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INTRODUCTION

A space project which has been receiving increasing consideration
recently in this country is the concept of establishing a permanent,
manned space laboratory orbiting the earth. In genmeral, capabilities
of such a satellite will imclude the abilities of "growing”, maintaining
& constant position, and changing to a new position when desired. Useful
tasks that the satellite might be expected to perform include weather
observation, space exploration, communications, and enemy observation.

There are several factors which create a need for a system of
ferry vehicles to operate between the earth and such a satellite. In
the first place, a satellite of the versatility described would be a
cowplex structure, too large to laumch from the earth im ome umit.

Ferry vehicles would allow the satellite to be launched gradually in
several parts and to be assembled in space. Also, because the satellite
will be mamned (at least part of the time) and will have position com-
trol engines and other equipment on board, ferxy hﬁichs are needed

to convey the men and necessary fuel, parts, and other supplies to and
from the satellite when required.

The problem of launching and guiding a ferry vehicle, or imterceptor,
to an orbiting satellite is complex and of large scale im itself. It
is best handled by separation into four phases that are designated as
launch, wmidcourse guidance, terminal guidance, and docking. There is a
great deal of interdependence among these phases, but for preliminary
investigation it is convenient to treat each separately.

The launch phase is seif-explanatory, being simply the ascent of



the interceptor from earth into space. The middle two phases, midcourse
and terminal guidance, are generally referred to as space rendezvous.
During these phases the interceptor is brought "near" the orbiting
satellite., The final maneuver, docking, is concerned with the actual
joining of the interceptor with the sateilite, or target. Docking is
of particular importance, for a soft, accurate uniomn of the two vehicles
is essential if the transmission of delicate cargo is to be successfully
accomplished. This final docking phase iz the subject of this research.

Docking differs from rendesvous because the scale of distances and
velocities is fimer. Another factor also gains importance in the docking
phase, for the target can no louger be treated as a point in space by
the interceptor. Instead, its sttitude, or relative eangular alignment
to the interceptor, must be sensed and considered. These factors create
a need for a more accurate short-range guidance system than is considered
necessary for the rendezvous phase. Studies have shown that this need
can most easily be met by using the visual abilities of mam (11).
However, there are many instances, particularly im the early stages of
construction of the satellite, when man's presence would be otherwise
unnecessary. Also, after the space station is operatiomal, only oceca-
sional servicing visits by man might be necessary, while more frequent
supply deliveries will be required. Thus, it would be highly desirable
to have an automatic docking system by which the interceptor and target
could be successfully united regardless of the presence or sbsence of
man,

Current knowledge indicates that radar is the most applicable
system that can be used for ramge and relative velocity determinatiom



when both quantities are large. Therefore, the guidance system used

by the interceptor during the rendezvous phase will probably be an
on-board radar tracking system. However, there is a minimum range
point after which radar semsor data lacks the accuracy necessary to
guide close maneuvers. This loss of accuracy is due to the nearness

of the target to the antenna and to the transponder time delay. A
second limitation of radar is that it cannot determine the attitude

of the target but must treat it simply as a point in space. Therefore,
the docking maneuver cannot be successfully guided by the radar guidance
system used during vendezvous. It will thus be the purpose of this
paper to make a preliminary imvestigation of an automatic docking system
by which the docking maneuver cam be precisely comtrolled.

In general, this docking guidance system will be required to steer
the interceptor from any random direction to the line of approach which
is favorable for docking. After the interceptor reaches the desired
line of approach, it must be kept on that line and move at a specified
velocity until docking is complete. Thus, at given time intervals
during the docking waneuver, the guidance system om the interceptor
must measure relative velocity components and gemerate steering commands
to correct velocity errors as required. The interceptor is assumed to
approach the target from the rear at a relative closing velocity that
is less than 20 feet per second when the range is 1500 feet.

There are various estimates of the measurement errors that would be
present in the radar systems that are available for readezvous guidance.
Heilfron and Kaufman (7, p. 248) assumed that the radar measurement
errors of range and relative velocity would be 10.1% I5 feet and %0.5



feet per second, respectively. Wolverton (21, p. 4-127) said these

same errors would be less than 50 feet and .2.25 feet per second. For
the purposes of this paper, the accuracy of the rendezvous radar guid-
ance system's range and relative velocity measurements are assumed to

be 110 feet and 1 foot per second. They are assumed acceptable until

a range of 500 feet is reached at which time the docking guidance system
will begin making these measurements. The attitude measurements must
necessarily begin sooner than this, however. Therefore, this part of
the docking system will begin functioning when the range between the
interceptor and target is 1500 feet.

In this study, the target is treated as being a "passively coopera-
tive" vehicle. In other words, it does not maneuver during the docking
phase nor send radio commands to guide the imterceptor,

The guidance system investigated utilizes the principles of gamma-
ray detection and identification by means of a scintillation detector.
Point sources of gamma-ray photons located on the target are detected
by scintillation detectors mounted on the interceptor. Using the rela-
tive source positions and signal strengths of the gamma radiatiom, the
interceptor is able to determine the range and attitude of the target.
Using these values and their rates of change with respect to time, the
interceptor guides itself to the target.

The first part of the ensuing discussion is concerned with deriving
the equations of relative motion between the two vehicles in terms of a
cartesian coordinate system, with the origin established on the target
vehicle. The method of trigonometric determinations of the relative

position and velocity components is included. The second part of the



investigation deals with the use of the scintillation detector for gamma~
ray detection. It is shown that this method of gamma-ray detection can
be applied both for determination of the attitude angles and the range.
Finally, it is demonstrated that relative velocity and position equations
and the values of range and attitude can be applied to control the docking
maneuver., It is slso shown that the interceptor can be guided along any
desired approach lime to the target and that the relative closing velocity

can be controlled as desired.
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LIST OF SYMBOLS

area

atomic mass

radius of the scintillatiom detector's phosphor crystal
constant value of position coordinate

constant value of relative velocity component

unit veetors in the X, Y, and Z directions

line forwed by the two pointes F and M

angle formed by lines FM and MK

gain constant

lengths of the sides of JKIMJ

point sources of gawme radiatiom om the target

rectangle formed by the four points

triangle formed by the three points

mass of the imterceptor

ratio of the number of photons detected to the number emitted
number of particular radiocactive atome present at any one time
original number of radiocactive atoms present

interceptor

range between the interceptor and the target

radial distance from the orbit cemter to the interceptor
radiue of the spherical point source

radial distence from the orbit cemter to the target

target

time



T half-life of a radicactive material
o time period allowed for docking
Tx,'l'y,'!z thrust in the X, ¥, and Z directions
v relative velocity of the interceptor
Ve error wmargin veloeity

X,¥,8 components of r in the X, ¥, and Z directions
X, Y,2 axes of cartesian coordinate system established on the target

o.p,y angles formed between the sensors as they point toward the
point sources

A small increment

¥ angle between vectors r' and R'

e angle between the X axis and the line~of-sight betweem the
two vehicles

A decay constant of a material

W cone half-angle

o standard deviation from the mean

¢ angle between the XY plame and the rX plame

@ angular veloeity of the target

Subseripts

i ideal value

tot total

o original value

i final value

Special Notation
x the dot denotes a time derivative of x

% the two dots denote the second derivative of x
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the bar denotes a vector
is greater than

nearly equal to



RELATIVE MOTION AND ITS MEASUREMENT

Velocity amd Acceleration Equations

In thiz investigation the target vehicle can be described as
traveling in an elliptical path about the earth. This path is deter-
mined by ground tracking equipment before the interceptor is lauanched.
During the period of dockimg, the eliiptical path can be assumed to
consist of a circular are. That is, duriag the docking maneuver, the
target vehiele is treated as traveling in a circular path with a
constant angular velocity @.

The axls systewm used i3 shown in Pigure i. The X axis is in the
direction of the target wmotion along icts circular path, the Z axis
points toward the orbit center, and the Y axis is orthogonal to both
X and Z. The interceptor vehicle wili likewise have three orthogonal
axes., The lomgitudinal axis of the interceptor is arbitrarily defined
as the axis which is aligned parallel to the target X axis when docking
ie coupiete. This is called the roll axis. The other two axes of the
interceptor, which will be parallel to the target Y and Z axes upon
docking coumpletion, are nown as pitch and yaw axes respectively.

In Figure 1 the veloecity of the interceptor P is

el st (1
- i' + @XF+ ¥ (2)
where v is the velocity of P with respect to the cartesian coordimate
systew established at the target 8. The relative velocity of the inter~
ceptor to the target satellite is

T HXE+ V. 3)
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Figure 1. Geometry of problem showing target based axis system
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Now &y, 33, and &, are defined as being unit vectors in the X, Y, and Z

directions respectively. Then

® = -~ gy, 4)
P xdy b yE, ¢ ooB (5)

Using these relationships
N T A R R LA N
Relative acceleration is (8)

R LR O LA IR P - R T

Now
Lé = G At, (%a)
ad, = AL, (9b)
80
31 = mék . (10a)
& = -wd,. (10b)
Then
T - 20k -8 + 58+ (F+ 20k - a?2)§ . (11)

This acceleration is equal to the resultant thrust per unit mass on
the interceptor vehicle. Because the angle ¥ is very small and the dif-
ference in distances R' and ' is swmall compared to their overall length,
the differential effects of gravity on the two vehicles is assumed negli-
gible. During docking it can be assumed that the thrust levels will be
small so that change in mass of the interceptor is also negligible.

Then
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Tx
mp
T
y
_— 7 (13)
%
T

where Tx’ T

y? and Tz are the directional thrusts and my is the intercep~-

tor's mass.

Measurement of Relative Position and Velocity
The angular rate & is known to the interceptor. Then to determine
what position changes the interceptor must make to dock, it muet be able
to measure the relative positioms x, y, and 2z and the relative velocities
%, ¥, and &. Quantities x, y, and z are shown in Figure 2a where it is

seen that for the interceptor in the positiom shown

X = -r cos © , (15)
y= -xr sin € cos ¢ , (16)
z® «r gin © sin ¢ , e¥))

in which € is the angle between the X axis on the target and the line-~
of-gight between the two vehicles, and ¢ is the angle between the XY
plane of the target vehicle and the plane defined by r and X.

In order to measure positions and velocities in the XYZ cartesian
coordinate system, one must be able to measure r, &, and ¢ in the spheri-
cal coordinate system defined in Figure 2a. These quantities can be
measured by placing four point sources of gamma-ray emitting material
on the target inm a rectangular pattern as shown in Figure 2b. These

points are designated J, K, L, and M. Each point source is selected to



Figure 2b.

Figure 2a. x, y, and z components of r

Location of radiation point sources and the parameters they define
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emit gamma rays of a different characteristic energy level so that it
can be distinguished from the other three sources.

It is recognized that the rectangle JKILMJ forms a unique pattern
as viewed from the interceptor vehicle. The interceptor is equipped
with independent sensors, each seeking out and following only the point
source with the emergy level to which the sensor is '"tuned". Then the
positions of these gimbaled sensors along with the measured range enables
the interceptor to compute the angles € and ¢.

To compute ¢ and ¢ the geometry shown in Figure 2b is used. The
lengths 1, and 1, are known. The range r and the angles a, B, and y
between the sensors are measured by the interceptor. By the sine law

sin @  sin/FMK

’ (18)
12 T
/PR = sin'l(—{— sin a). (19)
2 .
Then
0 =g+ [FMK
=+ sin“‘l(—ri— sin oc). (20)
2
Again using the sine law
sin (130° - ©) sin o
" S s (21)
MP 1,
1 sin ©
ol R sin o 2
Because
sin /FMK = % . (23)

and
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cos M-%ﬂ-%%-, (24)
then
M = 1, sec [IMK
= 1, sec Ein‘l(-%; sin a)] N (25)
and
FK = FM sin /FMK
= 12 tan I:sin'l(—?-z- sin a)]. (26)
Now
FP = MP - FM. (27)
Then from Equations 22 and 25
FP = . KX - 1y sec [sin'l(-f- sin a)]. (28)
sin O L,
Again using the sine law
sin B sin /KJP
1,1 1 T i (29)
Then
[KIP = sin'l(—% sin B) : (30)
From this relatiomship
Ik = 180° -~ (B + [KIP). (31)
Therefore,
p = 50 JAL S Iy
gin B
_ sin (@ + /KJP) .
sin B 1

e atl s + o0 MY, o (32)
.sinﬁsnljbwsn (_.f;sna):l.
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From the cosine law

FJ = N (FP)? + (JP)2 - 2(FP)(JP) cos y . (33)
The sides of the trianmgle JKFJ are now known. Again using the law of

cosines

K2 + (FR)? - amz:l

/JIKF = cos-1 [ 705 (FO (34)

Finally,
¢ = 180° - JJKF . (35)
The relationships developed in Equations 20, 26, 28, 30, 31, 32, 33, 34,

and 35 are used to evaluate the angle ¢,

1 1P} tan[sin" ‘(—';—sin (:t)]
on® -} 1 ) 2
¢ = 180" - cos - + =

2 12 tan[ain" i sin(ﬁl T2 15}
2

12 sin(a + si.n"‘{-f-— sin cx}) 2
- 12 sec (sin"‘{l— sin a})
sin Q 2
T
2 4411, tan[sin l(-l—z- sin ajl
, .
L gin(p + sin 1; sin B

sin B

afr
2 1112 tan | 8in 12 sin O

x
sin(a + sin” I&?m sin 5 + sin” E‘T{:in
- gsec sin 1{‘1"8111

+ cos ¥

sin O sin B
tan sin"(‘l'z'sin ai'

(36)

Equations 20 and 36 permit the evaluation of ¢ and ¢.
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Considering Figure 2a and Equations 20 and 36 it is seen that four
quantities (range r and angles &, B, and y) provide adequate information
for computing the coordinate components x, y, and z. It is seen from
Figure 2b that when the interceptor approaches the target from the left
(the -Y direction), range r is measured between the interceptor and
point K on the target. When the interceptor approaches from the right
(the +Y direction), range r is measured between the interceptor and
point J on the target.

The angles ¢, B, and y are determined by sensors following points
J, K, and M when the interceptor approaches from the left. These angles
are determined by following points J, K, and L when the approach is
from the right, because from this side, point M cannot be seen.

Hence, only three of the points on the target are required for
position determination at one time. Thus, three sensors are required
on the left side of the interceptor for position determination when the
approach is from the left. The sensor following point K also determines
range. Likewise, there must be three sensors onm the right side of the
interceptor for position determination when the approach is from the
right. Then the sensor following point J also determines range.

It follows that the interceptor must be equipped with six sensors.
Two of these sensors are designed to determine both range and point
directions. When the approach is from the left, point K is the coordi-
nate origin and line KM is the X axis. When the approach is from the
right, line JL is the X axis with point J being the origin. The sensors
on the interceptor are automatically turned on and off so that omly the

required three function at one time. The two groups of three sensors
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on the interceptor are a distance 11 apart, equal to the distance
between points J and K on the target.

It is known from rigid body dynamiecs that six quantities are
required to define the relative position of ome rigid body to another.
In this case, four of the six quantities are the range r, and the
angles &, P, and y. The other two quantities are the angles formed by
the pitch and yaw axes of the interceptor to the line-of-sight

direction.
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MEASUREMENT OF PARAMETERS USING THE SCINTILLATION DETECTOR

Principles of Nuclear Radiation
For a given rediocactive material, every nucleus has a definite
probability of decaying in a unit time. If N is the number of the
particular atoms present at any time, the decay rate is
N= AN, (37)
where A is called the decay comstant of that material. From this expres-
sion it is found that when the number of radioactive nuclei of a specified

kind is originally Ny, the number left at time t later is

N =N, e™At, (38)
By letting N equal one-half N,, the half~life T of the radiocactive material
is found to be

T = In 2 0.693 ) (39)

A A

80 the half-life is inversely proportional to the decay constant of the
wmaterial.

Radioactive isotopes of four different energy levels are chosen as
the four gamma-ray sources on the target vehicle. Because it is desired
that the number of gamma photons emitted per second be fairly constant
from day to day, materials with long half-lives are chosen. When a
material with a certain half-life is chosen its decay constant )\ can be
calculated from Equation 33. Then if the number of photons emitted per
second is established, the number of atoms of the particular material
can be caiculated by Equation 37. Multiplying the resultant number of

atoms N by the atomic mass (AM) of the material and dividing by Avogadro's
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number (6 x 1023) gives the required mass of the material in grams.

(N) T (AM)

= grams of material. (40)
(0.693) (6x1023)

Another quantity called the specific activity is used to express the
rate at which unit weight of radiocactive materials decay. This is the
curie, and is defined as the quantity of material giving 3.70 x 1010 ggg-
integrations per second. This designation is required when considering
what shielding is required to protect the target vehicle from the radio-
active materials.

A table of suitable radioactive isotopes follows,

Table 1. Suitable radioactive isotopes

Atomic Number Isotope Half Life Energy - Mags Required Curies
(years) (Mev.) (grams)

5 cld 5700 0.155 6.49 x 10°2  0.2703
11 Na2? 2.6 1.28 4.34 x 1075 0.2703
30 zn® 0.655 1.114 3.38 x 1073 0.2703
36 Ke®3 9.4 0.540 6.06 x 1074 0.2703
55 cs 137 33 0.663 3.43 x 10°3  0.2703
56 Bal33 10 0.085, 0.320  1.01 x 10™>  0,2703
58 Ce 144 0.795 0.030, 0.134  6.69 x 10"  0.2703
63 Eul52 5.3 0.30, 1.20 6.11 x 104 0.2703
71 Lul?l 1.644 1.00 2.13 x 10°%  0.2703
73 Tal?? 1. 644 0.70 2.23 x 1074 0.2703
88 Ra?26 1620 0.188 2.78 x 10} 0.2703
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Isotopes selected are those with long half-lives and relatively high energy
levels. The masses required are determined arbitrarily as those quantities

which will produce 1010 disintegrations per second.

Scintillation Detector and Its Uses

The device used by the interceptor to detect the gamma rays is called
the scintillation detector. This detector works onm the principle that
when a gamma photon strikes a material called a phosphor, the phosphor
emits a flash of light. This absorption of energy by a substance and its
reemission as visible light is known as luminescence. The emitted light
is proportional in intensity to the energy level of the photon. The
detector is prevented from reacting to other types of equal-emergy radi-
ation particles by placing a shielding hood over the detector's head.

Figure 3a is a schematic diagram of a scintillation detector used
as a gamna-ray counter. The emitted light is picked up by the sensitive
photocathode of a photomultiplier tube producing a current pulse. This
current pulse is similar to the light output from the phosphor crystal in
both magnitude and duration. The current pulse produces a voltage pulse
at the input of the preamplifier. This pulse, after passing the discrimi-
nator and pulse shaper, is counted by the electronic counter. Alterna-
tively, the electronic counter can be replaced by a differential pulse-
height analyzer to have a scintillation spectrometer.

The choice between the electronic counter or the pulse~height amalyzer
depends on the function of the scintillation detector. To determine the
number of photons striking the phosphor crystal in a unit of time the

electronic counter is used. This counting function is used to determine
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the range r between the interceptor and target. The pulse-height analyzer
is used to determine the energy levels of the detected photons. This
identification function is used to determine the parameters (, p, and ¥
which are required to compute the relative position of the target to the
interceptor.

As already shown, with four point sources of different gamma rays
forming a rectangular pattern on the target, the interceptor can determine
the target's relative position. The four point sources needed for this
system fall into two categories. Points J and K (Figure 2b) are to
provide 1010 gamma photons per second for range determination and have

1010 photons per second is

distinct energy levels. The significance of
discussed later in the section on range determinmation. Points L and M
need only have distinct energy levels. They need only emit enough gamma
rays per second so that they can readily be detected and followed from

all required ranges.

Angle Determination

Because there is a proportionality between the output pulse of the
photomultiplier and the energy dissipated by the photons within the
detector, it is possible to measure the energy of the nuclear particles.
Measurements of this type are usually presented as energy distribution
curves such as the ones shown im Figure 4. These curves are plots of the
number of occurrences of photons with a specific energy striking the
scintiliation detector during a certain time versus the energy of the
photons expressed in terms of voltage pulse-height. These energy-

distribution curves are commonly known as spectra, and the equipment for
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obtaining the curves is known as the spectrometer,

As seen in Figure 4, the energy-distribution curves of both materials
have characteristic peaks. These peaks are known as the full-enmergy peaks
and occur at the energy which is characteristic of the particular gamma-
ray emitting material. Materials with more than one discrete energy
level have more than one peal in their curves. The other energy levels
present are due to the interaction of the photons with the crystal atoms
causing some of the photon energy to be lost.

Spectrometers which employ crystals sufficiently large that most of
the pulses appear under the full-emergy curve are known as total-absorbtion
spectrometers. Because photons of four energy levels react with each
scintillation spectrometer, it is desirable that each be a total-absorbtion
spectrometer., Then no energy peak will be lost im the secondary energy
levels caused by the interactions of the other photonms,

The pulse-height analyzer that is part of the scintillation spectro-
meter is wmade up of a multiple-chanmel nmetwork. Each channel measures
a certain discrete energy band. By turning off all channels except
those which measure the energy level of the desired gamma ray, the spec~-
trometer can be made to recognize only this gamma ray. In other words,
regardless of which gamma photons strike the scintillation detector, the
only ones recorded are those with the energy level to which the analyzer
is set.

When gamma rays from the four point sourcee on the target strike
each of the interceptor's sensors they all cause the phosphors to emit
light flashes. But each sensor's pulse-height amalyzer is adjusted to

recognize just one energy level. Therefore, only the flashes of light
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of the right emergy level are recorded. This is what is meant by having
each sensor "tumed" to an emergy level.

In addition to being able to record only gamma rays from a certain
point source, it is desired that each semsor point directly to that point
source. This can nearly be done by making each sensor have a group of
three scintillation detectors arranged in a trianmgular pattern as shown
in Figure 3b. The three detectors are separated by an extended shield
made of a material which will not allow passage of all the gamma rays
which strike it. Thus, 1if the sensor is not pointed directly toward the
point source to which it is tuned each phosphor surface will measure
different amounts of photons from that source. These different amounts
of gamma rays cause a differential electrical signal to exist between the
three detectors. This signal activates a positioning motor which aligns
the sensor to where all three detectors receive the same number of photons
per second., Thus, if the point source that emits a particular energy
level of gamma rays is the only source present from which that energy
level comes, the tuned semsor positions itself to poimt directly toward
that point source.

Ideally, this method of angle determination yields correct values of
the angles G, B, and y. However, because the point sources emit photons
in an isotropic pattern, some of these photons go into the target vehicle
and interact with the atoms of the materials in the vehicle. These
photons are then emitted from the target vehicle with different emergy
levels. The incoming photons also cause further nuclear transformations
of materials in the target releasing more gamma rays. This phenomenon is

known as Compton scattering. A certain percentage of these photons which
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are emitted in a random pattern from the target have the same emergy
level as the point sources.

The presense of these scattered photons cause some error in the
direction which the sensors point. A conservative value of the amount
of these ramndom directiom photons with the same energy level as those
from a particular point source is 1%. This amount and the center of
its location, when detected from the semsor on the interceptor, depends
on the location of the interceptor to the target, the original energy
level of the photoms emitted from the point sources, the materials
present in the target vehicle, and the geometry of the vehicle.

The actual amount of angle error caused by Compton scattering
would be determined By testing the sensor in different positions relative
to the target vehicle. In gemeral, the effect of Compton scattering
tends to make the locations of point sources J, K, L, and M appear, as
detected from the interceptor, to be more toward the cenaer-of the target
than they actually are. This would have littie effect on the angle O but
would decrease the values of B and y. A decrease in angles f and y would
tend to increase the calculated value of the y displacement component
and to decrease the calculated value of the z component. The x component
would be unaffected. These predictions are determined by inspection of
Figure 2b. 1If required, the resulting angle errors cam be decreased to
an acceptable amount by increasing the shielding of the point sources
from the target and by arranging the point sources with the lower energy
sources in the front positions (points L and M).

The angular positions of the sensors are measured relative to their

mounts on the interceptor by angle transducers. The interceptor's
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attitude in turn is determined by referencing it to the stabilized
platform on board. The angular turning rates of the sensors are measured

by accelerometers.

Range Determination
If a point source emits a certain number of photons per second,
the number interacting with the scintillation detector is a function of
the detector's range from the source. For this investigatiom, it is

assumed that the point source emits 1010

gamma photons per second in

an isotropic pattern. This number is chosen because it enables selecting
reasonably sized scintillation detectors which yield the required measure-
ment accuracy over the range desired. Only one sensor and point source
are needed to determine range. The point source selected here is the

one marked K in Figure 2b because the approach is assumed to occur from
the -Y direction. Point source J has this capability from the +Y
direction.

It is also arbitrarily assumed that the scintillation detector can
count individually up to 10,000 photons per second which is a reasonable
number considering present detectors available. Increasing this number
increases the range span which the detector can determine. The total
number of photons striking the detector at ome time is proportiomal to
the solid angle coming from the point source. This solid angle is a
function of the range and the detector's shape.

The point sources are considered to be spherical. The surface area
of a sphere enclosed by a circular cone with a half-angle of y and the

vertex at the sphere's center is
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A= 2mR? (1 - cos p) . (41)
The total area of a sphere's surface is 4nR? so the portion of the sphere's
surface enclosed by the cone is

A " 2nR? (L - cos )

2
Atot 4nR

1L -~ cos
) . (42)

For a round scintillation detector with a diameter 2¢ of distance r
away from the point source, the arrangement is as shown in Figure 3¢. The
solid angle of gamma rays striking the detector forms a come of half-angle
p. Therefore, the ratio of gamma rays striking the detector to the total

number of rays emitted is found by applying Equation 42,

A 1 -cos
== > "
Atot
or
r
f - g
n= 3 . (43)

Solving this equation for range r gives

e(l - 2n)

: 24 (n -~ ni)

By considering that the detector will count a maximum of 10,000

(44)

photons per second and that 1010 s the total number emitted per second,
it is found that maximum ratio n is

10,000 ol
Bpax * -;ETE— 10 ‘ (45)

When this is put into Equatiom 44, r can be seen to be approximately

=~ . 46
e "
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This approximation enables determining the proper size scintillation
detector depending on the accuracy required at a particular range.

The random error of gamma ray emission from the point source must
also be taken into account. If N is the number of counts totalized over

a time interval t, the counting rate N is

- A

t
This value, with its standard deviation, may be stated as

" 1/2
K”ia-%i-!-/.

t

Stated in terms of percentage error, this is

i+ 100% .
N 2

For N = 100 counts per second, this is 100 7 10% = 100 . 10 counts per
second. For N = 10,000 counts per second, this is 10,000 ¥ 1% = 10,000
T 100 counts per second. It is seen that
N= (1010)n,

where n is the ratio of emitted photons which strike the detector head.

As previously noted, the determination of range by using radar has
an accuracy of 10 feet. This accuracy is adequate for the rendezvous
guidance system. However there is a point when it is desirable that
range accuracy become more accurate than this and improve as the range
becomes smaller. For this discussion, this point in range is chosen to
be 500 feet.

By a trial-and~error method it is found that with a point source

emitting 1010 gamma rays per second, the size of the detector radius

required at 500 feet to provide equivalent accuracy is 0.250 feet. This
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is the value of ¢. From Equation 46, it is seen that

J = ; - 0;,333 ora= 6.2% x 10°8,
r

Then N = 625 725 counts per second.
For N = 650 counts per second,

r w0230 = 490.2 feet.

2J6.50 x 10-9

For N = 600 counts per second,

r = 90.250 = 510,.2 feet.
N6.00 x 10-8

The radar range finder used by the rendezvous system is left operating
until the interceptor reaches 500 feet. At this point the 0.25 foot
radius scintillation detector is put into use. Although its accuracy
at this point is also about 10 feet as shown, it improves as range
diminishes. This detector is used until the point is reached where it
records 10,000 counts per second. This range if found to be 125 ¥0.6
feet.

At 125 feet the task of range determination is switched to a second
detector which is large enough to record 1600 counts per second at this
range. Its radius is

c=2rdn =2 (125 1.6 x 10-7
= 0, 100 feet.
This detector's accuracy at this point is expressed as

T = |25 +1.6 feet.
~-1.5

This second detector is used to deterwmine range until the interceptor

is 50 feet from the target, where 10,000 counts per second are again
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recorded. The system used for measuring range from 50 feet to zero will
be explained later.

Two of the six semsors with the triangularly arranged scintillation
detectors mentioned before that are used for position sensing of point
sources, also serve as range finders. One detector on each of these two
sensors has a 0.250 foot radius. Another detector on each has a 0.100
foot radius. These two detectors used in succession determine range as
previously explained. All three detectors om each sensor continuously
work together to determine direction of the point source. This is dome
by having a proportiomality factor based on the phosphor crystal size
built into the sensor electromics to account for different amounts of
energy measured by the differemt crystal sizes.

The advantage of using the scintillation detector to determine range
is plainly seen. The detector complements the previously used radar
system because it becomes more accurate as range decreases.

This system of range detection has a good deal of flexibilicy.

For this discussion the scintillation detectors with electronic counters
are used to measure range from 500 feet to 50 feet. This range span can
be changed by changing detector sizes and the number of gamma rays emitted
per second by the point sources. These changes depend on the maneuver
conditions that the interceptor must go through and the accuracy of

range required.

It must be pointed out that there is a maximum and a minimum size
to the scintillation detectors that can be used in this system. The
maximum limit results from the fact that phosphor crystals are limited

in the size that can be made. Also, the greater the size of the detector,
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the more unwieldly it becomes on a gimbaled sensor. The minimum size is
dictated by two facts. The photomultiplier tube must have a certain
minimum size to be able to count 10,000 counts per second. The detector
also has a minimum size because discrete energy levels become more and
more broken down and scattered as the detector's head becomes smaller
and smaller.

To determine the interceptor’'s range rate or relative velocity,

Equation 44 is differentiated with respect to time.

dt 2(n - n2)1/2

_ “he (n - nz) n-c(l-~ 20)2 i
4(n - n2)3/2

N (48)

This is approximately

: ch
=5 - M 49
r ’ 372 49)

which is the same result as differentiating the range approximation,

Equation 46, with respect to time.
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DOCKING MANEUVER CONTROL

The information the interceptor requires to determine its rela-~
tive position and velocity with respect to the target space station
has been specified. The sensors which determine this information
have been described. Now required is a method by which the interceptor
can use the position and velocity information as inputs to a command
system to enable the interceptor to doeck on the target.

There are several different directions from which the interceptor
can dock on the target. The most probable alignment, at least for
early missions, would be to have the roll axis of the interceptor align
parallel to the X axis of the target. It has been assumed hexe that
this alignment is made from the -X direction.

Referring to Figure 3 it cam be seen that therxe are two evident
ways which the interceptor cen use to close the range between itself
and the target. They are:

1. The interceptor can be driven along the line-

of-sight between itself and the target. This is similar

to the previous technique of rendezvousing. This approach

has the advantage that the interceptor is already equipped

for this type of path control.

2. The interceptor can be driven to the X axis and

then made to close the distance x at some nominal velocity.

This implies that the y and z components of displacement

are driven to zero by the time x reaches some given value.

The latter method of docking is chosen here because it provides a
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capability that allows a more maneuverable docking sequence.

Because the interceptor can determine the X, Y, and Z directions
it can align its roll, pitch, and yaw axes parallel to these directioms.
This is done by the interceptor making proper angular alignments ¢ and
¢ to the line-of-sight direction. This alignment occurs automatically
80 that velocity correcting thrusts from the interceptor engines are
in the correct directions.

The relative velocity between the interceptor and target has been
shown to be

P (k- on)Eg 4 §8y ¢+ (24 ) . €))
If this expresses a constant velocity for an increment of time then it

can be integrated over that period of time to determine the change in

range.
¢y
[('k - wz)éy + $réj + (2 + a))g)igjdt, (50)
o
or
i’] o fo " [(}.{ - (DZ)éi + s’ﬁj + (;’. + a)x)ik;l[t] » to], (51)

where T| = range at t},

fo = range at t.
I1f velocity remained constant at the values measured at time ty»
Equation 51 would represent ideally the change in range over some
general time period t. However, im the actual docking sequence, time
must be allowed for retrothrusts, angular alignment of the interceptor,

and various system delays. To incorporate this additiomal time the

right hand side of Equation 51 is divided by a gain constant k and the
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general expression for change in range becomes
E-i, - —it-[(i: - a)z)éi + ’yﬁj + (& + wx)ik]t. (52)

Equation 52 can be broken into position components for some gemeral

time t.
(x - wagt

x = x, (53)

k
Y= ¥t - . (54)

k

u o= +.(f_.'.'__°°.’9.£ ‘ (55)

¢ k

Because of propellant limitations and other factors, the doeking
maneuver is required to take place im a definite time T'. For this
docking system, it is required that x = Cy, y = 0, and z = 0 in the time
period T' after the docking maneuver has begun. C; is the separation
distance along the X axis. These values are substituted into Equations

53, 54, and 55 to yield

- - ; 1]
o v+ BN (56)
k
yTl
0 = y° » T. » (57)
2 + T'
0= £+ .Si__i%.l_. (58)

These equations represent the ideal case considered at the point when
the interceptor is at T, = x &, + yoéj + %48, and there is time T' left
to enact the maneuver.

The situation that prevails after a time period t cam be found by

subtracting Equations 56, 57, and 58 from 53, 54, and 55.
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Motion is considered along the Z axis by subtracting Equation 58

from Equation 55.

o (z 4..‘ wx)t At (z +k‘°’“' ’ o
or
e (z + o - T') ) (60)

k
Solving Equation 60 for the ideal velocity # after a time (T' - t) has

elapsed yields

-8
(T' - t)

- WX . (61)

Z= iy =

The subscript i means that this is an expression of the ideal velocity.

The value of directional velocity expressed in Equation 61 represents

the ideal velocity required at the time t when position components z

and x are measured and z is required to be zero at time (T' - t) seconds

later. This ideal velocity represents a reference to which the actual

velocity of the interceptor in the Z direction at time t can be compared.
In the same manner, ideal velocities in the X and Y directions are

found to be

“k(x - Cl)

ky = + Wz, (62)
(T' - t)

gy — (63)
(T' - ¢)

Because Xy is not necessarily zero at time T', Equation 62 is
modified to include a nominal closing velocity Cz.

k(x - Cl) .
(' - ¢t)

Xy = Cy - wz. (64)
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Equations 61, 63, and 64 represent velocities which guarantee that
the interceptor will be in the correct position and moving at the correct
velocity at time T'. The commands that activate the control engines are
made by comparing these ideal velocities to the actual measured velocities.
If an error exists between the ideal and actual velocity that exceeds
some value Vo, the vernier control engines are activated to make the
corrections in the required directions. If the error is less than Vg
the engines are deactivated. The existence of the error margin velocity
Ve prohibits the control engines from switching om and off, or hunting
around the ideal veloeity. Also, the thrust engines are prohibited from
firing if they are not aligned within certain limits of the command
direction.

Thus 1if ]ki - kl > V, the X direction rockets are turmed on in the

correct direction. Thrust in the X direction, as developed in Equation 12,

is
T B
— = % - 20% - o’x, (12)
)
or
T
fm—— . 200% + @%x. (65)

From these, a close approximation of the time for the X direction engines

to be on is found to be

kg - k] | s - %[
t . - - T N . (66)
" — i 20k + wix

mp

Similar equations can be developed for the time of thrust in the Y and 2

directions using Equations 13 and 14.
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Therefore, a program is established which assures that docking will
occur. The gain constan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>