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Broad-and Narrow-Beam Attenuation of 500- to 1,400-

Kilovolt X-Rays in Lead and Concrete’
By Harold O. Wyckoff, Robert J. Kennedy, and William R. Bradford

Both nerrow- and brosd-besm attenuation curves have been obtained for 500-, 64},
800, 1 00, and 1 4M-kilovolt X-raye in lead and concrate. For the exparimental condi
tione used, it is ahown that ao Irradiated area 12 inches in diameter for lead abaorbers and
37 inches in diameter for concrete satisfy the barcher conditions required for broad-beam

attenuation curves.
I. Introduction

There have heen numerous papers over the
past 10 wenrs dealing with X-ray protection in
the range from 500 to 2,000 kv |1 te 6).* The
data. from these papers differ somewhai, becanso
the conditions of the experiments were not always
the same and therefors cannot be readily corre-
lated. Part of thiz has beon attributed to
differences in the high-voltage wave form and
" inherent filtration for the several experimental
arrangements uzed. Preliminary data [1 to @]
have indicated that the size of the irradiated
arca of the harrier may also be sn importent
vagiable, but the magnitude and limits for this
have not been explored quantitatively. The
present report will deal with different sized beams
of X-raye produced by direct-current potentials
of 500, 600, 800, 1,000, and 1,400 kv with » trans-
migsion target. Barriers of lead and concrete
will be considered. Conecrete has been gencrally
aceepted in the energy range ahove about 500 kv
where aspace i8 not important, becausa it is
structurally self-supporting and relatively inex-
peneive. However, for applicationa requiring a
minitawrn of thickness for a given protecticn, lead
ia still the most popular.

In the voltage range under consideration,
X-raye are principally absorbed by the photo-
electric and the Compton processes, since pair
production is still relatively unimportent, even
in lead for 1,400 kv. ANl of the photoelectric

1'This papar will slxe appesr in Badlology.
* Flgurea I brackets Indlente the Hieratuns referanees at the end of (his
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ahsorption and that part of the energy transferred
to the Compton electrons are considersd to be
truly abesorbed, since the electrons so produced
have small likelihood of producing another X-my
photonn. The part of the emergy given to the
seattered photon leaves the site of the encounter
in & different direction from that of the incident
photon. The amount of this energy retsined
by the scatfered photon decreases with incresse
of the angle between the scattered and incident
photons. Thus, if the heam is of small cross
section, the seattered photons leave the incident
bundle and will not he measured. If, however,
the beam ia of considerable widih the photons
scattered from the sides of the beam may enter
a measuring volume situated near the comter of
the beam. The apparent attenuation of the
heam, messured by the reduction in dosage rate
m the barrier, may thus be preatly influenced
by the inclusion of this scattered radiation.

One may think of the ionization produced in
the ionization chamber placed on the far side of
a protective barrier as being due to two different
sources of radistion. (a) Part of the radiation
comes directly from the terget of the X-ray tube.
{The target is essentially & point source for all
practical dimensions uzefd in protective studiea).
{h) The remainder of the measured dosage may
coma from & distributed source composed of the
entire irrgdiated volume of the protective barrier.
Severnl factors serve to limit the wvolume, which
scte as this secondary source. The length of the
incident plus the scattered photon path in the
barmer will be grenter for oblique rays and, there-
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fore, obliquely incident photons heve a greater
probebility of being absorbed. In addition, the
angle between these incident and scattered photons
muzt be larger and, therefore, the scattered photon
energy witl be smaller, The latter factor, depend-
ing upon the atomic number of the protective
barrier, may alo incresse the probability of true
absorption, In the X-ray range here considered,
thig factor is not important for concrete but serves
to limit the practicsl dimensions of the virtual
eource when lead barriers are used.

Another factor producing differences between
measurematits made with and without scattering
has recently besn deseribed [2). It was shown

there that air ionization chambers are mors gensi-

tive to photons of energies below 70 kv than
above, For increasing thickness of barrier, an
aquilibrivm is soon eatablished, so that as much
of the low-ehergy radiation iz absorbed as is
created. As a result of this quality-dependent
chamber pensitivity, one obtains an increase of
dosage rate in protective barriers of low atomic
number, such as concrete, where this low-ahergy
radiation is not strongly absorbed. The attenus-
tien curves are thus convex uwpward for small
barrier thicknesses. On the other hand, for bar-
riera of high stomic number such as lead, this
effect 16 not observable, sitice the low-energy -
diatione are strongly abeorbed in the berrier,

Ar can be easily seen from the above discussion,
different experimental conditions may influence
considerably the sttenuation curve obtained. Two
limiting eonditions are thua defined for the work
to be reported bere, A narrow-beam atienusation
curve shall be understood to be one where only a
negligible amount of the scattered radiation from
the barrier is measured in the ionization chember.
Practically, this condition amounts to having the
irradiated ares on the barrier subtend a small
angle at the chamber. This condition may be
veriled experimentally by an inverse square
check of the radiation received in the chamber.
If the ipverse aguare law is found to hold experi-
entally, with fixed position of the target and
barrier but with variations of the target-to-cham-
ber distance, then the contribution of seattered
radiation from the barrior sourea is negligible,

Diosage readings—with a fixed position of the
chamber, target, and barmier—are said 0 be for
broad-beam conditions if, on incressing the irra-
diated area of the harrier, no increase in dosage
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-glope of the attenustion curve.

rate is observed. Thin condition is, of courze,
only unique for that partcular barrier-to-chamber
distance, The above qualitative considerations
indicate that the irradiated area required to fulfill
broad-beam conditions will be larger for larger
bartier-tochambaer distances, The requisite area
may be reduced by shorter targei-to-barrier dis-
tancea and smaller chamber volumea.

Jince some scattered radiation is measured by
the chamber under hroad-beam conditions but
none is messured for noarrow-besm conditions,
the sffective absorption coefficient must be differ-
ent for tha two conditions. 'The effective absoip-
tion coeflicient is, however, proportional to the
Attenvation
curves that include different amounts of scattered
radiation in their determination should therefore
have different slopea.

II. Experimental Arrangement

The high-voltage generator and tube have been
previously deseribed [7]. Figure 1 shows the ex-
perimental arrangement for beawn collimation snd
for dosage measurement. The filtration inherent
in the X-pay tube waa approximstely 2.8 mm tung-
gten, plus 2.8 mm copper, plus 2.1 mm brass, ples
18,7 mm water for tha center of ithe beam. Tha
target protective housing consisted of a doublo-
walled steel tank filled with lead shot to a thick-
ness of approximately 6 in., and & 6-in. thick solid
lead diaphragm. Three diaphragms of different
apertures were used in the course of the experi-
ments. They gave irradiated areas at the base-
ment floor level whose diameters wera approxi-
mately 13, 26, and 37 ., rezpectively.  These di-
mengions were dictated on the lower end by the
requirement of uniform irradiztion of the chamber
and on the upper end by a desire to minimize scat-
tering from the pit walls.

Figure 2 shows a view of the pit in which the
radiation measurements were made. The ioniza-
tion chamber was conmected to an evacuated cyl-
inder housing an FP54 electromeater tube and a
salection of resistors and could be moved by remote
control both in azimuth and in elevation within
the pit. (The chamber actually weed had about
one-twenty-fifth the volume of the one shown in
fir. 2 Remote switches controlled, and indica-
tors defined, the position of tha chamber in the pit,
the resistor used, and the grid resiztor boltage.
The latter two figures, together with the volume

Journal of Bessarch



<

oF n-REr TURE

T
I. |
b
| ol
|
|
| it oA
i
-]
o
L T
T
¥ o
T - —
- ST L
o - ]
5
i 5
r.r.'l;n".u;{'r: [y E
&
o
=
i
= B
'5
|
(VR OF Comrn
B Toh L
AFLOGHE OF F7

Frovee 1, Frperimental areangemend for collimating Ghe

beeean samedd Fove clomage measurenen

of the chamber and the temperature and pressaeg

of the air, served to determine the dosage rate.
The chamber calibration  determingsd
value of the grid resistor, the grid voltage, and the
mass of air in the chamber agrees to within 5 per-

eent owith that obtamed experimentally with a

standard redium source. By controlling the volt-
nge and the current of the X-ray tube to within
0.1 pereent, the X-ray dosage was found to be con-
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from the

Pt i anlieh the sneasiirements were sl

Fiouhe 2,

stant to 3 percent, A good share of this Huetua-
tion inontput conld be atteibuted to random foeal
spol motion. It was not considered excessive for
thé prosent purposes,

For naorrow-beam conditions, the absorbers were
placed directly below the shield diaphragm. The
chuwmber-to absorber digtanee could thus be varied
from approximately 1 to 16 Tt.  The irradiated
area of the samples was not more than 3 in, in
dinmeter.

In testing for broad-beam conditions, the ab-
sorbers woers laid divectly over the top of the pit
with an overlop of approximately 1t all around
the lip.  The concerete samples were in one prece,
pither 8 [t by 8 f by 6 in. or 8 1t by 8 £t by 3 in
Lasivil samplos were made up of 2 06 by 8 fuby K in.
thick strips. Parallel strips covered the whole
surface of the pit aperture in }in, thick layers.  An
overlup of at lenst Y in. was provided at each
joint. Lap joints were staggered in adjsceent
layers, but none of the joints came closer than 9 in.
to a ling through the chamber anil target. This
lead, being quite flexible, required additional sup-
port., The pit aperture was redoeed by placing
plyboard on the basement Hoor extending over the
pit. An unsupported area of lead 3 It square was
obtamed in the center of the aperture.  (This aren
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was found to be adequate for broad-beam condi-
tions with conecrete. Smaller dimensions were
expectad and obtained for lead.)

Tha letge conerete blocks were each weighed to
an accuracy of 10 Ib. Corrections were made for
known air holes and reinforeing iron eround the
unexposad edges. Thicknessea of each slab,
meagured at n-mumber of distributed points, were
found to deviate by no more than % in. from their
mean value. This mean thickness, together with
the length, the width, and the corrected weight
sarved to determine the average density. The
mean of five additional thickness messurements
obtained in the vieinity of the X-ray irradisted
ares was then corrected to correspond to & specific
gravity of i47 Ibfit* (2.35 gloc). The narrow-
beam concrete blocks arc those previously used
[10.] The accuracy of the concrete dimension
megsurements is egtimated to be within 2 percent.

Approximately 300 measurements of thickness
of the lead strips indicated maximum deviation
from the mean of the order of 4-4 percent.

All attenuation curves were obtained for a
7.5-in. chamber-to-barrier distance. This dis-
tance was a practical lower limit for cur equipment.
However, personnel are usually not located closer
thag 7.5 in. to the protective barrier in most
medical X-ray installations. The target-to-cham-
ber distance was thus 175% in.

III. Results

In order to properly evaiuate thiz experiment.
it was first necessary to investigate the extraneous
acattering. Evidence of the lack of scatiering
without absorber may be obtained by cbsarving
the dosage rate nt different distances from the
target. The inverse square law may be used to
raduce these dosage rates to & common distance.
The wariation of the values, so computed, iz a
messnre of the amount of zcattering present.
Figure 7, A indicates the magnitude of the scatter-
ing. It is sean that, with no absorber in place
and for the two smaller diaphragms, dosage rates
computed back to a fized distance (! m) by the
inverss square law remain essentially constant for
large variations of the target-to-chamber distanca.
With the largest diaphragm, the main beam
actually begins to strike the side walls about half
way down the pit. The resultant scattering
from the walls may contribute to the dosage rate
measured in the center of the beam. Since the
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acattering is most important in the forward
direction, some increase in the messured radiation
should be obtained for chamber positions below
the mid-depth ‘of the pit. The experimental
evidence verifiea this qualitative prediction. Fig-
ure 7, A indicates that the contribution of scatier-
ing 15 about 5 percent of the main beam at a
distance of 80 in. below the lip of the pit.

Seattered radiation will, of course, be measured
with an absorber over the pit. The lack of ex-
traneous scattering from the pit walls may be
determinad by mensuring the radiation very near
to tha wall. If the radiation measured near to the
wall is & amall port of that in the center of the
beatn, then any eontribution received at the center
of the beam from the wall may be neglipible.
In figure 3 the pit walls corvespond to angles of
npproximataly —5¢ and 95°. The experimental
results indicate that the dosage rate i3 rapidly
decreazing as the walls are appreached. The
smcunt of radiation scattered from the nearer
wall to the center of the benm is thus negligible.
The dosage rate measured at the center of the
beam and 7.5 in. from the absorher therefore does
not include an appreciable amount of eeatterad
radiation.

Fipure 3 also indicates other interesting items,
The sloped central portion of the azimuth curve
without absorber has been discussed previcusly
in the literature [9]. It may be attributed to
change of the inherent filtration with angle.
The asymmetry results from having the target
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Figuak 3. Variolion of dosage rade across the X-ray beam
for ar irradialed area approvimately 37 in. in diameler,

Cvpeam cireles whemt obtaned with oo byrrler.  Filed sdeobes wors obdadned with
B B-ln.thbok comwrata phaorber in plaos,
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seb ut 45" to the emergent beam. Large azimuth
angles on this figure correspond to least inhsrent
filtrgtion. The Lgure also indicates that the
presence of an absorber tends to sharpen the main
peak but to increase the dosage rate near the foot
of the curves, The firab factor may be atiributed
to diminution of the beam by larger thicknesses of
material at points different from the normal to
the absorber. The second factor may be attrib-
nted to the radiation scattered out of the con-
fines of the original beam .

It waa found that each diaphragm gave o differ-
ent apparent tube ouiput, This incresse in
dosage rate with disphragm size weas attributed
to spread of the focal spot.  In order to show more

clearly the effect of beam size on the sttenuation
curves, sll dosage rates for w given disphragm
and kilovoltage have been reduced by the ratio of
the apparent tube cutputs—with zero absorber—
for thet disphragm and for the emallest dis-
phragm. Al four scis of curves for a given volt-
age thus pass through the same zero absorber
point.

Figure 4 shows the experimental attenuation
curves for lead. The lowar curve at each poten-
tial is for parrow-beam conditions. There was
no important change in the data for irradiated
areas greater than 13 in, in dismeter. The actual
deviation of the dosage rate for variation of the
diaphregm was of the same order as the experi-
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mental error. There i5, however, an interesting
change in the difference between narrow- and
broad-beam absorption curves with potential pro-
ducing the X-mys. In agreement with the quali-
tative predictions this differepce becomes more
important for large photon energies, since the
scattered photons are not so readily absorbed
photoelectrically.

Figures 5 and 6 show the attenuation curves
for concrete. For each generator potentizl tha
lowest curve is for narrow-beam conditions, that
s, when a negligible amount of the dosage is due
to scattering from the absotber. The diference
between sticceszive curvea with narrow-beam, 13,
26, and 37 in., irradisted diameter indicates the
magnitede of the seattering from the correspond-
ing ring of barrier. If is evident that the scattered
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Froure 6. X-roy cilenuglion curses in covicrete,

Thea dancgity of the pancrats 16 147 IS, @, Narrow bearn: &, 130 beam;
i, - besm; (), 370 hearn,

rhotons from the succeesive cuter rings pontribute
legs and less to the dosage rate measurad on the
axis of the bewm. Because of the small change in
dozage rate between the 26-in. and 37-in. beam
and because of tho rapidly decreasing contribu-
tiot of scgttering with beam epize, the 37-in. diam-
eter heam in concrete has been sassumed for all
practical purposes to correspond te broad-beam
conditions under the experimentsal arrangement
deacribed above.

For comparison with dats obtained from a
resonance A-Tny geoerstor, two  experimental
points from Singer, Braeatrop, and Wyekoff [1]
have bheen included on figure 6. These were
obtained with 8 two-million-volt resonence type
unit vperating at one million volts and giving an
irradiated ares of approximately 4% it by 7 fi.
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The target~to-chamber distance wae approxt-
mately 8 and 9 ft. These data have been cor-
rected as nearly as possible to the experimental
conditions used for our new dats. The effect of
the wave form on the Xray output and the
effect of the shorter target-barrier distance on the
pmount of the seattering measured in protection
studies cannot be rigorously determined with onr
present knowledge, One may say, however, that
the target cwrrent flows appreciabiy only when
t the nltermating voltage pesk is above 200 kv.
The effactive potential should therefore be aome-
where between 800 and 1,000 kv. The slope of
an attennation curve is often taken as a measure
of the effective potential of the X-rays. The
points [l] give a line whose siope is midway
between that here reported for 300 and 1,600 kv.
The resultz are thus in qualitative agreement.
There is evidence, in the lead as well as the
concreto curves, of 4 redustion in the slope of the
attenuation curve with irradisted areas. This

effect is especially pronounced in the chaoge from -

narrow beam ta 13-in. diameter beam. There is
alep evidence in conerete, but not in jead, of the
low energy scattered radiation. Both of thess
items tend to increase the barrier thickness re-
quirements for broad heam over those for narrow
beam.

Figure 7 for data taken at 1,000 kv, showe the

importance of barrier-tochamber distances. These.

curves were obtained by varying the elevation of
the chamber in the pit. Figure 7, B is for a lead
ahsorber placed over the pit. The thres din-
phragms all give eszentislly the sume dosage rate
at & distance of 7.5 in. below the absgrber. Broad-
heam conditions were therefore obtained at this
position for an irradiated area of 13-in. diameter.
As the barrier-to-chamber distanes is meressed,
differant diaphragma do not give the same dosage,
Broad-beam conditions, therefore, do not exist in
this intermediate region for the diaphragms used.
At very large distancea, the dosage rates appear
to become constant. This condition correeponds
to the requiremnents for narrow heam. As would
be expected, the distance from the bamier for
nartow-beam conditions increases with the size of
the irradiated aren. After correction for scatter-
ing, the dosaga rate of the largest beam also agrees
witl that of the other beams at a distance of 78 in.
Moreover, this constant dosage rate agrees with

X-Roy Attenuation
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BAREIER TO CHAMEBER DISTAMNCE IM NEHES
Fravex T. Variation of X-rop dosape with Jialasee from
the Hp af the pit for 1,000 ks,

A, With no sbheorber in thd beam; B, with 12.9 sam of lwd over the ik G,
with 6.8 in. of conorats over the pli. @, T30, bewt; @, X6, am O
¥-in. baam,

that obtsined for the narrow-beam e¢urves of fig-
ure 4. For tha concreta sample indicated (fig.
7, C) it appears that the two smaller diaphragma
approach narrow-beam conditions for a chamber-
to-barrier distance of the order of 55 to 7B in.
The dosage rate is here conatant {1.3) and in
agreement with the narrow-beam curve of figure
i, which also gives a value of 1.3 mentgens per
willismpere minute at 1 m,
IV. Conclusions

Because of the emeall irradistad aress required
for broad-beam conditions in lend, the broad-
beam attenuation ¢urves should he used for nearly
all cases where lead berriers are congidered in this
voltage range. The extra thickness of lend re-
quired for broad-beam conditions over that for
narrow beam varies rapidly with X-ray tube
potential, This axtra thickness requirement wn-

riez from approximately 10 percent at 500 kv to
25 percent at 1 400 kv,



For concrete protective barriers, the differcoce
betwesn narrow- and broad-beam thickness re-
quirementa is of the order of 1% to 2 hali-value
lnyers, depending upon the portion and kilovoltage
of the ¢urves considered. If the irradisted area
of the barmier is not more than 3 ft in diameter,
and if 2]l personmel are restricted to distances
larger than 10 {t from the barrier, then narrow-
beam attenuation curves may be used in designing
X-ray protection. Such restrictions are not usu-
wlly feasible, however, becanse of space limitations,
In addition, the cost of requiring the exira space
may be larger than the saving it bertier cost,

For the majority of X-ray installation designs,
therefore, the broad-bemm aitenustion curves
ghonld be nsed.
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