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This paper reviews the ICRP Publications 110 and 116 describing the reference computational phantoms and dose con-
version coefficients for external exposures. The International Commission on Radiological Protection (ICRP) in its 2007
Recommendations made several revisions to the methods of calculation of the protection quantities. In order to implement
these recommendations, the DOCAL task group of the ICRP developed computational phantoms representing the refe-
rence adult male and female and then calculated a set of dose conversion coefficients for various types of idealised external
exposures. This paper focuses on the dose conversion coefficients for neutrons and investigates their relationship with the
conversion coefficients of the protection and operational quantities of ICRP Publication 74. Contributing factors to the
differences between these sets of conversion coefficients are discussed in terms of the changes in phantoms employed and
the radiation and tissue weighting factors.

INTRODUCTION required re-calculation of the dose conversion coeffi-
]cients to replace the existing ICRP and ICRU data
sets.

This paper highlights some features of ICRP Publica-
jons 110 [5] and 116 [6], on computational phantoms
1 . : X . nd dose conversion coefficients for external exposures

tional Commission on Radiological Protection (ICRP) . A L . !
and the International Commissgion on Radiatio(n Unit hich were published jointly with the ICRU. It focuses

and Measurements (ICRU) developed a system of pr%- particular on dose conversion coefficients for neutrons

In order to implement the fundamental principles o
limitation and optimisation in practical radiological pro-
tection for workers and the general public, dosimetri
quantities are required. For this purpose, the Intern

tection quantities [1] (e.g. equivalent dose for organ nd investigates their relationship with the conversion

and tissues and effective dose) and operational quaréoeffluents of the protection and operational quanti-

I~ e
ties [2] (e.g. ambient dose equivalent and personal dod s of ICRP74 [7]/ICRU57 [8]. Contributing f_actors for_ _
equivalent). Compliance with dose limits is expresse %Erg?gzsi’slgﬁggggr;ntkt':fn?ssgﬁhgf (fr?;r:/geézlci)r? tzc;e;f(l)c(lj}
in terms of protection quantities and, for external radiatiz ecommendations
ons, is demonstrated by determination of the appropriate )
operational quantity.

In 2007, the ICRP revised the basic recommendatj
ons of ICRP Publication 60 [3] (ICRP60) for a systemtlleTERIALS AND METHODS
of radiological protection. The 2007 Recommendationgrocedures for determining protection quantities in
issued in ICRP103 [4], updated the radiation and tighe 2007 Recommendations

sue weighting factors based on the latest informatiogigre 1 shows schematically the procedure for deter-
on radiobiological consequences of radiation exposurgining the effective dose as defined in the 2007 Recom-
Another important change is that doses from extemlengations. Absorbed doses in organs and tissues are

and internal sources are calculated using the referenggsessed separately for males and females using the

computational phantoms of the human body. The revisjaference phantoms and then equivalent doses for the
ons in the methods for calculating protection quantltleérgans and tissues are calculated by applying the radia-
tion weighting factorswg . The sex-averaged equivalent

*Corresponding author: endo.akira3@jaea.go.jp doses for a reference person are obtained by averaging
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male and female values, then weighted by the tissue

Table 2. Tissue weighting factorswr

weighting factorswr, and summed over all organs and
tissues to obtain the effective dosg, Tables 1 and 2

Organ and tissue wT

show the values ofvr andwr, respectively. For neu-
trons, the values ofvg are defined by Eq. (1)-(3) in

Red bone marrow, colon, lung, stomach, brea€),12

neutron energyE, (in MeV).

’ External exposure & Radionuclide intake ‘

/ \

Male phantom Female phantom
Absorbed doses, DM | | Absorbed doses, D"

Wr

‘ Equivalent doses, H™ ‘ ‘ Equivalent doses, H;" ‘

/

‘ Sex-averaged equivalent doses, Hr ‘

Wt
‘ Effective dose, E ‘

remainder tissués

Gonads 0.08
Bladder, oesophagus, liver, thyroid 0.04
Endosteum (bone surface), brain, salivary glandg,01
skin

LRemainder tissues: adrenals, extrathoracic region, gall bladder,
heart, kidneys, lymphatic nodes, muscle, oral mucosa, pancreas,
prostate (male), small intestine, spleen, thymus, and uterus/cervix
(female).

reference male and a reference female. These reference
phantoms, published jointly by the ICRP and ICRU in
publication ICRP110 [5], are used for computation of
the ICRP/ICRU reference conversion coefficients.

Figure 2 shows images of the reference computational
phantoms. The phantoms are three-dimensional digital
representations of the human anatomy and are based on

Figure 1. Schematic for calculation of effective dose as definegbmputed tomographic data of real people. They are

in the 2007 Recommendation of ICRP [4].

Table 1. Radiation weighting factors,wg

Radiation type WR

Photons

Electrons and muons
Protons and charged pions
Alpha particles, fission fragments, heavy
ions
Neutrons

N PP

20

Ea. (1)-(3)

E, <1MeV
wr = 2.5 + 18.2 o~ [In(En)]%/6
1 MeV < E, <50 MeV

@

wr = 5.0 4 17.0 ¢~ (2E)I*/6
En > 50 MeV

2
wr = 2.5 + 3.25 ¢~ In(0-04E)]/6 3)

ICRP/ICRU reference computational phantoms

consistent with the information given in ICRP89 [9] for
the anatomical reference parameters for male and female
adults.

Each phantom is represented by a three-dimensional
array of cuboid volume elements (voxel). Each entry
in the array identifies the organ or tissue to which
the corresponding voxel belongs. The male reference
phantom consists of approximately 1.95 million tissue
voxels (excluding voxels representing the surrounding
vacuum), each with a slice thickness of 8.0 mm and an
in-plane resolution of 2.137 mm. The body height and
mass are 1.76 m and 73 kg, respectively. The female
reference phantom consists of approximately 3.89 mil-
lion tissue voxels, each with a slice thickness of 4.84 mm
and an in-plane resolution of 1.775 mm. The body
height and mass are 1.63 m and 60 kg, respectively.
There are 136 individually segmented structures in each
phantom with 53 different tissue compositions assigned
to them. The tissue compositions account for both the
elemental composition of the tissue parenchyma and
each organ’s blood content.

Calculation of conversion coefficients for
organ-absorbed doses and effective doses

By using the reference phantoms, dose conversion coef-

ficients for various types of idealised external exposures

have been calculated and published in ICRP116 [6].
Absorbed doses for organs and tissues in the reference

For the computation of organ-absorbed doses, thghantoms were calculated using the radiation trans-
DOCAL (Dose Calculations) task group of the ICRP haport codes EGSnrc [10], FLUKA [11], PHITS [12],
developed adult computational phantoms, representinddCNPX [13], and GEANT4 [14]. These codes are
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effective doses were normalised to incident particle flu-
ence and are given in units of pSv &nfFor photons of
energies up to 10 MeV, the conversion coefficients were
also tabulated as the organ-absorbed doses and effective
doses per air kerma free-in-air in units of Sv Gy

RESULTS AND DISCUSSION
Differences between Monte Carlo codes for neutrons

Figure 3 shows a comparison of fluence to absorbed-
dose conversion coefficients of the gonads for the female
phantom calculated with the PHITS, FLUKA, MCNPX,
and GEANT4 codes. Up to 20 MeV, all codes use eva-
luated cross-section data to simulate the transport and
reaction of neutrons, therefore the agreement between
the codes is good. Above 20 MeV, relative differences
Figure 2. Images of the male (left) and female (right) referencef the absorbed doses ranging from 10 % to 50 % are
computational phantoms of ICRP/ICRU. found. The difference of the absorbed doses is expec-
ted considering the use of different theoretical models
and data for simulating the interactions of neutrons in
the respective codes. Therefore, the reference dose con-

three-dimensional Monte Carlo codes having the Cag?rsion coefficients for neutrons were established from

bility to describe repeated structure and lattice geomet - ) ; h
for defining three-dimensional voxel phantoms. PHIT tltiﬁgl(t:gclzitrl\(i)gjégy applying averaging, smoothing, and

FLUKA, MCNPX, and GEANT4 were used for the
neutron calculation. These codes use evaluated neutron

cross-section data to simulate the transport and interac- I
tion of neutrons and employ kerma approximation toc 1¢°L _
evaluate energy deposition up to 20 MeV. At higher 2. Female

energies, various theoretical models are used to simulatg Gonads

nuclear reactions and energy deposition. g 1L AP geometry

Calculations of organ-absorbed doses were perforg
med specifically by members of the DOCAL task group. 3
For quality assurance purposes, data sets for give@L 0k
radiations and irradiation geometries were generated bg

O
different groups using the same reference computationd @méﬂé@@@ O FLUKA
phantoms, but different Monte Carlo codes. S o a P A MCNPX
Calculations were carried out assuming whole-bodyg 10Fs O + GEANT4
irradiation of the phantoms in a vacuum. The irradia- S P S IO R O E T R I o
tion geometries considered were unidirectional broad 10” 10° 107 10° 10” 10” 10” 107 10" 10° 10" 10" 10° 10’
parallel beams along the antero-posterior (AP), postero- Neutron energy (MeV)

anterior (PA), left lateral (LLAT) and right lateral ) .
(RLAT) axes, and 360 rotational (ROT) directions Figure 3. Absorbed-dose conversion coeffluents of the gonads
around the phantoms’ longitudinal axis. Fully isotropiéor the female phantom obtained using different Monte Carlo
(ISO) irradiation of the phantoms was also considered. codes.
The incident radiations and energy ranges conside-
red were external beams of mono-energetic photons of
10 keV-10 GeV, electrons and positrons of 50 keV ifference between voxel and stylised phantoms
10 GeV, neutrons of 0.001 eV-10 GeV, protons oP y P
1 MeV-10 GeV, pions of 1 MeV-200 GeV, muonsFigure 4 shows absorbed doses of the stomach calcula-
of 1 MeV-10 GeV, and helium ions of 1 MeV/u-ted using the voxel phantoms and those of ICRP74 [7]
100 GeV/u. evaluated from the calculations using stylised phantoms
Reference values for organ-absorbed doses were thefrsex-specific models and a hermaphrodite model. The
determined from the individual data through a procefemale voxel phantom with its smaller stature leads to
dure that included averaging, smoothing and data fittinglightly higher values compared to those of the male
where necessary. Equivalent doses for organs and tisswegel phantom. This is because the distance of the sto-
and the effective doses were derived using the procedmach to the body surface in the female voxel phantom is
res shown in Figure 1. The organ-absorbed doses asldorter compared to the male voxel phantoms.
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As shown in Figure 1, equivalent doses of organs and
tissues for the reference person are calculated by aveg- 10’
aging the male and female values. The sex- averageg
absorbed doses of the stomach obtained from the mafe
and female voxel phantoms are close to the value§ 10
calculated using the stylized phantoms. Then, the dn‘fe—‘*
rences between absorbed doses obtained from the voxgl

phantoms and the stylised phantoms are not as large. 3 10"
2
b B B B B B A B B B B B B B | k3] B
= . £ 10
e 10°F | b
; Stomach 66 d v vvd v oud v vod 4ol ol o o ool o vood v ol 3l
2 PA geometry 10° 10° 107 10° 10° 10" 10° 10” 10" 10° 10" 10° 10 10°
g 10° E - Neutron energy (MeV)
OJ
3 - .
E O Voxel phantom-Male Figure 5. Effective dose per neutron fluence.
s 10k O Voxel phantom-Female ]
é +  Stylised phantoms
© ol
GJ
LI @@MM% """ 400 keV and above 50 MeV, while they show good
v 8 g8 agreement at intermediate energies.
il ound ound sl ol v v oind sl sl ool sl sl ol Figure 6(b) shows the ratios of effective dose con-

10° 10107 10° 10” 10" 10° 10 10" 10° 10" 10’ 10’ 10°  version coefficients presented in Figure 6(a) as well
as the ratios of thevr values used for the respective
calculations recommended in ICRP103 and ICRPG60. It
Figure 4. Comparison of absorbed dose conversion coeffigian he seen that the differences in effective doses from
ents for the stomach calculated using the voxel and stylisqgspp116 compared to those from ICRP74 are mainly
phantoms. due to the use of the values afg as recommended
in ICRP103. The differences between the ratios of the
effective dose andr also indicate that the use of refe-
rence phantoms and the updated values contributes
Effective doses for neutrons and comparison with  to the change of the effective dose in ICRP116. Howe-
ICRP74 ver, these effects are smaller compared to the effect
Ftroduced by the updated values ©f;, as shown in

Neutron energy (MeV)

Figure 5 shows the effective dose conversion coefficien

for neutrons for various irradiation geometries as a fun “igure 6(b).

tion of incident neutron energy. As the breast, colon,

stomach and lungs, the organs with the highest values

of wr, are located near the front of the body, values e e e
of effective dose conversion coefficients for AP irra-& g ' f  (a)

m

diation geometry are the highest among all irradiatioly 3 .
geometries for neutrons up to 50 MeV. b < 107 AP geometry 73
Above 10 MeV, the effective dose continues tcZ € o'l —e—ICRP74 |
increase with neutron energy for PA, RLAT, LLAT, ROT, £ £ 2 —o0—|ICRP116
and ISO irradiation geometries. For the AP geome 1 [ S
try above 10 MeV, the effective dose decreases slight “T (b) %‘ ]
AP~ 2

with increasing neutron energy until around 300 MeV a 10
which point the AP effective dose continues to increas \
with increasing neutron energy. The highest ISO value _ f wR»ICRP117:5\‘\ ]
are found above 2 GeV, since high-energy neutrons ci e ===~ T,IcRPI. -
deposit more energy at deeper locations in the body 0.4
inducing a cascade of secondary particles, depending
incident angle and position.

Figure 6(a) shows the effective dose conversion coefigure 6. Comparison of effective dose conversion coefficients
ficients for AP irradiation geometry, from ICRP116 and andwg between ICRP Publications 116 and 74.
ICRP74. In ICRP74, the conversion coefficients are eva-
luated up to 180 MeV. The values in ICRP116 are lower
than those given in ICRP74 for neutron energies below

Ratio

b A B B B B LA BLALLL B B AL B B IR
10° 10° 107 10° 10° 10* 10° 107 10™ 10° 10" 10° 10° 10°
Neutron energy (MeV)
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Comparison of effective doses with operational ratios depending strongly on the neutron fields. This
guantities tendency is attributed to the differences in the effec-

. . . tive dose conversion coefficients between ICRP116 and
Figure 7 compares the ratios of effective dose conveg

sion coefficients for AP and I1SO irradiation geometrie Ss%Zf&gn?ntlgﬁenﬁgart?gnegggg sfp%gg'\? f gz)%gfestg?c'
from ICRP116 and ICRP74 to those &"(10), for nd ‘Am-Be, in glovebox’, neutrons of several MeV
energies up to 200 Mev. The ratios using the effectw%) several tens of MeV are present and differences in
dose conversion coefficients from ICRP116 are smgl-e ratios are small, since the valuessst are unchan-
ler, compared to those from ICRP74 below hundre ged in this energy range. However, in the neutron fields
of keV, the energy range where the valuesm{.are f ‘Tohoku U. 35 MeV Cyclotron’ and ‘BWR, maze
rAePdu_ceo(Ij,_ a(_:cordmg to the 2%07 Recpmmendatg)n,\i. ?rrltrance’ neutrons below 1 MeV are dominaﬁt and the
irradiation geometry and energies up to ev, .. ' . X
H™(10) conservatively estimates the effective dose, retlccizaosfeecf)figtmethdigséié?éy(rlé)r?ggecrease due to the
defined in ICRP116. Above 3 MeV/" (10) underesi- Figure 8 also shows that the .ratios of the effec-
mates the effective dose, except for energies betweﬁ

o * e doses based on ICRP116 k5" (10) are less than
10 and 50 MeV. For ISO irradiation geometd,” (10) nity except for the ‘CERN, concrete’ situation. The

is conservative in its estimate of the effective dose i g :

ICRP116 up to 75 MeV, but underestimates the effectiveeSUItS |nd||cz(ajtef_theg thg opera’ilonal quantity r(]l()),

dose above this energy. ds currently defined, adequately represents the protec-
) tion quantities and provides a satisfactory basis for most

measurements in radiological protection against exter-

S — nal radiation. However, the result for ‘CERN, concrete’
——E,-ICRP74/H*(10) where the ratios exceed unity, demonstrates a need to
20 F e £ iICRPLL6/H*(10) 1 further examine the relationship between the operational
—=-—E_-ICRP74/H*(10) and protection quantities.
1.5 = =" ", ICRP116/H*(10) \
S
= T T T T T
5, - /\V,: — JicRP74 | |
w Pl
\/ PSR A V/JICRP116
PPN A 10t 7 1
o 7 . b _ o
05 g e\~ T =) 7 M
Ry SRR NN g
----- P N/ 2 08f 1
o0 1:19 1;)'8 1:1’ 1-(.)'s 1:15 1-(.)'4 12)'3 1-;)'Z 12)'1 ;0° 1:)1 1-.0Z Eﬁ 06r | 1
WS 7 7
Neutron energy (MeV) 7
0.4} 1
Figure 7. Ratios of effective dose t&/*(10) for mono-
energetic neutronsEap, effective dose for AP irradiation 02l |
geometry;E1so, effective dose for ISO irradiation geometry. '
0.0
. . xe ot N N\ &
Neutron fields to which workers are exposed have a cO(\de q}(,\\e“ @(\&e C\c\o“o e(\@“
wide energy distribution. In the following, the impact of PENNPPAN & RO
adopting dose conversion coefficients from ICRP116 for RN \)\)?f’ N\
radiation monitoring and dose assessment is analysed /\ox\o\‘

for some operational neutron fields. The analysis is per-

formed for accelerator facilities, an irradiation facilityFigure 8. Ratios of calculated effective doses based on
and nuclear power plants. The neutron energy spectfsRP116 and ICRP74 to the corresponditig(10) for various
are taken from the IAEA Technical Report 403 [15]. operational neutron fields.

The effective doses in the neutron fields are calculated

by assuming AP irradiation geometry using the conver-

sion coefficients from ICRP116 and ICRP74 and then

compared tad*(10) from ICRP74.

Figure 8 shows the ratios of the calculated effecc-:ONCI‘USIONS
tive doses from ICRP116 and ICRP74 respectively tdhis paper briefly reviews the reference computational
the correspondindf * (10). As expected from Figure 6, phantoms and dose conversion coefficients for exter-
the values of the effective doses based on ICRP1Ifl exposures which were published jointly by ICRP
are generally lower than those based on ICRP74, tlend ICRU [5, 6]. Both these publications appeared
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as a consequence of the ICRP 2007 Recommenda8- International Commission on Radiological Protec-
ons [4] to implement these recommendations, the ICRP  tion. Conversion Coefficients for Radiological Pro-

has developed reference computational phantoms repre- tection Quantities for External Radiation Exposures.

senting the adult male and female. These phantoms |crp publication 116. Ann. ICRP 40(2-5), Elsevier
are used to calculate reference dose conversion coef- (2010)

ficients for external and internal sources. Using th? Int tional C . Radiological Protec-
reference phantoms and methodology consistent with: | crnational Lommission on Radiological Frotec
the 2007 Recommendations, dose conversion coeffici- t1ON- Conversion Coefficients for Use in Radiolo-
ents for both effective doses and organ-absorbed doses gical Protection against External Radiation. ICRP
for various types of idealised external exposures have Publication 74. Ann. ICRP 26(3-4), Pergamon Press
been calculated. These data sets supersede the existing(1996).

ICRP/ICRU data sets [7, 8], and expand the particle8. International Commission on Radiation Units and
types and energy ranges. For neutrons, the new effective Measurements. Conversion Coefficients for Use in

dose conversion coefficients become smaller compared Ragiological Protection against External Radiation.
to those in ICRP74, for energies below hundreds of |~grp Report 57. Bethesda, MD (1998).

keV. This is mainly due to the decrease of the radiatio
weighting factors for neutrons, and the effects of anato=" i Basic Anatomical and Phvsiological Data f
mical differences between the reference voxel phantoms ion. basic Anatomical and Fhysiological Data for
and the stylised phantoms and the update of the tissue US€ in Radiological Protection Reference Values.
weighting factors are relatively small. Comparisons of |CRP Publication 89. Ann. ICRP 32(3-4), Perga-
effective doses and ambient dose equivalents in several mon Press (2002).

operational neutron fields indicate that the ambient do$@. Kawrakow, |., Mainegra-Hing, E., Rogers, D. W.
equivalent still adequately represents the effective doses O., Tessier, F., and Walters, B. R. B. The EGSnrc
and provides a satisfactory basis for most measurements Code System: Monte Carlo Simulation of Electron

International Commission on Radiological Protec-

for radiological protection against external radiation. and Photon Transport. PIRS Report 701. National
Research Council of Canada, Ottawa (2009).
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