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Abstract

High-energy electron linear accelerators
(linac) are routinely used to produce high en-
ergy electrons and x rays for cancer therapy.
Accelerators operated at above 10-MV can
produce dramatic neutrons through photonu-
clear reactions. Indium foil activation tech-
nique has been used employing for measure-
ments at various locations in the treatment of
Varian Clinac 21Ex of CSMUH of the 10 and
15-MV x-ray beam. The therma neutron flux
(@) using ™°In(n,y)™®"In reaction for the
15-MV, (1.31+0.09)x10" at isocenter is ap-
proximately 13.5 times than that of 10-MV
beam, (9.70+0.88)x10° cm?s! and nearly
uniform throughout the treatment room. @y,
between the gantry head and the celling was
20-50 % higher than that at the isocenter be-
cause the neutrons were scattered and moder-
ated with the lead shield in the gantry head. But
®y, can’t be measured at 6-MV due to low
X-ray energy of linac. According to AAPM 19,
a patient receiving a photo dose of the order of
1000 cGy in 2.5 min treatment, the thermal



neutron absorbed doses are 3.14x10% pGy min™.

For 15-MV 20x20 cm? field, the thermal neu-
tron dose equivaent is 39.3 uSv per Gy X-ray
dose and represents 0.0039% total dose which
is consistent with the published.

Keyword: linear accelerator, foil activation

technique, thermal neutron flux

1. Introduction

High-energy electron accelerators including
the electron linear accelerator and the betatron
are routinely used to produce high energy elec-
trons and x rays for cancer therapy.
Accelerators operated at above 10 MeV can

produce neutrons through photonuclear
reactions in the target, field-flattening filters,
beam-defining  collimators and  other

accelerator components, resulting in a mixed
radiation field in the beam and the treatment
room. The calculation of photoneutron yields
and the subsequently induced photons in
different components of medical accelerators
and barriers has been extensively investigated
to design shielding to protect personnel outside
treatment rooms (Kase et a., 1998; Mao et al.,
1996; Mao et a., 1997; McGinley et a., 1992).
The contribution of neutrons and photons can
be estimated for therapeutic and radiation
safety purposes. Neutron fluences and the
corresponding dose can also be measured
experimentally and compared to the calculated
results (Lin et al., 2001; Paredes et al., 1999;
Pataet al., 1985; Gur et a., 1978; McGinley et
a., 1976; Uwamino et a., 1986). Although the
dose of photoneutrons is less than 0.5% of that
of photons on the beam centra axis at the
depth of dose maximum, and less than 1% in
treatment rooms (Paredes et al., 1999), the

rooms (Paredes et a., 1999), the photoneutrons
can aso produce activation of materias in
treatment rooms to generate radioactive sub-
stances, which raise a concern about radiation
safety.

2. Materialsand M ethods

2.1 Neutron activation of indium foils

The activation technique has been widely
used for measurement of neutron fluxes and
the corresponding doses (Knoll, 1989). Fast
and thermal neutrons can be discriminated by
irradiating appropriate foil materials and
measuring the induced radioactivities (Lin et
al., 2001; Paredes et a., 1999; Pdlta, et a.,
1985; Deye and Young, 1977; Price and
Holeman, 1978; Gur et al., 1987; McGinley et
a., 1976; Uwamino et al., 1986). In the meas-
urement of thermal neutrons, indium foils are
commonly used due primarily to indium’s high
cross section and suitable half life (t1,=54.1m)
(Reus and Westmeier, 1983). In this study, in-
dium foils were used to contour the distribu-
tion of therma neutrons around a medical ac-
celerator. The thermal neutron flux is defined
and determined by measuring the induced ra-
dioactivities of indium foils, as follows:

mXa a-e™)xe™,

A=¢y, xo, x Ny x

where ¢ is the thermal neutron flux (cm2es™);
oIn IS the cross section of the activation reac-
tion (161 barns); Na is the Avogadro’s number
(6.02 x 107 in atoms per g-atom); m is the
mass of indium foil (g); a the isotopic abun-
dance of *°In (95.7%); M is the atomic weight
of indium (114.82); A is the disintegration rate
of 1°Mn (2.135x10* sY); t; is the irradiation



time, and t; is the time duration between irra-
diation and measurement.

2.2 Neutron irradiation

Twenty indium foils (purity > 99.9%; 25 mm
Lx25 mm Wx1 mm H) with an averaged mass
of (4.86x0.07) g were used in the experiment.
The foils were placed and distributed evenly in
the vicinity of a medical accelerator (Clinac
21EX, Varian, Pelo Alto, CA) for neutron irra
diation. The electron accelerator provides dual
photoenergies with accelerating voltages of 6
and 15 MV. The beam intensity was controlled
by changing the pulse interval. Figure 1 dis-
plays a floor plan of the radiotherapy facility.
The accelerator was operated at 15 MV for 2.5
min, delivering a dose of 1000 cGy at depth of
dose maximum in a water-equivalent phantom
with source-surface distance of 100 cm and the
collimator open to a field size of 20x20 cm?.
For batch irradiation, all measured values were
normalized to a reference foil, which was
placed at the isocenter (0,0,0), which is exactly
100 cm below the x-ray target, such that the
relative intensity of the thermal neutron in the
treatment room can be ssimply described. The
therma neutron flux can be averaged by inte-
grating thermal neutron flux with distance from
the reference point.

2.3 Radioactivity measurement

The irradiated foils were immediately trans-
ferred to a gammaray spectrometric system,
which consisted of a 30% high-purity germa-
nium detector (GC3520, Canberra Industries,
Meriden, CT, USA). The measured gamma-ray
spectra were collected with a multichannel
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analyzer (35-Plus, Canberra Industries, Meri-
den, CT, USA) and were further analyzed by
gammarray spectrum software. The foils were
placed immediately on the face of the detector
for counting; the efficiency was determined to
be 4.0% at the characteristic gamma-ray energy
of 417 keV emitted from the activated nuclide
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Figure 1, Sechematic diagram of accelerator
(Clinac 21EX) and room layout.

3. Results and Discussion

3.1 Thermal neutron flux distribution

The thermal neutron flux (¢v,) around the
medical accelerator in the treatment room was
determined by measuring the radioactivities of
the indium foils and then calculated by Eq. (1).
The thermal neutron flux at the linac isocenter,
in the beam field, was determined to be
1.31x10* cm™s?, which is approximately the
averaged value in the beam field over an area
of 20x20 cm?. Figure 2 presents the profile of
the thermal neutron flux along the X axis, var-



ied from 8x10° to 1.4x10* cm®-s* with higher
values in the beam field than outside it. Fig-
ure 3 presents the profile of the therma neu-
tron flux along the Y axis (0,y,0): the thermal
neutron flux dlightly declined with distance
from the isocenter. It was remarkably shielded
to under 2x10° cm?s?® in the maze and
5.9x10° cm®s* near the wall behind the accel-
erator. The thermal neutron flux between the
gantry head and the ceiling was 20-50 %
higher than that at the isocenter because the
neutrons were scattered and moderated with
the lead shield in the gantry head, asillustrated
in Fig. 4. The maxima vaue of 2.0x10*
cm?s? in the treatment room was measured
1.5 m above the gantry head. The thermal neu-
tron flux was dightly raised near the ground
because the neutrons were moderated by scat-
tering in the concrete material. The thermal
neutron flux, ranging from 8x10° to 2x10
cm?s?, seemed to be roughly uniform in the
treatment room except in the maze (less than
2x10%. Integrating the thermal neutron flux
distribution relative to the reference position
yields an estimate of averaged neutron flux
¢, intheroom, 1.02x10% cm®s™.

Figure 5 compares the gamma-ray spectra for
the irradiated indium foils placed inside and
outside the beam field. The photopeak at 336
keV in Fig. 5(a) was from **™In, and was as-
sociated mainly with high-energy photon in-
teraction through an **°In (y,y’) ***™In reaction
(Chao et al., 2001).

3.2 Thermal neutron dose
According to American Association of
Physicists in Medicine Task Group (AAPM)
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report 19, the thermal neutron dose conversion
factors are 2.4 pGy min™ per n cm? s*.(Lin,
2001; AAPM No 19, 1986) Therefore, based
on the data, a patient receiving a photo dose of
the order of 1000 cGy in 2.5 min treatment, the
thermal neutron absorbed dose are 3.14x10*
pGy mint. It is assumed that the radiation
weighting factor is set at 5 for thermal neutrons.
(NCRP, No 16. 1993) For 15MV 20x20 cm?
field, the thermal neutron dose equivalent at
isocenter is 39.3 per Gy X-ray dose and repre-
sents 0.0039% total dose which is consistent
with the results reported elsewhere. (Lin et al.,
2001; Paredes et d., 1998; McCall et a., 1979)

3.3 Detection limit (DL) of foil activation

technique
The detection limit (DL) of @y, for *™|n
in this study can be assessed as

4.65xDSx(B/t)Y? where B is the background
count rate at the 417 keV of **™n and t is the
counting period. (Chen, 2003; Currie, 1968)
Hence, the detection sensitivity (DS) for **™n
can be calculated by dividing the counts of 417
keV by the ¢ and the absolute y-ray intensity.
In the six-minutes counting period of 10 MV
linac, the detection limit of @y IS estimated to
be 50 n cm™? s* under the experimental condi-
tion in this study. (Currie, 1968) It is highly
feasible to use this technique for determination
of @y, among the treatment room of linac.

Conclusion

The neutron activation method based on fail
activation technique is an effective way to
measure Oy, from electron medical accelerators.
The results of ®y, measurements on Varian
clinac 21EX accelerators are shown in Fig 4,



reporting @y, as a function of distance from
central axis. @y, between the gantry head and
the celling was 20-50 % higher than that at the
isocenter because the neutrons were scattered
and moderated with the lead shield in the gan-
try head. But @y can’t be measured at 6-MV
due to low x-ray energy of linac.
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