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•  Monte	
  Carlo	
  (MC)	
  technique	
  was	
  ini@ally	
  
developed	
  by	
  von	
  Neumann,	
  Metropolis,	
  
Rosenbluth	
  and	
  others	
  for	
  the	
  ManhaEan	
  Project	
  
at	
  the	
  Los	
  Alamos	
  Na@onal	
  Lab	
  (Metropolis	
  et	
  al.	
  
1953).	
  	
  

•  MC	
  Codes	
  such	
  as	
  MCNPX	
  (Pelowitz,	
  2005)	
  and	
  
FLUKA	
  (Fasso	
  et	
  al.	
  2000)	
  are	
  available	
  to	
  simulate	
  
gamma	
  ray	
  and	
  neutron	
  produc@on	
  through	
  the	
  
spalla@on	
  process	
  and	
  the	
  leakage	
  spectrum	
  from	
  
planetary	
  surfaces.	
  

•  Geant4	
  is	
  an	
  open	
  source	
  toolkit	
  developed	
  by	
  
CERN,	
  Fermilab,	
  SLAC,	
  KEK,	
  ESA	
  and	
  others	
  for	
  the	
  
simula@on	
  of	
  the	
  passage	
  of	
  par@cles	
  through	
  
maEer.	
  It	
  is	
  widely	
  used	
  for	
  high	
  energy,	
  nuclear	
  
and	
  accelerator	
  physics,	
  as	
  well	
  as	
  medical	
  and	
  
space	
  science.	
  	
  hEp://geant4.cern.ch	
  

•  Geant4	
  output	
  is	
  a	
  Root	
  object	
  therefore	
  has	
  
powerful	
  built-­‐in	
  graphics,	
  sta@s@cal,	
  and	
  data	
  
analysis	
  methods	
  

Monte	
  Carlo	
  Simula6ons	
  can	
  model	
  the	
  	
  
genera6on	
  and	
  transport	
  of	
  neutrons	
  in	
  planetary	
  regolith	
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Lunar	
  neutrons	
  are	
  produced	
  within	
  a	
  few	
  meters	
  
of	
  the	
  surface.	
  

The	
  filled	
   color	
   contour	
  area	
   shows	
   the	
  origin	
  of	
   leakage	
  
neutrons.	
   Neutrons	
   that	
   originate	
   below	
   1	
   meter	
   deep	
  
rarely	
  escape,	
  but	
  contribute	
  to	
  gamma	
  ray	
  emission	
  from	
  
excited	
   residual	
   nuclei.	
   The	
   x-­‐axis	
   is	
   the	
   neutron	
   ini@al	
  
energy	
  and	
  the	
  y-­‐axis	
  is	
  the	
  depth	
  of	
  origin.	
  Neutrons	
  are	
  
mainly	
  created	
  with	
  energy	
  of	
  a	
  few	
  MeV.	
  	
  	
  

Geant4	
  simulates	
  the	
  produc6on	
  and	
  transport	
  	
  
of	
  neutrons	
  and	
  gamma	
  rays	
  generated	
  by	
  GCR	
  impact	
  

Depth	
  probed	
  by	
  leakage	
  neutron.	
  	
  

The	
  x-­‐axis	
  is	
  the	
  energy	
  at	
  detec@on	
  of	
  
leakage	
  neutrons	
  and	
  the	
  y-­‐axis	
  is	
  the	
  
maximum	
  depth	
  that	
  the	
  leakage	
  
neutrons	
  have	
  reached.	
  Leakage	
  neutron	
  
energy	
  varies	
  from	
  tens	
  of	
  MeV	
  to	
  less	
  
than	
  0.01	
  eV.	
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Leakage Neutron (LIS June 2009) versus Energy
       Single Layer 0-200 cm   

 Uniform Dry3FAN 2 g/cm
0.01% Water
0.02% Water
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0.5% Water
1% Water
2% Water
5% Water
10% Water
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  Layer	
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  Abundance	
  of	
  water	
  can	
  be	
  inferred	
  most	
  sensi@vely	
  by	
  the	
  suppression	
  of	
  Epithermal	
  
neutrons.	
  Thermal	
  neutron	
  emission	
  is	
  enhanced	
  by	
  the	
  presence	
  of	
  water,	
  but	
  for	
  

abundances	
  >2%	
  the	
  curve	
  flaEens	
  out.	
  	
  

%	
  Wet	
  

Ra
@o

	
  o
f	
  N

eu
tr
on

	
  E
m
is
si
on

	
  

Thermal	
  

Epithermal	
  

Fast	
  

1/(%Wet/1.91	
  +	
  1)	
  



20
0	
  
cm

	
  

Geant4	
  Models	
  of	
  3	
  Types	
  of	
  Subsurface	
  Water	
  Structure	
  

20,	
  40,	
  60,	
  80,	
  100,	
  120	
  cm	
  

Dry	
  FAN	
  2	
  gm/cm3	
  

Water	
  Structure	
  
Single	
  Uniform	
  Layer	
  

Under	
  Dry	
  of	
  Varying	
  Depth	
  
Water	
  Abundance	
  	
  
1,	
  2,	
  5	
  and	
  10	
  %	
  Wt	
  	
  



E (MeV)
-910 -810 -710 -610 -510 -410 -310 -210 -110 1 10 210 310

)-1
 s

-2
Le

ak
ag

e 
Fl

ux
 (n

 c
m

-210

-110

Leakage Neutron (LIS June 2009) versus Energy
          Dry Layer over 10% Wet
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Leakage Neutron (LIS June 2009) versus Energy
          Single Layer 10% Water
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Summary	
  

Count	
  rate	
  (cps)	
  

•  Burial	
  depth	
  and	
  structure	
  of	
  wet	
  soil	
  
layer	
  modifies	
  the	
  emergent	
  neutron	
  
spectrum	
  rela@ve	
  to	
  a	
  uniform	
  wet	
  
structure.	
  

•  Emergent	
  flux	
  compared	
  to	
  flux	
  from	
  
dry	
  soil	
  in	
  Thermal,	
  Epithermal,	
  and	
  
Fast	
  energy	
  bins	
  show	
  different	
  
behavior	
  as	
  a	
  func@on	
  of	
  burial	
  depth	
  
as	
  compared	
  to	
  a	
  uniform	
  wet	
  
distribu@on.	
  

•  Thermal	
  neutron	
  flux	
  decreases	
  
monotonically	
  with	
  burial	
  depth	
  in	
  
layered	
  structures	
  and	
  may	
  act	
  as	
  a	
  
poten@al	
  diagnos@c	
  of	
  type	
  of	
  
structure	
  and	
  its	
  burial	
  depth.	
  

LEND	
  Epithermal	
  Flux	
  at	
  
	
  Shoemaker	
  Crater	
  with	
  LOLA	
  Topography	
  

(Boynton	
  et	
  al.	
  2015)	
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