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Simulation of induced radioactivity for a heavy ion medical machine
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Abstract: The radioactivity induced by carbon ions of the Heavy Ion Medical Machine (HIMM) was studied to asses
its radiation protection and environmental impact. Radionuclides in the accelerator component, and in the cooling
water and air at the target area, which are induced from primary beam and secondary particles, are simulated by
FLUKA Monte Carlo code. It is found that radioactivity in the cooling water and air is not very important at the
required beam intensity and energy that is needed for treatment, while radionuclides in the accelerator component
may cause some problems for maintenance work and, therefore, a suitable cooling time is needed after the machine

is shut down.
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1 Introduction

Nowadays, radiation therapy is an important means
of tumor treatment. More than 50% of all patients with
localized malignant tumors are treated with radiation [1].
Many accelerators have been built for medical purposes.
Heavy ion therapy is the most advanced of these medical
treatments. This therapy started at the Bevalac facility
of LBL in 1975 [2]. There are now four countries that
have been practicing heavy ion therapy. Since 1993, the
IMP (Institute of Modern Physics, Chinese Academy of
Sciences) has researched the biological effects of radia-
tion with middle energy heavy ions. In 2006, it started
superficial tumor treatment of clinical research with an
80 MeV /u carbon ion beam. Two years later, deep treat-
ment with higher energy heavy ion beam began [3]. In
2010, IMP decided to build a HIMM in Lanzhou, which
is a special treatment device for carbon ion radiotherapy.

As a high-energy heavy ion accelerator, the induced
radioactivity produced in the accelerator and its beam-
line components may cause radiation on maintenance
workers, make the disposal of activated components dif-
ficult, and have a certain radiation influence over the
environment. Meanwhile, the induced radioactivity in
the cooling water and air may affect not only the accel-
erator maintenance workers but also the public and the
environment through release. In this work, radionuclides
induced by HIMM and their environmental impact are
studied.

Research on induced radioactivity may be traced
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back to the early period when Curie and Joliot found the
activation reaction in 1934 [4]. In recent years, improve-
ments of the accelerator have meant that more kinds
of particles, of a higher energy can be accelerated and,
therefore, research on induced radionuclides of accelera-
tors has continued [5-8]. As heavy ion therapy has been
put into practice, more people have paid attention to the
environmental impact caused by the radiation of heavy
ion accelerator induced radioactivity. However, many of
these reports were only very recently published [9, 10].
HIMM includes an ion source, a low energy beam
transport line, an injector cyclotron, a middle energy
beam transport line, a synchrotron (main accelerator),
a high energy beam transport line, and four treat-
ment rooms (Fig. 1). Carbon ions are accelerated to
7 MeV/u by the cyclotron and injected into the syn-
chrotron through the intermediate energy beam trans-
port line. The energy is then increased by the synchrot-

Fig. 1. Schematic diagram of the HIMM layout.
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ron from 80 MeV/u to 400 MeV/u, and delivered to
the treatment room through the high energy beam line.
The beam loss at the extraction position and treatment
room will result in induced radioactivity of the HIMM.
In this paper, the induced radioactivity of the accelera-

tor component, and of the cooling water and air around
the HIMM target area is studied with FLUKA code.

2 Simulation

The heavy ion accelerator induced radioactivity in-
cludes two parts: those induced by the primary ion
beam, which mainly exist in the accelerator components
and target, whose activity is larger and concentrated on
the beam loss position; and, the radionuclides induced by
secondary particles, which are widely distributed in the
shielding material, air and cooling water, whose specific
activity is very small. The radiation level of induced ra-
dioactivity depends on the accelerated ions, their energy,
the beam intensity, the material irradiated, the running
time of the accelerator, and so on.

In fact, not many materials are used in the construc-
tion of accelerators. The most important ones are iron,
stainless steel, copper, aluminum and aluminum alloys,
and various hydrocarbons. Since heavier target materi-
als produce more radionuclides, copper is selected as the
target material. FLUKA code [11, 12] is used in this
work. The carbon ion energy is set to 400 MeV /u, the
beam intensity is 1x10® pps, and the beam cross section
diameter is 2 mm. The copper target is a cylinder of 5
cm in diameter and 10 cm in thickness, and its axis co-
incides with the beam-line, thus the thickness of target
is enough to stop the primary beam. For calculation of
radionuclides in cooling water, assuming that the pipe
axis is the same as the copper target, its inner and outer
radii are 20 cm and 22 cm, respectively, and it is 38 cm

100 T T T
50 4
0r 4
=50 4
RTR
Y
—100 1 1 1
—100 =50 0 50 100
Fig. 2. (color online) A schematic diagram of cal-

culation model.

long (Fig. 2). The size of the treatment room is
4 mx6 mx6 m, and it is filled with dry air (Fig. 3).
The irradiated time is set to 30 d. The compositions of
the each material are shown in Table 1.
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Fig. 3. A schematic diagram of the treatment room.
Table 1. The composition of each material.
material element portion density/(g/cm?)
copper Cu 1 8.9
water H 0.111111 1
O 0.88889
air C 0.000125 0.0012
N 0.755267
O 0.231781
Ar 0.012827

For a series of physical processes, such as spallation,
neutron and vy capture, etc. a nuclear reaction can be
produced when the carbon ion beam hits the copper tar-
get. The physical process is described by the PHYSICS
card which is supplied by FLUKA. For nuclear reac-
tions induced by neutron activation, the LOW-NEUT
low energy neutron transport must be activated. The
IRRPROFI and DCYTIMES card is used to describe
the irradiation and cooling time of the target. Eventu-
ally, a RESNUCLE card is chosen as the detector, which
can obtain radionuclides within the detector region.

3 Results and discussion

It can be seen from Fig. 4 that there are more than
two hundred induced radionuclides in the copper target
after irradiation. But in view of radiation protection,
only a few radionuclides control the radiation field after
irradiation. The important radionuclides for radiation
protection are listed in Table 2. If there is more than
one kind of radionuclide, then it is exemptible only if the
sum of the ratio of activity to its exempt value of each
kind of the radionuclide is less than 1 [13]. The sum of
the ratio of activity to their exempt value is greater than
3500, so the activity of the copper target is high. After
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Table 2. The activity of main radionuclides in a copper target.
radionuclide activity/Bq T2 activity /exempt radionuclide activity/Bq T2 activity /exempt
61Cu 9.24x108% 12.700 h 9.24x102 1635 7.59x106 83.79 d 7.59%100
65Ni 2.87x107 2.5172 h 2.87x101 17Ca 2.28x10° 4.536 d 2.28x10~1
63Ni 2.86x10° 100.1 a 2.86x103 45Ca, 9.23x10° 162.61 d 9.23x102
657n 5.92x10° 244.26 d 5.92x10~ 1 12K 1.21x107 12.36 h 1.21x10%
61Co 7.52x107 1.650 h 7.52x 101 WK 2.57x103 1.277E49 a 2.57x10~9
60Co 2.17x106 5.2714 a 2.17x101 1Ay 1.84x10% 109.34 min 1.84x1073
57Co 3.19x107 271.79 d 3.19x 10! 37TAr 1.38x107 35.04 d 1.38x10~1
56Co 3.20x107 77.27 d 3.20% 102 38C1 4.32x10° 37.24 min 4.32x10!
55Co 1.50%107 17.53 h 1.50x 10t 358 2.59x106 87.32d 2.59x102
59Fe 6.94x106 44.503 d 6.94x100 33p 6.12x106 25.34 d 6.12x10—2
55Fe 7.51x106 2.73 a 7.51x109 32p 1.67x107 14.262 d 1.67x102
52Fe 2.32x106 8.275 h 2.32x109 31gj 5.00x 106 157.3 min 5.00x10°
56 Mn 4.69%107 2.5785 h 4.69%102 24Na, 3.92x 106 14.959 h 3.92x10!
54Mn 1.44%107 312.3d 1.44%10t 22Na 1.83x10° 2.6019 a 1.83x101
52Mn 5.08x107 5.591 d 5.08x 102 18p 5.52x106 109.77 min 5.52x 100
51Mn 2.47%x107 46.2 min 2.47x102 14c 1.22x 10! 5730 a 1.22x10~6
51Cr 1.03x108 27.7025 d 1.03x 10! 150 2.08x106 122.24 s 2.08x103
48y 7.34x107 15.9735 d 7.34x102 "Be 1.05x10° 53.12 d 1.05x10~1
473¢ 1.69%107 3.3492 d 1.69% 10t 3H 4.38x10° 12.33 a 4.38x103
185c 4.35x106 43.67 h 4.35x10!
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Fig. 4. (color online) The activity of radionuclides Y P

in copper target after irradiation.

irradiation, most radionuclides are short-lived, although
the total activity of the copper target is strong
(4.48x10° Bq). One hour later, the activity declines to
about half of its original value (Fig. 5).

From the above calculation results, the kind of ra-
dionuclides in the copper target are found to be the
largest of the three materials. This is due to the pro-
cess of the nuclear reaction. Radionuclides in copper are
induced by carbon ions and secondary particles with cop-
per. An idealization heavy ion interaction model, which
is known as Abrasion-Ablation model, was presented in
detail by Giinzert-Marx K [14].

The calculated air-borne radionuclides are shown in
Table 3. 3H, "Be, *0, *'Ar, etc. are the most impor-
tant radionuclides and they are mostly produced by the
interaction of secondary neutron with air, *H, "Be are
more interesting in radiation protection, other radionu-
clides are less important because of their shorter half-
life or low yields. The harm of these radionuclides on
human beings comes from beta and gamma irradiation,

that is exempt; therefore, its hazard to the environment
can be neglected.

Table 3. The activity of main air-borne radionu-
clides in treatment room.

radionuclide activity /Bq Ty /o activity /exempt
TAr 4.25%10° 109.34 min 4.25x103
3TAr 4.99%10% 35.04 d 4.99x10~4
38C1 1.00x10% 37.24 min 1.00x10~1
361 3.03x102 3.0Ex5 a 3.03x10~8
353 8.46x103 87.32d 8.46x10~°
33p 2.24%10% 25.34 d 2.24x104
32p 4.60x10% 14.262 d 4.60x10~1
22Na 2.16x102 2.6019 a 2.17x10%
150 5.09%106 122.24 s 5.09x103
"Be 1.59x 106 53.12 d 1.59x10~1
SH 8.88x10% 12.33 a 8.88x10~°

Radionuclides in water come from neutron induced
160 spallation, the activation results are listed in Ta-
ble 4, ®H and "Be are the most important radionuclides,
their activities are 4.775x10* Bq and 9.17x10° Bq, re-
spectively. Cooling water is used in a closed-circuit cir-
culation system, and assuming a daily loss is 0.5%, so
3H, "Be emissions in the environment for one month are
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very low and are within the limits prescribed by the State
[15].

The total activity will decrease rapidly just after the
accelerator is shut down (Fig. 5). The total activity in
the copper target will reduce to about 53% of its original
after one hour, and the activity will reduce to one order
of magnitude in air and cooling water, and then the decay
of the total activity becomes slow. Many short-lived nu-
clides will be finished within 5 h. Regardless of the type
of activation material, the radioactive decay law with
the cooling time is similar. The final straight portion in
Fig. 5 is only the long-lived radionuclides contribution.
After cooling for half an hour, the total activities will
reduce to about 59% of the accelerator shut down, thus
half an hour cooling time is essential after a long running
time.

Table 4. The activity of main radionuclides in cool-

ing water.
radionuclide activity/Bq T2 activity /exempt
150 2.25x107 122.24 s 2.25x10~2
e 4.88x 10! 5730 a 4.88x106
"Be 9.17x105 53.12 d 7.17x102
3H-3 4.77x10% 12.33 a 4.77x10°
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Fig. 5. The decay of total activity of induced radioactivity.

Figure 6 gives the dose rate around the target. At
20 cm from the target surface, assuming that a worker
operates the target half an hour after the machine is shut
down, 10 times a year, each time for half an hour, then
the total accumulated dose will be 10.3 mSv a year.
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Fig. 6. Dose rate at 20 cm from copper target sur-
face after the accelerator shutdown.

4 Summary

In this paper, the radionuclides induced by HIMM are
investigated with FLUKA code. It is found that the air
and cooling water activation effect on the environment
or the staff is not very important, while the components
of accelerator induced radioactivity has some influence
on the maintenance personnel. One hour after the ac-
celerator is shut down, its activity can be reduced to
about from 10% to 53% of the original; therefore, a pe-
riod of cooling time just after the machine is shut down
will greatly reduce the expose dose to maintenance work-
ers. Some radiation protection measures may be needed
after a long running time since long-lived radionuclides
are accumulated by a considerable amount. The data
obtained in this work are vital for fundamental radiation
protection and environmental impact assessment.

References

1 Dieter Schardt, ThiloElsasser. Rev. Mod. Phys., 2010, 82: 383—
425

2 CHEN G T Y, Castro J R, Quivey J M. Annual Review of
Biophysics and Bioengineering, 1981, 10: 499-529

3 XIAO Guo-Qing, ZHANG Hong, LI Qiang et al. Nucl. Phys.
Rev., 2007, 24(2): 86-87 (in Chinese)

4 Curie I, Joliot F C R. Acad. Induced Radioactivity. Sci., Paris,
1934, 198-254

5 Fertman A, Mustafin E, Hinca R et al. Nucl. Instrum. Methods
B, 2007, 260: 579-591

6 Strasik I, Mustanfin E, FertmanA et al. Nucl. Instrum. Meth-
ods B, 2008, 266: 3443-3452

7 Strasik I, Mustanfin E, SeidlT et al. Nucl. Instrum. Methods
B, 2010, 268: 573-580

8 WU Qing-Bao, WANG Qing-Bin, WU Jing-Min et al. Chin.

Phys. C, 2011, 35(6): 596-602
9 Tujii H, Akagi T, Akahane K et al. Jpn., J. Med. Phys., 2009,

28(4): 172-206

10 Carbonez P, LaTorre F P, Michaud R et al. Nucl. Instrum.
Methods A, 2012, 694: 234245

11 Alfredo Ferrari, Paola R.Sala, Alberto Fasso et al. Fluka Man-
ual, 2008, http://www.fluka.org

12 Ballarini F, Battistoni G, Campanella M et al. Journal of
Physics Conference Series, 2006, 41: 151-160

13 GB-18871, Basic Standards of Safety of Radiation Sources.
PRC (in Chinese)

14 Gunzert-Marx K, Schardt D, Simon R S. Radiat. Prot. Dosim.
2004, 110(1-4): 595-600

15 GB18871-2002. Basic Standards for Protection Against ioniz-
ing Radiation and for the Safety of Radiation Sources. PRC (in
Chinese)

118201-4



