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1. vintroduction _

Although conventional roentgenagraphyvusually pro-
vides adequate contrast for imaging 11ving biological’.
sysﬁems, there are some situétions suéh as the deline-
atiddvof soft tissue tumour masses and non-bony tissue
abnormalities for which cogventiohal technlques are
inadequate. During the last decade:investigations
have been carried out to determire whether neutron radi-
ographyvmight complement or supplant x-ray radiograrhy
fQT ceftain ciinical and researéh applications (Gefrafd
1968 and Berger 1965). Since neutrons and X-ray energy
photons interact with matter through quite different.
mécﬁanisms, it was hoped that these differences would
manifest themselves as useful radiological techniques.
FQr neutron kinetic energies greater than 10 ev, neu-
trohs 1nteract only with atomic ruclei while photons
of energies less than several Mev interact primarily

. with the ehtire étomic or molecular system. (For
.energles less than about 10 ev, rneutrons also inter-
aét'with bound molecules. )

As early as '1956, Thewiis (1956) at AERE, Harwell.;, :
successfully imaged plant tissues by use of thermal |

néutrons as the incident particles. Subsequently,
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Bergér (1962) showed excellent contrast in_a thermal
neutron radiograph of the grasshopper. More recently .
| _ S

Atkins (1965) at Brdokhaven_National'Léboratory,

<

Barth (196M)Iat Harwell, EIngland, and Brown and Parks
(1969) at Savannah River Laboratofy'obtéined'radio—
gréphs'of thin (=3 cm) biological samples. These
sUécessful ekperiments with thin samples were generally
acéomp}ished by shining a beam of thermal neutrons
through*the sample’ such that the tréhsmitted beam
Impinged upon a dysprosium or indium loaded plate.
Dyéprosium and indium have exceptionally high proba-
bility for capture of thermal neutrdns, thus 1éading
toaradioactive residual huclei. The activated plate
‘was then ”devéloped” by bringihg ifbihto intimate
contact with an x-ray film in a cbﬁvéntidnal autoradi-
ogfaphy mode, | |

- As the thickness of the bilological samples is
'incfeased, the results become progressiveiy poorer
becaﬁse‘thevdominant thermal'neutron—ndclegs inter—v

action is elastic, which causes diffusion of the inci—

4]

dent neutrons. An analogous situation’'would be an
attempt to phétograph ar. object embedded in frosted o ;

-glass.



© In an attempt to extend the thickness of biolo-

: gicél_materials for which useful thermal reutron
rédi@graphs could.be made, several clever technlques
wéré investigated. The résuits with thermal and epl-
tbérmal neutrons can be summed up as d1sappoint1ng.
Antiscatter grids led to bgtter 1magés'than had pre-
viéuSly been obtained for 3 cm thick bioldgidal mate-
mal-,” but the quality was much poorer than that obtained
by x;ray radiography (Atkins 1965). Fast neutron
radiography has received some attention ékperimentally
aﬁd theoretically; The first huméﬁ fadiographs were
pﬁbliéhed in 1964 by Anderson and co-workers (Anderson,
'Oépofh;‘énd Tomlinson 1964) at Harwell, England, but
Wére of poor resolution. o |

In order to understand the potentials of practical

neutron radiography of 1living human parts,-we'performedb

huméricallexperiments to sinulate heutron radiography
of thick tissue with 1dealized neutron detection. The
calculatlons reported here were made wiﬁhz;onte Carlo
’néutronics code on a CDC-6600, The purpose was to
-eXémine the degreec of contrast of bore and muscle

for a better understanding of the feasibility of this

mode of imaging and, secondly, to calculate in some .
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detatil the dose deposited at variousAlocations in |
the tissue, detail the dose deposited'at various | .
1o¢ationé in the tissue,:including muscle, boné, bone
m&rrOw, and surface skin. Previoﬁs calculations
did»not use realistic geometrics or differentiate
thé dose between these dissimilar biological .
materials. -
2. Methods
2.1.  General
f ‘The simulated upper arm was 2& cm. in length and

6 by 10 ém elliptical in cross section. The neutrons
Wéfé_aééumed to iupinge uniformly on an area 10 cm
by'Q'cmvperpendicular to the 10 c@ arm dimension
(fig; 1). A centrally oriented cylindrical bone simu-
lafing a huherus‘had a diameter of 4 cm and cortex
thiqkness off 0.75 cm. Thus the marrow gavity,was 2.5
cm in diameter. - The atom composition~for all signif-
icaﬁt elements was used to deécribe soft tilssue, bone,
and marrow (table 1). | |

. - Numerica1 experiments were conducted by exposing
the 2 cm wide strip to 100 000 neutrons of 1 kev,
120 kev, fission spectrum, and 14 Mev. Both singie.
and multiple neutron scattering'inside and outside

the 2 cm wide strip were treated explicitly by the
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gaicﬁiational method. With the eXcebtibh of neutron
upscattering 1n the thermal region,_all‘physical
phénomeha are accounted for by the calculatibnal,
method. For all incident neutron energles except
thermal, the lack of treatment of thermal upscattering
is of no consequence, It is feit»that even for thermal
neutfcns this is only a secohd—order'perturbation.

| " The enérgy deposited was tallied for 20 zones

within the 2 by 10 ecm band. Trajectories of neutrons

transmitted through br leaking from the system were

Stored'ébd planar plots of these neutrons obtained
for various distances from the arm, thus simulating
anfidealypiane'detector or imaging device. These
details are discussed below.

2.2, Atbmic composition of the human upper arm

The atomic composition of an arm was simuléted
from the known composition of muscie, fat, énd bone
és,detailed in table 1. The values for lean muscle
shoWﬁ in table 1 are a synthesis_of puBlisbed values '
iﬁ'Various handbooks; The values for muscle were
derived from an over-all figure of 18.5% protein, .
which flgure includes the controversial 3¢ bicar-

bonate. Values of 6% 1lipid and 2% glycogen were



used.  The water content was 76%. The major addi-
tiéﬁélvelements are.based on values reported by Wid- -
dowéon and Dickerson (1964). The density of muscle
is 1 gm/ce. ; |

| Satiéfaétofy values for bone éoﬁposition are
' somewhat'more difficult to obtain.:‘FQr cortlcal -
bone the best value for the ash content is 63% by
weight (Gong, Arnold, and Cohn 1964a). The water:
céhtent'varies with the type of bone and age, but for
aéult cortical bone is‘12%. The:organic composition,
whiéﬁ is primarily protein and little 1if ahy fat, 1s
25¢%. Of the 63% ash, almost 100% is hydroxyapatite
withﬁonly small contribﬁtions frdm-sodiuﬁ,rchlorine,
_ éﬁd magnesium."Thé values for calcium and phosphorus
lare based on the assumption that 99%vis hydroxapatite.
The ab}ufn‘dance of hydrogen in fat is similar to that
iﬁ muscle and, for all practical purposes;;the mean
v free‘paths of neutrons in these two tissues are
identical. . The density of bone is 2 gm/cc for the
moiét living state (Gong, Arnold, and Cohn 196Hb)<
| The.atomic composition of muscle and marrow as
uSéd for this study does not differ significantlyvfrdm'

the atomic composition of the standard man used for
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the calculations reported in Handbook 63 (National

Bureau of Standards Handbook,»l967),' However, the
bone composition differs significantly for every

element. In particular, the hydrogen atom'percéntage

'1s one-half that of muscle; nitrogén'is three times

moré;abundant; and calcium and phosphorus are present

in quantities of 7.8 and 4.7% respectively, 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,v

require both a good calculatioral method and a good

set of input constants. The latter describe the

pfobability»of neutron-nucleus interaction for all

_poSsible neutron induced reactions appfopfiate to the

isotopes present 1n 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 technique was chosen because,

of all neutronics methods, 1t allows the léast rumber

of approximations to the physical problem beirg calcu—

~lated. In essence, individual neutrons are followed
through the material being investigated, in this case

an upper arm, Statistics are kept on all neutron—
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nﬁcleos interactions until the neutron being followedA
diséppears or.leaks out of the systemQ_ At each
poiptlof neqtron—nucleus ipteractioh'some'energy is
trépsferfed from the neutron to another particle or

is converted.to radiative energy injﬁhe form of one
.of more'(usua11V more ) photons mhis'then provides

the 1nformatlon required to calculate the energj depo-
sited in the material. The peutron tracxlng procedure
is repeated with a sufficient number of source neu-
prons to obtaln statistical signlficance For example,
consider one neutron somewhere in the system{ This
neuﬁron will have a location, a speed;;and a direc-
tion.:cA random number 1s'se1ecfed which; by proper
epplication of}an appropfiate total cfoss'section;

wiil determine 1ts next 1ocation of'1pteract1on.
Because calculatiops_involving movement from one
material zone to another are moreICOmpliCated, assume
the next interaction location isvwithin the same mate-
;pial.'-Another fandom number:is‘cposen to‘determine |
which reaction took place. - To.111u5£rate how a random
number detcrminee the reaction type, assume there are = -
.tWO possible'reactions with reaction cross sectlons o hd
in the ratio of* one to three. Assign to the first |

’reaction andos numbers from zero to 0.25 and to the
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séCbﬁd reaction random numbers frbm 0.25 to 1.0. Now
séieét'a random number betweénvzero énd unity. |
Clearly it is just three times more probable that
tﬁe‘fandbm number chosen wil; 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 feactiOn or-
Whethér the neutron disappears. Cohsidéf the first -

céSé, which is more interesting. The direction of -

the outgoing meutron (assume only one) 1is then_déter-ﬂ

mined by another random nuﬁber selection and appllca-
tion to the angular distribution appropriate to the
féaction; The energy ahd'CbnSeqﬁehtly the speed of
the Second heutrOn may be determinéd by_nuclear
féaction yinematics 1h some cases, bﬁtvih others

still another random number must be chosen and pro-

'_perly applied. The reaction rate in each'material

1s tallied and saved for calculation of the energy

deposit, which 1s made after the neutron tracing is

finished.

In general, the energy deposited in the form of

“recoil nucleus energy will be absorbed locally; that

1s, near where the neutron-nucleus reaction toox

place. The same 1s true for charged particle products
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of“ﬁhe reaction. It 1s not true, hbwever,_that.the-
pﬁofbb energy can be assumed to be absorbed locally. | .
Tﬁé,célculations done here tdllied fhe total energy
deposited and, therefore, provide an upper limit to

' thé 1oca11y'absorbed energy. That_is,*in these
'caléuiations photons are assﬁmed to be absorbed
locally, which is contrary-to fact to some degree.
Mofe precise calculations can be.made at the'ekpense
of“SeveraIQFOId more effort., A Monte carlo photon-
~transport (Kimlinger, Plechaty, and Terrall 1967)
calculation could be linked to the output of the
néutron transport calculation (Kimlinger and Pléchaty
1968),_but for two reasons this was not done. First,
the photoh producﬁion data required,. primarily photon
| éhefgy distributions; are not well enough known for
therheutron induced reactions considered here to
allow meaningfﬁl calculations. The data'éurrently
aVailable depend largely on systematics,.intérpola—
tions,.extrapolation, and edudated guessing (Howerton
- aﬁd P1échaty 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 | v

considering the conservative approach which should be }
adopted toward irradiatirg living human tissue with

neutrons.

[N
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2.4,  Feutron cross section data

| .,The ddta used in the neutronics calculations which
aré'iargely neutron cross'sections,banguiar distribu—
tions, energy distributions, and energy deposits
are based on the Lawrence Radiation Laboratofy,
Livermore, evaluated neutron cross section,library
(Howerton, Perkins, and Doyas--to be_published). For
somé.70.isotopes and elementé and for energetically
possible-feacfions, appropriaté cross sections and
related data'are_tabulated for neﬁtroh energies over
nihé decédes of energy from 2.5 X 1072 ev to 14,6 X
166‘év, as continuous functions of énergy. The tools
df productidn éf eﬁaluated'cross‘sections are generally
ékperimental data, theoreticai calcﬁlations, and |
systematics. A computerized 11brary'of experimental
data (Howerton, Cahill, Hill, Thompsbn; and_Perkins
1969) is maintained for this purpose. The iibfary'
of experimertal data currently gontains 750 000 experi-
‘mentally determined valués, including.éssentially;all‘
thé data presented in the various editions of the
well known BNL;325 (Goldbefg, Mughabghab, Purohit,
Magurno, and May 1066) plus much'which has been.méa;

sured since the publication of those volumes. . These
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daﬁa.have been accumulated.with the aétive cooperation
of>the National Neutron Cross Section Center at Brook- .
v haven National Laboratory; the Center for Collection
of Neutron Constants operated at Saclay, France, by ”
‘ the European Nuclear Energy Agency;'aﬁd the Nuclear
Data Unit of the International Atomic Inergy Agency
aﬁ.vienna,-who foutinely supply Lawrence Radiation
Lébofatory, Livermore, with all the-data‘they are
entering into thelr own systems. | |

Most neutron cross sectlons are not well known,
Despite the large number of measurements, most reactions
héyé not been meaSured and reliable theoretical models
do not exist for many reactions and all importént
'eﬁergy‘ranges. This means that the cross sections.
for'most'reactions have to be estimated from systematicé.
‘Fortunately, for most calculations; the cross sections
obtainéd from consideration of systehatics give
reasonable answers when used in calculations which
can be compared with integfal experiments. This is
1afge1y‘because most éalculations deal withvneutrohs

having a distribution over a wide range of energles,

and the regions in which cross sections are over- _ : e

estimated in magnitude are balanced by those in which

they are underestimated. It i1s especially true that

[
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neutrons will be wldely distributed 1in energy for

any néutronically thick hydrogenous_méterial such
as the biological systems considered here. It 1s just
forvthis reason that any calculations must take

into account the energy dependence of the cross sections,

'anguiar distributions, and energy distributions of

secondary'neutPOns. For exampie;"With hydrogen, the
simple#t of uélei, the elastic scattering'crdss'
seption for neutron energy of 0.025 ev varies from
abOUtQQQ'to 80 barns, depending upon how the hydrogen
18 bound, while at 1l Mev the valve is 0.67 barn,
Likewise, the neutron capture cross section of hydro-
gen is about 0.35 barn at .025 ev and 00000k barn
at 14 lfev.  As the reutron energy isviﬁcreased; mnore
and more reactlons become possible. ,For the iéotopes
usedvin the calcﬁlations described hére, table 2

presénts the reactions having thresholds (Howerton,

Broff, Cahill, and Chazan 1964) less than 14.0 lMev,

ﬁogether with the half-1ife and disintegration mode
of the reaction product. | |
3. Results

The best visual results from use of a simulated

plane detector whicn recorded the position of arrival

‘of each neutron lecaking Trom the arm were roted for



the e periment with 120 Kev neutrons incident These
results are shown for a detector 0.2 and 3 meters

from the arm in fig. 2. There is a slight increase

in dot density over the projected regiOn ef bone.

The ratio of neﬁtrons arriving at the projected bone
region'to those at the soft tissue-fegion:wes 3 for |
;120 xev incident and not sigriflcantlv different from
1 in the other experlments " As about IOO OOO neut”onv
swere followed in each experiment, the statistics are

: good; The numben of neutrons arriying'at a hypo- !
theticai film placed'at 0.15 and £ meters are plotued
toleimuiate a densitometer trace ecross the results
ffoﬁ‘l.kev; 120 xev, fission spectrun, and 14 MQV
experiments (fig. 3). The stippled area indicates
thelregion of bone; and the intensiﬁyjis the relative
nunber of neutrons at 0.1 cm radialeintervals for the
projected_arm. The opaqueness of»soft tlssue relative
to'bene is seen best at 120_kev, which is probebly an
ontlmal energy because multiple scattering is mini-
mlzed but Lho elastic collision.cross sectien¢for'
.bydrogen is still high relative to that of other
elements and other reactions. In fact, above 4

Mev bone 1s more opaque than soft tissue.



._:153

Arm dosimetry calculations for the four incidenf
ehéfgies are shown in fig. 4. The near skiﬁ doses
are'higher than'deeper.soft tissue doses and the
marrow dose is slightly greater than what would be
éxpected if there were no Intervening bone. The bone

dose is'higher than that absorbed by contiguous soft

_ tiséues. This 1is primarily a result of the twofold

ihcreasé in density and, for the higher energies, an
1ncfease.in the number of reactions with Ca and P.
The average dose absorbed for eachfexperimenﬁ~is
shéWn in téble 3. The increased boné dose applies
ﬁo.ebergy absorbed by bore matrix, protein, and
H?drdxyapatite. ‘Thus‘in_estimating marrow,'SOft
tiSSﬁe filled haversian canals, and interstitial.
region doses, the marrow values ahd‘not'the.béne
dose should be used. |

4, - Discussion

4,1 Contrast and resolution

Scattering effects in hydrogenous material
impose'a 1imit on the material thickness which can
be successfully neutron radiographed. The repbrted
high contrast resolutidn of 0.1 mm in material is

pbtainable only for neutronically thin biologicai

materials. Based on the loss of resolution due to

multliple scattering at low energies and a similarity



of eléhental”cfoss sections aﬁ themhigher.energies)
it.Should not be expected that neutron radlographs
thféﬁéh thick tissues invthe living man w uld be useful.
Our-calculatiohs confirm these expectétions. Scattered >
neutrons which proceed in a somewhat randomrdireétioh
convey litt1é usefui information about the internal
structure of an object. This effect is emphasized
1nVa matérial which is largely hydrogenous.  Although
oﬁiyfabout IO%IOf the body by welght is hydrogen,
theré aré more atoms of hydrogen than any other element
1h £he‘body. The total macroscopic'neﬁtron absOrptiQn‘
_ aﬁd.écattering cross section for hydrogen is several
drdérs of.magnitudé greater than that of the next most
abQEGQnt element, oxygen. The impoftant‘cOntrasting
mechanism between muscle and bone-liésvin the fact that.
thére i1s one-fourth the amournt of hydrogen in bone
cdmpared with that in muscle. |

- J'The_radidlucency of bone and the lack of attenu-
ation by air spaces would be reflected in a neutron
fadiograph of a man's 20-ém thick chest (Anderson
gﬁ_ﬁl, 1964); however, the resolution of such a-picture.
(Parks, Brown, and Harmer 1969) leaves neutron radi-
Ography as a very poor supplemeht to conventional

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

[—
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betweeh boné and soft tiésue can be'effected without
any spécial filtering, the presence of multiple scat-
tefing seriously restricts neutron radiography as
a potential tool for a diagnosis of soft tissue

’ f

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 interest during
thé past'few years in investigating the possibilitieé _
of faSt neutron fadiography; Sources of fast neutrons
have become more readily available both as distri-
bufed_ehergy sourcés.sﬁch‘as sponténeously fissioﬁable

- 252
lsotopes, e.g., -

cr (Barton'1969),'and morioenergetic
sources from charged particle inferaéfions-such.as
the 14 Mev neutrons from the D-T reaction.

The problem of successful‘radiography with
neﬁtrons of any energy has two Inseparable facets.
Not only must an acceptable image be formed, but the
energy deposited within the>bioiogical tissue must
‘be acceptably low. TheréVis a myriad of problems.
assoclated with the detection of fast neutrons wnhich
cannot be solved by reliance on ‘the neutrdn“capture

reacticrn as was done with the dysprosium or indium
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ioaded plates for thermal neutrons. In general, the
cfossisection for the capture of neutrohs decréases
rabidly wlith increésing neutron ehergy and for neu-
tfbns«in'the Mev energy range will hot have sufficient
magbitude to be useful for thé purposes described
here. '

1 ;‘The hypothésized neutéon detector used for these
éalculations'was assumed to have a flat energy res-
'.poﬁse and to be planar. No sﬁéh’detéctor exists,
Thefe aré;.however, materials whigh could be investi-
gated for use as planar detectofs of neutrons for
energies greéter than the_threshold-éf the'reaction
dn wﬁich the detector 1s based. Mahy nUclides'havé
n;Qh reactions leading to radiocactive residual nuclei,
Tbe'thresholds-of these n,2n teactibns are generélly
1n‘tﬁe'neighborhood of 7 tb S Mev, and the reaction
cross section at 14 Mev is of the order of 1 to 2
barns. For biological matérials of_the order of
thi?kness‘of one meah—ffee pafh (14vMev neutrons)
. aﬁdut_35% of the incident‘ﬁeutrons would'be_uhattenu5
ated and available for reaction in a'planar_surfacé

loaded with the detector material, If the activation

.
Eor
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cross section is high enough, - the plate might be suf-
ficiehtly activated to be subject to successful '
autoradiograph.

fFor example, the n,2n reaction:on bbth.natgrally
obcﬁffing”isotopes of europium lead to radioactive |
residual niclei, The thresholds bf these reactions
are 8.1 and 8.7 Mev for °1ru and 153Eu so they might
bé-Used to detect unéollided transmitted neutrons from
a 14 Mev sourcé{ Similarly, there are materials
whichfhave n,n'y reactions leading to.isomeric states

of cbnvénient,half~1ife which might be used to detect

fission spectrnm neutrors above the threshold of‘the

reacﬁion. These matters remain to be investigated.

4.3. Validity of calculations

1 Estlmates of neutron uransoort or energj dep031b
based on the attenuatlon coeff*01ents appropriate to
inc1d¢nt neutron energy are absolutely 1nva11d fqr

systems which are neutronically thicker than a small

_ffaction (~0.1) of one mean-free path. This is
.eSpe 1ally true for a systemn contajnlnw ljght
elenents, notably hydrogen.  On the average a 81nge
elastic collision of a neutron with a hydrogen nucleus

results 1in a deqrease of neutron energy by one-half

with the other half deposited locally by the recoil



pr6t55.> Although the average energy of the scattered
vneutron after a collisionlwith a proton 1is one-half
the’incident neutron energy, the scattered neutron
cah have any energy from zero to thé incident value.
An attenuatibh calculation can givé’an uncollided
flux Va1qe, but for neutronically thick'systems this
figufé 15 of 1ittle use and is df_no use for deter-
mining dose or energy deposited in the sysfem.

. There ére numerous calculational techniques
which deal with the problem of neutron transportv
through materials of any type. Because of the complex-
ity of the problem these techniques are reduced to prac-
_ticaiity by means of sophisticated cohpute%-codes.
As thé'sizé and calculational speed of computers have
(inqreased,'the restrictions required'by limited
.meﬁary size and chle’time have béen relaxed with the
:fésult ﬁhat the neutronics calculations have.become
progressiVely nore dependablé. The neutronics codes
which have'the-ciosest_simulatidn'to physical realiﬁy
ére those usihg.the Morte Carlo method, 'with sophis-
tiéated Monte Carlo neutronics cédes, uSingﬁgood
,values of_neutron cross sections, calcuiéted neutrén
btransport and energy deposiﬁ values when compared with

experiunent have been shown to be reliable to

&

.
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“accuracics ranging from a few percent to a few

21

tgntﬁé'of a percent for physical configurations

similar to the problems considered here,

4,L,. Neutron fluence

'The average dose received by the arm, based-on

'the'resultS'Qf the Monte CarIo'caléulations, is shown'

in table 3. This dose waslca1Culatéd‘by summing the
energy deposited in each of 20 energy deposition
zones and_normalising for the fluence and the mass

of the irradiated Volume. The-dose depdsifed by

lthev heutrons’incident is 100 times'greater than

the dose deposited by 1 kev incideht neutrons, How-
ever, there is an equally large difference in the
number of neutrons tréhsmitted; e;gﬁ, in the case of
1 kev only one in eVéry 350 neutrons is detected
under poor geometry conditions, or one in QOOO for
good geometry. Whereas, in the cése of 14 Mev rieu-
trons; one neutron 1s detected for eVery two neutrons
incldent for both thé’good ahd poor geémetry sitﬁ—'

ations. Thus, 1f the energy deposited 1s normalized

for a number.of transmitted neutrons, the energy

deposited by 14 Mev neutrons will be less than that .

by 1 kev; but, the types of reactions differ markedly

"in the two cases, and the resolution of any picturé;
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fromll kev will be necessarilly mucn poorer and

pernaps of 1i£t1e value.becanse of multiple scattering,
Another way of evaluating the doseins;:resclution situ-
. ationcis to note_that_for'eéuivalentfdensity of »
detected neutrons, those from 1 xev incident have
suffered nultiple scattering, and thus informatior loss
is greatervphan_for 14 Mev neutrons. However, there
is' no marked difference in bone and*tissue'cross
Secfions at u'Mev'(table'M); thus,’tne 4 Mev particle.
will be scattered equaily by bone and’soft ﬁissue.
Atjl# Mev 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. (196{) ‘Smith and
Boot (1962), and Humphreys and Qayeg (1968). Computer
neutron radiography simulation on thin.objects-is
being'exploredbby Porter‘and;chinson (1969)., The
major .contribution of our studies is the simulation
of a realistic_geometry including bone. .The slightly °
increased marrow GOSe compared with contiguous soft.
fissve is whatvone would_expect_for cpithermali

neu trmo which are moderated by intervening tissue.

(R
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Tﬁé almdst twofold increase of dosé,deposited to bone
cértex by neutrons has not been ndted'by others,
prabably because all the reactiors of aboye—thefmal—
ehérgy heutfons'in bone have'not been included in.
their calculations. |

‘.Considering the increase 1n knowledge‘fegarding
cross sections and the importance of understanding
distfibuted dose between bone, bone marrow, and

Sth tissue, we hope to extend these studies to other

Zpéfﬁs of* the human body, not for neutron radicgraphy

feasibiiity studies, but for radiation protection dose
caléqlétioné and ﬁeutron cancer_therapy_applications.
5. COnciusions

j_:'_lNeutron radiography for delineating soft-tissue
tﬁﬁours.or'bone lesibns results 1n an unsatisfactory
image contrast for tissues thickervthan approximately
3-cm according to Monte Cario,calculafions using 1
kév,.lZO Kev, fission,spectrum, énd 14 Mev neutrons

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

‘a threefold increase in contrast between bone and

soft tissue for 120 kev incident neutrons. These
theoretical studles corroborate neutron radiographsb

of small mammals taken by others., There are some very
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specilalized situations'for which a:neutron radiograph

vmight.helpfully suppiement a routine roehtgenograph._

o
e

1_Of more immediaté and practicai significahce,

- thiS‘stUdy‘shows the'diffefenée in'dbse deposiﬁed‘to

| tissug,»boﬁe cortex, and marrow_fdr a realistic

. éeéﬁetry of é simulated human arm. The heutroh dosé
itd_bdne'is approximately twice that to contiguous

soft fissue;_
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~ ABSTRACT
Calculations using LaWrence Radiation Laboratory,

' LiVermofe, SORS Monte Carlo computer'code and neutron

‘
o

cross section library were done on a simulated human
érm;:ihcluding bone and marrow,.for i kév,.120 kev,
fiséidh spectrum, and 14 Mev ;nqident monoenérgetic
vnéutrons, These studies weré done to analyse the dose
diéﬁfibutéd to bone and marrow, and to determine the
fééSibiiiﬁy of neutrohbradiography as a practical
clinical tool. 'Thé resolution possible through tissues
thiéker than'approkimately 3 cm makes neutron radio—
graphy 1mpfactibal.except fof pdSsibiy Very spécial
’ICIréﬁmstances, iThe dose'éalculationsvreveal.as much
ééla_twofold increase in dose deposited in the bone
c&rtéx compared with surrounding_éontiguous tiséues.
Tﬁé skin dose is appfoximétely two.times greater than
tﬁe dose 3 cm inside the tissue,. 'Thé average enérgy
absdrbed in the arm on the basis of é fluence of obe‘

_ neutron incidert per cm® isIOQS X 16'10 rad, |
1.6 x 10719 rag, 10 x 10710 rad, 40.% x 10710 rad, for .
1 kev, 120 kev, fission spectrum, and 14 Mev neﬁtrops,_ '

respectively. | ; o o -~
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Table 1. Atomic composition of -muscle, bone, and marrow

Miscle . ‘Boﬁe Marrow
rractlion fraction I'raction
: > by by by
Element | weight |Atom | weight | Atom %| welght Aton <
'y 0.107 |63.9 | 0.030 |37.35 | 0.116 63.7
16 . ; , ’

0 0.726 |27.1 0.423 [32.90 | 0.301 10.3
12 - _

C 10.153 | 7.6 0.125 |12.97 | 0.558 25.5
Ly 0.030 1.2 | 0.04 3.56 | 0.012 0.4
®3Na | 0.0008 | 0.02 | 0.004 | 0.22
o4 ' -

Mg; 0.0004 | 0,01 | 0.004 0.21
= :

P 0.0001 | 0.001} 0.116 4,66
35¢1 0.0008 | 0.01 | 0.002 | 0.07
}1Te) . : :

Ca 0.0001 | 0.001] 0.252 7.84
325 0.002 0.04 | 0.005 | 0.19
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(continued)

- Table 2., Significant neutron interactions
_ - Disinte-
RO Threshold Half- gration
Material Reaction (Mev) life mode
_ iH Elastic
: - scattering 0 o0 --
i n,vy. ' 0 © -
120 Elastic
= scattering o . o0 —=
n"nlv\/ 4.8 . ..oo -——
. n,p 13.6 0.01 sec pt, 3a
- .o n,a 6.2 .o -
g “ n,n'3q 8.0 ) -
1”N~; Elastic
T . scattering 0 0 --
n,nty ' L.o o -
n,vy. 0 oo -= :
n, on 11.3 - '9.96 min 8Y, v
n,p o0 5730 yr B~
“n,d 5.7 ) g
n,t 4.3 . -~=
n,a . 0.16 ) -
n,n'p 8.1 o -
. n,n'ad 11.0 oo -
i n,n'a 12.4. oo -
lgo Elastic
: scattering 0 0 -
n,n'y 6.1 w -
n,Y .0 ) -
n,p 10.2 7.14 sec g™, Y
n,d 10.5 . - P
N, o 2.4' o0 -
. mn'g 7.6 o -
23Na'_ Elastic
11 scattering 0 o0 -
ri,n'y O.M5 s -
n,y o 15 h BT Y
n, 2n 13.0 2.6 vr Y, v
n,p 3.8 38 sec B™, ¥
'n,d 6.8 e —
n,t 11.2 © -
n, a b,o 11.5 sec 8™, ¥
n,n'p 9.2 oo -
‘n,n'a. 11.0 00 -—

[ S
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Table 2 (contd.’)

_ S _ Disinte-
. Threshold Half- gration
Material Reaction (Mev) 1ife mode
2he  Elastic |
e ™ scattering o) e -
» n,vy - o . ©- -
n,n'y 1.4 pes -
n,p b9 15 h B™, v
n,d 9.8 o -
n, He 13.3 % --
n,a 2.7 3 --
n,n'p 12,2 © -
n,n'a S.7 o o
ngg Elastlce ,
o scattering -0 o --
' n,vy o o --
n,n'y 0.6 P -
n’?n 7_6 o --
n,p. 3.1 60 sec- B™, v
n,d 10.2 15 h B™, v
n,t 10.9 00 ~-
n,a : 0 oo -
n,n'p 12.6 15 h B~, v
_ n,n'a 10.3 oo -~
fgmg;' Elastic
R scattering .0 SR o -
n,vy ; 9-5 min B™, v
n‘,n"y 1.85 T e _ .
" n,2n 11.6 o --
n,p 8.1 1 sec B~, v
n,d 12.4 1 min B, v
n,o 5.7 38 sec B 5 Y
: . ri,n'n 11.0 o S
3lp Elastic '
15 scattering o] : e -
n,vy o 0 ' 14,3 days B~
n,n'y - 0.6 L ® -
n, 2n 12.7 2.5 min By Y
n,p 0.7 2.6 h B™, ¥
n,d 5.2 o -
n,t 9.7 L ® —-—
n, 3He 13.5 6.6 min B™, ¥
n,a 2.0 2.3 min B™, v
n,n'p 7.5 o --
n,n'a 10.0 00

(continrued)
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Table 2 (contd.)
- ' o Disirte-
Threshold Half- gration
Material Reaction (Mev) 1ife mode
%501 3 Elastic
. scattering o e -
n,y 0 - 3X10°yr g
n,n'y 1.2 B .
n,2n 13.0 32 min B+, v
n,p 0 - 88 days B~ '
'n,d 4.3 ) -
n:E 96 -] -
n, °He 9.8 24 days = B~
n,a 0 ’ 14,3 days 8-
'n,n'p 7.5 o -
A n,n'a 10.0 o --
'%;01  Elastic
Lo scattering 0 0 -
n,vy . ¢ - 37.3 nmin B™s ¥
n,n'y 0.84 oo [
n, 2n 10.6 3 X102 yr a-
n,p 4.1 5.1 min g7, ¥
n,d 6.3 _ ) - -
n,t 10.1 88 days g~
0,0 1.3 12.4 sec. BT, v
n,n'p 8.6 , o -
n,n'a 8,1 24 4 darvs g-
ggga. Elastic
- scattering 0 oy L e-
’ n,y o 8-X 107 yr - E.C.
n,n'y 3.5 o« -=
n,p. 0-55 o --
n,d 6.3 o0 -
n,t 13.2 7.7 min  gt, v
I’],JHG 7.2 ‘ m. -
n,o . o - . 35 days " E.C
n,u'p 2.6 o --
n,n'g’ 7.2 © -

| S——
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Table 3, Whole arm dose

41

Dose

120 kev

Fisslon

14 ev

“-(Pad/n/cm2 x 109)
0,05
- 0.16
1.0
4o

00 e
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g
b';‘vé;b.le L, | Mean free paths for selected energies
Enefgy I'/Iusclle. - - Bone | ' v
2 x 1078 0.53 0.7
oy 107 0.5k 0.30
2 X 1045‘ 0.54 0.80
2 X 1o‘§ o054 0.80
2 x 1073 0.54 ~ o.81
2 X 107° 0.62 0.92
2 x 107t 1.0L 1.40
2.0 3.6 3.94
4.1 4,32 o
10.1 829 ., 7.52
14.1 ©9.08 . 7.59.
9

R ¥
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FIGURE LEGENDS

Fig@]ly Experimental configuration,fbr numerical

, .

siﬁulation of neutrons impinging on an arm.

Fig. 2. Simulated neutron radiograph (upper) compared =

with conventional x-ray of human upper arm; Neutron
quantity through central region' (bone) is 3 times

greater than through surrounding tissve (ruscle).

TFig,_3; Comparison of contrast obtainable by using

vérioqsvenergies of incidehf heﬁirons. Curves simulate
dénéitometer‘plotvfrom the cehtral marrow région to the
skih.sufface. Significant contraét is seen only_for
120 kév experiment on the detector93 meters from the

arm, .. -

Fig;_ﬁ. Energy deposited vs. arm depth for various

- exposures through different arm sections,

[ SR,
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* NEUTRON RADIOGRAPHY SIMULATION

)
0,

-

-~

Neutron
beam

MORNTE CARLO calculations
include all significant ‘
elements and reactions

Fig. 1
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NEUTRON EXPOSURE

2m - 120 KeV 3m - 120 KeV

ROUTINE X-RAY

XBB 6911-7078



MARROW

Intensity (arbitrary units)
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MARROW
B
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Fission
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0
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, 5cm 0] 1
Distribution of neutron intensity from marrow outward

(Y2 arm)
Fig. 3
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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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