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=Abstract—=

An alternative estimator for dose equivalent was derived. The original LET distri-
‘bution concept was transformed into a charged particle fluence spectrum concept along
with the definition of an average quality factor named slowing-down averaged quality
factor by adopting the continuous slowing down approximation. With the alternative
estimator, the dose equivalent delivered into a receptor located in a given radiation
field can be directly and conveniently estimated in a Monte Carlo procedure. The slo-
wing-down averaged quality factors for the energy range below 10 MeV were evaluated
and tabulated for the charged particles which may be generated from the interactions
of neutron with the nuclei compesing soft tissue.

1. Introduction

The dose equivalent is a quantity to be used
in the radiation protection field as a measure
of the deleterious effect of radiation on hea-
Ith. Currently this radiation quantity is defi-
ned by modifying the absorbed dose by a
-dimensionless quantity called quality factor
“which is adopted to take into account the
different health effects of radiations having
different qualities;

H= J:Q(Lm) D(L.)dL. 60

‘where H is the dose equivalent, @(L.) is the
quality factor given as a function of the un-
restricted linear energy transfer (LET or sto-
pping power) L., and D(L.) is the LET dis-
tribution of absorbed dose?,

The relationship between LET in water
and quality factor is specified by the Intern-

ational Commission on Radiologica] Protection
(ICRP)®. Since photons and electrons have
low LET values, the quality factors for these
particles are assigned to 1.0. Therefore
evaluation of Eqn. (1) for photons and elec-
trons is straightforward. For neutrons, on the
other hand, the evaluation is much more
complicated because several kinds of charged
particles are generated from the interactions
of neutrons with the nuclei in tissue and the
LET values of the charged particles vary
significantly as the particles slow down in
the midium,

Jones ef al®. estimated dose equivalents by
the Monte Carlo method using the original
concept in which the LET distributions of
absorbed dose were constructed and numeri-
cally integrated. However, the construction
of the LET distribution in a Monte Carlo

procedure must be a tedious task. Similarly



Zerby and Kinney® used a transformed esti-
mator to construct rough energy distributions
of absorbed dose and to compute the dose
equivalent by use of average values of quality
factor.

Cross and Ing® calculated mean quality
factors as a function of neutron energy by
weighting the kerma in tissue for charged
particles produced from the neutron inter-
actions. The resulting mean quality factor,
along with the kerma factor, can be used in
the computation of dose equivalent by combi-
ning with any known neutron fluence spect-
rum in a medium, The fluence spectrum in
the receptor may be provided by an indepen-
dent Monte Carlo calculation. This approach,
ie., a separate calculation of neutron spectra
and quality factors, has some advantages;
the statistical errors resulting from the Monte
Carlo estimation can be reduced and the same
quality factors can be applied to calculated
spectra in-different. receptors. However this
estimation method cannot accommodate par-
ticle escape effect at the surface layer of the
receptor since the point detector concept(or
first collision concept) is employed through
the kerma approximation of absorbed dose.

In order to overcome the tediousness in the
construction of the LET distribution of abso-
rbed dose for the direct estimation of the
dose equivalent in a Monte Carlo procedure,
an alternative estimator is derived in this
study. The derivation is given in the next
section and the slowing-down averaged quality
factors, which are required for the alternative
estimation, are provided for the charged par-
ticles which may be generated from the int-
eractions of neutrons with soft tissue prescri-
bed by the International Commission on Radi-
ation Units and Measurements(ICRU)®
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9. Derivation of the Alternative Dose
Equivalent Estimator

By transforming the independent variable
in Eqn.(1), one can get

H=| f”‘@(E)D(E) dE @)

where E is the energy of the charged particle
and £, is the maximum energy the charged
particle can have. Assume a unit volume of
absorber situated in a radiation field of char-
ged particles and let the fluence per unit en-
ergy be @(E). Then the absorbed dose resulted
from the charged particles having energies
between E and E+dE, D(E)dE, is
®(E)dE-L_(E)
I
where p is the density of the medium.

D(E)dE= (3)

Under the continuous slowing down appro-
ximation (CSDA), all particles having energ-
ies greater than E should slow down through
the energy interval(E, E+dE). If we assume
that the CSDA is valid for dosimetric purp-
ose, the differential fluence in dE about E
becomes:

Ndx
14

where V is the detector volume, dx is the
track length created by the particle during
slowing down from E+dE to E and N is the

O(E)dE=

total number of charged particles whose ene-
rgies are greater than F, i.e.,

N(E) = n(E)dE,

Here the term #(E,)dE, is the number of ch-
arged particles in the energy interval(£,, FE,
+dE,) or the fluence spectrum.

Recall the definition of the linear energy
transfer, that is L.=dE/dx, to get

O(E) dE:VI.iEW "n(ENdE, @)

Substitution of Eqn. (4) into Eqn. (3) vields
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Table 1. Recommended values of quality factor and the calculated spline coefficients
Linear energy Quality Cubic spline coefficientse
transfer®, L; factord, Q;
(keV/um) > 8oj aj az; azj
3.5 1.0
1.0 1. 66608 —0.612982 0.419390
7.0 2.0
2.0 1. 42080 0.259114 0. 560274
23.0 5.0
5.0 4.41583 2. 258590 —0. 447446
53.0 10.0
10.0 7.25130 1. 138010 —0. 167440
175.0 20.0

* (a) Linear energy transfer in water(unrestricted).

(b) Recommended by the ICRP.
(¢) Used in the interpolation formula;

Q(L) =a,;+D(a;;+D(az+ayD)), Li<L<Li,

where D=log L~log L;.

D(E)dE =—df—JZ’"n (E,)dE, 5)

where m is the mass of the detector. Note
that Eqn. (5) can be directly deduced from
the concept of the absorbed dose. Equations
(2) and (5) give

=L f’”Q(E) dE|[ "n(E)dE, (6)

By changing the order of integration in
Eaqn. (6), we get

Em
1 n

= | n(E) dE| "QE)dE
or

= | AEn(E) BQ (B @)

where the term §,,(E,) is defined by
~ £
Qu(E)=1-[ "QB)aE (®)
and named slowing-down averaged quality
Jactor.*
In order to estimate the dose equivalent
using Eqn. (1) in the Monte Carlo calcula-

tion, the LET distribution of ahsorbed dose
has to be constructed first and then the int-

* The term “slowing-down averaged” is used since Eqn.
(8) represents the mean value of the quality factor for
monoenergetic charged particles of initial energy E, while
slowing down to zero energy. A simple term such as
“mean” may cause difficulty in identifying it from the
term “average” or “effective” which is termed for diffe-
rent quantity by the ICRU and ICRP,

egration is carried out by a numerical met-
hod. It is obviously a tedious task. Also many
computer storages are needed to store the
distribution data. Equation (7) can be used
directly, on the other hand, in the estimation

of the dose equivalent;

H=C 3 B0Q.(E) ©
where C is the conversion fator having value
of 1.131x 107Gy —g/eV -and w is the stati-
stical weight of the parent particle which
generates the charged particle whose contri-

bution to the dose equivalent is being estim-
ated.

3. Culculation of the Slowing-down
Averaged Quality Factors

For the calculation of the slowing-down
averaged quality factor defined by the Eqn.
(8), the quality factor - values recommended
by the ICRP as a function of the linear ene-
rgy transfer in water were represented by
cubic equations of logl using the cubic spl-
ine interpolation scheme?,

Q(L) = "a,(logL~logLy),

Li<L<Liy (10)
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Table 2. Slowing-down averaged quality factors
INITIAL CHARGED PARTICLES
ENERGY
(EV)* 0-16 C-12 N-14 H-2 H-3 HE-4 BE9 C-13 C-14 B-11
1.0000E +07 20.00 20.00 20.00 4.50 5.53 14.92 19.99 20.00 20.00 20.00
6.3096 E +06 20.00 20.00 20.00 5.65 6.90 16.95 19.99 20.00 20.00 29.99
3.9811E +06 20.00 20.00 20.00 7.08 8.49 18.56 19.98 20.00 20.00 20.00
2.5119E +06 20.00 20.00 20.00 8.69 10.12 19.58 19.97 20.00 20.00 19.99
1.5849E +06 20.00 20.00 20.00 10.30 11.56 19.80 19.95 20.00 20.00 19.99
1.0000E +06 20.00 20.00 20.00 11.72 12.67 19.65 19.92 20.00 20.00 . 19.99
6.3096 E +05 20.00 20.00 20.00 12.77 13.32 19.45 19.87 20.00 20.00 19.98
3.9811E +05 20.00 19.99 20.00 13.36 13.48 19.14 19.79 19.99 20.00 19.96
2.5119E +05 20.00 19.99 19.99 13.46 13.17 18.61 19.66 19.99 19.99 19.94
1.5849E +05 19.99  19.99 19.99 13.09 12.45 17.84 19.47 19.99 19.99 19.91
1. 0000 E +05 19.99  19.98 19.99 12.33 11.43 16.49 19.15 19.98 19.98 19.85
6.3096 E +04 19.98  19.97 19.98 11.28 10.24 14.87 18.66 19.97 19.97 19.76
3.9811F +04 19.98 19.95 19.97 10.06 8.97 13.40 17.93  19.95 19.95 19.94
2.5119E +04 . 19.96  19.91 19.95 8.78 7.77 12,16 17.29 19.92 19.93 19.40
1.5849E +04 9. 19.94 19.86 19.92 7.57 6.74 11.15 16.89 19.87 19.88 19.14
1.0000E +04 8. 19.90 19.78 19.87 6.54 5.94 10.38 16.64 19.80 19.81 18.91
6.3096 E +03 6. 19.85 19.66 19.80 5.73 5.35 9.85 16.45 19.68 19.70 18.66
3,9811E +03 5. 19.76  19.46 19.67 5.12 4.96 9.50 16.22 19.49 19.53 18.34
2.5119E +03 5. 19.62 19.14 19.49 4.70 4.73 9.28 15.92 19.20 19.256 17.91
1.5849E +03 4, 19.40 18.63 19.18 4.42 4,62 9.12 15,51 18.73 18.82 17.36
1.0000E +03 4, 19.03 17.88 18.71 4.26 4,58 8.94 14.98 18.00 18.10 16.68
6.3096 E +02 3. 18.49 16.98 17.93 4.16 4.57 8.72 14.33 17.08 17.18 15.89%
3.9811E +02 3. 17.57 15.98 16.87 4.09 4.55 8.41 13.57 16.08 16.16 14.66
2.5119E +02 3. 16.36 14.90 15.71 4.01 4.49 8.03 12.72 14.99 15.06 14.00-
1.5849E +02 3. 15.07 13.76  14.49 3.9 4.38 7.57 1L.79 13.84 13.90 12.95
1.0000E +02 3. 13.76 12.58 13.23 3.78 4.21 7.05 10.81 12.64 12.69 11.85
6.3096E +01 3. 12.43  11.37 11.¢6 3.61 4.00 6.47 9.79 11.43 11.47 10.72
3.9811E +01 2. 11.10 10.17 10.69 3.41 3.75 5.87 8.76 10.21 10.25 9.58
2.5119E +01 2, 9.81 8.98 9.44 3.18 3.48 5.26 7.75 9.02 9.05 8.46
1.5849E +01 2. 8.56 7.84 8.23 2.95 3.20 4,67 6.76 7.87 7.89 7.38
1.0000E +01 2. 7.38 6.75 7.10 2.71 2.91 4.12 5.84 6.78 6.80 6.37
6.3096 E +00 2. 6.29 5.76 6.05 2.47 2.64 3.61 5.00 5.78 5.80 5.44.
3.9811E +00 1. 5.31 4.88 5.11 2.23 2.38 3.16 4.26 4.89 4,90 4.61
2.5119E +00 1. 4.46 4,12 4.30 2.01 2.13 2.77 3.63 4.13 4.13 3. 90
1.5849E +00 1. 3.75 3.48 3.63 1.79 1.90 2.42 3.10 3.49 3.49  3.31
1.0000 E +00 1. 3.16 2.95 3.07 1.59 1.68 2.12 2.66 - 2.96 2.96 2.82
6.3096E —01 1. - 2.68 2.52 2.61 1.39 1.47 1.85 2.29 2.53 2.53 2.42
3.9811E~01 1. 2.29  2.16 2.23 1.22 128 161 1.97 2.17 2,17 2.08
2.5119E —01 1. 1.96 1.86 1.92 1.07 1.12 1.38 1.70 1.86 1.86 1.79
1.5849E —-01 1. 1.68 1.59 1.64 1.00 1.02 1.19 1.45 1.59 1.60 1.53
1.0000E —01 1. 1.43 .36 1.40 1.00 1.00 1.04 1.24 1.36 1.36 1.31
6.3096E —02 1. 1.22 1.16 1.20 1.00 1.00 1.00 1.07 1.17 1.17 1.12
3.9811E —02 1. 1.05 1.03 1.04 1.00  1.00 1.00 1.00 1.03 1.03 1.02
2.5119E —02 1. 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 -1.00
1.5849E —02 1. 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1.0000E —02 1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

(a) The initial energies of charged particles are given in equal logarithmic energy interval.
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Fig. 2. Quality factors of charged particles as a
function of their energies.
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where a,;'s are the spline coefficients, L, is
the linear energy transfer shown in Table 1
and the subscript o which denotes the infi-
nite cut-off energy in the representation of
the LET is omitted for simplicity. The reco-
mmended values of @ and the spline coeffici-

SLOWING—DOWN AVERAGED QUALITY FACTOR
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Fig. 8. Slowing-down averaged quality factors as
a function of the initial energy of the
charged particles.

ents calculated are tabulated in Table 1.

If the linear energy transfer is known for
a given value of charged particle energy, the
corresponding quality factor can be determ-
ined with Eqn. (10). By repeating these ca-
lculations, one can get E,—Q tables for each
charged particle type. In the calculation, the
LET in water was computed with the com-
puter code SPAR® which was developed to
calculate the stopping powers in any given
medium. Some modifications of the SPAR
code were made for the evaluation of Eqn.
(10) with the stopping powers calculated.
Figures 1 and 2 show the unrestricted linear
energy transfer values in water and the qua-
lity factors, respectively, as a function of the
charged particle energy for the types of cha-
rged particles which can be generated from
the neutron-tissue interaction,

Since Q(F) is a smooth function of the
charged particle energy E as shown in Fig.
2, application of the cubic spline scheme in
the E-Q(E) relationship gives



a .
QE)= Zobij (E_Ei) % EiSE<Ei+1
=
where E;'s are the tabulated energy points
and ;s are the spline coefficients. Then Eqn,
(8) can be written by

— i1
QB =3 {S( D ot D oy Doy

budy)+2n sk n oy B gy )

(11)
where 6,=FE,.,—E, and 6=E,—E;, Adoption
of this procedure in the SPAR code gives
the slowing-down averaged quality factor Q,,
as a function of the initial energy of a given
charged particle. The calculated values of Q,,
are plotted in Fig. 3 and are given in Table
2 for future applications.

4. Conclusions

A dose equivalent estimator utilizing the
charged particle fluence spectrum and the
slowing-down averaged quality factor was
derived to be adopted in the Monte Carlo
dosimetric calculations. The continuous slow-
ing down approximation was assumed in the
derivation. The new estimator can be evalu-
ated at each interaction site in the receptor
provided that the type and energy of the
secondary charged particles are determined.
Therefore the contruction of the LET or en-
ergy distributions of absorbed dose is not
needed.

Another advantage of the estimation met-
hod proposed in this study is that the com-
puter memories needed to store the LET or
energy distribution data can be saved. For
such a problem as a dep§h~dose determination
where number of detectors are defined, this
saving will be valuable.

The slowing-down averaged quality factors
which should be known for application of the
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new estimator were computed by means of a
modified version of the SPAR code. The ta-
bulated values of the slowing-down averaged
quality factors for the charged particles gen-
erated from the intractions of neutrons hav-
ing energies up to 10 MeV with soft tissue
can be used in any dosimetric calculations in
that energy. range.

An extension of this work for higher ene-
rgy particles would be interesting when more
knowledge and better modeling of the nuclear
interaction mechanism for high energy parti-
cles are achieved,
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