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1. Introduction 

Although conventional roentgenography usually pro

vides adequate contrast for imaging living biological 

systems, there are some situations such as the deline

ation· of soft tissue tumour masses and non-bony tissue 

abnormalities for which conventional techniques are 

inadequate. During the last decade investigations 

have been carried out to determi~e whethe~ neutron radi

ography might complement or s~pplant x-ray radiography 

for certain clinical and research applications (Gerrard 

1968 and Berger 1965). Since neutrons and x-ray energy 

photons interact with matte~ through quite different 

mechanisms, it was hoped that these differences would 

manifest themselves as useful radiological techniques. 

For neutron kinetic energies greater than 10 ev, neu

t'rons interact only with atomic nuclei while photons 

of energies less than several Mev interact primarily 

with the entire atomic or molecular system. (For 

~energies less than about 10 ev, neutrons also inter

act with bound molecules . 

As early as 1956, Thevrlis (1956) at AERE, Harwell,. 

successfully imaged plant tissues by use of thermal 

neutrons as the incident particles. Subsequently, 
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Berger (1962) shmved excellent contrast in a thermal 
I 

netitron radibgraph df the grasshopper. More recently 

Atkins (1965) at Brookhaven National Laboratory, 

Barton (1964) at Harwell, England, and Brown and Parks 

(1969} at Savannah River Laboratory obtained radio-

graphs of thin (~3 em) biological samples. These 

successf;;l experiments with thin samples 1-'Tere generally 

accomplished by shining a beam of thermal neutrons 

throuch the sample such that the transmitted beam 

impinged upon a dysprosium or indi:..1m loaded plate. 

Dysprosium and indium have exceptionally high proba-

bility for capture of thermal neutrons, thus leading 

tO radioactive residual nucl~i. The activated plate 

was ther: "developed" by brir:ging it into intimate 

contact with an x-ray film in a conventional autoradi-

ography mode. 

As the thickness of the biological saDples is 

increased, the results become progressively poorer 

because the domin:lnt thermal neutro:-1- n~Jcle~Js inter-

action is elastic, which causes diffusion of the inci-

dent neutrons. An analogous situatior.'would be an 

attempt to photograph an object embedded in frosted 

· glass. 

----- ------
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In an attempt to extend the thickness of biolo-

gical materials for which useful ther~al ~eutron 

radiographs cou~d be made, several clever tech~iques 

were investigated. The results with thermal and epi-
' 

thermal neutrons can be summed up as disappointing. 

Antiscatter grids led to better images than had pre

viously been obtained for 3 em thick biological rnate-

rial, but the quality was much poorer than that obtained 

by x-ray radiography (Atkins 1965). Fast neutron 

radiography has received some attention experimentally 

and theoreticallyi The first human radiographs w~re 

published in 1964 by Anderson and co-workers (Anderson, 

Osborn, and Tomlinson 1964) at Harwell, England, but 

were of poor resolution. 

In order to understand the potentials of practical 

neutron radiography of living human pa,rts, we performed 

numerical experiments to simulate ne·.1tron radiography 

of thick tissue with idealized neutron detection. The 
a 

calculations reported here were made wi th/:,1onte Carlo 

~eutronics code on a CDC-6600. The purpos~ was to 

examine the decree of cor.trast of bor:e and muscle 

for a better understanding of the feasibility of this 

mode of imaging and, secondly, to calculate in some 
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detail the dose deposited at various locatio~s in 

the tissue, detail the dose deposited at various 

locations in the tissue,· including muscle, bone, bone 

marrow, and surface skin. Previous calculations 

did not use realistic geometries or differentiate 

the dose between these dissimilar biological 

materials. 

2. rJiethods 

2. 1. General 

The simulated upper arm was 24 em in length and 

6 by 10 em elliptical in cross section. The neutrons 

were assumed to impinge uniformly on an area 10 em 

by 2 crr1 perpendicular to the 10 em arm dimension 

(fig. 1 ). A centrally or-iented cylindrical bone simu

lating a humerus had a diameter of 4 em and cortex 

thickness or 0.75 em. Thus the marrow cavity was 2.5 

em in diameter. The atom composition-for all signif-

icant elements was used to describe soft tissue, bone, 

and marrow (table 1). 

Numerical experiments were conducted by exposing 

the 2 em wide strip to 100 000 neutrons of 1 kev, 

120 kev, fission spe·ctrum, and 14 r1ev. Both single 

and multipl~ neutron scattering inside and outside • 
the 2 em wide strip were ·treated explicitly by the 
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calculational method. \vi th the exception of neutron 

upscattering in the thermal region, all physical 

phenomera are accounted for by the calculational. 

method. For all incident neutron energies except 

thermal, the lack of treatment of thermal upscattering 

is of no consequence. It is felt that even for thermal 

neutrons this is only a second-order perturbation. 

The energy deposited was tallied for 20 zones 

~ith1n the 2 by 10 em band. Trajectories of neutrons 

trans~itted through or leaking from the system were 

stored and planar plots of these neutrons obtained 

for various distances from the arm, thus simulating 

an ideal plane detector or imaging device. These 

details are discussed below. 

2.2. Atomic composition of the human upper arm 

The atomic composition of an arm \<Jas simulated 

from the knovm composition of m"Jscle, fat, and bone 

as detailed in table 1. The values for lean mc1scle 

shown in table 1 are a synthesis of published values 

in various handbooks. The values for muscle were 

derived from an over-all figure of 18.5% protein, 

which figure includes the controversial 3% bicar

bonate. Values of 6% lipid and ?:!; glycogen were 
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used. The water content was 76%. The major addi-

tional elements are based on values reported by Wid

dowson and Dickerson (1964). The density of muscle 

is 1 gm/cc. 

Satisfactory values for bone composition are 

somewhat more difficult to obtain. For cortical 

bo~e th~ best value for the ash content is 63% by 

weight (Gong, Arnold, and Cohn 1964a). The water 

content varies with the type of bone and age, but for 

adult cortical bone is 12%. The organic composition, 

which is primarily protein and little if any fat, is 

Of the 63% ash, almost lOOJ{ fs hydroxyapatite 

with -only small contributions from sodium, chlorine, 

and magnesium. The values for calcium and phosphorlJS 

are based on the assumption that 99% is hydroxapatite. 

The abundance of hydrogen in fat is similar to that 

in muscle and, for all practical purposes, the mean 

free paths of neutrons in these two tissues are 

identical. The density of bone is 2 gm/cc for the 

moist living state (Gong, Arnold, and Cohn 1964b). 

The_atomic composition of muscle and marrow as 

used for this study does not differ significantly from 

the atomic composition of the standard man used for 

... 
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the calculations reported in Handbook 63 (National 

Bureau of Standards Handbook, 1967). However, the 

bone composition differs significantly for every 

element. In particular, the; hydrogen atom percentage 

is one-half that of muscle; nitrogen is three times 

more abundant; and calcium and phosphorus are present 

in quantities of 7.8 arid 4.7% ~e~pectively, whereas 

in .muscle only insignificant quantities of these 

mineral elements are present. 

2.3~Neutron transport and energy deposit calculations 

Any neutronics calculations, to be satisfactory, 

require both a good calculational method and a good 

set of input constants. The latter describe the 

probability of neutron-nucleus interaction for all 

possible neutron induced reactions appropriate to the 

isotopes present in the material for which the calcu

lation is made. The method used for these calculations 

is the well known Monte Carlo technique (Kimlinger and 

Plechaty 1968). This techniq~e was chosen because, 

of all ne~Jtronics methods, :1.t allows the least n~.unber 

of approximations to the physical problem being calcu

lated. In essence,· individual neutrons are followed 

through the mat,erial being investigated, in this case 

an ;Jppcl' arm. Stat:tstics are kept on all neutron-
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nucleus interactions until the neutron being followed 

disappears or leaks out of the system. At each 

point of neutron-nucleus interaction some energy is 

transferred from the neutron to another particle or 

is converted to radiative energy in the form of one 

or tnore (usually GOre) photons. This then provides 

the information required to calculate the energy depo-

sited in the material. The neutron tracking procedure 

is repeated v1i th a sufficient number of source neu-

trons to obtain statistical significance~ For example, 

consider one neutron somewhere in the system. This 

neutron will have a location, a speed, and a direc-

tion. · A rando:n number is selected which, by proper 

application of an appropriate total cross section, 

will determine its next location of interaction. 

Because calculations lnvolving movement from one 

material zone to another are more complicated, assu.me 

the next interaction location is within the same mate-

ri~l. Another rando~ number is chosen to determine 

which reaction took place. To illustrate how a random 

number determines the reactior: type, assume there are 

two possible reactions with reaction cross sections 

in the ratio o~ one to three. Assign to the first 

reaction rando.11 nur:1bers from zero to 0. 25 and to the 

! 
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second reaction random numbers from O. 25 to l. 0. Now 

select a random number between zero and unity. 

Clearly it is just three times more probable that 

the random number chosen will correspond to the 

second reaction. Having found which reaction took 

place, that reaction is investigated to see whether 

one or more neutrons result from the reaction or 

whether the neutron disappears. Consider the first 

c~se, which is more interesting. The direction of 

the outgoing neutron (assume only one) is then deter-

mined by another random number selection and applica-

tion to the angular distribution appropriate to the 

reaction. The energy and conseqtiently the speed of 

the Becond neutron may be determined by nuclear 

reaction kinematics in some cases, but in others. 

still another random number must be chosen and pro-

perly applied. The reaction rate in each material 

is tallied and saved for calculation of the energy 

deposit, which is made after the neutron tracing is 

finished. 

In general, the energy deposited in the for~ of 

recoil nucleus energy will be absorbed locally; that 

is, near where the neutron-nucleus reaction took 

place. The same is true for charged particle products 
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of the reaction. It is not true, hot-1ever, that the 

photon energy can be assumed to be absorbed locally. 

The calculations done here tallied the total energy 

deposited and, therefore, provide an upper limit to 

the locally absorbed energy. That is, in these 

calculations photons are assumed to be absorbed 

locally, VJhic h is contrary to fact to some degree. 

More p~ecise calculations can be made at the eXpense 

o~ several-fold more effort. A Monte Carlo photon

transport (Kimlinger, Plechaty, and Terrall 1967) 

c~lculation c6uld be linked to the output of the 

neutro~ transport calculation (Kimlinger and Plechaty 

1968), but for two reasons this was not done. First, 

the photon production data required, primarily photon 

energy distributions, are not well enough known for 

the neutron induced reactions considered here to 

allow meaningful calculations. The data currently 

available depend largely on systematics, interpola

tions, extrapolation, and educated guessing (Howerton 

and Plechaty 1968 and Yost 1967). Second, in view 

of the state of the data it was felt that the upper 

limit of energy absorbed is a more desirable value 

considering the conservative approach which shoilld be 

adopted toward irradiating living human tissue with 

neutrons. 

j 
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2.4. Keiltron cross section data 

The data used in the neutronics calcillations which 

are largely neutron cross sections, angular distribu-

tions, energy distributions,, and energy deposits 

are based on the Lawrence Radiatlon Laboratory, 

Livermore, evaluated neutron cross section library 

(Howerton, Perkins, and Doyas--to be published). For 

some 70 isotopes and elements and for energetically 

possible reactions, appropriate cross sections and 

related data are tabulated for neutron energies over 

nine decades of energy from 2.5 X 10-2 ev to 14.6 X 

106 ev, as continuous functlons of energy. The tools 

of pro&;ction of evaluated cross sections are generally 

~xperimental data, theoretical calculations, and 

systematics. A computerized library of experimental 

data (HoHerton, Cahill, Hill, Thompson, and Perkins 

1969) is maintained for this purpose. The library 

of experine~tal data currently contains 750 000 experi~ 

mentally determined values, includinc ~ssent1ally all 

the data presented in the vario~s editions of the 

well ~UlO\'ln BNL-325 (Goldberr;, r1~it;habghab; Purohit, 

f.'Iagurno, and l·1ay 1966) plus much VJhich has been mea-

sured since the publication of those volumes. These 

l 
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dat'a have been accumulated with the active cooperation 

of the National Neutron Cross Section Center at Brook-

haven National Laboratory; the Center for Collection 

of Neutron Constants operated at Saclay, France, by 

the European Nuc lea.r Energy Ae;ency; and the Nuclear 

Data.Unit 6f the International Atomic Energy Agency 

at Vienna, who routinely supply Lawrence Radiation 

Laboratory, Livermore, with all the data they are 

enterinr; into their own systems. 

r·1oGt neutron cross sections are not well kno\m. 

Despite the large number of measurements, most reactions 

have not been measured and reliable theoretical models 

do not exist for many reactions and all important 

energy ranges. This means that the cross sections. 
( 

for most reactions have to be estimated from systematics. 

Fortunately, for most calculations, the cross sections 

obtained from consideration of systematics give 

reasonable answers when used in calculations which 

can be compared with integral experiments. This is 

largely because most calculations deal \tJi th neutrons 

having a distribution over a wide range of energies, 

and the regions in which cross sections are over-

estimated in magnitude are balanced by those in which 

they are underestinated. It is especially true that 

iJ 
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neutrons will be widely distributed in energy for 

any neutronically thick hydrogenous material such 

as the biological systems considered here. It is just 

for this reason that any calculations must take 

into account the energy dependence of the cross sections, 

angular distributions, and enerc;~r distributions of 

secondary neutrons. For example, ·with hydrogen, the 

simplest of nuclei, the elastic scattering cross 

section for neutron energy of 0.025 ev varies from 

about 22 to 80 barns, depending upon how the hydrogen 

is bound, while at 14 Mev the value is 0.67 barn. 

Likewise, the neutron capture cross section of hydro-

e;en is about 0.35 barn at .025 ev and 0.00004 barn 

at llt ;Tc;v~ l\s the J!e'c1tro'n energy is increased, more 

and more reactions become possible. Per the 1soto0es 

used in the calculations described here, table 2 

presents the reactions having thresholds (Howerton, 

Braff, Cahill, and Chazan 1964) less than 14.0 Mev, 

together with the half-life and disintegration ~ode 

of the reaction product. 

3. Results 

The best visual results from use of a sir.1uJ.ated 

plane dete8tor which recorded the position of arrival 

of each nel;tron lca:<ins fror.1 the arm v;ere r:oted for 

' 
j 
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the ~xperiment with 120 ~ev neutrons incident. These 

results are shown for a detector 0. 2 and 3 meters 

fror.1 the arm in fig. 2. There is a slight increase 

in dot density over the projected recion of bone. 

The rat:o of neutrons arriving at the projected bone 

region to those at the soft tissue regio!l V<Tas 3 for 

120 kev incident and not ~ignificantly different from 

1 in the other experiments. As about 100 000 neutrons 

were followed in each ex~eriment, the statistics are 

good. The number of neutrons arriving at a hypo-

thetical film plac~d at 0.15 and 5 meters are plotted 

to simulate a densitometer trace across the results 

fro;-;1 lkev, 120 ~ev, fission spect:rum, and 14 f-'1(;V 

experiments (fig. 3). The stippled area indicates 

the region of bone, and the intensity is the relative 

nunber of neutrons at 0.1 em radial intervals for the 

projected an-a. The opaqueness of soft tissue relative 

to bone is seen best at 120 kev, which is probably an 

optimal energy because m'--lltiple scattering is mini-

mized, but the elastic collision cross section for 

hyd:~o[;er :l s still hiz;h relative to that of other 

elements and other reactions. In fact, above 4 

Mev bone is more opaque than soft tissue. 

I 
J 
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Arm dosimetry calculations for the four incident 

energies are sho~m in fig. 4. The near skin doses 

are higher than deeper soft tissue doses and the 

marrow dose is slightly greater than what would be 

expected if there were no intervening bone. The bone 

dose is higher than that absorbed by contiguous soft 

tissues. This is pri~arily a result of the twofold 

increase in density and, for the higher energies, an 

increase in the number of reactions with Ca and P. 

The average dose abs6rbed for each experiment is 

shown in table 3. The increased bone dose applies 

to energy absorbed by bo~e matrix, protein, and 

hydroxyapatite. Thus in estir.1ating marrow, soft 

ti~sue filled haversian canals, and interstitial 

region doses, the marrow values and not the bone 

dose should be used. 

4. Discussion 

4.1 Contrast and resolution 

Scattering effects in hydrogenous ·material 

impose a limit on the material thickness which can 

be successfully neutron radiographed. The reported 

high contrast resolution of 0.1 mm in material is 

pbtainable only for neutronically thin biological 

materJals. Based on the loss of resolution due to 

multiple scatterir.g at Jovr energies and a similarity 

j 
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of elemental cross sections at the higher energies~ 

it should not be expected that neutron radiographs 

through thicl<: tissues in the living man would be use fu.l. 

Our calculations confirm these expectations. Scattered 

neutrons \·.Jhich proceed in a somewhat random direction 

convey littl~ tiseful information about the internal 

structure of an object. This effect is emphasized 

in a materia~ which is largely hydrogenous. 'lthough 

only about 10% of the body by weight is hydrogen, 

there ar~ more atoms of hydrogen than any other element 

in the body. The total macroscopj_c neutron absorption 

and scattering cross section for hydrogen is several 

orders of magnitude greater than that Of the next MOSt 

abundant element, ox;ygen. The important contrasting 

mechanism between muscle and bone lies in the fact that 

th~re is one-fourth the amount of hydrogen in bone 

compared with that in muscle. 

The radiolucency of bone and the lack of attenu

ation by air spaces would be reflected in a neutron 

radiograph of a man's 20 em thick chest (Anderson 

et al. 1964); however, the resolution of such a picture 

( Par~<:s, Bro\'m, and Har::'ler 1969) leaves neutron radi

ography as a very poor supplement to conventional 

medical x-rays. Although a two- to threefold contrast 

_,, 

'.· ·. 
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between bone and soft tissue can be effected without 

any special filtering, the presence of multiple scat-

tering seriously restricts neutron radiography as 

a potential tool for a diagnosis of soft tissue 

tumours or bony defects in humans. 

4.2. ·Fast neutrons 

The nuclear interaction characteristics of fast 

neutrons differ markedly from those of thermal 

neutrons. There has been a growing int~rest during 

th~ past few years in investigating the possibilities 

of fast neutron radiography. Sources of fast neutrons 

have become more readily available both as distri-

buted energy sources such as spontaneously fissionable 
2h2 

isotopes, e.g., -..J Cf (Barton 1969), and monoenergetic 

sources from charged particle interactions such as 

the 14 Hev neutrons from the D-T reaction. 

The problem of successful radiography with 

neutrons of any energy has two inseparable facets. 

Not only must an acceptable image be fori:'led, but the 

energy deposited ·within the biological tissue must 

be acceptably lo1-·:. There is a myriad of problems 

associated with the detection of fast neutrons which 

cannot be solved by reliance on the neutron capture 

reaction as was done with the dysprosium or indium 
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loaded plate~ for thermal neutrons. In general, the 

cross section for the capture of neutrons decreases 

ra~idly with increasing neutron energy and for neu

trons in the f·1ev energy range will not have sufficient 

magnitude to be vseful for th~ purposes described 

here. 

The hypothesized neutron detector used for these 

calculations was a~sumed to have a flat energy res-

.Ponse and to be planar. No such detector exists. 

There are, however, materials which could be investi

gated for use as planar detectors of neutrons for 

enercies greater than the threshold of the reaction 

on which the detector is based. !·1any nuclides have 

n,2n reactions leading to radioactive residual nuclei. 

The thresholds of these n,2n reactions are generally 

in the neighborhood of 7 to 9 Mev, and the reaction 

cross section at 14 Mev is of the order of 1 to 2 

barns. For biological materials of the order of 

thickness of one 1"1ean-free path (14 Hev ne~:.trons) 

about 35% of the incident neutrons would be unattenu

ated and available for reaction in a planar surface 

loaded with the detector 8aterial. If the activation 
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cross section is high enough, the plate mieht be suf-

ficiently activated to be subject to successful 

autoradiograph. 

For example, the n,2n reaction on both nat~rally 

occurring isotopes of europium lead to radioactive 

residual n'J.C lei. The thresholds 0 f these reactions 

are 8.1 and 8 ~ 7 T.Jiev for 151 r:.u and 153Eu so they r.1ight 

he used to detect uncollided transmitted r.eutrons fro~ 

a 14 Mev source, Similarly, there are materials 

which have n,n'y reactions leading to isoneric states 

of convenient half-life which might be used to detect 

fission spectrum neutrons above the threshold of the 

reaction. These matters remain to be investigated. 

4.3~ Validity of calculations 

Estimates of neutron transport or energy deposit 

based on the attenuation coefficients appropriate to 

incident neutron energy are absolutely invalid for 

systems which are neutronically thicker than a small 

fraction (rvO.l) of one mean-free path, This is 

especially true for a system containing light 
-

ele~ents, notably hydrogen. On the average a single 

elastic collision of" a neutron ·11i th a hydrogen n:_{cleus 

results in a decrease of neutron energy by one-half 
' 

with the other half.deposited locally by the recoil 
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pr6ton. Although the average energy of the scattered 

neutron after a collision with a proton is one-half 

the incident neutron energy, the scattered neutron 

Cc:l,n have any energy from zero to the incident value. 

An attenuatioh calculation can give an uncollided 

flux value, but for neutronically thick systems this 

figure is of little use and is of no use for deter~ 

mining dose or energy deposited in the system. 

There are numerous calculational techniques 

which deal with the problem of neutron transport 

through materials of any type. Because of the complex-

ity of the problem these techniques are reduced to prac

ticalit.'/ by r:1eans of sophisticated compute'r codes. 

As the size and calculatior~al speed of computers have 

increased, the ~estrictio~s required by limited 

memory size and cycle time have been relaxed with the 

result that the neutronics calculations have become 

progressively more dependable. The neutronics codes 

which have the closest simulation to physical reality 

are those using the I'~Tor.te Carlo net hod. Hi th so phis-

ticated I,1onte Carlo neutronics codes, using good 

values of neutron cross sections, calculated ne~tron 

transport and energy deposj_t values 1-1hen compared Ni th 

experi~ent have been shown to be reliable to 

l 
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accuracies ranging from a few pefcent to a few 

tenths of a percent for physical config~rations 

similar to the problems considered here. 

4.4. Neutron fluence 

21 

The average dose received by the arm, based on 

the results of the !·Tonte Carlo calculations, is sho\-.rr: 

in table 3. This dose \'laS calculated by m1mming the 

energy deposited in each of 20 energy deposition 

zones and normalising for the fluence and the mass 

of the irradiated volume. The dose deposited by 

14 Mev neutrons incident is 100 times greater than 

the dose deposited by 1 kev incident neutrons. How

ever, there is an equally large difference in the 

number of neutrons transmitted; e.g., in the case of 

1 kev only one in every 350 neutrons is detected 

under poor geoDetry conditions, or one in 2000 for 

good ~eo~ctry. Whereas, in the case of 14 Mev neu

trons, one neutron is detected for every two neutrons 

incident for both the good and poor gebmetry situ

ations. Thus, if the energy deposited.is normalized 

for a number.of transmitted neutrons, the energy 

deposited by 14 Mev nc~trons will be less than that 

by 1 kev; but, the types of reactions differ rnarl<edly 

in the two cases, and the resolution of any picture. 

j 
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from 1 kev r,-Jill be necessarily much poorer and 

perhaps of little value because of multiple scattering. 

Another way of evaluating the dose vs. resolution situ-

ation 1.s to note that for equivalent density of 

detected neutrons, those from 1 t::ev incident have 

suffered 1nnl tiple scattering, and thus information loss 

is greater· than for 14 i'·1ev neutrons. However, there 

is no marked difference in bone and tissue cross 

sections at 4 Mev (table 4); thus, the 4 Mev particle 

will be scattered equally by bone and soft tissue. 

At 14 t/Iev bone is relatively opaque compared with soft 

tisSue, because the·mean-free path is relatively less 

in bone at higher energies. 

The results of these calculations are in close 

accordance with other calculations and measurements 

of the National Bureau of Standards (1967), Smith and 

Boot (1962), and Humphreys and Sayeg (1968). Computer 

n~utron radiography simulation on thin objects is 

being explored by Porter and Robinson {1969). The 

major contribution of our studies is the simulation 

of a realistic geometry including bone. The slightly 

increased marrow dose compared v:ith contiguous soft 

tissue is what one 'l.·muld expect for epithermal 

ne'.<tror::s 1-·rhich are moderated by intervenir:g tissue. 

, ... 
!' .. 
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The almost twofold increase of dose deposited to bone 

cortex by neutrons has not been noted by others, 

probably because all the reactions of above-thermal

energy neutrons in bone have
1

not been included in 

their calculations. 

Considering the increase in knowledge regarding 

cross sections and the importance of understanding 

distributed dose between bone, bone marrow, and 

soft tissue, we hope to extend these studies to other 

parts of the human body, not for neutron radiography 

feasibility studies, but for radiation protection dose 

calculations and neutron cancer therapy applications. 

5. Conclusions 

Neutron radiography for delineating soft-tissue 

tumours or bone lesions results in an unsatisfactory 

image contrast for tissues thicker than approximately 

3 em according to r.1onte Carlo calculations t~sing 1 

kev, 120 kev, fission spectrum, and 14 r1ev neutrons 

incident on a 6 em thick arm. There was, at most, 

a th~eefold increase in contrast between bone and 

soft tissue for 120 kev incident neutrons. These 

theoretical studies corroborate neutron radiographs 

of small mammals taken by others. There are some very 

i! 
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specialized situations for toJhich a neutron radiograph 

might helpfully supplement a routirie roentgenograph. 

Of more immediate and p~actical significance, 
. I 

this st~dy shows the difference in dose deposited to 

tissue, borie cortex, and marrow for a realistic 

geometry of a simulated hu~an arm. The neutron dose 

to bone is approximately twice that to contiguous 

soft tissue. 

J 
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ABSTRACT 

Calculations using Lawrence Radiation Laboratory, 

Livermore, SORS Monte Carlo computer code and neutror; 

cross section library were done on a simulated human 

arm, including bone and m~rrow, for 1 kev, 120 kev, 

fission spectrum, and 14 Mev incident monoenergetic 

n~utrons. These studies were done to analyse the dose 

distributed to bone and marrow, and to determine the 

feasibility of neutrori radiography as a practical 

clinical tool. The resolution possible through tissues 

thicker than approximately 3 em makes neutron radio-

graphy impractibal except for possibly very special 

circumstances. The dose calculatlons reveal as much 

aa:a twofold increase in dose deposited in the bone 

cortex compared with surrounding eontiguous tissues. 

The skin dose is approximately two times greater than 

the dose 3 em inside the tissue. The average energy 

abs6rbed in the arrri on the basis of a fluence of one 

neutron inciderit per cm2 is 0.5 X lo-10 rad, 

1.6 X lo-10 rad, 10 X lo-10 rad, 40.4 X lo-10 rad, for 

1 ke v, 120 k e v, fission spectrum, and 14 IA.ev neutror:;s, 

respectively. 

.l 
l 
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Table 1. Atomic composition of w~scle, bone, and marrow 
.~ 

t•- f:tJ.SCle Bone MarroN 
Fraction l"ractlon Fraction_ 

by by by 
Element Height Atom ~~ ·weic;ht Ator:1 ;:_~ weight Atom c; 

lH 0.107 63.9 0.030 37.35 0.116 63.7 

16 · .. 
0 o. 726 27.1 0.423 32.90 0.301 10.3 

12 ' 
0.153 7.6 0.125 12.97 0 ')~3 25.5 c . - -' 

14N 0.030 1.2 0.04 -::> C:::r 
..) • ..)0 0.012 0.4 

23Na 0.0003 0.02 0.004 0.22 

24rJie; 0.0004 0.01 .o. oolt 0.21 

3lp 0.0001 0.001 0.116 4.66 

35cr 0.0008 0.01 0.002 0.07 

4oca 0.0001 0.001 o. 252 7.84 

328 0.002 0.04 0.005 0.19 
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Table 2. Significant neutron interactions 

Disinte-
Threshold Half- gratior. 

rv'Iaterlal Reaction (Mev) . life mode ,, 

lH 
I 

Elastic l scattering 0 00 

n,-y 0 00 

12c Elastic 6 scatterine; 0 00 -·-
n,n''Y 4.8 00 

n,p 13.6 0.01 sec p.,+, 3rt 
n,a 6.2 00 

n,n'3a 8.0 00 

l4N Elastic 
7 scattertng 0 00 

n,n ''Y 4.0 00 

n, 'Y . 0 ClC' 

n, 2n ll. 3 ·9.96 min t3+, 'Y 
n,p 0 5730 yr t3 
n,d 5.7 00 

n,t 4.3 00 

n,a 0.16 00 

n,n'p 8.1 00 

n,n'd 11.0 00 
) 

n,n'a 12.4 00 

16 Elastic 80 
scattering 0 00 

n,n'-y 6.1 00 

n,-y 0 Co 

n,p 10.2 7.14 sec t3 
- 'Y J 

n,d 10.5 ·oo 

n,a 2.4 00 

n,n'a 7.6 00 

23Na v 
Elastic 

11 scattertng 0 00 

r.,n'-y 0.45 00 --
"" n,-y 0 15 h t3-, 'Y 

n, 2n 13.0 2.6 yr 13+ J ')' 
n,p 3.8 38 sec 13-, ~, 

r 
·n,d 6.8 co 

n,t 11.2 00 

n,a L~. 0 11.5 sec 13-, 'Y 
n,n'p 9.2 ().' 

n,n'a 11.0 co 

( contin·.1ed) 
,,; 
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Table 2 ( contd. ) 

D1sinte-
Threshold Half- gration 

I'-1a teria1 RE~ac t ion (r·1ev) life mode 
!l.... 24 Elastic 12fl{g 

scattering 0 00 

n,'Y 0 00 

t' n, n '"r 1.4 00 

n,p 4.9 15 h t3-, 'Y 
n,d 9.8 00 

n,3He 13.3 00 

n,a 2.7 00 

n,n'p 12!2 00 

n,·n 'a. 9.7 00 

25r~r Elastic 12 ,g 
scattering 0 00 

n,'Y 0 00 

n,n '''r' 0.6 00 

n,2n 7.6 00 

n,p 3.1 60 sec· t3-' cy 
n,d 10.2 15 h t3-, ')' 
n,t 10.9 00 

n,a 0 00 

n,n'p 12.6 15 h t3-' 'Y 
n,n'a 10.3 ()(), 

26 ' Elastic 12Ivig 
scattering 0 00 

n,"( 0 9.5 min t3-' 'Y 
n,n''Y 1.85 00 

n, 2n 11.6 00 

n,p 8.i 1 sec t3-, 'Y 
n,d 12.4 1 min t3-' "' r 
n,rr. 5.7 38 sec t3 ' 'Y 
n,n'rr. 11.0 oc 

3lp Elastic 
15 scattering 0 00 

n,'Y 0 14.3 days f3 
n,n'y 0.6 00 

'Ji n,2n 12.7 2.5 min t3 - 'Y ' n,p 0.7 2.6 h t3-, 'Y 
n,d 5.2 00 

·~ n,t 9.7 00 

n,3He 13.5 6.6 ;nin f3-' "r' 
n,a 2.0 2.3 min t3-' 'Y 
n,n'p 7.5 00 

n,n'a 10.0 00 

(continued) 
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Table 2 

s r.te-
Threshold Half- gration 

Material Reaction ( rl!ev) life mode 

35cl Elastic 
17 scattering 0 00 

n,')' 0 3 X 105 yr e-
n,n''Y 1.2 oo· 

,, 
n,2n 13.-0 32 min e+, 'Y 
n,p 0 88 days e-
n,d 4.3 00 

n,t 9.6 00 
..... 

n,..)He . 9.8 24 days e-
n,a 0 14.3 days e-
n,n'p 7.5 00 

n,n'a 10.0 00 

37 Cl Elastic 
17 scattering 0 00 

n,')' 0 37.3 min e-, 'Y 
n,fl''Y 0.84 00 

n,2n 10.6 3 X 105 yr e-
n,p 4.1 5.1 min f3-' 'Y 
n,d 6.3 00 

n,t 10.1 88 da;{s e-
n, a, 1.3 12.4 sec e-, 'Y 
n,n'p 8.6 00 

n,n'a .S.l 24.4 da;rs e-
40,.. Elastic 2o'"'a 

scattering 0 
1~4 n,')' 0 8 X yr E. C. 

n,n''Y 3.5 00 

n,p 0.55 00 

n,d 6.3 00 

n,t 13.2 7.7 min e+, 'Y ..... 
n,..)He 7.2 cc 

l'l,a 0 35 .days E. C. 
n,n'p 8.6 00 

n,n!a 7.2 co 

\.,.; 



Table 3. 

1 kev 

120 kev 

Fission 

14 Nev 

1:lho1e arm dose 

Dose 

(rad/n/cm2 X 109) 

0.05 

0.16 

1.0 

4.0 

1 

35 

... ::ii~ 



' J 

Table 4. Mean free paths for selected energies 
,.,. 

Enere;y f'll~S c le Bone ') 
{ JilC V J {em) ""[CinT 

2 X 10-8 0.53 0.77 

·2 X 10-6 0.54 0.30 

2 X 10-5 0.54 .0.80 

2 X 10-4 0.54 0.80 

2 X 10-3 0.54 0.81 

2 X 10-2 0.62 0.92 

2 X 10-l 1. 04. 1. 40 

2.0 3.46 3.94 

4.1 4.32 4.2lt 

10.1 8.29 • .I 7. 52 

14.1 9.08 7.59 
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FIGURE LEGENDS 

Fig. l. Experimental configuration for numerical 

simulation of neutrons impinging on an arm. 

Fig. 2. Simulated neutron radiograph (upper) compared 

\'lith conventional x-ray of human upper arm. Neutror; 

quantity through central region· (bone) is 3 times 

greater than through surrounding tissue (r.1uscle). 

· Ftg. 3. Comparison of contrast obtainable by iJSing 

various energies of incident neutrons. Curves simulate 

densitometer plot from the central marrow region to the 

skin surface. Significant contrast is seen only for 

120 kev experiment on the detector 3 meters from the 

arm. 

Ftg. 4. Energy deposited vs. arm depth for various 

exposures through different arm sections. 

I 
j 

l 
j 
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NEUTRON RADIOGRAPHY SIMULATION 

MONTE CARLO calculations 
include all significant 
elements and reactions 

Fig. 1 

Image 
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NEUTRON EXPOSURE 
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Fig. 2 



1.5 em 

MARROW 
BONE 

(/) -c 
:::J 

> ,_ 
co ,_ -,_ 
C'O 

> -(/) 

c 
Q) -c 

~,;- , .... 

1 keV 

120 keV 

-40-

5m 

MARROW 
SKIN BONE. SKIN 

11 keV 

(Too few to count) 

~~~ 

14 MeV 

0 1 2 3 4 5 em 0 1 2 3 4 5 em 
marrow outward Distribution of neutron intensity from 

(Y2 arm) 

Fig. 3 

·I· 



.c 

0 

I 
s 
X 

N 

E 
UJ 0 
(f) ' 0 

c 

Cl g 
::J 
Ql 
c 

' "' "tl 
~ 

1 keV 
4.--------------, 

4 

0 

I s 
N 

E 
0 

' c 
g 
::J 
Ql 
c 

' "' "tl 
~ 

'"" i 

120 keV 

-41-

FISSION 14 MeV 
4r-------------~ 8.-------------~ 

"' "' I I s s 
N N 

E E 
0 0 

' ' c c 4 
~ g 
:; ::J 
Ql Ql 
c c 

' ' "' "' "0 "0 
~ ~ 

4 

' 

DBL 70t-r,548 

Fig. 4 



LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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