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Preface

This Handbook contains primary factual data and basic
principles necessary for designing shielded X-ray installa-
tions, based on the recommendations of the National Com-
mittee on Radiation Protection (see NBS Handbook 41,
Medical X-ray Protection up to Two Million Volts). It
considers the protection requirement for persons working
with the equipment and for persons in adjoining areas. It
discusses typical cases, giving a variety of examples to illus-
trate the application of the fundamental principles and rec-
. ommendations, and carrying out detailed calculations show-
“ing how to arrive at the optimum conditions providing

sufficient protection for safe operation with the most eco-
nomical form of radiation shielding. Practical criteria for
the choice of barrier materials, location of X-ray equipment,
etc., are included. Full use of the recommendations of the
National Committee on Radiation Protection is made in this
Handbook, but it is not an official report of that committee.

National Bureau of Standards Handbook 41, prepared by
the National Committee on Radiation Protection, gives the
essentials of protection design, but does not go into the de-
tails of the solution of actual problems encountered. There-
fore it seems desirable to provide a more detailed discussion
regarding the application of the basic information to specific
problems,

A. V. AstiN, Acting Director.
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X-RAY PROTECTION DESIGN

Harold O. Wyckoff and Lauriston S. Taylor
1. Introduction

Although many publications dealing with X-ray protection,
including the comprehensive-handbook type, have appeared,
none has yet undertaken the explanation of certain assump-
tions and recommendations nor included detailed design
specifications. The present paper discusses X-ray protec-
tion recommendations and gives sample design problems and
methods of computing barriers for real installations. It is
hoped that architects and designers of buildings and rooms
in which X-rays will be used for fluoroscopy, radiography,
or therapy wﬂfr find this publication a very real aid to their
planning. The data, graphs and tables are taken from
National Bureau of Standards Handbook 41, Medical X-ray
Protection up to Two Million Volts [1].!

In general, rules and recommendations in the field of X-ray
protection cannot be considered final. They are based on
the best data available at the time, and may require revision
as our knowledge increases. In Handbook 41 the absorption
curves and tables for the useful radiation may be considered
final, as far as they go. No important changes in these may
be reasonably anticipated. On the other hand, the absorp-
tion data for scattered radiation are incomplete, and rough
approximations based on fragmentary data must be used.
In such a case estimates are made in the safe direction, but
the final results are not affected too seriously as the magni-
tudes of the differences are usually small. Rules are included
in Handbook 41 concerning the maximum permissible radi-
ation leakage through the tube housing. With but few
exceptions, modern, commercially available X-ray tube
housings meet these requirements; in fact, a number of them
allow smaller leakages. The computations suggested in this
report may therefore yield larger barrier thicknesses than are
required. Although these considerations are not usually
economically important in the low-voltage region, they may

1 Figures in brackets indicate the literature references at the end of this paper.
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assume considerable importance in the high-voltage region
(1,000,000 volts and above).

For the present, protection recommendations must be
based on the limited data available. Additional changes may
be expected in the future as X-ray equipment design is im-
proved or X-ray techniques are altered, and a more detailed
analysis of the equipment and operating conditions for a par-
ticular installation may permit some reduction of the barrier
requirements from those obtained by the general rules
included here. However, the methods indicated in Hand-
book 41, and explained in more detail in this paper, are
known to be safe for modern equipment.

X-ray protective barriers can be divided into two types:
one providing protection against the useful beam, and usually
spoken of as & primary protective barrier; and one pro-
viding }ﬁrotection against the secondary and direct radiation,
and called a secondary protective barrier. The wuseful
beam is that part of the radiation from the target that passes
through the tube-housing aperture, cone, or diaphragm.
Direct radiation® is that radiation escaping through the
tube housing itself, whereas secondary radiation is radiation
that originates in an irradiated material. The latter
includes scattered radiation and fluorescent radiation. Thus,
if the X-ray tube is fixed in position, only that portion of
the wall or floor struck by the useful beam will require a
primary protective barrier, whereas all other areas will
re%uire secondary protective barriers. However, if the
tube may be aimed in every direction, all walls must be
considered as primary protective barriers. As is shown
later, the secondary barrier will be approximately one-
half the thickness of the primary barrier for the same
target distance.

he permissible exposure rate for X-rays is set at 0.30 r
(300 mr) per week, measured in air {2]. This exposure may
be distributed uniformly cver the working time in a week
or may be obtained in larger short-time exposures, provided
the total does not exceed 0.30 r in any one week. For
computing the thicknesses of protective barriers, it is custo-
mary to assume uniform exposure over the working hours
of };ze week, and not to permit the existence of radiation
levels exceeding this rate in occupied space. For computa-
tion purposes, in Handbook 41 and in this Handbook,

* Direct radiation is frequently referred to as leakage radiation; these terms will be used
interchangeably in this paper.
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the workweek is taken as six 8-hr days, or 48 hr, The value
of 0.30 r/week then corresponds to 0.050 r/day, or 6.25
mr/hr, or 107* r/min. It should be noted that this is not
a tolerance dose, because it is not known that the body can
tolerate any radiation. However, at such exposure szels
no ill effects to the individual have been revealed to date
that indicate the need for revision to a lower level require-
ment. Additional information acquired in the future may
result in changes in the above figures.

2. Basic Principles of Protection Design

It is possible to make several general statements regard-
ing X-ray protection design that will be helpful in the
preliminary consideration of a new installation.

1. The major portion of the protection should be as near
to the tube as possible. The required barrier thickness is
not reduced by such an arrangement, but the area of the
protection barrier is reduced so that the saving in total
volume of barrier varies approximately as the square of
the distance of the barrier from the target. It is usually
recommended that a large amount of this protection be
incorporated in the tube housing if this is compatible with
the mechanical design requirements for mobility. It is
not economically desirable, however, to reduce the direct
(leakage) radiation level below about one-tenth that of the
scattered radiation. One might think that if the useful
X-ray beam is not restricted in direction, then as far as
the requirements for the barriers struck by the useful
beam are concerned, there will be no saving because of
the use of a tube housing. A tube housing with some shield-
ing is required, however, to limit the radiation to the thera-
peutic or diagnostic field. While small portions of the
body may be given the very high exposures required for
fh(ifa Y, & comparable dosage to the whole body might be
ethal,

2. It i3 desirable to restrict the directions of the useful beam.
In such cases where this is possible, only the barrier that may
be struck by the useful beam need be treated as a primary
protective barrier. The others may be treated as secondary
protective barriers, and, as shown later, need be only approx-
imately half the thickness of the corresponding primary
protective barrier. Restriction of the direction of the useful
beam will allow reduction of weight of doors, the amount of
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baffling around openings in the treatment room, the number
of sheets of lead glass in the observation window, etc., as
these will then be secondary barriers. If they must be part
of the barrier system, openings should be located as far as
practicable from the X-ray target. In addition, it is often

ossible to restrict the tube motion so as to allow the useful

eam to be projected only into unoccupied space. Examples
are included later to show the marked saving resulting from
these considerations.

3. It is usually considered advisable to compute all barrier
thickness requirements for a full 8-hour day. If it is planned
to use an installation for only 4 hr/day, it does not follow
that the barrier thicknesses may be reduced by a factor of
2. For example, a 20-in. wall surrounding a million-volt unit
could be reduced only 2 in. by halving the operation time.
The extra cost is not two-eighteenths greater for the thicker
wall, but a much lower figure, as the major expense is for
the form work, which is nearly equal in the two cases.
Special conditions may permit a reduction in the barrier
thickness because of a reduced working time, but the assump-
tion should be clearly stated on the design layout, and thor-
oughly understood by operating personnel when the installa-
tion is completed and in use.

4. Lead s the major protective material in the low-voltage
range and is also used in the high-voltage range when space s
limited. Concrete, because of its structural strength, has
been favored in the high-energy region, where the absorption
is principally a mass effect, provided the installation space is
not limited and weight not restricted. Tn some cases of low-
voltage installations where the tube motion is restricted,
ordinary plaster walls may be sufficient for scattered radia-
tion. Steel may be useful and economical for mobile barriers
in low-potential installations and for doors in high-voltage
installations. Further information on protective materials
is presented below.

3. Computations for the Useful Beam

There are numerous experimental data in the literature
from which radiation attenuation curves for various materials
may be obtained for the useful beam. In the lower-energy
region, where the principal process for attenuation is the
%hotoelectric effect, these data are in essential agreement.

or higher energies (up to the maximum considered here)
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the Compton effect becomes most important. In this region,
care must be exercised to use attenuation curves obtained
under broad-beam conditions because only in such cases are
practical operating conditions duplicated. Radiation atten-
uation is less for broad-beam than for narrow-beam conditions
where no radiation scattered by the absorber is measured.
Use of narrow-beam attenuation data may lead to an under-
estimation of the barrier requirements.

The curves of figures 1, 2, 3, and 4, which satisfy the broad-
beam conditions, are chosen from the literature. The voltage
waveform, direction of the X-ray beam with respect to the
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THICKNESS OF LEAD BARRIER IN MILLIMETERS

Fieure 1. Alttenuation in lead of X-rays produced by potentials of
75- to 250-kvp.

The curves were obtained with a half-wave generator and with a 90-degree angle between
the electron beam and the axis of the X-ray beam. The filter was 3 mm of aluminum for the
150-, 200-, and 250-kvp curves and 0.5 mmm of aluminum for the 75- and 100-kvp curves. Direct-
c%;ren% Fotentials require 10-percent-thicker barriers than for the pulsating potentials given
above (3].
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THICKNESS OF LEAD BARRIER IN MILLIMETERS

FiGure 2. Atlenuation in lead of X-rays produced by a potential of
400 kvp.

The curves were obtained with a half-wave generator and with a 90-degree angle between
the electron beam and the axis of the X-ray beam. The filter was 0.4 mm of tin, 0.75 mm of
copper, 2 mm of aluminum, plus the inherent filtration of the tube [4].
electron beam, and inherent filtration for each curve are
listed below the corresponding figure. All these factors are
important and should not be overlooked in the design of
adequate, yet economical protection. The ordinates of the
curves give the dosage rate of the useful beam beyond the
barrier in roentgens per minute at a point 1 m from the tar-
get for a target current of 1 ma. The abscissas are thickness
of the specified barrier material that reduces the dosage rate
of the 1-ma beam, as shown by the ordinates. Barrier re-
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Ficure 3. Atltenuation in lead of X-rays produced by potentials of
500 and 1,000 kv.

The curves wers obtained with a direct-current generator and with an angle of zero degree
between the electron beam and the axis of the X-ray beam. The inherent filtration was
2.8 mm of tungsten, 2.8 mm of copper, 2.1 mm of brass, and 18.7 mm of water [5].

quirements at other distances and radiation outputs are com-
puted on the basis of the dosage rate at 1 m. If the tube
current is increased above 1 ma, the barrier requirements
will be increased; if the distance between the tube and the
point to be protected is increased, the barrier requirements
will be decreased.

The figures, therefore, indicate directly the barrier thick-
ness required to reduce the dosage rate to the permissible
value of 10™* r/min for 1 ma and at 1 m from the target.
By simple calculations the graphs may be used also for other
conditions. For instance, if the actual distance is 2 m, the
distance factor reduces the radiation intensity by 4, and the
barrier needs therefore only to reduce the radiation to4X107*
r/ma-min at 1 m. On the other hand, if the actual current
is 10 ma, the dosage rate is 10 times that for 1 ma, and the
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THICKNESS OF CONCRETE BARRIER IN INCHES

Ficure 4. Atlenuation in concrete of X-rays produced by potentials of
600 ky, 1,000 kv, and 2,000 kvp.

The 500- and 1,000-kv curves were obtained with a direct-current generator [5); the 2,000
kvp was obtained with a resonance generator [6]. All data were obtained with an angle of
zero degree between the electron beam and the axis of the X-ray beam. The filter at 500
and 1,000 kv was 2.8 mm of tungsten, 2.8 mm of copper, 2.1 mm of brass, and 18.7 mm of water;
and at 2,000 kvp was 1.6 mm of tungsten, 5.1 mm of oopPer, and 6.8 mm of water. If the
density of the concrete used in an instaliation is different from that of the above curves (147
1b/ftY), the abscissa should be corrected by a factor of 147 divided by the density of the concrete

barrier must be such as would reduce the radiation from a
1-ma beam to 1/10X107% or 10~° r/min. In general, the re-

uired lead equivalent of the barrier may be obtained from
the appropriate curve by using as the ordinate the dosage
rate Y,, whera




9

02

Y.=9.7 —;L.—X10'° 1)
and C'is the distance in feet between the target and the near-
est position to be occupied by personnel during the exposure,
and ¢ is the target current in milliamperes.

For example, suppose it is necessary to reduce the radia-
tion to the permissible level at a point 8 ft from a target with
a tube current of 10 ma at 100 kv. Here (=8 and 1=10 in
eq 1 gives

_(8%9.110°°

£ 10

=6.2X1075,

Using the ordinate value 6.2X107% (approximately 0.00006)
on the 100-kv curve in figure 1, it is found that the lead
barrier must be 2.4 mm thick.

Tables 1, 2, 3, 4, and 5 show the barrier requirements
obtained according to eq 1 from the figures 1, 2, 3, and 4 for a
number of typical conditions. Approximate half-value
layers of lead and concrete, where available, are also included
for each tube potential, by which the barrier requirements
for target currents other than those listed may be computed.
For instance, if a target current of 5 ma is used at 100 kv
with a target-to-personnel distance of 10 feet, the barrier

TaBLE 1. Primary protection-barrier requirements for 10 ma at the
pulsating potentials ! and distances tndicated

Lead thickness with peak of—
Target distance -
i5kv 100 kv 150 kv 200 kv 250 kv

it mm mim mm mm mm

2 2.2 3.4 4.3 6.7 11.8

3 2.0 3.1 4.0 6.2 10.9

-3 1.7 2.7 3.6 5.5 9.6

8 L5 2.1 3.2 4.8 8.5

10 1.3 2.2 3.0 4.5 8.1

15 1.1 1.9 2.6 4.0 7.1

20 1.0 1.7 2.4 3.8 8.4

50 0.5 1.1 1.7 2.4 4.3
Approximate HVL
thickness measured

at high fltrations. ... 18 0.2 €3 0.5 0.8
Radiation Slter (mm

of A ... .5 .5 3.0 3.0 3.0

1 X-rays excited by direct-current &tentials require approximately 10 percent greater
thickness than those given here for pulsating potential.

i
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will have to stop only one-half as much as the radiation
delivered at the 10 ma target current. This does not mean
that the barrier can be reduced by one-half, but that it can be
reduced by one half-value layer (HVL) of lead (where the
half-value layer is defined as the thickness of a material
required to reduce the emergent radiation to one-half the
dosage rate of the incident radiation). In table 1 the HVL
thickness for 100-kv radiation is given as 0.24 mm of lead.

TaBLE 2.  Primary protective-barrier requirements for 400-kvp pulsating
potential with reflection target !

Lead thickness with target
current of—
Target distance .

. 1ma L 3ma ! 5ma
1 U
st mm mm mm
5 18. 5 20 22
8 14.0 17.0 18.5
10 12.5 15.5 17.0
15 11.0 13.5 14.5
20 9.5 11.5 13.0
50 5.5 8.0 9.0
Approximate
H thickness
measured at high
filtration._.___. . 20 | ool | eaeaos

' Radiation filter: 0.4 mm of tin, plus 0.75 mm of copper, plus 2 mm of aluminum,

TaBLE 3. Primary protective-barrier requirements for 500-kv constant
potential with transmission target !

Barrier thicknesses with target current of—

Target distance 1ma ’ 3ma 5ma
Lead | Concrete ? Lead Concrete?| Lead Congrete ?
It mm in. mm in. mm in.
] 36 18.0 42 20.5 44 21.5
8 31 16.0 37 18.5 39 19.5
10 20 15.0 35 17.5 37 18.5
15 25 13.5 31 16.0 33 17.0
20 22 12.5 28 14.5 30 16.0
50 14 8.5 19 1.0 21 12.0
100 8 6.0 13 8.0 15 9.5
A%%rox!ma te
H thickness
measured at
high filtration_ . ... .| __.__ 3.0 | P J (RN IR,

1 Radiation filter: 2.8 mm of tungsten, plus 2.8 mm of copper, plus 2.1 mm of brass, plus
1.87 mm of water.
* The density of this concrete is 147 11/(t?.

lf'\
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The barrier requirements for the reduced tube current will
then be 2.2—0.24=2.0° mm of lead. Similarly, a change in
tube current by a factor of 4(=22%) or 8(=2%) would involve
an increase or decrease of 2 or 3 HVL in the barrier require-
ments, depending upon whether the current was raised or
lowered from the tabulated value of 10 ma by those factors.

TABLE 4. Primary protective-barrier requirements for 1,000~kv constant
polential with transmission target !

i
i

Barrier thicknesses with target current of—

Target distance 1ma 3. a 5ma
Lead | Concrete®| Lead | Concrete?| Lead | Concrete?’
It mm in. mm in. mm in.
5 123 30.5 131 32.5 136 33.5
8 113 28.0 120 20.5 125 30.5
10 107 27.0 115 28.5 120 29. 5
15 97 24.5 105 26.5 110 21.5
20 91 23.0 9 25.0 103 26.0
50 69 18.5 77 20.5 82 21.0
100 53 15.0 61 17.0 66 18.0
Approximate
H thickness
at high filtration.{.. ... _|...._...__.. 8 1.8 e el

1 Radiation filter: 2.8 mm of tungsten, plus 2.8 mm of copper, plus 2.1 nm of brass, plus
18,7 mm of water.
2 These concrete thicknesses are for a concrete density of 147 Ib/ft3.

TaBLE 5. Primary protective-barrier requirements for 2,000-kvp pul-
sating potential with transmission target !

Concrete thicknesses ? with
target current of—
Target distance
0.5 ma 1.0 ma 1.5ma
It in. in. in.
5 42,5 45.0 46,5
8 39.5 42,0 43.5
10 38.5 40.5 42.0
15 35.5 38.0 39.5
20 34.0 36.0 37.5
50 28.0 30.0 315
100 2.5 25.5 7.0
Approximate
HVL thickness
measured at
high filtration__.{ ._..__ 23] ...

1 Radiation filter: 1.6 mm of tungsten, plus 5.1 mm of copper, plus 6.3 mm of water.
3 These concrete thicknesses are for a concrete density of 147 lb/ft.?

3 Because of the tolerances of rolled lead, it is not necessary to carry the final results beyond
the nearest 0.1 mm of Jead.

A
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4. Computations for the Scattered Radiation

Unfortunately, there are very few data available on the
attenuation of scattered and direct radiation. It has be-
pointed out by several authors, however, that the 90-deg:
scattered radiation measured at 1 m from the scatterer do
not exceed 0.1 percent of the incident radiation for mos:
practical situations (table 6). For larger-angle scattering
the amount scattered is certainly less than 0.1 percent,
but it may be considerably larger for angles smaller than 90
degrees. Fortunately, most scattering is 90 degrees or
greater, or has to pass through the scatterer. The latter
possibility serves to reduce the intensity of the scattered
beam. Thus, for most practical cases, the scattered radi-
ation measured at 1 m from the scatterer does not exceed
0.1 percent of the incident beam.

TABLE 6. Radiation scatiered at 90 degrees to the useful beam

Percentage of
, Literature 4
X-ray tube potential | Lo oo Field size m:ggatm b‘ﬁm
TERVYD o [7} 25 by 18 cm 0.1
80 KVD.o ool 8] 8cm dism.__._. R . 002
25-cm diam .028
35-cm diam.._.. 073
200 KVP- oo 17 15-cm diam_. .04
W0 Kkvp.. oo 9] 6by8em.. ... ... ... . 034
10 by 16cm .09
20 by 20 cm .22
ITMVDoo e [10) 20 by 20 cm .078

1 Measured at } m from the scatterer,

As absorption curves are not available for this scattered
radiation, it is customary to use the same absorption curve
for the scattered radiation as for the useful beam when the
X-ray potential is less than 500 kv, and the 500-kv curve for
all higher X-ray tube potentials. (Any error is in the safe
direction.) The low-filtration part of the attenuation curves
may be used for such computations. It should be noted that
suc{ scattering results from the Compton effect, but because
the spectral distribution of the radiation is not known, the
Compton equation cannot be used rigorously[11]. Theabove
recommendations are therefore only an approximation, but
the figure of 0.1 percent and the use of the recommended
absorption curve provide ample barrier thicknesses under
most practical conditions, even for fairly small angle scattering.

As the dosage rate must be reduced to 10~* r/min at posi-




5,

13

tions to be occupied by personnel, the radiation in roentgens
per milliampere minute at 1 m from the target required to
give such levels of scattered radiation is given by

27)2
9diD % 10-4 @)
for X-ray tube potentials of 500 kv or below.* Here D is
the distance in feet between the target and scatterer, and d
is the distance between the scatterer and the position in
occupied space. For 1,000-kv potentials, since the output
is roughly 10 times as great as for 500 kv, the ordinate should

be computed by the relation

27)2

Su=22T 10, 3)

Ssoo=

(The 500-kv absorption curve is used to determine the bar-
rier thickness.) For 2,000 kvp, the output is 60 times larger
than that for 500 kv, and the ordinate (the 500-kv absorption
curve is used to determine the barrier thickness) should be
obtained from the relation

27)2
Szoo():};%]l x 1 0—5. (4)

The abscissa corresponding to the ordinate values of eq 2,
3, or 4 on the appropriate absorption curve gives the barrier
thickness required for protection against scattering.

5. Computations for the Direct Radiation
(Leakage Radiation)

The amount of direct radiation is considerably reduced
by the protection incorporated in the tube housing. Most
manufacturers have incorporated sufficient barrier in the
tube housing to reduce the direct radiation to a maximum
of 1 r/hr (0.017 r/min) at 1 m from the target for thera-
peutic-type tube housings, and to 0.10 r/hr (0.0017 r/min)
at 1 m from the target for diagnostic-type tube housings.
These radiation levels are for the maximum rated current
for the maximum rated X-ray tube potential. Although it
is true that the relative hardness of the radiation from the
target depends upon the direction of the radiation compared

4A point in occupied space must have a dosagerate of 10~ r/min or less. The dosagerateat
1 m from the scatterer, because of the inverse-square law, is thug d?X10-4/3.28?, where 3.28 is
the number of feet per meter. In order to produce thisrate, the incident beam at the slab must

000 times larger, or 1000Xd?X10~4/3,.282, At 1 m from the target, the rate must then be

1,
1000 X2 X D3X10-4/3.280X3.281. In order to obtain the same units as the ordinate of the
attenuation curves, the rate is divided by the current giving eq 2.

984850°—52 3
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to that of the electron beam, there has been no extensive
survey of these variables. The suggestion has been made,
therefore, that the direct (leakage) radiation be assumed to
be of the same hardness as the useful beam after relatively
high filtration. The “straight” (high filtration) portion of
the appropriate curve may thus be used for such computa-
tions. For therapeutic tube housings that meet the specifica-
tions listed above, the extra attenuation required is

1720
o’ (5)
and for a diagnostic installation is
172
o’ (6)

where C is the target-to-personnel distance in feet. These
equations are obtained by noting that the dosage rates at 1
m are, respectively, 160 and 16 times the permissible dosage
rate. Table 7 shows the number of half-value layers neces-
sary to obtain the reductions required at different distances.
The half-value layer for any specific X-ray tube potential
used may be obtamned from the proper column in table 1, 2,
3, 4, or 5. For instance, if the distance, C, from target-to-

TaBre 7. Half-value layers of protective material required to reduce the
leakage radiation to the permissible level !

Number of half-value
layers

Distance
Diagnostic | Therapeutic
Tube Tube

QA0S a0 G300 W B

4.
3.
2.
2.
1
1.
1
0.
0

OO NN D DN
ey R e R N e )

7
3
4
5
6
7
8
9

10

12

15

17

2

25

30

40

1 This presupposes that the tube is surrounded by an adequate tube shield, and hence the
table represents additional barrier requirements.

j,\
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personnel is 10 ft for a 250-kvp therapy tube, table 7 indicates
that approximately 4.1 HVL are required. The 250-kvp
column of table 1 shows the HVL thickness to be 0.8 mm of
lead. The required reduction is thus obtained with 4.1X0.8,
or 3.3 mm, of lead.

6. Secondary Protective Barriers

The rules given above for scattered radiation (eq2, 3,and
4), and for direct (leakage) radiation, may be used to com-
pute the secondary protective barrier thickness for each of
the two separate effects. If the barrier thicknesses so com-
puted sepamtelis_'I are nearly equal (or differ by less than 3
HVL), then 1 HVL of lead should be added to the larger
single-barrier thickness to obtain the required total.® But
if one of the thicknesses is more than 3 HVL greater than
the other, the thicker one alone is adequate.®

7. Protective Materials

Most attenuation data of interest for protection design
have been obtained for lead, although a few curves, such as
figure 4, have been given for concrete at the higher X-ray
potentials. Somectimes the experimental attenuation data
is presented in the form shown in tables 8 and 9, taken from
“Recommendations of the British X-ray and Radium Pro-
tection Committee”’{12]. In using these tables the equiv-
alent lead thickness is first determined as indicated above.
In the row corresponding to this lead thickness and the
column correspondin% to the X-ray tube potential, the thick-
ness of concrete (table 8) or iron (table 9) may be obtained.
For instance, if a computation indicates that a 200-kvp
machine requires 4 mm of lead, a barrier of 260 mm of
concrete or 55 mm of steel would give the same protection.
It should be noted that such conversion tables are only
applicable when the waveform and radiation filter of the
machine for which the protection is to be designed closely
approximates those of the machine with which these data
were obtained. Note that curves obtained with constant
potential X-rays can be used with safety for installations
having generators of other wave forms.

s Each of the two effects thus i)roduee a permissible dose. Together Lthey produce twice
the %%Issible dose. This radiation can be reduced to the permissible level by the addition
o"l’l‘he h;rger thickness will permit transmission of the permissible Jevel from one eflect,
plus not more than one-eighth (3 HVL) of the permissible level from the other eflect. This

one-eighth excess is negligible In view of other conservative approximations that are
involved.
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TapLE 8. Concrete equivalents of lead ! at different X-ray tube potentials

Tube potential

Lead
thick-
Dess | 150 kvp | 200 kvp | 300 kvp | 400 kvp

Millimeters of concrete ?

1 75 56 47
2 140 89 0
3 200 117 ]
4 260 140 112
6 B 200 140
8 240 173
10 20 210
| 1 S O T 20

t Computed from British X-ray protection recommendations [12].
1 Density 2.35 g/ems3.

TasLE 9. Iron equivalents! of lead at different X-ray tube poteniials

Tube potential
Lead
thickness |
' 150 kvp | 200 kvp | 300 kvp | 400 kvp | 600 kvp | 800 kvp |1,000kvp
i
| Millimeters of iron
mm |
1 11 12 12 11 10 9 8
2 25 o 20 18 16 14 13
3 37 40 R 23 19 17 16
4 50 55 35 28 3 20 18
6 | oo Ll 48 38 30 26 2
8 45 36 31 28
10 55 42 36 32
15 75 55 48 43
.\ I IR R R 70 60
L5, | I O IO SRR IO [ 125 110

t From British X-ray protc~tion recommendations [12].

8. Distance Protection

In some installations it is possible to depend upon distance
alone to give proper protection. Under such circumstances
the air absorption is often important. Here, again, com-
plete data on the air absorption are lacking. Table 10 is
computed for both inverse-square and air-absorption reduc-
tion of the useful beam radiation indicated, and for a dosage
rate with zero barrier thickness, as indicated on the curves
of figures 1, 2, 3, and 4. The air-absorption coefficient was
chosen for a photon energy equal to one-half of that of the
maximum X-ray photon energy.

i
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9. Examples

Next several sample design problems will be considered,
to bring out the principles outlined above. The first example
is that shown in figure 5. A fired therapeutic-type X-ray

2 < (3 METERS)
10 ft ‘_—.I 5 ma
) TARGET-"% | 250 kv
‘)\ b A
/ g
(12
R ]

' N

N P,

(3 METERS)
o ft

N v
|

Ficure 5. Fized therapeutic-type X-ray tube installation showing
necessary dimensions for protection compulalions.

The steps in the computations are listed in table 11. The target current is the average
value for a 48-hr week.,
tube is to be operated 16 hr/week 7 at 15 ma and 250 kvp.
The patient will be located 50 ecm (1.6 ft) from the target.
The personnel to be protected by the barriers will be located
at positions 1 and 2. The barrier requirement for wall A
is determined from eq 1 for the useful beam; ('=10 ft,
1=>5 ma,} Y,=10%/5X9.7X107%=1.9X 10"* r/ma-min at 1 m.
3 ? T4h)is restriction must be thoroughly understood by opersting personnel (see principle

. p.4).

8 Al the equations derived in this paper are based on a 48-hr work week. A tfarget current
of 15 ma for 18 hr will produce the same amount of radiation as a target current of 5 ma when

the tube is operated for 48 hrs Five milliamperes is thus the target current to be used for
the solution of this problem. - o T

T S con CRLM R e AR
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By using this ordinate value on the 250-kv curve (fig. 1)
a barrier requirement of 7.3 mm is found. (This value
might, alternately, have been figured from table 1. Hereitis
found, for the same voltage and distance butf at 10-ma tube
current, that 8.1 mm of lead is required. As the current is
only 5 ma, or half that given in the table, the barrier may be
reduced by 1 HVL of 0.8 mm. Thus, the final required
thickness 18 8.1—0.8=7.3 mm.)

The secondary barrier (B) may be computed by the use
of tables 1 and 7, figure 1, and eq 5. The following factors
are to be considered:

(1) Direct (leakage) radiation from the target through

the tube enclousure.

(2) Scattered radiation from the patient.

(3) Scattered radiation from the useful beam striking

wall A,
These factors will now be considered in detail.

(1) Table 7 indicates that 4.1 HVL are required for a
distance of 10 ft with a therapeutic-type X-ray tube, How-
ever, the unit is only operated for one third of the 48 hr each
week, so 1.6 HVL® must be subtracted from this requirement.
As the HVL thickness for 250-kvp radiation is 0.8 mm of
lead (table 1), the required attenuation is obtained by
(4.1—1.6)<0.8=2.0 mm of lead.

(2) Scattered radiation from the patient is obtained from
eq 2, where d=10 ft and D=1.6 ft. Thus

g=109:Xd '6;“,)(9 X107*_ 0,046 r/ma-min

at 1 m from the target. Using this ordinate value on the
250-kvp curve (fig. 1), a lead requirement of 1.6 mm is
found.

(3) Scattering from the wall A would be computed in the
same manner as that from the patient but with D=10 ft,
d=141t. Thus

_ 100X196
=75

at 1 m. Again referring to the 250-kvp curve in figure 1, it
is seen that for an ordinate value of 3.5, the lead thickness is
negligible. Radiation scattered from the patient and not
from the wall A thus determines the barrier thickness.

s A reduction of 3 in the radiation is obtained by 1.6 HVL.

S X 8% 10-*=3.5 r/ma-min
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The rule for secondary barriers requires, if the scattered
and direct radiation requirements do not differ by at least
3 HVL (as these do not), that the final secondary protective
barrier thickness be obtained by adding 1 HVL to the larger
thickness. A barrier of 0.842.0, or 2.8 mm, of lead is
therefore required for barrier B. It is interesting to note
that a saving of over 50 percent (from 7.3 to 2.8 mm) is
possible in barrter B by restricting the motion of the tube so
that the useful X-ray beam cannot be pointed at it. Such
restriction may not always be possible or desirable but the
possibility should not be overlooked in the design planning.
Calculations such as above may be conveniently tabulated
for ease in keeping track of all of the factors involved.
Table 11 shows a summary of the data for the first sample
problem.

TaBLE 11.  Steps in barrier compulation for figure 5

D is the target-to-patient distance; d Is the patient-to-personnel-position distance; C is the
target-to-personnel-position distance.

i i . T o ) -
i . Secondary protective barrier
ipes s = - oy o -—-- - -—— Rec¢om-
! Primary ' .
! Person- ! N mended
, - | protec- Scatter Direct (leakage) barri
| Barrier ‘ ns?t‘.’,?,? ﬁvreiell)'ar-iLA__ . I .—Wl E —-~: zhic;f.r
! ' ‘ | ¢ | Dosage |Bar-| . Number|Bar- 1€
i t : ; rate! | rier IolHVL’ rier |
{ i : i
— I- e e e e
A 1;";: e } mm I 1t mm:  mm
........ ' 1 ; . P T . . .
Bo....... 2 i .. 16.10 0046 1.6]10 2.5 aot 2.8
. i :

1 Roentgens per mi'liampere-minute at ! m.
21 HVL equals 0.8 mm of lead.

10. Fluoroscopic Protection

Fluoroscopes are required to have a lead-glass barrier with
a lead equivalent of 1.5 mm for the useful beam, so that a
structural barrier for primary protection is not required.
In addition, the type of tube used for this work does not
permit a continuous current of more than 5 ma at 100 kvp.
Equation 2, figure 1, and tables 1 and 7 may be used to
compute the secondary protective barrier when the target-
patient distance is 2 ft. Table 12 lists the major results of
the computation, and the wall thickness requirements, for
fluoroscopic application only. Actually, some tube housings
allow the escape of smaller amounts of direct radiation than
the maximum specified in Handbook 41. The fluoroscopie

X
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table may in some cases attenuate the scattered radiation,
Under these combined conditions the barrier requirements
may be 0.2 to 0.3 mm of lead less than given in table 12.

TasBLE 12, Secondary barrier requirement compulations for fluvroscopic
machines operating at 100 kvp

Secondary protective barrier
|
Scattering ‘ Direct ‘
" - Recom-
] r i i merded
Dosage ! y Number | Barrier
[ D rate1 ¢ Barrler | € ofhalfval- Earrier ' thickness|
I . , ue layers .
l V | ;
ft 7t ! m | on | | mm mm
[} 2 | 0.028 0.5 8 23 i 0.55 0.8
8 2 ) . 046 35 8 } 1.5 .35 .6
10 2 | oz | 2 0w o8 2 | s
12 02 0 o | 2 12 o 1.l | .45
15 2 | a8 15 15 | 0 | 4
p-1] : 2 i .29 i 1 20 l 0 l ...... 1 3
i !

1 Roentgens per milliampere-minute at 1 m.

11. Radiographic Protection

Radiographic equipment does not have a self-contained
primary protective barrier as do the fluoroscopic units so
this must be provided in the floor and walls. In addition, a
large number of radiogmphic tube stands incorporate extreme
flexibility of the tube housings so that primary protective bar-
riers must be required for aﬁ walls and the floor. The useful
beam will not, however, generally strike the walls above
7 ft from the floor so primary barriers may be limited to this
height. On the other hand, the weekly exposure (in
m.il%iampere-minutes) of a radiographic equipment is sub-
stantially limited by the time required to arrange the patient
for radiography rather than by the permissible tube loading.
Statistics for a few high-output, generai-purpose, 100-kvp
radiographic units indicate that current averaged over a
week 1s equivalent to not more than % ma at 100 kvp. This
corresponds to reductions of 5 HVL below that given in
table 1. The correct working values for primary protective
barriers around a general-purpose radiographic unit are
shown in table 13. It may be noted that the difference
between the barrier requirements for 10 ma and ¥ ma do not
differ by 1.2 mm (5X0.24 mm) for all target distances.
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The reason for this difference is that the HVL thickness for
small absorber thicknesses is less than 0.24 mm of lead.

TaBLE 13. Primary barrier requirements for radiographic machines
operaling at 100 kvp?

Barrier for—
Target
distance !
] 10 ma ( 1/3 ma
It mm mm
5 2.7 1.8
8 2.4 1.2
10 2.2 1.1
15 1.9 0.8
20 L7 i
50 1.1 .2

1The tube current for a busy installation averaged over ! week is taken as 1/3 ma (see text).

12. Film Protection

Undeveloped photographic film requires even more pro-
tection than do personnel, Total exposures of the order of
0.15 mr of 100-kvp radiation over a portion of the film may
produce undesiraile shadows. The permissible dosage rate
for personnel is 0.1 mr/min. If films are placed in radiation
having such a dosage rate, they will receive their maximum
permissible exposure of 0.15 mr in 1.5 min. Table 13, which
gives the barrier requirements for personnel protection, may
thus be used to obtain the barrier thickness required to pro-
tect films from useful beam radiation emitte:i1 by a radio-
graphic machine. This table gives the thicknesses required
for 1.5-min exposures; for 3-min exposures one half-value
layer must be added; for 6-min exposures, two half-value
layers, etc. Table 14 indicates the values so obtained for an

TaBLr 14. Barrier requirements for photographic-film protection against
100-kvp radiation 1

Exposure time and lead-barrier thickness

Target
distance

15 min 30 min 60 min 120 min % hr 32hr

It mm mm mm mm mm mm

5 23 2.6 2.8 3.0 3.5 4.0

10 1.9 2.1 2.3 2.5 3.0 3.5

15 1.6 1.8 2.0 22 2.7 3.2

20 1.4 1.6 1.8 2.0 25 3.0

1 Bee text for conditions,
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average current of 1/3 ma. These values are valid for a
high-workload radiographic unit when the useful beam can
be pointed directly at the film. Approximately one-half
this thickness (depending upon the target-to-patient dis-
tance) is required 1f the beam can never be pointed at the
stored film.

13. 250-kvp Deep Therapy

Let us now consider a 250-kvp deep-therapy installation.
At the time such equipment is supplied by the manufacturer,
its X-ray beam may be pointed in any direction. Unless
there are restrictions placed on the mechanical motion of the
tube, all walls, floor, and ceiling should be primary protec-~
tive barriers. As the beam cannot be pointed at :lﬁ’of these
walls for the full 48-hr week, it is worthwhile to consider the
proportion of time each protective barrier may be struck by
the useful beam. If it is possible to obtain all treatment con-
ditions without directing the beam toward any one given
barrier, a mechanical restriction may be incorporated in the
tube motion. This barrier then becomes a secondary pro-
tective barrier with a consequent reduction of the required
thickness.’® Even if no such restrictions ars permissible, it
may still be possible to assign maximum times of irradiation
of general areas. It may be possible to state, for instance,
that the beam will be pointed toward the ceiling for a maxi-
mum of one-eighth of the time. Then the primary protec-
tive barrier thickness computed for the ceiling may be re-
duced by 3 HVL (1/8=1/2%). For design purposes it should
be assumed that the machine will operate at its full rating of
250 kvp and 15 ma whenever used.

Figure 6 shows a suggested plan for a 250-kvp 15-ma
therapy installation. The letters indicate the protective
barriers, and the figures indicate the positions of personnel
to be protected. Where personnel may occupy any position
along the opposite side of a barrier, that position should be
chosen for computation purposes for which the least attenu-
ation is obtained, that is, for which radiation is normal to
the surface. Positions 1, 8, and 9, located in the hallway,
are considered to be positions for limited occupancy of not
more than 6 hr/week. As the hall is narrow it is not con-

1 However, if secondary barrier computations are used to determine a protective barrier,
the restrictions imposed to make the wnﬂ a secondary barrier should be listed in the operatln&

instructions for the equipment and in all protection surveys of the installation. Removal
these restrictions without increasing the protective barrier produces a radiation hazard.

e et e 2 U AT AR aeseia £ C
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FigurE 6. Plan and elevation views of sample 250-kvp therapy
installation.

Steps In the computations are given in tables 15 and 18.

sidered possible that desks may be located there at some
future date. All other positions are considered for 48 hr/week
occupancy. Wall J, which has no doors opening into the
hallway within the length that might be struck by the
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useful beam, is a concrete wall having a lead equivalent of
1.6 mm measured at 250 kvp. There are no mechanical
restrictions in the tube motion so all walls, ceiling, and floor
require primary protective barriers. It may be assumed,
however, for this installation that the beam will not be
pointed towards the ceiling for more than one-eighth of the
time. Three half-value layers may be subtracted from the
ceiling primary protective barrier requirement for a 48-hr
week. In accor(fance with basic principles outlined earlier,
the X-ray tube is positioned as far as practicable from the
doors, E, G, and I, and the observation window, F.

Windows in outside walls, while often considered desirable
for psychological and architectural reasons, may give inade-
quate shielding. If they were included in this plan, they
would have to be provided with baffles having the lead
equivalent required for wall C.

Table 15 lists the steps in the computation for each posi-
tion, column 1, and the corresponding barrier, column 2.
The distance between the target and personnel position
measured from the scale drawing, figure 6, 1s shown in column
3. Column 4 shows the barrier requirements for a 10-ma-
target current and a 48-hr week, either obtained from table 1
or computed from eq 1 and the 250-kvp curve of figure 1.
In the installation considered here the target current is 15 ma
instead of 10 ma, so that the radiation output will be 1.5
times as large. The additional barrier required to compen-
sate for this increase is that required to reduce the radiation
by one-third. Such a reduction is obtained by approxi-
mately 0.6 HVL. The HVL thickness for 250-kvp radiation
is 0.8 mm of lead according to table 1. The barrier require-
ment for 15 ma, column 5, is thus obtained by adding 0.60.8
or approximately 0.5 mm to the requirement for 10 mm,
column 4. The fraction of the 48-hr week during which the
beam is pointed toward a given position or during which
personnel are located at that position (work factor) is indi-
cated in column 6. If, for instance, the work factor is %,
3 HVL (0.8 mm each) are subtracted from column 5 to
obtain column 7, (radiation path length in barrier). If the
work factor is 1, columns 5 and 7 are the same. The approxi-
mate angle with the normal at which the radiation penetrates
the barrier is indicated in column 8. Where the angle is
not zero degrees, the radiation path through the barrier is
greater than the thickness. The true thickness may be
obtained by multiplying the path length by the trigono-
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metric cosine of the angle. The resulting thickness is listed
in column 9. Positions 10, 11, and 12 receive protection
from barriers A and J, I and J, and H and J, respectively.
For structural reasons barrier J already bhas a lead equivalent
of 1.6 mm. For these positions (10, 11, and 12) the barrier
A should have a lead equivalent of 8.0—1.6, or 6.4 mm;
barrier T of 5.2—1.6, or 3.6 mm; and barrier H of 4.9—1.6,
or 3.3 mm. As these values are less than or equal to those
required for positions 1, 8, and 9, the latter will determine the
barrier thicknesses for A, H, and I.

The floor directly below the X-ray machine will require
the largest amount of protection, as is indicated by the
requirement for position 13. At position 14 the requirement
is 2.0 mm less than for position 13. The floor protection
can therefore be made up of two layers; one of 7.0 mm thick-
ness over the entire floor, and another of 2.0 mm in a 2- or
3-ft-radius circle, with its center directly below the X-ray
tube target.

TABLE 15. Primary-barrier protection for therapy installation shown in

figure 6
‘ Computation for barrier
!
Target

Forsonne! | Barrier s Work | o34 Lead-

{o.:] or; [+ e barrier

1oma | 16ma | foeeor | thick- | AREIe | thick-
ness ness

1 2 3 4 5 6 7 8 9

It mm mm mm Degrees mm
1 A 6 9.2 9.7 3% 7.3 0 7.3
2 B 7 8.8 9.3 1 9.3 0 9.3
3 C 100 2.7 3.2 1 3.2 0 3.2
4 D 12 7.7 8.2 1 8.2 10 8.1
& E 12 7.7 8.2 1 8.2 0 8.2
f F 11 7.9 8.4 1 8.4 26 7.6
7 G 10 8.1 8.6 1 8.6 25 7.7
8 H 12 7.7 8.2 3 5.8 55 3.3
9 I 10 8.1 8.6 6.2 43 4.5
10 A+J 13 7.5 8.0 1 8.0 Q 8.0
1 I4+J 17 6.8 7.3 1 7.3 37 58
12 H+J 20 6.4 6.9 1 6.9 51 4.3
13 K 8 8.5 9.0 1 9.0 0 9.0
14 K 9 8.2 8.7 1 8.7 37 7.0
15 L 7 8.8 9.3 "% 6.9 0 6.9

For purposes of illustration, it may be worthwhile to con-
sider the savings obtained by restricting the motions of the
X-ray tube. Let us assume that mechanical restrictions of
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the tube do not permit the useful beam to strike walls D,
H, A, doors E, G, I, and window F. These walls, doors,
and windows then require only secondary protective barriers
and necessitate separate computation. All other barriers
remain the same.

Table 16 lists the principal steps in the computation of
the secondary protective barriers. It may be assumed that
the patient is the principal scattering object and is located
1.6 ft from the target (column 4). The distances will depend
somewhat upon the orientation of the tube, but the minimum
distance will be obtained for a vertical beam. These dis-
tances are tabulated in column 3. The insertion of values
from columns 3 and 4 and a current of 15 ma into eq 2
gives the dosage rate of the scattered radiation that is listed
m column 5. The barrier requirements, column 6, for those
dosage rates are then obtained from the 250-kvp curve,
figure 1.

The barrier requirements for the direct radiation are ob-
tained in the following manner. The number of half-value
layers required for each distance, C, is obtained from table
7. The number of half-value layers is multiplied by 0.8
(the HVL thickness for 250-kvp radiation) to obtain the
direct radiation barriers of column 9.

The oblique thickness of the barrier (the radiation path
length in the barrier) required to reduce both scattered and
direct (leakage) radiation to permissible limits for each posi-
tion may be obtained by use of the rules suggested in the
section on secondary barriers. As columns 6 and 9 do not
differ by 3 HVL (3X0.8=2.4 mm), 1 HVL must be added
to the larger to obtain column 10. Column 11 gives
the work factor for each position. For a work factor of %,
3 HVL must be subtracted from column 10 to obtain the
required oblique thickness. Here again, it should be noted
that for thin barriers the HVL thickness is less than 0.8 mm.
For instance for a lead-barrier thickness of 3.7 mm the HVL
thickness, as determined from figure 1, is more nearly 0.6
mm of lead. The true barrier thickness, column 14, may
be obtained as before from the angle of the radiation with
the barrier normal, column 13, and the oblique thickness,
column 12.

It is seen by comparing the results of tables 15 and 16
that a saving of 2.2 to 4.6 mm of lead can be realized by
restricting the motion of the tube in the manner postulated.

A N AL W T K 37 et e
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14. One Million-Volt Therapy

Figure 7 shows a suggested arrangement for g 1-million
volt, 3-ma unit that is to be operated 48 hr/week. The treat-
ment room is located in the corner of the bottom floor of
the building. The tube is restricted in motion so that the
X-ray beam can be pointed only at the most distant points
of occupied space and never toward adjoining rooms, above
the horizontal, or toward the observation window. This
arrangement is in accordance with the suggestions of prin-
ciple 2. The observation window is Ioca.te%l at a corner of
the room to provide a maximum view of the treatment room
with limited area of the window. The X-ray control is
placed near this window so that the operator can see both
the control and the patient from a single position during the
treatment. A maze is provided so that the entrance door
may be of light weight. This reduces mechanical difficul-

2
0123456 ft I'OO'
Wl Ll iy
SCALE
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Ficure 7. Plan view of a I-million-volt 3-milliampere X-ray unit.

The steps in the computations are listed in tables 17 and 18.
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ties attendant with heavy doors and is usually cheaper. In
accordance with information under principle 4, the protec-
tion material is to be concrete.

As the distance between the axis of rotation of the X-ray
machine and the target is appreciable, the target cannot be
assumed t0 be at a fixed position for all orientations. Three
limiting positions of the target are marked on figure 7.
It is possible to pivot the X-ray tube through a quarter
hemisphere, about a vertical axis through an angle of 90
degrees from « to 8, and about a horizontal axis through an
angle of 90 degrees from horizontal to a vertically downward
position, y. For position «, the beam is directed toward
wall A, for position 8, toward wall B, and for position ~,
toward the floor. The numbered positions indicate possible
locations of personnel. For computation of the thickness of
barriers, the extreme positions have been chosen where
radiation is normal to the barrier, since the barrier thickness
required is & maximum there. Other positions along a given
wall might require less protection, but it is usually economi-
cally impractical to vary the thickness of a wall. %‘he cost of
extra form work to produce this varying thickness for con-
crete walls is usually larger than the saving in wall material.
A few positions, such as 5, 6, 8, 9, and 10, were chosen
because (1) they represented possible critical points when
the radiation could be scattered around the maze, (2) they
were behind different X-ray absorbing materials, or (3) the
total protective barrier thickness changed abruptly. Posi-
tion 11 is on the floor above, a minimum distance of 20 ft
from the target.

Walls A and B are primary protective barriers for tube
positions « and B, respectively. The required thicknesses
can be obtained directly from table 4. They are listed in
table 17, column 4. As the secondary-barrier requirements
for these walls will be much less than the primary barrier
requix('iements, secondary-barrier computations are not re-

urred.
a The secondary-barrier requirements for all other barriers
are obtained from the direct (leakage) and scattered-radiation
barrier requirements by the use of the secondary-barrier
rules. The major steps in the computation are listed in
table 17. The principal scatterer was assumed to be the
patient located 1.6 ft (D) from the target. Distances from
patient to occupied space, d, were measured from the scale
drawing. The insertion of the proper values of d, D, and i
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(3 ma) into eq 3 gives the dosage rate of table 17, column 7.
The ordinate of figure 4 for 500-kv radiation corresponding
to each of the dosage rates is the barrier thickness required
for scattered-radiation protection, column 8.

The radiation reduction required for leakage radiation is
next considered. The distances, C' (column 9), between tar-

et and occupied space are obtained from the scale drawing,
ure 7. Column 10 gives the number of half-value layers
required for leakage-radiation protection. They were ob-
tained from table 7 for the different values of €. The prod-
uct of 1.8 in. of concrete (the HVL thickness for 1,000-kv
radiation) and the number of half-value layers gives the
barrier requirement for direct radiation, column 11.

As the scattered-and direct-radiation barrier requirements
do not differ by 3 HVL (5.4 in.) 1 HVL must be added to the
larger requirement to obtain the length of the path through
the barrier, column 12. The true thickness of the barrier,
column 14, is then obtained by multiplying the oblique thick-
ness by the trigonometric cosine of the angle, column 13.

Either because of the tbree orientations of the tube or
because several personnel positions were chosen for some of
the barriers, there are a number of different required thick-
nesses listed in table 17 for each barrier. Barriers A and B
are determined, of course, by the primary protective-barrier
requirements. For all other barriers, which shield personnel
fron scattered and direct radiation, the maximum thickness
is chosen for the recommended design. Barrier C, for in-
stance, includes in table 17 requirements for 8.5, 10.3, 9.6,
10.9, 7.6, and 11.8 in. of concrete. The value recommended
for design purposes is obviously 11.8 in. of concrete. Similar
reasoning may be used for barriers D, E, and G. The re-
quirement for barrier F is obtained only for position «-10
where barrier E also helps to attenuate the radiation. The
required thickness computed for these two barriers combined
is 5.4 in. of concrete, but 8.3 in. of concrete have already been
recommended for barrier E because of position y-10. The
thickness recommended for barrier F is therefore zero.
There are also several positions where E and G act together
to reduce the radiation. The sum of recommended values
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for E and G acting separately is 17.9 in. of concrete. This
value is greater in every case than the true thickness required
for E and G acting together. The recommended wall thick-
nesses obtained by this sort of reasoning are listed in table 18.

TABLE 18. Recommended barrier thickness for figure 7

Rele: dlgé
eference men
Barrier table 17 concrete
thickness
in
a-1 21
8-2 18
v4 1.8
¥-5 £11.3
r-10 8.3
«-10 0
a8 9.6
a-11 9.8

1 1f the observation window is to use water for
attenusting the radistion, the water thickness
should be 11.3 x 2.35, or_26.6 in. thick. If lead
glass alone is to be used, it should have a lead
equivalent of 24 mm.

Before leaving the above problem, the possibility of other
sources of scattered radiation increasing the barrier require-
ments should be investigated. For example, wall B might
act as a scatterer that could produce radiation hazard at
position 3. For this case, d 1s 13 ft and D is 8 ft. According
to eq 3 the scattered radiation must be reduced to

8°X13*X9
3

by the barrier. The 500-kv curve in figure 4 shows that
3.5 in. of concrete is required. As 3.5 in. is less than the
value of 11.8 in. indicated in table 18, barrier C is not in-
creased by the new condition.

Another case which requires additional investigation is
that of multiple-scattered radiaticn. With the tube in posi-
tion «, radiation could be scattered from wall A to wall G
and then scattered again to position 10. The first scattering,
as the useful beam will be of small dimensions, will be only 0.1

X 1078, or 3.2X107}, r/ma-min,
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percent of the useful beam. The second scattering to 10
comes from a large portion of wall G. Under similar con-
ditions such second scatterings have been found experi-
mentally to be approximately 10 percent of the incident first
scattering. As the output of the tube is 20 r/ma-min at 1 m,
the useful beam incident on wall A is

20X33.28?

52 =10 r/min,

where 3.28 is the conversion factor from meters to feet. At
wall G, a mean distance of the order of 15 ft from the center
of the useful beam on wall A, the scattered beam would be

10X3.28?2

m: or 51074, r/min

(The 1,000 is the 0.1-percent factor noted above.) At posi-
tion 10 the second scattcred beam will be

5X107*X3.282
10X 12?

» OF 4X107% r/min.

As this is only 4 percent of the permissible dosage rate, this
scattered radiation will not require additional attenuation.

15. Discussion

The foregoing computations were based on certain assump-
tions that may not always be true. These computations
provide adequate protection, but thev may in some cases

rovide overprotection. In order to be on the safe side and
gecause of the somewhat limited data now available, pro-
tection was computed for a large work factor, a large radia-
tion field, the maximum permissible direct radiation, and
safe assumptions of the quality of the direct and scattered
radiations. These assumptions will now be examined to
determine, if possible, where future additional information
or changes in tube housing protection may provide more
economical design.
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Probably the factor giving the most overprotection is the
assumption that all walls, ceiling, and floor may be struck
by the useful beam for 8 hr/day. In some cases, as already
outlined, it is possible to place a work factor of less than 1
on areas that are less likely to receive the useful beam ra-
diation. If the treatment techniques can be further limited
or if adequate statistics were available to give more realistic
work factors for all barriers, the protection requirements
could be further decreased. In the limiting case where the
useful beam does not strike a certain barrier, the examples
just computed indicate that the barrier may be reduced by
0.4 to 0.5 of the thickness required for full-time irradiation
by the useful beam. Dependiug upon the distance between
target and personnel, this saving could be perhaps 3 to 8 HVL.

There is sometimes a question as to how much shielding
should be incorporated in the tube housing. For tube
housings fulfilling the requirements for diagnostic and thera-
peutic purposes, tables 12, 16, and 17 show that the wall
requirements for direct radiation protection differ by less
than 3 HVL from that for the scattered- radiation protection.
According to the secondary-barrier rule, it is not economical
to make this difference more than 3 HVL. From the compu-
tations performed earlier, the direct (leakage) radiation
could be reduced to a negligible factor for secondary-barrier
computations if the tube-housing leakage were reduced by a
factor of 4 to 10, Actually, most commercial diagnostic
tube housings meet this requirement. In order to meet
this new requirement instead of the old one the estimated
difference in tube-housing weight would be an increase of
from 2 to 4 1b for diagnostic units and perhaps 100 lb for
2,000-kvp therapy units. Secondary-barrier requirements
could then be reduced by 1 HVL.

There are not yet sufficient data to judge the amount of
overprotection provided by the scattered-radiation computa-
tions. Complete surveys of the scattered radiation versus
angle will of course be important only when the tube housing
has u restricted motion. For high-voltage therapeutic units
the effective high voltage of the scattered radiation is also
important. The data of table 6 indicates reduction in
scattered radiation that may result from a smaller field size.

R el




36

16. References

[1] National Bureau of Standards Handbook 41, Medical X-ray
protection up to two million volts (Superintendent of Documents,
Government Printing Office, Washington 25, D. C., 15 cents).

{2] National Bureau of Standards Handbook 47, Recommendations

of the International Commission on Radiological Protection

and of International Commission on Radiological Units (Super-
intendent of Documents, Government Printing Office, Washing-
ton 25, D. C., 15 cents).

. B. Braestrup, Radiology 43, 206 (1944).

. B. Braestrup, private communication.

. 0. Wyckoff, R. J. Kennedy, and W. R. Bradford, J. Research

NBS 41, 223 (1948) RP1920.

. Sin%er, C. B. Braestrup, and H. O. Wyckoff, Am. J. Roentgenol.

56, 771 (1946).

. Behnken, Fort auf dem geb. der Roent. 41, 245 (1931).

. B. Braestrup, Radiology 38, 207 (1942).

. B. Braestrup, Radiology 31, 206 (1938).

0) C. B. Braestrup and H. O. Wyckoff, Radiology 51, 840 (1948).

1] L. 8. Taylor, Radiology 34, 425 (1940).

2] Recommendations of the British X-ray and Radium Protection

ggu(limitt%%, 17lth Revised Report (Oct. 1948), 32 Welbeck St.,
ndon, W. 1.

o O3
QQ

oo |

(6]

Qo

8
9
1
1
1

U. S. GOVERNMENT PRINTING OFFICE: 1982




