Evaluation of protective shielding thickness for diagnostic radiology
rooms: Theory and computer simulation
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This work presents the development and evaluation using modern techniques to calculate radiation
protection barriers in clinical radiographic facilities. Our methodology uses realistic primary and
scattered spectra. The primary spectra were computer simulated using a waveform generalization
and a semiempirical modéthe Tucker—Barnes—Chakraborty modédlhe scattered spectra were
obtained from published data. An analytical function was used to produce attenuation curves from
polycromatic radiation for specified kVp, waveform, and filtration. The results of this analytical
function are given in ambient dose equivalent units. The attenuation curves were obtained by
application of Archer’'s model to computer simulation data. The parameters for the best fit to the
model using primary and secondary radiation data from different radiographic procedures were
determined. They resulted in an optimized model for shielding calculation for any radiographic
room. The shielding costs were about 50% lower than those calculated using the traditional method
based on Report No. 49 of the National Council on Radiation Protection and Measurements.
© 2002 American Association of Physicists in Medicid®OI: 10.1118/1.1427309

[. INTRODUCTION new version of NCRP49. Since its creation, members of the
Task Group 9 have published several papérsimproving

The progression of using artificial sources of radiation iSyata and reviewing methods for shielding calculation for di-
strongly related to the development of efficient methods foragnostic FOOMS.

protecting workers and the public from the potential risks of ~this work presents contributions for this new shielding

these sources. These methods have been studied and igy1yation method, taking into account the primary and scat-

proved since the earliest times of medical use of radiationereq radiation energy distributions, as well as workload
Archer* published a very clear description of the history of spectr& for diagnostic imaging modalities. The main ob-

radiation shielding. This author described five historical pe-oqt of the investigation was the development of a method for
riods since the last years of 19th century until the last decadJ

- b . Betermining the thickness of a given material required to
as the main concepts of radiation protection were develc’pe?)rovide the proper attenuation for primary, scattered and

Archer describes the development of radiation shieldingeayage radiation spectra that reach a structural barrier in a
methodology starting from the basic recommendations of,gjg|ogical room. This methodology was combined with
Report No. 6 of the National 2COUHCI| on Radiation Protec-pey, information regarding spectral distributions of radiation
tion and Measurement®lCRP),” and concluding with com-  geattered by a phantom in order to allow the determination of
ments regarding the revision process of NCRP Report Noympient dose equivalents in x-ray rooms. The product of this

49° (hereafter referred to as NCRP49 _ _ work consists of a model that provides a more accurate treat-
NCRP49 presents methodologies to determine protectiViyent for the problem of determining shielding thickness of

shielding for diagnostic and therapeutic x-ray rooms. It Was,5qrjers necessary for radiological room protection. The
written more than two decades ago and, in the case of diagsesent work is a contribution for the search of a cost-

nostic shielding, uses data obtained with X-ray technologiegective formulation for diagnostic x-ray shielding.
that are not in use anymore. Moreover, the NCRP49 formu-

lation and data do not include information regarding mam-

mography, computed tomography and digital radiograph))" METHODOLOGY

room shielding. Other limitations of this report include alack  The present work proposes the generalization of formula-

of information regarding other shielding materidtsesides tions proposed by Dixon and SimpRifor primary barriers

lead and concrejethe conservatism of the “add one HVL” and Simpkin and Dixctf for secondary barriers. This gener-

rule;* questions about limits for film storage, use and occu-alization consists in taking into account primary and second-

pancy factors, and other design details. ary radiation spectra modulated by realistic workload distri-
Based on these arguments, the NCRP and the Americdutions and evaluated in ambient dose equivalent units. To

Association of Physicists in MedicinfAAPM) constituted carry out these considerations, first a semiempirical model

Task Group 9 with the aim of performing a revision for a for evaluation of diagnostic spectra was modified in order to
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allow the calculation of radiation spectra considering differ-characteristic emission of photons with eneigy. The pa-
ent high voltage ripples. Second, these semiempirical spectrameterA, represents the number of characteristic photons
were calibrated considering experimental data relating airemitted by incident electrons. Moreover, the distaRcean
kerma per mAmin for different voltages and ripples. After be calculated aR=(T3—EZ)/pC(T,) where C(T) is the
these two steps, these calibrated x-ray spectra were corfthomson—Whiddington constant. In the present work, Birch
pared to experimental data. Finally, these spectra were usehd Marshall® data for this constant were fitted by a linear
on the generalization of previous works'! function using a least-squares method.

A. Waveform generalization of the semiempirical

Tucker—Barnes—Chakraborty model 2. Waveform generalized model

The TBC waveform generalized model can be determined

taking into account the applied voltage waveform repre-
Tuckeret al™ introduced a modefthe Tucker—Barnes— sented by

Chakraborty(TBC) modell which proposed two different

formulations for evaluating the radiation spectra emitted by
an x-ray tube. These formulations take into account the con-
tinuous(bremsstrahlungspectra and the characteristic emis- . - o .
sion. The TBC model considers the target material, the tubéntEq' (I4)d V_max 'f’hthe peak potgntla_lnl_n kv uglmﬁnge time
design, and the composition of materials that attenuate thiterval during the exposure In mifiseconas, a pa-

radiation beam before emerging from the tube housing. Théameter representative of the frequency of the high voltage

equation adopted for theremsstrahlungontribution is generatqr. . .
quat P ung-ontribufion | Equations(1)—(4) provide the basis for the waveform
00Z? dE (To B(E,T)

-t generalized model. This approach considers the high voltage
A E Je T F(ET.0) p dx dT, applied to the tube as a function of the exposure time and
(1)  calculates a series of elemental TBC spectra for each time
interval. Considering a waveforivi(t) that produces a ripple
¢, this formulation can be synthesized by

1. The original model
I .15

v

j—1
12x 1073t — —)H 4

f
1 .
V(t)= T E Vma4 sin -
=1

NB(E)dE=

whereo,=ar2, with « as the fine structure constant and
the classical radius of the electronis the effective atomic
number of the target materiad is the atomic mass of the texp
target atomsT is the kinetic energy of the electrons when Nﬁ(E): fo N(E.V(1))dt, ®)
they reach the targefl is the kinetic energy of electrons . ) ) )
inside the target at a distangdrom the surface, anB is the ~ Whereleis the exposure time selected in the x-ra;bmachlne.
energy of the photons produced by the electrons. The expre& Similar formulation was published by Kramet al.
sion (1p)(dT/dx) represents the mass stopping power of
the target materiaB(E,T) is a function proportional to the 3. Calibration in SI units
number of photons produced by each incident electron, and
F(E,T,6) represents the filtration provided by the anode
layer and materials between the target and the measurircg;z
point (tube glass, ail, plastics, airln this function,d repre-
sents the anode angle.

The TBC model proposed the functidifx/R) to repre-
sent the probability for characteristic emission. This prob-
ability was modeled as a parabolic function that drops to?

For the purpose of the developed model, the x-ray spectra
n be calibrated in dosimetric units. This calibration must
related to functional parameters of the x-ray machine in
order to be useful to the present work. To perform this cali-
bration, the definition of the quantity air-kerfiaormalized

by the tube workloadmGy/mA min) can be used and it is
iven by

zero when the electron energy is equal to kkedge binding v M(E)
energy.Ey. or prvi=civ) [ e X7 erece ©
air
2
(%)[1_(§> } for x<R In Eq. (6) the functionC?#(V) provides the normalization of
J(XIR)=1 \2 R , (2 the radiation spectra in units of mGy/mA min. Moreover,
0 for x>R (u(E)/ p) 4 represents the mass attenuation coefficient for

the air, ancE] is the mean energy transferred to electrons of
the medium. Dixon and Simpkinproposed the use of a

simple power law to represent the relationship between air-
kerma per mAs and applied voltage for the diagnostic range.

whereR is the distance inside the target where the averag
kinetic energy of the electrons is equalE@. Therefore, the
characteristic radiation production can be modeled as

To Nk R [ X Using the proposed equation, the functi@f(V) can be
NC(Ei):Ak(E_k_l f(Ei)JO J(ﬁ calculated as
¢
Xexd — uw(E;)x/sing]dx. (3 c(V)= A?VE 7
: : : (E) '
Ay andny are model parameters obtained by using a nonlin- f})’Nﬁ(E)(M—) E™E)dE
ear least-squares method afi(E;) is the fractional x-ray P ar
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TasLE I. A? andB? values for different waveforms calculated from experi-

mental measurements performed by Arcle¢ral. (Ref. 5 for full-wave 1.0
single-phase and twelve-pulse three-phase equipment and by Tetchker x  Terinietal”
(Ref. 15 for a constant potential system. TBC
)
Constant > 7
A? 25
Waveform [uGy/mA s B¢ a2
8 B 05+
Full-wave single-phase 5.3010 * 1.904 £3
Twelve-pulse three-phase 7:800°4 1.898 E K
Constant potential 2.2210°3 1.679 5
Table | shows the results for parameté&$ and B¢ for 0.0 - T . . r
different waveforms. Using Eq$5) and (7), the calibrated 0 20 40 60
X-ray spectra can be evaluated by Energy [keV]
Ngn (E)=C*(V) NJ(E). ®)

Fic. 1. Comparative results between measurements performed by a Si pho-
todiode operated at room temperatRef. 21) and computer simulation
In Eq (8), the indexes¢> and V represent the waveform using the waveform generalized TBC model. The experimental conditions

. . . are presented in Table Ill for high voltage of 60 kVp, and were the same

ripple and the applied voltage, respectivglydenotes mod-  ysed for the computer simulation.

eling of the primary beam analthat the resulting spectra is

normalized in units of air-kerma per mA s. Similar equations

can be used }‘or ca!culating radiation spectra geqerated bé/?l Health/US-Food and Drug Administration laboratories

::na?gj?;ggrnapg'r(;rigl:'eegne?;s;nmtgés gai_%og]saﬁgl#?ggslladoevere also used. The radiation spectra measured by Fewell
P P! d by ' using a Ge detector were standardized considering the IEC

shows the results of the integration of the calculated spectr’i\26723 and NISP* high voltage and HVL set-up conditions

using Eq.(8). These results were compared to the data pubi:. : '

. . . igures 1 and 2 present comparisons of the TBC waveform

lished by Tucker and calculated by using a formulation gures 1 and 2 present comparisons of the TBC wavefo

resented in Wolbar® generalized model and experimental results from Terini
P ' et al?! Table 11l shows the experimental conditions used for

. o this comparison. The x-ray equipment was composed of a
4. Experimental verification

Siemens Heliophos 4B HV transformer coupled to a 150/
An experimental verification of the spectra provided by30/50 Raix x-ray tube. The system was operated in fluoro-

the application of Egs(l) and(3) was carried out by com- scopic mode in these measurements. The computer-simulated
parison of computer simulations of this formulation, per-spectra used the same parameters to evaluate the generalized
formed by using a Mathca@athsoft, Inc) worksheet, with  semiempirical spectra showed as continuous lines in the
experimental measurements performed by usijNipho-  Figs. 1 and 2. Figures 3 and 4 show comparisons using data
todiode operating at room temperature. The experimentabtained by Fewelf and Table IV presents the experimental
methodology and instrumentation was presented by Terintonditions used. Other comparative results using different
et al?! The energy resolution of the photodiode measurewaveform conditions are shown in Ref. 25.

ments was about 3 keV. Experimental measurements per- In order to assure that the formulation used to generate the
formed by Fewef?? at the Center for Devices and Radiologi- x-ray spectra is adequate to represent attenuation curves, a

TasLE Il. Results for air-kerma per mA s at 1 m from the focal spot measured by Tetkar (Ref. 15 and
calculated using the formula presented by Wolb&rstf. 20. These values are comparable to results obtained

by integrating Eq(8) of the present work. Different applied voltages, ripples of 0%, 0.83%, 3.41% and 100%,
and a total filtration of 3 mm Al were considered.

TBC Wolbarst Present work
Voltage (uGy/mAS at 1 (uGy/mAs at 1 m (uGy/mAs at 1 m
(kVp) 0% 3.41% 100% 0.83% 3.41% 100%
70 42.7 42.11 25.26 44.23 38.68 28.84
80 54.8 55.00 33.00 55.35 49.84 37.19
90 67.9 69.61 41.77 67.45 62.33 46.54
100 81.1 85.94 51.56 80.50 76.13 56.88
110 95.3 103.98 62.38 94.47 91.23 68.20
120 109.9 123.75 74.25 109.32 107.62 80.49
130 124.9 145.23 87.13 125.05 125.27 93.74
140 140.9 168.44 101.06 141.61 144.20 107.95
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X Fewel™

TBC

) x  Terinietal”
1.0+ g - TBC 10

0.5

X-ray spectrum - N(E)
[arbitrary units]

X-ray intensity N(E)
[arbitrary units]
o
(3,3
T

/
0.0 T T T > 1
0 20 40 60 80

Energy [keV] 0.0 . L , .
0 20 40 60 80

Energy [keV]

Fic. 2. Comparative results between measurements performed by a Si pho
todiode operated at room temperatRef. 21) and computer simulation

using the waveform generalized TBC model. The experimental conditiong,; 3 Comparative results between Ge detector measurertRets 22

are presented in Table IIl for high voltage of 73 kVp, and were the same;ng computer simulation using the waveform generalized TBC model. The

used for the computer simulation. experimental conditions are presented in Table IV for high voltage of
80 kVp, and were the same used for the computer simulation.

comparison was performed by using attenuation data from

these generated spectra and experimental attenuation dajgface. Therefore, these authors covered all the conven-
from Ref. 26. Results from this comparative study are pretional diagnostic range of voltage and the most important
sented in Fig. 5. The solid curve presented in Fig. 5 refers t@cattered beam directions. For mammography calculations,
the integration in energy of the generated spectra multiplieghe data published by SimpKfhand Simpkin and Dixott

by a factore™#(®% In this calculation, values of(E) for  were used. Figure 6 shows the scattered spectra measured in
lead were used ang represents thickness of lead ranging different angles at 100 kVp and Fig. 7 shows the scattered
from O to 2.3 mm. The resulting curve was normalized to bespectra at 90° for different applied voltages.

plotted together the data from Ref. 26. The small differences

between experimental and computer-generated attenuatign Optimized model for shielding barriers calculation

data appear because of differences in their values for the first o

and second HVL. By this result, the developed generalized- Primary radiation

method for generating x-ray spectra was considered adequate The concept of workload spectfar distribution was in-

to be used to generate the attenuation curves for the optiroduced by Simpkih* and it was extensively used in the

mized model for shielding barriers. present formulation. The use of radiation spectra associated
with this concept was previously proposed by Costa and
5. Scattered spectra Caldas®**° The formulation considerS)(E) as the radia-

The TBC model provides a formulation for computing tion distribution reaching a primary barrier located at a dis-
only primary spectra generated by conventional or mammotanced, from the focal spot, weighted by the workload dis-
graphic systems. However, scattered spectra in simulated didbution, w(v), as
agnostic conditions have been studied and measured by sev-
eral authoré’=3! In order to implement the generalized
equations for shielding scattered radiation, a group of spectr:
measured by Fehrenbacteral 3! was used. These spectra 3t
were scattered by a perspex wall water phantom with dimen-
sions of 30 30x 15 cn?. The measurements were taken in

X Fewel™

TBC

N(E)

angles of 10°, 45°, 90°, 135° and 142° in relation to the E’g 2|
primary beam, using voltages of 52, 60, 70, 80, 90, 100 ancg ;
(%]
110 kVp. The beam area was X@6cnf at the phantom & §
o3
g5 1|
TasLE Ill. Experimental conditions used during measurements of spectra><
presented in Figs. 1 and 2.
— 0 - : : : -
Additional 0 20 40 60 80 100
filtration
\oltage Current Ripple Energy [keV]
(kVp) (mA) (mm Al) (mm Cu (%) )
Fic. 4. Comparative results between Ge detector measurertiRets 22
60 ~2 34 0.6 ~2 and computer simulation using the waveform generalized TBC model. The
73 ~2 1.2 0 ~2 experimental conditions are presented in Table IV for high voltage of

100 kVp, and were the same used for the computer simulation.
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TaBLE IV. Experimental conditions used by FewéRef. 22 for obtaining the radiation spectra following IEC
(IEC80—Ref. 23 and NISTM100—Ref. 24 standards which are presented in Figs. 3 and 4. The correspond-

ing TBC generated spectra used the same voltage parameters, and inherent and added filtration choice in order
to provide equivalent first and second half-value layers.

HVL b
compu%/er Total Total
HVL by Fewell simulation f||tra(tj|c;)n Llltre;tlgnf
mm Al mm Al used by  adopted for
Voltage ¢ ) ( ) Fewell calculation
Beam (kVp) First HYL  Second HVL  First HVL  Second HVL (mm Al) (mm Al)
IEC80 80 2.59 6.52 2.59 6.42 2.48 2.84
M100 100 4.89 11.61 4.89 11.42 5.26 6.25
1 V[ H*(10)
v , _
SBE)= =3 2 NFW(E)W(V). 9) HE*(10x0) =2 | | ——
s« P P v Jo\ K
P ar
According to the previously defined radiation spectra and X(E)Ngyvr\]/(E)W(V)ewwE)xpd E (10)

the definition of workload spectfd* Eq. (9) provides the . . _ _
weighted primary spectrum in units of air-kerma per kev. The function €*(10)/k,)(E) provides the unit conversion
However, current radiation protection standdfdsropose from a|r?:$<3e)8rma units(gray) to ambient dose equivalent
the use of the quantity ambient dose equivalent in order téSievert.”"= In this function, the number 10 represents the
quantify the efficiency of a given radiation shielding. There-depth, in millimeters, inside the ICRU sphere, where the am-
fore, the present work introduces the following function to Piént dose equivalent is evaluated. Figure 8 shows the repre-
represent primary radiation levels in terms of ambient doséentation of this function for the diagnostic energy range.
equivalent at a distance @ m of thefocal spot: The strong energy dependence of this function in this range
is the main argument to the most accurate correction pro-
posed in Eq(10). Moreover, the function,(E) represents
the linear attenuation coefficient of the protective material
1o and x,, is the thickness of the protective material used to
shield the primary beam. In addition, Archer’s mdifetan
advantageously be used to rewrite Et0) as

= .4 Bm m 1/«/;
T 10 m_m
8 HIM(10x,) =HO?(10)| | 1+ —5| €% %o%o— —| , (1D
E p Xp
5] where a, re fitti S i
S here ', B, and vy, are fitting parameters obtained b
— -2
> 10
[}
o
]
£ 120
g 10°
x o 100h
S
ZE
oo 80f
I T T ' T T T T T T T ‘3 (2)
0,0 0,5 1,0 1,5 2,0 25 g 'S
[0 1
Lead thickness (mm) 5 ‘E‘ 60
53
Fic. 5. Comparative results between an attenuation curve from x-ray generﬁ < 40
ated spectruntsolid curve and experimental data from Ref. 2§'s). The [1'4 5‘
semiempirical spectrum was generated using 100 kVp, considering a three'g E 20|
phase generator and an x-ray tube with target angle of 12.5° and inhereng
filtration of 0.5 mm Al. An additional filtration of 2.35 mm Al was also §
considered. The first and second HVL of these spectra where calculated a® 0 * - !
3.49 mm Al and 8.47 mm Al, respectively. The experimental data were 0 20 40 60 80 100 120
obtained by using similar conditions, and the first and second HVL were Energy [keV]

tabulated in Ref. 26 as 3.46 mm Al and 8.8 mm Al. The solid curve refers to
the integration in energy of the generated spectra multiplied by a factoFic. 6. Scattered radiation spectra measured by Fehrenbatladr (Ref.
e &% |n this calculation, we used values p{E) for lead andx repre- 30) related to a 100 kVp primary beam at scattering angles of 10°, 90°, and

sents thickness of lead ranging from 0 to 2.3 mm. The resulting curve wag42°. The primary beam was scattered by & 30X 15 cn? water phantom
normalized to be plotted together with the data from Ref. 26. with Perspex walls.
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——52kVp
- - -.70kVp s | X
_ 100 | L 90 KVp E 1,0x10
L
;PN S 0. § s | B 110 kVp 5 X
E sor B
- T 8,0x10°
Eo :
[=
2E 60} S E
o< § 2 6ox0°-
SE EE ¥
== | M
>
o 8 . ® S 4,0x10°
o5 20 TN -
o %\ e X
Q
7] 0 S | -, 1 1 £ 2.0x1 5 _|
0 80 100 120 g 20x10 X
Q
2 —T1 1 - 1 T T T 1 T T T 1
Energy [keV] 0 20 40 60 8 100 120 140
Fic. 7. Scattered radiation spectra measured by Fehrenbatlzr (Ref. Scatter angle (degrees)

30) related to a 90° scattering angle and corresponding to primary beams ) ) o

generated by potentials of 52, 70, 90, and 110 kVp. The primary beam wabiG. 9. Comparative results from data obtained by application of (8.

scattered by a 3930x 15 cnf water phantom with Perspex walls. (Xs) and a polynomial fit proposed by Simpkin and Dixgef. 12 (solid
curve. This comparison shows that data used to simulate the scatter fraction

[Eq. (13)] produces similar values for angles near the incident direction,
lower values for angles around 9Qateral scatteringand higher values for
. . angles around 14Qbackscattering when compared to the model proposed
applying a nonlinear least-squares method to data calculateg simpkin and Dixon(Ref. 12. These differences are probably due to the
from Eq.(10), X, is the thickness of primary beam protective different geometrical setup used by Fehrenbaehe. (Ref. 30, adopted in
material, and the present work, and that by Trout and Kelley, adopted for obtaining the
fitting curve by Simpkin and DixoriRef. 12.
H*(10)

Ko (NS (E)W(V)dE. (12

HO¢(10)= 2 JV
\ 0

Equation(12) represents the ambient dose equivalent at 1 m 16
)= Fr

Emax/ H* (10) sV
f —w_|(BIN(E,0)W(V)dE
from the focal spot with no protective material. a'(V,0)= 0 ar

Emax H*(lO) bV '
——|(E)NF""(E)W(V)dE
0 Kar
(13)
L T _ . NZV(E) is the scattered spectralam from the center of the
Simpkin and Dixort” revised scatter-to-primary ratio data scattering material considering an incident spectrum
from Trout and Kelley® presented in NCRP49. According to N%V(E) produced by exciting an x-ray tube with a voltage
these authors, the scattered radiation must take into accougﬁd rippled. The model considers the incident beam reach-
the scatter-to-primary ratio as a function of the scatterinqng the scattering object at an afawhen the focal spot to
angle and the applied voltage. In the present work this rati%catter medium distance i
was calculated as This formulation was compared to a polynomial fit pro-
posed by Simpkin and Dixotf.An example of this compari-
son is presented in Fig. 9 where results are presented from
20 the application of Eq(13) for angles of 10°, 45°, 90°, 135°,

2. Scattered radiation

E o and 142° by using spectral data from Ref. 30 and the poly-
:x= nomial fit. Figure 9 shows that the data used to simulate the
s é 15r scatter fractiof Eq. (13)] produces similar values for angles
2T = near the incident direction, lower values for angles around
§ < Q 10L 90° (lateral scattering and higher values for angles around
58 2 140° (backscattering when compared to the model pro-
2 8 posed by Simpkin and Dixotf. These differences are prob-

o 5 051 ably due to the different geometrical setup used by Fehren-
= 4 bacheret al,*® adopted in the present work, and that by
8 g 0.0 L , , L Trout and Kelley, adopted for obtaining the fitting curve by
Lo "0 20 40 60 80 100 120 140 Simpkin and Dixon'?> Despite these differences, the pro-
< Energy [keV] posed equation was considered adequate for the calculation

Fo. 8. Airk bient d al ont i of scatter fractions for the purpose of the present work, since
IG. 8. Air-kerma to ambient dose equivalent conversion factor as a functio : e o)

of energy in the diagnostic range. The function corresponds to 10 mm irr’1the bghawor of both mOd,els 1S sm_ular. . .

depth of the ICRU sphereH* (10)). The values were obtained from Refs. Using the scatter-to-primary ratio defined in E#3), the

37 and 38. ambient dose equivalent resulting from the scattered radia-
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[ m - m]—1/y]
. s HIY(10X) = HIG(10)| | 1+ =5 |eereXe——| | (15)
' ' a'e a'e
é - whereayg' B2 and yy' are fitting parameters obtained by us-
?é % 1.0k ing a nonlinear least-squares method to data calculated from
52 N Eq. (14), x, is the thickness of the scattered beam protective
BE material, and
550 ost F (V[H*(10)
i3 HZ5(10= 2> a'(v,9>x10*6—2f (—)
e § T ' \ d|: 0 Kar
% 1 1 1 1 i — ¢VV
; %0 0.2 0.4 0.6 0.8 1.0 X(E)Ne"(E, 0)W(V)dE. (16)

Lead thickness [mm] 3. Leakage radiation

Fic. 10. Air-kerma to ambient dose equivalent conversion factor for high ~ Using the model of Simpkin and DixdR,if L is the air-
filtration beams as a function of the lead thickness. The measurements wefgerma rate measured & m from the focal spot when the
performed by Peixot@Ref. 4] by using a 150 kKVp x-ray beath mm Al y_ray tybe is excited using the nominal x-ray tube voltage
HVL). under conditions of loading corresponding to the maximum
specified energy input in 1 1, then the lead thickness
needed to obtain this level of protection can be evaluated by
tion produced by a workload spectra which reaches a scat- Vinax 4y
tering medium distand from the focal spot, corresponding L= aX GOJ Ny may E)e~ #PdE)Xed E, (17
to an are¥ F=[F’x (dg/d’)?], can be defined as 0
In this equation) . is the maximum continuous anode cur-
g - GFJV(H (10)) t, in mA, for the saf tion of the tube at its maxi-
He9(10><e)—2 a'(V,0)x10 5— rent, in mA, for the safe operation of the tube at its maxi
’ v de Kar mum voltageV .y, mpyE) is the linear attenuation coeffi-
cient of lead, and, is the lead thickness needed to reduce
the leakage radiation tb.
wherex, is the thickness of shielding material used as pro- Therefore, the leakage radiation from an x-ray tube hous-
tection for the scattered radiation. As in the case of primarying when the equipment is operated following a workload
radiation, Eq.(14) can be written as distributionW(V) can be evaluated by

X(E)NZV(E, ))W(V)e “mEXedE, (14)

Kar

H*(

H?’¢(1O)=L(H (10))

Ko (19

10)
Kar

Vinax | asX 60j ™ (E)Ng"r\]/max( E)e #rdBXedE
o ,

The parameterl-ﬂ*(10)/Kar);(Pb is the air-kerma to ambient dose equivalent conversion factor considering high filtration
max

beams! In Fig. 10 a plot of this conversion factor as a function of lead thickness is presented.

Therefore, the ambient dose equivalent from leakage radiation after a shielding barrier of thickoasshe calculated
as

H
MprV JV< K( ))(E)N"’V(E)W(V)eMPAEmeMm(E)xde

vmax< H*(10)
0

(19

H*(10
HY"(10x1) =L ( ( ))

K
a vy, | maxcX 60

)(E)Nﬁ’:maX(E)e—ﬂP&Eﬂch

Following the previous examples, Ed.9) can be written by 4. Total secondary radiation
using Archer’s modél® as _ _ o . _
It is more convenient for shielding barrier calculation to

— 1y
H™4(10x,)=H%%(10) +B_?] et VX - consider the secondary radiation instead of scattered and
f f f af ay leakage radiations separately. Therefore, E§S) and (20)

(20 can be combined to produce
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Method Il , , ,
12 etho HY" (10X HI(10x™  H (10" -
15 Method | i + rE + FE )
- % 0.8 r's p e f
o o 0.
?2 E 0.6 Simpkin P
g g o4 =7 (23)
0.2
00 —

_— whereU is the use factorT is the occupational factor, aril
% 3% 45 55 65 75 B 85 105 115 125 g the dose level limit for the area to be protected. Solving
Voltage [kVp] this equation tox,, the shielding thickness can be deter-
Fic. 11. Workload spectra obtained in the present work by methods 1 and liMmined, providing the optimized radiation level in the room’s
and published by SimpkitRef. 6 for general radiography technique. neighborhood for a given workload spectrum.

I1l. APPLICATION
HI'?(10x) H™?(10x,)

7 + 7 A. Workload spectra
e f

0(10x9)=

A survey of workload spectra was carried out in 14 Bra-

—1h7 zilian imaging departments, which included general radiog-
, (21 raphy, chest radiography, cardiac angiography, mammogra-
phy, and computed tomography dedicated radiation rooms.

where Two different methods for data collection were used. Method
Hem"a“’(10) H'f“'”!’(lO) | used data collected by observing the operational techniques

B<
S m_m

— | @% Vs Xs—
messS
a

Bm
1+ —

a

_ 140,
_Hs,g

S S

HS"$= . — (22) applied in 605 examinations._ The_daj[a correspongli_ng to

' de ds method Il were obtained by interviewing 51 technicians;
5. General solution for diagnostic shielding they were questioned about the most usual parameters se-
barriers lected for different examinations. The average results were

_ _ compared to Simpkfhdata (Fig. 11). Table V shows the
~ Equations(11), (15), and(20) are functional representa- comparative results for average weekly workload per patient
tions of primary, scattered, and leakage radiations typicallyfor the evaluated diagnostic techniques. For comparison, in

found in diagnostic x-ray rooms. These equations are deperfable V data from Simpkihand Archef are also presented.
dent on the constantg, B, and y, which are obtained by

applying Archer’s modéP° for the used shielding material.
This model is especially useful in order to obtain workload-
related curves calibrated in ambient dose equivalent units, Figure 12 shows the attenuation curves for primary beams
which can be directly used for the shielding purpose. Thdrom general radiography, chest, and cardiac angiography
function W(V) represents the workload spectfitfifor the  techniques obtained by applying E1). For the general
considered diagnostic modality and charge of use for theadiography technique, the workload spectra utilized corre-

B. Attenuation curves

X-ray equipment. sponds to the method Il described, supposing the use of con-
Therefore, a generic shielding barrier can be obtained usstant potential x-ray equipment. The curves for chest tech-
ing the following inequality: nigue also correspond to workload spectra obtained by

TaBLE V. Average workload results for different radiological rooms. The columns “Other authors” show results
extracted from Ref. 6 for general radiography, chest, mammography, and cardiac angiography and from Ref. 11
for computed tomography. The column “Present work” shows results obtained by methpgdr ling and by

method Il (lower line), or only by method Il. The indications ND refer to nondetermined information.

Workload per

patient Patients Total workload
(mA min patient?) per week (mA min week 1)
Diagnostic Other Present Other Other
room authors work authors Present work  authors Present work
General 2.450.09 455128 112+ 34 196+ 14 274+ 84 890+ 111
radiography 2.680.30 346- 12 928+ 107
Chest 0.220.01 0.23:0.06 206-103 18k 14 44+ 22 41+ 11
Mammography  6.6820.14 43t 15 47.4-53 118.0- 6.4 317 36 504t 178
43+ 15 41.2-1.8 400 41
Cardiac l6a 11 183 ND 19.1+ 3.7 25tND 3050+628 4575 MD
amgopgraphy
Computed 20% ND 288+ 95 64-ND 445-19 13006:-ND 128004261
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10* ) ) 10° - - - General radiography - constant potential - 45° (Simpkin)
~ ~ - General Rgdlography - constantlpotentml ----- Chest radiography - three-phasic - 45° (Método 11}
10° _ _ g:es; gag_lograp:y— three-phastlc tial —-—--Chest radiography - constant potential - 90° (Simpkin)
est Radiography - contant potentia 10" Cardiac Angiography - three-phasic - 90° (Simpkin)

Cardiac Angiography (Simpkin})

1x10

1x10°

H™410,x) [mSvipat @ 1m]

[
Pb,
H,, **(10.x) [mSvipat @ 1m]

Ambient dose equivalent
Ambient dose equivalent

T v . r v v . T T T v T v T v T
0,0 0,5 1:0 1:5 210 2:5 3:0 0.0 0.5 1.0 1.5 20 25 3.0

Lead thickness (mm}) Lead thickness (mm)

r)}ius. 13. Ambient dose equivalent as a function of lead thickness for sec-
ondary radiation obtained applying E&1) using workload spectra for gen-
eral and chest radiography considering a scattering angle of 45° and cardiac
angiography technique considering a scattering angle of 90°. The considered
workload spectra were obtained using method Il and from Sim(Réf. 6).

Fic. 12. Ambient dose equivalent as a function of lead thickness for prima
radiation obtained applying Eq11) using workload spectra for general
radiography (method 1), chest (method 1), and cardiac angiography
(Simpkin—Ref. 6 techniques.

method II, but considering also three-phasic and constant

potential generators. A three-phasic generator operated fo?_raphlc tet::hnlquESnclI)L:d_lng drr;)ammotgre;phytﬁnd C?hmpUt?:d
lowing the workload evaluated by SimpRiwas considered omography can be obtained by contacting the authors. For

for the cardiac angiography technique. each set of data the average error was evaluated and it is

Figure 13 shows curves obtained using the same tecrf)—reﬁ:k?lfsd\mﬂ])j Lﬁ:ﬁg;fﬂﬂgf;;iﬂit\ég for secondary ra-
nigues and workload spectra of Fig. 12, however ConSiderin%iation [Eq. (21)] considering the same workload spez:/tra
secondary radiatiohEg. (21)] in angles of 45° and 90° in ' )

relation to the primary beam. The intensity of the radiation inThf,a f|tting porocesos was peroformed for scattering anglgs_of
each case is about 4@&maller than the correspondent pri- 10, 457, 90 ’0135  and 142°. In each. case, the Iargest.flttlng
mary beams. Figure 13 also shows that the secondary radi§rror was 2.2%. Tables VII-1X show fitting results consider-
tion is composed of harder beams. This fact can be inferred'¥ & three-phasm twelve pulse generd®P12h and a con-
by the shape of the curvémore evident for the chest tech- Stant potential generatcp).
nigue), which appears approximately linear at the monolog
scale. This behavior occurs due to the influence of the leak-
age component on the secondary radiation, which is heavily In order to illustrate the use of the present model and to
filtered by the housing protective materials. compare its results with those of previous publicatidts:?
Table VI shows Archer’s model parametH§'¢, ag‘, Bg“ two hypothetical radiological room configurations will be
and 72‘ for lead considering primary beams obtained by ap-considered. For the primary beam model, the radiological
plying a nonlinear least-squares metlédThe workload room proposed by Dixon and Simpkirwill be utilized con-
spectra utilized corresponds to general radiographgthod  sidering the shielding requirements for the floor. These au-
I1), chest(method I), and cardiac angiograpli@impkin.?A  thors considered a 120 patient weékoom and an uncon-
complete series of data corresponding to the other radiarolled (0.02 mSv per weekfully occupied T=1) area

. Comparison with previous publications

TABLE VI. Hg’¢ . ap', Bpe vy values[Eq. (11)] for lead obtained by applying a nonlinear least-squares method

for attenuation datéRef. 42 for primary beams. The data were weighted by the workload spectra obtained in
the present workmethod 1) and by Simpkin(Ref. 6 for general radiography, chest, and cardiac angiography
techniquesHS"” represents the ambient dose equivalent per patient at a distance of 1 m of the focal spot
(mSv/patient For each case x-ray spectra generated by three-phasic and constant potential generators were
considered. The last column shows the average error of the fitting process.

X-ray HO? ap By Error
Workload spectra generator  (mSv/patientatim (mmY)  (mmY 7p (%)

General radiography  Three-phasic 6.1330 4.2134 19.2339  0.4205 2.9

(method 1) CP 7.1150 4.1557 19.2244 0.4286 2.8
Chest radiography Three-phasic 0.9716 2.5845 17.1021  0.6318 14

(method 1) CP 1.0540 2.5945 16.9612 0.6277 14
Cardiac angiography  Three-phasic 741.8 2.6518 16.1019  0.6472 1.7

(Simpkin) CP 799.3 2.6510 16.0166 0.6508 1.7
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TaBLE VII. H2?, o', Be ¥ [Eq. (21)] for lead obtained by applying a  TasLe VIIIl. HJ%,al,Ae yT [Eq. (21)] for lead obtained by applying a

nonlinear least-squares method to attenuation ¢Réd. 42 for secondary

nonlinear least-squares method to attenuation (Réd 42 for secondary

beam. The data were weighted by the workload spectra obtained in theeam. The data were weighted by the workload spectra obtained in the

present worKkmethod 1) for general radiography techniqddg’fj represents

present work(method 1) for chest techniqueHg;;’,’ represents the ambient

the ambient dose equivalent per patient at a distance of 1 m of the focal spadibse equivalent per patient at a distanéelan of the focal spot(mSv/
(mSv/patient. The maximum fitting error of these data was 2.2%.

patieny. The maximum fitting error of these data was 2.2%.

X-ray generator

X-ray generator

Scattering angle Archer’s model Scattering angle
(deg parameters 3P 12P CP (deg Archer’s model parameters 3P 12P CP
10 H2? (mSvi/patientat 1 m 4.47<10° 2 3.87x10°? 10 H2? (mSv/patient at 1 m 3.95<10°° 3.90x10°°
. - " (mm™Y 2.6853 2.6234
as (mm™) 4.3843 4.3653 BM (mm ) 2.9257 2.7959
s _
B (mmm ) 9.4785 9.4636 o 0.4811 0.4422
YA 0.3754 0.3750
00 ) . . 45 H2? (mSv/patient at 1 m 1.50<10°® 1.55x10 3
45 Hgy (mSv/patient at 1 i 3.56< 10 3.13x 10 a™ (mmY) 24093 23970
m —1
ol (mm Y 4.0485 3.9874 ps’ (mm) 36318 3.3884
A" (mmY 11.4230 11.2765 Ys 0.6472 0.6175
7S 0.3816 0.3918 90 HO¢ (mSvipatient at 1 m 1.28<10°3 1.35<10°°
s, 6
m —1
90 HO¢ (mSvipatient at 1 m  1.61X10°5  1.45<10°5 as (mm”) 2.3701 2.3535
' B (mm™Y) 2.9917 2.8461
a (mmY) 3.8650 3.8269 ¥y 0.5894 0.5574
BT (mm1) 12.7622 12.4062 08 ) L, L,
ym 0.3678 0.4005 135 Hep (mva/patuir;t atlm 8.44x10 7.97x10
" (mm™Y 2.4099 2.4251
135 H2? (mSvipatientat 1 m 5.96x10 2 5.14x10 2 BT (mm™Y 10.5280 10.1767
YA 0.5785 0.5948
a (mm™Y 4.4443 4.3342
BM (mmY) 13.0513 13.0858 142 H2? (mSv/patientat 1 m 9.99<10° 9.35<10 3
¥ 0.2684 0.2660 a (mmh) 2.3563 2.3811
0 _ ., , B (mm™Y) 12.0155 11.7537
a (mmY) 4.4823 4.3955
BT (mm1) 12.8257 12.8735
A 0.2719 0.2711 TABLE IX. H2%,al,BTe yD [Eq. (21)] for lead obtained by applying a

nonlinear least-squares method to attenuation (Réd 42 for secondary
beam. The data were weighted by the workload spectra obtained by Simpkin
(Ref. 6 for cardiac angiography techniqd&ﬂ;‘é’ represents the ambient dose

distant 3.8 m from the x-ray tube focal spot. For simplicity equivalent per patient at a distancelom of the focal spot(mSv/patient
and conservatism they also assuntied 1. Results from the  The maximum fitting error of these data was 2.2%.

application of these parameters by using the NCRP49
method considering two different workloads000 and 294

problem of determining shielding barriers necessary for ra
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. X-ray generator
Scattering angle

mA minweek %), using Dixon and Simpkin results and the (deg Archer's model parameters 3P 12P cp
present model, are shown in Table X. For these two applica- 10 HO4 (mSv/patient at 1 m 3.40 317
tions the workload spectra identified #isor/other wallsin > a™ (mmY 2.9880 2.9990
the Simpkif? and Dixon and Simpkift papers were consid- B (mm™Y) 6.0206 5.8832
ered. yo 0.6289 0.6327
Another example was extracted from Simpkin and Dix- 45 HO¢ (mSvipatient at 1 i 4.78<10°*  4.44x10°*
on’s papel? to perform this comparison for a secondary bar- al (mmY) 2.5556 2.5467
rier. In their paper, the authors considered the workload spec- BT (mm™h) 9.8306 9.7790
tra labeledradiographic room (all barriers) which is a A 0.5063 0.5075
leakage technique corresponding to 150 kVp and 3.3 mA. 90 HO¢ (mSvipatientat 1 2.75x10°% 2.55¢10°*
The area to be protected @ m distant from the scattering a® (mmY 2.6027 2.5890
medium with an angle of 90°. The beam area was BT (mm™Y) 10.7558 10.7208
F=1000cnt. Results corresponding to the application of s 0.4252 0.4276
these parameters are presented in Table XI. 135 HO¢ (mSvipatient at 1 i 6.88 6.88
In both cases the correction by using the function a™ (mmY) 2.5889 2.5844
(H*(10)/k4) (E) and the constant factdt.14) for the Gy to BT (mm Y 10.7496 10.7350
Sv unit conversion was considered. Vs 0.4310 0.4298
142 H2? (mSv/patient at 1 m 8.72 8.10
IV. CONCLUSIONS al (mm’i) 3.2617 3.2595
. - ™ (mm~ 10.9903 10.9876
The present work provides an optimized treatment for the g (ygw L 0.4187 0.4200
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TasLE X. Comparative results from the application of the NCRP49 method considering two different workloads
(1000 and 294 mA min week), using Dixon and SimpkiriRef. 11 results and the present model. For these
two applications the workload spectra identifiedfl®r/other wallsin the Simpkin(Ref. 6 and Dixon and
Simpkin (Ref. 11 papers was considered. A 120 patient wéeloom and an uncontrolle.02 mSv week)

fully occupied (T=1) area distant 3.8 m from the x-ray tube focal spot were assumed.

Lead thickness needed to
Unshielded dose reduce to 0.02 mSv week

(mSv week ) (mm Ph
NCRP49- W= 1000 mA min/wk at 120 kVcp 488.4 3.01
NCRP49- W= 294 mA min/wk at 120 kVcp 143.6 2.56
Dixon and Simpkin 42.8 1.45
This paper w/functional correction 76.7 2.01
This paper w/constant correctigh.14) 69.6 1.87

diological room protection. The developed method associatematerial, the 88 ke\k-edge is very evident in the transmitted
information regarding primary and scattered spectra usuallgpectra. In spite of the approximations, this extended model
present during diagnostic procedures as well as new dafarovides a most accurate approach for determining shielding
from workload spectra. This information was incorporated inbarriers for diagnostic installations.
a set of equations which provides the relationship between The model can be improved when associated with the
ambient dose equivalent and thickness of a shielding matenost complete data regarding the attenuation properties of
rial considering primary, scattered, and leakage radiatioshielding and constructing materidl&® and the attenuation
from a given diagnostic procedure. The equations can geneof the patient and devices used for performing diagnostic
ate families of attenuation curves, which are very useful durimaging’® Moreover, the scattered spectra used in the
ing diagnostic rooms shielding design. present work were obtained just for constant potential gen-
The developed set of equations is based on previous moerators and do not include information for the mammography
els for primary! and secondary radiation, but it takes into  technique. Complementary work is in progress in order to
account the radiation spectra modulated by the workload digsrovide this additional information.
tribution. This formulation was chosen because of its ability For a typical primary beam, Table X shows an estimation
to compensate the variation of the spectral shape when thef the unshielded radiation as 1.8 tinj@gth functional con-
radiation beam crosses the shielded wall. Figure 14 showeersion by using the functionH* (10)/k,)(E)] and 1.6
the radiation spectra calculated using Et0Q) without per- times (by using a constant conversion of 1)lthe value
forming the integration on the variab® The curves were obtained by Dixon and Simpkilt. This result likely reflects
calculated using primary beams modulated by the workloadhe differences on output value of the x-ray equipment con-
spectra from Simpkihfor general radiography considering sidered in each case. Dixon and Simpkin determined an un-
the incident radiation and the radiation transmitted by 0.5shielded primary dosetd m from the focal spot as 5.15
mm Pb. The attenuation by the patient was not considerethGy patient !, while the result by integration of the spectral
nor the construction materials of the wall. They representistribution of the radiatioriconsidering the same workload
approximate spectra that could be measured by solid-stagpectrawas 7.35 mGy patient. Moreover, the unit conver-
detectors placed in the primary beam, inside and outside sion used by these authors was 1 m&GymSv and the func-
diagnostic room, divided by the number of patients imagedional correction factor used in the present work increases
during the integration period. As lead was used as shieldinghis value by about 15%.

TasLE XI. Comparative results for secondary barrier from the application of NCRP49 method considering two
workloads(1000 and 294 mA min wk'), using Simpkin and DixoiiRef. 12 results and the present model. For
these two applications the workload spectra labesetiographic room (all barriers)and a leakage technique
corresponding to 150 kVp and 3.3 mA were considered. The area to be protected was 2 m distant to the
scattering medium, with an angle of 90°. The beam areaRwa$00 cn?. For the present model, the correction

by using the function i* (10)/k,)(E) and also a constant factét.14 to Gy to Sv unit conversion were

considered.
Lead thickness needed to reduce to
Unshielded dose 0.02 mSv week!

(mSv week?) (mm P
NCRP49- W= 1000 mA min/wk at 120 kVcp 15.0 1.93
NCRP49-W=294 mA min/wk at 120 kVcp 4.4 1.49
Simpkin and Dixon 1.03 0.6
This paper w/functional correction 0.10 0.22
This paper w/constant correctigh.14) 0.08 0.19
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04 - 20x10% these areas, when compared with the necessary thickness ob-
tained by applying the NCRP49 method. This result demon-
strates that the development of an optimized methodology
for shielding calculation in diagnostic rooms can be associ-
ated with a cost-benefit analysis to be performed during the
design process of a radiological department.
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