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Purpose: To measure the attenuation effectiveness and minimize the weight of new non-Pb radi-
ation shielding materials used for radiation protection by interventional radiology (IR) physicians,
to compare the accuracy of the different standard measurement geometries of these materials, and
to determine x-ray qualities that correspond to the scattered radiation that IR physicians typically
encounter.
Methods: Radiation attenuation capabilities of non-Pb materials were investigated. Typically, most
studies of non-Pb materials have focused on the attenuating properties of metal powders. In this study,
layers of materials incorporating non-Pb powdered compounds such as Bi2O3, Gd2O3, and BaSO4

were measured individually, as bilayers, and as a Bi2O3-loaded hand cream. Attenuation measure-
ments were performed in narrow-beam (fluorescence excluded) and broad beam (fluorescence in-
cluded) geometries, demonstrating that these different geometries provided significantly different
results. The Monte Carlo (MC) program EGSnrc was used to calculate the resulting spectra after
attenuation by radiation shielding materials, and scattered x-ray spectra after 90◦ scattering of eight
ASTM Standard primary x-ray beams. Surrogate x-ray qualities that corresponded to these scattered
spectra were tabulated.
Results: Radiation shielding materials incorporating Bi2O3 were found to provide equivalent or su-
perior attenuation compared with commercial Pb-based and non-Pb materials across the 60–130 kVp
energy range. Measurements were made for single layers of the Bi2O3 compound and for bilayers
where the ordering was low atomic number (Z) layer closest to x-ray source/high Z (Bi2O3) layer
farthest from the x-ray source. Narrow-beam Standard test methods which do not include the con-
tribution from fluorescence overestimated the attenuating capabilities of Pb and non-Pb materials.
Measurements of a newly developed, quick-drying, and easily removable Bi2O3-loaded hand cream
demonstrated better attenuation capabilities than commercial Bi2O3-loaded gloves. Scattered radia-
tion measurements and MC simulations illustrated that the spectra resulting from 90◦ scattering of
primary x-ray beam qualities can be approximated by surrogate x-ray qualities which are more repre-
sentative of the radiation actually encountered by IR physicians. A table of surrogate qualities of the
eight ASTM F2547-06 Standard qualities was compiled.
Conclusions: New non-Pb compound materials, particularly single layers or bilayers incorporating
Bi2O3, can reduce the weight of radiation protection materials while providing equivalent or better
protection compared to Pb-based materials. Attenuation measurements in geometries that exclude
the contribution from fluorescence substantially underestimate the quantity of transmitted radiation.
A new Bi2O3-loaded hand cream demonstrated a novel and effective approach for hand protection.
Standard testing protocols for radiation protection materials used by IR physicians specify a wider
kVp range than is necessary. A more realistic range would acknowledge the lower kVp resulting from
scatter and allow IR physicians to confidently utilize lighter-weight materials while still receiving
adequate protection. Standards protocols incorporating the adjustments described in this work would
maintain the safety of IR personnel and lessen the physical repercussions of long hours wearing
unnecessarily heavy radiation protection garments. © 2012 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4730504]

Key words: ionizing radiation, radiation shielding, radiation scatter, broad beam

I. INTRODUCTION

Interventional radiology (IR) procedures include an inherent
risk of radiation exposure to both physicians and patients.1–11

For longer procedures such as coronary interventions, periph-
eral vascular interventions, heart catheter, angiography, etc.,

the dose received by physicians and attendant staff is almost
entirely attributable to radiation scattered from the patient.7, 9

Not surprisingly, an industry has arisen to supply radiation
protection garments to these physicians. Traditionally, these
garments have been made by incorporating powdered lead
(Pb) in a flexible polymer matrix. The more recent demand
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for non-Pb radiation protection garments to avoid hazardous
material disposal issues has resulted in the production of ma-
terials that incorporate one or more less toxic metal powders
into polymer layers.12–18

Many radiation protection garments tend to be uncom-
fortably heavy if worn for long periods. A moderate reduc-
tion in weight can result from using appropriate non-Pb ma-
terials, providing a second major motivation for investigat-
ing non-Pb materials for radiation protection. Measurements
and calculations show that, depending on the photon en-
ergy, some non-Pb materials can provide more effective ra-
diation attenuation than Pb-based materials per unit weight,
particularly in the keV region above the non-Pb metal’s K-
absorption edge.19 At mean x-ray photon energies below ap-
proximately 45 keV, these materials can provide slightly more
effective attenuation per unit mass than even pure Pb.19 Bi-
layers (two different layers of radiation attenuating material
stacked together, with the material containing the lower-Z
metal positioned closest to the radiation source) can signif-
icantly improve the attenuation per unit weight of a radi-
ation protection garment. Through judicious application of
the characteristics of the photoelectric effect, bilayers have
been shown to provide significantly better attenuation per
unit mass than Pb-based materials, and substantially more ef-
fective attenuation per unit mass than even pure Pb over a
broad energy range up to mean photon energies of at least
66 keV.20

A significant challenge in determining the characteristics
of Pb-based and non-Pb-based radiation shielding materials is
that different manufacturers using the same non-Pb material
(Sb, for example) will produce radiation protection materials
that vary significantly in their attenuation capabilities. Gen-
eral principles can be gleaned from theory and calculations,
but the performance of a particular material from a partic-
ular manufacturer must be verified by measurements. The
measurements given in this paper, while they apply only to
the specific materials provided for these studies, are meant
to provide suggestions and insights for obtaining reliable
attenuation measurements of radiation shielding materials
from any source.

This paper is the third in a series investigating non-Pb ra-
diation protection materials. The first paper19 investigated the
possibilities and problems inherent in the use of non-Pb met-
als embedded in polymer sheets for radiation shielding gar-
ments. The second paper20 addressed improvements in radia-
tion attenuation provided by application of the photoelectric
effect through the use of bilayers, which can maintain a more
consistent improvement in attenuation across the full spec-
trum. For completeness, this third paper continues the inves-
tigation of new radiation protection materials introduced on
the market since the publication of the earlier papers. These
new materials are based on powdered metallic compounds (as
opposed to metal powders) incorporated into polymer sheets.
However, the bulk of this paper is concerned with other re-
lated issues that arose as a result of the measurements and
calculations described in the first two papers. These new in-
vestigations include:

(a) a comparison of narrow beam versus broad beam mea-
surement geometries for radiation shielding materials
and the effect of fluorescence on these measurements,

(b) the effectiveness of a novel Bi2O3-loaded hand cream
in comparison with Bi2O3-loaded gloves, and

(c) a discussion of the actual x-ray spectra IR physicians
typically encounter due to x-ray scatter in contrast to
contact with direct x-ray beams. Monte Carlo (MC)
calculations were employed to determine surrogate
beams—substitute x-ray qualities that provide a rea-
sonable approximation of the actual scattered x-ray
spectra encountered at the front of a water phantom
after incident spectra (in this case the eight AASTM
F2547-06 Standard qualities) were scattered at 90◦

from a second water phantom positioned at a 45◦ angle
to the direct beam.

Pure metal layers are more effective attenuators than ma-
terials incorporating powdered metals imbedded in a polymer
matrix because the polymer adds weight but little attenuation,
so heavier layers of these metal-imbedded polymer materials
are needed to provide the same attenuation as the pure metal.
The most successful manufacturers have developed processes
which provide the highest loading of metal powder while
maintaining the required flexibility of the material. Recently,
several companies have developed (or are in the process
of developing) polymers loaded with powdered metallic
compounds such as Bi2O3, Gd2O3, and BaSO4 to take advan-
tage of their potentially useful attenuating capabilities. One
manufacturer21 has been particularly successful in developing
their process for Bi2O3-loaded polymers, including a novel
Bi2O3-loaded hand cream.

With new products being generated by many different
manufacturers, radiation attenuation Standards are becoming
increasingly important for evaluating attenuation capabilities.
There are currently several Standards for measuring the atten-
uation capabilities of these products. For example,

� ASTM F 2547-06 Standard test method for determin-
ing the attenuation properties in a primary x-ray beam
of materials used to protect against radiation generated
during the use of x-ray equipment,22

� DIN 6857 radiation protection accessories for medical
use of x-rays—Part 1: Determination of shielding prop-
erties of unleaded or lead reduced protective clothing,23

� IEC 61331-1 protective devices against diagnostic med-
ical x-radiation—Part 1: Determination of attenuation
properties of materials.24

Unfortunately, these Standards do not recommend com-
mon, consistent procedures for measuring the attenuation of
x-rays by protective materials over a variety of accelerat-
ing potential ranges and for different measurement geome-
tries. One of the more important differences, measurement
geometry, is discussed in Secs. II and III below. For all
measurements described in this paper, we utilize an inverse
broad beam geometry similar to that described in DIN 6857.
All incident x-ray beam qualities utilized in this study were

Medical Physics, Vol. 39, No. 7, July 2012



4539 McCaffrey, Tessier, and Shen: Radiation shielding materials and radiation scatter for IR 4539

primary standard medium energy x-ray beams provided by the
Ionizing Radiation Standards laboratories at the National Re-
search Council of Canada in Ottawa, Canada.

The Standards refer to the concept of “lead (Pb) equiva-
lency,” which is the thickness in millimeters of high-purity
(>99.9%) Pb for which the radiation protection material must
provide the same attenuation; i.e., the transmitted air kerma
must be equal. For example, “0.25 mm Pb equivalent ma-
terial” must provide the same attenuation (same quantity of
transmitted air kerma) as 0.25 mm of pure Pb at a specified
x-ray quality. However, the effectiveness of all metals as at-
tenuators vary with photon energy, and a non-Pb element or
combination of elements can exceed the attenuation capabili-
ties of Pb at some energies but be less effective at others, due
to the photoelectric effect.

The ASTM Standard F2547-06 recommends eight x-ray
qualities from 60 to 130 kVp for radiation attenuation mea-
surements. These eight qualities are used as reference qual-
ities throughout the current study since they span in small
steps the energy range used for the bulk of medical x-ray
imaging, excluding mammography. In this energy range, the
photoelectric effect is dominant for the metals used in ra-
diation protection garment materials. Figure 1(a) displays
the transmitted spectra of four of the eight ASTM Interna-
tional Standard F2547-06 radiation qualities (varied in am-
plitude for clarity) after attenuation by 0.25 mm Pb, as cal-
culated by the EGSnrc user codes BEAMnrc and cavity.25, 26

The narrow peaks at approximately 59 and 67 keV are tung-
sten (W) Kα and Kβ emission peaks appearing as a re-
sult of fluorescence from the W anode in the x-ray tube,
and the narrow peaks at approximately 74 and 85 keV
are Pb Kα and Kβ emission peaks appearing as a result
of fluorescence from the 0.25 mm thick Pb sheet. These
spectra were calculated with the detector mounted against
the Pb sheet to include fluorescence (discussed in detail
in Sec. II.A.)

For the ASPM 60 (and 70) kVp spectra, the shape of the
spectrum consists of a simple continuous curve. Beginning
at the 80 kVp quality, tungsten Kα and Kβ emission peaks
appear. For the qualities from 100 to 130 kVp, the effects of
the K-absorption edge for Pb become apparent with the sharp
drop in intensity at 88 keV, and the Pb Kα and Kβ emission
peaks becoming increasingly stronger.27

Measurements of the eight ASTM qualities through
0.25 mm Pb varies from about 0.3% total air kerma trans-
mittance for the 60 kVp quality to approximately 8% trans-
mittance for the 130 kVp quality [Fig. 1(b)]. The 60 and
70 kVp data points in this figure reflect the simple spectral
shape of the 60 kVp spectrum as shown in Fig. 1(a), while
the data points for the higher kVps reflect the additional flu-
ence contributed by the W and Pb Kα and Kβ emission peaks
and the effects of the Pb K-absorption edge. A line has been
drawn through the data points representing the simple spec-
tral shapes for 60 and 70 kVp in Fig. 1(b) to emphasize the
additional fluence resulting from the more complex spectral
shapes at the higher kVps. In general, the higher the kVp, the
more attenuating material and weight are required to provide
the desired percentage of attenuation. With all Pb or non-Pb

FIG. 1. (a) Transmitted spectra of four of the eight ASTM International
Standard F2547-06 x-ray qualities, to demonstrate variation in spectral shape.
(b) Relative transmittance of the eight ASTM qualities with 0.5 mm Pb
attenuation.

metals, there are anomalies introduced in the x-ray fluence
near the K-absorption edge energies and emission peaks for
those specific metals.

As an example, in a facility employing a 130 kVp x-ray
tube where an acceptable minimum level of radiation protec-
tion was deemed to be 8% total air kerma transmittance [92%
attenuation, as taken from Fig. 1(b)], 0.5 mm of Pb equiva-
lent radiation attenuation material would be appropriate. Pure
Pb shielding would weigh 0.568 g/cm2, so an apron that re-
quired an area of 1.0 m2 of 0.5 mm Pb equivalent material
would weigh at least 5.7 kg. For a facility with an 80 kVp
x-ray tube, limiting the transmission to the same 8% would
require only 0.25 mm Pb equivalent material, so a similar
1.0 m2 apron would weigh only half as much as the 0.5 mm
Pb equivalent apron. The average weight of a typical commer-
cial one-piece 0.5 mm Pb equivalent radiation shielding apron
is approximately 8 kg, and two-piece aprons can weigh up to
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FIG. 2. Monte Carlo calculated transmission spectra resulting from 0.25 mm
Pb equivalent attenuation of a 100 kVp x-ray beam by several non-Pb metals
in use in radiation protection materials. The Bi spectrum is very similar to Pb.

10 kg.28 Although most regulatory agencies call for 0.5 mm
Pb equivalent protection, in situations such as IR where indi-
viduals stand for long hours, choosing the appropriate level of
radiation protection based on relevant radiation ranges mini-
mizes the weight, discomfort, and fatigue resulting from the
use of radiation shielding garments, and can prevent possible
longer term musculoskeletal problems.11, 28

Utilizing non-Pb materials, the K-absorption edge behav-
ior provides an opportunity to target radiation ranges and
lower the weight of radiation protection garments. However,
a problem arises from the enhanced fluence due to fluores-
cence below each element’s K-absorption edge (discussed be-
low). Figure 2 displays MC calculated spectra resulting from
0.25 mm Pb-equivalent attenuation by several non-Pb met-
als in use in radiation protection materials [the attenuated
spectrum of Pb (Z = 82, not shown) is very similar to Bi
(Z = 83)]. All of the spectra retain traces of the Kα and Kβ

emission peaks for W at 59 and 67 keV resulting from the
use of a W anode in the x-ray tube. The elements with K-
absorption edges slightly below the W peaks are very effective
at attenuating these emission lines—note in Fig. 2 the filled
Gd spectrum and the highly attenuated W emission peaks.
Ba and to a lesser degree Sb are also effective in this re-
gard. Different metals provide more effective attenuation in
different energy ranges, as observable in Fig. 2. An oppor-
tunity therefore exists for improving attenuation capabilities
per unit weight through the use of bilayers, where the second
layer compensates for the fluorescence from the first layer.

Figure 3 displays MC-calculated attenuation effects of
equivalent radiological thicknesses of pure metal layers of Ba,
Bi, and a bilayer of Ba + Bi when irradiated with the ASTM
100 kVp, HVL 5.2 mm Al, x-ray quality. The sharp peaks in
the 100 kVp spectra as well as the Ba, Bi, and Ba + Bi spectra
in Figs. 3(a)–3(d) are the Kα and Kβ emission peaks for W at

FIG. 3. MC-calculated attenuated spectra of equivalent radiological thick-
nesses of pure metal layers of (b) Ba, (c) Bi, and a bilayer of (d) Ba + Bi for
the (a) ASTM 100 kVp x-ray quality (a).

59 and 67 keV. The Ba, Bi, and Ba + Bi spectra are all to the
same scale for comparison, but the 100 kVp spectrum is not to
scale and is included only to demonstrate the contrast between
the initial and final spectral shapes resulting from attenuation
of this spectrum by these metal layers.

In Fig. 3, the Ba layer [Fig. 3(b)] demonstrates effective
attenuation in the 40–100 kV range but at the expense of the
photoelectric effects below the K-absorption edge at approxi-
mately 37.5 kV and the Kα and Kβ emission peaks of Ba at 32
and 36 keV. The Bi layer [Fig. 3(c)] provides effective attenu-
ation below 40 kV with only small Lα and Lβ emission peaks
at 11 and 13 keV, and small Kα and Kβ emission peaks at
76 and 87 keV. By creating a bilayer [Fig. 3(d)] with half the
radiological thickness composed of Ba (upstream, closest to
the x-ray tube) and the other half the thickness composed of
Bi (downstream), the complimentary effects of the two mate-
rials result in increased total attenuation since the Bi layer will
attenuate the characteristic Kα and Kβ x rays emitted by the
Ba. The radiological thickness19 can be obtained by multiply-
ing the density of the material by the measured layer thickness
to obtain a measurement in units of g/cm2.

This low Z upstream/high Z downstream bilayer config-
uration is effective with many combinations of materials.20

However, these calculations assumed that layers of pure metal
are being utilized, since the exact composition of these pro-
prietary materials was not available. The actual attenuating
performance per unit weight of manufactured radiation pro-
tection materials is diminished by the added weight contri-
bution of the polymer material in which the metal powder is
embedded, and if the metal is a component of a compound,
additional degradation of performance results from the weight
of the nonmetal components of the compound. Therefore, ac-
curate characterization of any radiation attenuation material
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FIG. 4. (a) The distribution of x-ray scatter [from measurements conducted
at the Mayo Clinic (Ref. 29) with permission]. (b) The distribution of x-ray
scatter with undertable shielding in place.

requires attenuation measurements with the actual material at
appropriate x-ray qualities.

IR physicians wear radiation shielding garments to reduce
the real and perceived radiation risk,9 and are rarely exposed
to the primary x-ray beam with the possible exception of
their hands. However, IR personnel are exposed to a signif-
icant quantity of scattered radiation, which is almost entirely
attributable to scatter from the patient and objects exposed
to the primary beam.9, 29 The distribution of this scatter is
illustrated in Figs. 4(a) and 4(b) (from measurements con-
ducted at the Mayo Clinic,29 with permission). With under-
table shielding in place, the scatter is dramatically decreased
[Fig. 4(b)], but a significant amount still originates from the
patient. The maximum intensity can be approximated as scat-
ter at 90◦ to the incident beam, as illustrated in these figures.

In defining kVp ranges in Standards, which evaluate the ef-
fectiveness of radiation attenuation garments, the kVp of the
scattered radiation should be the x-ray beam quality of inter-
est. The kVp of this scattered radiation is significantly less

than the incident kVp, due to Compton scattering. Recogni-
tion of this fact provides a real benefit for IR personnel in that
lighter-weight garments would then be recognized as compli-
ant with the Standards requirements. Non-Pb materials can
provide superior attenuation at lower kVp ranges, resulting in
lighter materials. However, (except for Bi) they can be less
effective attenuators than Pb at the highest kVp ranges, re-
quiring heavier materials for equivalent attenuation.19

The purpose of this study is to investigate three aspects
for improving the effectiveness and reducing the weight of
radiation attenuating materials:

� the relative merits of the different measurement geome-
tries detailed in the three Standards listed above,

� radiation attenuation characteristics of new materials
based on Ba, Gd, and Bi compounds,

� realistic kV range requirements in Standards based on
the scattered spectra.

II. METHODS

II.A. Measurement geometry—non-Pb compounds

The three Standards22–24 listed in the Introduction all rec-
ommend different measurement geometries for characterizing
radiation protection materials. ASTM F2547-06 recommends
a setup where the distance from the x-ray tube focal spot to the
detector is 1000 mm, with the radiation attenuation material
positioned 400 mm from the focal spot. This is referred to as
“narrow beam geometry,” and does not include the effects of
secondary radiation from the attenuation material (scatter and
fluorescence) in the measurement (see Fig. 5). This secondary
component is significant when wearing a radiation protection
garment close to the skin. The DIN 6857 Standard recom-
mends an “inverse broad beam geometry,” where the radia-
tion attenuation material is mounted directly behind a 4 mm
thick Pb aperture, and the detector is mounted directly behind
this material. Measurements made in this geometry include
scatter and fluorescence from the radiation attenuation mate-
rial. In this study, we will refer to the geometry where the
attenuating material is approximately halfway between the x-
ray focal spot and the detector as “narrow beam geometry,”
and where the attenuation material is sandwiched between an
aperture and the detector as “broad beam geometry”. The IEC
61331-1 Standard provides for both a narrow beam and broad
beam geometry, but in both cases there is a ≥50 mm gap
between the radiation attenuation material and the detector,
thereby excluding some of the scattered and fluorescent radi-
ation in the broad beam measurement. For all measurements
described in this paper, a broad beam geometry was used, sim-
ilar to that described in DIN 6857 and illustrated in Fig. 5.

II.B. Measurement geometry—scatter

IR personnel are rarely exposed to the primary x-ray beam
but receive a significant quantity of scattered radiation, which
is almost entirely attributable to scatter from the patient
and objects exposed to the primary beam. To approximate
these scatter conditions, an International Organization for
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FIG. 5. The geometrical positioning of attenuating material for narrow beam
vs broad beam measurements.

Standardization water slab phantom (30 cm × 30 cm
× 15 cm) (Ref. 30) was placed at a 45◦ angle to the incident
x-ray beam, so that the center of the front face of the phantom
was located 1.0 m from the x-ray tube anode. For these mea-
surements, the incident x-ray beams that were utilized were
the eight ASTM x-ray qualities from 60 to 130 kVp.22 A sec-
ond water phantom (30 cm × 30 cm × 30 cm) was positioned
so that the center of the front face of this second phantom
was 0.5 m from the center of the first phantom, perpendicu-
lar to the incident beam. The detector was mounted directly
against this second phantom to include backscatter. Figure 6
illustrates this setup with an annotated simulation geometry
which was used for the subsequent Monte Carlo modeling.

II.C. Monte Carlo calculations

MC calculations were performed for the two measurement
geometries in Sec. II. The first set of calculations approxi-
mated the setup shown in Fig. 5 for broad beam attenuating

FIG. 6. The 90◦ scatter geometry utilized for measurements and MC calcu-
lations to determine the differences in spectra between the direct and scattered
ASTM beams.

material, as discussed in Ref. 20. A second set of MC results
were acquired by calculating the resulting spectra after a pri-
mary x-ray beam was scattered at 90◦ by a water phantom
placed at 45◦ to the incident x-ray beam, and subsequently
backscattered by a second water phantom (Fig. 6). This geom-
etry was used to simulate the situation where an IR physician
is subjected to scattered radiation from a patient. The EGSnrc
MC user codes BEAMnrc and cavity were used to model this
scatter, and reproduced the measured results. The simulations
proceeded in two stages. First, the relevant NRC x-ray tube
and appropriate filtration for the ASTM x-ray qualities were
modeled using BEAMnrc to generate “photon sources” at a
point beyond the filtration for each quality. These “photon
sources” were then used in the user code cavity as the spectra
of the incident photons. After transport through the phantom
geometry, the resulting spectra of the photons crossing the de-
tector plane were recorded. Finally, a “surrogate spectrum”
was determined that matched the HVL and the kVp (to the
nearest 5 kV) of these resulting spectra.

III. RESULTS

III.A. Measurement geometry

In interventional radiology, the x-ray tube accelerating
voltage is typically less than 90 kVp. Fluorescent radiation
from Pb-based (or Bi-based) materials is therefore minimal
due to the relatively high energy of the K-absorption edges
(approximately 88 keV for Pb and 90.5 keV for Bi). However,
fluorescence is significant for metals with lower Z such as Sb,
Sn or W, commonly used in non-Pb radiation attenuation gar-
ments. In these cases, the x-ray fluorescence radiation gener-
ated by these materials can make a significant contribution to
the total radiation reaching the individual. All measurements
of attenuation by radiation shielding materials undertaken in
this study employed the broad beam geometry described in
Sec. II. To demonstrate the difference in attenuation that can
occur with narrow beam versus broad beam measurement
geometries, Fig. 7 shows the results of measurements of a
commercial Sb-loaded radiation attenuating material which
was irradiated with the 70 kVp ASTM x-ray quality and
measured in the narrow beam and broad beam configurations
(Fig. 5). The difference in air kerma measurements between
these two geometries corresponds to a weight difference of
14% and 25% for 0.5 mm Pb equivalent and 0.25 mm Pb
equivalent material requirements, respectively. While this
example only applies to this particular Sb-based material at
the 70 kVp ASTM quality, it demonstrates that the broad
beam geometry provides a more appropriate measure of
attenuation by radiation shielding materials.

III.B. Non-Pb compounds

Non-Pb radiation attenuation materials have typically been
composed of pure metal powders such as Sb, Sn, and W
imbedded in a polymer matrix. Recently, several manufac-
turers have experimented with materials incorporating metal-
lic compounds such as BaSO4, Gd2O3, and Bi2O3. The
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FIG. 7. Commercial Sb-loaded radiation attenuating material irradiated with
the 70 kVp ASTM x-ray quality and measured in the narrow beam (without
fluorescence) and broad beam (with fluorescence) geometries.

relative weight of the metal atoms in the BaSO4, Gd2O3, and
Bi2O3 compounds is approximately 59%, 87%, and 90%, re-
spectively. The sulphur and oxygen in these compounds add
weight but do not contribute significantly to the attenuation
capabilities of the material. Nonetheless, the high percentage
of metal, particularly for Gd2O3 and Bi2O3, suggested that
these materials were worthy of investigation.

MC calculations for the attenuating capabilities of a Ba
+ Bi bilayer combination were performed in an earlier
study.20 While no manufactured materials containing these
metals were available for measurements at that time, the
MC calculations showed that this bilayer combination should
perform significantly better and more consistently than the
other combinations modeled and measured. Since the earlier
studies, several manufacturers have produced experimental
material containing compounds incorporating these metals.
Figure 8 displays transmission vs thickness measurements of
several of these experimental materials under irradiation in
the broad beam geometry utilizing the 100 kV ASTM x-ray
quality. The most challenging x-ray qualities for attenuation
by non-Pb materials are the higher kVp qualities, where typ-
ically non-Pb materials perform much less effectively than
the Pb-based materials.19, 20 Included in Fig. 8 are individ-
ual measurements performed for the three compounds men-
tioned above, pure Pb, a commercial Pb apron material, and
bilayers arranged so that the lower Z compound materials
(BaSO4 and Gd2O3) were upstream and the high Z mate-
rial (Bi2O3) was downstream in the x-ray beam. The BaSO4

layer (labeled “Ba”) showed the highest transmission (low-
est attenuation) per unit weight primarily due to the fact that
the weight% of Ba in the compound was only 59%. The
Gd2O3-based material (labeled “Gd”) performed better than
the BaSO4-based material. The Bi2O3 material (labeled “Bi”)

FIG. 8. Transmission vs thickness measurements of several experimen-
tal materials and bilayers, irradiated in the broad beam geometry with the
100 kV ASTM x-ray quality.

performed the best of the compound materials, and almost
as well as the commercial Pb-based material (“Pb apron”) in
spite of the fact that Bi composed only 90% of the weight
of the Bi2O3 material. Use of pure metal Bi powder rather
than Bi2O3 in an experimental material developed by another
manufacturer31 showed results (not included here) where the
material matched the attenuation capabilities of the Pb apron
material.

Two bilayers were also measured. The bilayer of BaSO4

and Bi2O3 (large open squares: “Ba + Bi”) performed as
well as the equivalent thickness of Bi2O3. Since BaSO4 costs
only 10% as much as Bi2O3, this offers a more economical
and equally effective alternative to garments constructed from
the Bi2O3 material only. The bilayer of Gd2O3 and Bi2O3

(large open circles: “Gd + Bi”) provided more attenuation
than the commercial Pb apron material, and approached the
performance of pure Pb. The measurements made here at the
100 kVp ASTM quality demonstrate that materials incorpo-
rating these two bilayer combinations provide similar attenu-
ation as Pb-based materials due to the inclusion of Bi, which
has very similar attenuating properties to Pb. Coupled with
the superior attenuating performance at the lower kVp quali-
ties shown by MC calculations,20 these two bilayer combina-
tions show promise of superior radiation attenuation per unit
weight for commercial radiation protection materials.

Figure 8 can be used to determine the relative weights of
radiation protection garments made with these materials. To
compare the attenuation capabilities of 0.35 mm Pb equiva-
lent materials, for example, thickness values in g/cm2 can be
interpolated from each of the curves. If we assign a weight of
1.0 to the commercial Pb-based material (“Pb apron”), a pure
Pb garment would weigh 0.84, the Gd + Bi bilayer would
weigh 0.97, the Bi2O3 material and the Ba + Bi bilayer would
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both weigh 1.06, and the Gd2O3 and BaSO4 materials would
weigh 1.29 and 1.57, respectively.

III.C. Bi2O3-loaded hand cream

Discussions of radiation attenuation materials typically fo-
cus on the torso or thyroid, where sheets of material can be
formed to provide appropriate protective garments. However,
hand doses can be substantially higher than that received by
the neck or torso, since fingers can be exposed directly to the
primary entrance or exit beams, in addition to exposure to the
highest scatter rates due to proximity to the patient. Pb- or
Bi2O3-loaded latex gloves are commercially available to IR
physicians for hand protection. These glove materials typi-
cally offer substantially less protection than the radiation at-
tenuating material incorporated into garments such as aprons
due to the practical requirements for gloves to be constructed
of stretchable material that is light and pliable enough to not
interfere with dexterity. Because of toxicity, Bi is a good
choice as a replacement for Pb as it is not known to be a sig-
nificant threat to the environment, is poorly absorbed and is
relatively nontoxic by inhalation or ingestion. Bi is not con-
sidered a human carcinogen.

A novel approach to radiation protection for the hands is
the recent development of a Bi2O3-loaded cream21, 32 which
is designed to be spread either on bare or gloved hands, dry
quickly, and subsequently be covered with a (second) surgical
glove to provide containment of the material. Removal of the
gloves removes the dry Bi2O3 cream layer with any remaining
residue washed off with water. Figure 9 shows a comparison
of the relative effectiveness of this new Bi2O3-loaded cream
to a commercial Bi2O3-loaded glove. As expected, the cream
provides better protection than the glove material on a per unit
mass basis. However, the thickness and consistency achieved

FIG. 9. Comparison of the relative effectiveness of a Bi2O3-loaded hand
cream to a commercial Bi2O3-loaded glove, with reference to pure Pb.

in an application of this cream is likely to vary by individual
and even by application. In any case, the protection provided
by either gloves or cream is likely to be less than the 0.5 mm
Pb equivalent desired. The issue of how best to protect the
hands of IR physicians is under consideration as the topic of
a follow-up study.

III.D. Surrogate x-ray qualities based on scatter

Cardiac-catheterization-fluoro systems used by IR person-
nel usually have a maximum operating voltage in the range
from 100 to 125 kVp, and the actual operating voltage is
continuously adjusted by automatic dose rate control (ADC)
circuitry.9 IR personnel are rarely exposed to the primary x-
ray beam but receive a significant quantity of scattered radia-
tion, which is almost entirely attributable to scatter from the
patient and objects exposed to the primary beam. To study this
scatter and to accommodate the 100–125 kVp range as well
as the lower kVp ranges, we performed a series of 90◦ scatter
measurements and Monte Carlo calculations using the eight
ASTM x-ray qualities from 60 to 130 kVp, for the purpose of
determining the difference in spectra between the direct and
scattered ASTM beams. Figure 6 illustrates this setup with an
annotated simulation geometry which was used for the Monte
Carlo modeling.

As an example of the change in an incident x-ray spec-
trum after scatter, in Fig. 10 the spectral shapes of the ASTM
100 kVp spectrum, the 90◦ scattered spectrum, and a conser-
vative 80 kVp “surrogate” spectrum are shown. The scattered
spectrum was measured as having approximately 1.1% the
air kerma of the incident spectra but is shown magnified in
Fig. 10 to allow comparisons of the spectral shapes. The sur-
rogate spectrum does not accurately match the scattered spec-
trum but approximates the kVp and matches the HVL. In this

FIG. 10. ASTM 100 kVp spectra shown with the MC-calculated 90◦ scat-
tered spectra plus a HVL-matched “surrogate” x-ray quality spectra.
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TABLE I. ASTM F2547-06 Standard x-ray qualities (columns 1 and 2), and
surrogate x-ray qualities (columns 3 and 4) based on MC-calculated spectra
resulting from 90◦ scatter.

ASTM F2547-06 90◦ scatter surrogate
x-ray qualities qualities (approximate)

kVp HVL (mm Al) kVp HVL (mm Al)

60 2.9 50 2.6
70 3.3 60 2.9
80 4.0 70 3.4
90 4.3 75 3.7
100 5.2 85 4.0
110 5.5 90 4.3
120 6.3 100 4.5
130 6.7 105 5.1

way, it provides a reasonable approximation of the scattered
spectrum in a form that can be easily duplicated for testing
and measurements.

A full set of the eight ASTM qualities were modeled, the
incident spectra and scattered spectra were determined, and
surrogate spectra were matched to the scattered spectra. The
results are shown in Table I and show that the highest kVp
qualities produce scattered surrogate qualities with kVps ap-
proximately 20 kV less than the incident beams. Also, all sur-
rogate spectra are “softer,” i.e., have lower HVLs, than the
incident beams. These calculations demonstrate that the high-
est kVp x-ray quality for a Standard addressing attenuation by
non-Pb radiation protection materials for IR personnel could
realistically be set at 100 kVp with a HVL of 4.5 mm Al. The
attenuation by 0.5 mm of Pb in this beam is slightly better
than 95%. This leads to a further suggestion that if an alter-
native to the Pb-equivalent scale were desired, a requirement
such as “95% attenuation (5% transmission) at 100 kVp HVL
4.5 mm Al” would be a reasonable benchmark.

IV. CONCLUSIONS

Broad beam geometry is a measurement setup where the
detector is mounted against the downstream side of attenuat-
ing materials undergoing testing, thereby including fluores-
cent radiation from the material itself in the measurement.
This geometry provides a more realistic measure of the at-
tenuating characteristics of radiation protection materials, and
was used throughout this study. For non-Pb materials, the dif-
ference in attenuation between broad beam and narrow beam
(fluorescence not included) geometries can vary significantly.
For example, for Sb-based material measured at the 70 kVp
ASTM quality, broad beam vs narrow beam geometries pro-
duce differences in weight ranging from 14% to 25% for
0.5 mm Pb equivalent and 0.25 mm Pb equivalent material,
respectively.

Materials incorporating metallic compounds such as
BaSO4, Gd2O3, and Bi2O3 were characterized and found to
perform almost as effectively as materials incorporating pure
metal powders, even though the relative weight of the metal

atoms in these three compounds is approximately 59%, 87%,
and 90% for Ba, Gd, and Bi respectively. Bilayers ordered
with the low-Z layer upstream (BaSO4 or Gd2O3 closest to
the radiation source) and the high-Z layer downstream (Bi2O3

closest to the person or detector) provide very efficient atten-
uation. Because of the influence of the photoelectric effect,
the weight of non-Pb materials that provides Pb-equivalent
protection varies with the photon energy. In particular, non-
Pb materials can offer substantial improvement in attenua-
tion over Pb-based materials in the energy range above the
K-absorption edge of the metal component, and bilayers can
extend this improvement to lower energies. Materials incorpo-
rating Bi2O3 offer a particular advantage because these mate-
rials provide very similar attenuation to Pb-based materials,
making the match to Pb-equivalent guidelines simpler and
more consistent than for other commonly utilized non-Pb ma-
terials. When Bi2O3 is used as the high-Z component in a bi-
layer, the performance is particularly effective. Of particular
note concerning the attenuating effectiveness of Bi2O3 is the
recent development of a Bi2O3-based hand cream that shows
potential for improved hand protection for IR personnel.

IR personnel are rarely exposed to the primary x-ray beam
but are instead exposed to significant levels of scattered ra-
diation, attributable to scatter from the patient and objects
exposed to the primary beam. Measurements and MC calcu-
lations demonstrated that the kVp of the scattered radiation
is significantly less than the kVp of the incident beam, vary-
ing from a difference of 10 kVp at the ASTM 60 kVp x-ray
quality up to 25 kVp at the ASTM 130 kVp x-ray quality. A
table of surrogate x-ray qualities was calculated, approximat-
ing the resulting x-ray qualities after 90◦ scatter of the eight
ASTM F2547-06 Standard x-ray beams. As an alternative to
the Pb-equivalent method of comparison for radiation protec-
tion materials, a protocol requiring ≥95% attenuation (≤5%
transmission) at the 100 kVp, HVL 4.5 mm Al x-ray beam
quality is suggested.
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