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= Abstract=

Central axis percentage depth-doses, P(%), were measured at the points from the
2.5cm depth of reference point to 20cm depth with 2.5cm interval. Distance from
the X-ray target to the water phantom (30x30X30cm?) surface was 1m, and at this
point three different beam sizes of 5cme, 10cm¢@ and 15cmg were used. While the
X-ray tube voltage varied from 150 to 250kV, the tube current remained constant at
5mA. Absorbed dose rate in water, D,, was determined using the air kerma calibr-
ation factor, N,, which was derived from the exposure calibration factor, N,, of the
NE 2571 ion chamber. The reference exposure rate, X,, was measured using the Exr-
adin A-2 jon chamber calibrated at ETL, Japan. The half value layers of the X-rays
determined to meet ETL calibration qualities.

The absorbed dose rates determined at the calibration point were compared to the
values obtained from Burlin’s general cavity theory, and the percentage depth-dose
values determined from N, showed a good agreement with the values of the publish-

X @

ed depth dose data(BJR Suppl. 17).

I. INTRODUCTION

The ultimate aim of clinical radiation do-
simetry is to determine the absorbed dose
completely, i.e., three dimensional distribu-
tion in a water phantom thence in the pati-
ent.

For this purpose four stages are usually
involved. First, a determination of the radi-
ation is made at the calibration point. Such
a determination is required for all beam sizes

and source distances that are to be used.

1

Secondly, the peak absorbed dose rates or,
for low energies(below 400kV of tube volt-
age), the surface absorbed dose rates are
deduced either by relative measurements or,.
more usually, with the aid of published dep-
th-dose tables. In the third stage, the abso-
rbed dose rate at any point of interest is
related to the peak or surface absorbed dose
rate by the use of appropriate standard de-
pth-dose tables and isodose charts. Finally,
correction may have to be made for the fact
that the shape, size and composition of the
patient are different from those of the pha-
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ntom in which the standard measurements
were made. An essential step to this process
is to establish the variation in absorbed dose
along a single ray, and the most useful one
is the central ray.

In this paper, we tried to establish the
percentage depth-dose tables for sentral X-
arys having (.88 mmCu, 1.68 mmCu and 2. 60
mmCu HVL. And the X-ray target to phan-
tom surface distance(SSD) was 100 cm cons-
tant. Absorbed dose was measured with ion-
ization method. The theories for the absor-
bed dose determination and for the evalua-
tion of percentage depth-dose are given in
section [. The experimental method of the
measurement of absorbed dose in water and
of X-ray qualities are discussed in section
. In section IV, the exposure calibration
factor, N,, the air kerma calibration factor,
N,, the absorbed dose rate in water, D,, and
the percentage depth dose, P(%), are deter-
mined. Then, D, values determined from
N, were compared with the values calculated
from the Burlin’s general cavity theory. The
P(%) values determined were compared with
the published depth dose data. The conclus-

ion follows in section V.

II. THEORY

The exposure is defined as X=dQ/dm,
where dQ is the charge produced in air by
the secondary electrons ejected by photons
in a mass dm of air. If the mean energy
required to produce an ion pair in air is W,
then the imparted energy per unit mass of
air, i.e., the absored dose in air, is

Duap( 4B Qe _x W

under condition of electron equilibrivm. Thus

from mass energy absorption coefficient ra-
tio, the absorbed dose to material m is

D,=X- TW . <i;"_>mn (1)

where (fen/0) mair 13 (Len/ ) m/ (Ben/ p) sis. From
Bragg-Gray equation, the absorbed dose in
material m which is surrounding the air
cavity becomes

D=8+ J« W/e = (2)
where S,,0r=(S/0) w/ (S/0)air, and J is the
charge per unit mass of the air cavity resul-
ting from ionization produced by the electro-
ns. Then, from egs. (I) and (2), the expos
ure becomes

X=J-Spsair (en/ P) aitom = (3)
Using energy fluence, ¥, the exposure, X,
and the air kerma, K., are related as foll-
owsSs:

X=0- ()W

(42 o2 (),

ir e el 0
_XWfe (e W
- I_gB ~ (1 +gB) e
[Srmair' (/uen/p) air,m] '] o (4)

where g is the fraction of electron energy
lost in bremsstrahlung productron, and (g,,/
0)air and (p,/p).ic are the mass energy abso-
rption and mass energy transfer coefficient
of air, respectively.

1. Determination of Absored Dose via
Air Kerma Calibration Factor

In case that the of exposure standards have
been established, N, is recalculated from N,
and eq. (4) as follows"

X,
Nx= M_ (5)
N.= Kﬂil’yc ___Xc'W/e
M T M(1-g5)
w 1
=Nk.T. 1=z, --(6)

where the meter reading of the ion chamber
M, reference exposure X, and reference air

kerma K., are determined in calitraticn
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quality field. The water kerma,K,, is then
obtained from

K, Hiy

Kair =< P‘ >w,air o (7)
where (/) woaie 18 (1,/p) water/ (u,/0)air.
In the conventional X-ray energy region, gz

~( and therefore (u.,/p)=~(u../p), and furt-
hermore

D,=K,(1-gp=~K,
Thus from egs. (6) and (7)

waMu-Nk.ku< /':;” >w’air -P, e (8)

where P, is the perturbation correction fac-
tor for the replacement of water by air, and
M,=Mp-P,,P,, where M, is the meter re-
ading in water phantom, P, is the factor
for temperature, pressure and humidity cor-
rection, and P, is the factor for lack of sat-
uration charge correctively. In addition &, is
a factor to accomodate the possible differe-
nce in sesitivities of N, between the calibr-
ation and the user fields of radiation.

2. Determination of Absorbed Dose via
Burlin’s General Cavity Theory

The purpose of cavity theory is to relate
the absorbed dose in a cavity or detector of
arbitrary size and composition to the absored
dose in the surrounding medium of different
atomic number or composition by means of

the equation.

1
frm

where D, is the cavity dose, and D, is the
does when the cavity is filled with the sur-

D, = D, - (9)

rounding medium material. f,, is in general
a function of the X-ray energy, the compos-
ition of the cavity and the surrounding me-
dium, and the cavity size.

Burlin proposed an approximate general
cavity theory2®% for photons for all caviy

sizes, which approaches the Spencer-Attix
theory® in the small size limit and reduces
the ratio of the mass energy absorption ceo-
fficients for large cavities. In Burlin's gen-
eral cavity theory, f., is given by
Fen=0Sent (1=@) (Zen/ ) cm- - (10)
If g is the average path length of electr-
ons crossing the cavity, then,

d:j:exp(— 8x) dx/ jzdx

_ 1—exp(—fg)
= (11)

where 8 is the mass energy fluence attenu-
ation coefficient of the secondary electron.
spectrum Many experimental studies have
indicated that the exponential attenuation is
determined in terms of the maximum elec
tron energy, Em.x Burlin adopted the formula
2,3,436).
B=16(Emx—0.036) 4 (cm?-g™1),

g=4pV/s(g-cm™) ~(12)
where p is the air density, V and Sare the
volume and the total surface area of the
dosimeter, respectively.

For the case of cavity size much less than
the secondary electron range produced in the
wallg, the total electron fluence in this cavity
is deiermined by both the production and
scatter of the secondary electrons from the
wall materical. That is, the electron fluence
within the cavity is independent of the cav-
ity material. As the cavity size increases,
the analysis becomes complicated due to
several factors. First, photon interactions
with the cavity material are no longer neg-
ligible; second, the attenuation of the elect-
ron fluence becomes important; and third,
the electron scattering properties of the cavi-
ty material gradually increase in importance.
The first two effects were taken account in
the well known Burlin’s general cavity the-
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ory?. Horowitz et al.®” demonstrated that
taking the third effect, electron scattering,
into account can improve the Burlin's model.
And recently, Kearsley® suggested new gen-
eral cavity theory which is the only one
capable of yielding cavity dose distributions,
but requires further experimental and theo-
retical development due to the relativey large
number of unknown parameters it implies.
For moderately mismatched cavity and med-
jum, those three expressions for general
cavity theory were compared in detail by
Horowitz®, and all the three expressions
give excellent agreement with the experim-
ental data from the landmark Ogunleye et
al. Thus, in this study we used Burlin's
expression for its greater simplicity.

In the case of the cavity chamber located
in water phantom, and the chamber wall
and its dosimetry gas composed of graphite
and air, respectively, the absorbed dose in
water is represented from egs. (2) and (9) as

Dw=D!r° (/‘len/p) wigr— fai . * Dair’

e/ 0)wosr= i T (W) -

(/‘en/P) ws&r T (13)
where D, is the absorbed dose in graphite.

3. Determination of the Average Prim-
ary Electron Energy T,

For conventional X-ray energy region(70
kV to 300kV), the primary electron produ-
ced in the medium may be resulting from
the photoelectric interaction or Compton sca-
ttering interaction with incident primary
photon. In case of photoelectric interaction,
the primary electron will have the energy
Tpr=hv—E,~hv, where hv is the incident
photon energy, and E, is the binding energy
of the electron in the atom (in solid medium,

E,~3¢eV). For the Compton scattering inte-
raction, the primary electron will have the

G .
£ where , is the Compton

energy T.=hv:

cross section per electron, and s, is the diff-
erential cross section of the energy transfer
to the recoiled electron. Thus taking single
Compton scattering approximation, we have

T, -APE . Oa .
Te=hy - At A + hy v
A,
-APE+-AL’ "‘(14)

where Ay is the photoelectric cross section,
and A, is the Compton scattering cross sect-

ion for elements or compounds.

4, Determination of the Percentage
Depth-Dose

Percentage depth-dose is defined as the
ratio(expressed as a percentage) of the abs-
orbed dose at a given depth in a medium to
the absorbed dose at a fixed reference point
on the beam axis. In clinical work it is
customary to state, for each beam size and
shape used, the absorbed dose rate at the
reference point of the central percentage
depth dose values, that is, at the point at
which the value of the percentage dose is
100. For radiations generated by potentials
below 400 kV, reference point is at the sur-
face, while for higher energy radiations it
is at the position of the peak absorbed dose.

Thus, the percentage depth dose, P(%).
as shown in Fig. 1, is defined as®

P WS, Euy) =5+ 100(%) -+ (15)

d
where D, and D,, are the absorbed dose at
depth d,, respectively. d and d, are the depth
of measurement point and the reference,
point respectively, .W is the field dimension
(When the mode used employ a fixed source
to surface distance, the field size is defined
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Fig. 1. Schematic diagram illustrating the perce-

ntage depth dose.

at surface of the phantom), S is the source
to surface distance (=SSD), and E,;, is the
effective energy or quality of incident radi-
ation.

III. EXPERIMENT

The calorimetry and the ionization method
are those of the absolute measurement met-
hods of absorbed dose, but below 1 Gy only
the ionization method is applicable!®, Thus
the latter one was used in our study.

At first, the reference exposure rate was
determined at the position 1m away from
the X-ray target using Keithley 616 electro-
meter with 6169 Digital interface and Exra-
din 3.6cc A-2 ionization chamber which had
been calibrated at ETL, Japan, to meet the
international radiation traceability. The rad-
iation quality of an X-ray beam in practical
use is normally characterized by the tube
voltage, total filtration and first half value

te——— Protective
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Y
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| .‘\ T 0.2mm Cu window
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‘%,:::E:\sm,
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—t e Filter
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. Distance 5m

2 / W{L =
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Fig. 2. Schematic diagram of KSRI 300kV level
X-ray calibration system.

layer. Thus, the first half value layers of
the KSRI 300kV level X-ray calibration
system were determined as to ETL calibra-
tion quality. Then, to check the X-ray qua-
lities determined from HVL method and their
changes in the water phantom, the X-ray
energy spectra with and without penetrating
the water phantom were measured using a
high purity Ge detector and a 8192 channel
multi-channel analyzer.

Fig. 2 illustrates the KSRI 300kV X-ray
system. In order to line up X-ray to 4m rail
system, we used the radiography method
employing the central ray of the laser!®,

Then, the values of N, and N, of the NE
0.6 cc 2571 ion chamber were determined via
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Table 1. KSRI X-ray qualities(Tube current: 5mA, SCD: 100 cm, Beam size: 5cm¢)

Code of X-ray

Total filter

ist HVL

Tube voltage
quality &V) In(hrggeilt Added(mm) (mm) Eeff (keV)
KS-X0150 150 0.20Cu 0.76 Cu+0.31 Al 0.88 Cu 76
KS-X0200 200 0.20 Cu 1.5Cu+0.1 Al 1.68 Cu 100
KS-x0250 250 0.20 Cu 2.25Cu+0.21 Al 2.60 Cu 125

Table 2, Determined values of Te(keV), S/p(MeV. cm?/g) and(fen/p)airm

Itl\é[;terial Air Graphite Water
e of Te  S/p (tea/odsivm Te  S/p (pea/odsim Te  5/p (pea/pdaiom
KS-X0150 11.50 17.71 1 9.69  20.66 1.2175  11.21  20.62  0.9312
KS-x0200 15.48 14.02 1 14.42 15.15 1.0821 15.27 16.23 0.9135
KS-X 0250 21.28 11.05 1 20.57 11.53 1.0331 21.11 12.65 0.9045

the reference exposure rate. using this N,,
D, was determined in the water phantom at
the points from 2. 5 cm depth, reference point,
to 20cm depth with 2.5cm interval. From
this result, the percentage depth dose was
determined. The overall thicknses of the
lucite (C;H 0,), phantom wall is 10 mm, but
it is 4mm or less at the beam entrance and
exit portion.

In this experiment, SSD 1m, and at this
position beam sizes were 5, 10 and 15cmg.
While X-ray tube voltages were varied from
150 to 250kV, tube current remained cons-
tant at 5mA.

IV. RESULTS AND DISCUSSION

1. Determination of the X-ray Qualities

First half value layers were Qetermined
using Al and Cu filters of 99.9% purity ha-
ving 10X 10 cm? size, and they are summari-
zed in Table 1.

On the other hand, the effective energies
of the X-rays measured by X-ray spectrome-
try method were 79.9keV and 127.7 keV for

Table 3. Exposure calibration factor, N,, and air
kerma calibration factor, N of NE 2571

in chamber
Item
N N.(x10°%kg™) Np(x10"G,C™)
Code of X-ray
KS-X 0150 1.137 3.862
KS-X0200 1.125 3.822
K5-X0250 1.119 3.801

tube voltages of 150kV, 200kV, respectiv-
ely*®,

The X-ray spectrum change in the water
phantom was turned out negligible corhpared
to its effective energy.

2. Comparison of D, Values Determined
via N, and Burlin's General Cavity
Theory

T, was calculated from eq(14), and requ-
ired coefficients of ,0, and ,c were referred
to F.H. Attix and W.C. Roesch?, Ap; and
A, were referred to J.H. Hubbel'®, From this
calculated values of 7T, the average mass
stopping power, S/p, of the related materials
was determined from ICRU Report 37'®, The
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Table 4. A(cm?, g™1), g(g-cm™2), d and fair,er in Burlin’s general cavity theory

Item P
\ ,3 g d air,gr
Code of X-ray ¢
KS-X 0150 1,747.50 6.982%x107* 0.5780 1. 0093
KS-X0200 925.99 6.982X107* 0.7364 0.9667
KS-X0250 596. 76 6.982%x107* 0.8178 0.9719
1073 '

] ' T I
- SSD =100 cm =

Absorbed Dose Rate (Gy-s?)

Via Burlin’s theory

- Vid air kerma

Ay
/
104 N NI R N TR S A WU A S S N
L 1 2 t 3 {mm Cu)
0.88 " 1.68 2.60
HVL

Fig. 3. Comparison of the D, values, at the calibration point of 5cm depth, determined via N,(solid
curve) and Burlin’s general cavity theory(broken curve).

average mass energy absorption coefficient just the cavity, denoted by A, is about 10
ratio of material to air, (u,,/p) mair, Wwas det- keV. Hence, the difference between restri-
ermined using J.H. Hubbel's data!® for inci-

cted stopping power and stopping power is
dent photon energies. In conventional X-ray

negligible for air, graphite and water!®, The
energy, the required electron energy to cross values of Te, S/p and pu,./p are given in
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Table 2.

Values of N, and N, of NE 2571 ion cha-
mber determined from the values of X, egs.
(5) and (6) are summarized in Table 3. In
this study we used the values of 33.97 J/c
for W/e and 0.94x10°* for gz®. Using the
values of Tables 2 and 3, the absorbed dose
rate in water at the calibration point was
calculated from eq. (S), and described in Fig.
3 in solid curve. In this calculation the pho-
ton energy spectrum change in the water
phantom was negligible, compared to its
effective energy %, was taken to be equal
to 1.0, and P, was taken as 1.05, 1.03 and
1.02 for tube voltage 150kV, 200kV and
250 KV, respectively'®,

The calculated values of B, g, d fair.s, are
summarized in Table 4. Using eq.(13), Ta-
bles 2 and 4, the absorbed dose rate in water
at the calibration point was calculated via
Burlin's general cavity theory. This result
is described in Fig. 3 in broken curve.

3. Comparison of P(%) Values Determi-
ned via Our Experiment and that via
Published Depth Dose Data.

From eq.(8), Tables 2 and 3, the absorbed
dose rates at the points from 2.5 to 20cm
depth on the central ray in the water phan-
tom were determined. Using these results,
the percentage depth dose was determined
from eq.(15), and listed in Table 5. The
total uncertainty in the depth range 2.5 to
10cm is less than +3%, in the range 10 to
15cm it is less than +4% and in the range
15 to 20 cm, less than +5%. The increasing
uncertainty is seems to be due to the depe-
ndence of small
depth.

ionization current with

Also, the percentage depth dose data are
available for HVL of the range from 0.5 to

Table 5. Comparison of the P(%) values measured from our experiment and obtained for BJR Suppl. 17(SSD: 100 cm, Reference depth

:2,5¢cm)

dy
Code of

KS-x0250

KS-X0200

KS-X 0150

15
Exp. Pub.

10

15

10

15

10

Exp. Pub. Exp. Pub. Exp. Pub.

Pub.

Exp. Pub. Exp. Pub. Exp.

Exp. Pub.

Exp. Pub.

Depth(cm)

100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

100

2.5

69.0 75.7 749 80.9 79.8 71.3 69.8 76.9 76.8 8.2 8.5 7.6 69.8 77.3 77.2 82.9 8.8
43

67.6

64.1

58.4

49.3

63.5

45.3 52.5 59.4 47.9

29.0

7.5
10

1(1987) —

35.7 36.7 43.0 41.5 32.0 32.2 385 39.7 47.2 46.1 325 33.3 41.8 41.0 47.6 46.8

29.3

34.8

28.9

22.8

33.5

27.6

21.1

30.1

24.3

18.5

12.5
15

12.8 15.9 17.6 20.8 21.2 13.8 14.2 18.7 20.2 241 241 155 156 20.9 2.3 25.4 25.6

11.4

7.8 11.0 14.0 9.4 12.8 16.6 10.2 14.4 18.5
6.6

4.9

17.5
20

13.2

10.1

6.9

11.9

8.9

9.6

17.2
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3. 0 mmCu (diaphragm limited square field,
SSD=50cm)1®,

Conversion factors of equivalent square
field to circular field (by M.]J. Day et al.)
and P(%) values of one SSD to another (].E.
Burns et al.) are available from the appen-
dix of BJR Suppl. 17. Using this published
depth dose data, the P(%) values under sim-
ilar condition to ours can be determined.
The differences between P(%) determined
from our experiment and BJR Suppl. 17 are
within 8 percents. On the other hand R.M.
Harrison!'” had measured P(%) for X-rays
having 1.0 to 4.0mmAl HVL at the point
from 0 to 16cm in depth with 60cm SSD.
His results are different by 10 percents or
less from the values of BJR Suppl. 11. These
differences seem to be due to the inadequacy
of the first HVL as the sole specifier of
beam quality, i.e., those peak tube voltages
in BJR Suppl. 11 and 17 are not thé same
as Harrison’s and ours, respectively.

The percentage depth dose determined from
our experiment and from BJR Suppl. 17 are
compared in Table 5.

Y. CONCLUSIONS

The following conclusions are derived from
this study.

1. The exposure calibration factor, N,
(x10°kg™1!), is ranged from 1.119 to 1.137
and the air kerma calibration factor, N, (X107
Gy.C™Y), is from 3.801 to 3.862 for the NE
0.6 cc 2571 ionization chamber.

2. The weighting factor, 4, in Burlin's
general cavity theory is turned out to be
from 0.578 to (.818. This means that in
case of electron range in air cavity is com-
parable to the cavity size, the contribution

of direct photon interaction with cavity itse

If is not negligible. But, with the photon
energy is increasing, the chamber wall con-
tribution is more dominent than that of the
air cavity. Since graphite wall is air equi-
valent material, fur,,—1 as it should.

3. The absorbed dose rate in water, D,,
and the percentage depth-dose, P(%), dete-
rmined in the water phantom from 2.5 to
20cm depth with 100 cm SSD are varied from
5.846x107* to 1.007%107%(Gy.s™?) and from
100 to 4.9, respectively.

4. At the calibration point, the differences
between D, evaluated from the N, and that
from the Burlin's general cavity theory am-
ount to 13 percents. This significant differe-
nce seems largely due to the error involved
in determination of 8 and g in using Burlin's
theory. The choice of eq. (12) assumes that
the electrons impinging on the cavity are in
a state of quasi-diffusion, furthermore g=4
ov/s is correct only for isotropically incident
radiation and convex cavities. As beam size
is increasing from 5 to 15cm¢ at 1m from
the X-ray target, the difference of the abs-
orbed dose rates determined via N, and that
via Burlin's theory is reduced from 13 to
5.1%.

Thus the determination of § and g should
be thoroughly studied in the collimated beam
conditions. On the other hand the differences
between P(%) (from 2.5 to 20cm in depth)
determined from present experiment and that
from BJR, Suppl. 17 are within 8 percents.
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