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The attenuating properties of several types of lead �Pb�-based and non-Pb radiation shielding
materials were studied and a correlation was made of radiation attenuation, materials properties,
calculated spectra and ambient dose equivalent. Utilizing the well-characterized x-ray and gamma
ray beams at the National Research Council of Canada, air kerma measurements were used to
compare a variety of commercial and pre-commercial radiation shielding materials over mean
energy ranges from 39 to 205 keV. The EGSnrc Monte Carlo user code cavity.cpp was ex-
tended to provide computed spectra for a variety of elements that have been used as a replacement
for Pb in radiation shielding garments. Computed air kerma values were compared with experi-
mental values and with the SRS-30 catalogue of diagnostic spectra available through the Institute of
Physics and Engineering in Medicine Report 78. In addition to garment materials, measurements
also included pure Pb sheets, allowing direct comparisons to the common industry standards of 0.25
and 0.5 mm “lead equivalent.” The parameter “lead equivalent” is misleading, since photon attenu-
ation properties for all materials �including Pb� vary significantly over the energy spectrum, with
the largest variations occurring in the diagnostic imaging range. Furthermore, air kerma measure-
ments are typically made to determine attenuation properties without reference to the measures of
biological damage such as ambient dose equivalent, which also vary significantly with air kerma
over the diagnostic imaging energy range. A single material or combination cannot provide opti-
mum shielding for all energy ranges. However, appropriate choice of materials for a particular
energy range can offer significantly improved shielding per unit mass over traditional Pb-based

materials. �DOI: 10.1118/1.2426404�
I. INTRODUCTION

Radiation shielding garments are commonly used to protect
medical patients and workers from exposure to direct and
secondary radiation during diagnostic imaging in hospitals,
clinics and dental offices. Similar materials are employed for
other applications such as scanner curtains used to protect
personnel working in the vicinity of airport scanners or simi-
lar devices. In most of these environments, typical peak
x-ray energies range from 60 to 120 kVp, corresponding to
mean energies of approximately 35–60 keV. The photoelec-
tric effect overwhelmingly dominates energy transfer and ab-
sorption in this energy range, so only this mechanism is dis-
cussed in this study. The effectiveness of radiation shielding
varies significantly with the photoelectric attenuation coeffi-
cients of the constituent materials, the thickness of the gar-
ments, and the energy spectrum of the radiation.

Historically, radiation shielding aprons and coverings
have been manufactured from lead �Pb� powder-loaded poly-
mer or elastomer sheets. Typical garment lifetime for these
materials is approximately 10 years, although abuse can
drastically shorten this period. Aging, damage, embrittle-
ment, as well as cracking �particularly of garments incorpo-
rating natural rubber� results in drastically reduced lifetimes.
Early studies of non-Pb materials were prompted by the de-
sire to reduce the weight of protective garments and the pos-
sibility of improved shielding performance.1. The challenge

has been to find processes that incorporate metal powders
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into polymer sheets with sufficient metal content for effec-
tive attenuation, but robust enough to avoid tearing, cracking
and other forms of deterioration. Several more recent studies
using clinical beams have examined different aspects of the
attenuation properties of some commercial radiation
aprons.2–6 For example, the study by Christodoulou et al.5

combines observations of inconsistencies in shielding perfor-
mance with recommendations to improve standardized meth-
ods for acceptance testing.

Pb powder-loaded sheets are currently considered toxic
materials, so disposal issues provide further motivation for
the development of replacement garments containing non-Pb
or Pb-combination materials to minimize Pb content. A typi-
cal Pb-based radiation shielding garment may contain ap-
proximately 0.5 m2 of shielding material with a thickness of
�1.5 mm, with a mass of about 4.5 kg. This would provide
the same protection as a garment composed of 0.5 mm pure
Pb, which for the same area of material would have a mass
of approximately 2.6 kg. The cover plus the rubber or poly-
mer imbedding material account for the difference in mass.
Non-Pb protective materials can lower the total mass of a
similar sized garment, providing a decrease in the mass of
the garment while providing equivalent or better protection.
This current study includes attenuation measurements and
comparisons of Pb sheets to actual Pb-based and non-Pb pro-
tective materials currently in use or under development for

the radiation shielding market.
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Commercial radiation shielding garments may include
some of the elemental powders shown in Table I, imbedded
in natural rubber or various polymers. For the purposes of
shielding, the energy of the K absorption edge is an impor-
tant parameter in the diagnostic imaging range, as individual
elements strongly absorb energy at levels immediately above
their respective edges. To aid in visualizing the magnitude
and values of this parameter, Fig. 1 displays the photon at-
tenuation coefficients for elements with atomic numbers
from 37 to 88, and their corresponding K absorption edges
from 10 to 100 keV.7 The atomic numbers �Z� are included
on the right side of the graph, and the energy of the absorp-
tion edges in keV is given across the front of the graph. The
position of the absorption edges for Pb �Z=82� at 88 keV
and for Sn �Z=50� at 29 keV are highlighted in the figure.
The magnitude of the photon attenuation coefficients
abruptly rises at each K absorption edge, then gradually de-

TABLE I. Elements incorporated into some commerci

ELEMENT ATOMIC NO.

Cadmium �Cd� 48
Indium �In� 49
Tin �Sn� 50
Antimony �Sb� 51
Cesium �Cs� 55
Barium �Ba� 56
Cerium �Ce� 58
Gadolinium �Gd� 64
Tungsten �W� 74
Lead �Pb� 82
Bismuth �Bi� 83

FIG. 1. Photon attenuation coefficients for elements with atomic numbers
from 37 to 88, and their corresponding K absorption edges. The positions of

the Pb and Sn K absorption edges are illustrated.
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creases above the edge. The resulting spectrum for these fil-
ter materials will show a rise in fluence before the absorption
edge followed by a sharp drop at the edge, illustrated in the
modeling section below. All elements become less effective
at attenuating higher energy photons as the photoelectric ef-
fect becomes less relevant, requiring thicker layers for sig-
nificant attenuation.

The purpose of this study is to correlate radiation attenu-
ation, materials characterization, calculated spectra and am-
bient dose equivalent, over energy ranges from diagnostic
imaging �60–120 kVp� up to therapy level energies �highly
filtered 250 kVp�, spanning mean energies from 39 to
205 keV. The highly characterized x-ray beams at the labo-
ratories of the Ionizing Radiation Standards group of the
National Research Council of Canada �NRC-the Canadian
Primary Standards laboratory� were used in this study.
Samples of radiation shielding materials were requested from
several manufacturers, and this study examines the materials
volunteered.

II. MATERIALS AND METHODS

Seven commercial and pre-commercial materials were in-
vestigated in this study: pure Pb, two Pb-based materials, one
Pb–Sn material, and three non-Pb materials. The Pb-
containing materials were checked for the presence of radio-
activity, and no contributory signal above background radia-
tion was detected. All materials were provided as thin sheets
ranging in thickness from 0.25 to 2.0 mm. For all but one of
these materials, the thin sheets were cut into squares approxi-
mately 15 cm�15 cm. For the Sn–Ba material, only smaller
pieces were available so these were mounted in holes cut in
15 cm�15 cm Mylar support sheets. The dimensions of all
of the individual sheets and pieces were carefully measured
and weighed. W–rubber was counted as a single material,
even though three different densities of W–rubber were sup-
plied, as was Pb–rubber, where three different materials with
two different densities were supplied. To facilitate intercom-
parisons of all seven materials, all were converted to thick-
nesses measured in g/cm2 �density multiplied by thickness�.

iation-shielding garment materials.

nsity �g/cm3� K absorption edge �keV�

8.65 26.7
7.31 27.9
7.30 29.2
6.69 30.5
1.87 36.0
3.5 37.4
6.66 40.4
7.90 50.2

19.3 69.5
11.36 88.0
9.75 90.5
al rad

De
This allowed direct comparisons of attenuation capabilities
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regardless of the density or composition of an individual thin
sheet. The composition and density of the materials are given
in Table II.

Variations in density for similar materials �Pb–rubber and
Reg. Lead, for example� arise from differences in the relative
percentage of metal incorporated, and to variations in the
imbedding material. To measure the attenuation of increasing
total thicknesses for each of the materials, stacks of thin
sheets of all materials were used. In this study, only the basic
attenuating materials, exclusive of the apron covering, were
investigated.

A Lucite frame was constructed to support the stacks of
thin sheets. The frame was mounted in a position typically
used for radiation absorbers used in half value layer �HVL�
measurements for x-ray qualities, approximately 5 cm down-
stream of the limiting aperture, in a narrow beam geometry.
The free air chamber was positioned at the reference 1.0 m
position for all radiation qualities, with a field size of 9 cm
diameter. The choice of “good geometry” was determined by
our choice of detector—a Primary Standards quality free air
chamber. The free air chamber allowed us to very accurately
determine the sometimes subtle differences in air kerma at-
tenuation between materials in an identical geometry, but
imposed limitations in addressing contributions from back-
scatter or off-axis K x rays. The entrant aperture for the free
air chamber has a diameter of 10.01 mm, and the air volume
from which charge is collected is a 10 cm column centered
39 cm farther downstream inside the free air chamber. As a
result, off-axis photons, even generated very close to the en-
trant aperture, will not contribute to the collected charge.

Attenuation testing was performed for the materials with
x-ray beams of six different energies �Table III�. The six
x-ray qualities were generated with a Comet MXR-320 x-ray
tube. The NRC medium energy exposure standard �MEES�
Primary Standard free-air chamber was used to determine the

TABLE II. The seven radiation shielding materials investigated in this study.

NAME COMPOSITION DENSITY �g/cm3�

Pb Pb 11.36
Pb–rubber Pb–rubber 3.70, 4.10
Reg. lead Pb–PVC vinyl 4.81
Hx–lead Proprietary, Pb, PVC vinyl 4.45
W–rubber W–rubber 4.15, 5.65, 7.51
Green Lite Proprietary, PVC vinyl 3.68
Sn–Ba Sn–Ba polymer 4.94

TABLE III. The six radiation qualities used in this stud
high filtration.

kVp/
radio-nuclide 60 80

Mean keV 38.9 46.3
Filtration (mm) 5.15 Al 5.15 Al

HVL (mm) 2.96 Al 3.87 Al
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absolute measure of air kerma free in air. As well, the MEES
was used to determine the relative attenuation of a variety of
thicknesses of attenuating materials in the filter position. All
charge readings from the MEES were normalized against a
monitor chamber reading, which is routinely used to monitor
the beam fluence rate. For attenuation comparisons, the ra-
tios of the normalized x-ray qualities with additional attenu-
ation �garment material� to the normalized basic x-ray quali-
ties were used.

The first four x-ray qualities in Table III are representative
of the range used clinically for diagnostic x-ray imaging: 60,
80, 100 and 120 kVp, with HVLs of �3, 4, 5 and 6 mm Al,
respectively. Two higher energy, radiation therapy x-ray
qualities were also used: N120 and N250 kVp. Two of the
diagnostic x-ray qualities, 80 and 120 kVp, were chosen to
be similar to two qualities listed in the CEI 1331-1 Interna-
tional Standard, “Protective devices against diagnostic medi-
cal x radiation”;8 the 80 kVp quality �half value layer �HVL
4.3 mm Al� and 100 kVp quality �HVL 6.2 mm Al�. The
spectral shape of the six qualities is shown in Fig. 2. Note
that the x axis is a log scale and the peak amplitudes are
arbitrary, intended only to identify the relative positions and
shapes of the spectra.

III. RESULTS

An initial series of measurements were made with nomi-
nally 0.25-mm-thick pure Pb sheets, stacked to provide 0.25,

e “N” signifies a narrow spectrum series quality, i.e.,

0 120 N120 N250

58.7 100 205
5 Al 5.91 Al 5.0 Cu 2.5 Sn

1.0 Sn 2.5 Pb
9 Al 6.04 Al 1.72 Cu 5.2 Cu

FIG. 2. Spectra of the six radiation qualities used in this study.
y. Th

10

52.6
5.1

4.7
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0.5, 1.0, and 2.0 mm transmission values for each of the
beam qualities �Table IV�. These values of the air kerma
transmission were used for comparison with the garment ma-
terials studied, since common figures of merit for specifying
the attenuation capabilities of radiation shielding garments
are “0.25 mm Pb equivalent,” “0.5 mm Pb equivalent,” etc.
A particular Pb thickness corresponds to significantly differ-
ent levels of transmission depending on the x-ray or gamma
ray energy. Notice that for the four x-ray qualities represen-
tative of the range used for diagnostic x-ray imaging �60, 80,
100 and 120 kVp�, 0.25 mm Pb equivalent covers a variation
in air kerma transmission from approximately 4 to 20%.

The remaining six materials from Table II were measured
in the same manner as for Pb. An example of the results for
the 80 kVp beam quality is shown in Fig. 3. The percent
transmission is given on the y axis, and the thickness of the
material in g /cm2 is given on the x axis. To illustrate a man-
ner of extracting information from this graph, note the den-
sity of pure Pb from Table II, 11.36 g/cm3. Multiplying
11.36 g/cm3 by a thickness of 0.5 mm gives 0.568 g/cm2.
On the curve for pure Pb in Fig. 3 �large shaded circles�, the
thickness of 0.568 g/cm2 on the x axis corresponds to a
transmission level of 2.55% on the y axis. For clarity, this
2.55% transmission level is marked as a thick horizontal line
across the graph, indicated by the arrow on the left �see also

TABLE IV. Effective transmission �%� of the six radiation qualities used in
this study by different thicknesses of pure Pb.

60
kVp

80
kVp

100
kVp

120
kVp

N120
kVp

N250
kVp

0.25 mm Pb 4.28% 11.95 16.73 20.16 30.11 77.52
0.5 mm Pb 0.42 2.55 4.96 6.31 10.05 60.50
1.0 mm Pb 0.01 0.27 0.86 1.09 1.63 37.13
2.0 mm Pb 0.00 0.01 0.05 0.06 0.16 14.20

FIG. 3. Transmission vs thickness for the seven materials in this study at the

80 kVp x-ray quality.
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Table IV�. The thickness for any of the other materials which
is required to provide 0.5 mm Pb equivalency �2.55% trans-
mission� can then be easily determined by

TZ�0.5� =
tz

�
.

TZ�0.5�: thickness of material Z required to pro-
vide 0.5 mm Pb equivalency
tz: thickness in g/cm2 where the curve for
material Z crosses the 0.5 mm Pb equivalency
line, as taken from Fig. 3
�: density of material taken from Table II

For example, the corresponding thickness where the 80 kV
Gr. Lite curve crosses the 2.55% line is 0.53 g/cm2. Divid-
ing this thickness �0.53 g/cm2� by the density �3.68 g/cm3,
from Table II� gives a value of 1.44 mm; 1.44 mm of Gr.
Lite is required to provide 0.5mm Pb equivalency at this
80 keV x-ray quality. Similarly for the W–rubber material,
dividing the thickness indicated by where the 80 kV
W-rubber curve crosses the 2.55% line �0.83 g/cm2� by the
density of material desired �4.15, 5.65, or 7.51 g/cm3; Table
II� gives the thickness of W–rubber required to attain
0.5 mm Pb equivalency: 2.00, 1.47, or 1.11 mm, respec-
tively, for the three densities of W–rubber supplied. As a
final example, for Reg. Lead, the 2.55% transmission level is
found at a thickness of 0.67 g/cm2, which corresponds to a
required thickness of 1.39 mm.The relative mass for these
aprons would therefore be: pure Pb�1.00, Gr.Lite�0.93,
W–rubber�1.46, and Reg. Lead�1.17. This illustration sup-
ports manufacturers’ claims that some nonlead aprons can
have significantly less mass than traditional lead aprons.

The 0.25, 0.5, and 1.0 mm Pb equivalencies for the seven
materials and six radiation qualities studied were determined
as explained for Fig. 3 above, and are shown graphically in
Figs. 4�a�–4�c�. In these figures, the smaller a y value, the
lower the mass required to provide the “Pb equivalent” ap-
propriate for that plot. For reference, the horizontal dashed
lines correspond to thicknesses of 0.25, 0.5, and 1.0 mm pure
Pb �Figs. 4�a�–4�c�, respectively�. The Hx–Pb, Green Lite
and Sn–Ba curves reach below the dotted horizontal lines in
many cases, indicating that garments made of these materials
require less mass than pure Pb for equivalent attenuation at
the diagnostic imaging radiation qualities. Since pure Pb is
not used as a radiation shielding garment, a more useful
comparison is to the traditional Pb-containing materials
�Reg. Pb and Pb–rubber�, where these three non-Pb and Pb-
combination materials show significant reductions in mass
relative to Pb-containing materials, for equivalent attenuation
of the three lower x-ray qualities. The W–rubber is not as
effective for the 60 or 80 kVp x-ray qualities because of the
W emission peaks near 60 and 70 keV �discussed below�.
However, at the four higher energies �and above�, W per-
forms nearly as well as the Pb–rubber and Reg. Pb garments,
making the W–rubber a good choice as a non-Pb attenuator

of higher energy x rays as well as gamma rays.
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The Green Lite and Sn–Ba values rise above the plot in
Figs. 4�a�–4�c� for the N120 and N250 keV qualities �values
are approximately 3�, indicating that these two non-Pb ma-

FIG. 4. Mass relative to pure Pb for �a� 0.25 mm, �b� 0.5 mm, and �c�
1.0 mm Pb equivalencies at six radiation qualities.
terials are not as effective for these x-ray qualities. Due to
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lack of sufficient material, Sn–Ba results are not provided
for the higher energies in Fig. 4�b� or for any energies in Fig.
4�c�. All materials studied varied in their attenuation re-
sponse for all of the measured energies as well as for each
thickness of Pb equivalent.

For radiation protection garments, claims of 0.25 mm Pb
equivalent, 0.5 mm Pb equivalent, etc., are ambiguous unless
the radiation qualities are specified. A more meaningful fig-
ure of merit would include the degree of attenuation at a
specific x-ray quality. For a Standards Laboratory, for ex-
ample, a standard reference condition such as 2.6% transmis-
sion at 80 kVp, HVL 4 mm Al would be a useful reference
condition. This reference condition is equivalent to 0.5 mm
Pb at an x-ray quality suitable for encompassing most diag-
nostic imaging applications, and includes attenuation of the
tungsten emission peaks.

IV. MODELING

The EGSnrc9,10 user code cavity.cpp11,12 was ex-
tended to provide calculated spectra for attenuation of the
x-ray qualities by the elements in Table I used as Pb replace-
ments in radiation shielding garments. To evaluate the accu-
racy of the code, Fig. 5 compares the transmission measure-
ments of the 0.5 mm sheets of pure Pb at the four diagnostic
x-ray qualities with transmission calculations using the
EGSnrc code as well as with the Catalogue of Spectral Data
for Diagnostic X rays �SRS-30�, available through the Insti-
tute of Physics and Engineering in Medicine Report 78.13 For
the measured x-ray qualities, the B value �the total correction
factor for a particular x-ray quality as measured by a particu-
lar free air chamber� was not accurately known for the beams
containing the additional 0.5 mm Pb attenuation. However,
the variation of B with effective energy was well known, so
a small calculated correction factor was included in the mea-

FIG. 5. Transmission of four x-ray qualities �x-axis� by 0.5 mm Pb: com-
parison of experimental, EGSnrc Monte Carlo calculations and IPEM report
78 values of attenuation.
sured values to correct for the change in hardness of the
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beam quality due to the addition of the Pb. The air kerma
measurements were performed with a Primary Standards free
air chamber and have a combined uncertainty of 0.54% �cov-
erage factor of k=2 and confidence level of 95%�.14 As most
of the measured values used here are relative measurements,
the uncertainty is, in fact, much lower. The measurements
were taken at 100 cm source to detector distance.

The EGSnrc user code cavity.cpp generated compari-
son spectra in close agreement with experiment. The largest
source of uncertainties in the EGSnrc spectra is contributed
by the uncertainties in the XCOM15 cross sections. These are
estimated to range from 5 to 10%. The EGSnrc spectra and
response were calculated at 100 cm source to detector dis-
tance.

The SRS-30 comparison spectra are based on a theoretical
method developed by Birch and Marshall16 which generates
fitted results in close agreement with experimental spectra.
These data depend on the unfolding of measured x-ray spec-
tra as well as knowledge of the response function of the
detectors. These comparison spectra were based on a source
to detector distance of 75 cm. An additional available calcu-
lation, the SRS-30 HVL values, varied from the NRC mea-
sured values by 0.5–1.2% for 60–120 kVp spectra.

The positions of the K absorption edges are the most sig-
nificant factors in choosing component materials for effec-
tive radiation shielding garments at diagnostic imaging ener-
gies. EGSnrc calculations of the 80 kVp fluence spectra
produced by adding thin attenuating layers �filters� of six of
the materials from Table I are shown in Fig. 6�a� �every tenth
data point is shown, plus additional points for the W K�
peaks�. All spectra were calculated using the same filter mass
for all materials �0.568 g/cm2; equivalent to 0.5 mm thick-
ness of Pb�, but the physical thickness of the various filter
materials varies. For example, the density of Ba is about 3.25
times lower than Pb, so Ba sheets 3.25 times thicker than the
sheets of pure Pb must be used.

The similar K edge energy and higher atomic number of
Bi relative to Pb shown in Fig. 6�a� allows a slight improve-
ment over Pb �lower fluence, hence lower air kerma�. How-
ever, of these five non-Pb elements shown here, the position
of the Ba K absorption edge �37.4 keV� results in superior
overall attenuation of this energy spectrum compared to Pb.
The Ba is less effective at attenuating the radiation spectrum
at energies below its K absorption edge of 37.4 keV, but
improves significantly above that edge. For the 80 kVp qual-
ity, a Ba filter reduces the total air kerma by a factor of 2.06
over a Pb filter with equivalent mass �Fig. 7, discussed be-
low�. A similar example for the 60 kVp spectra is shown in
Fig. 6�b�, where the absence of the W K� peaks simplifies
the fluence spectra considerably.

One quantity of interest in radiation protection is ambient
dose equivalent H*�10�, which is a measure of the biological
damage at 10 mm depth incurred by tissue exposed to
radiation.17 The unit of measure is the J kg−1, which has been
given the special name of sievert �Sv�. Ambient dose equiva-
lent H*�10� at a point in a radiation field is the dose equiva-

lent that would be produced by the corresponding expanded
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and aligned field in the International Commission on Radia-
tion Units and Measurements sphere at a depth of 10 mm.18

A practical advantage of this quantity in characterizing radia-
tion shielding garments is that it can be calculated by multi-
plying the result of a simple air kerma measurement �in units
of Gy� by a conversion coefficient Hk

*�10�.17 In this study,
H*�10� provides a sense of the effectiveness of the different
materials used for radiation shielding.

Some values of Hk
*�10� for mono-energetic photon radia-

tion are given at the top x-axis of Fig. 6�a� for the range from
20 to 80 keV, and Fig. 6�b� for the range from 20 to
60 keV.13,17 Ambient dose equivalent varies significantly
from air kerma over the diagnostic imaging range, and peaks
at 1.74 for 60 keV mono-energetic x rays. This is primarily

FIG. 6. Resultant spectra of �a� the 80 kVp x-ray quality and �b� the 60 kVp
x-ray quality when attenuated by 0.568 g/cm2 of six elements. Along the
top x axis, the conversion coefficients hk

*�10� from air kerma, Ka to ambient
dose equivalent h*�10� are given for mono-energetic photon radiation.
due to the exclusion of the backscattered component from
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the measurement made free in air.19 It is an unfortunate co-
incidence that the higher values of Hk

*�10� are close to the
energies of the tungsten K� emission peaks, since tungsten is
the most common anode material used in x-ray tubes.

By integrating the areas under the curves in Fig. 6�a� in
terms of total air kerma and total ambient dose equivalent,
the spectra of the 80 kVp quality used here give an average
ratio of approximately 1.6 for ambient dose equivalent �Sv�
to air kerma �Gy�, for all of the materials in Table I. Any
shielding will lower both the total air kerma and ambient
dose equivalent, but this ratio provides an interesting per-
spective. The spectrum produced by a thin filter of pure Pb
has a ratio of 1.72 for ambient dose equivalent to air kerma
due to the fact that the spectrum is peaked at higher energies.
A filter of Bi with the same mass as the pure Pb also has a
ratio of 1.72, but a filter of Ba, also with the same mass as
Pb, has a ratio of 1.46. The lower ratio for Ba is due to
increased attenuation of the more biologically damaging en-
ergies at the higher energies in the spectrum due to the po-
sition of the 37.4 keV K absorption edge. The bulk of the
spectrum is contained in the peak below the absorption edge
and is comprised of energies where the Hk

*�10� values are
lower �Fig. 6�a��. While the integrated air kerma and ambient
dose equivalent curves for both the Bi and Ba curves are less
than Pb, the protection provided by the lower atomic number
Ba material is superior because of increased attenuation of
the higher energy radiation. This effect is in addition to the
reduction in air kerma by the factor of 2.06 discussed earlier.
Figure 6�b� displays the spectra of the 60 kVp quality, which
lies below �at lower energies� the W K� peaks. The effect is
that the air kerma and ambient dose equivalent ratios are
lower �average of 1.40�.

These variations are illustrated in Fig. 7 for the four diag-
nostic imaging x-ray qualities and 11 elements. The air
kerma values are given by the solid symbols �left y axis� and
ambient dose equivalent values are given by open symbols
�right y axis�. In this figure, the lower the data point �smaller
y value�, the lower the transmitted air kerma or ambient dose

FIG. 7. EGSnrc modeling of the transmitted air kerma �filled symbols� and
dose equivalent �open symbols� resulting from attenuation by 0.568 g/cm2

of each of the elements listed along the x axis.
equivalent, and the more effective attenuation provided by
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that material at that x-ray quality. In the most extreme case
�Cd�, the delivered air kerma varied by a factor of 260 over
these four qualities. For all four qualities, several materials
provide superior attenuation compared to Pb in both air
kerma and ambient dose equivalent. However, no single el-
ement provided the best protection for all qualities.

The apron materials containing lower atomic number ele-
ments �Green Lite, Sn–Ba and Hx–Pb� provided superior
attenuation per unit mass than Pb-only garments at the 60, 80
and 100 kVp x-ray qualities in most cases, as reflected in the
air kerma measurements shown in Figs. 4�a�–4�c� and sup-
ported by the calculations shown in Fig. 7. The 60 kV spec-
trum dose not include a significant contribution from the
W K� emission lines, so the data curve for 60 kVp in Fig. 7
varies significantly in shape from those of the three higher
energy x-ray qualities. The lower atomic number filters also
result in lower dose equivalent values for the same reason.
The peak energies in the 60 kVp spectrum correspond to the
lower attenuation regions below the K absorption edges of
the materials from Cs to W, resulting in large fluences which
work to the disadvantage of the attenuating capabilities of
these filter materials, as can be seen in Fig. 7. A similar effect
is seen for W at 80 kVp.

V. CONCLUSION

Radiation shielding for diagnostic imaging energies
�60–120 kVp� is mainly influenced by the position of the
attenuating element’s K absorption edge. The radiation
shielding materials measured in this study that contained
lower atomic number elements �Green Lite, Hx–Pb, Sn–Ba�
provided superior attenuation per unit mass than Pb-only gar-
ments in the diagnostic imaging range in most cases. These
materials also provided similar or better protection than even
pure Pb per unit mass, in most cases. This is only indirectly
related to the actual mass of commercial radiation shielding
garments, since manufacturers must adjust the thickness of
the garment and the variety of cover material to conform to a
particular Pb-equivalent thickness. Attenuation provided by
radiation shielding garments at the two higher energies in
this study is mainly influenced by the atomic number of the
attenuating metal imbedded in the polymer material, with the
higher atomic numbers providing more attenuation. The
W–rubber material tested here provided attenuation almost
as effective in most cases as the Pb-containing materials for
the two higher energy qualities as well as 100 and 120 kV in
the diagnostic imaging range. Higher energy photons are
only weakly attenuated by any material, so thick layers of
high electron density �high Z� material are required for any
significant protection.

These measurements were supported by calculations.
X-ray spectra and air kerma values computed with EGSnrc
user code cavity.cpp and reference spectra available through
the IPEM Report 78 were in good agreement with the mea-
sured data. Modeling of the radiation attenuation capabilities
of 11 elements showed a variation by a factor of about 260
for the four x-ray qualities studied here which covered the

diagnostic imaging range. Calculations showed that for these
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four qualities, many elements provided superior attenuation
compared to Pb for both air kerma and ambient dose equiva-
lent, but no single element provided the best protection for
all qualities. This provides confidence that Monte Carlo cal-
culations can be used to optimize the materials content of
radiation shielding materials in a uniformly distributed, ho-
mogeneous material. Measurements, however, are still re-
quired to verify the actual performance of these materials.

A variety of non-Pb materials are capable of providing
increased radiation protection over Pb-containing radiation
shielding garments. The choice of the material is dependent
on the quality of radiation requiring attenuation. A more
meaningful metric of attenuation than “Pb equivalent” is
needed.
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