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SECTION 1|
OBJECTIVE

The objective of Phase I of Project PLATO was to estimate the charac-
teristics of ballistic missiles likely to be used by an enemy in the event
of war and to propose a guided anii-missile missile system or other count-
ermeasure, making full use of the experience of previous efforts in this
direction. This work was completed April, 1955, and is described in the
PLATO Phese I Final Report.

The objective of Phase II of Project PLATO is to refine and optimize
the proposed design of the guided anti-missile system and to prepare a
program that will lead to the design of a prototype system.

The complete statemenrt of work appears in Appendix I.
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SUMHARY

The factors which deterrine the defended area have been identified
and quantitative inter-relationships between scme of these parameters and
the defended area have been worked ouit. This information is being de-
veloped in the form of equations and curves which will be used to evaluate
the effects of varying the system design and then in determining the rela-
tionship between cost and the defended area. It has been determined that
the high elevation angle enemy trajectories place the severest restrictiens
on the distance which can be defended behind the launch site and that the
low angle trajectories limit the defense in the forward direction. Equa-
tions relating the limits of the defended area to the geometry of the radar
coverages and equations relating tle defended area to interceptor midcourse
flight capability and the i1ntercept point prediction accuracy at the time
sf launching have been develcoped. Partial numerical results have been
worked out., Work is in progress on obtaining relationships between the de-
fended area and the radar itracking accuracy and missile flight capability
during the terminal phase of "interception. Since change% in system design
may cause a change in the factor which limits the defended area, it will
not be possible to specify defense envelopes until this work is completed.

Equations describing survival probability as a function of raid siue,
system capacity and system reliability have been developed. The results
of these studies will be combined with the sysiem optimization studies de-
scribed above to obtain survival probability - cost curves.

Although it appears that it will be possible to design the system to
obtain a single shot kill prooability close to unity, it may not be possi-
ble to obtain such a high pruvbability of reliable operation. It may, there-
fore, be necessary to fire more than one intercepior missile to obtain a
near unity engagement kill probability, If these multiple defensive mis-
siles are used 1n ripple fire, it will be necessary to have a spacing which
will prevent the detonation of the first warhead from incapacitating the
later missiles. It is estimated that this spacing between interceptors
would have to be at least 5,000 ft. Since only one of these spaced inter-
ceptors can be fired at the optimum time, it is apparent that the effec-
tivencss of the early and late missiles may be somewhat reduced; the early
interceptors tending to neet the target at very high altitude where their
maneuverability is inadequate and the late interceptors allowing the tar-
get to get too near the defended installation., By sacrificing defended
area, the kill probabilities of all of these interceptors can be kept close
to unity. On the other hand if the aultiple defensive missiles are fired
to arrive at the target simultaneously, it will be necessary to have all
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of them w.tnin lethal distance of the target at the same time and to fire
the warheads essentially cimultareously; otherwise the first interceptor
to explode wili destroy tvhe others. These conditions require that the in-
terceptors arrive at the target within about 0.1 sec. of each other and
that the warheads be detonated with a timing accuracy of the order of one
microsecond. It is dcubtful that either condition can be met. However,
since the causes of low single shot kill probability are likely to b€ mis-
sile equipment failure and inability of the i1nterceptor to close out the
observed miss distance during the last two or three seconds of flight, it
will be possible to fire only those warheads which are 1n a position to
ootain kills.,

Censideration of the vulnerability of the PLATD system to other meth-
ods of attack has led to the conclusion that the greatest threat lies in
low flying aircraft attacks using conventional! weapons. Nuclear weapons
carried by aircrafi would most likely be used against the prime targets
rather than tto defense system and defenses such as Nike can be expected
to pe cffective zgainst aircraft at high altitude.

The ability of the PLATO sysiem to locate the enemy launch site has
been examinad. The uncertainty in enemy laurching and guidance procedurses
during powered flight appears to introduce the greatest error, the uncer-
tainty being of the order of 1 nautical mile. If the enemy designs his
ballistic missile system with the expectation that retaliatory attack will
be promptly made, it is not clear that he will be forced to accept signifi-
cant losses of equipment and personnel even if a direct hit can be made on
the site from which his missile was launched.

in order to provide information for system optimization, studies have
p p

been made of the eflfect on interception point prediction accuracy of changes

in the acquisitiou radar parameters such as power and scan rate and also
the effect of improving angular accuracy by beam interpolation. The magni-
tude and nature of the errors to be expected are being studied.

A survey of transmitter tubes suitable for use in the acquisition ra-
dar indicates that suitable klystrons can be developed and that a suitable
beam power tetrode will be available within the next few months.,

A study of the eifects of variation in geometry of the range triangu-
lation system on the tracking accuracy is in progress and a comparison of
the performance of this type of system with that of a triangulation system
using angle measurements is partially finished.

A study by Steel Prcducts Engineering Company of the mechanical prob-
lems associated with a pencil beam precision tracking system indicates that
the weight of the mount aad anterna system to meet vhe PLATO requirements
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will be of the order of 25 tons. The mechanical tolerances specified for
this study were substantially those used for the Nike system. Based on

the Nike I field tests, these tolerances should result in an overall system
angular tracking accuracy which would match the PLATO system requirements.

Study of the 1easibility of tie use of rods as countermeasure decoys
has indicated that z few pounds of netal in the form of quarter-inch rods
could produce an echo equal to that of a ballistic missile. Round steel
rods would lag a streamlined missile by about half a mile at 175,000 ft.
and would therefore be resolved from the target by the radar, but might
seriously confuse the tracking. An attempt is being made to analyse the
type signal fluctuations to be expected from missiles and possible decoys
to see if the fluctuations can be used to distinguish the target.

Additional details of the logical design of the track initiation and
prediciion computers have been worked out. Also a mathematical method for
target trajectory prediction which uses all past tracking information but
eliminates the necessity for storing all past points on the track has been
developed.

The mathematical design for the midcourse and terminal guidance com-
puter has also been worked out. The midcourse guidance utilizes a poly-

nomial equation for the trajectory and for the terminal guidance, alinear pre-

diction equation. A study of the polynomial trajectories indicates that a
seventh order polynomial gives reasonable flight performance without ex-
ceeding the maneuvering capability of the vehicle.

For targets impacting behind the launch site, the defended area may
be limited by air frame maneuvering capabilities. It nas been determined
that maximum rearward coverage can be cbtained with a wing loading (W/g)
between 25 and 45#/ft.2, the upper limit representing the smallest wing
area that will still result in rearward flights which terminate in the in-
verse trajectory at 60,000 ft., the lower limit representing an cptimum
based on structural weight considerations. Using the S-4 interceptor char-
acteristics, the maximum rearward coverage for an intercept ~ith at least
5 g. capability is 30 nm against a 45° target trajectory. If the target
trajectory is shallower, the intercept range must be reduced, but ground
defended area remalns much the same because the targeil impact point moves
to the rear thus compenceting for the decresse irn intercept range.

A study of the interceptor control surface problem indicates that
balanced flaps should be used and that a flap area of aboui 10% of the ex-
posed wing area will provide adequate control,

The transfer functions and respense characteristics of the autopilot
described in the 7th Quarterly Report have been computed. It has been
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possible to obtain a response to a step input which achieves 90% of the
full lateral acceleration in 1/4 second and never exceeds the commanded
lateral acceleration.

Somz of the requirements for the ground-tc-air command link and the
gronnd communication network have been determined.
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SECTION 11t
EVALUATION STUDIES

3.1 SYSTEM OPTIMIZATION

The portion of the optimization study investigating the technical as-
pects related to the size of the defernded area is discussed in this sec-
tion. This portion of the optimization study will be composed of two
parts:

L {1) The specifications for the major componencs of the system are te
be derived based upon providing a well-integrated and well-
balanced system which will defend the maximum ground area within
the present state of the art,

{2) The specifications for the major components of the system are to
: se derived based upon providing a well-integrated and well-
balanced system whicn will defend the optimum size of ground area
where the optimum size is determined from the cost and the op:r-
ational aspects of the system.

.......,

Rs——

The first part of the study may be furthsr divided into the deriva-
tien ¢f the maximum size of defended area for a unit system and for a mui-
tiple component system. The urit system is defined as one containing one
acquisition radar, one trianjulation radar, and one launch site (each in-
cluding the necessary associatec computing equipment). The multiple com-
ponent system is defined as one containing multiple installations of any
- of the major components. The maximization study of the defended crea for
i a unit PLATO system is over fifty percent complete and is discussed in
this section.

Lo U ¢ ]

The basiec factors in the PLATO system which impose limitations on the
size of the defended area are:

{1) The radius of ground damage from enemy warhead blast.
(2) The interceptor midcourse flight-time characte-~istics,

(%) The total time available after detvection 1o effect an
intercept.

{4) The volumetric coverage of the acquisition radar.
(5) The intercept-pcint prediction accuracy at launch,

{6) The 1ntercept-point prediction accuracy during the
terminal phease.

{7) The interceptor terminal guidance characteristics.

SECRET 7
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Simplified mathematical models are being derived for each of these
limitations, Models already have been derived for the first five limita-
tions upon the defended area size.

3.1.1 THE RADIUS OF GROUND DAMAGE FROM ENEMY WARHEAD BURST

A study of the groannd damase resulting from the burst of the cnemy
warhead has been made. The results of this study are being reported 1in
Section 3,2.3%3 of this report and therefore will not be repeated here. The
portion of thcse results which are of particular importance here defines
the radius of ground damage resulting from a near-ground burst. For an
enemy warhead of 3 MT, a 7-2/3 n.m. radius of 10 cal/cm? or more damage
results. If this radius of damage is symbolized as rpgs then Xy, the ra-
dius of the defenaed area for a rearward impact, can be defined as follows:

Xpp = distance defended rearward = Xp = Tpa :

where X_ is the distance to the ground impact-point of the target which
falls jJust cutside of the rearward range of the defenses. The correspond-
ing expression in the forward situation is

Xpp = Xp = Tpg

3.1.2 THE INTERCEPTOR MIDCOUYRSE FLIGHT-TIME CHARACTERISTICS

The interceptor flight path between its launch site and an intercep-
tion with the target is one factor determining the most limiting or most
distant target trajectory thatv can be intercepted from a given launch site,
The basic mathematical models for optimum midcourse trajectories were de-
~1ved in the 7th PLATO Quarterly Progress Report in Sections 3,1.1.1 and
3.1.1. 2,

Typical values have been chosen for the variables involved in order to
obtain an idea of the size of the resulting defended area.

h = C.,8 n.m. = minimum altivude before the interceptor starts
a maneuver.

R, = 6.5 n.m. = radius of the first turn,

Ry, = 4 n.m. = radius of the turn onto the inverse trajectory.

tys = 10 sec. = time spent on the inverse trajectory prior to
intercept.

V, = 0.5 n.m./sec. = average velccity cf the interééﬁibr;

y = 30°, 45°, 60°, S0° = angle of target impact with the ground.
8 SECRET
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R, = 1000, 800, 60C, 200, 100 n.m. = ground range of target.

t. = 40 sec., 90 scc. = 1nterceptor time of {light.

-
u

7-2/3 n.m. = 1adius of damage of the target warhead.

These data are used for calculating i1ntercept points forward and rear-
ward of the launch site and are plotted in Figures 3-1 and 3-2 respective-
ly. 1In the forward case, two types of trajectoriez were considered:

(1) The intercept altitude h; was fixed at 10 n.m. and an R,
of the necessary size was used.

{2) The radius R, was set at its minimum value of 1/2 n.m.
and the resulting altitude was accepted.

In the forward case, these tow altitude 1ntercepts are necessary to
prevent target missiles from "sneaking”" under the 10 n.m. high umbrella.
Based upon these low-altitude-intercept trajectories, the time of flight
can be plotted as a function of the size of the defended area forward of
the launch site assuming various average values of interceptor velocity.
These data are plotted in Figure 3-3.

Trajectories for intercepts rearward of the launch site are plotted
in Figure 3-2. In the rearward case, the alternatives of flying an cpti-
mum trajectory (1.e. normal to the limiting cone as discussed in Section
3¢1.141 and 3,1.1.2 in the 7th PLATO Quarterly Progress Report) or of sim-
nly flying a horizontal trajectory must be considered., Ffor a 40-second
time of flight, either might be flown, but with a 90-secend time of flight,
the optimum trajectories cause the intercept point to vary in altitude fronm
4 n.m. o 33.5 n.m. This is well beyond the altitude capabilities of an
aerodynamically controlied interceptor.

Another consideration depends upon the difference between the impact
point of the BQ°® and 45° target irajectory which can just be intercepted
with an optimum interceptor trajectory. For example, the optimum inter-
ceptor trajectory makes it pessible to intercept a 45°, 1000 n.m. target
impacting the earth 52 n.m. from the launch site. However, an 80°, 1000
n.m. target can get in as close as 37.5 n.m. from the launch site. (See
Figure 3-2, cptimuz trajectory intercept loci.) The important point is
that there is no advantage in designing the system specifically for inter-
cepting targets launched at lower angles which impact the earth outside
this limiting targei trajectory. .

Now & ccmparison between an optimum interceptor trajectory and a hor-
izontal interceptor trajectory can be made by comparing the ground distance
from the launch site to the ground impact point for the limiting 80° itarget
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BASED UPON
INTERCEPTOR
CHARACTERISTICS
OPTIMUM TRAJECTORY
r=30° hy=4.3 am.

t¢ = TiME OF FLIGHT . SECONDS

0 'y 8 12 13 — 20 7 pa—"

Xpg = MAXIMUM SIZE DEFENOED DISTANCE DISYANCE FORWARD OF LAUNCH SITE

FIGURE 3-3. MAXIMUM DEFENDABLE DISTANCE FORWARD
OF THE LAUNCH SITE
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trajectory., Based upon the optimum intercept trajectory, the target 1mpact
point is 7.5 n.m and based upon the horizontal trajectory, the target im-
pact point 1s 36.5. Thus the optimum interceptor trajectory exaggerates
the spread of impact a titudes and only increases the range to the impact
point by one n.m. As a result, major emphasis has been placed upon the
horizontal interceptor irajectories for targets impacting the earth rear-
ward of the launch site. Figure 3-4 shows the size of the defendea dis-
tance for the rearward intercept point as a function of the interceptor
time of flight on a horizontal trajectory using the average interceptor
velocity as a paraneter.

3.1.3 TOTAL TIME OF FLIGHT AVAILABLE

The simplified relationship for determining the total time available
after detection to effect an i1ntercept can be expressed as follows:

by = btgp = bop - vy - Yy
derived from Figure 3%-9 where

the available time of flight for the interceptor.

g
a3
]

top = the target flight time between initial detection
and impact with the ground.

t = the target flignt time between interception and
impact with the ground.

t; = the time required to initiate a target track.

t. = the time required to ready the interceptor for
firing after a target track has been initiated.

8, = the minimum elevation angle for the acquisition
radar.

For a given range of initial radar detection, top anc tg.; are inverse~
1y proportional to the target average velocity, while t; and t, are inde-
venden: of the target. The minimum time of flight can be seen to exist
where ine ~adar detection range is minimum and the target velocity is maxi-
mum., The target velocity increases for target launch angles above and be-
low 45° for targets with a given ground range and also increases with in-
creasing ground range. The minimum detection range occurs for shert-range
targets fired {rom within the maximum detection range of the radar. Thus,
there is some minimum ground-range target against which the system can de-
fend. In order to obtain an estimate of this limit, air trajectcries for
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y=80°

i 1 ] 1

hzl2 a.m.

BASED UPON INTERCEPTOR
CHARACTERISTICS HORIZONTAL
TRAJECTORY

0

4

8 i2 6 20

X" MAXIMUM SI2E DEFENDED DISTANCE ‘REAR WARD OF LAUNCH SITE

FIGURE 3-4. MAYiMUM DEFENDABLE 2iSTANC
REARWARD OF THE LAUNCH SITE
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FYGURE 3-5. TARGET TRAJECTORY TiMING LIMITATION

various ground ranges of the Redstone missile were studied. The two as-
sumptions made were:

[
ft

1 1% seconds

t

R 30 seconds

Various values of the minimum acquisition radar elevauion angles §, were
chosen as a paraneter. The value of t, can be plotted as a function of
the ground range of the Redstone missile, assuming an interception at 10
n.m. altitude.*

These data for the targe? impacting the ground at the radar site are
shown in PFigure %-6. Based only upon time available, a 90-second inter-

ceptor flight tims would limit the minimum target-ground-range against
which the system could defend to 45 n.m. for 6, = 2.5° or 60 n.m. for
A, = 16°.

The data for the target impzcting the ground 40 n.m. forward of the
radar site are shown in Figure 3-7. In this case a 90-second interceptor
flight time limits the minimum target ground-range to 50 n.m. for §, = 2.5°
or 75 n.m, for 5, = 10°,

[ Fee Y
F R U]

i2urez Z-%2 and 3-4, a 90-second Tlight time is observed to be
equivalent to a defended distance of :pprovimaiely 28 n.m. forward and
rearwvard of the launch site where the interceptor maintains an average

velocity of 1/2 n.m. p3r sec.

- . e e e = -

* Sunilar curves for targets of greund ranges greaier than 200 miles were reported in
PLATO Finzi Report Phase QOne, Section 7,1,

%
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3.1.4 VOLUMETRIC COVERAGE OF THE ACQUISITION RADAR

The volrmetric coverage of the acquisition radar limits the defended
area 1n two ways:

(1) The limit in azimath coverage, 6,

(2) The limit in vertical coverage, &,

The limit 1n azimuth coverage of the acquisition radar imposes a lim-
it upon the directicn from which the enemy must be assumed to launch tar-
get missiles against a given area to be defended. If the enemy is assumed
to be capable of firing missiles from anywhere within the acquisition ra-
dar azimuth coverage, the ground area which can be defended (excluding the
rz2uction of defendea ¢round area due to the enemy warhead effective radi-
us of damage) nust lie tolally within the coverage of the acquisition ra-
dar. When the radius of damage is subtracted, the acquisition radar be-
comes undefendavle from enemy missiles fired from the edges of the radar
coverage. Therefore, the acquisition radar azimuth coverage must exceed
the sector, 8g, from which enemy missiles may be fired as shown by the
geometry of Figure 3-8. The minimum distance between the acquisition ra-
dar and a target impact point, Y;, must be greater than the enemy warhead
damage radius in order to defend the radar. The effect of displacement of the
center of the acquisition radar coverage relative to that of the precision
tracking radar was discussed in Section 8 of the PLATO Phase I Report. The net

,/””””””

ENEMY LAUNCH
SITE AT A RANGE
OF R

T

,//”///’/”/

TARGET PATH
PROJECTED ON
THE EARTH

FIGURE 3-8. AZIMUTH COVERAGE LIMITATION GEOMETRY
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effect 1s to 1ncrease the si1ze of the total defended area when the acquisi-
tion radar is displaced to the rear of the precision tracking radar; but
the defended area behind the acquisition radar may be somewhat decreased.

The coverage limits in the vertical plane affects the maximum possible
flight time because of the lower edge of the beam as seen in Section 3.1.3,
and affects the maximum backward coverage because of the upper edge of the
beam as will be shown now.

From Figure 3-8 the expression for &, can be shown to be

6E=88"2a+2ﬁ

or

y y
65 = 6, - 2 s1n -1(-—3) + 2 (—3-) (57.3)
Ty Ry

Now if the distance defendable = Yp»

Yp = ¥1 = Typa

where

-y
[}

DG the radius of blast damage if detonated on the ground.

ry = the maximum range at which the target may leave the
sector of acquisition radar coverage.

Ry = the ground range of the target.

Yy + T Yo = T
by = 6, - 2 sin-l(_f____ff) ‘ 2(_3____39)(57.3)

T v Ry

The relationship between y, and 6; is plotted in Figure 3-9 where ry
is allowed to vary as a parameter. The following values of the other quan-
tities were assumed:

Ry = 1000 n.n.
PDG = 7067 n.m.
5, = 60°

The values of r, shown in Figure 3-9 may be obtained by varying the
maximum range of the triangulation radar or by programming the triangula-
tion prediction computer in such a way that the target may leave the view
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FIGURE 3-9. AZIMUTH COVERAGE LIMITATION OF THE DEFENDED AREA
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of the acquisition radar before it enters the range of the triangulation

de
radar. However, 1if E}E is plotted versus ry (Figure 3-10), the slope,
(d6;) D S
d E', can be seen to be getting small (disregarding the sign) for

dl‘M (dyD)
values of r, greater than 200 n.m. On the other hand, if the azimuth an-
gle of the acquisition radar ¢, were increased, € increases directly by
an equal amount.

\ LIMITS OF

/ ACQUISITION RADAR
/ vz .~ COVERAGE IN THE
8 VERTICAL PLANE
I ol B \

8 —t
}<XR—»RADAR SITE

FIGURE 3~-11. ACQUISITION RADAR COVERAGE

Figure 3-11 shows an 80° target trajectory AB* leaving the sector of
the acquis:ition radar coverage at the maximum permissible range, ry. The
value of the rearward coverage, X;, can be derived from the following

equation:
sin BR
X, = r —— ~ c0s 8
R " tan 80° R)

If 65 is the angle between the horizontal and the upper edge of the beanm
and is assumed to be equal to 85°, then

Xg = Ty (,094)

¥hen the radius of ground damage
ble X, becomes

rpg s subtracted, the distance defenda~

pr = (+094)T, - 7.67

.......

* 80° 1s assumed to be the highest trajectory angle vhich reasonably might be expected.
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In order to increase the ground coverage in the rear of the acquisi-
tion radar the following steps can be taken:

{1) The detection range of the triangulation radar can be 1ncreased.

{2) The triaagulation prediction compuater can be made capable of
accgpting 2 discontinuity in data from the time the target
- leaves the view of the acquisition radar until it 1s picked: up

by the triangulation radar.

]

{3) Extend the vertical and horizontal angle of coverage.

The rate of change of defended distance, Xpp, with respect to ry is
smali. Thus an increase in ry nets little increase in the rearward de-
fended distance and at the same time is very costl: obtain., However,
the triangulation radar can be moved forward of the acquisition radar by
an amount, d, without losing any rearward coverage but gaining defended
d:-tance forward by an amount d at no extra cost. The value of d is ex-
pressed as follows:

d = 2 Ty sin (90 - QR)
when
6g = 85°
and
Ty = 140 n.m.
d = 24.4 n.m.

in this example ry, is assumed equal to the maximur range of the triangula-
tion radar.

3.1.5 THE INTERCEPT~POINT PREDICTIOK ACCURACY AT LAUNCH

The intvercept-point prediction accuracy at launch imposes a limit on
the usable 1nterceptor time of flight and thus on the defended area. The
reason for this lim:istion is the restricted altitude band within which
an interception can be made. The upper limit on the altitude is imposed
by the air density required to produce sufficient maneuver to effect an
interception and the lower limit 1is imposed by the allowatle ground damage
tfrom the enemy warhead. The basic model for this limitation was developed
in the 7th PLATO Quarterly Progress Report, Section 3,1.2.2.. A more ac-
curate expression for the most limiting value of intercept-point predic-
tion error has since been derived:
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and
A
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Ah
6A Vo Vi ( 2 sin T
——remem (1 - cos ") + + cos I
{4 + A% Vo + Vg Vo + V, A

the height of the interception altitude band.

the angle through which the interceptor must turn from the
midcourse path to get onto the target's inverse trajectory.

1 VT
— + cos [

zr
sin A

In order to demonstrate the limitation imposed upon the defended area
as a result of the restricted bard of altitudes for performing intercep-
tions, targets launched at variots angles are being studied. The 45° case
is chosen as an example. in Section 3,1,2 above, the time of flight was
to the size of the defended distance forward and rearward of the
radar and launch site. The defended distance specifies the most distant
intercept point for an attacking target from whence the slant range to the
target at launch can be determined. From the slant range and the target
characteristics, the intercept point prediction error at launch can be de-

reldated

rived.

These data are reduced to one curve by plotting prediction error at

launch versus the distance defendable as shown in Figures 3-12 and 3-1% for
forward and rearward intercept points respectively. Superimposed upoan
these curves are the maximum values of o, which are permissable at launch,
in order to obtain a 99% probability of interception Tpy, based upon the
restricted band of altitudes for performing interceptions. These data are
based upon Phase I acquisition radar characteristics. Under these circum-

stances,

the maximum distance defendable to the forward against a 1000 n.m.

4