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IX 

SUMMARY 

A Monte Carlo code has been developed which can be used to 

calculate parameters of interest in the Reference Man series of phantoms. 

The code has been employed in calculations simulating the Rijswijk pre-

clinical neutron therapy studies. Results obtained from the code for an 

A-P exposure of the left lung included the absorbed dose to various Or­

gans and the depth dose distribution, neutron spectra, and LET spectra. 

The neutron transport was taken from GTC, a code derived from 05R 

which has been used extensively for depth dose studies. The gamma trans­

port came from ALGAM, a code derived from OGRE which has seen wide appli-

cation in internal dosimetry problems. Cross sections used in the code 

were obtained from the GTC cross section library and the ENDF/BIV li-

brary. The Reference Man series of phantoms is derived from data in the 

recently published Reference Man report. These phantoms contain three 

regions of differing composition and density: lung, skeleton (which is 

an average of bone and marrow), and the total body less lung and bone 

(an average of the remaining body organs). 

Comparisons have been made with published results from Rijswijk 

as well as those of McGinley. In addition, measurements made by the 

author at the Oak Ridge National Laboratory are presented. Experimental 

measurements were made for four cases: a homogeneous soft tissue phantom 

and heterogeneous phantoms with soft tissue and lung, soft tissue and 

skeleton, and soft tissue with lung and skeleton, respectively. These 



measurements were made in a physical mockup of the Reference Man phantom 

using Lucite organs filled with equivalent Substitutes for skeleton, lung, 

and soft tissue. These measurements used a small tissue-equivalent pro­

portional counter, a tissue-equivalent ionization Chamber, and an energy 

compensated G-M tube. From all techniques, total dose, LET, fast neutron 

dose and gamma dose were derived as a function of depth in the thoracic 

region. 
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CHAPTER I 

INTRODUCTIOM 

Background 

Historical Perspective 

In 1937, Stone and his co-workers started the first clinical trials 

of fast neutrons (Stone and Larkin, 1942). Cyclotron-produced neutrons 

were used to treat a variety of tumors in 249 patients, all but one of 

whom were considered incurable by conventional techniques. Many had had 

prior treatment with surgery, x-rays, and radium therapy. Of the 249, 

17 patients survived for periods of time exceeding five years. All of the 

patients developed severe late skin reactions with ulceration and exten­

sive fibrosis of the treatment area. In the twelfth January Memorial Lec-

ture in 1947, Stone summarized his results: "Neutron therapy as adminis-

tered by us has resulted in such bad late sequelae in proportion to the 

few good results that it should not be continued . . .." (Stone, 1948). 

His warning served as a deterrent of fast neutron therapy for many years, 

since he interpreted his results as a large relative biological effective-

ness (RBE) for late effects. 

In December of 1949, a report was made on the formation of cataracts 

in cyclotron physicists (Abelson and Kruger, 1949). Ten researchers were 

found to have cataracts. The average dose to the lens of their eyes was 

approximately 120 rads, with the neutron exposures occurring as long as 
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ten years prior to the study. This verified the high RBE values for 

late effects reported by Stone. 

During the next decade, slow neutron capture therapy was unsuccess-

fully tried at two installations in the United States (Fowler, 1964). 

Severe skin effects were noticed at dose levels far below tumoricidal 

doses. Necrosis occurred even when the skin was cut and turned back from 

the beam and replaced following irradiation. This was attributed to dif-

fusion of the thermal neutrons coupled with a high RBE of the neutrons. 

Recent biological evidence, combined with Stone's complete docu-

mentation of his early trials, has shown that the late effects from fast 

neutron irradiation were due to an underestimation of the dose equivalent. 

The early workers had measured the RBE of neutrons for a Single dose, but 

the treatment was administered in fractions. In addition, the schedule 

of fractions could not be met reliably because of the erratic machine Out­

put. It is now known that RBE for fast neutrons increases rapidly at low 

doses (less than 100 rads) and increases with decreasing neutron energy 

(Fowler and Morgan, 1963). 

The fact that RBE increases rapidly as the dose is decreased has 

recently received renewed attention« In radiation protection a quality 

factor of 10 for fast neutrons is commonly assumed independent of the total 

dose. This quality factor is meant to be a conservative estimate of maxi-

mum RBE. In reexamining the data on survivors of Hiroshima and Nagasaki, 

Rossi and Mays have determined that the RBE for fission neutrons in pro-

ducing leukemia could be as high as 72 at a dose level of one rad (Mays, 

1977). These data are estimated to be uncertain to a factor of two and 



were derived from the fact that Hiroshima survivors had a biologically 

significant neutron dose while the Nagasaki weapon resulted primarily in 

gamma exposure (Mays, 1977). 

This recent work by Rossi and Mays will undoubtedly require reeval-

uation of quality factor and the concept of RBE. RBE is defined as the 

ratio of the dose of gamma radiation (usually Co or filtered 250 kVp 

x-rays) to the neutron dose required to produce the same effect. Repair 

mechanisms have been demonstrated for photon radiation and a number of 

studies have indicated that the effect per rad for high LET radiation is 

greater at low dose than at high dose; both of these trends would tend to 

increase RBE. 

Rationale Behind Neutron Therapy 

As biological evidence accumulated during the 1950's, researchers 

began to comprehend the reason for the failure of the Stone fast neutron 

therapy trials. Following a thorough set of experiments, a new trial was 

initiated in 1967 at the Hammersmith Hospital in London (Catterall, 1971). 

By 1971, results were encouraging enough that a randomized prospective 

trial was started, in which preliminary results have been satisfactory 

(Catterall, 1974). There are several reasons why new fast neutron trials 

have been attempted even after Stone's admonition. 

The cells in the interior of solid tumors tend to have lower oxygen 

tension than the exterior and surrounding tissue cells due to poorer vas-

cularization and great oxygen demand of the rapidly dividing tumor cells 

at the periphery. These hypoxic cells require two to three times the x-

or gamma-radiation as oxygenated cells for the same degree of killing. 
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This is known in radiobiology as the oxygen effect. Fast neutrons have a 

greater specific ionization or greater average LET than electrons or x-

rays and exhibit a much smaller oxygen effect. In modern radiotherapy, 

the dose that one can deliver to the tumor is limited by its effect on 

the normal tissue surrounding it. The decreased sensitivity of the hypoxic 

tumor cells to low LET radiation may permit some fraction of those in the 

interior of the tumor to survive and regenerate at dose levels where the 

surrounding tumor cells have been eliminated and normal tissue has been 

seriously damaged. If surviving tumor cells regenerate the tumor, a local 

failure to eure has oecurred. Radiation, such as neutrons, with higher 

average LET and a concurrent much smaller oxygen effect, might improve the 

local eure rate in hypoxic tumors (Fry, et al., 1972). This could have a 

significant impact on the overall cancer death rate as death of cancer 

victims due to failure of radiation therapy currently Claims nearly 100,000 

lives each year in the United States, or roughly one quarter of all cancer 

deaths in the United States (Powers, 1972). 

Rijswijk Therapy Studies 

The Hammersmith trials used a spectrum of neutrons produced by bom-

barding a beryllium target with cyclotron accelerated deuterons. This 

arrangement is inconvenient compared with modern therapy machines which 

provide rotational fields and flexible patient positioning. The deuterium-

tritium reaction produces isotropic high-energy neutrons at low accelera-

tor energies. If target lifetime problems can be solved, this reaction 

produced by a small accelerator might be the ideal source for neutron 

therapy. Radiation biologists at the Radiobiological Institute in the 
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town of Rijswijk in the Netherlands, initiated a program aimed at evaluat-

ing radiation biology parameters fundamental to neutron therapy with an 

eventual clinical trial using (D,T) neutrons as the ultimate goal. 

At an advanced stage, a malignant tumor often metastasizes, or 

spreads to other parts of the body. A frequent location for metastasis 

is the lung, where faced with a virtually unlimited blood and oxygen supply, 

and low density tissue, a tumor will grow rapidly. At this stage, pallia­

tive radiation therapy is frequently employed to shrink tumors in the lung 

to ease suffering and make breathing less difficult. Researchers at Rijs­

wijk collimated (D,T) neutrons so that they impinged on one lung. In a 

fif) 
given patient, one lung was treated with Co gamma radiation while the 

other was treated with 14 MeV neutrons during one fraction of the therapy 

schedule. Radiographs before and after treatment allowed comparison of 

tumor response (as measured by shrinkage of similar tumors in both lungs) 

for conventional and neutron therapy. This information was then used to 

derive RBE values for various tumors under oxygenated conditions (Barend-

sen, et al., 1974). 

Qbjectives of Dissertation 

With the growing interest in neutron therapy there is need for a 

reliable Monte Carlo code which could be used to calculate parameters of 

interest in a realistic phantom. With this in mind, two broad objectives 

can be stated for this dissertation: 

1. Develop a transport code capable of describing the transport 

of photons and neutrons in a heterogeneous phantom. The code 

should calculate parameters such as dose from neutrons, dose 

from photons, and dose as a function of LET. 
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2. Develop dosimetry techniques to test the code for 14 MeV 

neutrons, a neutron energy of interest to therapy. A com-

parison of experimental results with a geometry identical 

to that of the code, as well as with similar geometries 

whose results are in the literature, would supply a test 

for the code. 

Interactions of Radiation with Tissue 

Composition of Tissue 

When one considers the interactions of any penetrating radiation 

with matter, a knowledge of the composition of that matter is of prime 

importance. The number and type of atoms and the density of the medium 

are required to calculate transmission and energy deposition in matter. 

Mindful of these requirements, workers in radiation dosimetry have con-

sidered this problem over the years. This has resulted in a series of 

publications of increasing sophistication, the latest of which was pub-

lished in 1975, the Reference Man (ICRP, 1975). This report lists ana-

tomical and physiological data along with elemental data for a "reference 

man," and forms the basis for many estimates of maximum permissible limits 

for radiation exposure. These data also formed the basis of a calcula-

tional model used extensively in internal dose estimates. Since the 

Reference Man is the best available compilation on the average composi­

tion of tissue, its values were used for this dissertation. A Computer 

model based on Reference Man was developed in the late 1960's by Snyder 

et al. (Snyder et al., 1968). Three compositions which represent the 

greatest diversity of human tissue were selected--for skeleton, lung, and 
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tissue, respectively. The compositions and densities are shown in Table 

1. Skeleton is an average of approximately 7000 grams of bone tissue 

with 3000 grams of red and yellow marrow. The tissue composition was 

derived by subtracting skeleton and lung values from the totals in the 

Reference Man. 

Heavy Charged Particle Interactions with Tissue 

Neutron reactions produce heavy charged-particle recoils in tissues 

when they undergo scattering collisions. These charged particles are the 

high-LET radiation responsible for most of the dose and most of the damage 

to cells accompanying neutron irradiation of tissue. A theoretical dis-

cussion of the processes contributing to stopping power of heavy charged 

particles generally considers stopping in four energy ranges: low, inter-

mediate, high, and very high. 

At very high incident ion energies, nuclear interactions predomi-

nate. These processes are analogous to high energy neutron interactions 

and result in absorption of the incident particles and emission of decay 

products. The cross section for the various reactions is a function of 

the energy of the particle. For protons, these reactions begin to become 

significant at energies greater than 100 MeV. For example, a 60 MeV 

proton has a mean free path for nuclear interactions of 70 g/cm in alumi­

num. The ränge in aluminum due to electronic stopping is approximately 7 

n 

g/cm . Thus electronic stopping is the dominant mode of energy deposi-

tion. At higher energies, the reverse is true, and both stopping power 

and ränge no longer characterize the particle (Bichsel, 1968). 

At high energies, the ion can be considered to be fully ionized. 
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Table 1. Composition of the Three Media Selected to 
Represent the Human Body (Percent by Weight) 

Element Skeleton Lung Tissue 

H 7.04% 10.2 10.5 

C 22.8 10.0 23.0 

N 3.86 2.80 2.34 

0 48.6 76.0 63.2 

Mg 0.11 0.007 0.02 

P 6.94 0.08 0.24 

S 0.17 0.23 0.22 

Ca 9.91 0.007 0 

Cl 0.14 0.27 0.14 

K 0.15 0.20 0.21 

Na 0.32 0.19 0.13 

Density (g/cc) 1.5 0.3 1.0 
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For a proton, this region corresponds to energies between 1 and 100 MeV. 

The classical theory of Bohr was first used to explain stopping in this 

region and was later generalized by Bethe who derived the quantum mechan-

ical expression: 

j(^v. ^ . Z : L ^ - U I A J ( 1 ) 

where 

^ C = Charge of ion 

5, = atomic number of medium 

y = velocity of ion 

NOPJA
 = a t o m s Per cc of medium 

/N̂ ,̂ = electron mass 

X = ionization potential of media. 

Two corrections to this formula are generally used in a computation of 

stopping power. One is called the shell correction, first employed by 

Walske. It reduces stopping by a factor to account for the fact that 

inner shell electrons have velocities comparable to the velocity of light, 

where the original theory assumes the velocity of the ion is much greater 

than that of the electron. The second correction is called the density 

effect. This reduces stopping power of ions in the nonrelativistic ränge 

of energies, and is due to the fact that polarization of the media estab-

lished by the charge of the ion shields distant atoms in the media, thus 

reducing the stopping power. 

At intermediate ion energies (10-800 keV for a proton) the net 

charge of an ion is reduced by capture and loss of electrons as the 
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ion moves through the medium. The Bethe stopping power equation, with 

shell and density corrections, is valid, but the Charge of the particle is 

reduced by a quantity related to the velocity of the particle. Barkas 

(1963) derived the expression which described the-loss of, .effective charge 

by the ion: 

Z*- [\- e « f ( - i Ä ^2 V 3 ) ] (2) 

At lower ion energies, electronic (Coulomb) interactions with nu-

clei become important. Lindhard et al. (1963) derived an expression for 

nuclear Coulomb stopping. This contribution to stopping power is added 

to the electronic stopping power for the total stopping. In the Lindhard 

theory, Bethe's equation for electronic stopping is often replaced with 

the simpler expression: 

S - k JE o) 

Photon Interactions with Tissue 

Photons are produced in tissue any time that tissue is irradiated 

by neutrons. Moreover, all neutron sources currently used for therapy 

•k 
have some photon contamination. Four processes dominate the interactions 

these photons undergo in tissue: pair production, Compton scattering, 

photoelectric absorption, and Rayleigh scattering. 

Pair production is an event which absorbs the photon. In the in-

tense electric fields near a nucleus, the photon can be absorbed with the 

emission of a positron-electron pair. This requires the photon to have a 
_. 

It should also be noted that high energy x-ray sources may produce 
neutrons. 
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minimum or threshold energy equal to the rest mass of the two particles, 

viz. 1.02 MeV. Almost all of the photon energy above the threshold appears 

as kinetic energy shared by the positron-electron pair. The cross section 

2 
for pair production varies with photon energy and Z /A of the medium. As 

the positron slows, it will annihilate with an electron producing two 

quanta of 0.511 MeV each. 

Compton scattering is a process where a photon interacts with an 

orbital electron. The electron can acquire any energy from zero to a 

maximum given by the expression: 

E^ = h z> ~ ^ ~ (4) 

where 

]rt~0o
= the incident photon energy 

^ = ratio of photon energy to the rest mass of an electron 

(moC ) . 

The cross section for Compton events varies as z/A. This ratio is approx-

imately equal to one half for elements other than hydrogen, where z/A 

equals one. At photon energies greater than the rest mass energy of an 

electron, the cross section for Compton scattering is inversely propor­

tional to the photon energy. 

The photoelectric effect occurs when an atom absorbs the entire 

photon and ejects an electron with an energy equal to the difference of 

the photon energy and binding energy of the electron. The binding energy 

appears as characteristic x-rays and Auger electrons. The atomic cross 
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section for the photoelectric process is proportional to Z /A and is in-

versely proportional to the photon energy cubed. 

Rayleigh scattering (also called coherent scattering) is a scatter­

ing of the photon by the atom as a whole. Functionally, the process is 

analogous to Gompton scattering; since the mass of the atom is much greater 

than an electron mass, energy loss and also the scattering angle of the 

photon tend to be much smaller than in the Compton effect. 

Neutron Interactions with Tissue 

Because a neutron is uncharged, it will interact strongly only 

with nuclei in any medium. Five main classes of interaction can occur: 

capture, elastic and inelastic scattering, nonelastic reactions, and 

spallation (Auxier, Snyder, and Jones, 1968). 

At low neutron energies, capture processes dominate those neutron 

interactions in tissue that produce significant quantities of dose. In 

human size masses of soft tissue, two capture reactions predominate: 

1 2 14 14 
H(n,y) H and ' N(n,p) C. Lung has nearly the same composition as soft 

tissue, and thus the same capture reactions dominate. Most other capture 

reactions of interest have macroscopic cross sections at least two orders 

of magnitude smaller. Thus their importance is small as measured by con-

tribution to total dose from neutrons. However, other reactions are note-

23 24 
worthy. The sodium capture reaction, Na(n,y) Na, is important in health 

24 
physics since the lifetime of the Na (14.96 hr) lends itself to a con-

venient System for evaluating an accidental exposure to neutrons. Skele-

tal tissue differs enough from soft tissue that other reactions can con-

tribute to the thermal neutron dose. 

The research described in this dissertation utilized the mathemati-
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cal model developed by Snyder et al. (1968). In that work, raw bone 

(roughly 7000 g for Reference Man) was averaged with red and yellow mar-

row (roughly 1500 g each). This resulted in nominal skeletal tissue 

intermediate between soft tissue or bone. In this tissue, as in soft 

tissue, hydrogen and nitrogen capture reactions predominate. The macro-

scopic cross sections for other reactions begin to approach 10-207. of the 

nitrogen capture cross section. Among these, capture reactions with 

phosphorus, calcium, and chlorine are of particular importance. 

At neutron energies up to at least 15 MeV, elastic scattering with 

hydrogen dominates both in terms of interactions and dose deposited. 

Figures 1, 2, and 3 show the importance of various elements in soft tis-

sue, lung, and bone. The total kerma factor at a given energy was divided 

into the kerma factor contribution for each element. The values of kerma 

factor for the elements were taken from the recent Neutron Dosimetry for 

Biology and Medicine (ICRU, 1977). Figure 1 shows that, for soft tissue, 

interactions with hydrogen dominate the kerma to at least 30 MeV. At 15 

MeV 707o of the kerma is contributed by interactions with hydrogen; oxygen 

and carbon interactions contribute 197o and 9.570, respectively. Nitrogen 

interactions contribute no more than 17. to the kerma at energies approach-

ing 20 MeV. All other elements never contribute more than 0.057. at ener­

gies below 30 MeV. Figure 2 shows that, for lung tissue, the Situation 

is very similar. The only noticeable change is that oxygen becomes 

slightly more important and carbon slightly less important as would be ex-

pected from the concentrations shown in Table 1. This effect is not due 

•k 

Kerma factor is the quotient of kerma by fluence, also called 
fluence-to-kerma factor. 
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Figure 2. Contribution to Kerma as a Function of Energy and of Element in Lung Ln 
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to air in the lungs, since nitrogen would have to experience an even 

greater increase which it does not. This insignificant contribution by 

air is reasonable since air is approximately 0.1% the density of tissue. 

Figure 3 shows that, in the case of skeletal tissue, two other 

elements, calcium and phosphorus, become as significant as nitrogen in 

their contributions to kerma. This appears to occur at the expense of 

hydrogen. 

All three of these graphs were computed from kerma averaged over 

rather broad energy bands. This averaging process suppresses much, but 

not all, of the fine structure that cross sections exhibit in resonance 

regions. 

The total kerma factor is given in Figure 4 for the three types of 

tissue and it is computed from data in the same source (ICRU, 1977). 

The smooth appearance of these curves for the three media reflects the 

dominance of hydrogen elastic scattering. Small irregularities on the 

otherwise smooth curves can generally be traced to a resonance in the 

cross section of one of the other elements, most often oxygen. These 

discontinuities in what would otherwise be a smooth function of energy 

do not significantly change the dose computed by a Monte Carlo code since 

averaging occurs in the calculation. As shown in Figure 4, kerma factor 

in lung and soft tissue is nearly identical. Skeletal tissue kerma factor 

does differ, but the difference remains similar over a wide ränge of 

energies so that the curves almost parallel each other. It is interesting 

On this graph and subsequent ones, the word tissue refers to 
soft tissue. Unless otherwise stated, the word tissue in the text also 
refers to soft tissue. 
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to observe that since the density of skeletal tissue (1.5) is greater 

than that of soft tissue (P «• 1) and the ratio of the values for soft 

tissue or lung vs skeleton is 1.5 in Figure 4, the total energy deposited 

in tissue and skeletal tissue is nearly the same. The differences in 

the previous three graphs reflected the abundance of the various elements. 

Except for hydrogen, kerma factors for most light elements are approx-

imately equal. In skeletal tissue, hydrogen is lower as a percent by 

weight. With the increased density, however, the atoms of hydrogen 

per cubic centimeter are nearly equal between bone and soft tissue. 

This results in very similar energy deposition per se. 

Monte Carlo Theory and Application 

Transport Theory 

A precise knowledge of the energy fluence at all points in space 

allows the calculation of any parameter of interest such as the neutron 

dose. An exact formulation of the problem is contained in the steady-

state Boltzmann equation, which is stated below for a Single type of radi-

ation (Fitzgerald et al., 1967): 

Y'AA'(? ;e,M * ^ /vC^e. i i ) = 
(5) 

ß V ^ e ; fr)fa(&. A, E'-E; JE'JJL' + sc?,E,h) 

In this notation 

£ = total macroscopic cross section; (cm ) 

*J = number of nuclei per cc;sA/Q PAg 

&~~ = differential scattering cross section for particle of 

energy E-*E*, and directionJ2_ —> ££ (cm /atom) 
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Sff^E rV) 
v ) / J V = source term, the number of new particles produced per 

A 

unit time with energy E, direction SL * 

the angular fluence, the number of particles per unit 

volume at r; per unit solid angle, per unit energy, per 
A 

unit time with energy E, direction JL. 

Equation (5) is a Statement of the conservation of neutrons in a six-

dimensional phase Space. There are three spatial coordinates, an energy 

coordinate, and finally two coordinates specifying direction. The left 

hand side of equation (5) expresses the loss of neutrons. The first term 

is the loss of neutrons due to leakage out of the volume. The second term 

is the loss of neutrons by absorption and scattering. The right hand side 

represents the increase in neutrons, the first term being the gain due to 

scattering into N(r,EyQ) and the second term being the source term for neu­

trons generated in N. The Boltzmann transport equation does not lend it-

self to an analytic Solution for any practical problem, although there are 

two noteworthy methods, the Neumann series and the iteration method, either 

of which can be used for simple geometry. Approximate Solutions can be 

arrived at using approximations with iteration to a Solution, or the elimi-

nation of several of the variables. Almost all Solutions of non-trivial 

problems have used one of the following methods: kernel theory, removal-

diffusion theory, moments method, spherical harmonics, discrete ordinates, 

Fermi age theory, or Monte Carlo techniques (Wilkie, 1970). Of all of 

these, Monte Carlo is the method commonly employed for the calculation 

of dosimetry problems with complex geometry. 
Monte Carlo is a sophisticated technique in which histories are 
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computed for a large number of neutrons. If the way in which these his­

tories are calculated is unbiased (random), then for a large number of 

histories one would get an unbiased sample of all possible neutron his­

tories. However, if one merely computed histories from the probabilities 

of interaction, this technique would not be extremely useful. This is 

easily seen by the fact that, if one allows S initial neutrons to impinge 

on a semi-infinite slab of thickness d, and S' penetrate the slab, the 

transmission is defined as (Goldstein, 1959): 

FvOO - sVs 

and has a probable fractional error of 

O. 6 7V5- JCh^^/F« 'S 

which for large values of d becomes: 

O.G7i^//P (8) 

Thus one can see that, for 10% accuracy in F S' must be greater 

3 
than 100. If a thick slab attenuates the neutrons a factor of 10 , 10% 

accuracy would require 10 primary neutron histories to be traced, a non­

trivial task for a Computer. Because of this, Monte Carlo techniques re­

quire some biasing of favorable (deep penetration) histories to improve 

accuracy for a fixed number of primary neutrons. Many techniques have 

(6) 

(7) 
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been developed for biasing. Among the more common are: importance samp-

ling, expected values, Russian roulette, Splitting, and systematic samp-

ling. In Russian roulette, for instance, the Statistical variance is 

reduced in the following manner: A neutron is given a Statistical weight 

which is unity at the point of origin. At each collision site its Statis­

tical weight is reduced by the non-absorption probability. When the Sta­

tistical weight of the neutron drops below a given value, a game of chance 

is played where the weight is either doubled or set to zero, depending on 

the fate chosen by a random number generator. The neutron history con-

tinues until terminated by Russian roulette or escape from the region of 

interest. 

Monte Carlo techniques allow calculation of the fluence at any 

point of interest for a given geometry. In a calculation of depth dose, 

a large Computer is used to record types and locations of interactions. 
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CHAPTER II 

PREVIOUS WORK 

Monte Carlo Calculations 

Fast neutron fluence-to-kerma factors have been calculated for 

Standard tissue compositions by various authors since the need for them 

was recognized. One of the early efforts was a calculation by Snyder and 

Neufeld in 1955. In that work, which two years later was incorporated 

into NBS Handbook 63, tissue was assumed to be composed of only the four 

major elements: hydrogen, oxygen, carbon and nitrogen. Elastic isotropic 

scattering and capture by hydrogen and nitrogen were the only reactions 

considered. In addition to calculating kerma, results of Monte Carlo 

depth dose calculations in a 30 cm slab of tissue were presented at six 

energies from thermal to 10 MeV (Snyder and Neufeld, 1955). The National 

Bureau of Standards issued revised calculations in Handbook 85, which 

took into account anisotropic elastic scattering and inelastic scattering 

(NBS, 1964). 

During the next decade, several groups improved on these early 

kerma calculations by considering nonelastic events which produce charged 

particles (Auxier, Snyder, and Jones, 1968), (Williamson and Mitacek, 1967), 

(Bach and Caswell, 1968), and by consideration of additional elements 

(Ritts et al., 1971). The lack of adequate cross section Information pre-

cluded detailed treatment of these factors in the earlier works. These 
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improvements in calculating kerma only became apparent at energies greater 

than 10 MeV. Below 10 MeV the values showed generally good agreement with 

the earlier work (Bach and Caswell, 1968). The most recent compilation of 

kerma extended the energy considered to 30 MeV (Caswell et al., 1976) 

(ICRU, 1977). Table 2 shows the various values of kerma at 14 MeV for 

Standard man tissue. 

Table 2. Kerma at 14 MeV 

Kerma ~ Source 
(erg/g)/(n/cm )  

6.67 x 10"7 (Ritts et al., 1971) 

6.42 x 10~7 (Bach and Caswell, 1968) 

7.10 x 10"7 (Auxier et al., 1968) 

6.40 x 10~7 (Caswell et al., 1976) 

At 14 MeV, values shown in the table differ in the worst case by 

about 11%. Agreement at lower energies is much better, and overall, dis-

crepancies in kerma found in the literature are not excessive considering 

the slight differences in tissue composition, different assumptions used 

to generate kerma, and uncertainties in the cross sections themselves. 

The work of Auxier et al. (1968) is noteworthy in that it gives 

calculations of LET using a method first developed by Snyder (1964). While 

this work did not present a table of LET as a function of neutron energy, 

it did present changes that occur in LET because of spectral changes that 

occur with changes in depth. Using a 60 cm high cylinder, 30 cm in diam-

eter, these workers also produced depth dose calculations from a Monte 
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Carlo code. The work was later incorporated into NCRP Report 38 (NCRP, 

1971). With broad-beam irradiation, depth dose differed from the earlier 

calculations in a semi-infinite slab primarily in that neutron capture 

gamma dose was greater in the slab. Since this code possessed the capa-

bility for calculating LET, it was used as a basis for the code developed 

for this dissertation. 

Recognizing the complexity of the total problem, others have calcu-

lated the charged particle spectra released by fast neutrons in tissue 

(Caswell and Coyne, 1972). This work presented not only the initial spec­

trum of charged particles, but also an "equilibrium" spectrum which occurs 

when the charged particles are stopping. Unfortunately, these data were 

calculated for only two neutron energies, 1 and 14 MeV. Moreover, the 

data were not suitable for incorporation into a Monte Carlo code to cal-

culate LET. That work has been extended to more energies but is not com-

plete enough to permit incorporation into a Monte Carlo calculation (Cas­

well and Coyne, 1973). 

Depth dose calculations using Monte Carlo techniques have undergone 

considerable development. Jones and co-workers altered the cylinder pre-

viously described to permit study of the effect of finite beam size 

(Jones, Snyder, and Auxier, 1971). In that work, a 5 cm diameter parallel 

beam of neutrons impinged unilaterally on the 30 cm diameter cylinder of 

tissue. Dose from ions and photons produced by neutron beams of several 

energies was studied over the region in and near the neutron beam, and 

results were compared with broad-beam calculations. The depth dose curves 

from recoil ions and gammas produced by neutron interactions showed less 
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penetration than the broad-beam results. At 14 MeV neutron beam energy, 

the high LET fraction of the dose delivered by recoil ions decreased with 

depth in the beam, near the beam and far from the beam. More applicable 

to the present work, the LET spectra showed only slight change with depth 

from 14 MeV neutrons. One conclusion that can be drawn from this work is 

that with either increasing depth, or increasing distance from the beam 

axis, the low LET component becomes more significant. 

Wilkie simulated a human torso by extending a cross section of the 

ehest in the third dimension to form an elliptic cylinder (Wilkie, 1970). 

Using a Monte Carlo code, Wilkie calculated dose distributions from recoil 

nuclei for both broad and collimated beams of 14 MeV neutrons. Depth dose 

curves in his work showed a dramatic change from a homogeneous elliptical 

cylinder to a heterogeneous one with lung and bone. 

Related Experimental Work 

With the vast amount of published material in neutron dosimetry, a 

complete review would be impractical. Because of this, the discussion 

will be limited to those recent measurements which verified calculational 

modeis and those with applicability to 14 MeV neutron radiotherapy. 

An experimental comparison with the man-sized cylinder phantom cal-

culations by Auxier et al. was made in 1971 (Chen et al., 1971). Measure­

ments were done using a Hurst phantom proportional counter for the fast neu­

tron dose and a "Phil" (shielded G-M tube) for gamma dose. At 14 MeV inci-

dent neutron energy, agreement of experimental data with the theoretical 

results is well within the Standard deviation. 
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Two other investigations of fast neutron depth dose distributions 

were dissertations at the Georgia Institute of Technology (McGinley, 1971; 

Poston, 1971). Poston measured depth dose distributions near bone tissue 

interfaces using an extrapolation ionization Chamber technique suggested 

by Failla (1937). Total dose was measured near the interface, with no at-

tempt to separate the total into gamma and heavy ion components. McGinley 

utilized a paired System of a TE ion Chamber and thermoluminescent detec-

tors to separate the dose components. He studied the results at greater 

distances from bone, and showed general agreement with Poston's work. 

McGinley also developed depth dose data for an ellipsoidal phantom 

with a cross section similar to the Reference Man phantom torso region 

without the skeleton. This work was compared with Wilkie's calculations 

and some differences were observed. The discrepancy was explained by 

McGinley as being due to a difference in beam size (Wilkie assumed a broad 

beam, McGinley used a beam 18.4 cm Square), and the fact that Wilkie's data 

have no inverse Square loss whereas McGinley's experiment used a nearly 

point source. McGinley has recently extended this work to another neutron 

spectrum currently in use for fast neutron therapy (McGinley and McLaren, 

1975). This neutron source is a cyclotron which is used to produce neu-

trons of approximately 15 MeV average energy by bombarding beryllium with 

35 MeV deuterons (Theus et al., 1974). This beam shows similar penetra-

tion to monoenergetic 14 MeV neutrons from the D-T reaction (Bewley, 1971). 

Somewhat greater shadowing behind bone was observed with these spectra 

(McGinley and McLaren, 1975). 

In work comparing their own measurements of collimated beams of 
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neutrons with others, Broers-Challis and her co-workers exhibited graphs 

showing little improvement in penetration from collimated D-T neutrons at 

125 cm SSD (source to skin dlstance) (data from Goodman et al., 1970) to 

an infinite SSD as calculated by Jones (Jones et al., 1971)(Broers-Challis 

et al., 1974). Agreement was also shown between their measurements at 

45 cm SSD and earlier work by Green and Thomas at 50 cm (Green and Thomas, 

1968). 

The study of Broers-Challis was preceded by measurements made for 

the Rijswijk preclinical fast neutron therapy trial (Broers et al., 1972). 

The measurements included depth dose measurements across the ehest using 

a collimator which is similar to the one employed for this dissertation. 

Results were reported for a Rando-type phantom with a foam rubber lung. 

The work at Rijswijk was later extended to study depth dose dis-

tributions at several SSD's up to 100 cm. In that work, lungs similar to 

those used by McGinley were placed in a 30 cm cube of water (Mijnheer et 

al., 1974). Their depth dose tables showed somewhat less penetration than 

those of Green (Green et al. , 1968),. This was attributed to the use of 

Polyethylene in the collimator resulting in more low energy neutrons in 

their spectra. 

Beach and Kelsey evaluated collimator scatter and patient scatter 

at 125 cm SSD for D-T neutrons (Beach and Kelsey, 1975). Collimator throat 

•k 
scatter was found to affect depth dose. Depth dose showed increased 

penetration with larger field sizes. 

Dosimetry intercomparisons are important because they allow pooling 

Throat scatter refers to small angle neutron scattering in the 
part of the collimator opening nearest the target. 
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of patient populations permitting faster evaluation of various protocols. 

Evaluations of dosimetry practices in the United States (Smith et al., 

1974), in Great Britain (NPL, 1974), and in Germany (Maier et al., 1974) 

allowed this dissertation work to draw on expertise and common practice 

at the various neutron therapy centers. Recent recommendations by the 

ICRU also proved helpful in providing values for various parameters re-

quired to evaluate data (ICRU, 1977). Agreement in the literature between 

calculated and measured LET spectra is not as universal as is the case with 

depth dose. LET spectra do not exhibit major change with depth for 14 

MeV neutrons. In one set of measurements, Paretzke observed a regulär de-

crease in the high LET portion and an increase in the low LET portion of 

the spectra as the depth increased. This was attributed to a gradual 

softening in the neutron energy spectra (Paretzke et al., 1972). Calcula-

tions shown in that same paper did not agree with measurements in the LET 

spectra above 40 keV/jj,. This was attributed by the authors to the oxygen 

(n,alpha) reactions in tissue which are less probable in tissue equivalent 

plastic because of the Substitution of carbon for the oxygen. Other LET 

calculations showing changes with depth do not show a regulär decrease 

in the high LET component with increasing depth (Jones et al. , 1971). 

Summary of Previous Work 

Calculations of kerma received considerable attention over the past 

decade and are advanced to the point where further development is difficult 

to achieve. Likewise, calculations of dose to man-sized masses of soft 

tissue exist for a large variety of irradiation conditions. However, 

relatively few calculations exist for more realistic, anthropomorphic 

geometries. 
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Similarly, while many measurements are reported for homogeneous 

phantoms and while a number of authors have studied the effects of lung, 

no measurements have attempted to simulate skeletal structures. Experi-

mental studies with bone have examined effects at the bone-tissue inter-

face, or from large bone cylinders. 

Few measurements exist which compare with calculations in an ab­

solute manner. In general, results are either normalized to the peak 

value of dose beneath the phantom surface, or are given relative to some 

monitor. 

As was stated in the objectives in Chapter I, this research will 

develop the necessary codes to calculate dose and other parameters in an 

anthropomorphic phantom. In addition, it will develop dosimetry tech-

niques to verify the calculations and will attempt to compare the calcu­

lations and measurements against one another in an absolute manner. 
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CHAPTER III 

REVIEW OF CODE DEVELOPMENT 

No Monte Carlo code was available with all of the features needed 

to fulfill the objectives of this dissertation. A study was undertaken 

to examine the capabilities of several code packages available from the 

various code distribution centers. The results of this study showed that, 

while recent codes were desirable because of programming Support supplied 

by the code distribution centers, none of the codes possessed the capa-

bility to calculate LET. Therefore, an older code which had this capa-

bility was utilized as the basis for the neutron transport calculations. 

This chapter describes the tradeoffs made in selecting this code and 

documents the input data used and coding decisions made for the calcula­

tions. Results are presented in a later chapter. 

Features of the Monte Carlo Code Developed 

for This Dissertation 

The code to transport neutrons through the Reference Man was 

developed from one used extensively for health physics calculations 

(Auxier, Snyder, Jones, 1968) (Jones, Snyder, Auxier, 1971). This code 

was originally derived from the 05R neutron transport code and the OGRE 

photon transport code. Neutron cross sections for the four most important 

elements in man (hydrogen, carbon, oxygen, and nitrogen) were those used 

previously with this code. Cross sections for other elements were ob-


