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Near	
  Earth	
  Object	
  (NEO)	
  Mi1ga1on	
  Study	
  

Descrip(on	
  and	
  Objec(ves:	
  
•  Conduct	
  end-­‐to-­‐end	
  systems	
  analysis	
  of	
  NEO	
  intercept	
  mi8ga8on	
  

scenarios	
  for	
  the	
  class	
  of	
  poten8ally	
  hazardous	
  asteroids	
  (PHA)	
  
ranging	
  in	
  size	
  from	
  100	
  and	
  500	
  meters	
  in	
  diameter	
  

•  Study	
  the	
  short	
  warning	
  scenario,	
  where	
  warning	
  8mes	
  below	
  10	
  
years	
  are	
  indicated	
  and	
  emergency	
  response	
  solu8ons	
  are	
  a	
  last	
  
resort	
  

•  Inves8gate	
  the	
  range	
  of	
  impulsive	
  solu8ons	
  for	
  hypervelocity	
  
impactor	
  architectures,	
  model	
  the	
  deflec8on/disrup8on	
  scenarios	
  
using	
  physics	
  based	
  models	
  and	
  advanced	
  mission	
  design	
  concepts	
  

•  Conduct	
  detailed	
  8meline	
  analysis	
  for	
  each	
  mi8ga8on	
  scenario	
  

Key	
  Challenges/Innova(on:	
  
•  High	
  speed	
  approach	
  trajectory	
  
•  Uncertain8es	
  in	
  asteroid	
  physical	
  proper8es	
  and	
  overall	
  	
  

effec8veness	
  of	
  deflec8on	
  missions	
  
•  Autonomous	
  naviga8on	
  
•  Big	
  Data	
  

Strategic	
  Partnership:	
  
•  Joint	
  research	
  project	
  with	
  LANL,	
  LLNL,	
  SNL	
  DOE/NNSA	
  Na8onal	
  

Laboratories	
  –	
  IAA	
  
•  Parse	
  this	
  mul8-­‐dimensional,	
  combinatorially	
  complex	
  	
  problem	
  

and	
  solve	
  by	
  parts;	
  recompile	
  using	
  a	
  scenario-­‐based	
  approach	
  
•  Set	
  up	
  an	
  off-­‐Lab	
  repository	
  for	
  DRA/DRMs	
  in	
  the	
  short	
  term	
  and	
  

design/develop	
  a	
  Framework	
  prototype	
  for	
  the	
  longer	
  run	
  

Key	
  Collaborators:	
  
•  NNSA	
  HQs	
  
•  LLNL	
  
•  LANL	
  
•  SNL	
  
3	
  Year	
  Study	
  Period:	
  
•  January	
  2015–	
  December	
  2017	
  

Accomplishments	
  and	
  Next	
  Milestones:	
  
ü  Interagency	
  Agreement	
  signed	
  January,	
  2015	
  
ü  Teams	
  awarded	
  funding	
  from	
  DOE	
  and	
  NASA	
  	
  last	
  quarter,	
  2014	
  	
  
ü  Code-­‐to-­‐code	
  comparison	
  	
  completed	
  April,	
  2016	
  
•  DRA	
  2	
  –	
  Diddymos	
  Binary	
  –	
  collabora8ng	
  with	
  APL	
  and	
  ESA	
  on	
  

AIDA/DART	
  
•  Publica8on	
  of	
  Case	
  Study	
  1	
  complete	
  by	
  Fall	
  2016	
  

HAMMER	
  –	
  Hypervelocity	
  Asteroid	
  Mi1ga1on	
  Mission	
  for	
  
Emergency	
  Response	
  	
  	
  

DOE	
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•  Case Study 1:  Bennu scenario 
•  The NNSA contributions have included: 

–  Contributions to the definition of the scenario 
–  Participation in the MDL (2-6 November 2015, at GSFC) 
–  Comparisons of simulation methods (code-to-code study) 
–  Numerical modeling of deflection events 

•  kinetic impactor 
•  nuclear deflection 

–  Studies of sensitivity of results to parameter variations 
–  Debris-field estimates and evolution 
–  Estimation of deflection velocities in the context of launch windows and spacecraft trajectories 

(for comparison with NASA results) 

•  The GSFC contributions have included: 
–  Contributions to the definition of the scenario 
–  Leadership of the MDL study 
–  Detailed physical and orbital data for Bennu 
–  Mission design for Bennu intercept 
–  Trajectory optimization for Bennu deflection 

Introduc8on	
  

Credit: J. Michael Owen
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•  Carbonaceous asteroid 
–  B-type 
–  Low albedo (~4%) 

•  Approximately 500 m in diameter 
•  Bulk density is approximately 1 g/cm3 
•  Rotation period is ~4.3 hours 
•  OSIRIS-REx Design Reference Asteroid 

(DRA) document provides full details and 
is available online 

•  http://arxiv.org/abs/1409.4704 
•  http://arxiv.org/ftp/arxiv/papers/

1409/1409.4704.pdf 
•  One of the best (remotely) characterized 

and most hazardous known NEOs 
•  NASA’s OSIRIS-REx mission, scheduled 

to launch September 2016, will map 
Bennu in great detail and return samples 
to Earth 

Case 1 Study Target: Bennu 

Simulated	
  Image	
  of	
  Bennu	
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•  The 36-page report was completed in February 
(LLNL-MI-680901, LA-UR-16-20205)  

•  Test problems were defined and run 

•  Kinetic impactors 
–  problem defined 

–  cases run and compared 

•  Nuclear deflection 
–  problems defined — both neutron and x-ray deposition 

–  cases run and compared 

Code-­‐to-­‐code	
  study	
  

Differences	
  were	
  reconciled	
  and	
  there	
  are	
  currently	
  no	
  
significant	
  concerns	
  regarding	
  the	
  comparison	
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•  There was an initial discrepancy for 
the porous case, but that was 
resolved to be a consequence of a 
particular model  

•  Once models were run consistently, 
the results were quite similar 

ILTP1i	
  

β	
   LANL	
  result	
   LLNL	
  result	
  

Full	
  density	
   31	
   31.5	
  

40%	
  porosity	
   3.73	
   3.69	
  
axial	
  	
  
velocity	
  
example	
  

Credits: Megan Bruck Syal, Galen Gisler 6	
  



Nuclear	
  deflec8on	
  

•  Two problems were examined 
–  neutron deposition (ILTP1n) 

–  x-ray deposition (ILTP1x) 

•  The neutron deposition results were in 
relatively close agreement 

 

Credits: Kirsten Howley, Jim Ferguson, Rob Managan, 
Joe Wasem, Ilya Lomov 7	
  



Composition of an asteroid affects deflection results 
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Credit: David Dearborn
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Cohesion of asteroid material affects deflection: significant 
decrease for cohesion greater than 100 kPa 

Strength/Damage	
  

Y0	
  =	
  1	
  kPa	
  

Y0	
  =	
  100	
  MPa	
  

Damage	
  at	
  	
  
t	
  =	
  0.108	
  s	
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pile structures, remains a priority for later studies. A nominal spherical shape was used to110

model each asteroid, for straightforward comparison across a range of parameters. However,111

as discussed in Section 3.5, asteroid shape introduces non-trivial changes to the imparted112

deflection velocity and should be accounted for in uncertainty assessments.113

Most asteroids for which bulk-density information is available are believed to contain114

significant porosity, in the form of microporosity (at the grain level), macroporosity (larger115

voids between boulders and rubble-pile fragments), or some combination of the two (Britt116

and Consolmagno, 2000; Britt et al., 2002; Lindsay et al., 2015). Here we focus on microp-117

orosity; investigating the e↵ects of macroporous structures is reserved for future calculations.118

Spheral uses a strain-based approach, defined in Wünnemann et al. (2006), to include aster-119

oid microporosity. The strain-based porosity method, termed the ✏-alpha model, contains120

an elastic regime, an exponential-compaction regime, and a power-law compaction regime;121

only the initial porosity �, elastic-plastic transition strain ✏e, power law transition strain ✏X ,122

and exponential compaction rate  need to be defined (Wünnemann et al., 2006). Values123

used for these parameters are listed in Table 1.124

Asteroid strength was included using either a von Mises yield criterion (constant strength)125

or a pressure-dependent model for strength:126

Yi = Y0 +
µiP

1 + µiP/(YM � Y0)
(2)

where Y0 is shear strength at zero pressure (cohesion), µi is the coe�cient of internal friction,127

and YM is the von Mises plastic limit of the material (Lundborg, 1968; Collins et al., 2004).128

Recent work highlights the importance of including pressure-dependent constitutive models129

when calculating the outcomes of asteroid collisions (Jutzi, 2015); hence, most simulations130

reported here used a pressure-dependent strength model. As direct measurements of asteroid131

strength are not yet available, a range of values for asteroid cohesion, Y0 (yield strength at132

zero pressure), were explored: Y0 = 1 kPa - 100 MPa. The lower end of this range corresponds133

to typical values for weak soils (e.g., lunar regolith), while the upper end is representative134

of strong, competent rock. In the absence of available yield-strength data on asteroidal135

materials at high pressures, a constant value of Ym = 1.5 GPa was assumed (Collins et al.,136

2004). A value of µi = 1.2, consistent with the 50� angle of internal friction determined for137

6

Credit: Megan Bruck Syal
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Porosity	
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Y0 = 1 kPa
Y0 = 100 MPa
Escape Velocity

§  10-ton steel impactor 
at 5 km/s 

§  Larger Δv at greater 
porosities, shown for 
100-m asteroids 

§  Even a little porosity 
protects against 
unintentional disruption 

Credit: Megan Bruck Syal
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Rotation does not significantly affect deflection but does 
affect disruption risk 

Rota8on	
  

Rota8ng	
  

Disrupted	
  
material	
  

Non-­‐rota8ng	
  

See	
  also:	
  	
  Bruck	
  Syal	
  et	
  al.	
  2016.	
  Deflec8on	
  by	
  Kine8c	
  Impact:	
  Sensi8vity	
  to	
  Asteroid	
  Proper8es.	
  Icarus	
  269,	
  50-­‐61.	
  
	
  Credit: Megan Bruck Syal

Asteroid	
  
Golevka	
  

•  Rota8on	
  enhances	
  ejecta,	
  but	
  not	
  beta	
  
•  Slope	
  makers,	
  and	
  may	
  be	
  difficult	
  to	
  

control	
  
•  Collabora8ng	
  with	
  D.	
  Scheeres/UC	
  Boulder	
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These relations feed into 
deflection mission design: 

•  Selection of launch window 
•  Kinetic or nuclear choice 
 
Note that modeling resolution 
matters: Under-resolved 
simulations over-estimate 
damage accumulation and 
momentum transfer for impactors 

Scaling	
  of	
  Beta	
  

Kinetic impact results can be combined into scaling relations 
across velocity, strength, and porosity 

Credit: David Dearborn & Megan Bruck Syal
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LLNL 2D Rad-Hydro Code:     7 cm/s 
LLNL 3D Spheral: Extrapolate	
  to	
   	
   	
   	
  6	
  cm/s	
  
LANL	
  Parametric	
  study:	
   	
   	
   	
   	
  6.8	
  cm/s	
  
LANL	
  2	
  or	
  3D	
  EAP	
  project	
  Code:	
   	
   	
   	
  TBD	
  est	
  ~	
  6.8	
  cm/s	
  

Blackbody	
  Vs	
  X-­‐ray	
  output	
  of	
  extant	
  nuclear	
  
explosive,	
  scaled	
  to	
  1	
  MT	
  (blue)	
  .	
  	
  

Deflection velocities from standoff nuclear burst, applied 
to Case 1 target Bennu, are consistent across codes 

Nuclear	
  Deflec8on	
  

Credit: David Dearborn

Again,	
  modeling	
  
resolu8on	
  makers:	
  
resolving	
  X-­‐ray	
  
deposi8on	
  is	
  
important	
  for	
  
correct	
  effect.	
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Debris	
  studies	
  

•  Example calculation: 270-m body disrupted by 300 Kt Surface burst, 100 days pre-impact  

•  Satellite damage probability ≈ 6x10-6 (1 mm dust grain impact on 10 m2 body) 

•  For Case 1 (Bennu), disruption not a likely option and is not explored in-depth 
–  500-m diameter is large 

–  High porosity makes disruption more difficult 

Credit: David Dearborn
Example:	
  1	
  Mt	
  surface	
  burst	
  on	
  50	
  m	
  metallic	
  asteroid	
  
(similar	
  to	
  Meteor	
  Crater	
  (AZ)	
  impactor);	
  colors	
  represent	
  
individual	
  fragments	
  (credit:	
  J.	
  Michael	
  Owen)	
   14	
  



Framework	
  
For	
  

Decision	
  Support	
  

Threat	
  
Assessment	
  

Space	
  Mission	
  
Command	
  Segment	
  

Control	
  
Segment	
  

Delivery	
  
Segment	
  

Space	
  
Segment	
  

•••

•••

•••

CNEOS	
  

MPC	
  

Interna8onal	
  
Data	
  Archives	
  

Mission	
  Systems	
  –	
  	
  
Case	
  1	
  Research	
  Scope	
  

Focus	
  on	
  in-­‐space	
  
mi8ga8on	
  /	
  Not	
  civil	
  

defense	
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Formulation Concept Design Metrics 
•  Hypervelocity intercept of the 

hazardous asteroid 
•  An asteroid intercept spacecraft 

capable of carrying out a deflection 
attempt 

•  Spacecraft can function as either 
nuclear explosive carrier or kinetic 
impactor 

•  Spacecraft trajectories optimized to 
maximize deflection of Bennu away 
from Earth 

•  Assumed Delta IV Heavy (currently 
largest launch vehicle in the U.S. 
inventory) 

•  Designed GNC subsystem to be 
capable of tracking and intercepting an 
NEA as small as 100 m at 10 km/sec 

Bennu Deflection Trajectory Design 

-1

0

1

x 108

-1.5 -1 -0.5 0 0.5 1
x 108

-2-1
0
1

x 107

 

X - HCI, km

Z - HCI, km

 

Earth
Bennu
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Navigation & Guidance Drivers 
Terminal Mitigation Phase 

•  Case 1 assumptions (drivers): 
–  Time of Flight:  740 days 
–  Intercept Date: July 11, 2113 
Ø  Target relative velocity at intercept:  4.48 km/s; 

concept goal ~10 km/s upper bound, target area 
goal 100 m dia 

–  Approach phase angle at intercept:  90.35°  
–  Maximum Distance from Earth: 1.6 AU 
–  Maximum Distance from Sun:  1.06 AU 
–  Total Mission ΔV:  99.2 m/s 

Autonomous	
  Naviga8on	
  System	
  (ANS)	
  –	
  Processing	
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Notional Functional Allocation Concept 

§  Kine8c	
  payload	
  
•  Volumetric	
  “efficient	
  packaging”	
  &	
  “efficient	
  

momentum	
  transfer”	
  goals;	
  density	
  ranges	
  
•  1	
  g/cm3	
  

•  19.1	
  g/cm3;	
  ROM	
  dimension	
  for	
  8,000	
  kg:	
  64.5	
  
cm	
  x	
  157.5	
  cm	
  dia	
  “slug”	
  

  Kine8c	
  payload	
  part	
  B	
  
•  “Simple”	
  Avionics?	
  
•  ACS	
  ?	
  
•  TBD	
  (Thermal,	
  C&DH,	
  Power,	
  SEP)	
  
•  ROM	
  dimension	
  for	
  8,000	
  kg:	
  21.5	
  cm	
  x	
  157.5	
  cm	
  dia	
  

“slug”	
  

  Spacecrau	
  
•  Comm	
  
•  ACS	
  
•  CDH	
  
•  Thermal	
  
•  Propulsion	
  
•  Power	
  (Solar,	
  Bakery,	
  RPS,	
  Fuel	
  Cell)	
  

Primary 
Battery 

Radar / 
Imager(s) / 

centroid 
detection 

Thermal 
Control 

Sep. Systems? 

C&DH 

Comm. 

Thermal 
Control 

ACS Power 

Propulsion 

Solar 
Array(s) 

Solar 
Array(s) 

Thermal 
Control C&DH Sec 

Battery 
CG axis of 
Rotation 

Maximizing	
  Kine8c	
  Payload	
  Mass	
  /	
  
Spacecrau	
  is	
  to	
  transport,	
  guide,	
  and	
  deliver	
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Hypervelocity Asteroid Mitigation Mission 
for Emergency Response 

HAMMER	
  

Mission POD Concept Formulation Features 
•  Class A+ reliability for the deployed system 
•  Simple, dual string vehicle with triple voting scheme 

for mission-critical events 
•  Mass of 8800 kg chosen to max out Delta IV-H for 

Earth departure C3 of 10 km2/sec2 (from baseline 
design reference trajectory) 

•  Fail operational during mission-critical phases 
•  Bearing and range (?) sensors on-board 
•  Uplink encryption included for device commanding 

(arm and execute) 
•  Autonomous navigation from I – 60 minutes 

19	
  



1 HAMMER, Delta IV H, 10 yr Lead 
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Variance in Optimal Trajectories 

25	
  year	
  lead	
  8me 	
   	
   	
   	
  10	
  year	
  lead	
  8me	
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KI Deflection Analysis Summary 
(w/ β=1) 

•  A KI may not do the job for large asteroids 
or really short warning times 

•  Transportable mass may not be sufficient, 
given today’s launch vehicle inventory 

–  surface ablation is more mass 
efficient 

•  Risk of unintentional disruption for smaller 
bodies with really short warning times 

–  could create poorly-dispersed debris 
field  

•  β >1 scales these results approximately 
linearly  
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KI Results For Smaller Deflections 
(w/ β=1) 

Even	
  just	
  barely	
  pushing	
  the	
  NEO	
  from	
  a	
  dead-­‐center	
  Earth	
  impact	
  out	
  to	
  a	
  minimalist	
  
Earth	
  flyby	
  perigee	
  of	
  ~1.25	
  Earth	
  Radii	
  requires	
  a	
  large	
  number	
  of	
  launch	
  vehicles	
  

23	
  



•  The HAMMER in kinetic impactor mode is clearly not an 
adequate solution for deflecting Bennu (or similar/more 
challenging NEOs) 

•  For what size NEO can a single HAMMER in kinetic impactor 
mode produce an adequate deflection? 
–  We want the system to be fully capable of robustly achieving the 

threshold mission with a single spacecraft. 
–  We then deploy a campaign of several spacecraft, for 

redundancy/robustness. 
•  It turns out that with a 10 year launch lead time, a single 

HAMMER in kinetic impactor mode can minimally deflect 
an NEO ≤ ~150 m (with bulk density of 1 g/cm3, Bennu’s 
orbit, and β=1) 

•  The largest NEO a single HAMMER in kinetic impactor mode 
can handle will vary based upon NEO orbit, NEO bulk density, 
β, and launch lead time (and warning time, which is not the 
same as launch lead time) 

So, What Can a HAMMER Do? 

24	
  



Effects of Density & β On HAMMER 

25	
  

(For	
  Smaller	
  (~1.25	
  ER	
  perigee)	
  DeflecIons)	
  (For	
  Larger	
  (~2.50	
  ER	
  perigee)	
  DeflecIons)	
  

Single	
  HAMMER	
  vs.	
  Bennu’s	
  orbit	
  (a=1.126	
  AU,	
  e=0.2037,	
  i=6.035°)	
  

These	
  tables	
  show	
  the	
  largest	
  diameter	
  NEA	
  that	
  a	
  single	
  HAMMER	
  in	
  KineIc	
  
Impactor	
  mode	
  can	
  deflect	
  under	
  the	
  associated	
  condiIons.	
  

Lead	
  1mes	
  must	
  be	
  equal	
  



Effects of Density & β On HAMMER 

26	
  

(For	
  Smaller	
  (~1.25	
  ER	
  perigee)	
  DeflecIons)	
  (For	
  Larger	
  (~2.50	
  ER	
  perigee)	
  DeflecIons)	
  

Single	
  HAMMER	
  vs.	
  2015	
  PDC’s	
  orbit	
  (a=1.78	
  AU,	
  e=0.49,	
  i=5°)	
  

These	
  tables	
  show	
  the	
  largest	
  diameter	
  NEA	
  that	
  a	
  single	
  HAMMER	
  in	
  KineIc	
  
Impactor	
  mode	
  can	
  deflect	
  under	
  the	
  associated	
  condiIons.	
  

Lead	
  1mes	
  must	
  be	
  equal	
  



Formulation Con-OPS Considerations 
(“Operational” Impact Trades) 

•  Reliability–driven campaign mode would require 
unprecedented launch and operations cadence  

•  Each of the (notional) redundant “impactor / 
mitigation” spacecraft in such a campaign would 
likely be similar in operations to OSIRIS-REx 

•  All would probably need to be launched within a 20 
day window 

–   they would additionally need to intercept the 
target within a 20 day window for deflection 
operations 

•  Results from each (serial) deflection would be used 
to revise models and tune the simulations for higher 
fidelity and increased confidence in subsequent 
deflection attempts 

+	
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•  Our research thrust is a scenario-based approach, and it seems effective at addressing the end-to-end 
integrated problem, from launch readiness to post impact. Still need to complete the impact model 
runs, AF&F engineering for C.S. 1, and uncertainty analyses 

•  Successful kinetic and nuclear deflection LLNL/LANL code comparisons  

•  Deflection using both kinetic and nuclear device momentum delivery systems was examined in the 
short response regime 

•  Design reference mission (DRM) 1 involved the formulation and optimization of intercept trajectories, 
architecture and mission design, high fidelity modeling of both kinetic impact and nuclear detonation, 
and system uncertainty analyses (TBD) 

•   A HAMMER spacecraft in KI mode is not adequate for deflecting Bennu-class objects, because of 
required multiple large launchers and stress on launch site resources 

•  Nuclear surface ablation is more mass efficient and is the preferred option for this class of NEAs in the 
limit of short response times 

•  Our analyses to date have validated the notion that KI is most effective for small, competent asteroids, 
whereas ablative methods appear best for non-competent bodies, very short warning times, and large 
(e.g., >150m) NEAs 

•  Suggest further consideration of using SLS with co-manifesting multiple “HAMMERs” as another 
formulation architecture segment trade 
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Next 2 case studies 

•  150	
  meter	
  diameter	
  object	
  
•  Likely	
  spherical	
  or	
  oblate	
  spheroid	
  
•  Supports	
  APL/Double	
  Asteroid	
  

Redirec8on	
  Test(DART)	
  with	
  KI	
  model	
  
output	
  

•  Adds	
  nuclear	
  explosive-­‐based	
  
deflec8on/disrup8on	
  to	
  our	
  case	
  
study	
  compendium	
  	
  

•  Less	
  frequent,	
  but	
  more	
  dangerous	
  
target	
  

•  215x205	
  m,	
  high	
  speed,	
  short	
  warning	
  
•  Both	
  intercept	
  and	
  deflec8on/

disrup8on	
  are	
  challenging	
  
•  Early	
  shape	
  model	
  based	
  on	
  remote	
  

sensing	
  grossly	
  misjudged	
  the	
  “as	
  is”	
  
object	
  

	
  

DRA	
  2	
  -­‐	
  Didymoon	
  

DRA	
  3	
  –	
  Comet	
  67P	
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QUESTIONS? 
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Appendices 
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NEO Mitigation Research Project…at a glance 

Strategic Partnerships Small	
  Body	
  
Characteriza1on	
  

Model	
  Input	
   Engagement	
  
Approaches	
  

Peta-­‐Scale	
  
Compu1ng	
  

2-­‐D	
  and	
  3-­‐D	
  
Simula1ons	
  

Design	
  Reference	
  
Missions	
  

Big	
  Data	
  Framework	
   Publish	
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Framework for NEO Mitigation

Hybrid	
  Cloud	
  Compu1ng 
Hybrid	
  Cloud 

Big	
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David Dearborn 
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James Ferguson 
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Kirsten Howley 

Robert Managan 

Paul Miller 

J. Michael Owen 

Cathy Plesko 

Tané Remington 

Randy Summer 

Megan Syal 
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Mission Design Lab (MDL) Team 
Discipline	
   Suppor1ng	
  Engineer	
   Discipline	
   Suppor1ng	
  Engineer	
  

Awtude	
  Control	
   Paul	
  Mason	
   Mechanical	
  Designer	
   Sara	
  Riall-­‐Waldsachs	
  

Avionics	
   Porfy	
  Beltran	
   Mechanical	
  Systems	
   Acey	
  Herrera	
  

Communica8ons	
   Blake	
  Lorenz	
   Mission	
  Ops	
   Dale	
  Fink	
  

Cos8ng	
   Larry	
  Phillips	
  
Mission	
  Systems	
  /	
  
Launch	
  Vehicle	
  

Frank	
  Kirchman	
  /	
  
James	
  Sturm	
  

Debris	
  Analysis/EOM	
   Ivonne	
  Rodriguez	
   Propulsion	
   Dewey	
  Willis	
  

Elect.	
  Power	
   Bob	
  Beaman	
  /	
  
David	
  Kim	
  

Radia8on	
   Alvin	
  Bouke	
  /	
  
Shannon	
  Alt	
  

Flight	
  Dynamics	
   Cinnamon	
  Wright	
  /	
  
Frank	
  Vaughn	
  

Reliability	
   Aron	
  Brall	
  

Flight	
  Souware	
   Kequan	
  Luu	
   Thermal	
   Juan	
  Rodriguez-­‐Ruiz	
  

I&T	
   Pat	
  Kilroy	
  /	
  
Lakesha	
  Bates	
  

MDL	
  Team	
  Lead	
   Mark	
  Steiner	
  

NED	
  –	
  LANL	
   Catherine	
  Plesko	
   NED/Import	
  –	
  LLNL	
   David	
  Dearborn	
  

NNSA	
  Engineer	
  –	
  LLNL	
   Jason	
  Vanderveen	
   GSFC	
  Project	
  Manager	
   Myra	
  Bambacus	
  

GSFC	
  Lead	
  Execu8ve	
   Bernie	
  	
  Seery	
   GSFC	
  –	
  Mission	
  Systems	
  Eng	
   Ronald	
  Leung	
  

GSFC	
  –	
  Study	
  PI	
   Brent	
  Barbee	
   NNSA	
  Lead	
  Execu8ve	
   Kevin	
  Greenough	
  

NNSA	
  Project	
  Lead	
   Anthony	
  Lewis	
   GSFC	
  Asteroid	
  Science	
   Joe	
  Nuth	
  

GSFC	
  Asteroid	
  Science	
   Keith	
  Noll	
   LANL	
  –	
  Specialist	
   Galen	
  Gisler	
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HAMMER Concept 
•  Coordinate system / System overview 
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Deflection Definition 
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1 HAMMER, Delta IV H, 10 yr 
Lead 

23 HAMMERs, Delta IV H, 25 yr 
Lead 
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Deflection Results w/ β=2.5 
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