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ABSTRACT 

A general procedure for predicting launch opportunities 
for the RAE-B lunar orbiter mission is presented. It is 
shown that knowledge of the Earth-Moon distance and l w r  
phase and declination are sufficient to determine launch 
periods consistent with present mission constraints and to 
approximately predict launch, transfer, and arrival parameters 
such as park  orbit coast time, the possibility of shadows in all 
phases of the mission, arrival energy, and the amount of sun- 
lit orbit time in the lvnar orbit. Constraints on RAE-B 
include bounds on the spin axis-Stm angle in the translunar tra- 
jectory, an upper limit on the arrival energy, and a minimum 
time for sunlight duration in lunar orbit. Presently, both 
posigrade and retrograde lunar orbits are being considered 
for the mission. Launch opportunities and trajectory char- 
acteristics for the retrograde orbit have been published pre- 
viously; similar data for the posigrade orbit are determined 
.&d presented in  this paper. It is shown that there is very 
little difference in the launch and transfer characteristics for 
the two, but the arrival energy for the retrograde approach 
is consistently higher than for the posigrade. For given arrival 
conditions and a given launch azimuth there are two launch 
opportunities per day if out-of-plane engine burns are not 
allowed. Comparisons are made of relevant parameters for 
the two cases. The general features of launch, transfer, and 
arrival parameters are discussed and are shown to be a 
function of lunar declination, flight time, and launch azimuth. 

iii 





Page - 
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii 

I. INTRODUCTION.. . . . . . . . . . . . . . . . . . . . . . . . . . 1 

II. LAUIJ'CH T I M E . .  . .*.. . . . . . . . . . . . . . . . . . . . . . 1 

III. THE RADIO ASTRONOMY EXPLORER-B MISSION . . . . . . . . 3 

A. G e n e r a l . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
B. Mission Constraints and Lunar Phase and Distance.  . . . . . . 5 

1. SpinAxis-Sun Angle . . . . . . ~ . . . . . . . . . . . . 
2. Velocity f o r  Orbi t  Ci rcu lar iza t ian  and Trim ( A V c ) .  . . . . 5 

6 

1V.SHADOW . . . . . .  ............... . . . .  ...... 15 

V. L W A R A P P R O A C H  . . 15 

VI. VARIATION OF TRAJECTORY PARAMETERS 
DURING THE M O N T H . .  . . . . . . . . . . . . . . . . . . . . . 18 

VII. LAUNCH OPPORTUNITIES FOR THE POSIGRADE MISSION . . . 27 * 

WI. CONCLUSION. . . . . . . . . . . . . . . . . . . . . . . . . . 30 

IX. ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . 31 

BIBLIOGRAPHY.. . . . . . . . . . . . . . . . . . . . . . . . . 32 

ILLUSTRATIONS 

Page Figure - 
1 L u n a r T r a n s f e r G e o m e t r y  . . . . . . . . . . . . . . . . . . . . . 2 

2 Inclination of Tr'msfer Tra jec tory  to Moon's Orbital Plane 
VS. Launch Date for Var ious  Launch Azimuths . . . . . . 3 

V 



ILLUSTRATIONS (Continued) 

Figure 

3 

4 

5 

6 

7 

8 

9 

10 

Table 

I . 
I1 . 

I11 . 
IV . 
V . 

VI . 

VII . 

Showing Earth. Moon. Sun Orientation for Extreme 
Limits on Spin Axis-Sun Angle . . . . . . . . . . . . . . . . . . .  
Showing Variation of AVc and Cj with Launch Date . . . . . . . .  
Earth-Moon Distance During RAE-B Launch Period. 1973 . . . .  
Lunar Declination and Phase During RAE-B Launch Period. 
1973 ................................. ........ Acceptable ... Unacceptable Values ... R. . . . . . .  
Earth-Moon-Sun Orientations at Launch . . . . . . . . . . . . . .  
Possible Shadow Situatians ..................... 
Northern and Southern Retrograde Lunar Approach Trajectories . 

T LES 

Miseion Parameters for Northwestern Approach . . . . . . . . .  
Mission Parameters for Southwestern Approach 

Mission Parameters for Northeastern Approach 

. . . . . . . . .  

. . . . . . . . .  
Mission Parameters for Southeastern Approach . . . . . . . . .  
Mission Parameters for Northwestern Approach. High 
Inclination Transfer ........................ 
Mission Parameters as a Function of Flight Time and 
Lzunch Azimuth for Launch on 7-09-73 

Mission Parameters as a Function of Flight Time and 
Launch Azimuth for Launch on 7-10-73 . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  

Page . 

5 

9 

10 

11 

13 

14 

16 

17 

Page 

19 

20 

21 

22 

24 

25 

25 

vi 



TABLES (Continued) 

Page - Table 

VIII. Mission Parameters as a Function of Flight Time and 
Launch Azimuth for Lavnch on 7-11-73 .............. 26 

IX. Mission Parameters as  a Function of Flight Time and 
Launch Azimuth for Launch on 7-12-73. .............. 26 

X. Mission Parameters as a Function of Flight Time and 
Launch Azimuth for Launch on 7-13-73. .............. 27 

XI. Posigrade Launch Opportunities .................. 29 

XII. Celestial Coordinates 3f Orbit Normal ............... 29 

vii 



ON OBTAINING LUNAR MISSION LAUNCH OPPORTUNITIES 

I.  INTRODUCTION 

Allowable Earth-to-Moon transfer -rajectories for the RAE-B mission are 
subject to mission constraints due to fuel and power system requirements on 
flight time, arrival energy, shadow duration, and vehicle attitude with respect 
to the Sun and Earth. The selection of launch dates which satisfy all the con- 
straints can be simplified and computer time minimized i f  approximate launch 
periods can first be determined. 

A general procedure is presented which facilitates launch opportunity 
selection when mission constraints can be directly or  indirectly related to such 
parameters as Earth-Moon distance, lunar phase, and lunar declination. The 
procedure quite accurately predicts RAE-B lmar launch opportunities from 
March thmgh  Decmeber 1973, and also precikts qualitative features of the 
park orbit, transfer trajectory, and arrival conditions such as park orbit coast 
time, shadow possibility and approx3mate duration, and arrival energy. 

The general characteristics of Earth-to-Moon missions in the park orbit 
phase, translunar phase, and arrival phase will be discussed tutorially. It is 
shown that for a given launch azimuth there are exactly tw launch times per 
day to reach the Moon without making out-of-plane burns. Further, it is shown 
that launch and arrival characteristics are a filnction of launch azimuth, flight 
time, and the launch time on a given day. 

II. LAUNCHTIME 

Plane changes are very expensive fuel-wise and therefore it is highly de- 
sirable to effect the Earth-to-Moon transfer making no outaf-plane engine 
burns. Thus i t  is necessary for the park orbit plane to contain the Moon at 
arrival of the spacecraft. The inertial orientation of the park orbit plane is a 
function of launch azimuth and launch time on a given day. For a given launch 
azimuth, the launch time determines the intersection of the transfer plane and 
the Moon's orbital plane. This becomes immediately clear when it is realized 
that the transfer plane must contain the launch site at launch, and the launch 
site is rotating with the Earth. Tberefore, for a given launch azimuth, the 
problem is rcduced to determining a launch time to constrain the park orbit to 
contain the Moon at arrival. There are two launch times per day when this can 
be done; see fig. 1. Figure l(a) shows a favorable launch time for lunar tran- 
fer; fig. 1@) is also acceptable but at a laker time on the same day. The inclina- 
tion of the park orbit planes to the Moon's orbital >lane vary with the Moon's 
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(a) *FIRST SOLUTION; 
LOW INCLINATION 

TRANSLUNAR TRAJECTORY 

(b) SECOND SOLUTION; 
HIGH INCLINATION 

LUNAR TRANSFER 

*From “Lunar Flight Htndbook,” 
NASA SPW, Volume II, Pu l  2. 
p. v1s. 

Figure 1. Lunar Transfer Geometry 
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declination. Mgure 2 shows the variation of the inclination for a typical time 
period. Notice that on a given day there are two solutions for a given launch 
azimuth as expected. Changing the launch azimuth from 90' increases the 
inclination of the park orbit. The difference in inclination of the two solutions 
for a given launch azimuth varies from about 50 degrees when the Moon is 
coincidsnt with the intersection of the Earth's equator and the Moon's orbital 
plane, to about 0 degrees when the Moon is at its maximum and minimum 
declination with recpect to the Earth's equator. The two solutions are referred 
to a Wgh" and fflowTt with reference to their inclination. 

- - - HIGH INCLINATION 70r - LOW INCLINATION 

80 

1 3 5 7 9 11 13 15 1 7 1 9  21 23 2 5 2 7  29 31 3 3 3 5  
LAUNCH DAY 

9 

Figure 2. Inclination of Transfer Trajectory to Moon's Orbital Plane vs. Launch Date for Various 
Launch Azimuths 

m. THE RADIO ASTRONOMY EXPLORER-B MISSION 

A. General 

As our objective is to apply the principles and procedures developed in 
this paper to RAE-B, it is appropriate to discuss that mission and its peculi- 
arities. RAE-B will be launched during the period March through December 
1973 and will be inserted into a circular orbit around the Moon at an altitude of 
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1100 km. The lunar orbit will be inclined either 116.5 degrees or 63.5 degrees 
to the lunar equator depending upon whether a retrograde or  a posigrade 
approach is selected. Launch opportunities for the mission are subject to 
constraints imposed by thermal and electrical power considerations, on-board 
propulsiou system limitations, and spacecraft gravity gradient requirements, 
In particular it is required that throughout the spin-stablized phases of the 
mission, the spin axis-Sun angle be maintained between 60 degrees and 120 
degrees. Midcourse guidance corrections will be necessary during the trans- 
lunar trajectory, and as each correction requires some amount of fuel, the 
mass of the spacecraft at perlune will vary accordingly. However, the retro 
motor for lunar orbit insertion is a solid propellant motor of fixed total impulse, 
and therefore the velocity increment which the motor applies varies as the space- 
craft's mass. After lunar orbit insertion, the on-board hydrazine system 
(VCPS) will be used to remove insertion errors and to circularize the orbit. 
The total velocity increment necessary for orbit insertion and orbit trim, AVc , 
is currently constrained to be no more than 0.720 km/sec. 

The RAE-B lunar orbit is required to remain nearly circular. It has been 
shown (aef. 4) that a selenographic inclination of approximately 116.5 degrees 
for the retrograde orbit, o r  63.5 degrees for the posigrade orbit, will min- 
imize growth in eccentricity. Launch opportunities for the retrograde approach 
have previously been determined (Ref. 5); the posigrade launch opportunities 
will be determined as a heuristic example. Thus the orbit about the Moon is 
constrained to be initially inclined 63.5 degrees, circular, and at an altitude 
of 1100 km. 

The orbit about the Moonis subject to perturbations primarily from the Earth 
and from lunar gravitational anomalies. One effect of these perturbations is 
to cause a regression of the line of nodes, a,  the intersection of the orbit plane 
and the ecliptic plane. Then by adding the rate of rotation of the Moon-Sun 
line, we obtain the net regression rate with respect to the Moon-Sun line. This 
regression will cause some part of the orbit to be in lunar shadow for certain 
values of the node; and at times the entire orbit will be sunlit. 
deployment and satellite calibration purposes, the initial orbit must be oriented 
to give a minimum of 50 days in sudight. 

For boom 

The nominal flight time for the mission is currently 110 hours and 'ihe 
launch azimuth is assmied to be 90 degrees. Under these considerations the 
arrival energy is essentially minimized and payload capability maximized. 
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B. Mission Constraints and Lunar Phase and Xstance 

1. SpZn Axis-Sun Angle. Let us now relate the RAE-B mission constraints 
and requirements to lunar ephemeris data. As discussed previously, the vehicle’s 
spin axis-sun angle must be maintained between 60 degrees and 120 degrees. 
The spin axis of the vehicle is assumed to be along the velocity vector at 
injection into the translunar trajectory, so the spin axis-Sun angle is identi- 
cally the injection velocity-Sun angle. For low energy, long flight tlme lunar 
transfer trajectories, the Earth-centered transfer angle is very nearly 180 
degrees. Since the aominal flight tlme for the mission is 110 hours, and since 
the Moon progresses along its mb;t at the rate of about 13 degrees/day, the 
Moon is approximately 60 degrees from rendezvous at launch. Fig. 3 depicts 
the situation when the Earth is between Moon m d  Sun. 

MOON AT ARRIVAL 

\ / 

‘ t  I 
I \ / SUN SUN 

/ /’ I \ 
I \ 
I /’ 

EARTH 

INJECTION VELOCITY 

ALLOWABLE / 
REGION 

SUN SUN 
Figure 3. Showing Earth, Moon, Sun Orientation for Extreme Limits on Spin Axis-Srn Angle 
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The direction of the Sun at its extreme allowed values is also shown; acceptable 
directions lie within these extremes, Examination of the Earth-Moon-* angle 
at injection for the two exkeme directions of the Sun immediately reveals that 
the a x l e  can be between 90 degrees, when the spin axis-% angle is 6G0 , and 
30 degrees, when the spin axis-- angle is 120'. The lunar phase corres- 
pondingly varies from first quarter to 30 degrees less than full, or approxi- 
mately 2-1/2 days before full Moon, Clearly, when the Moon is between Earth 
and Sun, a sirailar situation occurs and it follows that launch opportunities are 
between third quarter and about ~ - 1 / 2  days before new Moon. 

2. Velocity for Orbit Circularization and Trim, AVc. Recall that there is 
also a constraint on AVc. A constraint on velwity however is essentially a 
constraint on energy. For a given flight time the arrival energy is principally 
a function c>f Earth-Moon distance. This can be seen from the following. Con- 
sider the vis viva equation, 

where 

V 2 = G ( m l  +m, )  :- 1. , ( a> 
G = universal gravitational constant 
ml ,  m2 = masses of tvm mutually attracting bodies, 
r = distance between the bodies 
a = semi-major axis of the orbit. 

For the case of a spacecraft in orbit about the Earth, the mass of the spacecraft 
is negligible and eq. (1) reduces to 

2 1  

where 
pE = Gm,. 

For im-body motion the energy of the spacecraft is constaut and is given by 

The velodty of the spacecraft with respect to the Moon is given by 
4 - 4  v=v,-v,  

where 
--. 
V, = velocity of spacecraft with respect to Earth, 

(4) 
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and 

Therefore, 

A 

Vm = velocity of the Moon with respect to the Earth. 

For long flight time missions the apogee of the transfer ellipse is roughly 
at Earth-Moon distance. Applying the vis viva equation at apogee of the 
Eartheentered transfer ellipse, we get 

Similarly, assuming two-body motion of the E&h-Moon system we can apply 
thevis vivaequationtotheMoon, but cannot neglect the Moon's mass, so we get 

Strictly, r, is the distance from the Earth-Moon barycenter , but as the barycenter 
is inside the Earth, r, is essentially the Earth-Moon distance. 

Inserting the latter two equations into eq. (5) we get for the square of the 
velocity with respect ta the Moon, 

This function mcnotomcally decreases as r m  gets large, and never reaches a 
minimum. But as r,,, is bounded between approximately 357000 Eon and 407000 
km, then V2, and thus C3, and thus AV,, do reach a minimum, when rm takes 
on its maximum value, and reaches a maximum when r, is minimum. 

1 
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Consider the third term in eq. (8). It involves a cos 8 factor, where 8 
is the angle between the Earth-centered velocity vectors of the vehicle and the 
Moon. The apogee of the transfer ellipse is at lunar distance and is on the 
node, “he angle e therefore is very neayly equal to the inclination of the 
transf trajectory to the Moon’s orbital plane. Referring to fig. 2 we see that 
this angle varies from about 4 degrees to &ut 54 degrees for the 90 degree 
launch azimuth. The larger the augle the smaller the term for a fixed r m, and 
sincethetermisnegative, the value of V2, aud thus C3, and thus AVc, is 
larger. It follows that the high inclinztion trajectory requires a larger AV, 
than the low, execpt when the inclinations we about equal which occurs when 
the Moon is near its maximum and minimum declination, as seen previously. 

In figure 4 we observe exactly how C3 and AVc vary with date for the 
two-month period of July and August. As expected the curves are qualitatively 
very similar; values for the high inclination solution are correspondingly higher 
than for the low. 

Consider now the lunar ephemeris data as presented in figures 5 and 6. 
Relating fig. 4 with 5 and 6 it is seen that when the Moon is near its minimum 
declination, arowxl July 13, the AVC% for the high and low inclinations are 
equal and just about their lowest value, as would be expected since the 
Earth-Moon distance, lzrnEl, is near its mmimum. The Moon reaches its 
maximum declination on about July 26, and the A V, for the high and low 
inclinations are again equal, but larger since lzrn~l is near its minimum. 
Indeed the general qualitative behavior can be explained from the motion of the 
Moon. 

Launch dates satisfying the constraint that the vehicle remain in sunlight 
for at least 50 days in lunar orbit can also be related to lunar phase at launch. 
-Let 

lunar phase angle = Sun-Moon-Earth angle 
= 1~ phase angle at arrival 

XR = lunar phase at launch 
% = longitude of ascending node with respect to the 

iZE = longitude of ascending node with respect to the 
Moon-Sun line 

Moon-Earth line 

Then, at arrival 

ha = R3 -aE, 
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Figure 4. Showing Variation of AV, and C, with Launch Date 
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and clearly, 

52s =as t. 
Therefore, at launch the pbme angle is found from 

X 1 = A, - (flight time) (angular rate of Moon) ( 1  1 )  

= bS t - 52, - (flight time) (angular rate of Moon) (12) 

For the RAE-B lunar orbit it can be shown that for a shadow-free orbit, 

45" G a s  f 135" and 225" < 52, ,< 3 15". (13) 

Lunar gravitational anomalies and perturbations primarily due to Earth, and the 
very motion of the Earth-Moon system about the Sun cause 52, to change with 
time, i.e., a regression of the node for a retrograde orbit, o r  a progression of 
the node for a posigrade orbit. The major contribution by gravitational anoma- 
lies to the nodal rate is due to lunar oblateness, J2, and the nodal rate is pro- 
portional to -cos i. For posigrade orbits, 

0 ° ~ i f 9 0 0 3 ~ < 0 0 ;  (14) 

for retrograde orbits, 

9 O " < i ~ 1 8 O 0 = > ~ > 0 .  (15)  

An exact value of h can be obtained by running numerical integration N-body 
computer programs, and can be shown to be about -0.169 deg/day for the posi- 
grade orbit. Then if  the node rate due to the motion of the Earth-Moon system 
about the Sun is added, approximately -0.986 deg/day, the net nodal rate 
with respect to the Moon-Sun line, h, , is obtained. For the posigrade RAE-B 
orbit, 

52, = -1.155 deglday. 

The value of nE can best be found from computer runs, and for RAE-B, it 
averages about 277O. In order to maximize sunlit orbit time, R, should be 
about 31S0, seefig. 7, since h, < 0 .  Substituting into eq. (9), 

= 38" 
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From eq. (ll), 

hi= X, - (flight time) (angular rate of Moon) 

= 38' - (4.583 days) (1  2.9 deg/day) 

= -21 deg. 

The minimum acceptable sunlit orbit time is 50 days, and the corresponding 
change in the node is 

An, = Sis At 

= (-1.155 deg/day) (SO) 

SUN 

t 

SHADED AREAS 
, PROHIBITED 

Figure 7. Region of Acceptable and Unacceptable Values for % 
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... A& = -58 

52, = 58" + 45" + 180" 

= 283" 

= -77" 

From eq. (9) 

X, = -77" -277" 

= -354", 

and therefore 

A i =  -354" - (4.583 day) (-1 2.9 deg/day) 

= 307" 

= -53" 

is the Iunar phase angle at launch which just allows adequate sunlit orbit time. 
Fig. 8 shows the Earth-Moon-Sun geometry for the extreme cases. 

P 
I :I 
I /21y 

" I " I 
I /  I 

I 
I 
I 

I 

I 
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' I  

I I /  

MOON AT 
LAUNCH 

6 SUN 

(a) MAXIMUM SUNLIT ORBIT TIME 
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I 
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/ ' 
I 
I 
I 
I 
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SUN 

/ 
/ 

/ 
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/ 

.$ 

(h) MiNlMUhn SUNLIT ORBIT TIME 

Figure 8. Earth-Moon-Sun Orifntation at Launch 
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Acceptable launch periods are from about 3 days after first quarter to about 
2 days before full moon. Considering the bounds on as, eq. @3), it is apparent 
that 
Symmetrically, launch opportunities lie between 3 days after third cparter and 
about 2 days before new moon. 

= 135, 103" correspond to maximum and minimum sunlit orbit time also. 

IV. SHADOW 

Shadows in any phase of the mission prior to at least 50 days after lunar 
orbit inserbm are undesirable from thermal and power system considerations. 
Certainly, i f  the park orbit coast time is greater than one half its period, 
shadow will be inevitable in the park orbit. Even if  the park orbit coast time is 
less than one half its period, shadows may occur depending upon the time of day 
of the launch. 

Shadows in the transfer trajectory can be related to lunar phase at launch. 
In figure 9 four possible Earth-Moon-Sun orientations are preseuted. In 
situation (a) there will be no shadows in the translunar trajectory and are 
avoidable in the park orbit i f  the park orbit coast time is sufficiently short; for 
long coasts there will be a shadow. In (b) shadows are again avoidable in the 
park orbit, but a distinct possibility exists in the transfer trajectory; whether a 
shadow is encountered is a function of the distance of the transfer trajectory 
out of the ecLptic, which is essentially a function of its inclination. In (c) & 
(d) the vehicle definitely encounters park orbit shadows, o r  transfer shadows, 
or  both. Situations (a) & (b) occur near full moon, tuad (e) & (d) occur near new 
moon. The RAE-B mission prohibits shadows and therefore only launches near 
the full moon phase are acceptable. Accurate values of shadow duration in  the 
transfer trajectory can be obtained from N-body numerical integration programs. 

V. LUNAR APPROACH 

The lunar approach trajectory is hyperbolic and its inclination is given by 

(i?x t 2) 
I? x $1 i = cos1  

where 

4 

r = position vector of  spacecraft 
v = velocity vector of spacecraft 
z = unit normal to fundamental plane. 

4 

A 
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MOON x 

(a) NOSHADOW 

SUN 

f 
MOON@ 

I \  

(c) PARK AND INJECTION SHADOW 

MOON 

(b) POSSIBLE TRANSFER SHADOW 

SUN 

EARTH 

(d) PARK AND INJECTION SHADOW 

Figure 9. Possible Shadow Situations 
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But, as the arccosine function is double-valued, two possible approach trajec- 
tories will have the required inclination. In figuro 1 0  we see the two possible 
retrograde approach trajectories for a given inclination. Similarly tbere are 
two possible posigrade approach trajectories for a given inclination. The 
approach trajectories can be referred to as ffnorthwestern", "southwestern", 
"northeastern", and ' 'southeastern' ' depending upon whether they are retrograde 
or  posigrade and whether they approach from above or below the Moon's 
equator. 
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VI. VARIATION OF TRAJECTORY PARAMETERS DURING THE MONTH 

It is interesting to examine the launch, h n s f e r ,  and arrival parameters as  
they vary with launch date and correlate them to the lunar ephemeris data. 
Tables I, II, ID, IV give al l  pertinent data for the month of July for the four 
possible l w  approaches. For the present consider only Table I, which was 
derived for the nominal RAE-B flight time, 110 hours, and the northern retro- 
grade approach. The data can be uxxlerstood and indeed predicted from infor- 
mation already available. Refer to figures 5 and 6. the lunar ephemeris infor- 
mation. During the first part of July, the Moon is on its descending leg. 
Similarly the vehicle in the low inclination transfer trajectory at  arrival wi l l  be 
on its descending leg. The transfer angle is 180° and therefore injection is on 
the ascending leg. But for a 90' launch azimuth, the park orbit does not reach 
its minimum declination and begin its ascending leg until the second half of the 
parkorbit, d thus the coast time, should be very long. As seen in the table, 
this is i&?ed the case. 

The Moon is approaching its first quarter phase during early July. As we 
saw previously the constraint on spin axis-Sun angle prohibits launch during 
this period. This is verified by the table. The long parkorbit coast and the 
phase of the Moon demand a long shadow, a d  it does exist. M t  orbit time 
is related to lunar phase at launch; recalling the acceptable lunar phases for 
launch to satisfy the constraint on sunlit orbit time, it is seen that this launch 
period is unacceptable. For launches between the first and seventh day of the 
month, arrival would be between the sixth and twelfth days. The Earth-Moon 
distance at arrival is fairly great and thus C3, and AVc , should be acceptable, 
and they are. 

The Moon reaches its minimum declination around July 13. Therefore, 
for a launch muxi the eight?! or ninth, injection would be near the -&mum 
declination, and the coast time would be very short. There should be no park 
orbit shadows shortly after first quarter. Wlt as full moon approaches, the 
Earth's shadow extends toward the Moon and transfer shadows of varying 
durations occur. 

Acc:ptable launch dates for the spin axis-% angle constraint are between 
first quarter and 2-1/2 days before f ~ l l  moon, or between JuIy 7 and about 
July 12, as verified in the table. Suntit orbit time is acceptable from July 9 
through July 13. Notice that I is decreasing and AVc is correspondingly 
increasing. 
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Launch 
Date 

7-01-72 

-03- 

-05- 

-07- 

-09- 

-11- 

-13- 

-15- 

-1 7- 

-19- 

-21- 

-23 - 

-25- 

-27- 

-29- 

Table I 

Mission Parameters for Northwestern Approach 

Launch 
Time 
GMT) 

16:12 

16 :23 

16 g48 

17:52 

11 $9 

14 :37 

14 ~ % 9  

14 :55 

15 $3 

15 :19 

16 :21 

13 d 8  

14 $9 

14:18 

14 :26 

P'vk 
Orbit 
Zoast 
Time 
(*c) 

3816 

4134 

4385 

4501 

339 

474 

769 

1089 

1420 

1739 

1930 

2821 

3173 

3552 

3910 

Spin 
U S -  
sun 

Ingle 
(Deg) 

6 

20 

43 

65 

85 

107 

129 

152 

176 

158 

131 

105 

77 

50 

23 

- 
Park 
'Min] 
- 
41 

41 

41 

41 

0 

0 

0 

0 

0 

3 

10 

16 

23 

30 

37 - 

M o w  - 
njec. 
tion 
(Mlnl - 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

31.0 

20.0 

15.0 

9.0 

5.0 

2.0 
- 

kinsfex 
(Hrs) 

0.0 

0.0 

0.0 

0.0 

0.0 

11.8 

2.8 

1.3 

0.8 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-102 

- 79 

- 56 

- 34 

- 14 

8 

31 

54 

75 

104 

131 

158 

-1 74 

-147 

-121 

w t  
Orbit 
Time 
PaJrs) 

- 41 

- 74 

-106 

30 

51 

78 

104 

- 23 

- 49 

- 76 

-102 

27 

59 

91  

- 17 

AV for 
Circular 

Orbit 
(Irmhec) 

0.711 

0.701 

0.697 

0.700 

0.701 

0.706 

0.711 

0.715 

0.719 

0.723 

0.731 

0.735 

0.735 

0.727 

0.714 
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7-01-7: 

-03- 

4 5 -  

47- 

-09- 

-11- 

-13- 

-15- 

-17- 

-19- 

-21 - 

-23- 

-25- 

-27- 

-29- 

Table 11 

Mission Parameters for Southwestern Approacb 

Launch 
Time 
(GMT) 

15 :56 

16 $4 

16 8 2  

17:21 

14 9 5  

14 :56 

15 $4 

15 :10 

15 :20 

15 9 2  

1653 

13 :23 

13 :51 

14 $3 

14:lO 

Park 
m i l  
:oat31 
Time 
(W) - 
3868 

4196 

4472 

4606 

152 

41 1 

716 

1039 

1363 

1661 

1822 

2W4 

3230 

3603 

3964 - 

5 

20 

43 

65 

84 

106 

129 

152 

1 75 

158 

131 

105 

77 

49 

23 - 

- 
Fark 
wal 
41 

41 

41 

41 

0 

0 

0 

0 

0 

3 

10 

15 

24 

30 

37 - 

shadow 
- 
njec- 
tion 
(Min) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

31.0 

20.0 

14.0 

9.0 

- -  

5.0 

2.0 - 

Transfei 
(Hrs) 

0.0 

0.0 

0.0 

0.0 

0.0 

11.7 

2.7 

1.3 

0.8 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

LUnar 
Phase 

Ingle at 
krival 
(De40 

-102 

- 79 

- 56 

- 34 

- 14 

8 

31 

54 

78 

104 

132 

158 

-1 74 

-147 

-122 

Su?llt 
Orbit 
Time 
Pays: 
- 
-40 

- 73 

-104 

26 

56 

80 

104 

- 24 

-50 

- 77 

1 

25 

57 

90 

- 17 

AV for 
Circular 

Orbit 
(km, ’SW)  

0.711 

0.701 

0.697 

0.699 

0.701 

0.706 

0. ni 
0.715 

0.718 

0.724 

0.733 

0.735 

0.735 

0.727 

0.715 
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Launch 
Date 

7-01-73 

-03- 

-05- 

-07- 

-09- 

-11- 

-13- 

-15- 

-17- 

-19- 

-21- 

-23- 

-25- 

-27- 

Table III 

Mission Parameters for Northeastern Approach 

Launch 
Time 
(GMT) 

16 :11 

16:22 

16 d 7  

17:52 

14 9 8  

14 :36 

14 4 8  

14:s 

1592 

15 :17 

16 :21 

13 248 

14 3 9  

14:17 

-29- I 14:26 

- 
Park 
Orbit 
2oast 
Time 
( S C )  

3814 

4132 

4385 

4497 

235 

471 

766 

1087 

1419 

1739 

1929 

2817 

3171 

3551 

3909 

- 

- 
Spin 
M S -  

sun 
Wle 

- 
6 

20 

42 

65 

84 

106 

129 

152 

175 

159 

131 

106 

77 

50 

24 
- 

?ark 
Mi4 

41 

41 

41 

41 

0 

0 

0 

0 

0 

3 

10 

16 

23 

30 

37 

-- 

shadow 

njec 
tion 
(Mi$ - 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

31.0 

20.0 

14.0 

9.0 

5.0 

2.0 

I’rmsfei 
(Hrs) 

0.0 

0.0 

0.0 

0.0 

0.0 

12,3 

2.8 

1.2 

0.8 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

-102 

- 79 

- 56 

- 34 

- 14 

8 

31 

54 

78 

104 

131 

158 

-174 

-147 

-121 

wt 
3rbit 
Time 
Days1 

-28 

-52 

-75 

18 

38 

57 

76 

-16 

-35 

-55 

-77 

17 

41 

65 

-11 

AV for 
Zircular 

orbit 
(km/sec) 

0.710 

0.699 

0.695 

0.698 

0.698 

0.703 

0.708 

0.713 

0.716 

0.722 

0.730 

0.734 

0.734 

0.727 

0.713 
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Launch 
Date 

7-01-73 

4 3 -  

-05- 

-07- 

-09- 

-11- 

-13- 

-15- 

-1 7- 

-19- 

-21 - 
-23- 

-25- 

-27- 

-29- 

-54 

-74 

19 

41 

66 

-14 

Table IV 

Mission Parameters for Southeastern Approach 

0.722 

0.733 

0.735 

0.735 

0.727 

0.714 

Launch 
Time 
(GMT) 

15:55 

16 9 3  

16 :21 

17:20 

14:35 

14 :56 

1 5 9 4  

15:lO 

15:19 

15 9 2  

16 :53 

13 :23 

13:51 

14 $2 

14 3 9  

Park 
Orbit 
:oa!3t 
Time 
(*) 

3867 

4195 

4471 

4604 

147 

4-07 

713 

1036 

1360 

1659 

1819 

2901 

3230 

3602 

3963 
7 

6 

20 

42 

65 

84 

106 

129 

152 

175 

158 

131 

105 

77 

50 

24 - 

- 
?wk 
Min) 

41 

41 

41 

41 

0 

0 

0 

0 

0 

3 

10 

16 

23 

30 

37 - 

shadow 

0.0 

0.0 

0 .0  

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

31.0 

20.0 

14.0 

9.0 

5.0 

2.0 - 

hansfer 

0.0 

0.0 

0.0 

0.0 

0.0 

12.1 

2.8 

1.3 

0.8 

0.0 

0.0 

0.0 

0.0 

LUnE3.l- 
Phase 

ingle at 
A r r i v a l  
Peg) 

-102 

- 79 

- 56 

- 34 

- 14 

8 

31 

54 

78 

104 

132 

158 

-174 

-29 

-53 

-76 

21 

37 

56 

75 

-15 

-34 

AV for 
Zircular 

Orbit 
[lan/sec) 

0.710 

0.699 

0.695 

0.696 

0.698 

0.703 

0.708 

0.712 

0.716 
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Launch 
Date 

7-01-73 

43- 

45- 

-07- 

-09- 

-11- 

-13- 

-15- 

-17- 

-19- 

-21- 

-23- 

-25- 

-27 - 
-30 - 

Table V 

Mission Paramzters for Northwestern Approach, 
High Inclination Transfer 

4:52 

769 

10:38 

12:56 

20 80  

22 d.4 

00 8 8  

2:58 

5 :57 

9 :16 

12:26 

19 d24 

23 $2 

00 .a 
3 :55 

- 
Park 
3rbit 
:oast 
Time 
(-) 

902 

569 

293 

154 

4390 

4130 

3974 

3636 

3276 

2915 

2673 

1739 

1365 

1170 

800 - 

53 

48 

50 

64 

87 

104 

109 

119 

129 

141 

132 

101 

80 

72 

59 
- 

15 

2 

0 

0 

41 

41 

37 

26 

11 

3 

10 

17 

23 

20 

13 - 

shadow 
- 
njec- 
tion 
(Mini 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

21.0 

20.0 

13.0 

9.0 

7.0 

4.0 - 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

LUnar 
Phase 
hgle at 
Arrival 
(De@ 

-109 

- 83 
- 59 
- 37 
- 11 
12 

24 

48 

74 

101 

130 

161 

169 

-155 

-127 

3unlit 
3rbit 
rime 
Da-YsI 

- 28 
- 53 
- 97 
23 

60 

89 

103 

- 24 
- 51 
- 78 
-105 

26 

59 

78 

- 6  

AV for 
Zircular 
orbit 

rn/s=) 

0.751 

0.729 

0.709 

0.700 

0.713 

0.732 

0.740 

0.751 

0.750 

0.740 

0.732 

0.750 

0.768 

0.769 

0.753 
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Table VI 

7-09-73 
Launch 

?light Azi- 
rime muth 

(de@ 

70 
90 hrs{ 90 

110 

70 
110 hrs { 90 

110 

70 
I30 hrs { 90 

110 

Mission Parameters as a Function of Flight Time 
and Launch Azimuth for Launch on 7-09-73 

Launch 
Time 
(GMT) 

10:12 
13.43 
15:23 

10:47 
14:09 
15.55 

11:14 
14:27 
16:21 

Sunlit AVfor 
orbit circular 
Time orbit 
(says) (W-I 

70 0.742 
73 0.739 
73 0.742 

62 0.705 
, 65 0.703 
65 0.706 

58 0.703 
~ 61 0.701 
~ 61 0.703 

I 

park 
Orbit 
Coast 
Time 

861 
212 
5208 

7-10-73 
Launch 

plight Azi- 
rime muth 

(deg) 

70 

110 
90hrs { 90 

861 
239 
5216 

Park Spin Shadow Time 
Launch Orbit Axis , 

Time Coast Sun ,hjec- 
(GMT) Time Angle park tion Transfei 

( S W  (de@ (a) ( m 4  (hm) 

10:48 907 87 0 0 0 
14:09 287 88 0 0 0 
15:56 5263 90 41 0 0 

894 
300 
5255 

94 

97 

102 
104 
105 

79 41 -22 60 0.741 

0 0 0 
9 6 0  0 0 

41 0 0 

0 0 17.5 
0 0 14.7 
0 0 12.0 

I S  
~ 34 41 

0 0 + 0 

4 
- 5  47 
- 4  48 

0.704 
0.701 
0.704 

0.700 
8.698 
0.701 

Table VII 

Mission Parameters as a Function of Flight Time 
and Launch Azimuth for Launch on 7-10-73 

70 11:15 

110 16:21 

130 hrs 90 14:39 (I 110 16:40 

935 
345 
529ti 

988 
426 
56 

-14 - 13 
-11 - 

I O 5  



Table VIII 

park 
Orbit 
coast 
Time 
(set) 

984 
397 
5346 

1032 
474 
99 

1100 
568 
170 

Mission Parameters as a Function of Flight Time 
and Launch Azimuth for Launch on 7-11-73 

spin 
Axis 
sun 

Angle 
(deg) 

98 
99 
100 

105 
107 
107 

113 
115 
I16 

7-11-73 1 
Sunlit 
Orbit 
Time 

(days) 

83 
86 
87 

A V  for 
Circular 

Orbit 
( W s e c )  

0.743 
0.741 
0.744 

Flight 
rime 

Launch bunch 
Azi- Time 
muth (GMT) 
Wg) 

Shadow Time 

70 
90 h3{ 90 

110 

70 
llOhrs{ 90 

110 

11:15 
14.25 
16:21 

11:36 
14:37 
16:40 

1 

0 0 
0 0 
41 0 

0 0 
0 0 
0 0 

0 - 3  
2.9 - 1 
15.0 0 

12.5 7 
11.4 8 
9.3 9 

1-r 
M o w  Time 

75 
78 
78 

1145 116 0 0 
617 118 0 0 
216 118 0 0 

1223 125 0 0 
718 126 0 0 
295 127 0 0 

26 

0.707 
0.706 
0.708 

70 
130 hrs{ 90 

110 

Table XI 

11:53 
14:46 
16:56 

Mission Parameters as a Function of Flight Time 
and Launch Azimuth for Launch on 7-12-73 

0 
0 
0 

70 11:35 
9Ohrs 90 14:35 

110 16~39 

70 11:52 
90 14:M 
110 16:55 

{ 
110 hrs{ 

0 4.1 16 
0 6.0 17 
0 3.7 18 

70 12:07 
130 hrs { 90 14:51 

110 17:lO 

71 
74 
74 

0.705 
0.704 
0.706 

~ 

98 0.745 
99 0.743 
99 0.745 

88 0.710 
I 91 0.709 
91 0.710 

84 0.709 
86 0.708 
87 0.709 

W t  
Orbit 
Time 
(days) 

Avfor 
Circular 

Orbit 
(W-) 



Table X 

SbadowTime 

Injec- 

(-1 (mW 
Park tion Tmnsfer 

0 0  3.7 
0 0  4.2 
0 0  3 .3 

Mission Parameters as a Function of Flight 'rime 
and Launch Azimuth for Launch on 7-13-73 

Lunar 
Phase 
Angle 
(deg) 

20 
21 
22 

7-13-73 1 
Sunlit 
Orbit 
Time 
(<?.ys) 

A V  for 
Circulai 

Orbit 
(km/sec) 

Flight 
Time 

Launch Iaunch 
Azi- Time 
muth (GMT) 
(deg) 

Park spin 
orbit Axis 
Coast sun 
Time Angle 

1198 120 
673 121 t 269 122 

(set) (de&!) 

70 
90 h{ 90 

110 

1270 127 
769 129 
342 130 

1355 136 
87.5 138 t 428 138 

11:51 
14~42 
16:54 

- 3 
- 5 
- 6 

2.2 32 

0.746 
0.745 
0.746 

; 1.6 

70 
110 -.( 90 

110 

12:06 
14:49 
17:08 

70 
130 h{ 90 

110 

0.713 

0.712 12:19 
14:55 
17:22 

observation is that for the 90 hr. flight time, the AV, requirement is much 
greater than for the longer flights and is prohibitively high for the RAE-B 
mission, at least during this time frame. 

VII. LAUNCH OPPORTUNITIES FOR THE POSIGRADE MISSION 

The RAE-B mission constraints have been related to the position and phase 
of the Moon and thus acceptable launch opportunities can be determined given 
only the lunar ephemeris date. 
lunar orbit have been published previously (Ref. 5); posigrade launch oppor- 
tunities will now be determined utilizing the principles and procedures deve- 
loped in this paper. The launch period under consideration is from March . 

through December 1973. It is further assumed that: 

Launch opportunities for the retrograde 

0 the flight time from translunar injection to closest approach to the Moon 
is 110 hrs., 

, I  , 
0 all rocket engine burns are impulsive and in plane,% , .I I 
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0 the vehicle's spin axis-9ua angle is coincident with its velocity vector at 
translunar injection, 

0 the parkorbit is less than one revolution, 

0 the powered flight ascent from the launch pad topark orbit insertion takes 
600 seconds and burns through an Earth-fixed central angle of 21'. 

To maximize payload capability the 90 degree launch azimuth is selected. 
The circular lunar orbit w i l l  be inclined 63.5 degrees to the Moon's equator to 
minimize eccedtricity growth, and will be at an altitude of 1100 km. Reviewing 
the mission cdstraints and their associated acceptable lunar phases at launch. 

Mission Constraint Lunar Ephemeris Data at Launch 

60' < sph IUds-Sun angle <120° first quarter5lunarphase5fUll 
moon - 2-1/2 days 

thirdquaxterSlunarphaseSnew 
moon - 2-1/2 days 

sunlit orbit time 2 50 days first quarter + 3 days 5 lunar phase 5 
full moon - 2 days 

third m e r  + 3 days 2 lunar phase 5 
new moon - 2 days 
2 

A V, < 0.720 km/sec IRM..E I near maximum 

short park orbit coast 
no park orbit shadows 

Moon on ascending leg 
full moon 

Consider first the month of March. The Moon is new its new moon phase 
in the early part of the month and park orbit shadows result; no launch oppor- 
tunities are available. Near mid month when the 'Moon is approaching new 
Moon, it is also on its descending leg; injection into the translunar trajectory 
would be on the ascending leg of the park orbit with the result that the park 
orbit would be too long. In the latter part of the month lzM-Elis too small and 
A V, is unacceptably high. There are no launch possibilities then in March 1973. 

Now consider April. The early month is probibited as park shadows exist 
since the Moon is near new moon, Near mid month the spin axis-@m angle is 
within its acceptable bounds. At arrival the Moon will be near its minimum 
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. 
Launch 
Date 

I Park 
Launch Orbit 
Time Coast 
(GMT) Time 

4-14-73 

5-12-73 
-13- 
-14- 

.6-.'7.-73 
-1% 

849-73 
-10- 

9-08-73 

1634  

1597 
16:16 
179'7 

15:41 
1635 

12:58 
1332 

11:20 

273 

210 
143 
139 

177 
262 

714 
872 

1139 

Table XI 

Posigrade Launch Opprtunities 

111 

96 
108 
119 

102 
113 

99 
110 

103 

0.0 

0.0 
0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 

shadow 
- 
nj ec 
tioa 

0.0 

0.0 
0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 - 

0.0 

0.0 
0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.0 

LUnar 
Phase 

-le at 
Arrival 
(Dm 

19 

0 
12 
23 

4 
15 

1 
12 

5 

Table XII 

Celestial Coordinates of Orbit Normal 

Launch 
Date 

4-14-73 

5-12-78 
-13- 
-14- 

6-11-73 
-12- 

8-09-73 
-10 - 

9-08-73 

a 

-118.08 

-110 . 49 - 99,56 
- 88.61 

- 81.05 - 70.15 

- 34,85 - 24.34 

- 7.05 

~ ~ ~ _ _ _ _ ~  

6 

7.1.8 

4.54 
3.98 
3.31 

3.34 
4,22 

12.87 
16.99 

24.30 

- 

sunlit 
Orbit 
Time 

,(Days) 

66 

50 
60 
70 

H- 
64 

50 
59 

AV for 
Circular 

Orbit 
(Irm/sec) 

0.714 

0.708 
0.703 
0.700 

0.700 
0,700 

0.708 
0.712 

51 I 0.717 
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declination, and injection would then occur near maximum declination of the 
parkorbit resulting in a very short park orbit coast; and IR, -E I is near its max- 
imums so A V, should be acceptable. In the latter month there w i l l  be park 
orbit shadow. Thus mid-April should be acceptable. Computer simulation 
collfirms that April 14 is indeed an acceptable launch opportunitg. 

Continuing in this fashion for each month one can geaerate possible launch 
opportunities for thc entire year, Of course, a computer program should be 
used i verify, and quanti@, the results. Table XI presents the launch oppor- 
tunities with all pertinent data for the 1973 p0sig;ltade mission. 

The plane of the lunar approach trajectory can be oriented inertially by 
giving the celestial coordinates of the mrmal to the plane. In a given coor- 
dinate system. 

a = a - 90" 

6 = -(i - goo) 

where 
a = i&t ascension of normal 

6 = declination of normal 

SZ = right ascension of the ascending node 

i =inclination. 

Table XII pxwdis this data for each acceptable launch date, in the mean Earth 
equator and equinox of date coo- system. 

Vm, CONCLUSION 

It has been shown that if mission constraints for Earth*-Moon missions 
can be related, directly or  indirectly, to lunar ephemeris data such as lunar 
declination, lunar phase, and Earth-Moon distance, then approximate launch 
dates, and even appmximate values for initial launch and arrival parameters, 
can be determined. Indeed the mission analyst's job can be greatly simplified 
and considerable computer time saved, 

. 

This also allows more insight into the problem of determining launch oppor- 
tunities ior RAE-B. 
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