements of L. But (I/IQ)AS,o is inversely
proportional to L, therefore, a compromise must be made between the number

of reflections the stray light scattered from the collimating mirror of given
Q' must encounter before falling upon the focal mirror and the length L/2

of the calibration fixture's vacuum chamber.

A single reflection of the stray light from the common edge of Tg and Tp
requires a chamber lengih of 15,75 meters. Increasing the number of reflec-

tions to a total of four allows a reduction in the chamber's length to



5.32 meters. It is recommended that the 5,32 meter chamber as illustrated
in Figure V be fabricated, since all reflecting surfaces lie out of the
monochromator's FOV with the exception of the light trap Tp. Stray light
entering the Rayleigh horn trap Ty will be incident upon its surface at near
grazing incidence and therefore be attenuated by multiple reflections in

its tip.

The energy level of stray light produced by the ultraviolet density sensoxr
can be attenuated in the 5.32 meter calibration fixture to a noise level that
is 10'2 times the energy of the light that is Rayleigh scattered into the

density sensor's monochromator system at 100 km by the following technique-

1. Minimizing the fields of view (FOV) of the collimating and focal
mirrors using the aperture stops As 1° Ag 9, AD,l and Ap 5 and
’ 2 ’

the straight edges A;  and A | as shown in Figure V.,
3 3

(o}

2, Trapping the FOV of the collimating and focal mirrors at some point
beyond their point of separation in separate Rayleigh horms as

illustrated in Figures IV and V.

3. Stopping the source's collimated beam with a total of nine aperture
stops to reduce the level of energy diffracted onto AD,o and the
generation of stray light by diffraction from As,l and Ag 5, and

reflection from the walls of the fixture,

4. Placing aperture stops Ap 3, AD,4’ cees AD,9 in the focal mirror's

L - 13 ~Alis= - <
L Lipiie Cuucrlng AD’]_ Cff

FOV to attenuate the euergy ievel o
axis to the FOV of the focal mirror by multiple reflections between

the aperture stops.



5. Supplementing the aperture stop As,k and AD,q where k = 1, 2,
veey 9and q =1, 2, ..., 9 with stops ag and ap that serve as
additional reflecting surfaces to assist in the attenuation of
stray light, Figure V shows the gemeral location of these stops.
Their number and spacing must be determined experimentally in

the calibration fixture,

6. Separate the sources aperture stops A  ; and ag from the detector's
?
Ap q and ap by a partition extending from the interface of the
3

calibration fixture to the point of intersection of As,l and Ap 1.
]

7. Sharpen the edges of the aperture stops As,k and AD,q where,
k=0,1, 2, ..., 9andq =0, 1, 2, ..., 9 and the common edge of

the light traps T  and Ty.

8. Coat the interior of the fixture and all its components with a
paint having a reflectance that is not greater than 0.05 in the
wavelength region of 1800 to 2800 A and a vapor pressure lower than

1074 torr.

The assumption that the scattering of unwanted stray light by the fused

silica exit window is negligible is 