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ABSTRACT OF THESIS 
 

 

COMPUTATIONS OF ABSORBED DOSE AND SODIUM 

ACTIVATION IN SOFT TISSUE FROM INCIDENT NEUTRONS 
 

 

Terrorist events around the world have increased the awareness of possible 

future attacks involving the dispersal of radioactive materials.  Many emergency 

triage protocols have been written to manage such attacks.  One specific section in 

the protocols involves dose calculations and invasive procedures to survivors in 

order to prescribe the necessary treatment.  Dose calculations have been used in 

criticality accidents by recording the amount of activated sodium in the body and 

relating the sodium activity to a neutron dose.  Utilizing a neutron transport 

computer code, neutrons are simulated incident on a soft tissue phantom.  

Activated sodium atoms and neutron dose are tracked and plotted as a function of 

neutron energy.  As a result, a quick incident neutron dose estimation can be 

performed by detecting activated sodium in vivo following the detonation of an 

improvised nuclear device. 
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Introduction 

 
 
 Terrorist events around the world have increased the awareness of possible 

future attacks involving the dispersal of radioactive materials.  There are two 

primary methods for attacks.  The first involves conventional explosives used to 

spread radioactive materials and are referred to as radioactive dispersion devices 

(RDD).  The second means, and emphasis of this paper, consists of the detonation 

of a nuclear weapon called an improvised nuclear device (IND).  If such a device 

were to be detonated, one of several emergency triage protocols would be 

initiated to manage the attack.  One important need would be to determine an 

individual’s radiation dose quickly and efficiently in order to prescribe a 

necessary treatment.  Since many civilians do not have personal dosimeters, a 

widely accepted method in a protocol to determine a dose is by a procedure called 

cytogenetic bioassay.  This procedure involves several steps including the 

extraction of blood 24 hours after exposure, preparation of proper worksheets, 

delivery of the sample to a lab for analysis, the use of complicated calculations to 

establish a dose, and transmittal of a final report of the results to the hospital in 

order to carry out the proper treatment (IAEA, 2005).  Although cytogenetic 

dosimetry is accurate, the many sub-procedures leave a great amount of room for 

human error.  

An alternative step for dose reconstruction occurs in criticality accidents 

where sodium activation (23Na + n → 24Na) in the body is used.  Since sodium 

concentration is uniform and constant within the body, procedures have been 
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developed to relate the amount of activated sodium in the blood to an incident 

neutron fluence.  The most difficult step in the dose assessment, due to various 

nuclear accident geometries and material composition, is characterizing the 

neutron spectrum at the time of the accident.  Once the neutron spectrum is 

known, the neutron fluence can then be used to calculate the incident neutron dose 

(Feng et al, 1993).  One recent event occurred in Tokai-mura, Japan in which 

three workers in a uranium conversion building were irradiated by a uranium 

oxide solution.  Blood samples were taken the following day, analyzed for 

activated sodium (24Na) concentrations, and the concentrations used in 

calculations to determine the incident neutron fluence and consequently the 

neutron dose (Muramatsu et al, 2004).   

This project specifically focuses on a simple, quick alternative method of 

neutron dose assessment following an IND blast.  The uncollided neutron 

spectrum from an IND can be modeled using the Maxwell or Watt fission energy 

distribution.  Utilizing a computer simulation code, a tissue equivalent human 

phantom is irradiated by a neutron flux.  The amount of activated sodium and 

neutron dose in the phantom are recorded as a function of neutron energy.  In 

addition, the collided fission neutron energy spectrum is logged taking into 

account air attenuation at various distances from the blast.   Using the attenuated 

neutron energy spectrum, estimated neutron doses and activated sodium 

concentrations can be calculated.  If enough sodium is activated in the body from 

an attenuated fission neutron spectrum, it is possible to employ an in vivo 

counting system with external detectors designed to rapidly and effectively 
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measure 24Na concentrations and estimate an individual’s incident neutron dose 

shortly after an IND event occurs.      

 

Background 

 Due to the lack of availability of materials and technical difficulties in 

constructing a nuclear weapon, a most probable attack will consist of an IND with 

a relatively low yield between 0.01 and 10 kilotons.  The detonation of an IND 

has four significant features that cause bodily injury: air blast, thermal wave, 

initial nuclear radiation (INR), and residual nuclear radiation (RNR) (NCRP, 

2001).  INR is defined as the initial pulse of gamma and neutron radiation within 

the first minute of the blast.  The radiation thereafter makes up RNR and is 

comprised primarily from fallout.  Figure 1 compares the LD50’s (dose lethal to 

50% of a population) at a distance in meters from the epicenter of the blast for 

each effect dependent upon the weapon yield in kilotons.  The LD50’s for INR and 

RNR are assumed to be 4 Gray.       
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Figure 1.  LD50 at a distance from the epicenter of an IND (NCRP, 2001). 

 
 
 Since this paper’s focus is on the incident neutron dose from INR, the long 

term dose from RNR is not considered here.  The difference between the thermal 

wave and INR LD50 curves is representative of the probability of an individual’s 

survivability from the thermal wave, yet receiving a significant and survivable 

dose from INR.  This difference is positive for IND’s with yields between 0.01 kT 

and 1 kT and reinforces the importance of developing a rapid dose assessment. 

Yields above 3 kT result in a more severe effect from the thermal wave than INR.  

 The radiation fluence from INR consists of both neutron and photon 

particles.  The method of treatment depends on the whole body dose and can be 

determined if the ratio between neutron to photon dose from a fission spectrum is 

known.  The doses received are relatively large on the magnitude of Grays.  

Proposed treatments depending on whole body dose are listed in Table 1.  Recall 

that the LD50 from INR in Figure 1 was assumed to be 4 Gy.  Survivors are 
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expected who receive doses greater than 4 Gy and will require immediate 

treatment.  The earlier a dose to the patient can be estimated, the sooner a 

treatment can begin which will increase the chance of survival.        

 

Dose 
Range 

Treatment Priority 

< 2 Gy Outpatient Observation 

2-4Gy 
Observation/Treatment in General 

Hospital 

4-8 Gy Treatment in Specialized Hospital 

> 8 Gy 
Palliative Treatment or Heroic Efforts 

(i.e. Bone Marrow Transplant) 

 

Table 1.  Recommended dose categories for triage (Borak, 2004). 
. 
 

 The Armed Forces Radiobiology Research Institute (AFRRI) determines a 

dose assessment by an internationally accepted cytogenetic bioassay analysis.  A 

10 ml sample of peripheral blood is extracted from the patient preferably 24 hours 

after the incident.  The sample is sent to a lab in which qualified personnel 

analyze the sample for chromosome aberrations, specifically dicentrics.  The 

number of dicentrics in peripheral lymphocytes is directly related to an absorbed 

dose from ionizing radiation.  Cytogenetic bioassay is most sensitive to doses 

greater than 2 Gy which is the minimum dose recommended for treatment 

(AFRRI, 2003). 

 A terrorist attack involving an IND will most likely take place in a heavily 

populated area.  Due to fear and panic, there is a possibility that large numbers of 

survivors, including those with little to no radiation doses, will be admitting 

themselves into the nearest hospital, thereby overwhelming local facilities.  This 

type of scenario was evident in an incident in Goiania, Brazil, in 1987 that 
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involved misplaced radioactive material (IEAE, 1998).  A protocol involving 

cytogenetic bioassay must take into account hundreds to thousands of survivors 

claiming they have received a significant radiation dose.   

Besides the sheer number of patients, the psychological effects of 

individuals following the detonation of an IND can be devastating.  Patients who 

have or believe they have a significant radiation exposure may be distressed by 

having to wait 24 hours in order to draw blood for the dose estimation.  In 

addition, precious time is lost to those injured who may not show immediate 

symptoms, but require prompt treatment.  In contrast, detecting activated sodium 

using detectors external to the body can be a quick, convenient, and non-invasive 

assay to swiftly calculate an incident neutron dose and screen a large number of 

patients efficiently.       

 
Sodium Activation 

 The rate of change of activated atoms dN/dt can be described 

quantitatively as the difference in the rate of production minus the rate of decay.    

 

NN
t

N
T λσ −Φ= &

d
d       Equation 1 

where  Φ   = monoenergetic fluence rate (n/cm2*sec-1) 
  σ   = 23Na cross section for absorption (cm2) 
  NT = number of 23Na atoms 
  λ   = 24Na decay constant (sec-1) 
  N  =  number of 24Na atoms 

  
 
A solution to the differential can be resolved by assuming the fluence rate 

is constant and there is no initial activated sodium in the body.  There are two 
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problems that arise when solving equation 1.  First, the incident neutron fluence 

follows a fission energy distribution and is not monoenergetic.  This leads to 

further difficulties with the energy dependence of the neutron absorption cross 

sections.  Secondly, the IND blast emits an acute pulse of radiation for a duration 

of less than one minute.  The amount of activated sodium will occur 

instantaneously and depend on the incident neutron energy spectrum and fluence.  

Therefore, a relationship between the concentration of sodium activation and a 

neutron fission energy spectrum independent of fluence must be established.   

Since the production of activated sodium is instantaneous, the rate of 

change (dN/dt) is simply equal to the rate of decay.  The solution is then equation 

2.   

 

 t

oAtA λ−= e)(       Equation 2 

where  t  = time since IND blast 
 λ = effective decay constant of 24Na 
 
note: Activity (A) = λN where λ is defined as ln(2) / half-life 
 
  
The half-life for 24Na is a known constant and sodium in the body (NT) is 

well regulated at a consistent quantity of 100 g in a 70 kg man (ICRP 23, 1975).  

The established biological half-life of 24Na is 10 days resulting in an effective 

half-life of 14.07 hours (ICRP 30, 1975).       

Activated sodium (24Na) has a half-life of 14.95 hours and emits two 

distinct photons with energies of 1369 keV and 2750 keV.  The activity of 24Na 

can be determined in an individual using gamma spectroscopy.  For illustrational 
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purposes, 10 g of NaCl was placed in a paraffin moderated neutron field emitted 

from a PuBe source.  The sample was then counted using a shielded, energy 

calibrated 3X3 inch NaI detector and the results shown in Figure 2.  The 

resolution of the NaI detector is sufficient to distinguish the inherent peaks of 

24Na along with several associated peaks.  By monitoring the amount of activated 

sodium in a person (A(t)) at time t, equation 2 can be rearranged to determine the 

initial sodium activity (A0). 
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Figure 2.  Activated NaCl spectrum 

 

Since activation occurs with neutrons at thermal energy, determining a 

neutron dose from a neutron flux can be an involved process.  Several factors 

including the source energy spectrum, distance from source, shielding, and 

scattering must be taken into account as fast neutrons slow down and deposit 

energy.  Although the calculated neutron dose is not expected to be precise, it will 

be accurate enough in order to assist in prescribing a necessary treatment. 
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Materials and Methods 
 

Computer Modeling 

 Neutrons emitted from an IND are characterized using the Monte Carlo N-

Particle Transport (MCNP) computer code created by Los Alamos National 

Laboratory.  The code allows a user to input a three dimensional geometry, create 

materials out of elements, and irradiate with any combination of neutrons, 

photons, or electrons at various energies.  See Appendix B for an example of the 

setup of an MCNP input code.  Tallies within the code are selected by the user to 

calculate and display several outputs including volume flux, particle capture, and 

energy deposition (Booth et al, 2003). 

 The statistical sampling process of the computer program consists of a 

random selection of numbers similar to that of throwing dice at a casino giving 

the name Monte Carlo.    Each source particle is generated and tracked 

sequentially in real time until the particle is terminated by absorption, escape, or 

energy cutoff.  Each life of a particle is referred to as a history.  Termination of a 

particle is determined by using a game of ‘Russian Roulette’ in which a value of 1 

means survival and 0 is death.  A survived particle will undergo a random 

probability distribution for the individual interaction to determine the outcome 

and the time, position, direction, and energy recorded (Booth et al, 2003).  

Nuclear data (i.e. cross sections) for each element are stored in Evaluated Nuclear 

Data File (ENDF) libraries.  These libraries are created by several international 

institutions and stored by the National Nuclear Data Center (Chadwick et al, 
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2006).  The most recent MCNP computer program, MCNPx, and its associated 

ENDF libraries were used in this project. 

 As soon as a neutron leaves the source, it produces a track.  Each time the 

neutron has an interaction, a new track is created.  The length of the track is used 

in calculations to determine output tallies of fluence, flux, and energy deposition.  

The probability of a first collision for a neutron between l and l + dl is: 

∑∑=
−

t

l
dldllp te)(             Equation 3     

 where ∑t = total macroscopic cross section of the medium 

Setting the probability equal to a random number (ξ) between 1 and 0, solving the 

differential equation, and re-arranging the equation in terms of unit length yields 

the following recognized equation for the distance to a collision. 

  )ln(
1

ξ
∑

−=
t

l     Equation 4 

 Neutrons are classified according to their energy.  Fast neutrons have 

energies that exceed about 0.1 MeV (Cember, 1996).  All neutrons at the time of 

their birth are fast neutrons.  Since neutrons have no charge, they generally lose 

their energy by elastic collisions with atoms in an environment.  The slowing 

down process, known as moderation or thermalization, continues until the neutron 

energy is the same as the average kinetic energy of the molecules within the 

medium.  These neutrons are called thermal neutrons and for a temperature of 293 

K, the most probably energy is 0.025 eV. 

 As a neutron travels through a medium, MCNP employs a sequence of 

steps to characterize the interactions.  First, a selection process dependent upon 
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the macroscopic cross section is used to identify the nuclide in the material with 

which the collision takes place.  Then the program checks to see if thermal cross 

section tables, S(α, β), are available for the particular nuclide.  The S(α, β) tables 

pertain to neutron energies generally below 4 eV in order to account for the 

thermal motions of the atom relative to the neutron.  Next, neutron capture 

probabilities are modeled for the nuclide.  If the neutron is not captured, the final 

process models the collision via elastic or inelastic scattering.   

 Elastic scattering is the most likely interaction between a fast neutron and 

a nuclide.  Kinetic energy and momentum are conserved in this interaction similar 

to billiard balls striking each other.  The probability that MCNP selects elastic 

collision is made with the following equation. 

aT

el

elin

el

σσ
σ

σσ
σ

−
=

+
          Equation 5 

 where σel  =  elastic scattering cross section  

  σin  =  inelastic cross section 

  σa   =  absorption cross section 

  σT   =  total cross section, σT = σel + σin + σa  

 

From this point, the direction of the exiting neutron is resolved by using several 

angular distribution tables within MCNP.  Knowing the neutron direction, the 

final neutron energy (Eout) can be calculated. 

 

 



12 

 

  

2

1

1

]1)1[(
2

1









+
−

=

++−=

A

A

EE cminout

α

αµα

  Equation 6 

where Ein   =  incident neutron energy 

µcm  =  center-of-mass cosine of the angle between the incident and  

 exiting neutron directions 

  A     =  atomic mass of collision nuclide  

 

Inelastic scattering does not conserve energy and momentum.  Instead, the 

target nucleus captures the neutron, becomes excited, and undergoes one of the 

following reactions:  (n, n’), (n, 2n), (n, f), (n, n’α).  The probability of an 

inelastic scatter is made similar to that of elastic scattering. 

  
aT

in

σσ
σ
−

     Equation 7 

MCNP uses a target-at-rest (laboratory) coordinate system to relate the incident 

center-of-mass energy and direction to an exiting particle energy.  The inelastic 

scattering energy equation is as follows: 

  












+

++
+=

2)1(

')1(2
''

A

EEAE
EE

cncm

cm

µ
  Equation 8 

 where E’     =  exiting particle energy (laboratory) 

  E’cm  =  exiting particle energy (center-of-mass) 

  E      =  incident particle energy (laboratory) 

  µcm   =  cosine of center-of-mass scattering angle 

  A      =  atomic mass of collision nuclide 

 

 Eventually a neutron will slow down to a thermal energy in which the 

thermal neutron will continually undergo elastic scattering until the neutron 
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escapes the cell of interest or is captured.  Generally, as neutron energy decreases, 

the absorption cross section for a nuclide increases (Turner, 1995).  The 

probability that a neutron will be absorbed by a nuclide is σa / σT.           

Statistics 

 Each source particle in MCNP is tracked during its ‘random walk’ and 

scored based upon the tally selected (Booth et al, 2003).  At the end of a run, an 

estimate of the sample mean for the chosen score is calculated by the following 

equation: 

  ∑
=

=
N

i

ix
N

x
1

1
     Equation 9 

 where x  =  score 

  i   =  history number 

  N =  total number of histories 

 

 The measure of the spread, variance, of the population for a large N is 

given by: 

  

( )
)1(

1

2

2

−

−
=
∑
=

NN

xx

S

N

i

i

x      Equation 10 

 The square root of the variance is the estimated standard deviation S.  

MCNP uses the estimated relative error as a measure of statistical precision.    

  
x

S
R x=       Equation 11  

 The recommended guideline for relative errors is listed in Table 2.  All 

relative errors for this project were less than 0.05. 
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Range of R Quality of the Tally 

0.5 to 1 Garbage 

0.2 to 0.5 Factor of a few 

0.1 to 0.2 Questionable 

<0.1 Generally reliable except for point detector 

<0.05 Generally reliable for point detector 

Table 2.  MCNP relative error guidelines (Booth et al, 2003). 

 

 

Another statistical test is the Figure of Merit (FOM).  FOM is defined as: 

  
TR

FOM
2

1
=     Equation 12 

Since the estimated relative error is inversely proportional to the total number of 

histories N and the computer run time T is directly proportional to the N, an 

acceptable FOM will approach a constant value.   

 The estimated relative error and FOM are statistical checks on the quality 

of the mean.  The variance of the variance (VOV) is an estimated measure in the 

variance of R and is an indication of tally fluctuations.  This is defined as: 

  ( ) 422

xx
SSSVOV =     Equation 13 

The VOV is recommended to be below 10% and is important since S must be a 

good estimate of the true standard deviation σ.   
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 The output in MCNP has a tally fluctuation chart (TFC) which lists all of 

the statistical tests and whether the test was passed.  All TFC charts used in this 

project passed all of the MCNP statistical tests. 

Precision in MCNP is defined as the uncertainty in the mean caused by 

statistical fluctuations of the individual scores (Booth et al, 2003).  Four different 

controllable factors affect the precision:  forward vs. adjoint calculation, tally 

type, variance reduction techniques, and number of histories.  Monte Carlo error 

estimates refer only to the precision of the result. 

 Adjoint calculations follow a particle backwards from the detector to the 

source.  This calculation is recommended for large source regions and small 

detector regions.  In addition, there is no ability for adjoint calculations to be used 

for a continuous energy spectrum.  Conversely, forward calculations transport 

particles from the source to the detector and are strongly preferred for large 

detector regions.  The detector region is the relatively large reference man 

cylinder and therefore only forward calculations are used. 

 As a tally region becomes smaller, the more difficult it becomes to obtain 

good tally estimates.  The geometry of the tally region also affects the precision of 

the result with one-dimension being the easiest and increasing in difficulty by 

factors of 10 – 100 for a two-dimensional tally.  Representing the human body as 

a single two-dimensional cylinder increases the precision in the results. 

 MCNP has several options of user input variance reduction methods to 

reduce computer time while keeping precision in the results at a sufficient level.  

No variance reduction methods were used in this project sacrificing longer 



16 

 

computer processing time in order to reduce complexity in the computer code.  

Furthermore, increasing the number of histories to improve the precision takes 

additional computer time.  Large particle histories, 1 million, were used in this 

project yielding prolonged computer time yet meeting the statistical output 

recommendations. 

 Accuracy is a measure of how close the estimated sample mean is to the 

true physical quantity (Booth et al, 2003).  This difference is referred to as the 

systematic error.  It is possible for results to have great precision, but very poor 

accuracy.  There are three factors in MCNP that affect the accuracy of the results:  

the code, problem modeling, and the user. 

 Problems with the code include uncertainties with cross section tables, 

constants, mathematical errors, and program errors.  MCNP was created in the 

1960’s and has since evolved into a widely used and distinguished computer code.  

Several different versions of MCNP were created over the years along with data 

tables using established constants thereby minimizing the possibility of code 

errors.   

 Poorly modeling the energy and angular distributions of the radiation 

source, complex geometries, and material composition can all affect the accuracy 

in problem modeling.  The neutron sources used in this project consist of both 

monoenergetic and continuous energy spectra.  Angular distribution difficulties 

were minimized by using mono-directional emissions.  As for geometry, the 

sphere is the easiest to model with less chance of decreasing accuracy since a 

sphere is one-dimensional.  Although a sphere wasn’t used, a single cylinder is a 
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much better choice than several cylindrical compartments or even a three-

dimensional cube.   

The elemental makeup of the compartments reduces accuracy if the 

elements have large neutron cross sections.  This increases the probability that the 

neutron will interact with the element.  Increasing the number of particle histories 

run, thereby increasing computer run time, reduces the accuracy problems with 

materials comprised of elements with large neutron cross sections. 

 The third factor affecting accuracy in the output is the error due to 

incorrect user input parameters for the computer code.  Most common errors 

occur in variance reduction techniques such as applying particle weights.  Output 

accuracy was not affected by this problem since no reduction techniques were 

used in this project.  Additionally, sample problems from the MCNP manual were 

used after initial setup to verify the program was working correctly.  Several other 

more complex neutron programs from Dr. Vylet of Duke University were also ran 

resulting in similar outputs.  MCNP has several precision checks using statistical 

analysis, but does not have accuracy checks in the program.  Therefore it is very 

important that a user understand the inputs and fully evaluate the outputs in order 

to achieve proper accuracy.      

Geometry and Composition 

 The adult male is configured as a cylinder 30 cm in diameter with a height 

of 100 cm for simplicity, increasing both precision and accuracy.  The diameter 

was chosen as an approximate diameter to the trunk of the body for reference man 

described in ICRP Publication 23.  The height of the cylinder was calculated 
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taking into account material density and the 70 kg mass of reference man.  The 

cylinder makeup is of soft tissue in which the elemental composition is also 

derived from ICRP Publication 23 (Cristy and Eckerman, 1987).  Appendix A 

lists the soft tissue elements as a percent by weight.  The density of soft tissue is 

1.04 g/cm
3
, giving the cylinder a mass of 73.5 kg similar to the 70 kg mass of 

reference man.  Using Appendix A and calculating the amount of Na
23
 in the 

cylinder results in a mass of 82.3 g.  This differs from the ICRP suggested mass of 

100 g in reference man.  Other studies suggest that this is an overestimation since 

ICRP’s assays were chemically based on a small number of cadavers (Mole, 

1984).  Mole suggests a 75 g sodium mass for reference man, which is close to the 

value used in this project. 

    MCNP requires that a containment area be established around the 

experiment.  A sphere with a 100 cm radius was created centered around the 

cylinder.  The containment sphere can be filled with a medium such as air, but in 

this project it serves purely as a void. 

In order to account for air attenuation over distances from the source, a 0.1 

cm thick wall was filled with standard dry air (Appendix A) at 15
o
 C, 760 mmHg, 

and 0.001225 g/cm
3
 (CRC, 2005).  Distances between the source and target were 

varied by changing the density of air rather than the physical distance by using the 

following equation: 

  Vm /=ρ        Equation 14  

 where  ρ = density 

  m = mass 

  V = volume 
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As the distance between the source to target decreases, the volume of air will 

decrease thereby increasing the density for a constant mass.  Setting up Equation 

14 as a ratio of final to initial variables and solving for the final density yields the 

following: 

  
f

oo

f
V

V⋅
=
ρ

ρ      Equation 15 

 

Two distances of 500 m and 1000 m were used to illustrate differences in 

neutron spectra incident upon a target through air.  The distance from the 10 cm 

radius disk source to the target is fixed at 0.1 cm.  The wall of air is a 100 x 100 

cm square with a 0.1 cm width resulting in a 1000 cm
3
 final volume.  The wall is 

much larger than the source such that all of the neutrons will enter the wall.   

                                                            

Figure 3.  Source to wall diagram to capture neutron spectra variation 

with air attenuation. 

 

 

Keeping the height and length of the wall fixed and varying the width to 

distances of 500 m and 1000 m will determine the initial volume.   The final 

densities for the 0.1 cm air compressed wall are calculated and listed in Table 3. 
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Distance (m) Vo (cm
3
) Vf (cm

3
) ρo (g/cm

3
) ρf (g/cm

3
) 

500 5x10
8 

1000 0.001225 612.5 

1000 1x10
9
 1000 0.001225 1225 

Table 3.  Densities of dry air for a given distance. 

 

 

  Source 

 The source of neutrons is emitted from a circular plane positioned 0.1 cm 

away and parallel from the target cylinder.  Although it may seem ideal to have 

the source plane be a surface on the problem geometry, this can cause problems 

with the program.  Therefore MCNP recommends positioning the source plane a 

short distance, i.e. 0.1 cm, from the problem geometry as this will have no 

detectable differences in the output.  The starting point for each source neutron is 

determined by MCNP as a random location on the plane.  Thus selecting a small 

number of neutron histories will not produce a uniform beam emission from the 

plane.  The more histories run will have a more uniform source neutron beam. 

 Other source variables include neutron direction and energy.  All neutrons 

in this project are mono-directional toward the target to simulate the incident 

neutrons from a distant IND explosion.  The neutron energy input can be as 

simple as mono-energetic or complex to simulate a neutron energy distribution.  

MCNP has several built-in energy functions including fission, fusion, 

evaporation, and exponential, to name a few.  Since an IND explosion is the result 

of fission, the Maxwell fission spectrum was chosen to simulate an IND neutron 

energy distribution.  The MCNP built in source energy probability function for 

the Maxwell fission spectrum is as follows: 
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( )
a

-E

ECEp e)( ⋅⋅=          Equation  16    

 where C  = normalizing constant 

  E  =  neutron energy (MeV) 

  a   = temperature (default is 1.2895 MeV) 

 

 The sources were tested in a void to confirm that the program ran 

correctly.  Several different mono-energetic neutrons were emitted through a void 

to a detector.  Narrow energy bins were used to verify that there is no energy 

variance in the source.  All tally outputs detected 100% of the emitted neutrons at 

the initial energies.   

 A similar test was used to validate the spectrum for the Maxwell 

distribution.  Narrow energy bins could be used to categorize the neutrons, but 

since the energy range covers eight decades, the output would be extremely large.  

Therefore four energy bins between 1 - 2, 2 - 3, 3 - 6, and 6 - 10 were selected on 

a log scale for each energy decade.  The tally detected the total number of 

neutrons incident on the detector for that energy range.  The Maxwell neutron 

energy fission equation was integrated over the same energy increments.  A 

cumulative distribution of the data displays similarity between the MCNP output 

and the Maxwell equation.     
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Cumulative Distribution
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Figure 4.  Cumulative distribution comparison for the Maxwell fission spectrum 

between the energy equation and MCNP void test output. 

 

Output 

 MCNP has seven standard built in tallies that account for current, flux, 

track length estimates, and pulse heights.  All tallies in MCNP are normalized to 

be per starting particle.  The tallies can be directed to cover a surface or a volume 

cell within the target geometry.  Any modifications to a tally can be made by the 

user in order to achieve a desired output.  

 The surface current tally counts the number of particles passing through 

the selected surface in specified energy bins and has units of particles.  This tally 

was used to verify the initial source distributions and determine the air attenuated 

neutron spectra.  Specific angular ranges can be applied to detect only particles 

within the particular range of direction.  Since the desired output is the fraction of 

neutrons crossing the surface within an energy bin, the angular distribution is not 

a concern. 



23 

 

 The volume flux tally determines the track length of a particle integrated 

over time, volume, and energy.  The output is then divided by the total volume of 

the cell, resulting in units of particles/cm
2
.  The estimation of the track length is 

reliable since there are often many tacks in a cell resulting in many contributions 

to the tally (Booth et al, 2003).   

The volume flux tally can be modified by using a multiplier card (FM 

card) to obtain activated atom volume concentrations.  The FM card allows 

several different multipliers to be used with the neutrons/cm
2
 output.  First an 

atom concentration in the volume is determined.  Since sodium activation is the 

focus of this project, the number of sodium atoms within the volume was 

calculated using the following equation. 

 

cmbarn
atoms103.0485  

barn

cm 10

cm 8.685,70

1

mole

atoms10022.6

Na g 23

mole
  Na g 82.3 5-

2-24

3

23

⋅×=⋅⋅
×

⋅⋅          

  

Note the units of the multiplier are per unit barn.  This is because the cross section 

for absorption for Na
23
 is selected in the FM as the next multiplier and has units of 

barn/neutron.  Multiplying all three factors results in a final output with units of 

Na
24
 atoms/cm

3
.   

The cross section for Na
23
 is 0.53 barns defined for a neutron energy of 

0.025 eV.  The capture cross section for nuclei is proportional to the inverse of the 

square root of the neutron energy or neutron velocity (Cember, 1996).  This 

relation is also referred to as the one-over-v law and can generally be used for 

neutrons up to 100 eV to 1 keV (Turner, 1995).  Using this information, it is 
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possible to predict the number of activated sodium atoms knowing the neutron 

flux for a specified bin.  A run was performed on MCNP using both the flux tally 

output to estimate activation concentration and the FM card output.  A 

comparison was made to verify that the ENDF/B files contained cross section data 

that varied with the incident neutron energy.  Figure 5 shows the results of the 

comparison.  The FM card output follows the estimations very well up to 1 keV 

where the law may not hold true.  This verifies that the ENDF/B absorption cross 

section for Na
23
 does differ with neutron energy.        
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Figure 5.  Comparing Na
24
 concentrations between calculated one-over-v law 

estimates to that of MCNP FM card output to verify that the ENDF/B data files 

contain cross sections that vary with energy. 

 

 The last tally used is the track length cell energy deposition, which has 

units of MeV/g.  This tally is similar to the track length flux tally with the 

addition of an energy-dependent heating function.  The function calculates the 

average energy deposited for all reactions with the incident neutron.  Since the 
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energy deposited depends on the incident neutron energy, the nuclear data files 

contain energy dependent reaction cross sections.  Any photons produced during 

this history are not tracked and therefore are treated as if they escaped.   
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Results and Discussion 
 

Once all the checks and verifications on MCNP were complete, runs were 

first performed with mono-energetic neutrons through a void incident upon a soft 

tissue equivalent cylinder 100 cm high with a 15 cm radius.  Tallies included 

neutron flux with the sodium activation multiplier and neutron dose within the 

volume.  Energy bins were selected from 0-1 eV, 1-2 eV, 2-3 eV, 3-6 eV, and 6-

10 eV and repeated for seven decades up to 100 MeV.  The intermediate numbers 

were chosen as approximate midpoints between 1 and 10 on a log scale.  Neutron 

source energies were similarly selected at 1, 2, 3, 6, and 10 eV intervals to a 

maximum of 100 MeV.   

The source is a circular plane parallel to the cylinder with a 60 cm radius 

such that the neutron beam fully covers the cylinder (See figure 6).  The apparent 

geometry of the cylinder is a rectangle 100 cm x 30 cm.  The ratio of the two 

geometries yields the fraction of neutrons incident upon the target cylinder which 

is 0.265 or 26.5%.  The primary number of histories chosen for this project that is 

within all statistical guidelines is 1 million neutrons.  Therefore the expected 

number of neutrons incident upon the target is 265,000 and MCNP outputs verify 

this amount within 0.1%.   

 

 

 

 



 

 

27 

      
 
   

 

 

 

 

 

Figure 6.  Geometry configuration of the source and target cylinder from 
the source point of view 

 

The output of the FM card is in units of 24Na atoms/ (cm3 nemitted).  The 

most likely output of a detector monitoring an individual for activated sodium will 

be in units of activity concentration, not the number of 24Na atoms (N).  In 

addition, the tally output is per neutron emitted and only 26.5% of the neutrons 

are incident upon the target.  Therefore the FM card output was converted to units 

of activity (Bq) per gram of soft tissue per unit incident flux by using the 

following relations: 

  Arean  cm
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Area  n

n  cm
N

projectedincident
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sourceincident
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3 =⋅⋅  

Note:   neutron flux (φ) incident upon the target is nincident/Areaprojected.   
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 Figure 7 shows the results of sodium activity concentration within a soft 

tissue cylinder as a function of selected mono-energetic source neutrons.  Neutron 

capture primarily occurs at neutron energies at or near a thermal energy of 0.025 

eV in which the capture cross section is largest.  As source neutron energy 

increases, the capture cross section decreases and the elastic scattering cross 

section becomes more dominant.  Fast neutrons will elastic scatter until they 

eventually reach thermal energies.  The thermal neutrons will continue to 

randomly scatter around in the cylinder until they become captured or escape 

because they are close enough to the boundary of the volume.  The location of 

neutron thermalization within the cylinder also depends on source neutron energy.  

Higher energy neutrons have the ability to penetrate further within the volume 

resulting in neutron thermalization toward the center or rear of the cylinder 

volume. 

Neutron energies between 1 eV and 1 keV in figure 7 show a decrease in 

sodium activity as neutron energy increases.  The decrease is due to the 

probability that the neutrons have enough energy to scatter in a reverse direction 

out of the front end of the cylinder.  This is evident until source neutrons reach 

energies greater than 20 keV.  At this point, the neutrons have enough energy to 

penetrate further into the cylinder decreasing the chance of escaping out of the 

volume.  These neutrons will then become thermalized near the center of the 

cylinder and result in an increase in sodium activity as source neutron energy 

increases.  Once source neutron energies exceed 2 MeV, the neutrons require 

more collisions to thermalize which increases the chance of escaping the cylinder 
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in all directions.  As a result, sodium activity concentration begins decreasing for 

source neutron energies greater than 2 MeV.   

The total neutron cross section, the sum of all neutron cross sections, can 

vary widely with specific atomic nuclei and are usually complicated functions of 

neutron energy (Turner, 1995).  The soft tissue cylinder is comprised of 16 atomic 

nuclei with different energy dependent total cross sections which can cause 

resonances in the possibility of neutron scatter and thus escape.  Three specific 

resonances which affect the sodium activity concentration are visible in figure 7 at 

source neutron energies of 3 keV, 1 MeV, and 6 MeV.   
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Figure 7.  Graph of 24Na activity concentration (Bq/g) per unit incident neutron 

flux (φ) versus incident neutron energy for mono-energetic neutrons.  
 

 The tally output for neutron dose is in units of MeV/(gram nemitted).  

Similar to the previous tally, the output is multiplied by the source area to convert 

the nemitted denominator to a unit incident neutron flux φ resulting in a unit of 

MeV/(gram φ).  Dose is conventially referred to in units of Gy which is energy 
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deposited per unit mass.  The dose tally output was transformed using the 

following relations: 

 

φ
Gy

rad  100
Gy

ergs  100
rad  gram

eV
ergs 106022.1

MeV
eV 10

φ  gram
MeV 126

=⋅⋅
×

⋅⋅
−

 

 

     The dose tally results (figure 8) illustrate an incline in dose as neutron 

energy increases.  This is due to the elastic scattering of fast neutrons as they slow 

down.  The higher initial energy of a neutron, the more collisions it must undergo 

as it thermalizes.  The most efficient way of slowing down a neutron is using 

materials with an atomic weight close to that of one neutron.  Thus hydrogen is 

the most efficient element in slowing down neutrons and soft tissue is comprised 

of 10% hydrogen by weight.  Every collision a neutron encounters deposits a 

fraction of its energy resulting in a dose.  Low energy incident neutrons do not 

deposit as much energy per collision resulting in a lower dose, but because of 

their low energy have a higher probability of becoming captured resulting in an 

end to that neutron’s history.   
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Figure 8.  Graph of Dose (Gy) per unit incident neutron flux (φ) versus incident 

neutron energy (eV) for  mono-energetic neutrons. 
 
 

 The unit incident neutron flux φ depends on the kT size of the IND.  Both 

the sodium activity concentration and dose outputs are normalized per unit φ.  

Since the neutron flux of a detonated IND may be difficult to obtain, a ratio 

comparing the dose to the activity concentration for each neutron energy interval 

cancels out the φ variable.  The result (figure 9) demonstrates that for a Bq/g of 

24Na from mono-energetic neutrons, the dose in soft tissue increases as incident 

neutron energy increases.  This result is very similar in shape to that of the dose 

vs. energy graph.  The principal difference is the dependent axis values are 

decreased by a factor of ten.  This is expected since the activity concentration 

covers a numerical span of 9 – 13 x 10-11 Bq/(g φ) over the entire neutron energy 

interval.  The dose on the other hand changes by a factor of 1000 therefore having 

a greater effect on the ratio.      
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Figure 9.  Dose (Gy) / 24Na activity concentration (Bq/g) versus incident neutron 

energy (eV) for mono-energetic neutrons. 
 

 To demonstrate the effectiveness of this graph, assume a 70 kg individual 

has a total of 7 MBq of detectable sodium activity in the body at the time of 

exposure from an unknown flux of 1 MeV neutrons.  The neutron flux can be 

estimated from figure 7 and then applied to figure 8 to determine the dose from 

neutrons.  A quicker method disregarding the neutron flux is to refer to figure 9.  

From this graph, 1 MeV neutrons have a dose to activity concentration ratio of 

about 0.05.  Since the individual’s activity concentration is 100 Bq/g (7MBq / 70 

kg), this equates to a neutron dose of 5 Gy to soft tissue. 

   Since neutrons from an IND are modeled in this project after the 

Maxwell fission spectrum, a run was performed using this spectrum incident upon 

the cylinder.  The output tallies consisted of the sodium activity concentration per 

unit flux and the dose per unit flux.  In addition, a prediction of the tallies was 
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made by determining the fraction of neutrons emitted from the Maxwell fission 

spectrum over the energy intervals between the mono-energetic neutron tests.  

This was first accomplished by multiplying the Maxwell fission spectrum 

equation by a constant C such that the numerical integral of the equation is equal 

to one.   

( ) 1e
0

=⋅⋅∫
∞

a
-E

EC       Equation 17  

where C  = 0.7706 

Then individual integrals were computed for each source energy interval and the 

sum of the integrals was verified to be equal to one.  Each integral per energy 

interval represents the fraction of neutrons emitted from the Maxwell fission 

spectrum for that energy interval.  For example, mono-energetic neutron tests 

were performed at 3 keV and 1 keV.  The Maxwell equation was integrated over 

this energy interval and represents the fraction of neutrons emitted between 1 keV 

and 3 keV.  The fraction was then multipied by the associated mono-energetic 

tally output value for the larger energy (this would be 3 keV for the example) 

denoting the estimated fraction of activity concentration and dose in the cylinder 

for that particular incident neutron energy.  The predicted and MCNP results are 

listed in Table 4. 

 Na Activity Concentration 
(Bq/g per φ x 10-11) 

Neutron Dose 
(Gy per φ x 10-11) 

Predicted 11.73 1.25 

MCNP  11.70 1.04 

Table 4.  Predicted and MCNP output results for Maxwell fission neutron 
spectrum incident upon a tissue equivalent cylinder. 
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 The predicted value for the activity concentration is within 0.2% of the 

MCNP run.  The dose on the other hand is predicted as 20% higher than the 

MCNP output.  The reason for the large difference in the predicted dose is due to 

the selection of the energy intervals.  Sodium activation primarily occurs at lower 

energies in which the energy bins are thinner, i.e. 1 – 3 eV, resulting in a more 

accurate prediction.  As incident neutron energy increases, the bins become 

relatively larger.  Since neutron dose is more dominant for higher neutron 

energies in which the energy bins are broad, the predicted dose is expected to be 

higher.  An energy interval of 6 keV to 1 MeV assumes that a source neutron of 7 

keV behaves similarly to a 1 MeV neutron.  Initially the predicted dose was 1.34 

for the original energy bins.  The dose prediction value in table 4 was attained by 

performing several additional mono-energetic runs for neutron energies greater 

than 1 MeV.  The value could be reduced further but would require extensive 

MCNP runs. 

The predicted output values are relatively close to the MCNP output for 

the Maxwell fission spectrum, but it is highly unlikely that an individual will be 

irradiated from an unattenuated neutron beam from an IND.  Therefore MCNP 

tests were ran to determine the attenuated neutron spectrum through an air shield 

that simulates the distance from the source.  The air densities of the shield are 

large and result in very low numbers of neutrons penetrating the shield.  As a 

result, the number of histories performed was increased to 3 million in order to 

increase the output statistics within satisfactory standards.  The tally output 

counted the number of neutrons passing through the outer wall of the air shield 
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per selected energy intervals.  A cumulative distribution comparison of the results 

of the neutron spectra is shown in Figure 10.   
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Figure 10.  Cumulative distributions of Maxwell fission spectrum neutrons 

through a void, simulated 500 m of air, and simulated 1000 m of air.  
 

Using the same methods of prediction for the unattenuated Maxwell spectrum, 

predictions of the sodium activity concentration and the neutron dose per unit flux 

were applied to the attenuated neutron spectra.  The results are listed in Table 5. 

 

 Na Activity Concentration 
(Bq/g per φ x 10-11) 

Neutron Dose 
(Gy per φ x 10-11) 

500 m 10.86 0.73 

1000 m  10.59 0.53 

Table 5.  Predicted results for an air attenuated Maxwell fission neutron spectrum 
for distances of 500 and 100 meters incident upon a soft tissue equivalent cylinder 

. 
 

 The predicted neutron dose decreased by 71% and an additional 38% for 

distances of 500 m and 1000 m respectively.  Referring to figure 10, the neutron 
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spectrum attenuated by 1000 m of air has about 50% of its neutron with energies 

greater than 200 keV compared to the 500 m attenuated spectrum at 600 keV.  

Half of the unattenuated Maxwell spectrum neutrons have energies above 2 MeV.  

This large decrease in the higher energy neutron spectrum accounts for the 

siginificant drop in predicted neutron dose.       

The predicted sodium activity concentrations through air also decreased, 

but relatively smaller with values of 8% and 2.5% for distances of 500 m and 

1000 m respectively.  Due to the attenuated nuetron spectra shift as previously 

stated, the fraction of neutron activation produced by high energy source neutrons 

was decreased.  High energy source neutrons contribute a sufficient amount to 

sodium activation (see figure 7) that an attenuated neutron spectrum decreases the 

overall production of sodium activation. 
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Conclusion 
 

 The MCNP computer transport code was utilized to simulate neutrons 

incident upon a cylindrical body comprised of soft tissue.  Tests were first 

performed using mono-energetic neutrons with tally outputs of sodium activity 

concentration and neutron dose per unit flux.  Source neutron energies were 

chosen as equal divisions on a log scale from 1 eV to 100 MeV.  The activity 

concentration and dose were plotted as a function of incident neutron energy.  In 

addition, the ratio of the two outputs, dose per activity concentration, was plotted 

versus energy.  The ratio can be utilized in order to calculate a neutron dose from 

mono-energetic neutrons to an individual by knowing the initial sodium activity 

concentration without knowledge of the neutron flux.  

 The Maxwell fission spectrum was chosen to simulate a neutron spectrum 

emitted from an IND.  Determining the fraction of neutrons contained in a 

Maxwell spectrum over the same energy intervals between the mono-energetic 

tests allowed for predictions of the sodium activity concentration and neutron 

dose to the cylinder from the Maxwell spectrum.  In order to verify the validity of 

the predictions, the Maxwell spectrum was entered into MCNP as a neutron 

source incident upon the soft tissue cylinder.  The sodium activity concentration 

was predicted within 1% and the neutron dose within 20%.  The margin of error is 

due to the relatively large energy intervals for high energy source neutrons to that 

of the low energy neutrons.  The percent error can be reduced by performing 

numerous MCNP runs to minimize the energy bin width for high energy neutrons.     
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 The possibility of an individual being exposed to an unattenuated neutron 

fission spectrum is highly unlikely.  Therefore the attenuated Maxwell fission 

spectrum was determined using MCNP through chosen simulated air distances of 

500 m and 1000 m.  Using the same prediction methods as before, estimations of 

sodium activity concentration and neutron dose were calculated at 10.86x10-11 

Bq/g per φ and 0.73x10 -11 Gy per φ for 500 m and 10.59x10-11 Bq/g per φ and 

0.53x10 -11 Gy per φ for 1000 m.   

 The doses for the recommended triage begin at 2 Gy and increase in 

increments of two up to 8 Gy.  Although the predicted neutron dose for a Maxwell 

fission spectrum is overestimated by 20%, this value is within the margins of the 

suggested protocol.  Therefore it is possible to perform a non-invasive activated 

sodium count on an individual while acquiring their mass to determine the initial 

activated sodium concentration.  Questions can be asked during this time to 

determine the possible distance from the source and thus the attenuated neutron 

spectrum.  Finally the applicable neutron dose to sodium activity concentration 

ratio can be utilized to estimate the neutron dose to the individual and a suggested 

treatment plan initiated.          

Future research 

 The choice of the energies for the mono-energetic source neutron tests 

determined the width of the energy intervals used for the predictions of sodium 

activity concentration and neutron dose.  Additional MCNP runs are suggested to 

narrow the energy bin width thereby increasing the accuracy in the prediction 

calculations.  Furthermore, the sodium activity concentration has several 
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variances with neutron energy (see figure 7).  The effect of the variance on the 

production of sodium activation may be a possibility of the choice of source 

neutron energy.  Thus the extra runs will define the resonances for a more specific 

energy bin also increasing accuracy.  

The suggested triage doses are based on a dose combination of neutrons 

and photons.  This project specifically addresses the neutron dose.  Therefore the 

dose from photons for a fission spectrum is necessary to ascertain a whole body 

dose.  First a photon spectrum indicating the expected number of photons per 

energy is required.  Then MCNP can be utilized in a similar project to describe 

photon dose as a function of energy.  A ratio can be setup to compare the photon 

dose to a neutron dose for a given energy spectrum.  Thus, activated sodium in the 

body can be used to estimate a whole body dose consisting of neutrons and 

photons. 

The next step in estimating a whole body dose by a known activated 

sodium concentration is designing a counting system intended to count 24Na 

within the body.  Factors to consider are counting time, efficiency, and employing 

both physical and biological half-lives.  The NaI detector is suggested for the 

following reasons: high efficiency, clear resolution for the activated sodium 

spectrum as shown in figure 2, relatively inexpensive, and easier to transport 

compared to a germanium detector.  Since the mass of the individual is required 

for concentration calculations, the detection chair is suggested to be mounted 

upon a scale such that the mass can be recorded during the counting process.  

Lightweight and ease of transport are other factors to consider.        
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APPENDIX A 
 

Soft Tissue Composition 

 

Element Percent by 

H 10.454 
C 22.663 

N  2.490 

O 63.525 

Na   0.112 

Mg   0.013 

Si   0.030 

P   0.134 

S   0.204 

Cl   0.133 

K   0.208 

Ca   0.024 

Fe   0.005 

Zn   0.003 

Rb   0.001 

Zr   0.001 
Elemental composition of soft tissue  (Cristy and Eckerman, 1987). 

 

Dry Air Composition 

 

Element Percent by 

  N 78.084 
*O 20.9685 

  Ar   0.934 

*CO2   0.0314 

  Ne   0.001818 

  He   0.000524 

  Kr   0.000114 

*CH4   0.0002 

*H   0.00021 

  Xe   0.0000087 

*C   0.01054 
Elemental composition of dry air (CRC, 2005). 

*Molecules were divided by elemental contribution and added to associated element 
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APPENDIX B 
 

MCNP Input Code for 1 MeV Neutrons Incident  

Upon a Soft Tissue Cylinder 

 

    1-       Cylindrical body emitted with mono-energetic neutrons                                                        
    2-       c     This program simulates a cylindrical body exposed to a 
monoenergetic       
    3-       c     plane parallel beam of 1MeV neutrons                                       
    4-       c     Defining the cells                              
    5-           1     1   -1.04  -100  800  -400         $Cylindrical body                        
    6-          13     0          (100:400:-800) -1000  $Inner Medium of Containment          
    7-          14     0          1000                            $Outer Void                           
    8-                                                                                        
    9-       c    Defining Cylinder                                                          
   10-           100       cz  15       
   11-       c    Defining Planes                                                             
   12-           400       pz 50     $Upper Plane                                             
   13-           800       pz -50    $Lower Plane                                             
   14-           900       px 15.1   $Source Plane                                            
   15-       c    Defining Containment Sphere                                                 
   16-           1000       so 100                                                            
   17-                                                                                        
   18-        mode  n                                                                         
   19-        imp:n   1 1 0                                                                   
   20-       c    Defining tissue with Na                                                     
   21-        m1   1001.66c  -0.10454      $Hydrogen                                       
   22-                6000.66c  -0.22663      $Carbon                                         
   23-                7014.62c  -0.0249        $Nitrogen                                       
   24-                8016.62c  -0.63525      $Oxygen                                         
   25-               11023.62c  -0.00112      $Sodium                                         
   26-               12000.62c  -0.00013      $Magnesium                                      
   27-               14000.60c  -0.00030      $Silicon                                        
   28-               15031.66c  -0.00134      $Phosphor                                       
   29-               16000.62c  -0.00204      $Sulfur                                         
   30-               17000.66c  -0.00133      $Chlorine                                       
   31-               19000.62c  -0.00208      $Potassium                                      
   32-               20000.62c  -0.00024      $Calcium                                        
   33-               26000.42c  -0.00005      $Iron                                           
   34-               30000.42c  -0.00003      $Zinc                                           
   35-               37085.66c  -0.00001      $Rubidium                                       
   36-               40000.42c  -0.00001      $Zirconium                                      
   37-       c material for FM card                                                           
   38-        m2     11023.62c  -0.00112 
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   39-       c    Parallel 1Mev Neutron Beam Along x-axis                                     
   40-        sdef erg=1.0 par=1 sur=900 pos=15.1 0 0 rad=d1 dir=-1                           
   41-        si1 60                                                                          
   42-       c    Defining the Energy bins (not significant for monoenergetic tests)                                     
   43-        e0  1e-08  1e-07  5e-07  1e-06  2e-06  5e-06  1e-05 1e-04 1e-03 1             
   44-       c    Defining tallies                                                            
   45-        f4:n 1                                                                          
   46-       c   FM card to determine the number of absorptions                               
   47-       c   the first number is the density in atoms/barn.cm                             
   48-       c   the second number is the material number (Na-23)                             
   49-       c   the third number refers to the type of cross section                         
   50-       c     -2 is the absorption cross section for neutrons                            
   51-        fm4  0.000030485  2  -2                                                         
   52-       c   Tally for n flux in n's/cm^2                                                 
   53-        f14:n 1                                                                         
   54-       c   Tall for n dose in Gy/(n/cm^2) 
   55-        f6:n 1                                                                          
   56-       phys:n 10 0                                                                      
   57-       nps 1000000 


