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BONE MARROW DOSE IN FAST NEUTRON IRRADIATION
CALCULATED FROM GEOMETRICAL BONE
STRUCTURES (PART 1)

By
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Department of Radiation Biology (Prof. Dr. H. Yoshinaga),
Research Institute for Nuclear Medicine and Biology
Hiroshima University,
Hiroshima, Japan
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Introduction

In a previous paperl it was mentioned that the bone marrow had a elemental com-
position almost identical to other soft tissues, and therefore, it was concluded that the
absorption dose of bons marrow would be ‘the same as those of other soft tissues when
estimated only from the elemental composition and not other factors.

However, the marrow is included in or surrounded by bone, which makes it different
from the marrow in elemental composition. Discussion will be made in this paper whether
such difference in elemental composition causes a difference in energy absorptions between
X-ray or gamma-ray and fast neutron-irradiations and whether such difference is associ-
ated with difference in injury mechanism. '

A theoretical consideration of energy absorption by tissue was established by Spiers®3
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in accordance with Gray’s cavity theory. Thereafter, Woodard et al¥%). studied the
histochemical aspects of alkaline glycerophosphatase in bone marrow and developed the
energy absorption concept which is based upon the ion pair in tissue in microscopical
scale. Epp et al®). and Sinclair” applied this theory to various X-rays and gamma-rays
of radium and cobalt-60 as a factor which affects LDs or is related to its RBE. Recently
Carlton and Cormack® discussed the method of calculating the distribution of energy
dissipated by electron near an interface and across a parallel slab or cylindrical cavity.
The problem of alpha radiation dose was also presented by Kononenko?) and, Carlton and
Cormack®. This author utilizing the foregoing theoretical consideration wishes to discuss
the energy absorption of marrow given by proton produced secondarily by 14.1 MeV
fast neutron.

147

Table 1. Composition of metaphysical bone
(specific gravity=1.40)%

* This value was experimentally obtained from the

_ 7 —

organs of mice.

Element nfbt;rs;c 5 Fga;:gtl;oigal Fer]:;(é;t:)::lal 16031 | Electrons Electr;ans
' content content, a gm | gm c
Ca 20 0. 0368 0.153 16.10 0.484x10% 0.678x10%
i S 16 0.0013 0.004 0.44 0.013x10% 0.018x10%
| P | 15 0. 0209 0.065 7.06 0.206x 107 0.288% 10%
0] 8 0.3133 0.519 54, 66 1.646x10% 2.307 x 10%
N 7 0. 0247 0.036 3.77 0.113x10% 0.158x 102
C 6 0. 0944 0.117 12.37 0.37210% 0.520x10%
H 1 0. 5086 0.106 5.59 0.334x10% 0.467x 10%
Totals 1. 0000 1.000 99. 99 3.17 x10% 4.44 x10%
Effective Z=11.9
Table 2. Composition of metaphysical soft tissue
(specific gravity=1. 07%)
ioment | M | "R | o [ oo | Blrons | sl
: content content, a gm gm cm
Ca 20 — — 0.01 — _
K 19 0. 0006 0.003 0.35 0.010x 10% 0.011x10%
Cl 17 0. 0002 0.001 0.1 0.003x10% 0.003x 10%
S 16 0. 0004 0.002 0.2 0.006x 102 0.006x10%
P 15 0. 0004 0.002 0.2 0.006x10% 0.006x10%
Mg 12 0. 0001 _ 0.04 0.001x10% 0.001x10%
Na 11 0. 0003 0.001 0.1 0.003x10% 0.003x10%
o] 8 0. 2888 0.665 73 2.198x 10 2.352x10%
N 7 0.0181 0.036 4 0.120x 10% 0.128x10%
C 6 0. 0632 0.109 12 0.361x10% 0.386x10*
H 1 0.6279 0.181 10 0.598x10%* 0.640x10%
Totals 1. 0000 1.000 100 3.31 x10%* 3.54 x10%
Effective Z= 8.2
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The Composition of Bone and Bone Marrow

To estimate the energy absorption of the bone marrow, the composition of bone and -
bone marrow should be determined. The compositions of bone and bone marrow as a
soft tissue are as shown in Table 1 and 2.

Calculation Method of Energy Absorption

Spiers has developed a method for calculating energy absorption in the soft tissue
medium adjacent to the semi-infinite layer of bone. This method was expanded by Epp
et al. and Sinclair for the case where the bone layer is thinner than the electron ranges.
In the present paper, the method is used to compare the average energy absorptions in
tissue layers of variable thickness between two layers of bone for 14.1 MeV fast neutron.
Neutron energy is transferred to proton which is produced secondarily, and then the
proton energy is absorbed by the tissue. For the calculation of energy absorption by
tissue, back scattering need not be considered in the case of fast neutron irradiation.
There is, therefore, some difference in the calculation from the case of X-rays and
gamma-rays.

1. The case of semi-infinite bone and soft tissue plane interface.

A. When the neutron incidence direction is toward the tissue layer from the bone
layer, the ensrgy absorption contributed at point P in the soft tissue at distance d from
the plane interface of a semi-infinite layer of bone and a finite layer of tissue (Fig. 1-1)
by protons produced secondarily in the bone can be derived by the formula

7/ o //// = e = ;
7 ii";é'é"éé"ééiz " sorrmssue |t 7 C . SEMemEmOE mE
/ / 1 SOFT TISSUE
b 1
. 5
. . S
- 4 - - - _—
: NEUTRON
QI - -
| s
Fig. 1-1. Semi-infinite bone, soft tissue Fig. 1-2, Semi-infinite soft tissue, bone
plane interface. plane interface.
TDg = N’; Eg f (T) ergsf/cm®/neutron ()]

where NB= number of protons of initial energy Ep (ergs) arising in bone per cubic cen-
timeter per unit flux of neutron, pr=ratio of stopping power of bone to that of soft tissue,
Rr=range in soft tissue of a proton of energy Es, and

d \ _ d a\ _
f(ﬁ)““‘ﬁ[l“ (%) 1]_ .
The sum is the pronton energies produced secondarily in the bone. The energy absor-

ption at the same point contributed by protons produced secondarily in the finite layer of
tissue d micron in thickness is given by
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TDp =3 NTET[]-—f (Ri-r) ] ergs/cm’®/neutron @

where NT = number of protons of initial energy ET arising secondarily in soft tissue per:

cubic centimeter per unit flux of neutron.

B. On the contrary, when the neufron incidence direction is toward the bone layer

from soft tissue layer, the energy absorption in bone interfacing a semi-infinite layer of

soft tissue is also treated on the same way as above. Then at point P (Fig. 1-2) the:

energy absorption is given by
BD; = EM f (_.d_) ergsfcm®neutron @
(1] Rp
and

BDg = YNs Ea[lwf (-R%—) ] ergs/cm’[neutron ©

where pp = ratio of stopping power of soft tissue to that of bone, Re=range in the bone:

of a proton of energy ET, and
Ao e () -1

2. The case of a soft tissue layer between two semi-infinite layers of bone.

Generally, when material containing hydrogen nuclei is irradiated by neutrons, the:
proton scattering takes place in front of the neutron collision point from the incidence:
direction of neutrons, and the energies absorbed in the proton scattering directions!?).
Then only the effect on the bone and soft tissue of this side of the point p (Fig. 2) from
the neutron incidence direction need to be considered. The calculation of this case, there-
fore, may be treated identical to Case 1.

3. The case of finite layer of bone adjacent to soft tissue.

The case of a finite layer of bone will be treated. Fig. 4 shows point P in soft tissue

at distance d from plane bone layer of thickness D. On the other side of the bone layer
is a semi-infinite layer of tissue, replacing the semi-infinite layer of bone in Fgi. 1. The
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/A ) ® ) / = s /.///‘ e
Fig. 2. Soft tissue layer between two semi- Fig. 3. Finite layer of bone adjacent
infinite thickness of bone. to soft tissue.

As the contributions of bone layer and soft tissue layer respectively, Spiers has given the follow-
ing equations for the absorption energy calculation with X-ray radiations:

D= ZN_E,EL f (-Ri'r-) ergs/cm®fr, Di= 2%[1—)’ (RLT) ] ergsfem?/r.

—_ g —




-

150 BRESFHMmESEE 5238 H2F5

contribution to the energy absorption at P by protons produced secondarily in the semi-
infinite layer of tissus is derived by

TDr= 3Ny Er £ ( ‘i"gaiD) ergs/cm’/neutron )
» T
where
d4prDY _ d+4prD d4prD Y _
7 (D) =14 (5F) [h’ (5=2) 1]
This expression is identical to expression (1) except for the absence of the stopping
-power ratio pr in the denominator of the first factor and the re-replacement of d by (d+p1D),
-where pr D represents the equivalent tissue thickness of the bone layer. The energy

absorption at the same point contributed by protons produced secondarily in the finite
layer of bone D microns in thickness is derived by
TDp= Y NETEB f (R_d-,-) .Y NzTEB f (_djl-? %"‘R) ergsjcm?[neutron  (6)

The first term in expression (6) represents the energy absorption at dictance d from
-a semi-infinite layer of bone, and the second term represents a deduction of the contribution
from a semi-infinite layer of bone at distance (d+ptD).

4. The case of soft tissue laycr bctween two finite thickness of bone.

Unlike the cases of X-rays and gamma-rays, only the effect of the bone and the solt
tissues of this side of point P (Fig. 4) from the neutron incidence direction need to be
considered for the same reason as Case 2. Therefore, the absorption energy at point P
is obtained in the same manner as Case 3.

Calculation of Energy Absorption for 14.1 MeV Fast Neutron

The initial energies and numbers of protons set in motion in soft tissue and bone
by 14.1 MeV neutrons were obtained in the following manner. The recoil proton energy
spectrum from a 14.1 MeV neutron source generator is shown in Fig. 5.

Y S s
. //J I, - . // 200 DISTANCE BETWEEN TARGHT ]
SSEMI-INFINITE | FINITE n E FINITE| oo (1. INFINITE “ AND SCINTILLATOR; 100 em
LAYER OF |LAYER| SOFT TISSUE (MARROW)

OF LAYER OF
SOFT TISSU.
= loone | - - Bong |+ SOFT TISSUE
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SCINTILLATOR: PLASTIC, 1"a 1"

I
I
I

DOSE MEASURING
RANGE

COUNT RATE (CPS)
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NEUTRON d f 4T d] g : ] e ————— P
i . e 50 . Wl

? i T . - ) e j

i I

s l. - I 1 - q T 300 %00 I\\ T
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Fig. 4. Soft tissue layer between two finite Fig. 5. An example of spectra of recoil
thickness of bone. proton produced in scintillator.

The rise in the curve in the low energy range is due to recoil C-nuclei, gamma-ray
.or noise of the counter itself. The broken line given as the theoretical recoil proton
spectrum shows the real relative proton numbers. These are of the same height in the
«energy range of 0~14.12 MeV. In the calculation the energy range was divided into ten

— 10 —
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and the average energy value in the divided range was used.

The number of protons N was derived from np (Table 3), the product obtained by
multiplying the number of atom per cubic centimeter n by the cross section of each
element, ¢. Probabilities of collision between hydrogen atoms and neutrons in bone and
soft tissue were estimated by the following :

(nﬂdﬂ)n[ 1—e -E(nm)BI
B = TN = 0.0309
(nHaH)T[ l—e “2(ni0i)'r}
= G oDn = 0.0419
where
% (niei)p= (ncadca) s+ (nsos) s+ (Mpop) s+ (Moso) s+ (Mnon) 5+ (Ncoc) e+ (Muow) s
and

Z(nigi) r= (ngox) v+ @cigc)) v+ (Msos) v+ Mpop) 14 (Mygong) v+ (Mnaona) v+ (Modo)
+ (non) =+ (o) v+ (Muow) 1, 1

Table 3. The values of n, ¢ and n¢ for bone and soft tissue.

Bone

Element Atoms/em®, n Cross(bsaerc;;on, "[ " e
Ca 0.0339x10% 2. 1911517 0.7424 %1072
S 0.0012x10% 1. 931618 0.0230x10*
P 0.0192x 10% 1= 97018 0.3782x10™*
0] 0.2881x 10%* 1.590 4. 58081072
N 0. 0227 x 10 1.600'® 0.3632x 102
C 0. 0868 10% 1.350 1.1172x 10~
H 0. 4676 % 10*° 0.689' 3.2218x10*

Soft tissue

Element Atomsfem?®, n Cross(bsae:_:rtli)un, s ne

Ca — - —
K 0. 0006 x 10** 2,24 0.0134x 10~
Cl 0.0002x10% 2,001 0.0040x 10~*
S 0.0004x 10% 1. 921 0.0077x 107
P 0.0004x10% 1; gy 0.0079x 10~
Mg 0. 0001 x 102 1. 751020 0.0018x10~*
Na 0. 0002 x 102 1, 711809 0.0024%10~*
0] 0.2941x10% 1.590' 4.6762x 10~
N 0.0184x10% 1.600' 0.2944x 1072
C 0.0644x10% 1.350™ 0.8694x 1072
H 0. 6397 x 10* 0.689 4. 4075x 102

In light of the probability of collision between one neutron and the hydrogen atoms in unit:
cubic centimeter and the division of the energy range into ten Ns (0.0309x1/10=3.09 x.
10—3) and Nt (0.0419x1/10=4.19x10—3) were obtained respectively.

The radiation stopping power of materials can be expressed by

| [
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dE 4ze'z’n Bm

T dx T mv?
‘where e = charge number of electrons, z =charge number of particles, n = number of
:atoms per cubic centimeter, m = mass of electron, v = particle velocity, B = Z In 2mv?/I
(when the particle velocity is not as large as the expected the relative velocity effect),
I = 11.5 Z, Z = effective atomic number.

“The stopping powers of bone and soft tissue are obtained as follows.
_ dnetz’ngZy 2mv? _ dre‘z*n oy 2mv?
Sp = mv? In 11.5Zg, and Sr= mv? 1n 11.5Z .

«Call E = 1/2 Mv2, where E = initial energy of particle and M = mass of particie.
“Then, v2 = 2E/M. Thus,

0Ze In—TE __
S B4 DT 5 Z.M 1
S ==y
T 4mE

nrZr Inis7z M
or and pp are shown in the last two columns of Table 4.

Table 4. Ranges of proton in bone and tissue, and ratio of
stopping power between bone and tissue.

Proton R R R

YR (cm) ) (#) = e
0.706 1.33 ~13.8 11.1 0. 7526 1.3288
2.118 7.50 80.4 64.5 0. 7520 1. 3297
3.530 18.50 192.1 154.0 0. 7517 1.3303
4.942 33.00 342.6 274.8 0. 7516 1. 3305
6.354 51. 50 534.7 428.8 0.7514 1.3308
7.766 73.50 763.1 612.0 0.7514 1.3309
9.178 98.70 1024.7 821.8 0.7512 1.3312

10.590 127.3 1321.6 1059.9 0. 7511 1.3313

12.002 158.0 1640.4 1315.5 0. 7511 1.3314

13.414 194.0 2041.1 1615.3 0.7510 1. 3316

Although the research on the ranges of proton, deuteron and triton is not ad-
-vanced as that of a-particle, it is known, however, with regard to the relation between
proton and the range that the formula R = (E/9.3)!-® presented by Brobeck and Wilson
«can be applied to a considerable wide range from a few MeV to 200 MeV. In this paper
‘the estimation of proton range in air is based on the energy curve prepared by Segré®.
The proton range in other materials can be derived from the range in air by the following

formula in all cases

. : Average mass number SO
Density of air of material A Z + 10

Ra =Rair X Density of X TAverage mass number s Y 0.563Z
material A of air

‘where Ra = range of particle in material A, Rar = range of particle in air, Z = eifective
-atomic number.

Lastly, using the above calculated values, energy absorptions obtained by tne equations
in the last chapter were totalled. The average energy absorptions in tissue layer of

— 12 —
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variable thickness interfaced with bones of variable thickness were compared.

Discussion

When a semi-infinite layer of tissue interfaces a semi-infinite layer of bone and the
‘neutron incidence direction is toward the bone layer from the tissue layer, the absorption
-energy in the bone layer decreases with distance from the interface and settles to a
-constant value at the place that corresponds to the maximum range of protons (Fig. 6-1).
When neutron incidence direction is toward the tissue layer from the bone layer, the
-energy absorption in the tissue layer increases with distance from the interface and
reaches to a constant value at the place that corresponds to the maximum range of
protons (Fig. 6-2). This constant value corresponds to that given by Tochilin et al®),
for the collision between hydrogens and neutrons.

BD. : ENERGY ABSORPTION CONTRIDUTED BY B
PROTONS ARISING 1N BONE. 10
. 1 6.

-BDx : ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING iF_&)}'T TISSUE.

BDw: TOTAL ENERGY ABSCRPTION.

~"BDs

TDy : ENERGY ABSORPTION CONTRIDUTED BY
PROTONS ARISING IN SOFT TISSUE.

ENERGY ABSORPTION {ERGS/ et/ NEUTROM

ENERGY ABSORPTION (ERGS!em® [NEUTRON)

TDa ¢ ENERGY ABSORPTION CONTRIBUTED DY

< ‘f; \\\“ PROTONS ARISING IN BONE.
“"“.En' : “.“‘.,_‘TD- TOw: TOTAL ENERGY ABSCRPTION.
o o5 -l;;; ‘‘‘‘‘ 55 Thoe o BT "-;c;'n-n“' — Ton oo
DISTAKCE d FROM SOFT TISSUE [ MICRONS) DISTANCE d FROM BONE [MICRONS)
‘Fig. 6-1. Energy absorption curve in bone layer Fig. 6-2. Energy absorption curve in soft tissue
interfaced with semi-infinite soft tissue layer interfaced with semi-infinite bone
layer. layer.

Next, the energy absorption of tissue layer sandwiched batween two bone layers is
«considered. When the bone layer thickness is fixed, the energy absorption increases with
-distance toward the tissue layer below the maximum range of protons as above mentioned.

For the bone layer thicknesses of 50, 100, 200, 500 and 1000 microns, the energy
-ahsorption curves are shown in Fig. 7-1~5. With increase in bone thickneszs, the recoil
proton energy of the bone is more efective for marrow energy absorpiion and at the
-came time the recoil proton energy of the outer tissue becomes less eifective. The change
in average energy absorptions is shown in Fig. 8. When the marrow layer thickné'sé is
‘fized and the bone layer is variable, the decrease in energy absorption becomes more
~conspicuous with decrease in distance from the interface as seen in the figure. In Fig. 9
“the changes in average energy absorptions where the bone layers are semi-infinite and 50
microns are compared for 250kV X-ray, Co® gamma-ray and 14.1 MeV neutron. The
-average energy absorption curves of the X-rays and the neutrons are in reverse relation

— 13 —
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ENERGY ADSORPTION (ERGS/ crat/ NEUTRON)

.. TDv PROTONS ARISING IN BONE.

IOy 1 ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING IN INNER S0FT TISSUE. J

TDr: ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING IN QUTER SOFT TISSUE.

TOw: ENERGY ABSORPTION CONTRIBUTED BY

. TDOwm: TOTAL ENERGY ABSORPTION.

—napo

EL2] = 1560 o0,

DISTANCE 4 FROM BONE {MICRONS)

Fig. 7-1. Energy absorption curve in soft tissue

ENERGY ARSORPTION | ERGS em?/ NEUTRON)

layer interfaced with finite bone layer
(D=1000p).

Dy : ENERGY ADSORPTION CONTRIBUTED BY
PROTONS ARISING IN INNER SOFT TISSUE. 7

Thr: ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING IN OUTER SOFT TISSUE.

The: ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING 1N BONE.

Thear TOTAL ENERGY ABSORPTION.

] TR

L57] 069 1808 oo
DISTANCE 4 FROM BONE [MICRONS)

Fig. 7-3. Energy absorption curve in soft tissue

FENERGY ABSORPTION  FROS/ et/ NEUTROK)

layer interfaced with finite bone layer
(D=200 g).

Thw

TOp : ENERGY ABSORPTION CONTAIBUTED BY
PROTONS ARISING IN INNER SOFT TISSUE. |

TDy: ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING IX OUTER SOFT TISSUE.

TDr: ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING [N BONE.

.. TDu: TOTAL ENERGY ABSORPTION.

-
1508

" 4 FROM BONE {

Fig. 7-5. Energy absorption curve in soft tissue

layer interfaced with finite bone layer
(D=50 w).

AR 2 HSTMFESMRE #23% 2

= 10"

i Dy : ENERGY ABSORPTION CONTRIBUTED BY
4 PROTONS ARISING IN INNER SOFT TISSUE. |

i

TDr: ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING IN OUTER SOFT TISSUE.

ENERGY ABSORPTION (ERGS om/ NEUTRON)

TDw: EMEROY ABSORPTION CONTRIBUTED BY
PROTONS IN BONE.

TDw: TOTAL ENERGY ABSORPTION.

———il I
) 05 o0 00 oo |
DISTANCE 4 FROM DOKE [ MICRONS)

Fig. 7-2. Energy absorption curve in soft tissue:
layer interfaced with finite bone layer:
(D=500 ).

=187

TO:: ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING IN INNER SOFT THSUE. |

TDv: ENERGY ABSORPTION CONTRIBUTED BY
PROTONS ARISING IN OUTER SOFT TISSUE.

ENERGY ABSORPTION (ERGS/ et/ NEUTRON]

TDe: ENEROY ABSORPTION CONTRIBUTED BY
PROTONS ARISING IN BONE.

TOuw TOTAL ENERGY ABSORPTION.

o 20 1000 1550 20007
DISTANCE d FROM BONE [MICRONS)

Fig. 7-4. Energy absorption curve in soft tissue
layer interfaced with finite bone layer
(D=100 w).

n =
T

AVERAGE ENERGY ADSORPTION (ERGS/em'/NEUTRON)

I s T
%5 ) 308 500 %00 Tooe

DONE LAYER THICKNESS, D{H[CRONS}
Fig. 8. The relation between bone layer thick-
ness and average energy absorption.
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1 250V X-RAY, D= SEMI-INFINITEY

1 230KV X-RAY, Ds50s ¥

1L Co-60 p=RAY, D= SEMI-INFINITE %

IV CO-60 RRAY, D= 50

v 14,1 MeV NEUTROM, D= s

VI M.l MeV NEUTRON, D= SEMI-INFINITE

RELATIVE AVERAGE ENERGY ABSORPTION

. N M -
00 2 (] wed

00
SOFT TISSUE LAYER THICKNESS { MICRONS)

Fig. 9. Average energy absorption in soft
tissue (marrow) between various
thickness of bone.

with each other.

Iﬁ this comparison, however, the effects of carbons, nitrogens and oxigens in soft tissue
are not considered. Moreover, the distribution angle of protons produced secondarily with
neutrons should also be taken into consideration. In next paper, corrections will be made
for these points and a comparative study will be attempted for the total marrow doses of
small animals by X-ray-, gamma-ray- and neutron-irradiations.

Summary

Based upon Spiers’ theory, calculation of energy absorptions was done for 14.1 MeV
fast neutrons. In this calculation, unlike X-ray and gamma-ray cases, the energy absorp-
tion at point P in a plane of bone marrow was calculated for only the effect on the bone
and the soft tissues on this side of point P from the neutron incidience direction. This
is because proton scattering takes place in front of the collision point with the neutron
from the neutron incidence direction.

As the result of calculation, the energy absorption in bone marrow decreases with
decrease in distance from the interface between the bone and the bone marrow in the
side of neutron source. These energy absorption curves were opposite in shape to those
of X-rays. The thicker the bone layer, the decrease in. the energy absorption becomes
more conspicuous. However, some correction must be done.
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