
The physics of gamma/neutron spectroscopy 



Nuclear Remote Sensing 

• Background, definitions 

• Production mechanisms, elemental sensitivities 

• Measurement 

• Examples 



Background 

•  Usually used for airless or thin-atmosphered bodies 

 

•  Sensitive to elemental/isotopic compositions 

 

•  Originate in nuclear transitions 



Background (cont’d) 

•  Energy of  photon or particle is most important quantity 

•  For gamma rays, energy corresponds to wavelength of  
photon ( E = hν, or put another way, E = hc/λ) 

•  For neutrons, protons, α particles, etc., energy primarily 
contained in particle’s kinetic energy (E = mv2/2) 

•  Total Energy is conserved in nuclear interactions 

•  Typical energies of  interest range from “thermal” energies of  
~0.02eV up to the 10 GeV (1x1010eV) range 



Notation – example reactions: 

§  16O absorbs a neutron, ejects a proton, becomes 16N 

16O(n,p)16N  

§  16O absorbs a neutron, ejects a lower-energy neutron and a 
gamma ray, stays 16O.  The gamma ray has an energy equal to the 
difference in energy between the absorbed and ejected neutrons 

16O(n,nγ)16O 

§  16O absorbs a neutron, ejects an alpha particle and a gamma ray, 
becomes 13C.  Alpha particle has A=4.  Since a neutron has A=1, 
the net change is A=-3. 

16O(n,αγ)13C 

Background (cont’d) 



Production of  Neutrons and Gamma Rays 

• Cosmic	
  rays	
  consist	
  of	
  very	
  high	
  energy	
  protons	
  and	
  other	
  
par5cles	
  from	
  Sun	
  and	
  elsewhere	
  in	
  the	
  galaxy	
  (more	
  on	
  this	
  on	
  
the	
  next	
  slide)	
  

	
  

• Free	
  neutrons	
  are	
  produced	
  by	
  cosmic	
  ray	
  interac5ons	
  with	
  the	
  
surface	
  

	
  

• Gamma	
  rays	
  are	
  produced	
  by	
  neutrons	
  in	
  the	
  surface	
  exci5ng	
  the	
  
nuclei	
  (which	
  then	
  revert	
  to	
  lower	
  energy	
  states	
  by	
  giving	
  up	
  a	
  
photon),	
  or	
  by	
  natural	
  radioac5ve	
  decay	
  



Cosmic Rays 

•  Cosmic rays are produced by the Sun and by other sources in 
the galaxy. 

•  Cosmic rays are composed primarily of  very high energy (0.1 – 
10 GeV-range) protons (86%), α particles (13%) and other 
nuclei with Z>2 (<2%). 

•  Cosmic ray flux incident on a planet varies with solar cycles, but 
averages about 1.5 particles/(cm2 s) 

•  Penetration depth in the 10’s of  g/cm2.  (Note: Earth’s 
atmosphere is about 1000 g/cm2).  Divide by density of  surface 
to get actual depth. 



These fast neutrons may: 

•  Scatter elastically (kinetic 
energy conserved) 

•  Scatter non-elastically 

-  Inelastic scatter 

-  Other non-elastic 
processes 

•  Be captured 

In the end, all neutrons are either captured, or leak out of  the 
surface and eventually undergo beta decay (mean lifetime ~15 min.) 

Cosmic rays interact with atmosphere or surface nuclei by 
spallation, which produces fast neutrons in the material (typically 
~9 neutrons per cosmic ray particle) 



Elastic Scatter 
•  Neutron collides with nucleus, kinetic energy is conserved. Leaves 

nucleus unchanged (in ground state) except for recoil. 

  ►  No gamma ray created 

Non-Elastic Scatter: Inelastic Scatter 
•  When neutron collides with nucleus, some kinetic energy is lost.  

Nucleus is elevated to an excited state.  Nucleus then decays back 
to ground state by releasing a gamma ray. 

•  Incident neutron must have higher energy than excited state 
of  nucleus 

•  Example:  One 56Fe(n,nγ)56Fe reaction produces a 0.8467 
MeV gamma ray 



Other Non-Elastic Scattering 

•  When neutron collides with nucleus, different nucleus is 
produced 

•  Can produce gamma ray directly, and/or product nucleus can 
undergo radioactive decay and produce a gamma ray 

•  Examples: 

  56Fe(n,2nγ)55Fe 

  28Si(n,nαγ)24Mg 

Typical elements that produce gamma rays by non-elastic 
scattering reactions: C, O, Mg, Al, Si, S, Ca, Ti, Fe 



Neutron Capture 

•  Neutron gets added into nucleus, which is elevated to an excited 
energy state (but not necessarily one of  its normal excited levels). 

•  Usually, nucleus undergoes prompt de-excitation, producing 
gamma rays. 

•  Sometimes produces a longer-lived radioactive nucleus, which 
subsequently decays and produces gamma rays 

 

Typical elements that produce gamma rays by neutron capture: 

H, Al, Si, Cl, Ca, Ti, Cr, Fe, Ni 



Gamma Ray Spectra from a Surface 

Example:  Gamma Rays emerging from the lunar surface 



Gamma spectroscopy: element sensitivity 
depends on abundance, radioactivity, atmosphere & instrument components (e.g., Mg) 

Boynton	
  et	
  al.	
  (2004)	
  



        Gamma ray spectra 

Boynton	
  et	
  al.	
  (2004)	
  



Gamma ray spectra  

Boynton	
  et	
  al.	
  (2004)	
  



Orbital gamma mapping: low spatial resolution 

Boynton	
  et	
  al.	
  (2004)	
  



The Ones That Got Away:  
Neutron Leakage Spectra 

•  Some neutrons are able to exit the surface before being 
captured 

•  The energies of  these neutrons depends on their scattering 
history 

•  Fast neutrons that scatter in surfaces with a substantial 
abundance of  low-mass nuclei (comparable in mass to the 
neutron) lose their energy (“moderate”) to these nuclei in 
successive scattering events 

•  Fast neutrons that have mostly scattered off  high-mass 
(more massive than the neutron) nuclei lose much less of  
their energy 





By far the most efficient moderator of  fast neutrons is H because 
the next lightest nucleus is 4x heavier. 

Neutron detection of  H 
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Detection and Mapping of                
Gamma Rays and Neutrons 

•  Two types of  gamma ray detectors: 

− Scintillation detectors:  Gamma ray excites electrons, which 
de-excite by emitting visible wavelength photons 
(scintillation).  The number of  photons produced is 
proportional to the energy deposited by the gamma ray.  
Relatively poor energy resolution. 

− Solid state detectors:  Gamma ray excites electrons, which 
produces electron-hole pair (like in a semiconductor).  A 
field applied to the crystal sweeps the charge to an electrical 
pulse detector.  Good energy resolution, but crystal becomes 
damaged over time – must anneal periodically. 



Detector Complications 
Three ways a gamma ray can interact with solid state detector: 

•  Photoelectric absorption: Gamma ray energy is completely 
absorbed in the detector (desirable). 

•  Compton scattering: Gamma ray only partially loses energy 
through interactions with electrons.  Can produce a range of  
energies less than the original gamma ray energy (undesirable). 

•  Pair production:  Gamma ray interaction with detector produces 
an electron-positron pair.  Pair subsequently annihilates, producing 
two 0.511 MeV gammas.  None, one, or both of  these can leak 
out of  detector.  Total energy deposited is initial gamma energy, 
initial gamma energy minus 0.511 MeV, or initial gamma energy 
minus 2 x 0.511 MeV (gives three lines). 





Neutron Detection 

•  As part of  a gamma ray instrument:  Some gamma ray instruments 
cannot tell difference between energy deposited by gamma ray vs. 
particles.  Many use an “anti-coincidence” shield around the 
detector that is sensitive only to particles, not photons.  Can act as 
a neutron detector. 

•  As a stand-alone:  Neutrons may also be detected by themselves.  
Example is 3He tube detector.  With two tubes – one bare, the 
other wrapped in Cd – one can distinguish fast neutrons from 
slow ones. 



Mapping Considerations 

•  All detectors discussed are “4π steradian detectors” (they see 
gamma rays or particles from all directions) – can’t point them. 

►  For an orbiter-based platform, instrument sees all the way to 
the local horizon.  The ground footprint has a diameter 
comparable to the orbital altitude. 

 

•  Gamma rays and neutrons are counted one at a time.  Derivation 
of  abundances depends on the statistical significance of  the 
number counted at a particular energy (proportional to square 
root of  number of  counts). 

►  Getting good statistics on weak gamma ray lines from 
particular elements can take many, many orbits 



Mapping of  natural 
terrestrial 
radioisotopes 

Airborne	
  gamma-­‐ray	
  spectrometry	
  
surveys	
  can	
  assist	
  explora5on	
  for	
  
many	
  commodi5es,	
  most	
  
obviously	
  for	
  U	
  and	
  Th,	
  but	
  
commonly	
  also	
  for	
  Sn,	
  W,	
  REE,	
  Nb	
  
and	
  Zr.	
  
	
  
Less	
  oLen,	
  but	
  of	
  importance	
  in	
  
specific	
  circumstances,	
  
radiometric	
  anomalies	
  can	
  point	
  
to	
  Au,	
  Ag,	
  Hg,	
  Co,	
  Ni,	
  Bi,	
  Cu,	
  Mo,	
  
Pb,	
  and	
  Zn	
  mineraliza5on,	
  either	
  
because	
  one	
  or	
  more	
  of	
  the	
  
radioelements	
  is	
  an	
  associated	
  
trace	
  cons5tuent	
  or	
  because	
  the	
  
mineralizing	
  process	
  has	
  changed	
  
the	
  radioelement	
  ra5os	
  in	
  the	
  
surrounding	
  environment.	
  	
  



Major 
Elements 

Also	
  have	
  fairly	
  good	
  maps	
  of	
  Ca,	
  Al	
  

Boynton	
  et	
  al.	
  (2007)	
  



Volatile 
Elements 

Boynton	
  et	
  al.	
  (2007)	
  

Have	
  a	
  fairly	
  good	
  S	
  map	
  now	
  too	
  



Radioactive 
Elements 

Boynton	
  et	
  al.	
  (2007)	
  



Get most 
insight from 
regions with 
correlated 
elemental 
anomalies 

Karuna4llake	
  et	
  al.	
  (2009)	
  



“Chemically striking regions” 
defined by correlated 
elemental anomalies 

Karuna4llake	
  et	
  al.	
  (2009)	
  



“RAVE” – a Cl-rich, Si/Fe-poor region  

Karuna4llake	
  et	
  al.	
  (2009)	
  



“RAVE”: brightness, low thermal inertia à dust 

Karuna4llake	
  et	
  al.	
  (2009)	
  



  “RAVE”: high-resolution imagery à 
             blanketed by dust 

Karuna4llake	
  et	
  al.	
  (2009)	
  

Black	
  circles	
  are	
  10	
  meters	
  across	
  



Chemical comparisons: RAVE similar to dust at 
rover sites, but with less Si and more Ca 

! dust diluted & cemented by Ca-salts?? 

Karuna4llake	
  et	
  al.	
  (2009)	
  





For	
  a	
  great	
  explana5on,	
  see:	
  hWp://www.planetary.org/blogs/emily-­‐lakdawalla/2011/3013.html	
  

Lunar KREEP (potassium, rare-Earth elements, phosphorus) 
•  From Moon’s middle layer, between anorthositic highlands and 

olivine/pyroxene-rich mantle 
•  In samples from every Apollo site … but all Imbrium basin ejecta? 

Lunar	
  Prospector	
  GRS	
  



Lunar hydrogen map from Lunar Prospector neutron detector 



Mars Hydrogen from Neutron Measurements: Polar Regions 



Mars Hydrogen from Neutron Measurements: Mid and Low Latitudes 



Curiosity’s Science Payload 

ChemCam 
(Chemistry) 

Mastcam 
(Imaging) 

REMS 
(Weather) 

DAN 
(Subsurface 
Hydrogen) 

SAM 
(Chemistry 
and Isotopes) 

CheMin 
(Mineralogy) 

MARDI 
(Imaging) 

APXS 
(Chemistry) MAHLI 

(Imaging) 
RAD 
(Radiation) 

Drill 
Scoop 
Brush 
Sieves 



epithermal thermal Energy 

Time 1 msec 3 msec 

Time 

Flux 

1 msec 3 msec 

No hydrogen 
in the soil 

60 cm 

Moment of pulse 2 msec 

Moment  
of pulse 

Physics of DAN measurements: 
Dynamic Albedo of Neutrons 



epithermal thermal Energy 

Time 3 msec 

Time 

Flux 

1 msec 3 msec 

With hydrogen 
in the soil 

H 

H 

60 cm 

1 msec Moment of pulse 2 msec 

Moment  
of pulse 

Physics of DAN measurements: 
Dynamic Albedo of Neutrons 
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Variations of DAN data along the Curiosity traverse 
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MSL  in  Yellowknife  Bay	




X-ray Fluorescence Spectroscopy 

Particle and x-ray bombardment (from Sun, or a 
radioactive source) leads to ionization and 

subsequent electron cascade, causing fluorescence 
at wavelengths specific to each element 



X-ray Fluorescence 

Particle and x-ray bombardment (from Sun, or a 
radioactive source) leads to ionization and 

subsequent electron cascade, causing fluorescence 
at wavelengths specific to each element 



X-ray Fluorescence 

Similar instruments on Mars Pathfinder, Curiosity, Rosetta/Philae 



For	
  solar	
  X-­‐ray	
  source,	
  must	
  monitor	
  it	
  simultaneously	
  with	
  your	
  target	
  

MESSENGER	
  XRS	
  
(at	
  Mercury)	
  

	
  
[Weider	
  et	
  al.,	
  2012]	
  



MESSENGER GRNS: Na heterogeneity 

High	
  Na	
  abundances	
  around	
  
Mercury’s	
  north	
  polar	
  region	
  "	
  

alkali	
  feldspar-­‐rich	
  volcanic	
  plains?	
  


