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A STUDY OF THE ANGULAR DEPENDENCE PROBLEM IN
EFFECTIVE DOSE EQUIVALENT ASSESSMENT

X. G. Xu, W. D. Reece, and J. W. Poston, Sr.*

Abstract-The newly revised American National Standard
N13.11 (1993) includes measurements of angular response as
part of personnel dosimeter performance testing. However, data
on effective dose equivalent (HE)' the principle limiting quantity
defined in International Commission on Radiological Protection
(ICRP) Publication 26 and later adopted by u.S. Nuclear
Regulatory Commission (NRC), for radiation incident on the
body from off-normal angles are little seen in the literature. The
absence of scientific data has led to unnecessarily conservative
approaches in radiation protection practices. This paper pre
sents a new set of f1uence-to-HE conversion factors as a function
of radiation angles and sex for monoenergetic photon beams of
0.08,0.3, and 1.0 MeV. A Monte Carlo transport code (MCNP)
and sex-specific anthropomorphic phantoms were used in this
study. Results indicate that Anterior-posterior (AP) exposure
produces the highest HE per unit photon f1uence in all cases.
Posterior-anterior (PA) exposure produces the highest HE
among beams incident from the rear half-plane of the body. HE
decreases dramatically as one departs from the AP and PA
orientations. The results also indicate that overestimations
caused by using isotropic dosimeters in assessing effective dose
equivalent from near-overhead and near-underfoot exposures
are 550%, 390%, and 254% for 0.08, 0.3, and 1.0 MeV,
respectively. Comparisons of the angular dependence ofHE with
those based on the secondary quantities defined in International
Commission on Radiation Units and Measurements (ICRU)
Reports 39, 43, and 47 show significant differences. This paper
discusses why more accurate assessments of HE are necessary
and possible. An empirical equation is proposed which can be
used as the optimum dosimeter angular response function for
radiation angles ranging from 0° to 90° for dosimeter calibra
tion, performance testing, and design.
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INTRODUCTION

Born EFFECTIVE dose equivalent (HE), as defined in
ICRP Publication 26 (1977), and the response of do
simeters used to assess HE depend not only on exter
nally incident radiation energy, but also on incidence
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angle. Monte Carlo computer calculations using an
thropomorphic phantoms have provided information
on organ dose distributions and HE for normally
incident radiation angles, as discussed next. However,
the variation of these quantities with incidence angle
has not been thoroughly studied and the uncertainties
associated with assessment of HE involving radiation
at off-normal angles have not been determined. ICRP
Publication 51 (1987) summarized the then-current
data on HE calculations for external exposures, but
only covered idealized exposure geometries, e.g., AP,
PA, and LAT. Many dosimetry standards and regula
tory guides are nonspecific about the dosimeter angu
lar response problem and have caused confusion in
practice. For example, ANSI N13.11 (1983) required
measurement of dosimeter response at angles between
-85° and +85°, but no guidance was provided to
evaluate the results. Consequently, angular response
measurements were not implemented as part of the
National Voluntary Laboratory Accreditation Pro
gram (NVLAP 1987) for personnel dosimetry.

A new set of quantities for radiation protection,
based on the ICRU spherical phantom, was proposed
in ICRU Report 39 (ICRU 1985) along with the rec
ommendation that these quantities be used as a con
servative estimate of HE' The validity of these quan
tities was discussed in ICRU Report 43 (ICRU 1988).
The new ANSI N13.11 (1993) includes angular re
sponse in their criteria for personnel dosimeter testing
under a special category. Responses at 0°, ±40°, and
±60° are tested against the reference response func
tion based on the ICRU 39 quantity, individual dose
equivalent, defined on a water-filled cubic phantom.
However, because little data exists on HE for radiation
incident at non-perpendicular angles. The question of
how the results for HE (using an anthropomorphic
phantom) and ICRU 39 quantities (using simplified
phantoms, such as the ICRU Sphere) would compare
for non-perpendicular exposures still remains.

Recently calculations of HE for a range of realistic
exposures were performed at Texas A&M University
(Reece et al. 1994), in part, because the methodology
recommended in ICRP Publication 26 (ICRP 1977) has
been adopted in the latest revision of the Title 10 Part
20 ofthe code of Federal Regulation (U.S. NRC 1991).
The need to match dosimeter angular response char
acteristics to certain dose equivalent quantities (e.g.,
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HE) has been discussed widely (Sims 1991; Piltingsrud
and Roberso~ 1992; ICRU 1992; ANSI 1993). How
ever, very lIttle was known about how HE varies
exactly with incident radiation direction.

As part of the Texas A&M University study, this
paper focuses on the angular-dependent aspects of H
and their implications for radiation protection. Ne~
sets of fiuence-to-HE conversion factors as a function
of incident angle for monoenergetic photon beams of
0.08, 0.3, and 1.0 MeV are presented along with
discussi?ns on uncertainties in assessment of HE using
conventIOnal dosimetry. An empirical angular re
sponse function is proposed for dosimeter calibration,
performance testing, and dosimeter design. Results
are also compared with ICRU 39 quantities and their
differences are discussed.

MATERIALS AND METHODS

Monte Carlo simulation and anthropomorphic phantoms
The Monte Carlo Neutron and Photon (MCNP)

!ransport code wa~ used to simulate photon transport
m anthropomorphIc sex-specific phantoms. MCNP,
dev~loped at the Los Alamos National Laboratory, is
avaIlable from the Radiation Shielding Information
Center (RSIC 1991). The phantoms, representing a
standard adult male and an adult female, are based on
work by Cristy and Eckerman (1987). These phantoms
are based, in. turn, on previous work by Cristy (1980),
and the earlIer developments of Fisher and Snyder
(1967). In these phantoms, the organs and the exterior
s!tape of the body, for both sexes, are defined by
SI~ple, mathematical equations, such as cylinders,
ellIpsOIds, cones or their combinations. The detailed
treatment of the phantoms in the MCNP input file can
be found elsewhere (Reece et a1. 1994).

Sex-specific organ weighting factors and
remainder organ

The effective dose equivalent, HE' is defined as

(1)
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where W T is the tissue weighting factor for tissue T
and H T .is t~e dose equivalent for tissue T (ICRP 1977):
The weightmg factors are age- and sex-averaged tissue
weighting factors assuming a population of 50% male
and 50% female. A set of sex-specific tissue weighting
factors was developed for our work based on risk
coefficien!s p~blished by Kramer and Drexler (1982).
These weightmg factors reduce to the values in ICRP
Publication 26 when averaged for a population of equal
numbers of males and females. The effective dose
equivalent for females and males then can be calcu
lated separately by using following equations:

(2)

and

H'R = Lw'TH'f!, (3)
T

where the superscripts f and m denote female and
male, respectively. It can be shown (Xu 1994) that the
s~mple arithm~tic mean of eqn (2) and eqn (3) would
Y:Ield eqn (1); I.e., H E = (Hf + HE)/2. The sex-specific
fIsk coefficients and weighting factors used in our
stud~ ar~ presented in Table 1, along with the ICRP
PublIcatIOn 26 average values. Because the total risk
for females is higher than for males, the total weighting
factor is also higher for females.

The six major tissues (gonads, breast, lungs, red
bo~e marro,,:, thyroid, and bone surfaces) are directly
assIgned weightmg factors. Organs which are less
sensitive to radiation effects such as the stomach
heart, spleen, etc. are grouped together in a category
called "remainder." The "remainder" category has a
weighting factor of 0.3 and the ICRP recommended
"that a value of WT = 0.06 is applicable to each of the
five organs or tissues of the remainder receiving the
highe,st, dos~ equivalents and that the exposure of the
remammg tissues can be neglected" (ICRP 1977).
There has been some discussion in the literature as to
which organs and tissues should or should not be
included in the list for the "remainder" (e.g., Kramer
and Drexler 1982). In our study, any organ modeled in

Table 1. Gender specific and averaged risk coefficients and organ weighting factors.

Risk coefficient Weighting factor" {eRr average

Organ

Gonads
Breast
Lung
Red bone marrow
Thyroid
Bone surface
Remainder
Totals

40
50
20
20
7
5

50
192

40
o

20
20
3
5

50
138

Female, u{ Male, WF
0.25 0.25
0.30 0.00
0.10 0.12
0.10 0.12
0.04 0.02
0.03 0.03
0.30 0.30
1.12 0.84

40
25
20
20
5
5

50
165

Weighting, W T

0.25
0.15
0.12
0.12
0.03
0.03
0.30
1.00

" ., afr aT 1
These welghtmg factors are calculated by wt:T = -, wm - w\'th -f f + m)'" T -~, aT = _\l1"T aT'

LJaT LJaT 2
T T
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the Cristy-Eckerman phantoms is included in the
search for those five with the highest dose equivalent
and these five are used to calculate the dose equivalent
to remainder. By making the list as inclusive as
possible, the highest assessed dose is assured. Our
results later show that the tissues or organs comprising
the "remainder" are rather different depending on
radiation energy and direction.

Photon energies and source geometries
Three photon energies, 0.08, 0.3, and 1.0 MeV,

were used to map the variation of the HE as a function
of incident angle for broad parallel beam sources.
These energies adequately bound the photon energies
most frequently found in a nuclear power facility.
Since HE varies slowly with photon energy (ICRP
1987), other energies may be interpolated from these
data. By limiting our consideration to these three
energies, more time was spent investigating the angu
lar dependence characteristics of HE.

Broad parallel-beam is the easiest source geome
try to understand and characterize and may be the
most common source geometry encountered in the
workplace. It is also the most prevalent source geom
etry reported in the literature, giving us ample data for
early checks on our calculations. The broad parallel
beam is also the source geometry required for dosim
eter calibration and performance testing (ANSI 1993).
Diverging beams arising from an isotropic point source
were also studied (Reece et aI. 1994) but are not used
for this study.

A standard polar-azimuthal angle system was
used to specify the three-dimensional angles that de
scribe the incident beam (see Fig. 1). Polar angles from
0° (beam directly overhead) to 180° (beam directly
underfoot) were considered. Looking down from above
the torso, azimuthal angles were considered from 0°
(beam incident on the front of the torso) to 180° (beam
incident on the rear of the torso) and continuing around
the torso to 360° back to the front of the torso. Parallel
beams striking the torso frem the front to the back at
right angles to the long axis of the body are termed
anteroposterior irradiation geometry (AP). Conversely,
parallel beams striking the torso from the back to the
front are termed posteroanterior irradiation geometry
(PA). And beams striking the torso from either side are
termed lateral irradiation geometry (LAT). Besides
these standard beam angles, beams at other angles of
incidence were considered at sufficient solid angle inter
vals so that effective dose equivalent can be calculated
by interpolation for any arbitrary beam angle.

Our computational operation was as follows. A
geometry was selected by specifying a polar-azimuthal
angle pair and MCNP was run for each of the three
photon energies. After each MCNP run, a post
processor code extracted the necessary information
from the approximately 6 Mbyte output. The informa
tion extracted by the post-processor code included
organ doses, estimated error in the organ dose, and
parts of the input deck to assure that the correct file

z

x

.y

Front
Fig. 1. An example of the polar-azimuthal angle system. Polar
angles range from 0° (beam directly overhead) to 1800 (beam
directly underfoot). Looking down from the torso from above,
azimuthal angles range from (f (beam incident on the front of the
torso), to 1800 (beam incident on the rear of the torso), and
continuing around the torso to 360" back to the front of the torso.

was processed. From this subset of the output deck,
the post-processor code calculated HE based on the
sex-specific weighting factors and the organ doses.
Once these steps are completed, another angle is
chosen and the process is repeated until sufficient
angles have been studied so that simple interpolation
will yield HE with minimal error at any angle.

RESULTS AND DISCUSSION

Comparison of our results with ICRP Publication 51
Benchmark tests were performed during the early

stages of our work for the standard normal incidence
angles, i.e., AP, PA, and LAT. Comparison of the
results from our calculations with those in ICRP
Publication 51 (1987) are presented in Table 2 and Fig.
2. The data indicate good agreement in HE over the
entire photon energy range. The largest difference is
about 12% for the PA exposure with 0.08 MeV pho
tons. All other values on HE agree within 10%, which
is excellent agreement, considering that different
transport codes, slightly different phantoms, and sex
specific weighting factors were used. The comparisons
of organ dose equivalent to major organs or tissues
indicate smaller disagreements « 6%) between our
calculations and the ones shown in ICRP Publication
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Table 2. Comparison of the HE calculated in this study with
ICRP 51 values for the anterior-posterior (AP), the posterior
anterior (PA), and the lateral (LAT) geometries.

Photon energy ICRP-51 This study"
Geometry (MeV) (10- 12 Sv cm-) (10- 12 Sv cm-)

0.08 0.45 0.482 ± 0.009
AP 0.30 1.56 1.559 ± 0.026

1.00 4.60 4.555 ± 0.077
0.08 0.34 0.395 ± 0.007

PA 0.30 1.30 1.297 ± 0.023
1.00 4.18 4.048 ± 0.070
0.08 0.21 0.229 ± 0.005

LAT 0.30 0.89 0.895 ± 0.014
1.00 3.24 3.215 ± 0.056

a Average HE and associated statistic errors for male and female.
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51 (1987) for the exposure angles considered. The
influence of sex-specific weighting factors on the re
sults of HE is important and a more detailed discussion
on this issue can be found elsewhere (Xu 1994).

Summary of the results for beam geometry
After confirming our methodology, phantom, and

calculation techniques more computer runs were per
formed for other angles of incidence. The angles
considered in this study are azimuthal angles at 0°, 45°,
75°,90°, 105°, 1350, 180°, 225°, 255°, 270°, 285°, 315°,
and 360° and polar angles at 0°,150, 45°, 90°,1350, 1650,
and 180°. This provided sufficient detail so that simple
interpolation through any two adjacent angles would
be equal to or less than the 4% error inherent in the
MCNP calculations.

Tables 3, 4, and 5 present effective dose equiva
lent (HE) per unit photon fluenee as a function of

Energy (MeV)

Fig. 2. Comparison of the HE calculated in this study with
ICRP 51 values for the anterior-posterior (AP), the posterior
anterior (PA), and the lateral (LAT) geometries.

incident angles and sex for 0.08, 0.3, and 1.0 MeV
photon beams, respectively. To illustrate the results,
these data were used to construct 3-D surface plots
shown in Figs. 3, 4, and 5. For all energies considered,
several important results are as follows:

1. Beams striking the front torso normal to the body's
long axis (AP) result in the highest HE per unit
photon fluence. The AP geometry corresponds to
the highest peak in each of the surface plots (Figs.
3,4, and 5).

2. The PA exposure proved to cause the highest HE
per unit photon fluence among beams incident from

Table 3. HE for 0.08 MeV photon beams per unit fluence incident in various angles on sex-specific anthropomorphic phantoms.
Polar angles range from 0° (overhead direction) to 180° (underfoot direction). Azimuthal angles range clockwise from 00 (front
of the torso) to 1800 (rear of the torso), and continuing around the torso to 3600 (front of the torso again).

Conversion factors for 0.08 MeV photon (10- 12 Sv cm2
)

Polar angle

ooa 15° 45° 90° 135° 165° 1800b

Azimuthal
angle Female Male Female Male Female Male Female Male Female Male Female Male Female Male

00 0.167 0.065 0.238 0.148 0.417 0.327 0.543c 0.421c 0.410 0.340 0.188 0.167 0.083 0.103
45° 0.167 0.065 0.221 0.118 0.349 0.270 0.466 0.362 0.336 0.276 0.165 0.146 0.083 0.103
75° 0.167 0.065 0.186 0.085 0.275 0.177 0.327 0.242 0.240 0.187 0.130 0.117 0.083 0.103
900 0.167 0.065 0.168 0.076 0.232 0.139 0.266d 0.186d 0.190 0.116 0.103 0.082 0.083 0.103

105° 0.167 0.065 0.144 0.079 0.221 0.147 0.281 0.195 0.182 0.115 0.080 0.038 0.083 0.103
135° 0.167 0.065 0.135 0.092 0.258 0.204 0.351 0.272 0.220 0.182 0.071 0.049 0.083 0.103
180° 0.167 0.065 0.141 0.111 0.314 0.252 0.443c 0.347c 0.286 0.241 0.083 0.069 0.083 0.103
225° 0.167 0.065 0.135 0.095 0.263 0.208 0.355 0.278 0.241 0.189 0.073 0.051 0.083 0.103
255° 0.167 0.065 0.145 0.080 0.223 0.147 0.293 0.202 0.192 0.123 0.084 0.039 0.083 0.103
2700 0.167 0.065 0.168 0.077 0.241 0.145 0.276d 0.188d 0.198 0.119 0.106 0.088 0.083 0.103
285° 0.167 0.065 0.190 0.086 0.283 0.184 0.338 0.244 0.235 0.184 0.133 0.117 0.083 0.103
315° 0.167 0.065 0.217 0.119 0.355 0.271 0.446 0.370 0.335 0.273 0.166 0.149 0.083 0.103
360° 0.167 0.065 0.238 0.148 0.417 0.327 0.543c 0,421c 0.410 0.340 0.188 0.117 0.083 0.103

a This column corresponds to the overhead irradiation geometry.
b This column corresponds to the underfoot irradiation geometry.
c These data correspond to the anterposterior (AP) irradiation geometry.
d These data correspond to the lateral (LAT) irradiation geometry.
e These data correspond to the posteroanterior (PA) irradiation geometry.
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Table 4. HE for 0.3 MeV photon beams per unit fiuence incident in various angles on sex-specific anthropomorphic phantoms.
Polar angles range from 00 (overhead direction) to 1800 (underfoot direction). Azimuthal angles range clockwise from 00 (front
of the torso) to 1800 (rear of the torso), and continuing around the torso to 3600 (front of the torso again).

Conversion factors for 0.3 MeV photon (10- 12 Sv cm2)

Polar angle

0"8 15° 45° 90° 135° 1650 1800b

Azimuthal
angle Female Male Female Male Female Male Female Male Female Male Female Male Female Male

0° 0.727 0.255 0.936 0.610 1.483 1.137 1.785c 1.333c 1.507 1.155 0.796 0.659 0.392 0.429
45° 0.727 0.255 0.872 0.505 1.341 1.005 1.584 1.199 1.276 0.999 0.704 0.576 0.392 0.429
750 0.727 0.255 0.791 0.344 1.087 0.715 1.283 0.908 0.979 0.761 0.559 0.483 0.392 0.429
90° 0.727 0.255 0.706 0.297 0.931 0.547 1.059d 0.707d 0.796 0.499 0.448 0.353 0.392 0.429

105° 0.727 0.255 0.593 0.286 0.888 0.542 1.068 0.717 0.749 0.467 0.341 0.151 0.392 0.429
1350 0.727 0.255 0.542 0.337 0.949 0.691 1.245 0.872 0.863 0.623 0.284 0.183 0.392 0.429
180" 0.727 0.255 0.608 0.405 1.122 0.821 1.503" 1.092" 1.038 0.850 0.329 0.264 0.392 0.429
2250 0.727 0.255 0.536 0.336 0.976 0.708 1.259 0.895 0.900 0.654 0.291 0.198 0.392 0.429
2550 0.727 0.255 0.590 0.290 0.880 0.555 1.110 0.732 0.784 0.486 0.349 0.162 0.392 0.429
270° 0.727 0.255 0.706 0.291 0.950 0.579 1.086d 0.728d 0.830 0.503 0.454 0.365 0.392 0.429
285° 0.727 0.255 0.778 0.351 1.112 0.733 1.301 0.905 0.968 0.752 0.568 0.466 0.392 0.429
3150 0.727 0.255 0.875 0.488 1.318 1.003 1.575 1.219 1.290 0.977 0.693 0.583 0.392 0.429
360° 0.727 0.255 0.936 0.610 1.483 1.137 1.785c 1.333c 1.507 1.155 0.796 0.659 0.392 0.429

8 This column corresponds to the overhead irradiation geometry.
b This column corresponds to the underfoot irradiation geometry.
c These data correspond to the anterposterior (AP) irradiation geometry.
d These data correspond to the lateral (LAT) irradiation geometry.
" These data correspond to the posteroanterior (PA) irradiation geometry.

the rear half-plane of the torso. Beams incident on
the rear half-plane of the torso result in a relatively
smaller HE than beams incident from frontal half
plane. HE per unit fiuence from PA exposure ranges
from about 80% of that from AP exposure for 0.08
MeV photon and to 90% for 1.0 MeV photon. This
difference occurs because more critical organs are
located toward the front of the body.

3. HE is, in general, higher for females than males for
the same energy and incidence angle. However, for
0.08 MeV photon beams incident from directly
underfoot, the dose equivalent to male gonads is
significant and HE is larger for males than for
females by almost 20%.

4. HE falls dramatically as one departs from the AP or
PA position. The smallest HE among azimuthal

Table S. HE for 1.0 MeV photon beams per unit fiuence incident in various angles on sex-specific anthropomorphic phantoms.
Polar angles range from 00 (overhead direction) to 1800 (underfoot direction). Azimuthal angles range clockwise from 00 (front
of the torso) to 1800 (rear of the torso), and continuing around the torso to 3600 (front of the torso again).

Conversion factors for 1.0 MeV photon (10-12 Sv cm2)

Polar angle

0°8 15° 45° 900 135° 165° 1800b

Azimuthal
angle Female Male Female Male Female Male Female Male Female Male Female Male Female Male

0° 2.73 1.09 3.24 2.37 4.82 3.51 5.28c 3.83c 4.78 3.56 3.00 2.35 1.48 1.44
45° 2.73 1.09 3.09 2.07 4.32 3.28 4.72 3.59 4.35 3.20 2.73 2.12 1.48 1.44
75° 2.73 1.09 2.87 1.52 3.87 2.68 4.36 3.08 3.58 2.71 2.11 1.68 1.48 1.44
90° 2.73 1.09 2.69 1.27 3.45 2.26 3.83d 2.55d 3.14 2.09 1.72 1.44 1.48 1.44

105° 2.73 1.09 2.31 1.19 3.34 2.14 3.80 2.64 2.86 2.00 1.38 0.81 1.48 1.44
135° 2.73 1.09 2.24 1.39 3.48 2.47 4.16 2.94 3.28 2.41 1.31 0.87 1.48 1.44
180° 2.73 1.09 2.59 1.62 3.86 2.82 4.73" 3.37" 3.74 2.94 1.45 1.26 1.48 1.44
225° 2.73 1.09 2.22 1.37 3.59 2.53 4.20 2.89 3.32 2.41 1.36 0.94 1.48 1.44
255° 2.73 1.09 2.33 1.20 3.28 2.14 3.85 2.65 3.01 2.05 1.40 0.85 1.48 1.44
270° 2.73 1.09 2.67 1.25 3.47 2.22 3.88d 2.60d 3.26 2.07 1.76 1.42 1.48 1.44
285° 2.73 1.09 2.89 1.56 3.94 2.75 4.44 3.14 3.55 2.74 2.13 1.73 1.48 1.44
315° 2.73 1.09 3.11 2.06 4.41 3.32 4.93 3.71 4.27 3.24 2.68 2.07 1.48 1.44
360" 2.73 1.09 3.24 2.37 4.82 3.51 5.28c 3.83c 4.78 3.56 3.00 2.35 1.48 1.44

8 This column corresponds to the overhead irradiation geometry.
b This column corresponds to the underfoot irradiation geometry.
c These data correspond to the anterposterior (AP) irradiation geometry.
d These data correspond to the lateral (LAT) irradiation geometry.
C These data correspond to the posteroanterior (PA) irradiation geometry.
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Fig. 3. Effective dose equivalent, HE' per unit fluence incident in various angles on sex-specific anthropo
morphic phantoms for 0.08 MeV photon beams (left panel for male and right panel for female).

angles occurs for the LAT geometry. HE at LAT
exposures ranges from 40% to 70% of the HE for the
AP geometry depending on photon energy and sex.
The smallest HE among the polar angles occurs for
underfoot exposure for females and for overhead
exposure for males. HE for underfoot geometry is
about 15%, 22%, and 28% of that for AP geometry
for 0.08, 0.3, and 1.0 MeV photons for females,
respectively. HE for overhead geometry is about
15%, 19%, and 28% of that for AP geometry for 0.08,
0.3, and 1.0 MeV photons for males, respectively.
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Estimated errors in the assessment of HE using an
isotropic personnel dosimeter

HE arising from radiation incident from off-normal
angles has been largely a matter of conjecture in the
past. Radiation incident obliquely on the body was
treated as equally harmful as radiation incident from
front to the back at a right angle to the long axis of the
body. In dosimeter performance testing (ANSI 1983),
the delivered doses are all treated the same regardless
of the irradiation angles relative to the front face of the
dosimeter. This approach tacitly assumes that the
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Fig. 4. Effective dose equivalent, HE' per unit fluence incident in various angles on sex-specific anthropo
morphic phantoms for 0.3 MeV photon beams (left panel for female and right panel for male).
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6

Fig. 5. Effective dose equivalent, HE' per unit fluenee incident in various angles on sex-specific anthropo
morphic phantoms for 1.0 MeV photon beams (left panel for female and right panel for male).

ideal dosimeter angular response function is indepen
dent of the angle of exposure. For this reason, person
nel dosimeters with decreasing responses at increasing
angles were considered as defective (Akabani and
Poston 1990). Another example is that when exposure
to source at off-normal angles is anticipated, multiple
dosimeters were often used in nuclear power facilities,
and the highest value among these measurements was
taken as the estimate of the HE regardless of the
locations of the dosimeters (U.S. NRC 1981; U.S.
NRC 1983).

In many radiation environments, AP geometry is
the most important exposure geometry since workers
tend to face the source with the dosimeter worn on the
front of the body. However, scattering of radiation
from walls or movement of a worker may also result in
radiation impinging from other directions on the body
as well as the dosimeter. Radiations incident from
angles that are not perpendicular to the long axis of the
body cause smaller HE than those incident at AP or PA
geometries as discussed earlier. Therefore, isotropic
response from a dosimeter overestimates HE when
used in multidirectional radiation fields. The overesti
mation is the worst when used for exposures involving

overhead or underfoot sources. The maximum errors
in the assessment of HE using an isotropic personnel
dosimeter are listed in Table 6 as ratios ofHE for either
an overhead or underfoot exposure over HE from AP
exposure for different sexes. Results show that the
maximum sex-averaged errors are about 550%,390%,
and 254% for 0.08, 0.3, and 1.0 MeV photon beams,
respectively. Overestimation caused by exposures at
intermediate angles is not listed but may be calculated
similarly from the data given in Tables 3, 4, and 5.

ICRP Publication 35 (1982) recommends a factor
of 1.5 (-33% < error < +50%) for overall dosimeter
response uncertainty including energy, angular, and
other factors. Even though the errors shown above are
due to angular dependence alone, they are already
several times higher than the recommended limit as
suming an isotropic response dosimeter. The question
remains as how best to model irradiation pattern for
workers moving around unsystematically relative to
the location of a source. ICRP Publication 51 (1987)
uses a rotational geometry to represent such a pattern.
In rotational beam geometry, the beams are assumed
to be incident at right angles to the long axis (Le., polar
angle equals 90°) with the body rotating at a constant

Male

Errora

FemaleMaleFemaleMaleFemaleMaleFemale
Energy
(MeV)

Table 6. Estimated error in HE assessments caused by irradiation geometries using isotropic dosimeters.

Geometry for Ratio of Min. HE
Max. HE Geometry for Min. HE over Max. HE

0.08
0.30
1.00

AP
AP
AP

AP
AP
AP

Underfoot
Underfoot
Underfoot

Overhead
Overhead
Overhead

15.3%
22.0%
28.0%

15.4%
19.1%
28.5%

539%
355%
257%

548%
423%
210%

a These are the errors that would result if measurements are made at these geometries by dosimeters which are calibrated
in an AP geometry and possess an isotropic angular response.
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rate about this axis. The ratios of HE for rotational
geometry over that for AP geometry range from 65% for
a 0.08 MeV photon beam source to 82% for a 1 MeV
photon beam source (ICRP 1987). This rotational geom
etry, like the AP, PA, and LAT geometries, assumed an
angle of incidence that is normal to the surface of the
body. Thus errors in assessing HE caused by an isotro
pic dosimeter at off-normal polar angles are ignored in
all these standard geometries. In a workplace such as a
nuclear power facility, situations in which a source is
located above or below the dosimeter are not rare and
the isotropic dosimeter response causes significant
overestimation of HE for workers.

A suitable dosimeter angular response function
In contrast to a dosimeter with isotropic angular

response, an ideal personnel dosimeter should have a
reading that varies with the direction of the incident
radiation in accordance with the dosimetric quantity of
interest. This kind of angular response is termed
isodirectional (ICRU 1992). Many authors have dis
cussed the possibility of requiring isodirectional re
sponse for personnel dosimeters (Sims 1991; Pilting
STUd and Roberson 1992; ICRU 1992). The debates
about this issue are mainly on the choice of the dose
quantity to which the dosimeter angular response
should match. Specification of such an optimum angu
lar response function will determine the ways the
dosimeters are tested and designed. As the basic dose
limiting quantity, HE deserves the first consideration
even though it is not measurable.

To characterize the variation of HE with respect
to radiation direction, the data given in Tables 3, 4,
and 5 are normalized to unity for AP geometry [i.e.,
the ratio, HE(E, a, p):HE(E, AP), represents the
angular dependence of HE' where E is the photon
energy, a is the azimuthal angle, p is the polar angle,
andHE(E, AP) is HE for the AP geometry at energy E].
Fig. 6 shows the relative variation of HE when varying
the azimuthal angle against a constant polar angle of

90°, and Fig. 7 shows the relative variation of HE when
varying the polar angle against a constant azimuthal
angle of 0° and 180°. As can be seen from Fig. 6, HE(E,
a, 900 ):HE (E, AP) decreases for azimuthal angles from
0° to 90° and then increases for azimuthal angles from
90° to 180°. Fig. 7 shows variations similar to Fig. 6,
except that the curves are much steeper when polar
angle changes from normal to the long-axis of the body
(90° or 270° ) to other off-normal angles. This is due to
the more rapid change of body contour relative to
polar angles. Figs. 6 and 7 show the two extreme cases
for HE as a function of radiation angles. A dosimeter
with an angular response approximating the variation
shown in Fig. 6 would not underestimate HE for all
angles including those shown in Fig. 7 and would only
mildly overestimate.

For personnel dosimeters, angular response test
ing is currently required at angles less than 90° (ANSI
1993). Azimuthal and polar angles are treated equally.
That means dosimeters with exposure angles varying
horizontally and vertically are tested by the same
standard. An empirical equation, which is called the
angular dependence factor R(E, a), is proposed here
which is based on the curves in Fig. 6 and the data in
Tables 3, 4, and 5. This angular dependence factor is
given by the formula:

HE(E,a)
R(E,a) = = 0.5+{cos[k(E) x a] + I}, (4)

HE(E,AP)

where E is the photon energy in the range of 0.01 MeV
~ E ~ 10 MeV; a is the radiation angle with 0° ~ a ~

90° (a = 0 for direction normal to dosimeter surface);
HE(E, AP) is HE for theAP geometry at energy E; and
k(E) = 0.66156 - 0.31814 x lOgloE. For a = 0, R(E, a)
= 1 since the data are normalized for AP geometry.
Inspection of this equation reveals that the optimum
response function is the average of an isotropic re
sponse function and a simple cosine function whose
curvature depends on incident photon energy.
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R(E, a), when multiplied by the corresponding
sex-specific HE obtained for AP geometry (Tables 3, 4,
and 5), gives sex-specific HE at any angle from 0° to
90°. To obtain a sex-averaged HE' as recommended by
ICRP Publication 26, the sex-averaged HE for AP
geometry should be multiplied as in eqn (4). For
energies of 0.08, 0.3, and 1.0 MeV, the errors associ
ated with this approach are within 5% when compared
with data in Tables 3, 4, and 5. For energies below 0.08
MeV and above 1.0 MeV, only data for azimuthal angle
of 90° (Le., the LAT geometry) are available (ICRP
1987). Comparisons with those ICRP data show that the
errors are within lO% for energies from 0.01 MeV to
0.08 MeV and within 3% for energies from 1.0 MeV to
lO MeV. It is recommended here that this function be
used for both azimuthal and polar angles, even though it
slightly over-estimates HE for polar angles. Strictly, this
optimum function can only be considered as azimuthally
isodirectional in accordance with HE' Nonetheless, the
overall error caused by using this function should be
much smaller than that caused by the use of the isotro
pic angular response function.

Comparison of our results with ICRU quantities based
on simplified phantoms

HE as a function of angle was not known until
recently, and ICRU 39 quantities were used as second
ary quantities by many authors when dealing with
dosimeter angular dependence problems (Jones et a1.
1988; ANSI 1993). Comparisons of the angular depen
dent characteristics of HE with those of ICRU 39
quantities are made and differences are discussed
below.

Two ICRU 39 dose quantities (1985) are of inter
est: directional dose equivalent, H'(10,a), and individ
ual dose equivalent, penetrating, Hp (10). Hp(lO) has
been renamed as personal dose equivalent more re
cently (ICRU 1992). The directional dose equivalent,
H'(lO,a), was defined on the ICRU Sphere at a point
lO mm below its front surface. H'(lO,a) was recom
mended as the response function that an area instru
ment should have for penetrating radiation. On the
other hand, personal dose equivalent, Hp (lO), was
defined in soft tissue below 10 mm at a point on the
body and was recommended as the response for a
personnel monitoring device for penetrating radiation.

For survey instruments, H'(10,a) was calculated
by Grosswendt and Hohlfeld (1982) based on the
ICRU Sphere. According to Figure 4 of their paper,
for monoenergetic photons from 0.01 to 10 MeV,
H'(lO,a):H' (lO, 0°) decreases monotonically with
increasing angle a from 0° to 180° (Grosswendt and
Hohlfeld 1982). However, our results shown in Fig. 6
indicate that HE(E, a, 900 ):HE(E, AP) decreases as
azimuthal angle, a, varies from 0° to 90°, but then
increases for angle from 90° to 180°. Consequently,
HE(E, a, 900 ):HE(E, AP) is several times larger than
H'(1O,a):H'(10, 0°) near angle equals to 180° which
corresponds to the PA geometry. A quantitative com
parison is not possible since no tabulated data were

provided by the authors. The same figure was used in
a recent ICRU Report (ICRU 1992). From the above
discussions we conclude that a survey instrument that
shows H'(10,0:):H'(1O, 0°) type of angular response is a
poor estimator of HE for, at least, near PA exposure
geometries.

Recently, personal dose equivalent, Hp (lO), was
adopted in ANSI N13.11 (1993). The criteria for do
simeter angular response testing were based on calcu
lations for a water-filled cubic phantom. Each dosim
eter is to be irradiated using one of the NIST
techniques or 137CS as the source. The angle of inci
dence 0: (for normal incidence, 0: = 0°) is to be
randomly chosen from 0°, ± 40°, and ± 60° in both
horizontal and vertical planes. To compare HE with
H p (10) as a function of angle in the required angle
range, the angular dependence factor R(E, 0:) = HE(E,
o:):HE(E, AP) from eqn (4) and the tabulated angular
dependence factor R(E, 0:) = H (lO,a):Hp(lO, 0°)
calculated on a water-filled cube (Grosswendt 1991)
are used to plot Fig. 8. The energies of interests for
this comparison are 20 keV, 70 keV, and 662 keV
which corresponds to the average energies for NIST
beam codes M30, M150, and for l37Cs, respectively,
even through, the 20 keV is not used in ANSI N13.11
(1993). For 662 keV, data shown in Fig. 8 are interpo
lated from Grosswendt (1991). As seen in Fig. 8, these
two kinds of angular dependence factors show rather
different characteristics. At 60°, R(E, 0:) for Hp (lO) is
about 10% greater than that for HE for 662 keV photon
beams and is about 20% smaller than that for HE for 20
keV photon beams. R(E, 0:) for Hp (lO) decreases much
faster than that for HE as 0: contmues to increase and
approaches zero at 0: = 90°. In contrast, R(E, 0:) for HE
is not even close to zero for 0: equals 90°. Therefore, a
dosimeter with an angular response which closely
follows R(E, a) for H (10), as recommended by ICRU
Reports 39, 43, and 4'7, would over- or underestimate
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Fig. 8. Comparison of the angular dependence factor, R(E, a)
= HE(E, a):HE(E, AP) from eqn (4) of this study with angular
dependence factor, R(E, a) = Hp(lO, a):Hp(lO, 0°) calculated
using a water-filled cubic phantom (Grosswendt 1991).
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HE for angles not near 90°, depending on photon
energies; and at near-90° angles, such a dosimeter
would greatly underestimate HE' Perhaps due to these
reasons, ANSI N13.11 (1993) requires only angular
response tests at energies above 51 keV. However, the
differences at this energy range are still large enough to
make a dosimeter with angular responses that closely
match the angular response of HE from 0° to 90° fail the
performance testing.

These differences between HE and the ICRU 39
quantities [H'(lO,a) and Hp (lO)] stem from the fact
that HE is based on the weighted sums of the dose
equivalents to many organs located at different depths
in the body, while H'(lO,a) and Hp (lO) are defined at a
fixed point at a 10 mm tissue depth. They are compa
rable only for small incident angles. Recalling the
difference in energy dependence for low energies as
discussed earlier, these differences in angular depen
dence cast more shadow on the validity of the ICRU
39 quantities as the preferred secondary dose quanti
ties. Studies have shown that the use of diverging
beam sources near body surface would result in even
larger discrepancies between HE and ICRU 39 quan
tities (Xu 1994).

Assessing HE more accurately
Many factors contribute to the overall error in

assessing HE. We have just discussed the contribution
from an inappropriate dosimeter angular response.
The use of ICRU 39 quantities would cause many
more uncertainties and thus make this problem very
complicated. In the future, the reduction of the annual
HE limit from the current 50 mSv to 20 mSv will be
inevitable (ICRP 1991). The small dose margin left in
operational radiation protection may require the as
sessment of HE to be carried out more accurately
(Drexler and Regulla 1990). As is already the normal
practice in power plants today, and gradually more
complex or realistic procedures, including more de
tailed characterization of the exposure geometries,
should be performed as doses become higher and
approach the limits. The fluence-to-effective-dose
equivalent conversion factors as a function of radia
tion direction presented in this paper can then be
utilized to better determine HE for known radiation
directions, based on the information of the fundamen
tal field quantity-photon fluence. In the future, dose
assessment will depend on dosimeters and associated
algorithms that can convert dosimeter readings to HE
directly by avoiding ICRU 39 secondary dose quanti
ties. This kind of dosimeters need not only match HE
in energy response but also in angular response, and
therefore such a dosimeter provides a challenge in its
design. The methodology and data reported in this
paper can be used as a basis for further improvements
in dosimeter and algorithm study.

CONCLUSIONS

Angular dependence is a very important charac
teristic of HE that had not been adequately studied in

the past. Very conservative approaches have been
taken in operational health physics causing large er
rors in the assessment of HE under off-normal expo
sure situations. With the potentially more restrictive
dose limit and the increasing demand from industry to
reduce the exposure to their workers, a more accurate
dose assessment approach becomes crucial. The inclu
sion of angular response testing in the new ANSI
N13.ll (1993) indicates that dosimeters which have
proper response for perpendicularly incident radiation
may fail the test due to their inappropriate responses at
off-normal angles. Angular dependence studies are
expected to draw more attention in the years to come.
In summary, The following conclusions may be drawn
concerning applications of our results for radiation
protection purposes:

1. The fluence-to-effective-dose-equivalent conver
sion factors as a function of radiation direction and
sex are presented for monoenergetic photon beams
of 0.08, 0.3, and 1.0 MeV. Isotropic dosimeters
may overestimate the sex-averaged HE for over
head and underfoot sources by 550%, 390%, and
254% for 0.08,0.3, and 1.0 MeV, respectively. The
new data set can be applied to existing dosimetry
practices to better determine the effective dose
equivalent from external photon exposures. By
comparing our results with current conversion fac
tors and routine practices (e.g., multi-badging radi
ation workers), the overestimate of HE can be
avoided or corrected, especially for exposures from
radiation at large off-normal incident angles.

2. The differences between HE and the ICRU 39
quantities can be significant for large incident an
gles. It is necessary to call for the direct assessment
of effective dose equivalent by avoiding these sec
ondary quantities. The proposed empirical equation
can be used to better estimate effective dose equiv
alent resulting from radiation with angles of less
than 90° and with energies from 0.01 MeV to 10
MeV, and can be used as a basis for dosimeter
performance testing, calibration, and isodirectional
dosimeter design.

3. The results presented in this paper and others found
in the literature have shown that more accurate
dose assessment methodologies should and can be
developed using fully matured anthropomorphic
phantoms rather than the simplified phantoms such
as the ICRU Sphere.
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