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PARAMETRIC DESIGN OF INTERPLANETARY 

AND ORBITAL  TRAJECTORIES WITH EXAMPLES  FOR 

MARS 1973, 1975, AND 1977 OPPORTUNITIES 

By John F. Newcomb  and  William F. Hampshire 11 
Langley  Research  Center 

SUMMARY 

A  procedure is described  for  parametrically  studying  the  general  interplanetary 
mission  design  problem.  This  procedure is applied  to  the  analysis of the Mars 1973, 
1975, and 1977 type I (heliocentric  travel  angle  less  than 1800)  and  type I1 (heliocentric 
travel  angle  greater  than 180°) opportunities. First, the  general  heliocentric  orbital 
parameters and  accompanying  planetary  approach  conditions  for  launch  and  arrival  oppor- 
tunities  were  determined.  The  actual  launch  and  arrival  energies  were  examined,  and a 
launch window was  established which  maximized  the  payload  in  the  planetary  orbit.  For 
the  opportunities  examined, all the  resulting  planetary  approach  asymptotes  lay  in a small 
region of planetary  right  ascension  and  declination.  This  fact,  coupled  with a philosophy 
of a coplanar  periapsis  deboost at the  planet,  yields  families of orbits  for  particular 
launch  opportunities.  Representative  subsets of these  families  were  examined,  and  the 
occultations of the Sun, Earth,  and  Canopus by the  planet  are  displayed as well as the 
illumination  under  orbital  traces.  Thus, a set  of parametric  charts  for  use  in  designing 
Mars  missions  and  in  selecting  experiments  for  the  aforementioned  opportunities is 
presented. 

INTRODUCTION 

One important  factor  in  designing  interplanetary  missions is the  coordination of the 
heliocentric  trajectory  geometry  with  the  planetary  orbit  geometry.  This  coordination 
is necessary  to  establish  the  capability of performing  particular  integrated  missions 
within  the  boundaries of constraints  generated by experimentation  and by spacecraft 
design. In other  studies  such as references 1 and 2, for  example,  only  the  heliocentric 
trajectory  parameters  and  planetary  approach  conditions are considered.  The  intent of 
this  paper is to extend  previous  analyses by presenting  the  available  planetary  orbit 
designs  and  other  parameters  which result from  the  approach  conditions  and  which  are 
influenced by the  heliocentric  geometry. 



The  difficulty  in  studying  any  general  planetary  mission of this  nature lies in  the 
fact  that  the  problem is highly  multidimensional.  Therefore, if a meaningful  parametric 
study is to  be  undertaken,  an  attempt  must  be  made to determine  those  parameters  which 
have a profound  effect on mission  design;  thereby,  those  parameters  which  remain rela- 
tively  invariant  from  mission  to  mission  and  have  less  effect on particular  mission 
design  options  are  eliminated. In the  study  presented  herein,  an  attempt  has  been  made 
to  minimize  the  number of parameters  to be  examined  by  making  use of similarities  in 
the  planetary  approach  trajectories  and  also by assuming a simple  planetary  orbit  injec- 
tion  technique.  The  most  important  similarity in the  approach  conditions  resulting  from 
a particular  launch  opportunity is the  small  variation  in  the  direction of S (a unit  vector 
at the  target  planet,  parallel  to  the  asymptote of the  incoming  hyperbola but translated  to 
the  center of the  planet). For the  orbit  injection  maneuver,  an  impulsive  velocity is 
applied  at  periapsis of the  incoming  hyperbolic  orbit,  thus a coplanar  elliptic  orbit  with 
the  same  periapsis is produced. The result of the  relative  constancy  in  position of the 
approach  asymptote  and  the  adoption of the  simple  orbit  injection  maneuver is to  produce 
families of feasible  orbits  about  the  planet which  show little  variation as a function of 
launch  and  arrival  dates. 

-c 

The  many  diverse  experiments  that  may  be  performed  with a planetary  orbiting 
vehicle  result  in  additional  constraints on the  mission  design  problem.  However,  two 
fundamental  types of constraints  appear  to be involved  in  most of the  experiments  under 
consideration. First, some  type of imagery of the  planetary  surface  may  be  desirable, 
or it may  be  desirable  to  place a probe on the  surface  at  some  particular  lighting  condi- 
tion.  Therefore,  the  orbital  placement with respect  to  the Sun illumination  on  the  planet 
is of interest. Second,  another  set of constraints is created by more  general  experiment 
and  spacecraft-generated  requirements.  These  constraints  are  the  occurrence  and  time 
duration of occultation of the Sun, Earth, or some  other  celestial  reference,  such as the 
star Canopus. Therefore, as a first  approach  to  designing  an  interplanetary  mission, 
only  these two types of constraints  need  be  examined  for  each  launch  opportunity  in  order 
to  determine  which  integrated  sets of experiments  can  be  readily  performed. 

For the  duration of the  planetary  arrival window corresponding  to  the  launch  oppor- 
tunity,  the  celestial  geometry of the Sun, Mars,  Earth,  and  Canopus is relatively  constant. 
It has  already  been noted  that  the  approach  asymptote  location is relatively  invariant. 
Therefore, only a few representative  arrival  conditions  need  be  examined  to  almost  com- 
pletely  describe  the  family of feasible  orbits  and  the  associated  occultations  and  lighting 
conditions  available  in a given  launch  opportunity.  Thus,  the  feasibility of mission  objec- 
tives  and  associated  experimentation for a given  launch  opportunity  can  be  readily 
assessed. 
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SYMBOLS 

c3 vis  viva  integral or twice  the  launch  energy  per  unit  mass,  (km/sec) 2 

G angle  between  planet-Sun  vector  and  local  vertical  on  surface of planet,  deg 

unit  vector at center of planet  in  direction of asymptote of traveled  leg 
of hyperbola 

v, hyperbolic  excess  velocity,  km/sec 

Z angle  between  planet-Sun  vector  and  planetary  hyperbolic  approach 
asymptote,  deg 

P pseudoinclination,  deg 

6 declination of g, deg 

x right  ascension of S, deg 
- 

Subscripts: 

@ quantity  measured at Earth (If quantity is an  angle,  then  Earth  right- 
ascension-declination  system is used as basic  coordinate  system.) 

quantity  measured at Mars (If quantity is an  angle,  then Mars right- 
ascension-declination  system is used as basic  coordinate  system.) 

ABBREVIATIONS 

DEC declination 

RA right  ascension 

ANALYSIS 

In the  following  analysis a procedure  for  the  trajectory  design of general  plane- 
tary  missions is developed.  Herein,  the  word  "generalt'  implies  that no particular 
set  of experiments  and no particular  spacecraft  have  been  selected;  thus  there  are no 
mission-dependent  constraints  to  shape  the  interplanetary  and  planetary  orbit  design. 
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Consequently,  the  problem'must  be  studied  parametrically so that when a definitive  mis- 
sion is proposed,  the  resulting  constraints  can be considered  in  the  light of the  parametric 
analysis. Such a study is feasible  in  the  interplanetary  part of the  trajectory  design. 
However, since  design of the  planetary  orbit is a multidimensional  problem, a completely 
parametric  analysis is prohibitive.  Therefore,  in  the  planetary  part of the  trajectory 
design,  representative  values  for  some of the  parameters  were  chosen,  and  those  partic- 
ular  cases  were  investigated. 

As a first step,  the  heliocentric  trajectory  and its associated  earth  departure  and 
planetary  arrival  conditions  were  generated by a simple  computer  program  which  fit a 
heliocentric  orbit  between two vectors  for a given  transfer  time. For details of the  com- 
puter  algorism,  see  reference 3, page 213. The  computer  algorism  utilized  was  similar 
to  that  described  in  reference 4. Most of the  earth  departure  and  arrival  parameters 
which  evolved are  available  from  several  sources  in  slightly  different  form. (For exam- 
ple, see ref. 2.) Plots of the  data  are  most  useful  when  arrival  date is held  constant. 
For example,  in  sketch (a) parameters  such as C3 at earth  (twice  the  launch  energy 
per  unit  mass)  and V, (hyperbolic  excess  velocity)  at  the  planet  are  plotted  against 
launch  date for several  constant  arrival  dates. 

Lines of constant 
arrival  date 

Launch  date 

Sketch (a) 
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Once  the  desired  launch window duration is known, the  actual  launch  and  arrival 
windows can  be found by maximizing  the  payload  in  planetary  orbit.  That is, for  each 
interplanetary  trajectory, a launch  energy  and a planetary  arrival  velocity  can  be  calcu- 
lated.  Here it is assumed  that  the  launch  vehicle  delivers  the  maximum  payload onto the 
interplanetary  trajectory  on  each  launch day. At the  planet it is assumed  that  the  ideal 
velocity  equation is a good approximation  for  determining  the  mass  fraction  in  planetary 
orbit.  Thus  the  payload  delivered  to  the  planet  multiplied by the  mass  fraction  deter- 
mines  the  in-orbit payload. This  method  implies  that  on  each  launch  day  the  spacecraft 
car r ies  only  enough fuel  to  inject it into  planetary  orbit. Also in  this  analysis, no fuel is 
allotted  for  error  corrections.  (The  purpose of this  study is to  obtain  and  to  present  gen- 
eral launch  and arrival windows  and  trends, not to  generate a detailed  payload  study.) 
The  resulting  payload  weight  can  be  plotted  against  launch  date  for  various  constant 
arrival  dates, as shown in  sketch (b). 

I+ Launch window -j I 
I 
I 

boundaries I 
I 

Launch  date 

Sketch  (b) 

With these  data  and a chosen  launch window duration,  the  maximum  payloads  and 
the  accompanying  launch  and  arrival  date  boundaries  can be found. If these  boundaries 
were  transferred  to  other  graphs,  for  example  the  approach  asymptote  location plot, the 
actual bounds  on the  asymptote  could  be  established. 

In this  study  the  spacecraft  orbit  injection  maneuver at the  planet is assumed  to  be 
an  impulsive  coplanar  transfer  from  the  periapsis of the  incoming  hyperbolic  trajectory 
to  the  periapsis of the  elliptic  orbit. For the  actual  mission,  departure  from this ideal 
orbit  injection  maneuver  may  be  necessary  in  order  to  satisfy  mission  particular  con- 
straints. However,  with  departure  from this approach,  the  deboost  velocity  requirements 
mount  rapidly.  Because of these  rapidly  mounting  velocity  requirements,  the  resulting 
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orbital  orientations  cannot  vary  significantly  from  these  "nominals"  without  consumption 
of much larger  amounts of fuel.  Therefore,  this  approach not  only results  in  nominal 
orbital  placements  from  which only small  excursions  will  be  taken, but has  the  additional 
advantage of imposing  the  same  constraint  on all missions;  thereby  one  degree of free- 
dom is effectively  eliminated  from  the  problem. 

Next, various  orbital  inclinations are assumed  to  be  obtained at the  planet by rota- 
tion of the  hyperbolic  trajectory  about S, where  the  rotation is performed  either at the 
Earth  injection  maneuver or during  the  midcourse  maneuver.  Therefore, a family of 
possible  orbital  inclinations  can  be  obtained.  The  following  spacecraft-oriented  param- 
eters  can  then  be  investigated:  duration of Sun occultation,  Earth  occultation,  and 
Canopus  occultation by the  planet, as well as the  orbital  positionings  with  respect  to  the 
sunlighting  bands.  These  data  were  generated by utilizing a computer  program  described 
in  reference 5. With the  investigation  performed  for  several  sizes of orbits,  the  para- 
metric  mission  design  problem is solved  in  that a launch  opportunity is chosen  and  the 
resulting  orbital  geometry is investigated.  This  analysis  therefore  serves as a first   step 
toward  investigating a general  interplanetary  mission  design. 
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The  approach  described  above was derived  through a need  to  study  possible  mis- 
sions  to Mars during  the 1973, 1975, and 1977 launch  opportunities.  The  results of that 
study are  presented  in  "Results  and  Discussion";  however,  prior  to  that  presentation,  the 
areocentric  coordinate  and  the  parameter p must  be  introduced. In the  areocentric 
system, shown in  figure 1, the Mars equator  forms  the  reference  plane.  The  point  at 
which the Sun appears  to  cross  the  planet  equator  in a south-to-north  direction  forms  the 
reference axis. Two angular  coordinates  are  necessary  to  define  an  object  in  the  coor- 
dinate  system:  right  ascension  measured  from  the  reference axis counterclockwise (+) 
as seen  from  above,  and  declination  measured  from  the  planet  equator  in a northerly (+) 
or southerly (-) direction.  The  pseudoinclination p is used  in  place of the  normally 
defined  inclination  and  may  be  best  described by referring  to  figure 1. In the  figure, p 
is always measured  counterclockwise  from  the  orbital node  which is nearest  the  approach 
asymptote.  This node can  be  the  ascending or descending node. If p is between 0' 
and 90°, then  this is an  ascending node and  the  orbit is posigrade. If p is between 90' 
and 180°, then  this is an  ascending node and  the  orbit is retrograde. 

RESULTS AND DISCUSSION 

The  approach  presented  in  the  analysis  toward  formulation of trajectories  for  inter- 
planetary  missions  was  applied  to  the  proposed 1973, 1975, and 1977 Mars missions.  This 
section  contains  primarily a discussion of the  methods  and  results of that  study.  It  was 
stated  that  launch  and  arrival windows  could  be determined on the  basis of the  require- 
ment  to  maximize  payload  in  planetary  orbit;  for  the  purpose of this  example, a 30-day 



launch window duration  was  arbitrarily  chosen.  This  selection  implies  the  use of some 
launch  vehicle  and a representative  performance of that  vehicle. In order  to  generalize 
the  analyses as much as possible,  three  different  launch  vehicles  were  assumed.  These 
vehicles  were  chosen  to  span  the  reasonable  range of possible  booster  systems which  may 
be  used  in  the 1973 to 1977  opportunities.  The  three  vehicles  chosen  were  the  Titan IIIC, 
the  Titan  IIIF-Centaur,  and  the  Saturn V. Typical  performance  curves  for  these  vehicles 
are shown  in figure 2; gross payload  weight is defined as total  weight  injected on to  the 
interplanetary  trajectory. 

The  interplanetary  trajectory w a s  determined by finding  the  unique  heliocentric 
ellipse  passing  through  the  launch  planet at the  launch  date  and  the  target  planet at the 
target  date  via  Lambert's  theorem. A mean-element  ephemeris  was  used  to  generate 
the  planetary  positions  and  velocities.  The  vector  velocity of the  launch  planet at the 
launch  date is subtracted  vectorially  from  the  vector  velocity of the  heliocentric  ellipse 
to  determine  the  sphere-of-influence  velocity. This velocity is then  assumed to be  the 
hyperbolic  excess  velocity  at  departure.  Likewise,  the  arrival  hyperbolic  excess  velocity 
and  direction of the  approach  asymptote  are  calculated at the  target  planet  arrival. Shown 
in  figure  3  are  the  trajectory  characteristics  for  the  single  conic  transfers  between  Earth 
and  Mars  for  the 1973  type I opportunity.  The  following  trajectory  geometry  classifica- 
tion,  described  in  reference 2, will  be  used: A type I trajectory  indicates  that  the  helio- 
centric  travel  angle of the  spacecraft is l e s s  than 180°, and a type I1 trajectory  indicates 
a travel  angle  greater  than 180'. Shown in the  figure  are  various  parameters  plotted 
against  the  launch  date  for  several  lines of constant  arrival  date  at 20-day intervals.  The 
date of arrival is indicated by the  symbol at the  extremity of each  line. In figure  3(a) 
twice  the  required  launch  energy  per  unit  mass and  the  hyperbolic  excess  velocity 
at Mars  arrival V, 0" a r e  shown as functions of launch  date  for  various  arrival  dates, 
as first introduced i i  sketch (a). Here and  in  the  rest of the  analysis,  generation of t ra -  
jectories w a s  limited  to  those  having  C requirements of less  than 36 (km/sec) 
(which represents a reasonable  limit on the  basis of present  launch  vehicle  capabilities). 
Figure 3(b) presents  data on the  angle  between  the  hyperbolic  approach  asymptote at Mars 
and  the  vector  pointing  from  Mars  to  the Sun. This  angle Z is commonly  called  the 
ZAP angle  and is important  because  it  relates  the  possible  orbital  orientation  with 
respect  to  the  sunlighting. Also shown  in figure  3(b) is the  geocentric  declination of 
the  launch  asymptote 6 Figure  3(c)  presents  the  areocentric  right  ascension and 
declination of the  approach  asymptote as a function of launch  date  for  various  arrival 
dates.  The  relative  invariance  in  position of the  vector  should  be  noted  for  further 
reference. 

c3,@ 

3,@ 
2 

CB- 

Shown in  figure 4 is the  payload  in  Mars  orbit as a function of launch  and  arrival 
dates  for  the  three  launch  vehicles  considered,  the  Titan IIIC, the  Titan  IIIF-Centaur, 
and  the  Saturn V. A specific  impulse of 290 seconds  was  assumed  for  the  orbit  injection 
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engine,  and  the  ideal  velocity  equation was used  to  determine  the  actual  weight  in  Mars 
orbit. It was  also  assumed  that  the  injection  maneuver  placed  the  spacecraft  in  an  orbit 
with a 1000-km periapsis  altitude  and  with a period  equal  to 1 Martian  day (24 h 37 min). 
Whereas  these  stipulations  are  pertinent  to a total  description of the  analysis,  the  prime 
use of figure 4 is to produce a launch window. It can  be  seen  from a comparison of the 
dotted  vertical  lines  in  each  segment of the  figure  that  the  choice of a 30-day  launch  win- 
dow, which maximizes  the  payload in Mars  orbit, is almost  independent of the  particular 
launch  vehicle  used.  However,  to  keep  the  analysis as general as possible, a launch 
opportunity  was  established  which  encompasses  the  three  individual  30-day  windows. 
This  overall  launch  opportunity, or launch window boundary, is shown by the  solid  vertical 
lines in the  figure. In an  actual  mission  the  payload  weight is defined by the  value at the 
boundaries of the window, and  once  the  spacecraft is sized  for  these  boundaries,  the 
middle  part of the window simply  allows  additional  capability at launch  and  arrival. With 
this  boundary  established,  it was possible  to  select  typical  trajectories which, with  their 
encounter  geometries,  are  representative of the  total window. Thus,  data  need not be 
generated  for all of the  points  in  the  launch window. From  figure 4 three  heliocentric 
trajectories  representative of launches  during  the  1973  type I opportunity  were  chosen, 
and  the  pertinent  parameters  are shown in  table I. (Also shown are values  for  type I1 
trajectory  parameters  which will be  discussed  subsequently.)  These  trajectories  repre- 
sent  launches  at  the beginning,  middle,  and  end of the  overall window. 

Figure 5 represents  the  lighting  conditions  under  the  areocentric  orbits  resulting 
from  the  encounter  conditions of the  three  selected  trajectories. In figure  5(a) is shown 
the  sunlighting  conditions  which would exist  under  the  family of possible  areocentric 
orbits  resulting  from a launch at the  beginning of the  launch  period.  The  coordinate  sys- 
tem  used is again  the  Mars  right-ascension-declination  system.  In  the  figure  the  dashed 
lines  represent  lines of constant Sun illumination G of 30°, 60°, and 90°. The  subsolar 
point is shown as 0. The  location of the  approach  asymptote is shown as a square  sym- 
bol El. Also shown in  the  figure is a cluster of orbit   traces which can  be  generated by 
rotation of the  incoming  hyperbola  about  the  approach  asymptote.  The  locus of periapsis 
for a 1000-km  hyperbolic  periapsis  altitude is also shown.  The parameter 0, as 
described  in  the  "Analysis"  section,  has  been  used  to  describe  orbital  inclination.  Each 
orbit  trace shown in  the  figure  represents two values of 8, one  for a posigrade  orbit  and 
one  for a retrograde  orbit.  This  also  accounts  for  the  fact  that  the  locus-of-periapsis 
circle  crosses  each  orbit  trace  twice,  since  the  posigrade  and  retrograde  orbits  have 
different  periapsis  locations. In every  case  the  spacecraft  will  travel  through  the  peri- 
apsis position  before it travels  through  the  approach  asymptote  position.  With  this 
description  in mind, the  figure  can  be  viewed  and  conclusions  drawn as to  the  orbit  orien- 
tation  best  suited  to a photographic  mission,  given  whatever  constraints  that  may  be 
imposed. For example,  suppose  the a rea  of the  planet  near a declination of -40' is the 
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prime  target  for  pictures. An orbital  inclination  might  be  chosen  such  that  part of orbital 
t race  is nearly  parallel  to  the -40° declination  line. This mission would require  an  orbit 
where p = 40°, /3 = 140°, p = 220°, o r  p = 320' as can  be  seen  in figure 5(a). How- 
ever, it also can  be  seen  that  the p = 140° and p = 320° orbits  are  essentially  par- 
allel to  the -40° declination  line  in  the  region  where  there is no sunlighting  on  the 
planet  for  the  day of arrival (in between  terminators). On the  other hand, the p = 40' 
and p = 220° orbits are parallel  to  the  desired  declination  in a lighting  band of G = 30° 
to G = 90°. Of the  latter two, the p = 40° might  be  chosen  because it is near  periapsis 
during  the  region of interest  and  hence  closer  to  the  photographic  target.  Like figure 5(a), 
figures 5(b) and 5(c) present  the  conditions  which  exist  for  launches  in  the  middle  and  end 
of the  launch  opportunity.  Therefore,  the  part of the  launch  opportunity  that  can  best  be 
utilized  to  satisfy a given set of mission  constraints  can  be  determined  with  the  use of 
figure 5. 

Now that  the  lighting  conditions  have  been  displayed  for  the  three  conditions  chosen, 
the  accompanying  occultation  characteristics  remain  to be displayed,  and  these  are shown 
in  figure 6. In figure  6(a),  for  example,  the  occultation  times of the Sun, Earth,  and 
Canopus a r e  shown as functions of the  pseudoinclination p for  the  conditions  resulting 
from  the  earliest  launch, as shown  in table I. The  hatched  areas  in  the  figure  represent 
a reas  of unattainable  orbit  inclination  due  to  the  coplanar  orbit  injection  maneuver.  The 
boundaries of the  areas  are  numerically  equal  to  the  declination of the  approach  asymp- 
tote at Mars. In figure  6(a)  and  in  similar  figures,  several  orbit  sizes  have  been 
assumed.  This  assumption  was  essential  because  occultations  are not only a function of 
orbit  orientation but of orbit  size  itself.  Therefore  in  the  lower  part of figure  6(a), two 
different  orbits  were  investigated. Both orbits  have  periapsis  altitudes of 1000 km, but 
one has a period  equal  to 1 Martian  day  and  the  other  has a period  equal  to 1/2 Martian 
day. In the  upper  part of the  figure,  the  same two orbital  periods  are  again  investigated, 
but the  periapsis  altitudes of both are 3000 km. From  figure 6(a) the effect of orbit  orien- 
tations  and  sizes and their  desirability  can  be  determined  from  the point of view of occul- 
tation  characteristics.  From  figures  6(a), 6(b), and  6(c),  the  changes  in  these  occultation 
conditions as the  launch  opportunity  progresses  can  be  determined, and this knowledge, 
with  the  lighting  geometry  displayed  in  figure 5, can be used  to  make a first-order judg- 
ment of the  feasibility of a particular  integrated  mission  during  the 1973  type I launch 
opportunity. 

An investigation  into  the  Mars 1973  type 11 opportunity  yielded  the  data  presented 
in  figures 7 to 10. They are presented  in.the  same  form  and  the  same  order as figures  3 
to 6, respectively,  and  therefore  need not be  described  in  detail. A comparison of the 
two  types of trajectories  available  in  1973  shows  that  the  type I trajectories  have  slightly 
more payload  capability.  (See  figs. 4 and 8.) The  type I trajectories  in  general  also  have 
the  advantage of requiring  significantly  shorter  trip  times. However,  one  advantage  found 
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with  type I1 trajectories  in 1973 is that  the  launch window can be  widened  without a sig- 
nificant  sacrifice  in  payload  weight  capacity;  this is not t rue of the 1973  type I trajec- 
tories,  where  the  payload  weight  capability falls off rapidly  in  any  attempt  to  widen  the 
launch window. 

The  1975  type I and  type I1 opportunities  have  also  been  investigated,  and  the  results 
are presented  in  figures 11 to 18. In contrast  to  the 1973 trajectories,  more  payload 
capability is available  from 1975  type II trajectories than from type I. (See figs.  12 
and 16.)  In general,  the 1975  type 11 payload  capacity is also greater than  that  associated 
with  either  type of 1973 trajectory;  whereas  the  1975  type I payload  capacity is, in  gen- 
eral, less than  that  available  with  either  type of 1973 trajectory. Another  disadvantage 
that  might  rule  out  1975  type I missions is shown  in the upper half of figure  ll(b).  The 
declination of the  launch  asymptote  for  those  trajectories is almost  always  higher  than 
the  normal +34O limit  imposed on  launches from  the  Eastern  Test Range. Therefore, 
unless  the  vehicle is launched from  another  location,  either  the  constraint  must be 
relaxed or some  dog-leg  maneuver would be required. (A dog-leg  maneuver of the  mag- 
nitude required  here would be  very  costly  from a fuel  standpoint,  and  thus would signif- 
icantly  reduce  the  payload  capability shown in  fig.  12.) For  each 1975 launch window, 
three  trajectories  were  chosen as representative  for both type I and  type 11, and  the 
important  parameters  relating  to  those  trajectories are shown  in  table 11. 

The 1977 launch  opportunity  has  also  been  investigated,  and  the  results are shown 
in figures  19  to 22 for  the  type I trajectories  and  figures 23 to 26 for  the  type I1 trajec- 
tories.  Like the 1975 trajectories,  the 1977 type I1 trajectories  afford  larger payload 
weight  capability  than  the  type I trajectories. (See figs. 20 and 24.) Moreover,  the 1977 
trajectories allow  slightly  larger  payload  capability  than  their  respective 1975 types. 
The  problem  that  existed  with  the 1975 type  I trajectories  also is exhibited  in  the 1977 
type I trajectory  analysis;  the  declination of the  launch  asymptote  for  almost all of the 
trajectories  in  this  group is above  the +34O limit  imposed  on  launches  from  the  Eastern 
Test Range  (fig.  19(b)), thus  the payload  weights  capability  shown  in  figure 20 is reduced. 
Table 111 exhibits  the  parameters  representative of launches  during  the beginning, middle, 
and  end of each 1977 launch window. 

The  variation of may be of particular  importance  for  mission planning, since 
the  declination of the  hyperbolic  approach  asymptote  at  Mars  determines  the  minimum 
inclination of the  areocentric  orbit  for a coplanar  deboost  maneuver.  It is therefore 
interesting  to  note  the  declination of the  asymptotes  for  the  various  launch  opportunities. 
Figure 27 displays,  on  the  right-ascension-declination  grid,  the  loci of the  approach 
asymptotes  for  the  three  launch  opportunities  and  launch window boundaries  investigated. 
In the  figure  the  solid  lines  indicate  the  boundaries of the  asymptote  locations  for  type I 
trajectories,  and  dashed  lines  indicate  the  boundaries  for  the  type I1 trajectories. In 

10 



1973 reasonably low inclination  orbits (0' to 20') can be easily  achieved  with  the  type I 
trajectories,  whereas  higher  inclination (20' to 50' minimum  inclination)  orbits would 
normally  be  deduced  from  the  use of type I1 trajectories. In 1975  the  minimum  inclina- 
tion  orbits  achievable  from both type I and  type I1 trajectories would be approximately 
the  same;  whereas 1977 type 11 trajectories would, in  general,  yield  lower  inclination 
orbits  than  the  type I trajectories.  The  variation in  planet  lighting  and  occultation is a 
major  factor  in  determining  the  desirable  orbit  sizes  and  orientations.  These data may 
also be used  to  determine  the  preferable  arrival dates. However, particular  conclusions 
cannot  be  made  without a familiarity with the  detailed  mission  objectives.  Thus,  the 
reader  may  use  these  data  for  additional  analysis  in  the  light of any  proposed  mission 
objectives which he  may  wish  to  consider. 

CONCLUDING  REMARKS 

A method has  been  presented  for  visualizing  the  overall  trajectory  design  problem 
for  missions  to  the  planets;  this  method  has  been  applied  to  the 1973, 1975, and 1977 Mars 
launch  opportunities. A launch window boundary has  been  selected  for  each  year  and  type 
of heliocentric  trajectory.  Three  typical  trajectories and their  associated  Mars  encoun- 
te r  conditions  were  then  chosen  for  each  launch window boundary for both the  type I 
(heliocentric  travel  angle less than 180°) and  the  type I1 (heliocentric  travel  angle  greater 
than 180°) trajectories.  For  each of these  typical  trajectories  the  family of possible 
areocentric  orbits,  which could  be formed by a rotation of the  hyperbola about the 
approach  asymptote,  was  then  investigated. Two prime  conditions  indicative of orbit 
accommodation  were  investigated:  the  orbit-sunlight  geometry  and  the  occultations of 
the Sun, Earth, and  Canopus. 

The 1977 type I1 opportunity  was  shown  to  be  the  most  favorable  for  putting  the 
maximum  payload  in  orbit.  The 1975 type I1 trajectories  exhibit  nearly  equal  capability. 
However, because of lower  payload  weights  and  range  safety  constraints,  the  type  I tra- 
jectories  available  for  launching  in  1975  and 1977 are probably  not  feasible.  Either  type 
of trajectory  launched  in 1973 can  yield  reasonable  payload  weights  in  orbit but has less 
capability  than  the 1975 and 1977 type 11 trajectories.  For  each of these  opportunities, 
definition of mission  objectives is required  to  ascertain  acceptable  lighting  conditions 
and  occultations.  However,  the  required  orbital  design  data  have  been  presented so that 
these  variables  can be considered as soon as mission  objectives are defined. 

Langley  Research  Center, 
National Aeronautics  and  Space  Administration, 

Hampton, Va., June 11, 1970. 
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TABLE I.- TRAJECTORY AND MARS ENCOUNTER  PARAMETERS  FOR  THE 1973 LAUNCH OPPORTUNITY 

r 
Launch date 

~ 

1973 type I trajectories 

- F l y  17,  1973 h u g .  4,  1973 1 Aug. 24,  1973 lJuly 11, 1973 
- 

Arrival date I Feb. 8,  1974 1 Feb. 28,  1974 I Mar. 20,  1974 I May 19,  1974 

Trip  time,  days 

Communication 
distance at 
arrival, km 

16.050  15.118 

36.39 

208 I 312 

21.740 22.513 

-10.35 

deg " 1 -  -8.90 1 -8.11 I -2.45 I 50.23 

V, , d, km/sec ~-1; 3.::: 1 2.:gy 1 2.::; 1 2.750 

DEC of Sun at 17.15 
Mars, deg 

RA of Sun at 0.14 I 9.03 I 17.75 I 43.89 
Mars,  deg 

348 ~ 404 ~ 

18.098  16.060 

-7.97 

45.94 I 29.94 

124.04 I 147.00 

3.067 I 3.639 

22.85 22.69 

71.24  109.98 



TABLE 11.- TRAJECTORY AND MARS ENCOUNTER PARAMETERS FOR THE 1975 LAUNCH OPPORTUNITY 

1975  type I trajectories 1975  type I1 trajectories 

Launch date 

376 X lo6 362 X lo6 334 x 106 315 X lo6 268 X lo6 213 X 106 Communication 

370 348 326 2 52 232 2 10 Trip  time,  days 

Sept. 29, 1976 Aug.  20, 1976 July 11, 1976 June 21, 1976 May 12, 1976 Apr. 2, 1976 Arrival  date 

Sept. 25, 1975 Sept. 7, 1975 Aug.  20, 1975 Oct. 13, 1975  Sept. 23, 1975 Sept. 5, 1975 - 

- 

distance at 
arrival, km 

C3,$, (km/sec)2 2 0 3 0 1 1  t:"," ~ "3';;': ,I 1&3;2 1 l&I;5 ~ :";8," 1 "7 deg 53.19 

I w 7  deg I -24.09 1 -25.60 1 -13.03 1 32.61 28.90 19.91 ~ - r r r T i  1 8 3.3 2 180.14 180.04 

V m , d  7 km/sec 2.430  2.588  2.982 
1 

DEC of Sun at 23.60  23.97  22.88  19.27 

RA of Sun at 42.58 60.57 79.3 1 88.94 108.52 128.24 
Mars,  deg - 



TABLE III.- TRAJECTORY AND MARS  ENCOUNTER  PARAMETERS  FOR  THE  1977  LAUNCH OPPORTUNITY 

I 1 1977 type I trajectories 
~ ~~ - 

1977 type 11 trajectories 

~ Launch date act. 12,  1977  Oct.  30,  1977 Nov.  17,  1977 , Sept. 20, 1977  Oct.  6,  1977 ~ Oct.  22,  1977 I 

Arrival  date ' June 6, 1978 ' July 16, 1978 Sept. 14,  1978 Aug.  25, 1978 /Aug.  25, 1978 SePt.  14, 1978 
+"---- I-"-- , 

I 

! Trip  time,  days I 237 ! 259 i 301 339  323  327 

I Communication 1 251 X lo6 295 X lo6 , 339 X lo6 i 327 X lo6 327 X lo6 339 x 106 j 
distance at 
arrival, km I 

1 
~~ ~ ~ ~~ ~~~ 

i , 

I 

C3 a, (km/sec)2 19.165  20.119  26.486  13.405  10.973  12.288 : ,  
", deg 60.33 47.24 j 25.92 16.28 14.29 22.06 

~ 6d, deg , -36.75 i -28.60 1 -0.53 5.56 7.13 3.30 
L \ 

I I 

~ 209.14 216.89 221.72  215.18 

2.828 
~ 2.450 2.457  2.553 

DEC of Sun at 15.31 18.24 

I""/ 15.31 

l I/ 

Mars,  deg 1 
RA of Sun at 142.04 132.19 132.19  142.04  112.47 92.84 

~~ 

Mars,  deg 
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Figure 3.- Trajectory  characteristics  from  Earth to Mars  for   the 1973 type I opportunity. 
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Figure 3.- Continued. 
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Figure 5.- Relative  orbit  and  sunlighting  geometry  for  typical 1973 type I trajectories. 
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Figure 5.- Continued. 



C 
0 

60 

30 

0 

-30 

-60 

-90 
0 40 80 120 160 200 240 

Right   ascension,   deg 

0 Subsolar p o i n t  
Z' l o c a t i o n  

2 80 320 

(c) August 24,  1973, launch  and  March 20,  1974, arrival. 

Figure 5.- Concluded. 
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Figure 6.- Occultation  characteristics  for  Mars  orbits  resulting  from typical 1973 type I trajectories. 
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Figure 6.- Continued. 
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Figure 9.- Relative  orbit  and  sunlighting geometry for  typical 1973 type I I trajectories. 
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Figure 9.- Continued. 

w 
w 

I 



90 

60 

c 
ru 

-6 0 

-90 
0 40 80 120 160 200 240 

R i g h t  a scens ion ,  deg 

(c)  August 28, 1973, launch  and  October 6, 1974, arrival. 

Figure 9.- Concluded. 



w 
m 

C .rl 
E 

C 
0 .rl + m 
2 40 
0 
3 
0 
0 

0 

120 

.r( C 
E 

80 
.A 

0 

w Unattainable  
i n c l i n a t i o n  
Orb i t a l   pe r iod  = 1 Martian  day 

_ _  -Orbi ta l   per iod  = 1/2  Martian  day. 

0 40 80  120 160 200 240 280 320 360 

$ 9  deg 

(a) July 11, 1973, launch  and  May 19,  1974, arrival. 
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Figure 13.- Relative  orbit  and  sunlighting  geometry  for  typical 1975 type I trajectories. 
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(b) September 23, 1975, launch  and  May 12, 1976, arrival. 

Figure 13.- Continued. 

280 320 



0 S u b s o l a r   p o i n t  
EI 2' l o c a t i o n  

90 

60 

0 
a" -30 

-60 

-90 
- 0  40 80 120  16 0 200 240 

Righ t   a scens ion ,   deg  

(c) October 13,  1975, launch  and  June 21,  1976, arrival. 

Figure 13.- Concluded. 
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(a) September 5, 1975, launch  and  April 2, 1976, arrival. 

Figure 14.- Occultation  characteristics  for  Mars  orbits  resulting  from  typical 1975 type I trajectories. 
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Figure 14.-  Continued. 
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Figure 14.- Concluded. 
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Figure 15.- Trajectory  characteristics from Earth to Mars  for   the 1975 type I I  opportunity. 
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(a) August 20, 1975, launch  and  July 11, 1976, arr ival.  

Figure 17.- Relative  orbit  and  sunlighting  geometry for typical 1975 type II trajectories. 
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(b) September 7, 1975, launch and  August 20, 1976, arrival. 

Figure 17.- Continued. 
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Figure 17.- Concluded. 
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Figure 18.- Occultation  characteristics  for Mars orbits resulting  from  typical 1975 type 1 1  trajectories. 
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Figure 18.- Continued. 



120 

.rl C 
E 

C 
0 

0 

120 

c 
0 .rl 
-P 

2 40 
rl 
S 

0 
0 

Unat ta inable  
i n c l i n a t i o n  

- Orb i t a l   pe r iod  = 1 Martian  day 
_ _ _  Orb i t a l   pe r iod  = 1/2  Martian  day 

0 40 80 120 16 0 200  240  280 320 36 0 

B ,  deg 

(c) September 25, 1975, launch  and September 29, 1976, arrival. 

Figure 18.- Concluded. 
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Figure 19.- Trajectory  characteristics  from  Earth to Mars  for  1977 type I opportunity. 
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Figure 19.- Continued. 
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Figure 20.- Payload in  Mars  orbi t  as funct ions of launch date for  three  launch  vehicles for the 1977 type I opportunity. 
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(a) October 12, 1977, launch  and  June 6, 1978, arrival. 

Figure 21.- Relative  orbit  and  sunlighting  geometry for typical 1977 type I trajectories. 
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(b) October 30, 1977, launch and J u l y  16,  1978, arrival. 

Figure 21.-  Continued. 
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(c)  November 17,  1977, launch  and September 14,  1978, arr ival.  

Figure 21.- Concluded. 
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(a) October 12, 1977, launch  and  June 6, 1978, arrival. 

Figure 22.- Occultation  characteristics  for  Mars  orbits  resulting  from  typical 1977 type I trajectories. 
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(b) October 30, 1977, launch and J u l y  16, 1978, arrival. 

Figure 22.- Continued. 
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Figure 22.- Concluded. 

Sun 



Launch date  1977 

(a)  Excess energy  at  Earth  and  hyperbolic excess velocity  at  Mars a5 functions of launch date for Several ar r iva l  dates. 

Figure 23.- Trajectory  characteristics  from  Earth  to  Mars  for 1977 type I I  opportunity. 
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(b) Sun-? angle  and  declination of launch asymptote as functions of launch date for several arrival dates. 

Figure 23.- Continued. 
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Figure 23.- Concluded. 
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Figure 24.- Payload i n  Mars orbit a s  functions of launch date for  three  launch  vehicles for 1977 type I I  opportunity. 
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(a) September 20, 1977, launch  and  August 25, 1978, arrival. 

Figure 25.- Relative  orbit  and  sunlighting  geometry for typical 1977 type I I trajectories. 



90 

60 

30 

0 

-60 

-90 

0 Subso la r   po in t  
Z' l o c a t i o n  

0 40 80 120 160 200 240 

R igh t   a scens ion ,  deg 

280 

(b) October 6, 1977, launch and  August 25, 1978, arrival. 

Figure 25.- Continued. 
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Figure 25.- Concluded. 
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Figure 26.- Occultation  characteristics  for  Mars  orbits  resulting  from  typical 1977 type I I trajectories. 
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Figure 26.- Continued. 
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Figure 26.- Concluded. 
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Figure 27.- Loci of approach asymptotes for  launch  opportunities studied. 
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