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X-Ray Shielding
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X-Ray Uses in Image Guided Surgery
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X-Ray Uses for Radiation Therapy

39



Chapter 7: External Radiation Protection

A Typical X-Ray Sources

Protective casing £ £
/

Anode assembly

/ leakage radiation

D —

High o= i Filamdnt
voltage " circuit
/ I, _/ ‘_):
Stator Cathode assembly Figure 5.4
I \\ N Schematic diagram of an
rays\ \ x-ray tube.
~ ,Il I/’ 4 N \\\
Motor, Why? M \{/ &/ '
Rotati Filament
otating

Primary radiation
target \

40



Chapter 5: Radiation Dosimetry

Shielding for protection against X-rays is considered under two c.ategones:
source shielding and structural shielding. Source shielding is usually supplied by the
manufacturer of the X-ray equipment as a lead shield in which the X-ray tl.lb? 1
housed. The safety standards recommended by the National Council on Radlatlon
Protection specify the following types of protective tube housings for medical X-ray

installations*:

1. |Diagnostic type: |One so built that the leakage radiation air kerma at a dis-

tance of 1 m from the target cannot exceed 1 mGy (100 mrads) in 1 h when

the tube is operated at its maximum continuous rated current and high volt-
age.

2. |Therapeutic type: _

a. For X-rays generated at voltages ofjm The tube housing is built
so that the maximum leakage kerma rate at any point S cm from the tube
housing does not exceed 1 mGy (100 mrads) in 1 h when the tube is
operated at its maximum rated beam current and high voltage.

b. For_X-rays generated at voltages|greater than 50 KV but less than
500 kVJ A tube housing built so that the leakage kerma rate at a distance
of 1 m from the target does not exceed 1 cGy (1 rad) in 1 h. Furthermore,
the leakage kerma rate at a distance of 5 cm from the tube housing does
not exceed 30 cGy/h (30 rads/h).

c. For X-ray generated at peak voltages of|500 kV or more} A tube housing
built so that (1) the leakage radiation rate in a region outside of the
maximum-sized useful beam but within a 2-m radius circular plane cen-
tered on the beam’s central axis at the normal treatment distance does
not exceed 0.2% of the treated tissue dose rate and (2) except for this
region, the absorbed dose rate at 1 m from the electron path between the
source and the target does not exceed 0.5% of the treatment dose rate
on the central axis of the beam at the normal treatment distance.
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Fig. 15.8 Schematic plan view of X-ray room showing the
different radiation components considered in the design of
structural shielding to provide primary and secondary
protective barriers.




Chapter 7: External Radiation Protection

Key Characteristics of X-ray Source Operation

& Requirements for structural shielding is determined by considering

1.

2.

3.

The maximum kilovoltage at which the X-ray tube is operated.
The maximum milliamperes of beam current.

The workload (W), which is a measure, in suitable units, of the amount of
use of an X-ray machine. For X-ray shielding design, workload is usually
expressed in [units of milliampere-minutes per week. -

The use factor (U), which is the fraction of the workload during which the
useful beam is pointed in the direction under consideration.

- The occupancy factor (7’), which is the factor by which the workload should

be multiplied to correct for the degree or type of occupancy of the area in
question. When adequate occupancy data are not available, the values for T
given in Table 10.1 may be used as a guide in planning shielding.
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Chapter 5: Radiation Dosimetry

Considerations for X-ray Shielding Design

TABLE 10.1. Occupancy Factors

Full occupancy Control space, wards, workrooms, darkrooms, corridors
T=1 . large enough to hold desks, waiting rooms, rest rooms
used by occupationally exposed personnel, children’s play
areas, living quarters, occupied space in adjacent buildings

Partial occupancy Corridors too narrow for desks, utility rooms, rest rooms
T=1/4 not used routinely by occupationally exposed personnel,
elevators run by operators, and uncontrolled parking lots
Occasional occupancy Stairways, automatic elevators, outside areas used only for
T=1/16 pedestrians or vehicular traffic, closets too small for future

workrooms, toilets not used routinely by occupationally
exposed personnel

& |CRP 60 Limits for X-ray exposure:
% 100mSv (100,000rems) over 5 years.

%  Maximum dose in any single year <50mSv (50,000mrems).

NPRE 441, Principles of Radiation Protection, Spring 2026

45



Chapter 7: External Radiation Protection

Design of the Primary Protection Barrier

Area-of-interest (AOI)
e
4

X-ray Source

Primary barrier

Consider that

v

v
v
v

The maximum allowed exposure rate at the AOIl is P (R/wk),
The source is operated at a given workload, W (mA-min/wk),
The AOI is occupied only for a fraction (T) of time,

The use factor of the source is U (the fraction of time when the source is pointing towards the AOI).

Question: What is the thickness of the primary barrier needed to ensure the exposure
rate at the AOI stays below the limit P?



Design of the Primary Barrier (A Slightly Different Geometry )

Consider that

v' The maximum allowed exposure

Point Q rate at the AOl is P (R/wk),
! éd ) / % v' The source is operated at a given
workload, W (mA-min/wk),

Object AOIL with a maximum ¥ The AOI is occupied only for a

exposure rate limit, P fraction (T) of time,
Consider the primary barrier (R/wk) v" The use factor of the source is U
moved to here (the fraction of time when the

source is pointing towards the AOI).

Consider that the setup above delivers an exposure rate of P (R /wk) at the AOI ...

Question: If the source (with the shielding in place) is only running at a unit workload of 1
mA - min/wk, what would be the exposure rate at Point Q of 1 m away from the source?

d?-P(R/wk)

oA=L . i1 _
K(R-mA™ -min~" at 1m) W mAmin/wi) T U

=» normalized shielded source output factor
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Chapter 7: External Radiation Protection

Determining the Requirement for Primary Shielding

PARKING LOT
¥ —
o AOI

X-RAY PRIMARY

LB Eer
|« 15 T The exposure limit for the AOI is
X P=0.01 R/wk
10'
X -RAY ROOM Workload: W=220mAX1.5min/wk
= Use factor: U=1/3
LABORATORY Occupancy factor: T=1/4

FIGURE 15.8. Schematic top view of an X-ray facility.

Example

A diagnostic X-ray machine is operated at 125 kVp and 220 mA for an average of
90 s wk~'. Calculate the primary protective barrier thickness if lead or concrete alone
were to be used to protect an uncontrolled hallway 15 ft from the tube target (Fig.
15.8). The useful beam is directed horizontally toward the barrier '4 of the time ang
vertically into the ground the rest of the time.
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Chapter 7: External Radiation Protection

Determine the Requirement for Primary Shielding

Solution

For the uncontrolled hall, P = 0.01 R wk™!. The distance to the hall in meters is d
= 15/3.28, and the workload is W = 220 mA X 1.5 min wk™' = 330 mA min wk~!

The use of factor is U = ' and the occupancy factor (Table 15.3) is T = '. Equation
(15.13) gives

d’P  0.01 x (15/3.28)?
K = = — ) X 1 -3 —1 - —1 .
WUT _ 330 %X 1/3 x 1/4 7.61 O"RmA min "atlm

From Fig. 15.3 we find, for 125 kVp, that the required thickness of lead is about 1.05
mm; from Fig. 15.6, that of concrete is about 3.6 in.
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Chapter 7: External Radiation Protection

Design of the Secondary Protection Barrier

® Used against the scattered photons and the

Leakage radiation leakage radiation dose.

\

— % Depends on
) 2 [%3
%5 lb &  Scattering angle — assumed to be
55" anisotropic.
I8 d,. .
AN LA K % The energy of the primary photons — a

Primary Protective . .
Barrier simple energy dependency is assumed to

simplify the derivation.

C

& Scattering area — assuming a perfect
scattering plane.

& Type of the X-ray tube — in particular in the

calculation of the dose rate from leakage

radiation.

® Required shielding need to be determined
separately for each of these components.
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Secondary Protection Barrier against Scattered Radiation

NM

AOI

Max. dose(or exposure)
rate at the AOl is P

5 Primary Protective

Barrier

/\

F1GURE 10.11. Elevation view of radiation room and its surroundings with indication of dis-

tances of interest for radiation shielding calculations. A is the radiation source, M represents the

patient, and C and E are positions that may be occupied by personnel. (From NCRP Report No.

49: Structural Shielding Design and Evaluation for Medical Use of X-rays and Gamma Rays of

Energies up to 10 MeV, 1976. By permission.) 52




Chapter 7: External Radiation Protection

Secondary Protection Barrier against Scattered Radiation

g"'pos
. u,.e
> 0h,, n
. /@CI.. . (4
1—1 1 PointQ :

| -
Second barrier

Second barrierI / I BE’,
¢ \v Exposure rate l
AO| at the AOI: Xs

. where a = ratio of scattered to incident radiation, Table 10.3;
. axX u F X, = exposure rate incident on scatterer;
X S = ( d )2 ) 400 d,. = distance from scatterer to point of interest; -
sec F = scattering field size, cm? and

exposure time.



Chapter 7: External Radiation Protection

Secondary Protection Barrier against Scattered Radiation

% The amount of scattered radiation may be determined based on
® primary beam energy,
® scattering angle and
# scattering area.

& |f the exposure rate incident on the object is Xu, then the exposure rate from
scattered radiation without shielding may be given by

_axX, F
 (dgec)? 400

Xs

where a = ratio of scattered to incident radiation, Table 10.3;
X, = exposure rate incident on scatterer;
d,.. = distance from scatterer to point of interest; -
F = scattering field size, cm?; and

54
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TABLE 10.3. Ratio, a, of Scattered to Incident Exposure

Chapter 7: External Radiation Protection

Scattering Angle (from Central Ray)

Source 30 45 60 90 120 135
X-rays
50 kV? 0.0005 0.0002 0.00025 0.00035 0.0008 0.0010
70 kb 0.00065 0.00035 0.00035 0.0005 0.0010 0.0013
100 kV? 0.0015 0.0012 0.0012 0.0013 0.0020 0.0022
125 kV? 0.0018 0.0015 0.0015 0.0015 0.0023 0.0025
150 kV® 0.0020 0.0016 0.0016 0.0016 0.0024 0.0026
200 kV? 0.0024 0.0020 0.0019 0.0019 0.0027 0.0028
250 kV? 0.0025 0.0021 0.0019 0.0019 0.0027 0.0028
300 kV? 0.0026 0.0022 0.0020 0.0019 0.0026 0.0028
4 MV© — 0.0027 — — == —
6 MV4 0.007 0.0018 0.0011 0.0006 — 0.0004
Gamma rays
131Cs* 0.0065 0.0050 0.0041 0.0028 — 0.0019
60Cof 0.0060 0.0036 0.0023 0.0009 - 0.0006

aScattered radiation measured at 1 m from phantom when field area is 400 cm? at the phantom surface;
incident exposure measured at center of field 1 m from the source but without phantom.

bErom Trout and Kelley (Radiology 104:161, 1972. By permission). Average scatter for beam centered

and beam at edge of typical patient cross-section phantom. Peak pulsating X-ray tube potential.
“From Greene and Massey (Br J Radiol 34:389, 1961. By permission.), cylindrical phantom.
dFrom Karzmark and Capone (Br J Radiol 41:222 1968. By permission.), cylindrical phantom.

‘Interpolated from Frantz and Wyckoff (Radiology 73:263 1959. By permission). These data were ob-
tained from a slab placed obliquely to the central ray. A cylindrical phantom should give smaller values.

fFrom Mooney and Braestrup (AEC Report NYO 2165, 1967. By permission.), modified for F = 400 cm?.
Source: From NCRP 49. By permission.



Chapter 7: External Radiation Protection

Secondary Protection Barrier against Scattered Radiation

In designing secondary protective barriers, we make the following simplifying
and conservative assumptions:

1. The energy of the scattered radiation, when the X-rays are generated at
500 kV or less, is equal to the energy of the useful beam.

2. Primary X-ray beams generated at voltages greater than 500 kV are de-
graded in energy to that of a 500-kV beam after being scattered, and the

exposure rate at 1 m from the scatterer is 0.1% of that in the useful beam at
the point of scattering.

56



Chapter 7: External Radiation Protection

Secondary Protection Barrier against Scattered Radiation

[f the shielded source (shown below) running with given
(U, W, T) delivers an exposure rate P at the AOI, then the

same shielded source running at 1 (mA - min) should
deliver an exposure rate X,

_ Xg _ P(R/Wk)-dZec-d%q 400(cm?)
- W-U-T a-W(mA-min/wk)-T F(cm?2) '’

to Point Q ...

exposure (or dose) rate
reaching the object

Xu , Dy

1
I
I
1 _1
Second barrier

Exposure (or dose) Y. D
Sr»~Ss

N

Exposure rate at point Q :

XQ = Xy - dszca

_ P(R/wWk) - dgec - dgca 400(cm?)
B a " F(cm?)

]

Exposure rate at point U:
: P(R/wk)-d%e. 400(cm?)
Xu — ) )
a F(cm?2)
where F (cm) is the actual target
area of the object

rate at the AOI

Assuming the exposure rate at the AOl is

X, = P(R/wk)




Chapter 7: External Radiation Protection

Secondary Protection Barrier against Scattered Radiation

Since It = WT, and since U = 1 for scattered radiation, then,

Normalized shielded source output factor: the dose or exposure that the shielded source
running at 1mA for 1 minute should deliver to a reference point at 1 m away

Dist. from the source to Dist. from the
the scatterer scatterer to the AOI
P ) , . 400
K = X (dey )? X (do )? X ==
sCa S€C
aWT F
. . Actual size of the
a: ratio between incident exposure ,
scatterer/object
and scattered exposure measured
at 1 m from the object/scatterer,
whose scattering area is assumed
to be 400 cm? The occupancy of the AOI

Workload — the amount of usage of the
x-ray tube (mA-min/wk)
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Secondary Protection Barrier for Scattered Radiation

% The exposure rate that the same source would deliver at 1 m away (within the
primary beam) by running at 1 mAfor 1 min is given by

X 2 X 2 X 400 _ o
K = P X (dica)” X (dsec) (R-mA~1-min~! at 1m)
axWxTxij
f h | lL " dsec‘_[%
Correction factor, whose value increases ) 1«3 )
with the increasing HV of the tube. m “E%E 1;?@
A\ J,?; e
kv f g | Prlmagya ::::ectlve %
500 or less 1 1
1000 20
2000 300
3000 700

59



Chapter 7: External Radiation Protection

'0»__ —— = - 10
1.0 = e E SN ST B 1.0‘&
A\ —~ .
[ B \
_ IS S B \
| - I\
AN
RS
£ R
3 5 AV
£ B IV
o ]
'-'* .0l g .0l J. \ \1\
£ - e
E < AT —
- € @l ALY
b x \ AAEAN
s e \ < NN
vt .
00+ . ¥ ——
| ‘\' N t a Y Y
[ F_\+ .. { Y T\ A\ AN
e T A W I W WAV AN
¥ VO VI N\
| EERANN
4 [}
\ ' IR
000I——- M ==—c = X
(o e T 1 AW AUWBAY AN
O 1 AU AR WA
[ 6 | ¥ N\ 125 kvp N
— s ;H | :‘70 kvp Jv AN
© . 1 [ \ AN
_ f \50 lvp: 100kvp \ \l\.'ao kvp \{30 kvp
i .00001 | "} | N
.0000I ) ) 0 ] 3 3 4 5 ) 7
0 4 20 24 28

o~
Q
W

LEAD THICKNESS (mm;
~ 3. 6 CONCRETE THICKNESS (inches)

. . H 3. H H l . . .
FIGURE 15.6. Attenuation in concrete of X rays produced with (peak) potential differ- IGURE 15.3. Aftenuation in lead of X rays produced with (peak) potential differences
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Chapter 7: External Radiation Protection

Secondary Protection Barrier for Leakage Radiation
% Considerations on the dose by leakage radiation

®  For diagnostic x-ray tubes, the maximum leakage dose rate is 1 mSv (0.1

rem) per h at 1 m (quality standard for x-ray tube manufacturers).

% |If the source is running for t mins per week, the maximum leakage dose

rate delivered to an area at a distance d meter away is

Assuming working for t
mins per week, t=W/I

ICRP dose limit imposed on all commercial X-
ray generators (Rem/h at 1 m)

rem) 0.1 (%) y t(n‘},_i;?)

Dose rate: Rem/wk D ( _ :
L\ wk d? min
60("7)

Distance between the AOI and the source

% Consider the occupancy factor (T) of the area-of-interest and the workload of
the x-ray source (W), the maximum dose rate delivered by the leakage radiation

IS
rem 0.1 (@) W(M) -T I: Tube current (mA)
D ( )= h % wk
L\ wk d? min 61



Chapter 7: External Radiation Protection

Secondary Protection Barrier for Leakage Radiation

= If the maximum dose rate (P) allowed at a distance d (m) from the target, the
shielding factor, B, of the barrier for leakage radiation may be determined by

Dose limit at the AOI

_P-d?-600-1
W-T

Dose at the AOI without shielding
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workload

Chapter 7: External Radiation Protection

Design of An X-ray Shielding Structure

Example 10.9

The room shown in Fig. 10.17 will be used for diagnostic radiology. From the

floor to the ceiling is 9 ft 7 in. (292 cm). The room above is another office that is not

controlled by the radlolo&t;fh-_X ray room 1s on the ground floor of the bu1ld1ng,
there 1s no occupied space below. The floor and ceiling are made of concrete 5 in.
(12.7 cm) thick; wall A is made of concrete 4 in. (10.2 cm) thick. Walls B, C, and D
are made of hollow tile and thin plaster, as shown in section A-A. The maximum
machine ratings are 125 kVp and 200 mA. As a fluoroscope, the machine will be
operated 5 h a week at 3.5 mA, and for radiography the machine will be operated at
200 mA for 2 min in a week. The average target to skin distance if 0.5 m. Compute
the required shielding for the cellm

| Office
f D N t 4
™ B ’ﬂhﬁh’
- - 6’ o2 ‘R
e ‘ A '_‘% f:x*{i’::v
o ' a P €\ \
) e ey < A E\
A A T Direct f ° - !
useful beam g ANy st
[ 2 R i7\
=l 14° - B H
s B e 3"

Narrow corridor )
Section A-A

Fi1GURE 10.17. Layout of diagnostic X-ray room of Example 10.9.
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Design of An X-ray Shielding Structure

FIGURE 10.13. Attenuation in concrete of
X-rays produced by potentials of 50 to

300 kVp; 400 kV constant potential. The
measurements were made with a 90° angle
between the electron beam and the axis of
the X-ray beam. The curves for 50 to 300 kV
are for a pulsed waveform. The filtrations
were 1 mm Al for 50 kV, 1.5 mm Al for
10kV,2 mm Al for 100 kV, and 3 mm Al for
125,150, 200, 250, and 300 kV. The 400-kV
curve was interpolated from data obtained
with a constant potential generator and in-
herent filtration of approximately 3 mm Cu.
(From NCRP Report No. 49, Structural
Shielding Design and Evaluation for Medical
Use of X-Rays and Gamma Rays of Energies
up to 10 MeV, 1976. Full-size reproductions
of the figures giving barrier requirements

are available from the NCRP as an adjunct
to the report. By permission.)

K, R/mA - min at 1 meter

104

100

-
<

2

%

b

108

104

[\

concrete thickness, cm (P =2.35 gicm?3)
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b
Step 1: Design of the primary barrier %_\ V %"jqr-ﬁgf%
Considering : ‘g ! A_ :j
Directly irradiating Wall A at a distance d=7 feet, ’ti j o § N R\j\ Plaster
. Workload: W=2 (mins/week) X 200 (mA), ?c E\ V;-:\Tile
. Use factor: U=1, 3 5 3';.,"{‘ __“{5}‘ o
Narrow corridor Section A-A

. Occupancy factor: T=1/4,

Fi1GURE 10.17. Layout of diagnostic X-ray room of Example 10.9.
. Maximum allowed weekly dose to an uncontrolled area: P=0.02 mSv/wk.

Consider a shielded X-ray source that is running with given (W, U, T) and delivers a dose rate (or exposure) rate P at the AOI. If
we move the shielding in front of the same source, then the dose (or exposure) that this shielded source would deliver to
point Q at a distance of 1 m away by running the source with 1 mA tube current for 1 min is given by

2,
Kdose = WU T 9.07 X 10™*mSv/(mA - min) at1m

Then we convert the maximum allowed dose K;,5, to the maximum
allowed exposure K,yposures 50 We could use existing data to derive the

shielding requirement.

For this purpose, we consider

. The quality factgr or photons is 1, and
. 1 X Unit = 34Gy

. 1 X Unit = 3881 Roentgen

Kexposure = Kgose(S7) /34 X 3881 65
=1.03x 107*R/(mA - min) at 1 m
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Step 1: Design of the primary barrier (continued)

The maximum exposure that is allowed at a unit distance and delivered by the
source running at the “standard” operating condition (W=1, U=1, T=1)

Kexposure = Kdose/34 X 3881 = 1.03 X 107*R/(mA - min) at 1 m
Given the source is 125 kVp, we can use the

figure on the right to find the thickness of the

concrete slab needed to achieve the maximum

allowed exposure limit Kexposure 1s 21.5 em.

Office

1 g0
3 Cheingeing
7 Ly
2 !
g o :, N'\
- - .
@ - | > Plaster
2 | \\
) b NG
T : { > Tile
o] '.M /:...
g Y i
. B e Iad
Narrow corridor Section A-A

Fi1GURE 10.17. Layout of diagnostic X-ray room of Example 10.9.

FIGURE 10.13. Attenuation in concrete of
X-rays produced by potentials of 50 to

300 kVp; 400 kV constant potential. The
measurements were made with a 90° angle
between the electron beam and the axis of
the X-ray beam. The curves for 50 to 300 kV
are for a pulsed waveform. The filtrations
were 1 mm Al for 50 kV, 1.5 mm Al for
70kV,2 mm Al for 100 kV, and 3 mm Al for
125,150, 200, 250, and 300 kV. The 400-kV
curve was interpolated from data obtained
with a constant potential generator and in-
berent filtration of approximately 3 mm Cu.
(From NCRP Report No. 49, Structural
Shielding Design and Evaluation for Medical
Use of X-Rays and Gamma Rays of Energies
up to 10 MeV, 1976. Full-size reproductions
of the figures giving barrier requirements

are available from the NCRP as an adjunct
to the report. By permission.)

K, R/mA - min at 1 meter

10t

100

10

2

2

3

108

104

concrete thickness, cm (P =2.35 gicm3)
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Step 2: Design of the second barrier (ceiling) against leakage radiation

Considering

. The source is installed 1.5 m from the ceiling,

. The AOI is 3 feet above the ceiling, and about 8 feet from the source, d=8 * l . \Office
feet=2.5m. ™ \ -
| | I | g
. The maximum dose allowed for an uncontrolled area is P=0.002 Rem/week l 6 A 2
(0.02 mSv/week) § . SN
. Assuming the source is generating 0.1 Rem/h (1 mSv/h) dose at 1 m through ?; j ‘ ﬁo"m eam g
leakage radiation by running for 60 mins per week (the ICRP limit on 'g;_c 7'——»2
commercial diagnostic X-ray source). 3 14
° ysource) 2l PR
. For diagnosis purposes, this source is typically running for t=302 mins/wk. Narrow corridor

Fi1GURE 10.17. Layout of diagnostic X-ray room of Example 10.9.

Then , the attenuation factor required to bring the radiation dose at the AOI to

below the 0.02 mSv/wk Timit is given by rem min
5 (remy 2t (57) G
L ( wk ) - d2 X min

60(—)

. 0.02(mSv/wk) _ 0.02(mSv/wKk) .
BLx ~ 1(mSv/h) t(min/wk) ~ 0.1 (mSv/h) 302 (min/wk) ~ 0.0248
d2 60 (min/wk) (25m)2 60 (min/wk)

It would take a concrete shielding of (n X half-value layer) to achieve the desired shielding effect, where n is given by

0.0248 = zi and n=5.33

Finally, considering the half-value layer for concrete for X-rays from the 125 kVp source is 2 cm, then the total thickness of concrete to
protect the AOI from leakage radiation is about 10 cm.
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Step 3: Design of the second barrier (ceiling) against scattered radiation

. | Office
Considering T = ~_
. Workload: W=2 (mins/week) X 200 (mA)=1200 (mA -min/week), "’! l s
6’ =]
. Use factor: U=1, c I AlS
5] . 3 -
o o
. Occupancy factor: T=1, S Bttt o = e v -
L J useful beam °
. dsca=0.5 m (distance between the source and the patient), Lc; l - g
c|C c
. . = )
. dsec=2.5 m (distance between the patent and the area of interest, AOI), 8 14
- B
. a=0.0015 from Table 10.17, Ratio of scattered to incident radiation Narrow corridor )
. Ta rget area of the patient to the incident X—rays’ F=400 cm? F1GURE 10.17. Layout of diagnostic X-ray room of Example 10.9.
. Maximum allowed weekly dose to an uncontrolled area: P=0.02 mSv/wk,
The maximum dose that is allowed at a unit distance delivered by the source TABLE 103. Ratio, a, of Scattered to Incident Exposure®
running at 1 mA for 1 min is given by Scattering Angle (rom Central Ra)
Source 30 45 60 90 120 135
X-
P 2 2 400 sz 50 kv? 00005 0.002 000025 000035 00008 00010
— * d sca ¢ d sec * —2 70 kVP 0.00065  0.00035 0.00035  0.0005 g.%g g%g
100 kV? 0.0015 0.0012 0.0012 0.0013 . A
a.W.T 3 F Cm 125 kb 0.0018 0.0015 0.0015 0.0015 0.0023 0.0022
— - . 150 kVv? 0.0020 0.0016 0.0016 0.0016 0.0024 0.002
-_ 1 .4 X 1 O rem / (mA . m]n) at 1m 200 kV? 00024 00020 00019 0.0019 00027  0.0028
5 250 kV: 0.0025 0.0021 0.0019 0.0019 8%% gggig
J— . 300 kV 0.0026 0.0022 0.0020 0.0019 X X
o . MVe — 0.0027 — — = =
1 .4 x 1 O Sv/ (mA mln) at 1m ;MV" 0.007 0.0018 0.0011 0.0006 — 0.0004
Gamma rays
137Cse 0.0065 0.0050 0.0041 0.0028 — 0.0019
0Cof 0.0060 0.0036 0.0023 0.0009 — 0.0006

Scattered radiation measured at 1 m from phantom when field area is 400 cm? at the phantom surface;
incident exposure measured at center of field 1 m from the source but without phantom.

5From Trout and Kelley (Radiology 104:161, 1972. By permission). Average scatter for beam centered
and beam at edge of typical patient cross-section phantom. Peak pulsating X-ray tube potential.

“From Greene and Massey (Br J Radiol 34:389, 1961. By permission.), cylindrical phantom.

4From Karzmark and Capone (Br J Radiol 41:222 1968. By permission.), cylindrical phantom.
“Interpolated from Frantz and Wyckoff (Radiology 73:263 1959. By permission). These data were ob-
tained from a slab placed obliquely to the central ray. A cylindrical phantom should give smaller values.
fFrom Mooney and Braestrup (AEC Report NYO 2165, 1967. By permission.), modified for F = 400 cm®
Source: From NCRP 49. By permission.



Chapter 7: External Radiation Protection

Secondary Protection Barrier against Scattered Radiation

[f the shielded source (shown below) running with given

(U, W, T) delivers an exposure rate P at the AO], then the \

same shielded source running at 1 mA for 1 min should

deliver an exposure K, Exposure rate at point Q :
Xo = Xu . dszca
X P(R/wk)-d2ecd%cq 400(cm? ¢
= Yo _ PR/wk)dfecdica  400(cm”) P(R/Wk) - dZec - dZeq 400(cm?)
W-UT  aW(mAmin/wk)-T F(cm?2) = .
a F(cm?)
to Point Q, which is the normalized shielded output factor ... ;)\
Im exposure (or dose) rate Exposure rate at point U:
i 5 reaching the object _ P(R/wk)-dZec 400(cm?)

| .
=1 Point Q XurDu

1
I
I
1 _1
Second barrier

Exposure (or dose) Y. D
Sr»~Ss
rate at the AOI

Xy = a F(cm?) '’
where F (cm) is the actual target
area of the object

A

X, = P(R/wk)

ssuming the exposure rate at the AOl is




Chapter 7: External Radiation Protection

Step 3: Design of the second barrier (ceiling) against scattered radiation (continued)

The maximum dose that is allowed at a unit distance delivered by the source running at 1 mA for 1
min is given by

_ P 5 5 400cm?
k = aw-T Gsca * dsec F cm?
=1.4 x 10~ 3rem/(mA - min) at 1m

= 1.4 X 10~°Sv/(mA - min) at 1m

Then we convert the maximum allowed dose K;,5;, to the maximum
allowed exposure Koyposures 50 We could use existing data to derive the

10t —
shielding requirement.

For this purpose, we consider

. The quality factor or photons is 1, and FIGURE 10.13. Attenuation in concrete of
X-rays produced by potentials of 50 to

. 1 X Unit = 34Gy 300 kVp; 400 kV constant potential. The
measurements were made with a 90° angle

. 1 X Unit = 3881 Roent gen between the electron beam and the axis of

the X-ray beam. The curves for 50 to 300 kV
are for a pulsed waveform. The filtrations
were 1 mm Al for 50 kV, 1.5 mm Al for

K, R/mA - min at 1 meter

Kexposure = Kdose (S7)/34 X 3881 0kV,2 mm Al for 100 kV, and 3 mm Al for

_ _5 . _ 125,150, 200, 250, and 300 kV. The 400-kV

=1.4x10 Sv/(m A- mln)/34‘ * 3881 = curve was interpolated from data obtained
1.6 X 10—3 R / (m A- mm) at1m with a constant potential generator and in-

berent filtration of approximately 3 mm Cu.
(From NCRP Report No. 49, Structural

. . . Shielding Design and Evaluation for Medical
Using the figure on the right, we find that the thickness of Use of X-Rays and Gamma Rays of Energies

concrete needed to bring the exposure down to the maximum #? 10 MeV, 1976. Full-size reproductions
of the figures giving barrier requirements

wed value : . are available from the NCRP as an adjunct
allowed value Kexposure is 14 cm tothe report. By permission.) concrete thickness, cm (P =2.35 g/cm?)




