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Angular distributions of absorbed dose of Bremsstrahlung jmotons and secondary electrons at a wide range of emission
angles from 0 to 135 degrees, were experimentally obtaineding an ion chamber with a 0.6 cmi air volume covered with or
without a build-up cap. The Bremsstrahlung photons and elerons were produced by 18-, 28-, and 38-MeV electron beams
bombarding tungsten, copper, aluminum, and carbon targets The absorbed doses were also calculated by multiplying
simulated photon and electron energy spectra with simulatg response functions of the ion chambers, using the MCNPX
code. Our simulation results agree with the experimental reults, within a factor of 2, over wide ranges of emission angk,
incident electron energies, and atomic numbers of targetsThe angular distributions of absorbed doses at forward angds
for incident energies are similar to those for targets. On tke other hand, the absorbed doses at backward angles depend
on target species. The dependences of absorbed doses onteecenergy and target thickness were compared between
the measured and simulated results, and showed good agreemieWe also measured the attenuation profiles of absorbed
doses of Bremsstrahlung beams at 0, 30, and 135 degrees to #iectron beam axis. Simulated attenuation profiles agree,
in relative values, with the experimental results at incidat electron energies and angles. To achieve further accurgoof
calculation, angular absorbed-dose measurements are nesary for bremsstrahlung radiation dosimetry.

INTRODUCTION bombarding thick targets were measured with an ioni-

Cancer constitutes the major human disease in mode(z)rﬁt'eorgisil}]g?gﬁr'le(S)u;t%);ﬁii”?uﬂéseéogﬂavyl?; rﬁ;gﬁ?
society, and its impact on public health is very consi-t; gies, g

derable. Indeed, radiotherapy such as irradiating tumals: and incident electron energies. Attenuation profiles

tissues with Bremsstrahlung from high-energy electro, b eag)s(o:at;?rg e(::::llez &n’sr: rgxcpoer:]'m;gtgllxit%bﬁgﬁg;gﬁ%
linear accelerators, is one of the most effective medical P P

treatments for cancer. As of 2010, 931 electron IineaStJmUIat'on'

accelerators were in operation in Japanese hospitals[1];
the number worldwide was about 7500[2]. These elec-
tron linear accelerator have used 4-20 MeV electro
beams. To increase treatment efficiency and to treg'?(PERlMENTS
cancer in a deeper body, higher energy acceleratdFsperimental Configuration
have been required. High-energy X-rays offer sever
advantages over lower-energy photons.

The bremsstrahlung photons from the linear accel
rator spread to various directions. Precise estimation ﬁ

ﬂxperiments were done using the 45 MeV electron
dinear accelerator at Hokkaido University. The accele-
or was operated at a nominal pulse repetition rate,
Hz, and a nominal pulse width, 3s. Figure 1

angular absorbed-dose distributions of Bremsstrahlu -
ows the experimental setup. Electron beams were

photons and secondary electrons are essential for i AR
shielding of the linear accelerator room. Recently, thgXtracted through a 3fm-thick Ti exit window. The

Monte Carlo codes have been used to evaluate the acif9et: Which was isolated electrically from the target
rate optimum shielding design. The accuracy of angulétt."’"éd’ was positioned at 20 cm downstream from the Ti
distribution data of photon and electron beams prodi!!NcoOW-

: ; We experimentally obtained the angular distributions
d f the t t tant dat
f; sr:i%mingec;::%elatlizxsry important, as a sotrce ao? absorbed doses at the 0, 30, 60, 90, 120 and 135

In this work, the angular distributions of absorbed!€9rees with respect to the beam axis, using ion cham-

doses due to the Bremsstrahlung of electron bearR§" covered with or without a build-up cap. In this
study, the ion chamber without the build-up cap is cal-

led a bare ion chamber; however, the chamber covered
*Corresponding Author: makada@nirs.go.jp with the cap is called a capped ion chamber. We used

1
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Figure 1. Experimental set-up of angular distribution atte-a %0-6, ; o
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the 4.55-mme-thick build-up cap, made of polymethy :mmummmmm%mm?‘zmum}\m

methacrylate (PMMA). 0O 5 10 15 20 25 30 35 40 45 50
The ion chamber was positioned around the target Electron Energy (MeV)

48.5 cm from the front surface of the target. For decrease

of scatter electrons and photons, the ion chamber wsgure 2. Me

positioned at 20 cm above the wooden stage. The side

surface of the chamber was faced to the target, as shown

in Fig. 1, at all angles. We acquired charge currents from

the ion chamber using electrometer, Keithley 6527A.  Almost electrons are escaped from side of the cup for
Bremsstrahlung photons, secondary electrons, agkctron-photon shower cascades.

photoneutrons were produced by several tens of elec-

tron beams bombarding the target. For measurement of

attenuation length, attenuation profile of the absorbegpatial Distribution of Beam Profile

dose was measured by putting PMMA plates with>20 i .

20 cnt area, in front of the capped ion chamber, at tthe mea}sured electror) bgam profiles at the target posi-

100 cm from the target to the PMMA surface, as showHO": using a concentric-circle copper plates, as shown

in Fig. 1. The attenuation profile was measured froﬂg Fig. 4. The plate covers an 49-mm-radius area. In

0 to 20 cm thickness at 0, 30 and 135 degree with tH8€ area. 3-mm-width rings cover the area within 31

respect to beam axis. The ion chamber was located aff¥" in radius at 1 mm intervals; however, over 31 mm

cm downstream from back surface of the PMMA plat. In radius 5-mm-width rings cover the area. The spa-
tial distributions were measured from beam current at

each electrically isolated ring. Measured beam profiles
Electron Energy Spectrum are shown in Fig. 3. Beam currents at the medium of

Electron energy spectra were measured from electré'lﬁ]e%r\'g'rdégsrsno.rrwgl'ezﬁgrwgg]rsnr;%eareeau\i'\vlglreen?l?;t?gewm
beam currents transported through a 7—mm-diame§vri dths ) a 9
collimator using a bending magnet, as shown in Fig." 2. - )

2. Peak energies of 18, 28 and 38 MeV incident ele%eigs'lare?gaorgsgrroghesh%f 1e8e?mtjh g%g"ﬁgflsg&%n
tron beams obtained were 18426.3, 27.74+4.1, and W Ved, however,

. e ... beam profiles were wider than the other beams. The 18
38.6 7.4 MeV, respectively, by fitting each peak with . .
Gaussian distribution. Energy error indicates full widit gnd 28 MeV beam profiles from 5 to 8 mm radi are con-

. ibuted from 27 to 29% to the center; however, the 38
half maximum (FWHM) of energy peak. These elecy’! ) d ,
tron spectra were used as electron source spectra in 4 2€am profile was 58% of the beam center. These

simulation. Nominal electron energies are labeled as 1 eam profiles were used for spatial electron distribution

28, and 38 MeV from the peak energies in the ener the simulation.
spectra.

We experimentally obtained electron beam curren
using a cylindrical copper Faraday cup 10.0 cmin lengt
and 6.0 cm diameter, having a hole of 3.0 cm diametétor the wide range of atomic number of tagets from 6
and a depth of 5.0 cm. The beam currents were meado-74, we selected these targets: 1-cm-thick tungsten,
red, 6.0, 3.6, and 6.16A for 18, 28, and 38 MeV beam 2 and 3-cm-thick copper, 4 and 6-cm-thick aluminum
energies, respectively. Using this Faraday cup, simuland 10.5-mm-thick graphite. The sizes of W, Cu and Al
ted escaped electron flux from the Faraday cup were 7%rgets were 4 cm high and 4 cm wide; however, the size

asured electron energy spectra of 18, 28, and 38
MeV. FWHM is in parentheses.

argets

2



ANGLE ABSORBED-DOSE DISTRIBUTION OF BREMSSTRAHLUNG
Table 1. Target configuration

g Atomic DPeNSY Thickness Size Range

E Number (g/cnt) (cm) (cm?)  (cm)

F w 74 19.3 1.0 X2 0.69

\ﬁ Cul 29 8.96 2 x2 176

0 Cu| 29 8.96 3 x2 176
IS —= Al 13 2.70 4 X2 6.39
o
< [ Al 13 2.70 6 X2 6.39
=2 C 6 1.75 10.5 2%20 11.0
0%
5 F
o
e I
S T Electron Range
mlo_gj - E,=18MeV

% -o- E.=28MeV g —wW c

[ |+ E.=38MeV %10? --cu N —

-10 | | | | | | | g Al
W "2 4 6 8 10 12 14 € [ < Cu_.
Radius from Beam Center (mm) § [ C"__‘_,.f—'
=

Figure 3. Measured electron beam profiles, from 18 to 38 Me' ﬁ ! 2

electron beams. X-axis error bars are equivalent to ringhsid

10?

102 L L
02
! 10 Electron Energy (MeV)1

Figure 5. Electron range in W, Cu, Al, and C. Arrows indicate
target thicknesses [4].

dependence of absorbed doses. Electron supresser was
not put at the target to measure escaped electrons.

Figure 4. Picture of concentric-circle copper beam profile
monitor.

lon Chamber

of C target was 23 cm high and 20 cm wide. These targ(g.:thamber Configuration
sizes and densities are listed in Table 1. We measured the absorbed doses using a farmer-type
Ranges of 38 MeV electrons in these targets [4] aiienization chamber (Type 30010, PTW-Freiburg, Ger-
tabulated in the table. For comparison of electron rangesany) with 0.6 cr sensitive volume, as shown in Fig.
and target thickness, electron ranges [4] are plotted 6 The chamber has a 0.355-mm-thick PMMA wall and
Fig. 5. The thicknesses of the tungsten, copper, and can aluminum central electrode with 1.1 mm diameter.
bon targets were enough to stop 38 MeV electron bearibltage of +400V was applied to the chamber.
in the targets; however, the 4-cm-thick aluminum tar- Calibrated chamber sensitivity was 50 mGy/nC for
get is thinner than the ranges of the 28 and 38 Me¥’Co photons at the national standard laboratory in the
electrons. The 6-cm-thick aluminum target was addedhational institute of advanced industrial science and
to stop 28 MeV electron beams. Since the range of 38chnology in Tsukuba, Japan. At the calibration, the
MeV electrons in aluminum (6.39 cm) is longer than thehamber was covered with a 4.55-mm-thick PMMA
6-cm-thick aluminum target, 22% of electrons are trandsuild-up cap to satisfy charged-particle equilibrium. We
mitted through the aluminum target. Copper targets witbbtained the absorbed doses from measured charge with
two thicknesses are used to measure target-thicknebe ion chamber, using this calibration factor.

3
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(8) lon Chamber (a) Bare lon Chamber (b) Capped lon Chamber
PMMA Void Polymethyl Methacrylate Void
Aluminum Electrode (t0.355 mm (PMMA)
_—
- ) > =
[ T .
e e '*'i“’ -
! = 3 —_—
20.7. mm 3
23 mm
Electron =

(01'1 mm Photon »
—_—
—_—
B —— \
B ——
- Air
(Tally Score Region)
Central Electrode @
PMMA . . . .
(t4.55 mm) Figure 7. MCNPX simulation geometry for ion-chamber
response functions to electrons and photons: (a) bare or (b)
Figure 6. Configuration of ion chamber. PMMA covered ion chamber.
Chamber Response & E
. . . £ F |—BarelC(y)
Response functions of the ion chamber were simulate 2. | |- Caped IC (y)
using the MCNPX code [3] for photons and electron: %10,1 | |—BareiC(e) H
up to 50 MeV. Figure 7 shows simulation geometrie: £~ E [ Caped IC (e) SISGHON
for the bare or PMMA-covered ion chamber. Photon 8 [
4

and electrons are incident to the side surface of the ic

chamber. Deposited energies in air (tally score region 101; e
shown in Fig.?? are scored using the pulse-height tally F i
(tally 8) in the MCNPX code. The absorbed dosesina & 4

per unit electron and photon fluences are plotted, as ° Photon \ T

function of particle energy, in Fig. 8.

Electron response of the bare or capped ion char
ber increases sharply at 0.2 and 1 MeV, respectivel 107
as indicated by arrows. This different threshold enel
gies are induced from absoprtion of electrons below NN N L
MeV in the build-up cap. Maximum photon energies for 10,3 102 10° a -
satifying charged-particle equilibrium are 0.5 and 2. Particle Energy (MeV)
MeV for bare and capped ion chambers, respectively,
indicated with arrows. Above these energies, the charhigure 8. Simulated response functions of bare (solid lore)
ber response decreases due to a lack of charged-particlgaPed (broken line) ion chamber to electrons and photons.
equilibrium.

Electron response of cylindrical ion chamber is
dependent on incident angles for different path lengtfactor f;,,
of incident electron in the chamber. We simulated

T T TTTTIT

deposited energies with incident electron angles. The f,, = L+T &7 1)
simulation indicates the angular response was within To P
7% dispersion for 15 MeV electrons and less than 1%here T, and P, are standard temperature (273.15
dispersion for lower electron energies. K) and pressure (103310° Pa), respectively.T and
P are air temperature and pressure in the chamber,
respectively.

lon-Chamber Sensitivity Correction Under intense radiation fields, free electrons produ-

The ion chamber is sensitive to atmospheric temperatuced in the chamber can recombine with positive ions,
and pressure. Both the values were measured around #mel this phenomenon induces underestimation of the
chamber through the experiments. The chamber senabsorbed doses. We corrected recombination of elec-
tivity to temperature and pressure is corrected usingteons using the charge collection efficienfy. [5] The

4



ANGLE ABSORBED-DOSE DISTRIBUTION OF BREMSSTRAHLUNG
Table 2. Uncertainty of absorbed-dose measurement.

N Energy| Chamber Beam Temp.
- [ (MeV) | Charge Curr. Press. BG Geom. Total
& 18,38 0.5% 3% 04% 0.1% 2%|3.7%
2 \ 28 0.5% 6% 04% 0.1% 2%|6.4%
i50.8
5 [ \
g L
20'67 \ of absorbed doses to their average values, respectively.
3 [ Photons emitted from surrounding materials activated
n‘0_4{ by photoneutrons (“BG”) were measured to be less than
r 0.02 mGy before and after beam irradiation. Uncertain-
L ties of distance from the target and angle of the ion
0.2 chamber (“Geom.”) were considered 0.5 cm and 1.7
i \w degree, respectively, from the ion chamber size in this
= study. This uncertainty was estimated to be 2%.
Obtesul sl bl il sl il Microwave absorbed dose was detected to be 0.35

1

10 10> 10° 10* 10° 10° 107
Absorbed Dose (Gy/C)

mGy at chamber position. This microwave was produ-
ced from the electron linear accelerator before electron

Figure 9. Charge collection efficiency as a function of absolirradiation to the target. To remove the microwave noise,
bed dose per incident electron beam charge attarget.  gpsorbed doses were measured after complete warm up

of electron gun in the accelerator for each measurement.
No microwave noise was not included in our measure-

collection efficiencyf, is defined as ratio of collected ments. Scattered electrons and photons produced from
charges to liberated ones, given as follows:

fr =
Ve =

& =

In(l+wve)
Ve
prd?
%

(a_b)a/b—l—l

y In(a/b)

a/b—1

2

)

@)

surrounding materials were simulated to be negligible.
Photoneutrons produced at the targets were observed
by Kosako [7]. These photoneutrons show smaller fluxes
than electron and photon fluxes. But, the ion chamber is
sensitive to neutrons because of the hydrogen nucleus
in the chamber wall, PMMA. We simulated the neutron
response of the ion chamber from 0 to 50 MeV using the
MCNPX code [3], as shown in Fig. 10. The nuclear data
libraries selected were JENDL/HE [8] above 20 MeV
and LA150 [9] libraries below 20 MeV. Fig. 10 plots

wherey. is a constant for any particular gas independeposited energies in the cavity region by proton, deu-
dent of chamber geometry, 3.020'° V/ImC, V is the teron, triton, alpha and He-3 produced from the neutron
voltage applied to the ion chamberis the charge den- reaction with the PMMA wall, and summation of their
sity liberated per pulse, andandb are the outer and deposited energies. Below 20 MeV, proton deposition is
inner electrode radii, respectively. The charge densifj@in contribution; however, over 20 MeV, main contri-
r was calculated from absorbed dose (Gy) in the ioRution is changed to alpha. But, the neutron responses
chamber per beam pulse. The collection efficieficy Were 10 ° smaller than the photon responsex 30
is calculated, as shown in Fig. 9, as a function of absolGY/(n/cn?)]. Neutron detection was negligible in our
bed dose per incident beam current in (Gy/C). Using thifeasured doses.

curve, we corrected the charge recombination to obtain Finally, the total uncertainties we obtained were 3.7%
the absorbed doses in air. for 18 and 38 MeV electron beams, and 6.4% for 28

MeV. In this study, beam currents induced the largest
o ) errors.
Uncertainties in Experimental Data

We considered several uncertainties in the measurement,

as shown in Table 2. We measured charges from the

chamber several times under the same conditions. Ch&MULATION OF SECONDARY ELECTRON AND

ges from the chamber (“Chamber Charge” in the tabléddHOTON

dispersed within 0.5% (0.9951 to 1.0041). The ﬂucmaﬂ/lonte Carlo Code

tion of the electron beam current (“Beam Curr.”) was

0.1 to 0.2uA (3-6%). The temperature and pressur&Ve simulated the radiation field produced from elec-
(“Temp. Press.”) varied during the experiments, frontromagnetic showers using the MCNPX Monte Carlo
0.9986 to 1.0013 and from 0.9971 to 1.0030, as the rattansport code system [3]. For photons, the code takes

5
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cascade, but this simulation does not confirm electron
spectra and deposited energies.

|~

- =
C LA150 EJENDL/HE

E E <

o = Total

5 f

= I ‘ (a) E =15MeV in Be |

»n e

o

[a]

T1n-18 — Total [y 1

810 == 10E

5 ---Alpha B MCNPX Simulation

(%] — Deuteron I

2 i

<( ::I‘re“;" 3 ] [L Meas. (Faddegon)

\\\H.\-}J

Odeg

\LEHL‘“ 10deg
A

M
Figure 10. Simulated neutron response function of ion chan 102
ber of several secondary particles created by neutronsg usi 60deg
MCNPX code with nuclear data libraries, LA150 below 20

MeV and JENDL/HE above 20 MeV. |

107

10 o ]

bd | Triton

|
g
[(n MeV “sr)electron]

;
lu
i
o
2
T T TTTTT

-20 i |
107, 10 20 30 20 50

Neutron Energy (MeV)

Particle Flux

account of incoherent and coherent scattering, the pos
bility of fluorescent emission after photoelectric absorp
tion, and Bremsstrahlung effect. The electron and pht
ton interaction data libraries used were EL03 [10] an 10* bt : S
MCPLIBO04 [11], respectively. 10"

The energy indexing with the Integrated TIGER
Series (ITS) improves electron transport in the MCNPX
simulation. The default mode of MCNP is reported td-igure 11. Simulated angular photon energy spectrum (thick
lead to serious errors when the dose distribution is calc§e'id line), from 0 to 90 degrees, produced by 15 MeV elec-
lated around beta sources due to an error in the electrbfi?s Pombarding Be (a), Al (b), and Pb (c), compared with the
transport [12]. In this study, the ITS energy index iSexpenmental photon energﬁlg)s]pectrum (thin solid line) if. Re
applied, whereas other parameters are used as defaults. '

10
Particle Energy (MeV)

Benchmark Simulation

First, we made benchmark tests of our simulation usin'gjngu'ar Distributions

the Bremsstrahlung photon energy spectra. FaddegonFégure 12 shows simulation geometry of angular-dose
al. [13] measured the Bremsstrahlung photons proddistributions of Bremsstrahlung photons and secondary
ced by 15 MeV electrons bombarding a beryllium targetlectrons produced by electron beams bombarding the
11.67 (g/cm) thick, an aluminum target 9.74 (g/én target. The simulation considers Ti beam exit window,
thick, and a lead target 9.13 (g/@jrthick. They measu- air, beam pipe and target stand. Air region was in the
red the photon energy spectra using a Nal(Tl) scintillatshape of a semicircular column with a 50 cm radius and
collimated with Pb blocks at 0, 10, 30, 60, and 9®0 cm in height, for save of CPU time. Photons and
degrees to the electron beam axis. electrons were transported down to 1 keV. The energy

Figure 11 compares our simulated and their experspectra and beam profiles of incident electrons in the
mental photon energy spectra. The simulated spectsanulation are referred from the experimental results, as
agree well with the measured spectra within experimershown in Figs. 2 and 3. The ion chamber was replaced
tal errors at wide ranges of emission angles and incivith air-filled sphere cell with 1.2 cm radius for save of
dent electron energies for three targets. Based on theSBU time. This sphere cell was positioned from 0 to 180
results, we simulated the Bremsstrahlung photon spectiagrees to the electron beam axis at 15-degree intervals.
measured for various cases in this study. Electron tranBeposited energies in the sphere cells were scored using
port in the code was confirmed with electron-photonhe crossing cell tally of MCNPX code (tally 4).

6
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Figure 11. Continued

Side View Beam Pipe

Air electron

Beam 8
photon 3

Top View

Figure 12. MCNPX simulation geometry for photons and elec-
trons produced by electron beams bombarding target.

Finally, we obtain absorbed dosésaround the tar-
get, by multiplying the energy spectra of electrons and
photonsge. ~(E) and the chamber responsgs - (F)
given in Fig. 8, as described in Eq. 3,

D= Z ZQSS’Y(E) X Re(E). ©)

ey E

Attenuation Profile

With several PMMA thicknesses, ion-chamber respon-
ses were simulated at 2 cm downstream from the PMMA
plates 20 cm high and 20 cm wide, as shown in Figure
13. Photon and electron energies ranges from 0 to 50
MeV, and the PMMA ranges from 0 to 20 cm in thick-
ness. Electron beam covers PMMA plate area. Same
process was done as the chamber response simulation
for scoring deposited energy.

Maximum photon energies satisfying charged-particle
equilibrium, as indicated by arrows increase with
PMMA thickness: 2, 5 and 10 MeV electron energies
for 0, 1 and 2 cmin thickness, respectively. On the other
hand, the electron responses increase sharply at1.1, 2.7,
4.5 and 11 MeV for 0, 1, 2, 5 and 10 mm in thickness,
respectively. Attenuation profiles were obtained multi-
plying these response function, as shown in Fig. 13 with
secondary photon and electron energy spectra. The same
calculation in Eq. 3 was used.

RESULTS AND DISCUSSION
Angular Distribution
Bare lon Chamber

Figure 14 compares experimental (circles) and simu-
lated (solid lines) angular distributions of absorbed
doses with three incident electron energies (18, 28,
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Figure 13. Simulated ion-chamber responses at 2 cm dow
stream from PMMA plates with several thicknesses for phetor
(A) and electrons (B).

107

10'2;
and 38 Mev) and four targets [(a’)tungSten’ (b)coppe 10-3:\ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1
(c)aluminum and (d)carbon]. Angles are plotted as 0 20 40 60 80 100 120 140 160 180
laboratory system at the horizontal axis, and absorbe Emission Angle (deg)

doses per incident electron beam current are plotted

Gy/C unit at the vertical axis. The measured absorbetgure 14. Measured and simulated angular distributions of
doses are corrected for atmospheric temperature astssorbed doses, produced by 18, 28, and 38 MeV electron
pressure, as well as for the recombination of creatdgams into W (a), Cu (b), Al (c), and C (d). The measured

electrons and ions in the chamber. For Comparisonl ofbsorbed doses, corrected with and without electron-icome

ginal and recombination-corrected absorbed doses &tigation are plotted as filled and open circles, respegtiiie

: ; ; imulated absorbed doses (solid line) was summed with elec-
plotted as open and filled circles, respectively. Thgrﬂﬂ (solid line with open circle) and photon doses (soligli
i

simulated absorbed doses are separated into photon cross mark). The angular distributions produced by a

electron distributions, shown as solid line with crossg \vev electron beams were multiplied by 0.01 and 0.0001
mark and solid line with open circles, respectively. respectively. '
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| (c) Electron into Al | F——— points. At the O degree the C/E are 1.41 and 0.55 for
o Simulation (Electon) 34 and 18 MeV electron beam, respectively. At the
_10% o Simutaion (hoton) backward angles, C/E on W and Cu are within factor
L;’, i\*)\s\ 1.56. Large simulated doses than the experiment at 34
Q10°¢ ] © MeV are induced by overestimation of electron doses,
§ F \ ®  Meas wiRecommb. Cor and smaller doses of simulation are induced by unde-
010%E e restimation of electron doses. Since we simulated the
§ E ¢ \ Bremsstrahlung photon energy spectra produced by 15
9103 MeV electron beams at several targest, as shown in
2 B \x Fig. 11, electron simulation may induce these diffe-
102;\ rences. C/E values at the backward angle are incuded
Ec=28MeV (x 10?) from uncertainty of electron-electron transports in the
ok \\ simulation.
3 \ For light targets of aluminum and graphite, the agree-
. : ment between the simulation and experiment is worse
1 o than the hevay tagets of W and Cu. For aluminum tar-
E EezlsMeV(::"‘)\;\;\ get at 28 MeV beam, C/E is within 1.3 from 0 to 135
107 N\ degree. For graphite target, C/E is within 1.2 at 38 MeV
F from O to 150 degree, and C/E is within 1.2 at 28 MeV
102 from 90 to 135 degree and 18 MeV from 120 to 150
B —\ degree. But, other electron energies and angles shows
0 1L AN A S B AR VI O R N & large C/E, from 1.3 to 2.1. At the O degree, similar ratios

0 20 40 60 80 100 120 140 160 180 are obtained as heavy targets. C/E are 1.2 and 0.5 for 38
Sl gl (g and 18 MeV, respectively. At 38 MeV beam in alumi-

num target the measured doses are around 50% larger

than the simulation. In the simulated doses, electron

Simulation (Elect +Photon)

‘ (d) Electron into C |

—e— Simulation (Electron)

10%e components dominated from 48 to 60% at the O degree.
o L S ) At other angles the electron doses dominated to be 70-
TR S 98%. In our measurement, electron component is main
9,1055 ° ! p
o X \ o eas witRecommb, Carr contribution.
810tk ~ This difference between experiment and simulation
o E is induced from electron transport [14]. Their calcula-
2 Ee=38Mev tion using EGS5 and ITS3.0 codes indicate agreement
20 . within 1.5 to the experiment below 14 MeV electron
< AN\ 3 beam. For heavy and light targets, their C/Es are within

10 : 8 1.1 and 1.5, respectively. Low-Z targets induce large

E N dispersion beweeen simulation and experiment. They
10k ST Eem28MeV (x 10%) concluded that this difference has not yet been clarified.
v Our difference between the simulated and experimen-
1 tal results is introduced from the electron transport in

E ﬂ\: the Monte Carlo code. Photon and electron fields have
101k TSNS Em18Mev (x107) forward dose peaks and extend to backward angles. Alt-
: \‘;\;_,_.——.\ hough similar angular distributions were obtained at the
102k I N forward angles, the angular distributions at the back-
ward angle depend on the target species. A target with

A I N NN P N TR e b a large atomic number shows an increase in absorbed
e 0 20 40 60 80 100 120 140 160 180 doses with emission angles, whereas a target with a
Emission Angle (deg) small atomic number shows a dose decrease with the

angles. At 90 and 165 degrees, the calculated absorbed

Figure 14. Continued doses decrease sharply because of electron absorption in

the targets and the beam duct, respectively.
The simulated absorbed doses for the metal targets
(W, Cu, and Al) agree with the measurement within a
Our experimental results agree well with the simulafactor of 1.8. For the carbon target, the absorbed doses
tion across wide ranges of atomic numbers of targetare simulated within a factor of 2. The measured result
emission angles, and incident electron energies. At tlod 28 MeV electron beam bombarding W, Cu, and Al
forward angles, dose ratios of calculation to experimemargets shows better agreement with the simulation (ratio
(C/E) on W and Cu are within factor 1.29, except somef calculation to experimental result, C/E = 0.66 to 1.36)

9
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than those of the 18 and 38 MeV electron beams. lasthe number of sub steps per energy step. Energy depo-
the radiation fields produced by tens of MeV electrosition in the build-up capped ion-chamber for 1 and 10
beams, the electron dose components at 0 degrees BieV electrons was simulated using several step sizes.
primarily in the range of 45 - 60%. For aluminum andFor high-energy electrons of 5 and 10 MeV, dispersion
carbon targets bombarded by 34 MeV electron beamsf about 2% of the absorbed doses was obtained using
the electron components show a much larger valuthe default step size, although for 1 MeV electrons, the
80%. At larger angles, the electron components comlispersion was larger, about 20%, due to the large stop-
stitute 70 - 98% of the total absorbed doses; howevaring power of the materials. Here, we chose the default
the electron ratio for the carbon target is smaller, 30 step sizes, which are 12 for tungsten, 7 for copper, 5 for
65%, than for the other. Photon and electron fields haxuminum, and 3 for carbon.
forward dose peaks and extend to backward angles. Alt-
hough similar angular distributions were obtained at th
forward angles, the angular distributions at the back-
ward angle depend on the target species. A target wikiigure 15 compares the angular distributions of absor-
a large atomic number shows an increase in absorbbdd doses between measurement using the build-up
doses with emission angles, whereas a target withcapped ion-chamber and the MCNPX simulations. The
small atomic number shows a dose decrease with thMCNPX simulations of the absorbed doses agree with
angles. At 90 and 165 degrees, the calculated absorltbé measurement within a factor of 1.75 at wide ranges
doses decrease sharply because of electron absorptionflemission angles and incident electron energies for two
the targets and the beam duct, respectively. targets (C/E =0.75 - 1.61 for W, and 0.73 - 1.75 for Cu).
Based on the excellent agreement among the Bremsarge C/E values are obtained at 0 degrees.
strahlung photon energy spectra produced by 15 MeV Figure 16 shows the ratio of absorbed doses measu-
electron beams at several targets, as described in pred using the ion chamber covered with or without the
vious section, “Benchmark Simulation”, the differencesuild-up cap for the tungsten and copper targets. At the
between our experimental and simulated results may ferward angles from 0 to 30 degrees, the ratio is over 1.0.
attributable to electron transport in the simulation. EspéOn the other hand, at larger angles, the ratio is less than
cially for the experimental results of the aluminum target.0. At 0 degrees, the dose ratio increases by the build-
bombarded by the 38 MeV electron beam, the dose difip effect of photons. At large angles, over 45 degrees,
ference was large (C/E = 1.5 to 1.8), as shown in Figince electrons were shielded in the PMMA cap, the
14-(c). This large discrepancy may be attributable to thelectron absorbed doses decreased with the cap. From
thinness of aluminum target. At the 38 MeV electrorthe dose ratio, photons are found to contribute to the 0
beam, 22% of electrons were transmitted through ttaegree dose. Meanwhile, at over 60 degrees, electrons
aluminum target. At the 28 MeV electron, which stopsre dominant in the absorbed doses. At the backward
in the 6-cm-thick aluminum target, the simulated resulangle, the dose ratio of the tungsten target is larger than
agrees with the experimental result within a factor ofhat of the copper target.
1.5. The absorbed-dose distribution of the 18 MeV elec-
tron shows a different shape between the simulation aq% .
the experiment. For a carbon target bombarded by the rget Thickness
MeV electron beam, the simulation was underestimarigure 17 compares the measured and simulated absor-
ted as 0.5 to 0.6 of the experimental values at forwaroed doses produced by 28 MeV electrons bombarding
angles. Since electrons are charged particles with reldre copper targets with 2 and 3 cm thicknesses at 0 to
tively low mass, accurate Monte Carlo simulation ofLl20 degrees to the beam axis. The absorbed doses are
their transport through matter has proven notoriouslyormalized with the incident beam charge. The MCNPX
difficult, especially at lower energies. Electron transpoisimulation shows absorbed doses (thick solid line) made
of multiple-scattering and energy-loss processes coulgh of electrons and photons. The simulated absorbed
induce errors in the electron doses. doses agree well with the experimental results. At O
degrees, the photon and electron absorbed doses show
the same values. On the other hand, from 30 to 120
degrees the electron doses constitute 70 to 80% of the
total absorbed doses. Below 15 mm in thickness, the
In this radiation field, absorbed doses are composedectron absorbed doses increase steeply with decrea-
mainly of electrons. However, at the forward angle, @ing target thickness at 0 to 60 degrees because of the
degrees, the proportional of photons is large. Electrgorimary electrons transmitted through the target. The
transport in the simulation may be strongly affected bgbsorbed doses at 0 degrees are decreased to 29% in the
the conditions of the target, ion chamber, and surrourcopper target from 20 to 60 mm in thickness. However,
ding materials; that is, energy deposition is sensitive tat wider angles the absorbed doses show constant values
electron step size in the Monte Carlo simulation at thbecause the electron beams stopped at the same depth
target and the chamber wall. The step size is explainéad the target despite the different target thicknesses. The

uild-up Capped lon-Chamber

Electron Step Size

10
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Figure 16. Absorbed-dose ratio of measurement using toyaild-
capped or bare ion chamber.

thickness of the side surface of the target is not chan-
ged by increasing the target thickness. Then, electron
transport is not affected through the side surface of the
target.

Electron Energy

Absorbed doses were simulated as a function of incident
electron energy bombarding the tungsten and copper
targets, as shown in Fig. 18. The simulation shows sum-
med absorbed doses of electrons and photons, plotted
as thick solid lines. For both targets, the simulation
agrees well with the experimental results, shown as
filled circles. But at 0 degree the simulated absorbed
doses indicate steeper slopes than the measurement with
incident electron energy. At forward angles from 0 to
60 degrees, the absorbed doses increase with electron
energy due to larger electromagnetic shower events pro-
duced by higher energy electrons. Moreover, the photon
absorbed doses increase at all angles because electroma-
gnetic shower events are larger when produced by higher
energy electrons.

Normalized Angular Distributions

The measured angular distributions of absorbed doses
of W, Cu, Al, and C targets bombarded by 18, 28,
and 38 MeV electron beams with the bare ion cham-
ber are normalized at 90 degrees, as shown in Figs.
19-(a) to (c), respectively. The normalized angular dis-

Figure 15. Measured and simulated angular distributions dfibutions at the forward angles decrease with increasing
absorbed doses using PMMA covered ion chamber. Others ag@gles; however, the angular distributions at the back-

the same as in Fig. 14.
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ward angles depend on the target species. The backward
distributions from 90 to 150 degrees indicate different
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Figure 17. Measured and simulated absorbed-dose difi;{ribu‘ (b) Copper Target |

ons with target thicknesses produced by 28 MeV electror
bombarding Cu target at 0 to 120 degrees with respect to tl

electron beam axis. Black filled circles show the measureQ

absorbed doses. Thick solid line shows the simulated aédorb
doses summed of electrons (solid line with open circle) an
photons (solid line with cross mark).

shapes than those at the forward angles. At the backwe

angles, targets with larger atomic numbers show Iargw<E

absorbed doses because backscattered electron flu;
proportional to the atomic number [15].

A large target (carbon) shows constant absorbe
doses at backward angles, from 100 to 150 degrees. T
carbon target is thick enough to stop secondary electro
escaping from the side surface of the target.

Attenuation Profile

The attenuation profile of absorbed doses behir
PMMA from 0 to 20 cm in thickness were measurec
for the 2-cm-thick copper target bombarded by 18 an
28 MeV electrons and for the tungsten target bomba
ded by 38 MeV electrons, at angles of 0, 30, and 13
degrees to the electron beam axis. In the dose mea:
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rement, the ion chamber was covered with the PMMA

build-up cap. Figure 20 shows the attenuation curveSgure 18. Measured and simulated absorbed-dose distribut
of experimental absorbed doses, shown as filled circleans at 0 to 135 degrees as a function of incident electrorggner
The measured results are compared with the simulombarding (a) tungsten and (b) copper targets. The others a

tion of summed absorbed doses, shown as thin sol
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id

Incident Energy (MeV)

the same as in Fig. 17.
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F The experimental attenuation curves of absorbed
B doses agree well with the simulated results in relative
\\i values. The attenuation curves of absorbed doses are the

Absorl.Led Dose
o

sums of the electron and photon doses. In the attenu-
ated absorbed doses at shallow depths, absorbed doses
consist primarily of electrons. However, at thicker pla-
tes, the contribution of electrons is negligible and the
absorbed doses are mainly from photons. The measured
attenuation curve of a copper target bombarded by 18
MeV electron beams at 0 degrees indicates a broad peak
SN from 0 to 5 cm in depth. However, the simulation shows
°© a smaller broad peak. No broad peak is observed in
10-10* s ‘2‘0‘ s ‘4‘0* s ‘6‘0‘ s ‘8‘0* “1(‘)(‘) s iﬁ(‘) s ‘14‘1(‘) s iéd T the other targets and energies. The measured attenuation
Angle (deg) curve, except for the aluminum target bombarded by 18
MeV electrons at 0 degrees, is similar to the simulated
Figure 19. Measured angular distributions of absorbed dosattenuation profiles from O to 20 cm in thickness.
normalized at 90 degree: (a) 18, (b) 28, and (c) 38 MeV elactro
beams.

10

T T T

CONCLUSION

lines, of photons (thin solid lines with cross marks) and@’he angular distributions of absorbed doses of Brems-
electrons (thin lines with open circles). The simulatiorstrahlung photons and secondary electrons across a wide
shows smaller values than the measurement (C/E = 0.88ge of emission angles were experimentally obtained,
- 0.85). These smaller simulated values may be attniising bare or PMMA build-up capped ion-chamber with
butable to the angular dose distributions of secondafy6 cn? air volume. The Bremsstrahlung photons and
particles produced by the target. The photons with electrons were produced by 18, 28, and 38 MeV elec-
sharp peak at 0 degrees are incident on the PMMA plate®n beams bombarding the tungsten, copper, aluminum,
in the measurements. On the other hand, in the simuland carbon targets. The absorbed doses were obtained
tion, the photon and electron energy spectra with fldtom simulated photon and electron energy spectra by
angular distributions are incident on the PMMA platesmultiplying the response functions of ion chambers for
The simulated absorbed doses are multiplied by factonghotons and electrons up to 50 MeV, simulated with
described as numerical values in square brackets, fille MCNPX code. The simulated angular distributions
comparison with the measured results, shown as thick absorbed doses agree with the experimental results,
solid lines. within a factor of 1.8 for W, Cu, and Al targets, and

13
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Figure 20. Continued

within a factor of 2 for the C target across wide ran-
ges of emission angles, incident electron energies, and
atomic numbers of targets.

The dependences of absorbed doses on electron
energy and target thickness are compared between the
measurement and simulation, produced by tens of MeV
electron beams bombarding several targets. The simula-
ted results agree well with the experimental results. The
measured attenuation profiles of absorbed doses agree
with the experimental results in relative value at several
incident electron energies and at over 30 degrees. The
experimental angular distributions at the forward angle
are similar to each other at several targets and elec-
tron energies. On the other hand, the absorbed doses at
the backward angles depend on the target species. The
backscattered absorbed doses are found to be import-
ant for evaluating electron absorbed doses around the
Bremsstrahlung target.

Our angular absorbed-dose distributions of Brems-
strahlung photons and secondary electrons are useful not
only to estimate doses for patients, but also to optimize
the shielding of the linear accelerator room.

Figure 20. Measured and simulated absorbed-dose digtribut

ons behind PMMA plates, produced by 38 MeV electrons in

tungsten target at 0, 30, and 135 degrees. The absorbed doses

were measured using build-up capped ion-chamber andglottREFERENCES
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