
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)	


