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Introduction 
Increase in the atmospheric CO2 is associated with concurrent increase in the amount 
of carbon sequestered in the soil [1-3]. For better understanding of the carbon cycle it 
is imperative to establish a better and extensive database of the carbon concentrations 
in various soil types, in order to develop improved models for changes in the global 
climate.    
Non-invasive soil carbon measurement is based on Inelastic Neutron Scattering (INS). 
This method has been used successfully to measure total body carbon in human 
beings. The system consists of a pulsed neutron generator that is based on D-T 
reaction, which produces 14 MeV neutrons, a neutron flux monitoring detector and a 
couple of large NaI(Tl), 6” diameter by 6” high, spectrometers [4]. The threshold 
energy for INS reaction in carbon is 4.8 MeV. Following INS of 14 MeV neutrons in 
carbon 4.44 MeV photons are emitted and counted during a gate pulse period of 10 
µsec. The repetition rate of the neutron generator is 104 pulses per sec.  The gamma 
spectra are acquired only during the neutron generator gate pulses. 
The INS method for soil carbon content measurements provides a non-destructive, 
non-invasive tool, which can be optimized in order to develop a system for in field 
measurements. . 
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Figure 1: Cross-section through the laboratory calibration set up. 
 
Methods 
a. Laboratory Calibration: 
The INS method was tested in laboratory experimental setup (shown in Fig. 1). For 
that purpose several, 30.5 x 30.5 x 35.5 cm3, aluminum boxes filled with 31.75 kg sand 
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mixed with various carbon concentration from 0 up to 10% carbon by weight. The 
measured spectra were analyzed for the net peak counts in the 4.44 gamma peak. 
These results were normalized to the measured neutron emission during the detector-
counting period [5].     
b. Monte Carlo Simulations: 
In field measurements the mean free path in the soil of 4.4 MeV gamma radiation is 
about 25 cm. Thus carbon present at this depth will contribute small fraction, about 
10% if it is homogenously distributed, to the counts. Simulations using Monte Carlo 
code [6] were written in order to compute the neutron flux distribution versus soil depth 
from 0 to 90 cm below ground level, where carbon may still contribute to the gamma 
counts. A soil density of 1.5 gcm-3 was assumed for a mixture of elements based on 
typical soil composition given in Table 1 [7]. The calculations were carried for different 
moisture levels, introduced as a percent of soil-water by weight. The simulations were 
designed to determine the neutron flux distribution with depth for two energy groups: 
fast neutron flux above the INS threshold, i.e., from 5 to 14 MeV; and thermal neutron 
flux. 
 
Table 1: Dry soil composition used for the MCNP simulations (“typical loam seltzer soil” 

in the PEGS4 materials data files [7]).  
 

Element Abundance 
(% by Weight)

H 2.8081 
C 14.4308 
N 0.001 
O 49.6406 
Na 0.8160 
Al 8.9285 
Si 21.315 
K 0.5562 
Ca 0.5366 
Fe 0.9582 

 
  
Results 
a. Laboratory Calibration: 
The calibration of the net peak counts in the 4.44 MeV carbon peak from the two 
NAI(Tl) detectors normalized to the same number of neutrons versus carbon 
concentration is shown in Fig. 2 The results were plotted for sand-only, sand + 2%W, 
sand + 5%W and sand + 10%W carbon net peak counts per hour together with a 
linear regression fit [5]. The measurements resulted in a 4% standard deviation (SD) to 
the fitted line.  
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Figure 2: The system calibration up to 10%W carbon in sand due to the 4.44 MeV 
peak counts.  
 
b. Monte Carlo Simulations: 
The fast neutron flux group in soil is shown in Fig. 3a for several soil water contents 
from 0% up to 50%. The neutron flux decreased very rapidly in the first 10 cm depth, 
and decreased six of magnitudes at 90 cm depth. However, the important finding is 
that the water content did not affect the neutron flux depth distribution. 
The thermal neutron flux build up thought the first 20 cm depth, and decreased 
gradually for larger depths (Fig. 3b).  
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Figure 3: The Monte Carlo simulations calculated neutron flux versus soil depth, with 

various water in soil concentrations: a) Fast neutrons flux above the carbon 
INS threshold (log scale). The results were found to be very close, therefore 
the points are overlapping; b) Thermal neutrons flux.  

 
Conclusions 
The initial laboratory calibration demonstrated the potential to measure carbon content 
in soil. 
It appears to be possible to measure non-destructively soil carbon content of 1% or 
less with the use of INS thus allowing repetitive measurements with time. 
The Monte Carlo simulations showed that the penetration of the fast neutrons is rather 
limited to about the top 50 cm at which the fast neutron flux decreases about four 
orders of magnitudes. Furthermore it was found that the fast neutron flux is 
independent of the water content in soil. 
The fast neutron source contributed a thermal flux along the soil depth profile on the 
order of 5 10-6 n cm-2 per source neutron, which can react with other elements such as 
hydrogen. Since the thermal flux is depended on the water content of soil, 
measurements of the 2.22 MeV prompt gamma hydrogen can reveal the soil-water 
concentration ratios.     
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