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Neutron and gamma radiation transports are discussed. Radiation based meters 

(gauges) are described and own examples considered. When modelling a gauge, the 

transport equation and its adjoint can be solved both. Especially in Monte Carlo 

solution even in real geometry easily the combination of these give the counting rate 

of detector. Between gamma emission and detection (in a peak) is a ray, practically. 

Gauge sampling is discussed. A gauge should be calibrated in laboratory using 

materials with known elemental composition. Moisture measuring with neutron 

gauge used in soil moisture measurement in Finland is still not well done. 

Nondestructive determinations of 137Cs profiles in soil have been performed. 
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Neutron and gamma measurements 
 

1. Introduction. 
The main sources for neutron measurements in industry and science, as in geophysics, have been 

the products of the reactions Am(α,n)Be and T(d,n)He, see Fig. 1 for their energy spectra. The last 

so-called neutron generator emits 14 MeV neutrons and can work in pulse. These and other 

sources and neutron physics have been described in the text books [1,2]. When neutrons interact  

         

Fig. 1. Total hydrogen cross section (σt = σs + σa)  over the neutron slowing-down energy range 

in H2O and in two other molecules. σs is the scattering cross section. On the right AmBe-

neutron source spectrum and 14 MeV neutron energy of DT-generator. On the left the energy 

distribution of absorption (σa) of 1 the thermal neutrons and 2 epithermal neutrons in 

homogeneous infinite mineral soil.  

  

with matter often photons are emitted. These photons are in gamma energies, the physics of 

which have been described in [3]. The neutron induced gamma photons have been very useful in 

analytical works in geophysics and industry [4,5]. Also the capsulated point sources of gamma 

photons (137Cs, 60Co, 241Am, etc.) have been used especially for density determination. The 

energies of the emitted neutrons and gamma are largely above thermal energies.   

 

Poor neutron measurement (emission and detection) has been used for moisture determination 

(the neutron moisture gauge). When the source neutrons slow down in matter the hydrogen 

atoms influence strongly. Their scattering cross section is high. σt = σs when energy is over about 1 

eV, Fig. 1. In the hydrogen collision the neutron slow down on the average a half of its energy and 
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in the collision on other atoms considerably less, when neutron energy is below about 0.7 MeV. In 

larger energies the neutron inelastic scattering is significant, papers I and II.   

 

I have mainly worked with moisture and density measurements. From [6] I found the adjoint flux 

for use in calculation. The poster [7] is a summary of this dissertation.  

 

2. On neutron and gamma sources. 

14 MeV neutron generator can be written DT. Also DD neutron generator (reaction D(d,n)3He) is 

possible. It emits 2.5 MeV neutrons. Few cm size DT and DD neutron generators have been 

constructed (Neutristor) [8], but are they electrically safe? The fission neutrons have the energies 

of few MeV. 252Cf-spontaneous fission source is used, though its half life is only 2.6 a. For the 

neutron moisture gauge the neutron source energies above 0.7 MeV are not good: there also 

influences the strong slowing down of inelastic scatterings of other atoms in matter (see Fig. 2 of 

Text I), and the effect of hydrogen scattering is about of the same order there. The AmLi neutron 

source should be good, because its energy is below or about 0.5 MeV [2]. I have found (I) that the 

iron reflector behind AmBe source clearly increase the sensitivity of moisture measurement. 

 

The earth crust has the gamma-active 40K (1461 keV), 208Tl (2614 keV) and 214Bi (1765 keV) 

nuclides. Their distribution in soil is almost a half infinite space. The attenuation of their radiation 

has been used for the survey of snow cover mass [9]. Today we have near the surface of soil the 

fall-out of 137Cs from Chernobyl in Europe. It is almost a plane source of the 137Cs gamma-radiation 

(662 keV), VII, [7]. Fig. 2. 

      
Fig. 2. Soil radiation with Ge-detector measured by the French group in the project RESUME in 

southern Finland 15.8.1995. 

 

3. Neutron and gamma detectors.    

The most methods of detection of neutrons and gamma photons have been presented by Knoll 

[10]. About epithermal detection,  fig. 1, achieved by using Cd-foil around the neutron detector, 

Amaldi [2] has discussed thoroughly.  

 

For measurements of relatively fast decaying numbers of particles (photons or others) I have 

made a paper [11] (with 8 references) declaring that instead of the Poisson distribution the 

binomial distribution works for any case of nuclear disintegration. In Appendix C [10] for the cases 
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of variable mean value during measurement the distribution C3 should agree with the 

corresponding binomial distribution 

xNTxT ee
x

N
xP −−−−








= )()1()(   

I have in [11]. 

 

4. Radiation gauges 

Near the radiation gauge one must consider the radiation level. It should not permanently exceed the 

dose level of environmental radiation. The dose on the worker is to be followed. 

 

Radiation gauges are useful in industry, medicine and science. We consider the gauges where the 

response R = R(x). x is the quantity to be determined. Mostly detection of a particle causes an 

electric pulse. The response R is the counting rate of pulses. It is determined the count number in a 

certain time interval, or the frequency R of pulses is determined electronically by a rate meter. The 

sensibility analysis discussed in IV is also applicable for other gauges than the moisture neutron 

gauge. For a radiation gauge with good calibration R(x) the only significant error is caused by the 

statistics of radioactivity. I have presented a consideration for evaluation and design of radiation 

gauge1 in this case and when the strength of radiation source does not change during the gauging. 

Then the statistical error tRR /= , when the pulses in the time t are counted. When the rate meter is 

used then also RR   [10].  The error of x ,i.e.. )('/ xRRx = . In the former case 

)('//)( xRtxRx =  and when we want the constant error expectation x  in the interval (x1,x2), 

i.e. optimal calibration curve, and Rb is the background determined in time tb, then those optimal 

calibration curves have the forms as presented in Fig. 3 for two x . 

 
Fig. 3. Forms of optimal calibration curves for two constant values for error x , when 

background (the value R without radiation source measured in time tb) also is concerned. 

 

The neutron moisture measurement mentioned above is hydrogen content determination, III, IV, V 

and VI. Then the hydrogen content of bulk matter should be known, as well as its density, known or 

measured. The third parameter of the bulk matter when detecting thermal neutrons is their 

 
1 Report P5/1981 of Laboratory of Physics of Helsinki University of Technology is still unpublished. It is referred in text 
IV (ref. [6] there). 
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absorption cross section. In IV you see that the elements B, Gd, Sm, Eu and Cd effect strongly in 

the thermal measurement.2 The thermal absorption cross section from a representative soil sample 

can be measured with at least three different methods (V). For the gauge some theoretical model 

can be developed good enough for practical measurements. The 3-group diffusion calculation used 

in IV maybe is not good enough for the model of gauge. In the calibration the parameters of the 

gauge model should be determined from measurements with known hydrogen content materials. 

Text V (Appendix) presents some proposals as to materials. Also Al2(SO4)318 H2O may be 

included in the list.  

 

The gamma gauge with a relatively long distance between the point source and detector has 

decreasing calibration curve (counting rate versus density). For peat measurements, 7.1, I have 

developed a gauge with increasing calibration curve. For it the calibration is good, though maybe 

the model function [12] of gauge (calibration function) with five parameters [7], I used, is not 

appropriate enough.   

 

A plenty of neutron induced analysis of elements is possible [4,13,14]. The fast neutron inelastic 

scattering gamma-rays (FNIGR) can be used. Thermal neutron capture often causes the emission of 

prompt gamma-ray (TCPGR), which is characteristic for the absorbing element. The 2223 keV 

photon is characteristic for hydrogen. In the third type of elemental analysis there is activated 

mainly in a sample nuclides in captures of thermal neutrons or in reactions of fast (MeV) neutrons 

[4]. The neutron generator DT or DD can operate in pulse as in [15, 16], Fig. 4. I think the time T1 

is a little larger than the slowing-down time. In [15] T1  15 µs and T2  85 µs applicable in 

environmental measurements, which Tan shew in IRRMA 6 in Hamilton in Canada in 2005. During  

  

 

 

 

 

 

 

 

 

- 

Fig. 4. Pulse train of neutron generator [15]. T1 is the time when neutron generator is ON, then 

Ed in the DT generator is about 100 keV. T2 is the time when the generator is OFF.  

 

the time T1 the FNIGR photons are measured and during T2 the TCPGR photons [15]. 

 

For TCPGR measurement the hydrogen content of matter is significant parameter in quantitative 

analysis. Thermal neutron distribution influences.  

 

 

 

 

 

 

 

 
2 In IV two soil moisture measurement points are incorrectly too low. They are corrected in the poster [7] and in Fig. 
14 a.   
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Fig. 5. Incoherent scattering function for aluminium [18]. θ is the scattering angle and λ is the 

wave length of photon. 

 

It is amazing that the photopeaks of gamma photons are sharp, Fig. 2. For the small scattering angle 

θ the Klein-Nishina cross section σKN, [10], of Compton scattering is not valid. Then the real cross 

section of an element Z is ZS(x,Z)/Z σKN , when σKN is for a single electron. In tabulation [17] 

there is the incoherent scattering function S(x,Z)/Z for all elements, that for Al in Fig. 5. x in Fig. 5 

is proportional to the momentum change in the scattering.     

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. When the scattering angle is between 0 and θ, then the Klein-Nishina cross section 

must be multiplied with the value S(θ,Z)/Z [17]. 

 

5. Calculation. 

An introduction for this subject I have presented in Finnish [19]. Neutron or gamma is an 

electrically neutral particle. It moves in straight line until meets an atom. The interaction between 

the particle and atom is a rather accurately known event. It can be scattering or reaction. They 

have certain probabilities, the portions of the total cross section. The cross section σ is the area 

around the atom where the event occurs; its unit is barn = b = 10-24 cm2. The density of atoms is 

ρA/M, ρ is density of matter, M is atom number in weight unit/mole and A = 0.60221413 1024/mole, 

the number of atoms in one mole. Then  




 A
M

=  

is the probability of the event on the travel of the particle in a length unite. 

M

A
=  

is called mass attenuation coefficient or “macroscopic cross section”.  
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The exact calculation can be the Monte Carlo (MC) calculation or some accurate solution of the 

transport equation presenting the neutron or gamma process under the inspection. 

 
5.1 Monte Carlo calculation 

I made the first Monte Carlo (MC) calculation in the 60’s, a forward calculation, I and II, for the neutron 

moisture gauge. There was assumed a point source (AmBe or relevant) of fast neutrons, Fig. 1. MC calculation 

selects the source energy E0 of neutron to follow randomly with the random number R, which has the even 

distribution between 0 and 1. Neutron slows down in an elastic or inelastic scattering. For the event a random 

number R is selected. R selects the type of scattering. The point of the event, the decreased energy and the 

direction of scattered neutron is registered. The absorption too is possible. The weight number W, the value 

1 in the start, is decreased with the multiplicator )()(1 EEa −  in each event. The interval from source and 

from a scattering point to the following one was selected randomly. Let us consider a beam of N neutrons. It 

is found that )exp( sN −  is the number of neutrons after the distance s. Suppose N = 1, then we assume, 

when p is the probability density function of the event, that  

)()(exp1
0

sFsdsp

s

=−−=    (1) 

is the cumulative distribution function of the interval s. F = R was selected and s was calculated from (1), the 

equation (7) in II.  

 

{Instead of (1) the system (s,p,F) maybe can be another.3 However, many simulation of measurements by 

using (1) have been excellent, e.g. [14].} 

 

The neutron followed has four parameters with it: 1. position r, 2. unite vector of direction  , 3. 

energy E or lethargy u = ln(EO/E), 4. weight W. The neutrons have in I and II followed until the 

energy is below 0.75 MeV. My use of the inelastic scattering of fast 

neutrons have been presented in II. The neutron direction after the 

scattering is spherically symmetric. We suppose that elastic neutron 

scattering is cylindrically symmetric. In Fig. ’ is the direction of 

incoming neutron and   is the scattering angle. In the elastic 

scattering from heavy elements (C and heavier) can the direction of 

outgoing neutron approximately be assumed  spherically 

symmetric. However, the scattering from hydrogen is only 

symmetric in the center of mass system, but in environmental (laboratory) system we have the 

hydrogen scattering cross section )(fssh = ,  cos= . and  

 

0)( =f  when 0   and 2=f  when 0 . (2) 

 

We can also make MC calculation in inverse direction starting from the detector with the 

detection probability for a neutron (or photon). First can the neutron thermalization to be treated 

roughly. We may then start with a certain detection energy, say 0.1 eV, and follow with the 

neutron upwards in energy. This idea I presented in my talk in 1982 in 50th Anniversary of the 

 
3 The disintegration of N radioactive nuclides has the similar value )exp( tN −  after the time t (λ is the 

disintegration constant) and )exp(1 t−−  is c.d.f. for the disintegration of a nuclide [11]. 
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Discovery of the Neutron in Cambridge [19]. In the neutron scatterings from heavy elements the 

approximation of spherical symmetry is not bad. In the hydrogen scattering, because it is 

spherically symmetric in c.m. system, only the directions of incoming neutrons are possible, and  f 

is as in (2), but ϴ is the angle of incoming neutron as to the direction of outcoming. 

 

For the neutron moisture gauge we select an energy E between the source and detection energies 

[7]. Over the space we have the cloud of particles slowed down below E with their four 

parameters and the energy just below E. We also have calculated the cloud of detection 

probability “particles” with their similar parameters. We then sum up these two clouds over the 

space (9, p. 13). The result of computing is the counting rate of particles in the detector. 
 

For TCPGR the neutron slowing down transport from source to thermal energies (Fig. 1) must be calculated. 

For TCPGR in [14] the writers see the MC library as a useful tool. 

 

In the calculations of gamma photon fields (particle clouds in MC) the photon polarisation [3] is to 

be considered. The group of Fernandez in Italy have made that [20]. 

 

5.2 Ray theory. 

We suppose simply that the particle (neutron or gamma) goes as a ray from the source. In a point 

it has an interaction with the matter and after that the same particle or some other particle goes 

as a ray to the detector. During the travel, say the interval r, the ray can interact according to (1). 

When the source strength of a point source is S particles per time unite then the intensity is: 

24 r

e
SI

r



 −

=    (3) 

as the number of particles penetrating through a plane unite at the distance r. 

 

The particle, that is emitted at the point r isotropically, is detected with the probability  

                     D

a

Ap
a

e
D

24

 −

=                          (4) 

in the detector at the distance a. ApD is the approximate constant for detection. More accurately 

we can calculate for a ray to penetrate the detector surface (in the direction ) at the distance a1 

and the second surface (possibly) at the distance a2. Then 

          dx
xa

e

dA

dD
D

aa xa dd


+

= 
− +−12 1

0

2

1

)(

)(4



 (5) 

is detection probability which must be integrated over the area at the detector.4 

   
In the FNIGR and TCPGR systems (as Fig. 4) we measure gamma rays characteristic for elements. The rays 

practically come in straight line from emitting element to the detector. For FNIGR the transport, before the 

inelastic scattering, may be treated ray-theoretically. The ray theory also may be applied for the 

gamma density measurements. 
 

 
4 Is the formula in [19] found from (5) correct? 
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5.3 Transport equation and its diffusion approximation. 

The counting rate C of detector can be presented two ways [6]:   

 ==

V
DD dVdEESdVddEEC ),,(*),,(),,( rrr

  

where ),,( E r is flux and ),,(* E r is its adjoint flux (i.e. detection probability or so-called 

importance). The left integral is over the detector volume. In the right integral the energy E is some mean 

value in the energy interval of the slowing-down, and V is volume large enough. S is the slowing-down density 

over the energy E. 

 

The transport equation [1,2,6] independent on time is 

 +→=+• ),,('')',',(),',',( ESddEEEEs rrr   

and its adjoint [6] 

 +→=+•− ),(),,()',',,(** EdEdEEE Ds rrr  

On the boundary against vacuum (or air) the incoming   and the outgoing * are zero. Basic 

simple geometries are spherical, cylindrical and plane ones. In my papers III-VI the diffusion 

approximation of (6) in spherical (and cylindrical) infinite geometry has been used. In I,II the point 

source in infinite space is assumed. The errors there in the calculated flux of dry density results 

have been eliminated by dividing in the energies 5 … 0.75 MeV the radius into intervals according 

to the slowing down length, Fig. 7. 

 
Fig. 7. Thermal flux around a point source 1 neutron/s in mineral source for some soil (ρd) 

and water (ρm) densities. 

 

For the neutron gauge of moisture the cylindrical geometry should be better. Koskinen in I used 

this geometry with point source and slab. I started with a point source and point detector in 

homogenous infinite medium. In [21] Dunn and Gardner solve a point source on the surface of 

semi-infinite medium. They simulate detection with a line flux and an area flux. Later in IV we have 
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the neutron detector as a sphere away at the certain distance from the neutron source.  In VII 

there is a plane geometry application. 

 

In exact transport theory of neutron transport the good relevant models of measurements are not 

possible or difficult to find. In MC theory the good models of measurements are possible to find. 

 

We suppose as in (2) that the elastic scattering in an atom is cylindrically symmetric around the 

direction ’ of the incoming particle to the angle . We have  cos= . s , φ and φ* can be 

developed in spherical harmonics. The diffusion approximation is found when in the developments only the 

terms P0 and P1 are included.  For the scattering in hydrogen we have presented in (2) the function f(µ), 

where f = 0, when  < 0 and 2=f , when µ .0  

Fig. 8. Neutron scattering in hydrogen (blue line). Its P1-approximation is the red line, In the 

figure is also the P2(P3) approximation. 

 

The diffusion (P1) approximation is bad for the medium what has hydrogen (Fig. 8). Therefor the 

diffusion results calculated for neutron moisture gauge should be controlled by using more 

accurate calculations. I have used the P1- (diffusion) calculation in I-VI. The diffusion calculation 

also as an approximation for the adjoint flux has been used [22]. 

 

Koskinen in I is trying toward the moisture distribution in slab. Calculated result of moisture 

distribution [23]5 can then be useful. 

 

6. Sample size of gauge 

We take  from (7) and integrate over the angles, and we have the particle flux  =




4

).,(),( dEE rr . 

Then we define the characteristic of gauge ),( Er , where  is: 

1. element characteristic reaction or inelastic scattering cross section in neutron induced analysis  

FNIGR. 

2. scattering cross section for the density gauge.  

 
5Publication [23] is 3. part of Kasi’s licentiate work.  
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3. hydrogen scattering cross section for moisture gauge. 

 

1. Simple illustration for the gauge of elemental analysis with the neutron source and gamma 

detector system has been presented in Fig. 7, [24]. Here the attenuations of the source neutrons 

and emitted gamma photons, (3) and (4), I have assumed negligible. The curves are then the  
 

Fig. 9. Curves of equal count rate of detection. x is source and o is detector of gauge. 

 

Cassini ovals. The numbers on the curves are relative weights. For FNIGR gauge the more accurate 

calculation of relative weights is simple. The quantity ),,(* EdAdD = r at the point r in medium 

with the direction   and at the energy E of emission is exact, for both FNIGR and TCPGR analysis. 

 

For TCPGR gauge the neutron calculation is complicated.  
 

2. For the density gauge the ray theory is not bad to be applied. The geometry can be realistic one. 

 

More accurately and generally we can define the weight pE from second equation (6), paper III, 

 ==
4

),,(*),,(
/

)( dEEq
C

dVdC
pE rrr .    (8) 

where as the source S is the slowing-down density q. The value of E is to be selected appropriately.   

 

3. For the moisture gauge, Fig. 1, E of (8) is to be selected as a mean value of lethargy between the source 

and thermal energies [7]. The hydrogen scattering there is the most characteristic event. I think the most 

practical accurate calculational method to determine p(r) is MC. We determine q(r,,E) with forward MC 

and the importance ),,(* Er starting the backward MC from the detector. Then by integrating over the 

angles p(r) is achieved. 

 

In application we use in III only the P1-approximation of transport (diffusion), though its use is 

questionable, see Fig. 8. Then we calculate p(r) for the point probe (the source and detector in a point, 

same for both) in infinite homogenous matter using 2- and 3-group diffusion (Fig. 10), as well as discussing 

the age-diffusion model application. 
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Fig. 10. Diffusion calculation of p(r) for a point probe in infinite matter (soil) with 3 moistures and 

water. The radii of 95 and 99 % spheres are shown. 

 

The sample radius R of the s % size from 

%4)(
0

2 sdrrrp

R

=  .  

has been calculated in III. I consider, the 3-group calculations are better than 2-group ones. Using the ratio 

between their values it is presented in IV the radius 

,
3.4

1

2

1

1

%95 −− +
=

LL
R  

where L1 is the slowing-down length and L2 is thermal diffusion length. 

 

7. Some radiation gauges 

In the measurements we have theoretical model of the gauge presenting the calibration function, as R(x), 4. 

There we have two kind of parameters: 

- parameters of the gauge 

- parameters of matter 

 
We consider at first density gamma gauges. The Compton (i.e. incoherent) scattering is proportional to the 

electron density (about Z, Z is the atomic number) in matter, except to H, then 2Z, and for heavy elements 

the Z effect reduces (because M > 2Z). Other photon interactions in matter are photoelectric absorption 

(cross section about Z4.5) below Compton scattering energies [10] and pair production (Z2) above them. 

The cross sections of these three interactions for different elements and many compounds  are in the NIST 

tabulation, also graphically. 137Cs is most used gamma source element. Its energy 662 keV is in the middle 

of the Compton dominance energies.  

 

The calibration curve of cesium gamma gauge is decreasing, when the source-detector interval is long, but 

for relatively low densities (as the peat gauge 7.1.) the calibration curve is increasing when using smaller 

interval. 

 

        7.1 Peat density gauge 

I have planned a gamma gauge of density, Fig. 11, where growing calibration curve, Fig. 12. Measurements  
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                                  a.                  b.  

 

Fig, 11. a. Peat density gauge. b. Its electronics, E1 = 662 keV. 

 

have been done with material with relatively well known chemical contents and densities (matter 

parameters). For the gauge the theoretical model has been taken from [12]. In the model 5 gauge-     

 
   Fig. 12. Peat calibration of a gamma gauge. Characters x are results of calculation. 

 

                   Table 1. Elements (%) in calibration substances. 

Substance   water     C     H    O     N Ar,Ca Al,Fe,Si 

air      1.12    23.2   75.6   1.2  

wood fibre      7.3    49.9     6.1  42.7     0,9   0.1  3·0.1 

spruce      9.4    50.6     6.2  41.6     0.8   0.5  3·0.1 

birch      9.3    49.7     6.1  42.7     0.9   0.3  3·0.1 

paraffine      0    85.6    14.4     

water   100     11.1  88.9    
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parameters were optimized. You see the accuracy, though maybe the theoretical model was too rough. See 

the small figure of calibration: the result of calculation for spruce plywood differs from the result of 

measurement more than its error limits. 

 

      7.2. Snow density gauge. 

In the 5th Northern Research Basins Symposium in Finland 1984 I demonstrated a snow density gauge, Fig. 

13. 

   
 Fig. 13. Snow density gauge. 

 

The energy of 241Am gamma photon source is 60 keV. For H and O this energy is in the region of Compton 

scattering dominance. See the NIST tabulation. 

 

     7.3. Neutron gauge of moisture. 

This meter has much been used for water content determination in mineral matters, as mineral soil. That 

this neutron gauge measures hydrogen content is due to hydrogen slowing-down power. The mean 

lethargy change is 1 for H, 0.158 for C, 0.120 for O, etc. decreasing with the atomic mass. For neutron 

moisture gauge also the calibration should be done in laboratory materials with known chemical contents.  

When using materials in [5, Appendix] at least as good calibration as in 7.1. is possible. However, the 

hydrated materials listed may be questionable. At least commercial aluminium sulfate is Al2(SO4)3nH2O, 

where n = 14-18. In [21] polyethylene has been used successfully. As mentioned earlier (p. 3) from the 

matter parameters, when thermal neutrons are measured, they are: 

1. hydrogen content, 

2. density, 

3. thermal absorption cross section of neutron. 

In soil moisture measurement, when drilling a hole for the measuring, soil samples can be taken for the 

parameter determinations. Three methods to determine the absorption cross section have been referred in 

V. Let us add still the method of counting both with bare detector and with Cd-foil covered, [21]. 

 

For development of calibration of the moisture gauge the good neutron theory must be used. Papers I ja II 

are the start to this direction. Uses of realistic geometry and importance theory, I see, can be easily 

performed. The MC calculations are easy. In the forward MC starting from the source the “neutron cloud” 

we achieve at the mean lethargy (energy E in [7]) is the slowing-down density qE(r,). For thermal neutrons 

in realistic spatial conditions we take an energy distribution. Is that an Maxwellian in the temperature a 

little larger than that of environment? See [1], the ratio 21.0)/1(/)/1( = vvnon aa
 for thermal neutrons 

using the element contents of table I in IV and the absorption cross sections of Table 1.4.1 of [1], v is 

neutron velocity. From the detector we transfer the detection probability during few interactions. After 
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that we from the thermalization energy, say 0.1 ev, and find the “detection probability cloud” at the energy 

E ),(* rE . Then we have the counting rate 

 

 =



4

* ),(),(
V

EE ddqC rrr  (9)  

where V is large enough. 

 
However, now I can only present results of diffusion calculations [4], though they may include errors. In IV 

we found that the interference power of density is not effected by interference of the absorbing elements. 

That is because their contents are small. Gadolinium content can be more significant parameter than 

density [25]. In these calculations I had the point probe in infinite medium, as in III.  

a.        b.  

 

Fig. 14. a. Measurements of different soils, peats and snow-water. b. Fitting calculation to results of 

peat and water measurements. 

 

In Fig. 14 there are measurements with a neutron gauge of Danish Nucletronics company. We developed 3-

group diffusion calculation where it was homogeneous slowing down medium and detection sphere (radius 

r) at the distance d from the neutron source, and the sphere absorbs all thermal neutrons on it, and a part 

of epithermal neutrons. Using this calibration we made fitting application presented  in Fig. 14b. We had 

five fitting gauge parameters: r, d, the portion of epithermal neutron detection, multiplier and constant 

term. It is sorry, that snow and soils were not included.   

 

8. Cesium profiles nondestructively. 

The most significant deposition nuclide from Chernobyl is 137Cs. I have presented a method to determine 

cesium vertical profile nondestructively,  VII-IX, Fig 15. In mineral soil 137Cs may have stabilized close to its 

surface (VIII). 
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Fig, 15. Inversion determination of 137Cs-profile in Lammi, Finland 1987/6. The detector in the soil 

tube was Ø1x1” NaI(Tl) scintillator crystal. On the left the assumed soil density profile. 

 

In IX in Fig. 5 the 137Cs local deposition values I measured for STUK. 

 

9. Deposition of radioactive substances. 

See the Fig. 16. The increase of the 239,240Pu+241Am-curve is due to the decay of 241Pu, which 

 

  
Fig. 16. Radioactive deposition in Finland. 

 

half life is 14.4 a. The 137Cs and Pu release in 2011 in Fukushima accident in Japan were similar than in 

Chernobyl accident in 1986 [26]. 137Cs deposition in Finland in 2011 was below 1 Bq/m2 [27].  

 

ACKNOWLEDGEMENT 

Prof. Erkki Laurila in 1963 proposed my diploma work on the neutron moisture measurement. Until 1986 I 

had to teach and study in Laboratory of Physics in Helsinki University of Technology, 1984-09 for the 

Academy of Finland in calibration of soil moisture neutron gauge.  Computing facilities after 1986 I used in 

Hydrological Office and Helsinki University. 

 

REFERENCES 

[1] Beckurts, K. H., and K. Wirtz: Neutron physics. Springer 1964. 

[2] Amaldi, Eduardo: The production and slowing down of neutrons. Pp. 1-659 of Handbuch der 

Physik XXXVIII/2, Springer 1959 . 

[3] Fano, U., L. V. Spenger, M. J. Berger: Penetration and diffusion of X rays. Pp. 660-817 of 

Handbuch der Physik XXXVIII/2, Springer 1959. 

15 



[4] IAEA RADIATION TECHNOLOGY REPORTS No. 1, Neutron Generators for Analytical Purposes, 

INTERNATIONAL ATOMIC ENERGY AGENCY, VIENNA, 2012. 

[5] Lim, C. S.: Recent developments in neutron-induced gamma activation for on-line multi-elemental 
analysis in industry. J. Radioanal. Nucl. Chem. 262(2) (2004) 525-532.  

[6] Bell, G. I., and S. Glasstone: Nuclear reactor theory. Van Nostrand Reinhold 1970. 

[7] Kasi, Servo: Modelling, calibration and errors of γ- and n-gauges. Poster presentation in ISRP-
10, 2006.   
[8] Elizondo-Decanini, J. M., D. Schmale, M. Cich, M. Martinez, K. Youngman, M. Senkow, S. Kiff, J. 
Steele, R. Goege, B. Wroblewski, J. Desko and A. J. Dragt: Novel surface-mounted neutron 
generator. IEEE Transactions on Plasma Science 40(9) 2145-2149, 2012. 
[9] IAEA: Airborne Gamma Ray Spectrometer Surveying, INTERNATIONAL ATOMIC ENERGY 
AGENCY, Technical Reports Series No. 323, Vienna, 1991. 

[10] Knoll, G. F.: Radiation detection and measurement. Wiley 2010. 

[11] Kasi, S.: Error of number of radioactive disintegrations. Journal of Physical Science and 

Application 4 (3) (2014) 193-197. 

[12] Rychlicki, S., and K. Umiastowski: Experimental verification of the universal calibration curve 

for gamma-gamma density logging. Nukleonika 15(1970), 47 

[13] Nargolwalla, S. S., and E. P. Przybylowicz: Activation analysis with neutron generators. John 

Wiley & Sons, 1973. 

[14] Shyu, C. M., R. P. Gardner and K. Verghese: Developments of the Monte Carlo library  least-

squares method of analysis for neutron capture prompt gamma-ray analyzers. Nucl. Geophys. 

7(1993) 241-267.  

[15] Tan, H., S. Mitra, A. Fallu-Labruyere, W. Hennig, Y. X. Chu, L. Wielopolsky and W. K. 

Warburton: A digital spectrometer approach to obtain multiple time-resolved gamma-ray spectra 

for pulsed spectroscopy. Nuclear Instruments and Methods in Physics Research B 263(2007) 63-66. 

[16] Mitra, S. , L. Wielopolsky, H. Tan, A. Fallu-Labruyere, W. Hennig and W. K. Warburton: 

Concurrent measurement of individual gamma-ray spectra during and between fast neutron 

pulses. IEEE Transactions on Nuclear Science 54(2007) 192-196. 

[17] Hubbell, J. H., Wm. J. Veigele, E. A. Briggs, R. T. Brown, D. T. Cromer and R. J. Howerton: 

Atomic form factors, incoherent scattering functions, and photon scattering cross sections. Journal 

of Physical and Chemical Reference Data 4(1975) 471-538. 

[18] Ribberfors, R., and K-F. Berggren: Incoherent-x-ray-scattering functions and cross sections (dσ/d’)incoh 

by means of a pocket calculator. Physical Review A 26(1982) 3325-3333.  

[19] Kasi, S. S. H.: (n,n)-, (n,γ)- ja (γ,n)-mittausten vasteen ja kohdekoon laskeminen (Calculation of 

the response and sample size in (n,n), (n,γ) or (γ,n) gauging). Arkhimedes 35(1983) 142-148.  

[20] Scot, V. and J. E. Fernandez: The Monte Carlo code MCSHAPE: Main features and recent 

developments. Spectrochimica Acta, part B: Atomic Spectroscopy 108 (2015) 53-60. 

[21] Dunn, W. L., and R. P. Gardner: Development of mathematical models and the dual-gauge 

principle for surface-type neutron moisture content gauges. Nucl. Eng. Des. 32 (1975) 438-448.  

[22] Gardner, R. P., and L. Liu: Monte Carlo simulation of neutron porosity oil well logging tools: 

combining the geometry-independent fine-mesh importance map and one-dimensional diffusion 

model approaches. Nucl. Sci. Eng. 133(1999) 80-91. 

[23] Kasi, S. S. H., and S. E. Pihlajavaara: An approximate solution of quasilinear diffusion problem; 

tables and nomograms for concentration in slabs in a special case. Valtion Teknillinen 

Tutkimuskeskus  VTT, (1969) Publication 153. 

16 

http://www-pub.iaea.org/MTCD/Publications/PDF/P1535_web.pdf
http://www.elisanet.fi/skasi/ISRP10p.pdf
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/22/072/22072114.pdf
http://www.davidpublisher.org/Public/uploads/Contribute/55cac3b6573b0.pdf
http://aip.scitation.org/author/Veigele%2C+Wm+J
http://aip.scitation.org/author/Briggs%2C+E+A
http://www.vtt.fi/inf/julkaisut/muut/1960s/VTT153-An_Approximate_Solution.pdf


[24] Fearon, R. E.: Neutron well logging. Nucleonics (1949, June) 30-42. 

[25] Kasi,S.: Influence of rare earths on neutron moisture measuring. Nuclear Engineering and Design 

8, 317-320 (1968). 

[26] Zheng, J., K. Tagami, Y. Watanabe, S. Uchida, T. Aono, N. Ishii, S. Yoshida, Y. Kubota, S. Fuma 

and S. Ihara: Isotopic evidence of plutonium release into the environment from the Fukushima 

DNPP accident. Scientific Reports 2, Article number: 304 (2012), , 

https://www.nature.com/articles/srep00304#abstract 

[27] Leppänen, A-P., A. Mattila, M. Kettunen and R. Kontro: Artificial radionuclides in surface air in 

Finland following the Fukushima Dai-ichi nuclear power plant accident. J. Environ. Radioact. 

126(2013), 273-283. 
 

 

  

 

Servo Kasi’s published texts: 
 

    I.   Kasi, S., and H. Koskinen: Analysis, calculations and measurements concerning the moisture   

         measuring by the neutron method. Nuclear Engineering and Design 3(1966), 74-82.  

   II.   Kasi, Servo: Calculation of neutron flux in hydrogenous medium round a fast point source for  
         application to moisture measurement by neutrons. The State Institute for Technical Research, Finland,      
         Publication 99, Helsinki 1966. 
  III.   Kasi, S. S. H.: An attempt to calculate correctly the region of influence in gauging moisture with     

          neutrons. Int. J. Appl. Radiat. Isot. 33(1982), 667-671. 

  IV.   Kasi, S., J. Immonen and K. Saikku: Some considerations for soil moisture gauging with neutrons.  

          Isotope and Radiation Techniques in Soil Physics and Irrigation Studies 1983, IAEA, 479-488. 

   V.   Kasi, Servo: Spatial correlations of the soil quantities related with the neutron gage of soil moisture.  

          Water in the Unsaturated Zone, NHP Report no. 15(1986), 113-118. 

  VI.   Kasi, Servo S. H.: Soil water content more accurately by nuclear methods. XXI Nordic Hydrological  

          Conference, 2000, NHP Report no. 46, 549-554.  

 VII.   Kasi, S. S. H.: First radiocesium profile and snow cover mass measurements. Suomen Akatemian  

          julkaisuja 5/1988, 101-105. 

VIII.   Kasi, S. S. H.: Cesium deposition in soil and its effects. Radiation Physics and Chemistry  

         61(2001), 673–675. 

  IX.   Kasi, Servo: Nondestructive determination of gamma-active nuclide profiles in soil. Nordic  

         society for radiation protection,  

         Proceedings of the NSFS XV conference in Ålesund Norway, May 2008, 104-107. 

 

 

 

 

 

 

 

 

17 

https://www.nature.com/articles/srep00304#abstract
http://www.nrpa.no/dav/12f17ba294.pdf


Text  I 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I 
 



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

I 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I 

 

I 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

  

I 



I 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I 



I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



I 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I 



Text  II 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 II 
 



 

 

 

 

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

 

 

 

 

 

 

 

 

 

 

  

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
II 
 



 

 

  

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II 
 



 

Text III 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III 
 



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III 
 



 

 

 

  

III 
 



Text  IV 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV 
 



 

  

  

    

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

  

IV 
 



 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV 
 



  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV 
 



 

  

IV 
 



Text  V 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V 
 



 

  

V 
 



 

  

V 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V 
 



V 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V 
 

 

 

 



Text  VI 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VI 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

  

550 

VI 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  . 
 

 

 

 

 

551 

used. Curve is for peat. 

VI 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

552 

VI 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

553 

VI 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

554 

VI 
 



Text  VII 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

  

VII 
 



 

  

VII 
 



 

  

VII 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VII 
 



 

 

 

 

 

 

 

 

 

 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VII 
 



Text  VIII 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

VIII 
 



 

  

VIII 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VIII 
 



Text  IX 

  



 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

  

 

IX 
 



  

 IX 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

IX 
 



  

 

IX 
 



 


