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SUMMARY

Dosimetry of low-energy (soft) X rays produced
by the SOFTEX Model CMBW-2 was performed
using Nuclear Associates Type 30-330 PTW,
Exradin Type A2, and Shonka-Wyckoff ion-
ization chambers with a Keithley Model 602
electrometer. Thermoluminescent (BeQ chip)
dosimeters were used with a Harshaw Detector
2000-A and Picoammeter-B readout system.
Beam quality measurements were made using
aluminum absorbers; exposure rates were
assessed by the current of the X-ray tube and by
exposure times. Dose distributions were
established, and the average factors for non-
uniformity were calculated.  The means of
obtaining accurate absorbed and exposed doses
using these methods are discussed.

Survival of V79 cells was assessed by irradiating
them with soft X rays, 200kVp X rays, and
60Co gamma rays. The relative biological
effectiveness (RBE) values for soft X rays with
0, 0.2, 0.7 mm added thicknesses of aluminum
were 1.6, which were compared to 80Co. The
RBE of 200kVp X rays relative to 80Co was 1.3.

Results of this study are available for reference
in future RERF studies of cell survival.
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INTRODUCTION

X-ray apparatuses which produce low-energy
(soft) X rays suitable for irradiating biological
material are used in experimental studies. Soft
X rays are easily attenuated and require no
extensive shielding; consequently, soft X-ray
machines are relatively inexpensive and can be
conveniently located near laboratories. However,
the very nature of the poor penetrability by
their low-energy photons causes considerable
problems in performing accurate dosimetry.

Standard dosimeters are designed to measure
relatively high-energy photons and are therefore
not only relatively insensitive to soft X rays,
they also vary in their sensitivities to X rays, even
over relatively narrow ranges of energies. For
example, for energies between 30 and 100 keV,
the relative sensitivity of some detectors varies
from 2.5 to 10. Consequently, even small changes
in the spectra of soft X rays can have substantial
effects on measured values. Spectral shifts are
easily produced by filters and other materials
located proximal to the biological target. Though
not considered as filtering material, tissue culture
media can affect beam quality and intensity.

An X-ray apparatus which produces soft X rays
has been in operation at RERF since 1981,
for radiobiological studies utilizing cells grown
in culture.! The comprehensive study reported
here was performed to determine this unit’s soft
X-ray radiation exposure rates and exposures.
Beam quality measurements were made using
aluminum absorbers, and the absorption by
culture media was assessed to obtain the
exposure rate at the cells. The uniformity of
exposure within the exposure field, the con-
tribution to exposure by scatter radiation, and
the stability of the apparatus amperage and
voltage output were determined.

Survival curves for Chinese hamster V79 cells
were obtained using this soft X-ray machine.
Recently the RBEs of low-energy X rays termed
as ultrasoft X rays (< 5 keV), were discussed by
Goodhead,? who assessed cell survival, mutation
frequencies, and chromosome aberrations.
Relatively large RBEs ranging up to three were
obtained. They concluded that ultrasoft X rays
are more effective than hard X rays, contradicting
Kellerer Rossi’s ‘“‘dual radiation action theory.”
The effective energy of this soft X-ray unit
without additional filtration was about 8 keV.
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Results obtained in the present study will serve
to relate the energies of hard X rays and ultrasoft
X rays.

MATERIALS AND METHODS

Dosimeters and Thermoluminescent Dosimetry
(TLD) Detectors

A Nuclear Associates Type 30-330 PTW ionization
chamber and an Exradin Shonka-Wyckoff Type
A2 ionization chamber were used with a Keithley
Model 602 electrometer. These chambers were
calibrated at various tube voltages with externally
added aluminum filters at the Regional Cali-
bration Laboratory of Memorial Sloan-Kettering
Cancer Center, New York. They were also
calibrated using a %°Co gamma-ray source at the
Research Institute for Nuclear Medicine and
Biology, Hiroshima University, and the results
are shown in Table 1. The output was measured
using a JARP chamber® which is calibrated
annually at the National Institute of Radiological
Sciences (NIRS). The Nuclear Associates
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TABLE 1 SENSITIVITIES OF IONIZATION CHAMBERS CALIBRATED AT THE
REGIONAL CALIBRATION LABORATORY OF MEMORIAL SLOAN-KETTERING
CANCER CENTER (CALIBRATED AT 22°C AND 760 torr)

# 1 Sloan-Kettering jil&fiit » ¥ — W A K IEIFEE THIE L 7 GHEHO

i (22T,

760 torr THEEIE)

Added HVL Exposure Sensitivity
kV Filter (mmAl) rate (£SD)
(mmALl) (Nominal) (R/nC)
Nuclear Associates Type 30-330 chamber
20 0.018 0.07 18 10.72 (F2.3%)
20 0.546 0.21 4.0 10.87 (£2.3%)
30 0.576 0.32 19 10.77 (¥2.3%)
50 1.50 1.05 20 10.57 (£2.2%)
Lol e s 52 10.05 (£1.0%)*
(with buildup cap)
Exradin Type A2 Shonka chamber
60 2.95 0.10 3.2 0.937 (£1.3%)
75 3.64 0.14 5.7 0.937 (*1.3%)
100 5.20 0.23 12 0.940 (£1.3%)
8%¢o - . 111 0.994 (+2.3%)
(with buildup cap)
1.009 (¥2.3%)
52 1.018 (*1.0%)*

*Calibrated with the Keithley electrometer at the Research Institute for Nuclear

Medicine and Biology, Hiroshima University.
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chamber was designed to measure very low-
energy X rays as those used in mammography.
It has an ion collecting volume of 0.2 m1 (1.5 mm
thick X 13 mm diameter). The Exradin chamber
has a 2ml collecting volume and an external
diameter of 19mm, which can be used for
dosimetry of X rays in diagnostic radiology,
exclusive of mammography. The latter chamber
was used for measuring relative exposure, to
assess dependence on exposure time, current,
distance, and uniformity, because its lack of
sensitivity for low-energy X rays did not affect
the results. BeO detectors (National UD-170L)
encased in 1.2 mmXx 8 mm glass tubes of tissue
equivalence were also used. The effective atomic
number of BeO is 7.13, approximating the 7.4
of living tissue.* Their linear relationship was
less than *5% up to 500 R, allowing their use
within this range. Energy characteristics within
an effective energy range from 12 keV to 3 MeV
were within £30%. Nonlinearity due to absorp-
tion by the glass encasement used appeared at
an effective energy of less than 15keV. The
effective energy and its relative sensitivity®
of BeO and three other detectors are shown in
Figurel.

% U 7=, Nuclear Associates DM EER 1L, FLEH
BTHOLh 3 L)AL TR ALY - DX %
HIET AL HFHEhTVS. 2044 L IUEE
2 0.2ml (& 1.5mn X [ £ 13mm) T4 5. Exradin
O BE R L, U0 AET AT 2 ml AR E A 19mm T
HY, FLF L LA o3 B RS R L B B
X#OBBMEICHWEZ EATES. HEOWHMN
W, B AL F-XEFIIR TR EBEAME S Z LA
IR A BT & 2w &9 4 e B AR A o0 0 1
Mo, BEGHEEN, EEE, MM, Ry -1t
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RHLAE 2 {0 % BeO #a il g3 (+ 2 3+ L UD-170L) &
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WA O F X — L E30%LIRTH - /.
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15keV RO E AL F— 120 THAL. BeO
ECErO03fomMEOED ALY -RUZD
FEAHAYERE S AR 1 12T,

FIGURE 1 RELATIVE SENSITIVITY OF VARIOUS TLD TO EFFECTIVE PHOTON
ENERGY WHEN THE SENSITIVITY OF ®°Co v RAY IS 1
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There was approximately 10% fading of the
detectors one hour after exposure, and the rate
of change gradually decreased, fading an ad-
ditional 10% within one day.  Therefore,
measurements were made after allowing them
to set for approximately one day following expo-
sure. Each TLD detector was placed in a light-
tight case to minimize light fading. Directional
dependence was observed in the axes of the
glass tubes. Comparisons for 35keV X rays
showed that the sensitivities of the tubes irradi-
ated through their longitudinal axes were 5%
less than when irradiated transversely, Exposures
were therefore made only in the transverse axis.

X-ray Apparatus

The low-energy X-ray apparatus was a SOFTEX
Model CMBW-2 (SOFTEX Company), with a
maximum voltage of 60kVp. The machine’s
voltage was continuously variable from 0 to
60kVp, and used full-wave rectification. The
X-ray tube was a SOFTEX Model IF-0630
(SOFTEX Company) which had a tungsten
target and two focal spots, 1.0X 1.0mm? and
0.3% 0.3 mm?, Only the large focal spot
(1.0% 1.0 mm?) was used for dose assessments in
the present study, with a maximum current of
5mA for continuous use and 30mA for use
less than 10 minutes. The focal to surface
distances (FSD) from the X-ray target to the
bottom surfaces of the 6 cm diameter polystyrene
dishes (Falcon Company, USA, Catalog No. 3002,
5.4 cm inner diameter) which were used were
11.6, 20.1, and 28.6 cm. The setup is shown in
Figure 2.

Dosimetry

Exposure rates using this X-ray apparatus, and
absorption by media and by aluminum were
measured using the Nuclear Associates Type
30-330 PTW ionization chamber.  Exposures
were at 40 and 50kVp, with 0.2 mmAl and
0.7 mmAl added filtration. Exposures were
measured at distances of 11.6, 20.1, and 28.6 cm
from the bottom surfaces of the culture dishes.
The X-ray beam qualities were determined by
measuring their absorption by aluminum at a
distance of 20.1 cm. The correlations of readings
obtained using the Nuclear Associates Type
30-330 PTW ionization chamber, the Exradin
Shonka-Wyckoff A2 chamber, and the TLD de-
tectors were observed according to various X-ray
tube voltages. Holes were bored in thé centers of
the plastic dishes, and the center of the chamber
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FIGURE2 SOFT X-RAY UNIT
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and these holes were aligned as shown in Figure 3. A3 TRTEIC—FNEBE 310U . TLDHE

When the TLQ de.tectors . and the Exradin 52 0 Exradin O 85 4 702 B L 7 & % (=1L,
chamber were irradiated simultaneously, the

TLD detectors were placed lateral to the TLD bt it 25 % TEREFE O/ #1112 o 7.
chamber on both sides.

FIGURE 3 (1) WITH THE SURFACE OF THE NUCLEAR ASSOCIATES IONIZATION
CHAMBER AT THE LEVEL OF THE BASE OF THE DISH. THE DISH WAS REMOVED
DURING DOSIMETRY. (2) WHEN MEASURING MEDIUM ABSORPTION IN THE DISHES.
(3) WITH PLASTIC DISHES USING THE EXRADIN IONIZATION CHAMBER. (4) WHEN
EXPOSURES WERE MADE USING THE EXRADIN IONIZATION CHAMBER
SIMULTANEOUSLY WITH TLD DETECTORS FOR CALIBRATION
(Figures are not drawn to scale)
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The irradiated materials consisted of cells in
medium; therefore, the absorption of X rays in
Eagle’s MEM supplemented with 10% fetal
bovine serum (FBS) were studied. To study
absorption by the medium, the Nuclear Associates
Type 30-330 PTW ionization chamber was placed
under the plastic dish as shown in Figure 3(2).
For this measurement, 1.5 um thick Mylar was
substituted for the bottoms of the dishes. When
TLD detectors were used, they were placed in
the centers of the dishes without modification.
With Exradin chambers beneath the dishes, the
absorption by the bottoms of the dishes was
determined.

The X-ray apparatus was evaluated for 1) vari-
ations in exposure per mAs by exposure time,
2) variations in exposure per mAs, by X-ray tube
current, and 3) the effect of scattering X-ray
absorption arising from the aluminum stand
supporting each plastic dish.

Both the ionization chambers and the TLD
detectors were used to determine the X-ray
distribution at distances of 11.6 and 20.1 cm, at
X-ray tube voltages of 40kVp for TLD detector,
and 40 and 50kVp for the ionization chamber -
all at 4-6 mA, and for exposure times of 1 to
12 sec using 0.2 mm added aluminum filtration.
The setups are shown in Figure 3.

In the measurements of beam qualities by
aluminum absorption, aluminum plates were
inserted 12.3 cm above the Nuclear Associates
chamber, that was 7.8 cm below the target
of the X-ray tube. The X-ray beams were
collimated to 6cm diameter just above the
aluminum plates. In view of the energy range of
this apparatus, there is mainly a photoelectric
effect, and very little Compton effect or elastic
scattering. Therefore, nearly all of the X rays
were directly absorbed, without appreciable
scattering.

Cells, Culture Medium, and Irradiation

Chinese hamster V79 cells were cultured with
the same medium and plastic dishes as those used
in the dosimetry study. The SOFTEX apparatus
was operated using three sets of technical factors;
50kVp with 0.7 mm aluminum filter, 40kVp
with 0.2 mm aluminum filter, and 40kVp
without added filter.
focal point of the X-ray tube to the dish surfaces
for these three setups were 11.6, 20.1 and

The distances from the
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28.6cm. Exposures were made using 200kVp
X rays from a conventional apparatus and gamma
rays from a ®®Co source at the Research Institute
for Nuclear Medicine and Biology, Hiroshima
University as control irradiations. Outputs
were measured using JARP chambers, the
Exradin Type A2 Shonka chamber, and a
Capintec chamber (PR-06C).

RESULTS
Dosimetry
The doses at 40 and 50kVp with 0.2 mmAl
filtration were from 16% to 29% higher than the
values stipulated by the manufacturer, the
SOFTEX Company. The results are shown
in Table 2.
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TABLE 2 X-RAY OUTPUT MEASURED BY NUCLEAR ASSOCIATES
TYPE 30-330 IONIZATION CHAMBER

#2 2 Nuclear Associates 30- SuO’-‘iﬂt{.FﬂHH &> THIEL 7

XA
. Add
Dl(stan)ce KV Filt:f Exposure rate

cm ALl (R/mAs)
20.1 40 0.2 0.952
20.1 40 0.7 0.186
20.1 50 0.2 1.32
20.1 50 0.7 0.286
11.6 40 0.2 3.27
11.6 40 0.7 0.634
11.6 50 0.2 4.63
11.6 50 0.7 0.973

Geometry is shown in Figure 3 (1).
B3 (1) zFa X &R+

The chamber was exposed to 5 mA for 10 sec.

L0FS ] 5 mA T HERE R & WAL,

X-ray absorption by aluminum was assessed
using the Nuclear Associates chamber at 20.1 cm
and is shown in Figure 4.

The half-value layers (HVLs) of X rays at 40
and 50kVp and with various thicknesses of
added filtration were obtained from Figure 4.
Assuming that X rays attenuate according to
the following formula:

I=1, exp(—pegrh)

20.1em T Nuclear Associates QW # T 7 1L
IS LI EAXHMINAEML 2. FOERE
B4 g,

WK VB0KVpTHeA B & OfFIM7 ¢ Ly — &RV

B oOX #o ki (HVL) #3M4 2»63Ko 2. Fid
DRNZFE > TXBAWE T 2 HET S &,

(1]
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LI
0.08

0.06

0.04

20.1 cm
10, 20 sec.

5mA
0.02 |-

0.01 |~
0.008 |-

0.004 [~

0.002 -

Exposure (R:arbitrary unit)

0.001 [~ 50 kVp
0.0008[

0.0006
40 kVp

O.Dm.l'l . : .
1] 0.5 1.0 15

2.0

Thickness of Aluminum (mm)
the effective absorption coefficient, Uesr, can be
obtained. And, using the value 2.69 as the

specific gravity of aluminum, e from the HVLs
of aluminum can be obtained on the basis of

- In2
HVL

Hegr

by substituting the HVLs for h. The effective
photon energies obtained are shown in Table 3.
The conversion coefficient from exposure (R)
to absorbed dose (rad) is obtained by interpo-
lation.® The conversion coefficients for muscle
are also shown in Table 3. Correlation of doses
according to distances from the focal spot were
assessed as shown in Figure 5. Figure 5 shows
that the siopes of the two curves obtained
by the least-squares method are —2.2. The
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FIGURE 4 ABSORPTION CURVE BY ALUMINUM
4 TAI=ZULAICE SRS

HBNFE M pg 2 RHEZ D TE B,
FTARI=ZA@hTE 4269810,
Misazbicky,

Bz,
h % HVL 124 %

(2]

ZHEDWT, THIZY LD HVL 60 p 4 53k 3
ZENTES, ROAEFEDATZALF— K3 IIRT.
BE At gRAE (R) A 5 BRI (rad ) ~ O % 47 013
P k- TR 5.8 R+ 28 REHL
3Rt HBae s O L BROMEMIERS Iz
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TABLE 3 THE HVLs AND THE EFFECTIVE ENERGIES OF SOFTEX APPARATUS

# 3 SOFTEX ¥ HVL & #E&hx 4 L ¥ —
At H\/kl Heff f-factor
Filtration — keV rad/R
(mmAl
) 40kVp 50 kVp 40 kVp 50 kVp 40 kVp 50kVp
0 0.06 0.06 8.1 8.4 0.915 0.915
0.2 0.16 0.16 11.7 11.9 0.915 0.915
0.5 0.38 0.44 15.5 16.3 0.916 0.916
0.7 0.58 0.65 17.8 18.5 0.915 0915
& 10 sec
4.0 5mA
. FIGURES CORRELATION BETWEEN X-RAY
OUTPUT AND DISTANCE
. BI5 X ARBCH SR T & 3B 0> FF I 15
‘:',:,‘
E
z
w 1.0
é 0.9
‘é 0.8
S o 50 kVp
i 0.6[
o 05-
a
0.4
u§.| 40 kVp
0.3
0.2
0.1 1 L 1 1 J
10 20 30 40 50
Distance (cm) from Focal Spot of
X-ray Tube

discrepancy from —2.0 may arise from an error
in measuring the distance from the focal spot
to the chamber (FCD), and from absorption of
the soft X rays by air. Correlations between
X-ray tube voltages and ionization chamber
readings, and between X-ray tube voltages and
thermoluminescence readings at a distance of
20.1cm are shown in Figures 6(1) and 6(2).
A sensitivity of 0.937 is assumed for the Exradin
chamber since a value is not stipulated. The
ratios of the thermoluminescence readings to
the Nuclear Associates ionization chamber
readings according to X-ray tube voltages is
shown in Figure 7.

— 2.0L MR, EHH SRS TOMME (FCD)
DEEOMRE, BRURRICL 2B XBEORIIC
EoTHEUEDAE LR L. 20.1em? J B
B A XEWEE & WA O RS OB,
BRUXBEBEEHIL I Ayt 2O L OFHM
BIfF &6 (1) BRU6 (2) (. Exradin 0 W BEH
DBEFHARLEATOEVOT0.937TEHREST S
4 % XEATEE T O Nuclear Associates T i 4
EBNIA vy AR S HLHEOLEEET I
R
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Exposure per mAs (R/mAs)

Thermoluminescence per exposure (nC/R)

FIGURE 6 (1) X-RAY TUBE VOLTAGE AND OUTPUT EXPOSURE MEASURED BY
IONIZATION CHAMBERS. (2) X-RAY TUBE VOLTAGE AND OUTPUT EXPOSURE

[X 6

MEASURED BY TLD DETECTOR
(1) XERAFEIE & MR &> THIE L2 BT AL

(2) X&BEEEL

TLD He i 8512 & - TlliE U 72 B g it

n

(2)

1.5 15
Added filter 0.2 mmAl - 20.1cm
20.1cm P . . 10 sec
w
,’ < 5 mA
/ § Added filter 0.2 mmAl Jo
= /
Nuclear g EL= /
1.0 |- Associate 7 _/ Ju & 10 |- /
A4 E - /
l, /= Exradi g ,'d
A L
/ / xradin 8 /
/ s I /
a4 8 | /
' g /
0.5 |- /7 £ 51 jo]
/o £ /
/ = o
/ - /
/s § /
/ 2z /
g i | s
4 ~ 4
i /
A'/ ] L L he” ] \ ) L
0 10 20 30 40 50 0 10 20 30 40 50
X-ray tube voltage (kV) X-ray tube voltage (kV)
FIGURE 7 X-RAY TUBE VOLTAGE VS SENSITIVITY RATIO OF TLD DETECTOR
AND IONIZATION CHAMBER
(7 X&SWEE L TLD M e & SRR o R o
10
5 -
-
| L] 1 | 1 |
0 10 20 30 40 50 60

X-ray tube voltage (kV)
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X-ray absorption by the medium was assessed
under the conditions shown in Figure 3(2).
When using the chamber, 0, 0.5, 1.0, 2.0, 4.0,
6.0, and 8.0 ml medium were added to the dish
and 0.2mm or 0.7 mm aluminum filters were
added. The results are shown in Figures 8(1) to
8(4). Absorption of 1.5 um Mylar was measured,
but it was negligible. The depth of 1 ml volume
medium was 0.44mm. The HVLs with 0.2 mm Al
filters obtained from Figure 8 were 4.1 and 4.3 ml
for 40 and 50kVp, respectively. These values
correspond to medium thicknesses of 1.8 mm
and 1.9 mm. Considering only the water compo-
nent of the medium, these thicknesses correspond
to energies of 10.8 and 11.0keV, respectively.
Results using TLD detectors at a distance of
20.1cm are shown in Table 4 and Figure 9.
These include backscatter from the dishes, and
since the measurements were made within the
medium, they represent the actual state except
for X-ray energies lower than 20kVp, where the
sensitivity (response) of TLD detector was less
(Figure 7). The HVLs of the medium as obtained
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BI3(2) IR L 25O T CHHI L3 XS %
ARl Lo, TEEERI ARG 2 5120%, 0, 0.5, 1.0,
2.0, 4.0, 6.0, 8.0ml OEHh & HE3E M1z A h,
0.2mm3 (2 0.7mmD 7 I = ABl 7 Ly — LY
. FH8(1)~8 (4) 122D#EF 4% 4. 1.5um
NDZAFT—IZEAMPWERMEL 24, BHETE 3
WThok Iml OEEMOESIZ044mTH - 7=,
8 25K 0.2m7 LI = LB T 4 Ly —DIBE
@ HVL {F, 40K fF50kVp Tl &4 4.1% F4.3ml
Thol. TNEDMHEHORF 1. 8m& 1. 9mm |2
44, HilhORINGOHEEFIZARLLE, TR
ENIESEH410.8KR F1L.0keVD T 4 L F— 12
IS4 5. 20 lem HilE ¢ TLD MM 5 4 A w2
HRAEABRUHIIIRY. ZhsICEEENLASD
BAMEL A EENTHY, £, HRNTllE %27-
7=DT, TLDFEH 8 OB (BE) A% 20 kVp il
DXBMIALF — (7) &EFpviKREORES R L
TWwa. 95 sh o HVL 24 4.5ml

FIGURE 8 CORRELATION BETWEEN VOLUME OF MEDIUM AND TRANSMITTED
DOSE AS MEASURED BY THE NUCLEAR ASSOCIATES IONIZATION CHAMBER WITH
FSD OF 20.1 cm. VERTICAL AXIS DESCRIBED PER mAs

[%1 8 Nueclear Associates T IZ LY FSD 20. Lem Tl L 7= 3% B4 bt & 15 o o0 2R o)
FHPHRS 5. #Edhl: mAs 245 7= 0 O

Softex CMBW-2

Medium absorption

R/mAs

1.0
0.9

0.8
0.7 |

06 |-

(1

40 kV

20.1cm

0.5

0.4

0.3 |

0.1 I I I |

Added filter 0.2 mmAl

(2)

.

- 40 kV
L Added filter 0.7 mmAl
20.1cm

0.4

0.1 1 [l | ]

0 2.0 4.0 6.0 8.0
Medium (ml)
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FIGURE 8 CORRELATION BETWEEN VOLUME OF MEDIUM AND TRANSMITTED
DOSE AS MEASURED BY THE NUCLEAR ASSOCIATES IONIZATION CHAMBER WITH
FSD OF 20.1 cm. VERTICAL AXIS DESCRIBED PER mAs

[ 8 Nuclear Associates HEEAI 12 LD FSD 20. Lem Tl L 723& i 40 Bt & K fh 0 EfL
AP RO, HEdhid mAs 272 0 DAL

Softex CMBW-2

R/mAs (3) Medium absorption (4)
1.0 -
0.9 »
0.8 =
0.7 L
0.6 L
0.5 R 50 kV
' Added filter 0.7 mmAl
0.4 |- 04 | 20,1 &t
50 kV
Added filter 0.2 mmAl
Ok 8 20.1cm 03k
0.2 |- 0.2 |
0.1 [ | 1 1 1 1 0.1 =, 1 | 1 |
0 1.0 2.0 4.0 6.0 8.0 (1] 1.0 2.0 4.0 6.0 8.0
Medium (ml} Medium (ml)

TABLE 4 DOSE IN MEDIUM ACCORDING TO TLD, EXPOSURE
TO 4mA FOR 12 sec, AT 20.1 cm

#4 20 1lem, 4mA TLEMEMLAZMEGO TLD (2L 5
i b o F

Medium Voltage Exposure
ml kVp R/mAs
0 40 0.952
1 40 0.939
2 40 0.789
-4 40 0.521
8 40 0.313
0 50 1.32
1 50 1.33
2 50 1.07
4 50 0.704
8 50 0.438
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FIGURE 9 CORRELATION BETWEEN MEDIUM VOLUME AND DOSE, MEASURED BY
TLD DETECTOR. TLD DETECTOR WAS IMMERSED IN MEDIUM AT BASE OF DISH.
THE VERTICAL AXIS DESCRIBED PER mAs

9 Kb AR E TLD Ml ad THElE U 2 &bt o BB B E. B 25 1L oo W i 0 B sy 12
TLD % &2 Ah 2. &HElli: mAs 7210 Of

3.0 - Medium absorption measurement by TLD
20.1cm
0.2 mmAl
<
£
~
=
o 50 kVp
2
§°<L 40 kVp
w
0.2 (-
0.1 1 1 1 1
0 2 4 6 8
Medium (ml)
from Figure 9 were about 4.5 ml and correspond THY, H2.0mO I & ZHY+ 5. Z ORI
tf} 4 thickness of abOUt_ 241 mim. This result was Nuclear Associates O UilEHR 2 10T HES 412245 B
similar to those obtained using the Nuclear _
Associates chamber.  The X-ray absorption EHBIL TV 5. Exradin OB THHE L2277 A
curves for the plastic dishes as measured by the oy 2 BRSO X e T fhise 4 1035, 79 %

Exradin chamber are shown in Figure 10. The ) ) L
HVLs of the plastic dishes were 6.0 mm and Foy 7 BLEEAEIL ) HVL 1240 % U550 kVp T #% 4 6. 0mn
6.3mm at 40 and 50kVp, respectively. The E6.3mm Thoi. KOO S m Tho /.
bottoms of the dishes were 1 mm thick.

The characteristics of the timer and current of XEBELREO 7 4 v — R UER O EE &4 K11 &
the X-ray generator are shown in Figures 11 and 12Izad. MIIEET s, 108D F o st

10sec, as shown in Figure 11. However, those Ha. Lal, W0BLESHHE THELZE0I
exposed between 10sec and 5 minutes agreed, SuTIE, 0.5%LNO—HAEw s ns. Wie

within 0.5%. The correlation between current
and exposure per mAs is shown in Figure 12.
The currents ranged from 3 to 10mA. The WO L3 ~10mA TH-7~. 40kVp, 3 mA
values at 40kVp and 3 mA were less than at TOHIE40kVp, SmA TOML D EI0%IE » - 7.
40kVp and S5mA by approximately 10%. -
ZADE 2 o Wik & ENRETY

This shows that a current less than 3 mA should TozEid, ImARMOBHEMGS~ETRY
not be used. ZEERLTWVAS.

mAs % /- ) O NG LE & O Y B R & 200008

15



RERF TR 5-86

FIGURE 10 X-RAY ABSORPTION CURVE FOR PLASTIC DISHES
10 75 2F v 7 8IE MO X &0 I 45

40 kVp

Exposure per mAs (arbitrary unit)

-~
0_1L 1 1 ] ! 1 1

0 1 2 3 4 5 6
Thickness of plastic dishes (mm)

FIGURE 11 CORRELATION BETWEEN EXPOSURE PER mAs AND EXPOSURE TIME.
NORMALIZED TO FIVE SEC
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FIGURE 12 X-RAY TUBE CURRENT AND EXPOSURE PER mAs
12 X#EWFHE & mAs K70 0BG RER
1.5 r

20.1cm
10 sec
0.2 mm Al
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A 1 1 1 | 1 1 ! ! |
0 5 10

X-ray tube current (mA)

Changes in exposures due to X-ray scatter or
absorption were assessed by comparing results
with and without the aluminum support for the
dish, and differences were within 2%. Such a
difference is likely to result from the degree
of stability of the X-ray machine. To assess
uniformity of exposures within exposure fields,
exposure distributions were measured using
the Extradin ionization chamber and TLD
detectors as shown in Figures 13(1) and 13(2).
The aluminum support for the dish was used, but
plastic dishes were not used; paper was substi-
tuted for the dish, to accommodate the TLD de-
tectors. With the chamber, 40 and 50kVp, SmA,
five sec and a FSD of 20.1cm were used. TLD
measurements were made at 40kVp, 4-5mA, and
10 and 12 sec, and 20.1 and 11.6cm FSDs. The
results using the chamber are shown in Figures
14(1) and 14(2), and using TLD detectors in
Figures 15(1) and 15(2). Assuming the exposure
at the geometrical center to be 1, isoexposure
curves were drawn at 5% intervals. Exposures in
Figures 15(1) and 15(2) were averaged and
correction factors were obtained for conve-
nience. The results are shown in Figure 16.
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FIGURE 13 SETUP FOR DETERMINING DISTRIBUTION OF X-RAYS OVER A FLAT
SURFACE, USING (1) IONIZATION CHAMBER
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FIGURE 13 SETUP FOR DETERMINING DISTRIBUTION OF X-RAYS OVER A FLAT

SURFACE, USING (2) TLD DETECTOR

M1 FoAREENDXHKLOFMERET 200 EN; (2) TLDREBLZHVAHA

Left

. Right
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FIGURE 14 X-RAY DISTRIBUTION DETERMINED USING IONIZATION CHAMBER.
(1)40kVp,20.1cm; (2) 50kVp, 20.1cm. DATA SHOWN ARE RELATIVE TO
GEOMETRICAL CENTER NORMALIZED TO BE 1
X14 EEEFRABACTHRELAXEOSM. (1) 40 kVp, 20.1em (2) 50 kVp, 20.1cm.

AL & LICIERTL,

(1)

Fhicxd el ERT

(2)

ARE RELATIVE TO A MEDIAN VALUE OF 1.
DRAWN AT 5% INTERVALS. (1)40kVp, 11.6 cm; (2) 40 kVp, 20.1cm
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FIGURE 15 X-RAY DISTRIBUTION DETERMINED USING TLD DETECTOR. DATA
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FIGURE 16 CORRECTION FACTOR FOR NONUNIFORMITY.
NORMALIZED TO THE CENTER
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Cell Irradiation and Survival

The technical parameters used for cell irradiations
are listed in Table 5. These factors were obtained
from the dosimetry portion of this study in this
section. The exposure dose rates at 11.6 cm and
20.1 cm shown in the fifth column differ by
2% to 4% from those shown in Table 2. These
represent different measurements from those in
Table 2. Since exposures were made afterwards,
the dose measurements were repeated. These
differences arise from changes in output of the
X-ray tube and from errors in measurements.
Four factors from the sixth to the ninth columns
of Table 5 were multiplied by the exposure rate
to obtain the dose rates in the tenth column.
The actual doses were the products of the
current (mA), the time (seconds), and the dose
rate (Table 5). Figure 17 shows the survival
of V79 cells which were irradiated by il
gamma rays and 200kVp X rays. The output
doses of 200kVp X rays and 69Co gamma rays
are shown in Table 5. The RBE was 1.3 at 10%
survival. This is within a reasonable range.”®
Figures 18-20 show V79 cell survival for the
three types of soft X rays as shown in Table 5.
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FIGURE 17 SURVIVAL OF V79 CELLS FOR %°Co

GAMMA RAYS AND 200kVp X-RAYS

FIGURE 18 SURVIVAL OF V79 CELLS FOR 40kVp

SOFT X RAYS WITHOUT Al FILTER
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: Z’O(ﬂr::'l‘ { : 0.8 \\\ without filter
b \\\
\\
- \\
o o N
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[ 2 X ray
- a
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0 5 10 15 0 5 10 15
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TABLE 5 IRRADIATION TECHNICAL FACTORS AND CORRECTION FACTORS
#5 MM EMIEREH
Distance
from the Exposure
X rays & Added X-ray Rateat Timer cor- Uniformity Medium f-factor Dose
Gamma rays Energy Filter Tube or the Center rection Correction Absorption (rad/R)  rate
Source  (R/mAs) Correction (rad/mAs)
(cm)
Soft X rays 50kVp 0.7 mmAl 11.6 0.97 1.004 0.93 0.90 0.915 0.75
Soft X rays 40kVp 0.2 mmAl 20.1 1.00 1.004 1.00 0.71 0.915 0.65
Soft X rays 40kVp 0 28.6 2.67 1.004 1.00 0.57 0.915 1.40
Orthovoltage 0.5 mmAl
X rays 200kVp + 60.0 1.30 - - - 0.95 1.24
1.0 mmCu
80¢o gamma
save 1.25 MeV 0 80.0 0.80 - - - 0.95 0.76
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FIGURE 19 SURVIVAL OF V79 CELLS FOR 40 kVp,
0.2 mmAl FILTER SOFT X RAYS
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RBEs for these three types of soft X rays were
1.6 at 10% survival, and they agreed within an
acceptable experimental error.

DISCUSSION

Dosimetry

The absolute exposure doses were 16%-29%
higher than those stipulated by the SOFTEX
Company. The factors used by the SOFTEX
Company to make their determinations are
unknown. Our results indicate that a difference
of this magnitude may occur due to conditions
used in measurement, such as the setup used,
the time of exposure, current, etc. In addition,
we must ascertain whether a suitable dosimeter
was used. The cause of the discrepancy cannot
be determined without such information. The
measurements using the Nuclear Associates Type
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30-330 PTW chamber are reliable because the
chamber was calibrated for low-energy X rays as
shown in Table 1. The medium absorption as
measured by this chamber is also reliable. Since
TLD measurements can be made in the medium,
the conditions are nearly identical to the actual
ones, such as with backscatter. In this respect,
results obtained using TLD detectors are regarded
reliable. However, the sensitivity of TLD
detectors at relatively low energies is unknown,
and the TLD detectors have diameters of 1.2 mm.
Thus, we could not determine exactly how much
of the dose returned as backscatter from the
plastic dish. In the medium absorption measure-
ment, the TLD detectors were not covered
sufficiently by the medium after the addition of
small volumes such as 1 ml or 2 ml, since they
have diameters of 1.2 mm (Figure 9). These
points are higher than the curves shown in
Figures 8 (1) and 8(2).

There seems to be a nearly linear relationship
between the X-ray tube voltage and the thermo-
luminescence tube voltages ranging from 30 to
50kVp (Figure 6), and between tube voltages
and exposures measured by the ionization
chamber (Figure 6). For effective X-ray energy
values higher than 12keV, the response of
TLD detectors (BeQ) including absorption by
glass capsules is relatively uniform (Figure 1). The
ratios of thermoluminescence to the Nuclear
Associates ionization chamber readings do not
vary appreciably above 30k Vp (Figure 7). Values
over 30kVp are considered usable.

Since the exposures and medium absorptions
measured by the Nuclear Associates ionization
chamber are most reliable, doses should be
determined using Table 2 as containing the
basic values. There was good agreement of
exposures with 4 and 8 ml medium between
the chamber and the measuring TLD detector.
This shows that backscatter of X rays was
undetectable by TLD detectors.

In studying correlations between exposure times
and exposures, attention should be paid to
any changes in current which is usually unstable
for several seconds during the early stage of each
exposure. The difference was within £3%
from 0.5 to 10sec (Figure 11). For exposures
longer than 20sec differences were small
(<0.5%). Average values of the current were
used as current readings during each exposure.
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Dose distributions measured by the Exradin
ionization chamber anteriorly and posteriorly,
and to the left and right, each at a distance of
20.1 cm, are shown in Figures 14 and 15. The
sites of measurements are shown in Figure 13(1).
These results indicate that, compared to the
center, the decrease in dose was small (<5%),
on the left, the right, and anteriorly, but the
decrease in dose posteriorly was greater than
15%. The greater decrease posteriorly was
due to the anode effect.’

The dose distributions as shown in Figure 15
indicate that 1) the dose distribution has a
greater decrease posteriorly, 2) the uniformity
of dose distribution at a distance of 20.1cm
was satisfactory, the distribution being 90%-
105%, and 3) the nonuniformity of dose distri-
bution at a distance of 11.6 cm was more than
10%. When dishes with the smallest diameters
(3cm) were used, distributions within 90%
were obtained. Correction factors for these
distributions are shown in Figure 16 at distances
of 20.1 and 11.6 cm. These factors are ratios
of the averages to the exposures at the
center, and should be multiplied by the beam
center exposures which are shown in Table 2.
Comparing various laboratory studies of effects
of exposure of biological materials to ionizing
radiation requires knowledge of precise output
of the irradiating source. Accurate dosimetry
of low-energy X rays from a SOFTEX apparatus
is difficult. However, exposures per mAs for
each irradiation can be obtained from the values
shown in Table 2 by correcting for medium
absorption (Figure 8), time of exposure (Figure
11), tube current (Figure 12), and correction
factors for nonuniformity (Figure 16). Absorbed
dose per mAs should be calculated from the
exposure by multiplying f-factors in Table 3.
Exposures and doses are obtained by multiplying
exposure time and current. This process is
shown in Table 5. The best estimates will be
made in this way. Accurate dosimetry is
of paramount importance in understanding
radiation effects on biological material by
ionizing radiations of different energies.

Cell Survival

The RBE of 180kVp X rays as compared to
60Co gamma rays for cultured mammalian cells
(L5178Y) has been reported to be 1.30.1°
The value obtained here is essentially the
same as RBE values of soft X rays which were
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obtained by Zeits et al’ for HeLa-S3 cells.
They used 20.4keV and 23.2keV effective
energy X rays and compared them with %°Co
gamma rays. The RBE values obtained ranged
from 1.25 to 1.29. Our corresponding values
were 1.6. Goodhead? studied V79 hamster cells
using 4.55keV Ti K X rays. The RBE compared
to hard X rays was 1.7. OQur value compared to
hard X rays was 1.3, so the RBE values for this
could be useful values to correlate RBEs for soft
and hard X rays.
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