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	  A	  Discussion	  of	  how	  NRL’s	  development	  of	  X-‐ray	  
naviga>on	  occurred	  within	  the	  broader	  context	  of	  its	  
program	  in	  UV,	  X-‐ray	  and	  Gamma-‐ray	  Astronomy	  



Two	  Themes	  
The	  NRL	  X-‐ray	  naviga.on	  has	  been	  characterized	  by	  explora.on	  of	  
two	  major	  themes	  
	  
1.   Pulsars	  of	  all	  types;	  also,	  other	  rapid	  variability	  signatures	  
2.   Eclipses	  and	  occulta4ons	  –	  giving	  sharp	  edges	  and	  defining	  

long	  straight	  lines	  in	  space;	  other	  useful	  high-‐contrast	  
temporal	  modula.on	  

Both	  had	  roots	  in	  the	  1960s	  
	  

Since	  so	  many	  other	  talks	  cover	  pulsars,	  this	  one	  will	  
expand	  somewhat	  on	  the	  second	  theme	  
	  
Take	  a	  look	  at	  the	  various	  paths	  that	  have	  been	  explored	  over	  the	  years.	  	  
Mostly	  chronological	  order,	  tracking	  both	  themes,	  with	  references.	  
	  



Origins	  	  
Early	  Sounding	  Rocket	  Work 	  	  

•  NRL’s	  space	  research	  entered	  its	  rocket	  phase	  with	  Herbert	  Friedman’s	  
sounding	  rocket	  flights	  in	  the	  late	  1940s.	  	  X-‐rays	  from	  the	  Sun	  were	  discovered	  

•  Propor.onal	  counter	  systems	  flown	  in	  the	  1960s	  established	  early	  sketch	  of	  
the	  X-‐ray	  sky.	  	  Source	  variability	  immediately	  became	  evident.	  	  	  

•  NRL	  conducted	  a	  search	  for	  a	  neutron	  star	  in	  the	  Crab	  Nebula	  using	  a	  lunar	  
occulta-on	  before	  discovery	  of	  pulsars	  and	  without	  X-‐ray	  op4cs	  .	  	  

•  A/er	  pulsars	  were	  found	  in	  radio	  and	  X-‐rays,	  the	  first	  X-‐ray	  
pulsar	  was	  found	  by	  NRL,	  the	  Crab	  Pulsar.	  	  

First	  theme	  starts	  here	  
	   	  Fritz	  et	  al.	  Science	  169,	  366	  (1969)	  

	  
NRL	  and	  GPS	  :	  Roger	  Easton,	  the	  “Father	  of	  GPS,”	  was	  undertaking	  Project	  
Vanguard	  and	  developments	  leading	  to	  GPS	  concept	  during	  years	  1955-‐64.	  .	  	  
Use	  of	  periodic	  signals	  as	  naviga-on	  aids	  was	  a	  longstanding	  NRL	  interest.	  

	  
	  



Second	  Theme	  Starts	  Here	  
7	  July	  1964	  Crab	  Occulta.on	  Flight	  

	  
	  
At	  that	  early	  epoch,	  near	  the	  dawn	  of	  X-‐ray	  astronomy,	  a	  lunar	  

occulta4on	  was	  the	  best	  way	  to	  achieve	  fine	  angular	  resolu4on	  
	   	  	  

Scien.fic	  goal	  was	  to	  determine	  whether	  the	  X-‐ray	  source	  (then	  known	  for	  
only	  a	  year)	  was	  a	  point	  source	  (Neutron	  Star)	  or	  extended	  (the	  Nebula)	  

	  
Extent	  of	  Crab	  Nebula	  was	  known	  in	  other	  wavelengths	  but	  not	  X-‐rays.	  	  

An	  X-‐ray	  source	  extended	  of	  order	  an	  arc-‐minute	  would	  disappear	  
gradually	  as	  the	  Moon	  passed	  between	  Earth	  and	  the	  Nebula,	  but	  a	  
point	  source	  would	  show	  an	  abrupt	  drop	  at	  ingress.	  	  	  

	  
There	  was	  specula.on	  favoring	  each	  possible	  outcome.	  
	  
Key	  par4cipants	  then	  at	  NRL	  were	  Friedman,	  Chubb,	  Byram,	  Bowyer,	  Fritz	  

	  Ted	  Byram	  ran	  the	  launch,	  using	  a	  sidereal	  clock!	  
	  
	  



Classic	  experiment	  -‐-‐	  with	  perfect	  launch	  4ming	  -‐-‐	  but	  
severely	  limited	  by	  detector	  areas	  

	  

Launch	  4me	  had	  to	  consider	  Nebula	  centroid	  and	  loca4on	  of	  
lunar	  shadow,	  not	  on	  ground	  but	  on	  rocket	  trajectory	  at	  al-tude	  
Detectors	  were	  two	  Geiger	  counters,	  each	  114	  cm2	  frontal	  area	  

(Projected)	  Nebular	  brightness	  distribu4on	  from	  deriva4ve	  of	  count	  history.	  

Registered	  on	  sky	  (w.r.t	  Nebula)	  using	  lunar	  ephemeris	  and	  rocket	  trajectory	  

	  

X-‐ray	  count	  rates	  during	  occulta-on	  

Inferred	  Nebular	  extent	  

Apparent	  advance	  rate	  of	  limb	  ~	  1	  arcsec/s	  

	  	  	  Bowyer,	  Byram,	  Chubb,	  and	  Friedman,	  Science	  152,66	  (1964)	  	  



Pulsars,	  	  and	  also	  Alterna-ves 	  	  
In	  the	  early	  1970s	  it	  was	  clear	  neutron	  stars	  were	  X-‐ray	  sources.	  	  
•  Periodici4es	  were	  known	  (Crab,	  since	  1969;	  Her	  X-‐1,	  Cen	  X-‐3,	  etc.)	  
•  Timing	  noise	  was	  recognized	  and	  being	  characterized	  
•  Pulsars	  were	  regarded	  as	  one	  op4on	  among	  others	  for	  4ming	  and	  naviga4on	  
In	  the	  era	  of	  sounding	  rockets,	  the	  black	  hole	  source	  Cygnus	  X-‐1	  had	  been	  
found	  variable,	  showing	  aperiodic	  variability,	  over	  decades	  in	  4mescale.	  
•  Subsequent	  analysis	  over	  many	  years	  revealed	  variability	  extending	  to	  shorter	  

and	  shorter	  .mescales,	  down	  to	  milliseconds.	  	  	  
•  This	  is	  poten4ally	  useful	  for	  4me	  transfer	  or	  for	  rela4ve	  naviga4on	  
	  

HEAO	  A-‐1	  found	  first	  unpulsed	  eclipsing	  low-‐mass	  X-‐ray	  binary	  	  
(LMXB),	  the	  system	  now	  known	  as	  	  X	  1658-‐298	  (see	  next	  slide).	  	  

Thus,	  not	  just	  pulsars	  but	  many	  op-ons.	  	  
Millisecond	  pulsars	  were	  not	  yet	  known	  to	  be	  X-‐ray	  sources	  

(in	  fact	  B1937+21	  was	  found	  in	  radio	  only	  in	  1982)	  
	  
	  
	  
	  

	  
	  
	  

	  

In	  early	  development	  of	  X-‐ray	  program,	  NRL	  researchers	  always	  asked:	  Why	  
perform	  tasks	  in	  X-‐rays	  rather	  than,	  say,	  op-cal?	  	  Answers	  included	  	  (i)	  detector	  
system	  op-ons,	  (ii)	  dis-nc-ve	  signatures	  of	  X-‐ray	  sources	  (e.g.,	  Crab,	  Cyg	  X-‐1),	  
and	  (iii)	  short	  wavelengths,	  i.e.,	  minimal	  diffrac-on.	  	  

	  
	  
	  
	  

	  



HEAO-‐1	  (1977-‐79)	  
•  X-‐ray	  source	  classes	  were	  surveyed	  through	  1970s,	  80s.	  

–  Catalogs	  are	  basis	  for	  X-‐ray	  star-‐trackers,	  i.e.,	  X-‐ray	  aetude	  
–  But	  it	  was	  being	  learned	  the	  X-‐ray	  sky	  has	  almost	  no	  steady	  point	  sources	  

•  MXB	  1659-‐29	  eclipses	  discovered	  using	  HEAO-‐1 	  	  
•  	   Cominsky	  and	  Wood,	  	  Ap.	  J.	  283,	  765	  (1984);	  also	  	  Ap.	  J.	  337,485	  (1989)	  

•  	  Eclipses	  provided	  a	  different	  kind	  of	  periodic	  signal,	  infrequent	  but	  with	  a	  
dis4nc4ve,	  sharp	  edge.	  	  It	  seemed	  to	  have	  promise	  for	  applica4on	  

•  The	  precision	  of	  this	  celes4al	  clock	  was	  ini4ally	  unknown,	  but	  4mescale	  for	  
evolu4on	  of	  the	  orbit	  was	  known	  to	  be	  long,	  of	  order	  few	  x	  108	  yr.	  	  This	  and	  
another	  eclipsing	  system,	  Exo	  0748-‐676,	  were	  monitored	  for	  years.	  

!

Wood	  et	  al	  Ap	  J.Suppl.	  56,	  507	  (1984)	  	  



Mid-‐1980s:	  	  
XLA	  Concept	  leading	  to	  	  USA	  Mission	  

•  A/er	  end	  of	  HEAO-‐1	  mission	  (1979),	  NRL	  increasingly	  
specialized	  in	  study	  of	  X-‐ray	  source	  variability.	  	  	  

•  One	  idea	  from	  the	  1980s	  was	  a	  100	  m2	  array	  called	  the	  X-‐ray	  Large	  
Array	  (XLA),	  which	  had	  a	  NASA	  study	  but	  never	  flew.	  	  It	  was	  similar	  
in	  emphasis	  to	  LOFT,	  currently	  proposed	  to	  ESA.	  	  (For	  XLA	  retrospec.ve	  
see	  Wood,	  Wolff	  and	  Ray	  in	  X-‐ray	  Timing	  2003,	  Kaaret,	  Lamb,	  and	  Swank,	  Eds.)	  
1980s	  were	  when	  X-‐ray	  naviga-on	  got	  interes-ng;	  XLA	  was	  key	  

•  XLA’s	  legacy	  was	  a	  dream	  of	  large	  exposure	  (area	  x	  4me	  product)	  
on	  sources.	  	  This	  led	  to	  the	  Unconven4onal	  Stellar	  Aspect	  
Experiment	  on	  the	  ARGOS	  satellite.	  

	  
Before	  geeng	  to	  USA,	  will	  look	  at	  some	  

related	  ideas	  involving	  large	  exposure	  and	  occulta4ons	  



Mid-‐1980s	  
Occulta.ons	  and	  High	  Precision	  -‐-‐	  
	  for	  Angular	  Resolu.on	  or	  Posi.on	  

Theore4cal	  understanding	  of	  X-‐ray	  source	  classes	  predicts	  many	  interes4ng	  
phenomena	  on	  scales	  from	  arcseconds	  down	  to	  micro-‐arcseconds	  – 	  

	  stellar	  coronae,	  binaries,	  AGN,	  blazar	  jets,	  …	  
A	  large	  array	  combined	  with	  occulta4on	  can	  access	  intermediate	  (m.a.s.)	  scales	  	  

	  XLA	  would	  have	  area	  large	  enough	  to	  explore	  milliarcsecond	  domain 	  	  
	  The	  Moon	  alone	  gives	  access	  to	  Eclip4c	  la4tudes	  ±	  6°	  over	  9	  years	  	  	  	  	  	  	  	  
	   	  	  –	  10.4%	  of	  full	  sky	  	  Crab,	  3C273	  and	  various	  other	  sources	  

	  
This	  is	  a	  science	  goal,	  not	  astronau4cs,	  	  but	  it	  leads	  directly	  back	  to	  astronau-cs;	  
	  
An	  ar4ficial	  occultor	  in	  high	  orbit	  would	  work	  to	  increase	  sky	  access	  to	  4π	  	  (100%)	  

	  -‐	  Wood	  and	  Breakwell	  (Acta	  Astronau>ca,	  15,9	  (1987))	  considered	  for	  use	  with	  large	  arrays	  in	  LEO	  
	  -‐	  High	  orbit	  knowledge/control	  was	  reduced	  to	  	  Kalman	  filter	  formula.on	  	  

	   	   	  C.M.	  Roitmayr,	  thesis,	  (Stanford	  U.,1986;	  supervisor	  Breakwell)	  	  .tle:	  ”Orbital	  Mechanics	  
	  and	  Posi.on	  Es.ma.on	  for	  an	  Occultor	  Spacecrah”	  

	  
Engineering	  requirement:	  have	  edge	  advance	  slowly	  enough	  to	  bring	  out	  angular	  structure	  

at	  a	  sta.s.cally	  significant	  level,	  and	  one	  must	  be	  sure	  diffrac.on	  does	  not	  become	  appreciable 
“Slowly	  enough”	  is	  rela-ve	  –	  depends	  on	  the	  detec4on	  system,	  and	  the	  astronau.cs	  
	  
	  



High	  Orbits	  and	  Occulta>ons	  
Wood	  &	  Breakwell	  (1987)	  Ar.ficial	  Occultor	  Concept	  

Delta-‐wing	  occultor,	  in	  orbit	  plane	  perpendicular	  to	  lunar	  orbit	  
Considered,	  rejected,	  LEO	  for	  specific	  impulse	  à	  Lunar	  al4tude	  
Steerable	  to	  targets	  by	  combina4on	  of	  Sun’s	  gravity	  and	  thrusters	  
Navigate	  using	  GPS	  from	  farther	  side	  of	  Earth	  –	  the	  right	  idea	  
Naviga4on	  concept	  reduced	  to	  Kalman	  filter;	  fueling,	  commanding	  scoped	  
	  	  	  	  	  	  (but	  programma4c	  target	  dates	  proved	  “op4mis4c”…	  )	  

Main	  idea:	  
Steerable,	  smooth	  edge,	  
To	  access	  en-re	  sky	  for	  high	  
angular	  resolu4on	  on	  targets	  
	  
Also,	  	  
an	  example	  of	  long	  straight	  
lines	  in	  space	  using	  X-‐rays	  	  and	  

occulta4ons.	  



Late	  1980s	  
Occulta>ons	  and	  Eclipses:	  LEO	  transit	  applica>ons	  	  	  

Earth	  occulta4ons	  are	  a	  special	  case	  of	  eclipses,	  	  
i.e.,	  by	  atmosphere	  when	  	  source	  transi.ons	  at	  earth	  limb.	  	  	  
	  
Atmospheric	  occulta4ons	  are	  gradual,	  not	  sharp	  
Earth	  occulta4ons	  can	  provide	  posi4on	  
informa4on,	  	  referenced	  to	  the	  Earth,	  but	  it	  
is	  necessary	  to	  model	  the	  atmosphere	  (as	  well	  as	  
oblateness)	  to	  fit	  occulta.on	  curves.	  	  	  
	  
	  
	  
	  

	  

	  
	  
Ginga	  (1987-‐1991)	  	  generally	  
scheduled	  to	  avoid	  observing	  
earth	  occulta.ons,	  but	  occasionally	  
observed	  them	  uninten.onally	  
	  
A	  (rising)	  transit	  of	  Sco	  X-‐1	  (1989)	  
provided	  inspira.on	  during	  
development	  of	  USA	  Experiment	  	  
	  
This	  horizon	  transit	  would	  not	  
have	  been	  	  observed	  had	  Ginga	  
been	  in	  orbit	  used	  for	  
scheduling.	  	  The	  orbit	  had	  
changed.	  
	  
Thus	  the	  transit	  in	  effect	  
measured	  change	  of	  the	  
orbital	  elements,	  i.e.,	  was	  
naviga.onal	  informa.on	  
	  
	  

	  



Occulta>ons	  and	  Eclipses,	  cont’d:	  atmosphere	  issue	  
importance	  has	  grown	  with	  concern	  over	  climate	  change 	  	  

	  
It	  can	  work	  another	  way,	  too:	  
Occulta4ons	  can	  provide	  
atmospheric	  diagnos4cs	  for	  
remote	  sensing	  
	  
	  

	  

A	  study	  of	  Earth-‐occulta.ons	  of	  the	  Crab	  
Nebula	  using	  USA	  and	  RXTE	  was	  used	  to	  
derive	  atmospheric	  density	  profiles	  
(Determan	  et	  al,	  JGR,	  112,	  AO6323	  (2007))	  

	  
	  
	  

	  When	  X-‐ray	  Earth	  occulta4ons	  
are	  used	  to	  probe	  the	  
atmosphere	  they	  are	  most	  
sensi4ve	  in	  the	  al4tude	  range	  
from	  80	  to	  150	  km.	  	  This	  is	  the	  
range	  where	  models	  predict	  
effects	  associated	  with	  global	  
climate	  change	  	  
	  
	  
	  

	  
total extinction. Thus, in a single observation, a range of
altitudes is being sampled, which allows the determination
of atmospheric structure. Note that this process is reversed
for a source that comes out of occultation or ‘‘rises’’ from
behind the Earth.

3.3. XOS Sources

[28] XOS source selection is mainly a function of the
brightness and variability properties of the source but is also
related to detector bandwidth and sensitivity, observation
geometry, and the absorbing media. Roble and Hays [1972]
offer a detailed, theoretical discussion on some of the
parameters that are significant sources of error in stellar
occultation sounding, and their discussion provides a useful
framework for considering potential occultation candidates.
Here we will limit our discussion to the details relevant to
our USA and PCA observations.
[29] Ideally, source spectrum and intensity should be

constant over the timescale of the occultation, and because
the X-ray cross sections, shown in Figure 5, vary steeply
compared to the energy resolution of proportional coun-
ters, a model source spectrum is required for interpolations
within the PHA bins of the PCA and USA experiments.
Therefore the spectrum of the source should be well
known and easily modeled. Unmodeled or incorrectly
modeled flux or spectral variations during the occultation
will cause systematic errors in the density retrievals.
Consequently, XOS does not attempt to explain the
physics that produced the stellar X-ray spectra, but
requires an adequately modeled source spectrum as an

input. The combination of source intensity and instrument
sensitivity must provide good Poisson counting statistics
throughout the extinction process.
[30] With such considerations in mind, we present

occultation results for the Crab Nebula and for Cygnus
X-2 X-ray sources. The Crab Nebula spectrum closely
follows a simple power law and is a well-known, excel-
lent calibration source for X-ray astronomy [Willingale
et al., 2001; Toor and Seward, 1974]. Cygnus X-2 is
well characterized by an absorbed blackbody plus a
power law with a high-energy cutoff [Smale, 1998].
Furthermore, while the energy distribution and magnitude
of Cygnus X-2 are known to vary, such variations are
on larger timescales (days to months for brightness and
hours to days for spectral distribution variations)
[Kuulkers et al., 1999] than the timescale for a single
occultation (!30–50 s) to occur. Therefore the X-ray
intensity and spectrum of Cygnus X-2 are assumed to be
constant during an occultation.

4. Density Retrievals
4.1. Density Retrieval Methods

[31] The literature reveals that there are two general
approaches for density retrieval from occultations as
follows: direct inversion and iterative inversion using a
forward model. Past studies that used a direct inversion
approach are Aikin et al., 1993, 1982; Roble and Hays,
1972; Hays et al., 1972. They derived optical depths from
relative intensities, assumed a single absorbing species,

Figure 4. PCA measurement of the Crab spectrum through the attenuation process. Spectra 1 and 6 are,
respectively, unattenuated and fully attenuated. The altitudes indicated are approximate. Note that, in the
first 10 s (3: 130 km > tp alt > 100) of the occultation, the lower energy photons below 5 keV are
dramatically reduced. As the occultation progresses, we see selective absorption as the atmospheric
density increases with the decreasing tangent altitude.
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Roble,	  R.,”Major	  Greenhouse	  Cooling	  (yes	  
cooling):	  The	  upper	  atmosphere	  response	  
to	  increased	  CO2,”	  Rev	  Geophys	  Suppl.,	  pp	  
539-‐546	  (1995)	  	  



Mid-‐to-‐late	  1980s:	  	  
USA	  Mission	  

•  USA	  mission	  concept:	  large	  exposure	  (area	  x	  4me	  product)	  
on	  sources,	  using	  long	  observing	  .mes	  	  

•  Much	  of	  the	  ra-onale	  for	  USA	  was	  systema-c	  
study	  of	  X-‐ray	  sources	  for	  celes-al	  naviga-on.	  	  

•  USA	  was	  essen4ally	  an	  avionics	  package,	  based	  on	  X-‐ray	  
sensors	  viewing	  celes.al	  sources.	  

•  Instrument	  Desrip-on:	  Ray	  et	  al.	  in	  X-‐ray	  Astronomy,	  Bologna,	  Italy,	  
1999,(	  White,	  Malagu.,	  and	  Palumbo,	  Eds.)	  

Proposal	  1988;	  developed	  1988-‐99;	  USA	  flight	  was	  1999-‐2000	  

Posi-on,	  -me-‐determina-on,	  and	  aitude	  were	  all	  deemed	  worthy	  goals,	  	  
	  	  	  	  	  	  as	  was	  -me	  transfer	  

This	  is	  a	  broad	  interpreta-on	  of	  X-‐ray	  naviga-on	  
The	  “cold	  start”	  problem	  was	  par-cularly	  interes-ng	  	  (s-ll	  is)	  

It	  requires	  using	  bright	  sources	  
One	  does	  not	  start	  cold	  on	  faint,	  100-‐micro-‐Crab	  sources	  	  



USA:	  Advocacy	  and	  Development	  Phases	  
Two	  papers	  (SPIE)	  published	  in	  the	  design	  phase	  of	  the	  USA	  
program	  surveyed	  the	  concepts	  of	  X-‐ray	  naviga.on,	  	  
	  
Naviga-on	  Studies	  U-lizing	  the	  NRL-‐801	  Experiment	  and	  the	  ARGOS	  Satellite	  

•  K.	  S.	  Wood	  in	  Small	  Satellite	  Technology	  and	  Applica>ons	  III,	  ed.	  B.	  J.	  Horais,	  
	  	  	  	  	  	  SPIE	  Proceedings	  vol.	  1940,	  105	  (1993).	  
•  Wood	  et	  al,	  SPIE	  Proc	  220,	  19	  (1994)	  

	  Posi4on:	  pulsars	  and	  occulta.ons/eclipses	  
	  Aetude:	  measuring	  residuals	  on	  transits	  
	  Timekeeping:	  pulsar	  phase	  determina.ons;	  .me	  transfer	   	  
	  using	  rapid	  variability	  in	  periodic	  or	  aperiodic	  sources	  

Thus,	  USA	  supported	  feasibility	  exercises	  on	  several	  naviga4on	  ideas	  
	  ARGOS	  satellite	  had	  various	  truth	  sources	  for	  comparison 	  	  

In	  fact,	  feasibility	  demonstra4ons	  rather	  than	  full	  system	  prototyping	  
is	  where	  X-‐ray	  naviga4on	  remains	  today,	  including	  SEXTANT	  

	   	  	  
USA	  supported	  development	  of	  X-‐ray	  naviga4on	  other	  ways	  as	  well.	  	  
The	  first	  Ph.D	  theses	  on	  X-‐ray	  naviga4on	  (Hanson	  (1996);	  Sheikh	  
(2005))	  were	  done	  in	  conjunc4on	  with	  the	  NRL	  program	  



USA’s	  Role	  in	  Autonomy	  
Computa4on	  in	  support	  of	  naviga4on	  was	  recognized	  as	  
essen.al	  for	  X-‐ray	  naviga.on	  of	  satellites	  
Being	  able	  to	  compute	  without	  errors	  in	  the	  space	  
environment	  is	  also	  essen4al	  to	  any	  autonomy.	  
The	  USA	  Experiment	  therefore	  incorporated	  a	  testbed	  	  

	  (Advanced	  Space	  Compu4ng	  and	  Autonomy	  Testbed	  –	  ASCAT)	  

	  for	  compu-ng,	  believed	  the	  first	  of	  its	  kind.	  	  It	  compared	  performance	  
of	  two	  strategies	  for	  reliable	  compu-ng	  in	  space,	  namely	  	  	  	  	  	  	  	  
radia-on-‐hardening	  of	  processors	  vs.	  fault-‐tolerance	  solware.	  
For	  discussions	  of	  ASCAT	  testbed	  results	  see:	  
Lovelleqe,	  KSW,	  et	  al,	  IEEE	  Aerospace	  Conf	  Proc.,	  Big	  Sky,	  MT	  [ISBN	  0-‐7803-‐7232-‐8]	  (2002)	  
Lovelleqe	  ,	  KSW,	  et	  al,	  	  IEEE	  Aerospace	  Conf	  Proc.,	  Big	  Sky,	  MT	  [ISBN	  0-‐7803-‐7652-‐8]	  (2003)	  	  
–  Computer	  testbed	  was	  able	  to	  receive	  the	  X-‐ray	  event	  data	  stream	  onboard	  
–  The	  rad-‐hardening	  vs.	  so/ware	  trade	  explored	  with	  USA/ASCAT	  remains	  a	  

research	  topic,	  applicable	  to	  autonomy	  



USA,	  cont’d	  
•  Design	  and	  execu.on	  

–  Large	  propor.onal	  counter	  	  
–  Mounted	  in	  2-‐axis	  gimbal	  
–  Could	  track	  X-‐ray	  sources	  
independently	  of	  spacecrah	  	  

•  USA	  was	  used	  as	  an	  X-‐ray	  star-‐tracker	  to	  
diagnose	  and	  correct	  a	  problem	  that	  
developed	  with	  the	  ARGOS	  spacecrah	  
aotude	  control.	  	  

•  This	  may	  be	  first	  use	  of	  an	  X-‐ray	  sensor	  as	  
input	  to	  aetude	  control	  of	  a	  flying	  satellite.	  	  
See	  Wood	  et	  al	  “The	  Unconven.onal	  Stellar	  Aspect	  
(USA)	  Experiment	  on	  ARGOS,”	  	  AIAA	  Space	  2001	  
Conference	  and	  Exposi.on,	  	  paper	  AIAA	  2001-‐4664	  
(2001)”	  	  (Feedback	  loop	  was	  via	  ground)	  



USA,	  cont’d	  
Millisecond	  pulsars	  (MSPs)	  were	  found	  	  (using	  ROSAT)	  to	  be	  X-‐ray	  
sources	  while	  USA	  was	  in	  prepara4on	  

	  -‐	  implica.ons	  for	  X-‐ray	  naviga.on	  were	  recognized	  
	  -‐	  bright	  MSPs	  (B1821-‐24)	  were	  added	  to	  USA	  observing	  plan	  

	  MSPs	  were	  too	  faint	  to	  be	  easily	  detected	  by	  USA	  
Later	  XNAV	  program	  explored	  technology	  approaches	  to	  seeing	  
these	  faint	  sources,	  	  including	  large	  arrays	  of	  silicon	  pixel	  detectors	  
and	  large	  arrays	  with	  collector	  op.cs	  in	  front	  
	  

But	  for	  USA	  the	  Crab	  Pulsar	  was	  the	  principal	  target	  
	  for	  4ming	  applica4ons	  studies.	  Also	  looked	  at	  AXP,	  4U	  0142+61	  

Wood	  et	  al.,	  AIAA	  2001-‐4664	  (2001)	  
Ray	  et	  al.	  Bull.	  AAS,	  Vol.	  34,	  p.1298	  (2002)	  
Ray	  et	  al.	  Bull.	  AAS,	  Vol.	  35,	  p.641	  (2003)	  

	  
	  
	  



USA	  to	  XNAV	  (early	  2000s)	  
…	  and	  thence	  to	  Fermi	  LAT	  and	  SEXTANT	  

	  •  USA	  led	  to	  	  patent	  for	  pulsar-‐based	  X-‐ray	  naviga4on	  	  (U.S.	  
Patent	  No	  7,197,381;	  Naviga-on	  System	  and	  	  Method	  U-lizing	  Sources	  of	  Pulsed	  
Celes-al	  Radia-on;	  filed	  2003;	  awarded	  2007)	  

Patent	  scope	  was	  constrained	  by	  our	  own	  prior	  publica4ons	  from	  1990s.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  U	  MD	  Ph.D.	  student	  Suneel	  Sheikh	  collaborated	  on	  USA	  and	  on	  patent,	  	  

	  while	  comple4ng	  his	  thesis	  on	  pulsar-‐based	  X-‐ray	  naviga4on	  (2005),	  
	  the	  first	  X-‐ray	  naviga4on	  thesis	  to	  include	  MSP-‐based	  strategies;	  
	  Also,	  Sheikh,	  Pines,	  Wood,	  Ray,	  Lovelleqe,	  Wolff;	  JGCD,29,	  No.1	  (2006)	  

	  
•  Concurrently	  DARPA	  ran	  a	  program	  called	  XNAV	  to	  explore	  prac.cal	  approaches	  

to	  pulsar-‐based	  X-‐ray	  naviga4on.	  	  These	  ideas	  were	  associated	  with	  the	  possibility	  
of	  a	  demonstra.on	  with	  a	  payload	  arached	  to	  the	  interna.onal	  space	  sta.on.	  	  	  

•  Two	  design	  approaches	  were	  evaluated	  using	  a	  pulsar	  simulator	  
•  NRL,	  LANL,	  Ball	  Aerospace,	  and	  NASA	  GSFC	  par.cipated	  
•  Further	  improvements	  along	  these	  lines	  later	  led	  to	  NICER/SEXTANT	  
	  
•  During	  these	  same	  years	  the	  NRL	  group	  was	  simultaneously	  working	  

on	  the	  Fermi	  Large	  Area	  Telescope	  (LAT)	  
•  Following	  launch	  (2008)	  the	  Fermi	  LAT	  would	  make	  many	  discoveries	  of	  new	  

gamma-‐ray	  pulsars,	  including	  MSPs.	  	  (See	  talk	  by	  P.	  Ray)	  	  	  



Early 2000s Historical aside: ���
A USA follow-on …  never flew, but had heritage���

NRL-306 (SIXI) (Proposed 1993)	


• SIXI is well-matched to the Express Pallet on the International Space Station	


	


Grapple	  Fixture	  

EXPRESS	  Pallet	  
Adapter	  Plate	  

Thermal	  Control	  Systems	  

Longeron	  
Trunnion	  

Payloads	  

Keel	  Trunnion	  

Passive	  Arach	  Structure	  (PAS)	  

UVLIS	  

GLAST	  

HXI	  

RCS	  testbed	  

SIXI	  was	  designed	  to	  con.nue	  X-‐ray	  naviga.on	  aher	  USA.	  	  
	  The	  idea	  of	  SIXI	  fed	  into	  the	  formula.on	  of	  the	  DARPA	  XNAV	  program	  

K.S.	  Wood,	  “The	  Silicon	  X-‐ray	  Imager	  (SIXI)	  on	  ISS	  Express	  Pallet”	  
AIAA-‐2004-‐0433	  (2004)	  	  This	  had	  an	  overview	  of	  X-‐ray	  naviga>on	  to	  that	  point.	  
See	  also:	  	  Ray	  P.	  S.,	  Wood	  K.	  S.,	  Phlips	  B.	  F.	  “Spacecrah	  Naviga.on	  Using	  X-‐ray	  Pulsars”, 	  	  
NRL	  Review	  2006	  ;	  	  hrp://www.nrl.navy.mil/content_images/06FA5.pdf	  	  	  	  
	  



RXTE	  Era	  (1990s	  to	  2011)	  
Used	  RXTE	  to	  con-nue	  work	  on	  both	  Themes	  during	  RXTE	  life	  

•  B1821-‐24	  (MSP)	  observed	  for	  ~	  200	  ks;	  ToA	  compared	  with	  ephemeris	  
	  Ray	  et	  al.,	  	  in	  “40	  Years	  of	  Pulsars,”	  AIP	  Conf.	  Proc.	  983,	  157	  (2008)	  

•  Exo	  0748-‐676:	  	  eclipses	  are	  high	  signal	  to	  noise,	  but	  disappoint	  as	  clocks	  
–  Eclipses	  were	  seen	  from	  .me	  of	  Exosat	  through	  RXTE;	  
–  Source	  	  later	  went	  into	  quiescence	  (October	  2008)	  

–  Eclipses	  are	  (usually)	  sharp,	  high	  signal,	  easily	  4med	  
–  Source	  showed	  unexpected	  level	  of	  4ming	  residuals,	  using	  RXTE	  +	  USA	  	  
–  S4ll	  not	  well	  understood	  	  (see	  figure	  below,	  right	  )	  …	  work	  for	  the	  future	  
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Fig. 2.—Light curves for the 2–20 keV energy band for the region around
the eclipses (top) and (bottom). EclipseN p 43095 N p 43684 N p 43095
is the first of the eclipses with ingress spikes and eclipse occursN p 43684
3 months later. The binary orbit phasing is arbitrary; only layer 1 events are
included with time binning 0.5 s. Note the strong dipping after N p 43095
eclipse egress whereas the post-egress count rate is steady for the N p

eclipse. Our experience is that this level of post-egress dipping is rare43684
during our monitoring observations. The count rate in each time bin is plotted
with !1 j error bars and the timescale is compressed relative to Fig. 1; hence
the ingress spike feature shown in Fig. 1 does not stand out as strongly in the
top panel of this figure.

Fig. 3.—Schematic drawing of our model for the “spike” eclipses from the
point of view of an observer at Earth. The spike in the ingress profile corresponds
to when the apparent neutron star position is between the loop and the edge of
the secondary star and shining through the lower density material under the loop.
True eclipse totality begins as the apparent position of the neutron star moves
completely behind the secondary star and lasts until neutron star re-emergence.
[See the electronic edition of the Journal for a color version of this figure.]

Another feature of this set of eclipses is a persistent level of
post-egress dipping in the PCA energy band shown in Figure 2.
Based on our experience from the eclipse monitoring program,
even though the PCA energy band is relatively hard, dipping
before ingress is not unusual. In fact, dipping at all phases of
the EXO 0748!676 orbit has been reported by several authors
(e.g., Church et al. 1998; Sidoli et al. 2005), but dipping of
this magnitude at the immediate post-egress orbit phase is rel-
atively rare. Examining the spectral fits to the post-egress PCA
data shows, assuming solar abundances, the inferred hydrogen
column density is nH ∼ 1023 cm for these post-eclipse data.!2

Thomas et al. (1997) found from ASCA observations of EXO
0748!676 that nH varied from cm outside of any21 !24# 10
dipping to a high of cm during deep dips. After the five23 !210
eclipse sequence of interest the observed column density in
our post-egress spectral fits goes down by more than an order
of magnitude and the strong post-egress dipping ceases.

4. DISCUSSION
The spiked ingress behavior described above can occur if,

as the line of sight from the neutron star to the Earth comes

close to the occulting edge of the secondary star, a high-density
plasma structure suspended above the surface of the secondary
and in the plane of the line of sight, absorbs X-ray photons
out of the beam. Then, a few seconds later the X-ray line of
sight passes through a lower density region between the sus-
pended structure and the true occulting edge of the secondary
star, creating the brief spike in the light curve. This eclipse
geometry is schematically shown in Figure 3. Such a structure
might be similar to a magnetic loop in the solar atmosphere
that is anchored at two foot points of opposite magnetic polarity
(e.g., Brković et al. 2002).
Structures of the sort we propose may last for several ro-

tations of the secondary star because the secondary’s magnetic
field along with the relatively gentle gravitation potential gra-
dient will maintain the mechanical rigidity of the structure.
Utilizing Kepler’s law and the EXO 0748!676 orbital period
of hr, we obtain 1/3P p 3.82 A p 1.4[M /(1.4 M )](1" q)orb 1 ,

for the binary separation, where is the binaryR q p M /M, 2 1
mass ratio and is the compact object mass. We assumeM1
component 1 is a neutron star and set . IfM p 1.4 M1 ,

(Parmar et al. 1986) then andM p 0.4 M q p 0.286 A p2 ,

. The radius of the secondary star, , is the radius of1.5 R R, 2
the Roche lobe surrounding it (Eggleton 1983),

2/30.49q
R p A ∼ 0.42 R , (1)2 ,2/3 1/30.6q " ln (1" q )

for the above A and q. An estimate of the width of the feature
is , where1 8w ∼ (10 s/ DT )R ∼ 0.0084R ∼ 5.9# 10 cmec 2 22

is the average duration of eclipse totality (495 s) and 10 sDTec
is the timescale of the drop before the spike feature, and where
we have assumed that the system inclination is (Parmari ≥ 75"
et al. 1986). From Figure 1 the count rate goes down 75% during
the initial drop before the spike. Simulating the EXO 0748!676
pre-ingress spectrum to determine the necessary column density
to make the 2–7 keV flux drop by this amount yields a column
density cm implying a hydrogen density23 !2N ∼ 2.5# 10H

cm for the loop structure. This density14 !3n ∼ N /w ∼ 4# 10H H
is higher than the corresponding densities in solar magnetic loops
( cm ; Brković et al. 2002) and even higher than co-9 !3n ∼ 10H
ronal densities observed in the G5 III flare system Capella (nH
∼ 4# 1011–1013 cm ; Dupree et al. 1993). The secondary mass!3

we use above ( ) corresponds to either a late K orM p 0.4 M2 ,

early M type main-sequence star. Such stars can have magnetic

Wolff	  et	  al.,	  Ap.	  J	  668,	  L151	  
Wolff,	  Ray,	  Wood,	  and	  Hertz,	  Ap.J.	  Suppl.	  103,156	  (2009)	  
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Figure 3. Mid-eclipse timing residuals for observed eclipses of EXO 0748−676 during 1985–2008 both from the present study and those available in the literature.
The residual of the observed mid-eclipse time is plotted as a function of barycenter-corrected observation date. The curved solid line is the four-constant period solution
to all the data described in the text. No simple linear or quadratic ephemeris fits all the data points.

Table 3
Orbital Ephemerides of EXO 0748-676

Parameter Value

T0 (MJD; TDB) = 46111.0752010
Porb,0 (day) = 0.15933772840
nb,0 (cycle) = 12526
Tb,0 (MJD; TDB) = 48107
Porb,1 (day) = 0.15933782601
Porb,1 − Porb,0 (ms) = + 8.43
nb,1 (cycle) = 34515
Tb,1 (MJD; TDB) = 51610.7
Porb,2 (day) = 0.15933775443
Porb,2 − Porb,1 (ms) = − 6.18
nb,2 (cycle) = 45515.7
Tb,2 (MJD; TDB) = 53363.4
Porb,3 (day) = 0.15933783446
Porb,3 − Porb,2 (ms) = + 6.91
Porb,3 − Porb,0 (ms, Net) = + 9.16

Examination of Figure 3 strongly suggests that the
EXO 0748−676 system is currently undergoing cyclic behavior.
The character of the O −C residuals strongly resembles similar
behavior of Algol binary systems (e.g., Soderhjelm 1980; Simon
1997). Numerous studies have been done of the O − C varia-
tions in Algol systems and the currently favored model is that the
O − C variations are brought about by magnetic cycling in one
of the binary components, in some ways similar to the 22-year
solar magnetic cycle (Hall 1990). The orbital period changes
we are seeing in EXO 0748−676, |∆Porb/Porb| ∼ 5 × 10−7,
are similar in magnitude to the observations of orbital period
changes in Algol and RS CVn binaries (e.g., Hall 1990). If the

observation of magnetic loop structures (Wolff et al. 2007) in
the chromosphere of the secondary star in the EXO 0748−676
system is correct, then a magnetic cycling model for the O − C
variations in EXO 0748−676 gains strong circumstantial sup-
port. Before the RXTE era, X-ray eclipse observations did not
capture all the variations in the O −C residuals. Thus, no state-
ment can be made about magnetic cycle timescales before the
onset of RXTE observations. Once RXTE observations com-
menced in 1996, however, the richness of the O − C variations
became apparent. The timescale for one cycle can be estimated
as approximately twice Tb,2 − Tb,1 ∼ 4.8 years from Table 1,
or ∼9.6 years for a complete cycle of the secondary star’s mag-
netic field if the cyclic field variations are similar to the polar-
ity reversals experienced by the Sun during one 22-year mag-
netic cycle. Exact predictions regarding when the system orbital
period will change again are difficult, however, because we do
not know exactly when the period shifted between Porb,2 and
Porb,3. The O − C residuals near nb,2 suggest that a gradual
change in orbital period may have occurred.

In order to account for cyclic changes in the EXO 0748−676
orbital period, we must consider changes that occur on a
timescale significantly less than the timescale for either mass ex-
change, spin–orbit coupling, or orbital circularization between
the neutron star and secondary. We summarize here the model of
Lanza et al. (1998) and Lanza & Rodonò (1999) where a detailed
development of the magnetic cycling and orbital period modula-
tion theory is given. We assume that the EXO 0748−676 binary
consists of a magnetically active secondary star moving in the
gravitational field of the neutron star, that the orbits are circular,
and that the equitorial plane of the secondary lies roughly in the
plane of the orbit. The secondary star in the EXO 0748−676



RXTE	  Era	  (1990s	  to	  2011)	  
	  
	  

•  Naviga.on	  study	  using	  Crab,	  Cyg	  X-‐1,	  and	  GRS	  1915+105	  
•  Use	  short	  .mescales	  of	  intrinsic	  variability	  in	  the	  source	  
•  Periodicity	  not	  required,	  but	  may	  give	  best	  results	  
•  Can	  be	  used	  for	  rela.ve	  naviga.on	  or	  for	  .me	  transfer	  
•  Limita.ons	  come	  from	  longer	  .mescales	  (red	  noise)	  and	  

Poisson	  noise,	  but	  can	  reach	  tens	  of	  microseconds	  
	  

Sheikh,	  Ray,	  Weiner,	  Wolff,	  Wood	  	  
ION	  63	  (2007)	  

 

Celestial sources have often been employed as inputs to 

various spacecraft navigation solution methods. 

Techniques that incorporate instruments such as star 

cameras and horizon sensors have typically utilized 

visible stars whose brightness is essentially constant [3, 

4]. Alternative navigation methods have been proposed to 

make use of variable sources that emit at other 

wavelengths, such as the radio or X-ray band [1, 5-8]. 

Much of this navigation research has concentrated on 

using rotation-powered pulsars, which are rapidly 

spinning neutron stars that emit periodic signals that are 

predictable over the long term [9, 10]. This previous work 

primarily focused on using pulsar’s periodic signals to 

produce accurate full three-dimensional (3-D) inertial 

position solutions or to aide the computations of 

integrated numerical position and velocity solutions [8, 

11]. This paper will focus on the problem of defining a 

relative range and range-rate solution between two 

cooperating space vehicles. In this concept, observational 

data are shared between vehicles. 

Relative navigation can be accomplished by correlating 

the signal from a variable source as measured by detectors 

on two or more separate spacecraft. Given sufficient 

observation time, significantly greater than the light travel 

time between the two vehicles, the observed pattern of 

variability at one detector will appear as a delayed version 

of that seen by the other detector. The measurement of 

this delay provides a distance measurement between the 

two detectors, projected along the line of sight to the 

source, which is assumed to be at effectively infinite 

distance. There is no requirement that the variability 

pattern be predictable, which differentiates this from the 

pulsar-based navigation techniques discussed above. This 

may prove to be significant since a large number of bright 

X-ray sources do not exhibit stable pulsations, yet have 

some level of variability in their emitted radiation. 

Additionally, when utilizing aperiodic sources in this 

manner, one does not encounter the integer phase 

ambiguity problems that can occur with the periodic 

pulsar-based methods [12]. 

This paper presents methods of using bright, variable 

celestial X-ray sources for determining a relative 

navigation solution between multiple spacecraft. The 

following section on Relative Navigation presents the 

concepts of this type of spacecraft navigation as well as 

particular applications for its use. The section on 

Aperiodic Sources presents the types of sources that are 

useful for this approach, and provides lists of selected 

candidate sources. The Analysis Technique section 

discusses the specific methods used in the development of 

this analytical method, as well as the development of 

simulation tools for evaluating the proposed processes. 

The Numerical Comparisons section provides findings of 

the analysis using simulated and actual observation data. 

Finally, some concluding remarks are provided. 

RELATIVE NAVIGATION 

Various applications such as coordinated communication 

or scientific observation only require relative distance and 

speed information, rather than requiring a complete 3-D 

absolute position and velocity solution for each vehicle. If 

accurate absolute position and velocity information is 

known for multiple vehicles, then a relative solution can 

be directly computed by differencing these solutions 

between pairs of vehicles. However, absolute solutions 

may be difficult to obtain in some circumstances, 

particularly on missions where Global Navigation 

Satellite System signals are not available, Deep Space 

Network tracking can not be completed, or solutions may 

not have the accuracy desired for specific applications 

[13, 14]. In these cases, a method that directly determines 

relative position vectors between spacecraft may be 

beneficial. 

It is proposed here to compute relative navigation 

solutions between pairs of spacecraft at different locations 

by comparing the measured signal from variable celestial 

X-ray sources at each spacecraft. Figure 1 presents this 

concept, where two spacecraft are shown in orbit about 

Earth while simultaneously measuring the arriving X-

radiation from a variable source. This relative navigation 

concept would be applicable to many multiple vehicle 

applications, including those in orbit about any planetary 

body or operating in conjunction on deep space 

trajectories. By correlating the two signals, a 

measurement of the position offset of one vehicle with 

respect to the other can be determined along the direction 

towards the source. This method requires that both 

spacecraft are able to observe the celestial source 

simultaneously, but does not require an unobstructed line 

of sight between the two vehicles, as long as the data can 

be communicated between each other at some later time, 

or through some intermediary method. If there is 

significant delay between an observation and its data 

transmission between vehicles, it will be necessary to 

store vehicle navigation data over this interval to correctly 

compute a relative navigation solution. 

 
Figure 1. Relative navigation between two spacecraft 

observing the same variable celestial source. 
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In addition to the short timescale variability, many of 

these sources exhibit transient behavior, when a source 

that normally is extremely faint brightens by a factor of 

1000 or more [17]. The transient outbursts in these 

sources can last from hours to years, with most outbursts 

lasting one to several months. The recurrence times of 

these outbursts vary from a year to decades, or longer. 

The flux from sources with predominantly persistent 

radiation, is also highly variable, being modulated by 

changing mass transfer rates, viscous processes in the 

accretion disk, oscillations, instabilities in the accretion 

disk, etc. [17]. The fastest observable timescales are 

expected to be the gravitational dynamical timescale at 

the inner edge of the accretion disk, which is roughly 

1500 Hz for neutron stars and 150 Hz for stellar-mass 

black holes [18].  

 
Figure 3. Low-mass X-ray binary star system. 

The measured power spectrum of the source can be used 

to characterize the type of variability produced. Some 

examples of observed power spectra for different source 

classes are shown in  Figure 4 – Figure 6. The data used 

to compute these spectra were obtained from NASA’s 

Rossi X-ray Timing Explorer (RXTE) [19]. In Figure 4, 

the Crab pulsar (PSR B0531+21) shows strong signal 

power only at 30 Hz and several harmonics, due to its 

periodic signal, whereas the pulsar in Hercules X-1 

(B1656+354) shows some broad-band noise in addition to 

the 0.8 Hz pulsations [20]. In Figure 5, the spectrum of 

the black hole candidate high-mass X-ray binary Cygnus 

X-1 (B1956+350) shows strong red noise [21], whereas 

the spectrum from the transient black hole binary GRS 

1915+105 (Nova Aquila 1992) shows band-limited noise 

plus several strong QPOs [22]. Sources such as these have 

highly variable signals across a broad range of 

frequencies. The spectrum of the atoll source 4U 1728-34 

is shown in Figure 6, with a strong, narrow QPO visible at 

approximately 900 Hz [23]. In contrast, the spectrum of 

the exotic X-ray binary system Circinus X-1 (B1516-569) 

shows only weak variability at all frequencies during this 

particular observation [24]. 

 

A useful catalogue of bright X-ray sources is based on 

over a decade of continuous monitoring of the X-ray sky 

with the All-Sky Monitor (ASM) instrument aboard 

RXTE [25]. The ASM was designed to monitor the X-ray 

sky in the 1.5–12 keV energy band using three steerable 

coded-aperture cameras [26]. This survey type instrument 

provides continuous sky coverage of bright X-ray sources. 

Sources that are still potentially relevant to the relative 

navigation technique, but may not be in the ASM 

catalogue, include transients that haven’t been active 

during the RXTE mission (1995–present). 

 

 
Figure 4. Power spectra of the rotation-powered Crab 

pulsar and the accreting pulsar Hercules X-1. 

 
Figure 5. Power spectra of two black hole systems. 

Cygnus X-1 shows pure red noise, while GRS 

1915+105 has band-limited noise plus strong QPOs. 
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Figure 14. Average correlation error from three 

source observations obtained with RXTE. 

 

 

CONCLUSIONS 

Methods to determine the relative range between two 

spacecraft are important for several applications. Using 

the signal from variable X-ray sources could potentially 

provide high accuracy range measurements between 

vehicles. This paper has presented a preliminary analysis 

of the technique, including Monte Carlo simulations that 

demonstrate the scaling of the accuracy with various 

parameters. This technique has also been demonstrated 

using real data from RXTE, with preliminary results 

providing sub-millisecond accuracy. Future planned 

research anticipates that these accuracies will improve 

using refined techniques and additional sources. 
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Crab	  Pulsar	  
(NS)	  
	  

Two	  Black	  
Holes	  
	  

Cyg	  X-‐1	  

GRS	  1915+105	  
100	  µs	  



•  Lunar	  orbit	  precesses	  with	  period	  ~18.6	  years.	  	  	  
•  Occulta4ons	  of	  Crab	  at	  ~9	  year	  intervals	  

End	  of	  RXTE	  was	  imminent;	  this	  would	  be	  last	  RXTE	  exercise	  on	  “Theme	  2”	  
•  Needed	  several	  tries	  for	  success	  –(by	  the	  way,	  what	  does	  that	  tell	  us?	  )	  
•  RXTE	  mission	  life	  was	  extended	  for	  these	  observa.ons	  

	  Precise	  calcula>ons	  for	  planning	  required	  predicted	  RXTE	  orbit	  predic>ons.	  
	  

	   	   	  	  
	   	   	   	  (note	  once	  more:	  	  long	  straight	  lines	  in	  space)	  

Lunar	  Occulta.ons	  of	  the	  Crab	  using	  RXTE	  (2011)	  
Planning	  involved	  celes.al	  mechanics,	  RXTE	  Orbit	  

Success!	  
13	  Nov	  2011:	  one	  lunar	  ingress	  +	  one	  egress	  	  

	   	   	  +	  one	  occulta4on	  by	  Earth	  atmosphere	  

11	  Dec	  2011:	  	  one	  lunar	  ingress	  
There	  was	  also	  a	  lunar	  eclipse	  within	  hours	  of	  that	  .me	  –	  

	  Sun-‐Earth-‐RXTE-‐Moon-‐Crab	  were	  roughly	  co-‐linear	  
Total	  yield	  =	  three	  occulta4on	  curves	   	  	  

	  This	  should	  remain	  the	  best	  set	  of	  X-‐ray	  Lunar	  occulta-on	  
profiles	  of	  any	  celes-al	  source	  for	  years	  to	  come	  

	  
	  	  

	  
	  
	  
	  

Crab	  

	  

	  

	  

Moon	  

	  

	  

RXTE	  

Earth	  

	  

	  

Sun	  



	  
	  

Full	  Observa.on	  Including	  Ini.al	  Atmospheric	  Egress	  
	  
Nov	  13,	  2011	  Lunar	  occulta.on	  of	  Crab	  Observed	  by	  RXTE	  PCA	  



Emergence	  
from	  Earth	  
occulta4on	  

Start	  of	  
ingress	  

Pulsar	  
eclipsed	  

Maximum	  	  

Covering	  

Pulsar	  return	  

End	  of	  egress	  

from	  Wood	  et	  al,	  2012	  
Workshop	  on	  16	  Years	  of	  Discovery	  with	  RXTE	  

	  
Nov	  13,	  2011	  Lunar	  occulta.on	  of	  Crab	  Observed	  by	  RXTE	  PCA	  



Centrally	  enhanced	  brightness	  

Complete	  eclipse	  

Centrally	  enhanced	  brightness	  

Incomplete	  eclipse	  

Idealized	  models	  (circular	  symmetry,	  uniform	  velocity)	  	  	  
	  	  for	  Nov	  13	  	  grazing	  occulta.ons,	  were	  they	  Case	  A	  or	  Case	  B?	  
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Case	  A	  
This	  is	  the	  likely	  case	  –	  
source	  (Crab)	  	  never	  
fully	  covered	  by	  Moon,	  
because	  of	  rounded	  
shape	  of	  light	  curve	  
minimum	  

Case	  B	  
This	  is	  the	  unlikely	  case	  
–	  source	  fully	  covered.	  
	  
Nebula	  shrinks	  as	  X-‐ray	  
energy	  increases	  ,so	  it	  
may	  have	  been	  totally	  
covered	  at	  higher	  E.	  



Expansion	  of	  Light	  Curve,	  
	  Near	  Maximum	  Covering	  

(Nov	  13,	  2011)	  

U-‐shape	  of	  boqom	  
argues	  for	  Case	  A	  
over	  Case	  B,	  at	  
least	  for	  total	  count	  

Note:	  1	  km	  of	  cross-‐track	  
perturba.on	  (or	  error)	  in	  RXTE	  
posi.on	  equates	  to	  ~	  ½”	  on	  
limb	  posi.on	  rela.ve	  to	  
Nebula,	  or	  ~1%	  of	  Nebular	  	  
overall	  extent.	  	  Lunar	  shadow	  
advances	  ~	  1-‐2	  m/ms,	  in-‐track	  



	  Lunar	  Limb	  and	  Nebula	  
•  lunar	  limb	  posi.ons,	  calculated	  using	  terrain	  and	  best	  es.mate	  of	  RXTE	  orbit,	  

superposed	  on	  X-‐ray	  image	  for	  .mes	  	  near	  maximum	  coverage.	  	  
•  If	  inverted	  for	  naviga4onal	  content	  (perturbing	  orbit	  but	  freezing	  assumed	  

shape),	  light	  curve	  would	  yield	  cross-‐track	  as	  well	  as	  in-‐track	  informa4on	  
	  



Looking	  Near	  
Pulsar	  Ingress	  

11	  Dec	  2011	  
This	  4me,	  not	  grazing	  impact,	  i.e.,	  
this	  one	  is	  absolutely	  “Case	  B”	  

13	  Nov	  2011	  
Ingress	  side	  

Recall	  (e.g.,	  from	  earlier	  1964	  
occulta>on	  slide),	  that	  deriva>ve	  
of	  light	  curve	  gives	  brightness	  
distribu>on	  in	  strips	  parallel	  to	  
limb.	  	  Slope	  differences	  relate	  to	  
brightness	  gradients	  



Watch	  the	  pulsar	  blink	  out	  and	  return!	  	  	  

Overall	  elapsed	  4me	  increases	  to	  the	  right;	  in	  ver4cal	  
direc4on	  one	  sees	  the	  pulsar	  (2	  cycles)	  
	  

	  

main	  pulse	  

inter-‐	  pulse	  

inter-‐	  pulse	  

main	  pulse	  

Theme	  1	  and	  Theme	  2	  in	  one	  figure:	  
	  –	  pulsar	  and	  occulta-on	  



Ideas	  and	  challenges	  
NRL	  Program	  Con-nues:	  What’s	  Next?	  	  

•  Pulsar	  X-‐ray	  naviga4on	  is	  being	  explored	  ac4vely	  right	  now	  
–  Simula.ons	  and	  algorithm	  development	  for	  SEXTANT	  (to	  fly	  in	  2016)	  

•  NICER/SEXTANT	  should	  also	  explore	  some	  of	  the	  other	  4ming	  
applica4ons	  that	  have	  been	  discussed	  
–  MSP	  ToAs/residuals,	  with	  berer	  orbit	  determina.on	  and	  ephemerides	  than	  in	  USA,	  RXTE	  
–  Will	  observe	  black	  hole	  candidates	  under	  GI	  program;	  con.nue	  rela.ve	  naviga.on	  
–  May	  observe	  eclipses	  or	  occulta.ons,	  depending	  on	  availability	  
–  If	  mission	  lasts	  several	  years,	  	  may	  see	  another	  Crab	  occulta.on	  

•  Con4nua4on	  of	  Fermi	  will	  provide	  new	  gamma-‐ray	  pulsars	  
–  Fermi	  mission	  will	  seek	  approval	  for	  con.nua.on	  past	  2018	  
–  It	  will	  operate	  concurrently	  with	  NICER/SEXTANT	  
–  X-‐ray	  study	  of	  issues	  such	  as	  X-‐ray	  /	  gamma-‐ray	  phasing	  will	  be	  facilitated	  

•  PSR	  J1813-‐1246	  NuSTAR	  Cycle	  1	  observa.on	  
	  

•  Very	  long	  range:	  	  X-‐ray	  interferometry	  missions	  	  (such	  as	  MAXIM	  concept)	  will	  need	  to	  have	  very	  
fine	  aotude	  knowledge/control.	  	  X-‐ray	  sensors	  may	  be	  part	  of	  the	  solu.on	  to	  that.	  	  

•  More	  generally,	  X-‐ray	  methods	  provide	  many	  useful	  features,	  for	  example,	  the	  ability	  to	  determine	  
long	  straight	  lines	  in	  space	  

•  Ac.ve	  concepts	  such	  as	  X-‐ray	  communica.on	  are	  also	  possible	  



Cau>onary	  Considera>on	  
•  HEAO	  catalog	  below	  shows	  sources	  down	  to	  ~	  1	  milliCrab	  

–  Top	  ~800	  sources	  have	  dynamic	  range	  of	  ~10,000	  in	  flux	  
–  Color	  coded	  classes	  have	  various	  different	  uses	  

•  MSPs	  are	  ~	  30	  x	  fainter	  than	  faintest	  sources	  depicted	  here!!	  
–  May	  have	  brighter	  sources	  nearby	  at	  small	  angular	  separa4on	  

•  Crab	  is	  bright,	  but	  also	  young	  and	  noisy;	  Pulsar	  is	  ~10%	  of	  Nebula;	  
2nd	  brightest	  RPP	  is	  much	  fainter.	  	  (SEXTANT	  con4nues	  to	  u4lize	  Crab	  Pulsar	  for	  
its	  naviga4on	  demonstra4on,	  is	  not	  purely	  MSP-‐based.	  )	  

•  Naviga4onal	  systems	  need	  to	  exploit	  brighter	  sources	  and	  high	  
modula4on	  effects	  in	  cold	  start	  or	  autonomous	  ini4aliza4on	  

Wood	  et	  al	  Ap	  J.Suppl.	  56,	  507	  (1984)	  	  

Crab	  



Summary	  
•  The	  program	  in	  X-‐ray	  Naviga4on	  and	  related	  topics	  at	  NRL	  spans	  more	  

than	  five	  decades	  
–  Early	  rockets:	  pulsars,	  occulta.ons,	  variability	  
–  USA	  program	  (1980s	  –	  2000);	  first	  space	  experiment	  in	  X-‐ray	  naviga.on	  
–  First	  Ph.	  D	  theses	  in	  X-‐ray	  naviga.on	  (Hanson,	  Sheikh)	  
–  XNAV	  program	  at	  DARPA;	  now	  NICER/SEXTANT	  

•  The	  program	  has	  explored	  variety	  of	  techniques	  
–  Pulsars	  were	  always	  part	  of	  it	  
–  Aotude,	  posi.on,	  .mekeeping,	  .me	  transfer	  
–  Detec.on	  technologies	  
–  Occulta.ons	  and	  eclipses	  

•  Going	  forward,	  there	  remains	  a	  role	  for	  other	  X-‐ray	  methods	  to	  
complement	  pulsar	  naviga4on	  
–  If	  “XNAV”	  means	  pulsar	  naviga4on,	  then	  it	  is	  a	  subset	  of	  X-‐ray	  Naviga4on	  
–  In	  par.cular	  there	  can	  be	  a	  con4nued	  con4nued	  role	  for	  occulta4ons	  and	  

eclipses,	  especially	  for	  opera.ons	  near	  planets	  
–  The	  complementary	  approaches	  can	  u.lize	  the	  brightest	  X-‐ray	  sources	  
–  It	  is	  not	  difficult	  to	  combine	  these	  methods	  	  

	  


