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Heavy-ion ra dio ther apy is cur rently rec og nized as the most ad vanced par ti cle ther apy method 
and is be ing vig or ously pro moted and ap plied world wide. This method can rap idly gen er ate
ra di a tion and in duce ra dio ac tiv ity dur ing treat ment. How ever, the in duced ra dio ac tiv ity,
which is the pri mary source of ex po sure for med i cal staff, does not dis ap pear fol low ing ther a -
peu tic ap pli ca tion in the treat ment room. In this study, we in ves ti gated the char ac ter is tics,
dose rate dis tri bu tion, and im pact of this in duced ra dio ac tiv ity on med i cal staff in the treat -
ment room (uni form scan ning mode) at Gansu Wuwei Tu mor Hos pi tal us ing ex per i men tal
mea sure ment and Monte Carlo sim u la tion. We found that the ex po sure dose ex pe ri enced by
med i cal staff is pre dom i nantly re lated to the ir ra di ated pa tients for sin gle ir ra di a tion and the
ir ra di ated beam de liv ery sys tem for long-term ir ra di a tion. The half-lives of the main
radionuclides ranged from a few min utes to tens of min utes for sin gle ir ra di a tion and from
tens of days to hun dreds of days for long-term ir ra di a tion. The pri mary radionuclide con tri -
bu tors are 15O, 11C, 176Ta, and 177W. We also es ti mated the per sonal dose ex pe ri enced by the
med i cal staff in the treat ment room in re la tion to their work ing pat terns. The re sults showed
that the max i mum an nual ex po sure dose of med i cal staff in the hor i zon tal treat ment di rec tion 
un der the cur rent model was 0.728 mSv. We hy poth e sized that an ap pro pri ate in crease in the
pa tient's treat ment could re duce the an nual ex po sure dose of med i cal staff to 0.650 mSv with -
out chang ing the to tal treat ment time per day. Fi nally, some sug ges tions were made to re duce
the ex po sure of med i cal staff to un wanted ra di a tion.
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IN TRO DUC TION

 Par ti cle ra di a tion ther apy tech nol ogy has been ap -
plied in clin i cal prac tice since 1954 when it was first used 
at Law rence Berke ley Na tional Lab o ra tory [1]. The ma -
jor ad van tage of this tech nol ogy is that the pro ton and
car bon ions used in this ther apy pro vide an ef fec tive dose 
dis tri bu tion while pre serv ing nor mal tis sues around the
tu mor [2]. Car bon ions are con sid ered to be the most bal -
anced par ti cles with a Bragg peak and more sig nif i cant
rel a tive bi o log i cal ef fec tive ness [3]. This means that they 
are more likely to be able to con trol tu mors. An in creas -
ing num ber of med i cal fa cil i ties are be ing in tro duced to
ap ply this tech nol ogy clin i cal in dif fer ent in sti tu tions
world wide [4]. The in duced ra dio ac tiv ity can be gen er -
ated through nu clear re ac tions when the pri mary beam
and sec ond ary par ti cles re act with ma te ri als such as com -

po nents, air, and the pa tient's body [5, 6]. How ever, this
in duced ra dio ac tiv ity is the lead ing cause of ex po sure to
med i cal staff and is as so ci ated with a wide dis tri bu tion.
The quan tity of in duced ra di a tion de pends on the com po -
si tion of the ma te ri als, the size of the ac ti va tion cross-sec -
tion, the run time of the ac cel er a tor, and the de cay time
af ter the run stops [7].

 The char ac ter is tics of in duced ra dio ac tiv ity have
been stud ied ex ten sively. Agosteo [8] showed that the
pri mary source of sec ond ary neu trons in the treat ment
room was the pa tient's body which rep re sented a
non-neg li gi ble sec ond ary ra di a tion source. Re search by 
Xu et al. [9] sub se quently in di cated that air and cool ing
wa ter ac ti va tion was un im por tant con cern ing the en vi -
ron ment and med i cal staff. Wu et al. [10] de scribed the
pa tient-in duced ra dio ac tiv ity dur ing treat ment the o ret i -
cally and an a lyzed the ac tiv ity buildup pro cess of pe ri -
odic ir ra di a tion, de riv ing the buildup for mu las. Tujii et
al. [11] mea sured the ac ti va tion lev els of both ther a peu -
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tic de vices and the ra di a tion pro vided to pa tients and
used this in for ma tion to as sess the max i mum dose re -
ceived by med i cal staff. How ever, these pre vi ous find -
ings fo cused on pa tients, en vi ron men tal me dia, or com -
po nents, and did not sys tem at i cally an a lyze the in duced
ra dio ac tiv ity of the en tire treat ment room, us ing sim u la -
tion or ex per i men tal mea sure ments alone. In the pres ent 
study, we used two meth ods to con duct a sys tem atic
study of in duced ra dio ac tiv ity in the treat ment room
and to eval u ate the ex po sure dose in curred by med i cal
staff.

 For ex am ple, Gansu Heavy Ion Tu mor Hos pi tal
fea tures a ther a peu tic cen ter that is com posed of a car -
bon ion fa cil ity that was in de pend ently de vel oped by
the In sti tute of Mod ern Phys ics, Chi nese Acad emy of
Sci ence. This cen ter has been used for clin i cal tri als
since 2018 and was of fi cially put into clin i cal use in
March 2020. The cen ter fea tures a cy clo tron that is
used as an in jec tor, a syn chro tron, beam trans port
lines, and four treat ment rooms, with uni form scan -
ning (US) and pen cil beam scan ning modes. The cen -
ter can of fer car bon beams from 120-400 MeV/u (“u”
rep re sents nu cleon) with a max i mum beam cur rent in -
ten sity of up to 1×108 par ti cles per sec ond (pps) [12]. 

In the pres ent study, we used ex per i men tal mea -
sure ments and Monte Carlo sim u la tion to in ves ti gate
the ra dio ac tiv ity in duced in treat ment Room 2 of this
cen ter which has two beam de liv ery sys tems (BDS),
hor i zon tal and ver ti cal. The beam is de pos ited in a pa -
tient's tu mor af ter pass ing through the BDS and com -
pen sa tor dur ing treat ment. Based on the pri mary
work ing ar eas and work pat terns of the med i cal staff
in volved, the ex po sure of med i cal staff to ra dio ac tiv ity 
is pri mar ily the re sult of the in duced ra dio ac tiv ity gen -
er ated by the multi-leaf collimator (MLC), com pen sa -
tor, treat ment bed, beam dump, and the pa tient's body.
The workflow for med i cal staff is shown in fig. 1.

Clin i cal data in di cated that the most com monly
used en ergy was 330 MeV/u, the beam cur rent in ten -
sity ranged from 2.7×107 to 4.2×107 pps and the ir ra di a -
tion time ranged from 2 to 11 min utes. Thus, the ther a -
peu tic en ergy was set to 330 MeV/u and the beam
cur rent in ten sity was set to 3.7×107 pps for sin gle ir ra -
di a tion in FLUKA code. It was as sumed that the mean
ir ra di a tion sched ule was 5 min utes with 30 treat ment
times per day, 5 work ing days per week, and 50 work -
ing weeks per year ac cord ing to hos pi tal con di tions.

MA TE RI ALS AND METH ODS

The treat ment room op er ated un der US mode
and the BDS sys tem was a fully pas sive sys tem with
fixed beam mod u la tion. The com po nents of the room
mainly in cluded the BDS, a com pen sa tor, a treat ment
bed, dig i tal ra di og ra phy (DR) equip ment, and a beam
dump. The BDS sys tem fea tured a pri mary collimator,
a ridge fil ter, an MLC, and a bracket. Fig ure 2 shows
the lay out of treat ment Room 2.

Monte Carlo method

In this study, we used the FLUKA [13-15] code
to cal cu late the in duced ra dio ac tiv ity. This is a com -
pre hen sive Monte Carlo sim u la tion tool for par ti cle
trans port and ma te rial in ter ac tions. The ap pli ca tion of
this method in cludes the shield ing de sign of the ac cel -
er a tors, ma te rial ac ti va tion, ra dio ac tiv ity, and ra di a -
tion ther apy. This method pro vides ac cu rate sim u la -
tions of more than 60 dif fer ent par ti cles with en er gies
rang ing from keV to TeV and en ables on line tem po ral
in fer ence and track ing of the ra di a tion gen er ated by
un sta ble radionuclides [16]. The FLUKA ver sion
2021.0 Istituto Nazionale di Fisica Nucleare (INFN)
was used to cal cu late the radionuclides and their ac tiv -
ity and dose rate dis tri bu tions pro duced in the treat -
ment room.

The phys i cal pro cess of heavy ions in ter act ing
with mat ter is ex plained by the PHYS I CAL card and in -
volves the col li sion pro cess, the evap o ra tion pro cess of
par ti cles in the evap o ra tion model, and the ac ti va tion of
co ales cence mech a nisms. For nu clear re ac tions in -
duced by neu tron ac ti va tion, low-en ergy neu tron trans -
port (LOW-NEUT) must be ac ti vated. Ir ra di a tion of the 
treat ment room and cool ing times are de scribed by the
IRRPROFI card and DCYTIMES card, both of which
were mea sured in sec onds. The com bi na tion of the
USRBIN card and the AUXSCOR card can de ter mine
the dose equiv a lent rate dis tri bu tion around the treat -
ment room. The con ver sion fac tor AMB74, from In ter -
na tional Com mis sion on Ra dio log i cal Pro tec tion
(ICRP), Re port No. 74, [17] in the AUXSCOR card
was used to con vert the fluence to am bi ent dose equiv a -
lent while the RESNUCLE card acts as a de tec tor to
iden tify radionuclides in the de tec tion area. Be fore run -
ning the sim u la tion, it was nec es sary to link the heavy
ion da ta base Idpmqdm which script to link FLUKA
with RQMD – 2.4 [18] and DPMJET – 3 [19] to achieve 
the heavy ion nu clear re ac tion pro cess.

Fig ure 2 shows that the MLC and bracket were
the main con sid er ations in the BDS for FLUKA mod -
el ing due to their re spec tive roles in the shield ing wall.
Since the struc ture of the MLC and com pen sa tor are
com plex, both of the FLUKA mod els were sim pli fied
for the con ve nience of cal cu la tion. Fig ure 3 shows the
FLUKA cal cu la tion model in the hor i zon tal treat ment
di rec tion. The rel e vant phys i cal and geo met ric pa ram -
e ters are shown in tab. 1. The beam shape was rect an -
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Fig ure 1. Di a gram show ing the workflow per formed by
med i cal staff



gu lar  (15 cm ́  15 cm) on the X- and Y-axes. An 8 cm ́
´.8 cm ́  6 cm rect an gle filled with air acted as a grid in
the mid dle of the MLC, and a Æ8 cm ́  7.5 cm cyl in der
was filled with air to rep re sent the shape of the pa -
tient's tu mor in the mid dle of the com pen sa tor. The
size  of  the  treat ment  room  was  16.98 m ´ 10.90 m
´.4 m and was filled with air. The cen ters of the MLC,
com pen sa tor, pa tient, and beam dump were on the
isocentric beam line.

Ex per i men tal method

Ex per i men tal mea sure ments were re corded for
one week start ing on the Jan u ary 4, 2021. Dose equiv a -
lent rates were mea sured us ing a Fluke 451P ion iza tion

cham ber po si tioned 5 cm above the sur face of the pa -
tient's body and at Po si tions A and B (as shown in fig. 2)
at a point 10 cm from the bed, rep re sent ing the typ i cal
work ing po si tions of med i cal staff. The de tec tor could
de tect g and X-rays >25 keV in the mea sure ment range
of 0-5 mSvh–1 and had a lin ear er ror of ±10 %, a re -
sponse time of 1.8 sec onds, and was cal i brated be fore
ex per i men tal mea sure ments.

While the pa tient was un der go ing treat ment, the
re searcher re corded treat ment en ergy, to tal par ti cle
num bers, and ir ra di a tion time. Af ter treat ment, the re -
searcher en tered the treat ment room and placed the de -
tec tor 5 cm above the pa tient's treat ment area for 6 sec -
onds be fore re cord ing the sta bi lized value and the
val ues at Po si tions A and B us ing the same method.
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Fig ure 2. The lay out of treat ment Room 2; (a) the com po si tion of the treat ment room and (b) the com po si tion of the noz zle

Fig ure 3. The FLUKA model
of the treat ment room in the
hor i zon tal treat ment
di rec tion



SOURCE TERM ANAL Y SIS

The ra dio ac tiv ity in duced in the treat ment room
was in ves ti gated by FLUKA mod el ing. The ir ra di a tion
time was 5 min utes and 15 years for sin gle ir ra di a tion
and long-term ir ra di a tion, re spec tively. The sin gle ir ra -
di a tion and long-term ir ra di a tion cor re spond to a sin gle
treat ment for the pa tient and the ser vice time of the fa -
cil ity, 15 years was con sid ered as ap prox i mately half
the life time of the fa cil ity. For long-term ir ra di a tion, the
av er age beam cur rent in ten sity (the to tal num ber of par -
ti cles of ir ra di a tion di vided by the run ning time) was
adopted. The in ter val be tween fa cil ity rest was far less
than the run ning time of the fa cil ity and the half-lives of
long-lived radionuclides, as shown in eq. (1).

1 10 5 30 5 50 60

365

8× × × × × ×

×

pps person days weeks s

days

( min )

24 3600

71 106

h s

pps

×
=

= ×.
(1)

The radionuclide cal cu la tion re sults showed that
most of the radionuclides re lated to b+ de cay, fol lowed
by b– de cay, re duced elec tron cap ture, and a de cay. Due 
to the rel a tively short range of b+ and b– in air, the g rays
pro duced by radionuclides and pos i tron an ni hi la tion
rep re sented the pri mary source of ex ter nal ra di a tion
dose for med i cal staff. The dose con tri bu tion of the

radionuclides was cal cu lated by com bin ing their ac tiv -
ity and the gamma-ray con stant [20-22]. Ta ble 2
de scribes  the  main  radionuclides  and   their   gamma 
dose con tri bu tion  rates  when  com po nents  are  cooled 
for 1 min ute. Radionuclide dose con tri bu tions of less
than 2 % and 1 % pro duced in the MLC and other com -
po nents are not listed in tab. 2. All com po nents in the
treat ment room would be ex pected to be ir ra di ated over
a long pe riod ex cept for the pa tient, the air, and the com -
pen sa tor. The ma jor dose con tri bu tors in the pa tient's
body, air, com pen sa tor, and beam dump are 11C, 13N,
15O, 41Ar in the air, and 18F in the com pen sa tor.
Long-lived radionuclides, such as 3H, 7Be, 22Na, 182Ta,
and oth ers, are known to ac cu mu late dur ing long-term
ir ra di a tion. The half-lives of these radionuclides range
from sev eral de cades to many years. The ma jor
radionuclides pro duced in the wall are 28Al and 24Na
while those pro duced in the bracket are 53Fe, 52mMn,
and 56Mn. More than 1300 in duced radionuclides are
pro duced in the MLC, of these the main radionuclides
un der go ing ac cu mu la tion due to long-term ir ra di a tion
that form the pre dom i nant ex po sure to med i cal staff are
178mTa, 176Ta, 187W, and 175Ta. These radionuclides
have half-lives rang ing from hours to doz ens of hours.

Our anal y sis of the sur face dose rate for the MLC 
af ter long-term ir ra di a tion showed that the in duced ra -
dio ac tiv ity of the MLC af ter 10 years of ir ra di a tion
was close to the sat u ra tion state, and that of MLC af ter
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Ta ble 1. The com po si tions and di men sions of com po nents in the treat ment room

Com po nent Ma te rial El e ment Pro por tion Den sity [gcm–3] Di men sions

MLC Tung sten W 1.0 19.3 Æ35.5 cm ´ 6 cm

Com pen sa tor Tef lon C 0.3871 2.2 20 cm ´ 20 cm ´ 10 cm

F 0.6129

Pa tient Tis sue H 0.101172 1.0 Æ30 cm ´ 81 cm

C 0.111

N 0.026

O 0.761828

Beam dump Wa ter H 0.111111 1.0 30 cm ´ 40 cm ´ 30 cm

O 0.8889

Treat ment bed Car bon fi ber C 1.0 1.0 243 cm ´ 53 cm ´ 5 cm

Wall Con crete H 0.01 2.3 –

C 0.001

O 0.529107

Na 0.016

Mg 0.002

Al 0.033872

Si 0.337021

K 0.013

Ca 0.044

Fe 0.014

Air Air C 0.0001248 0.0012 –

N 0.755267

O 0.231781

Ar 0.012827

Bracket Iron Fe 1.0 7.874 –
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Ta ble 2. The main radionuclides and their gamma dose con tri bu tions in com po nents af ter 1 min ute of cool ing

Com po nent Nu clide Half-life
Sin gle ir ra di a tion Long-term ir ra di a tion

Ac tiv ity [Bq] Dose con tri bu tion [%] Ac tiv ity [Bq] Dose con tri bu tion [%]

Pa tient (tis sue) C-11 20.33 min 2.78×105 35.07 * *

N-13 9.965 min 3.44×104 3.97 * *

O-15 122.24 s 4.79×105 60.96 * *

Treat ment bed C-11 20.33 min 7.74×104 100.00 2.10×104 100.00

H-3 12.33 year * * * *

Beam dump C-11 20.33 min 1.18×104 15.49 1.98×105 47.73

N-13 9.965 min 3.69×103 4.41 2.288×104 5.00

O-15 122.24 s 6.08×104 80.11 1.90×105 46.02

H-3 12.33 year * * 2.00×105 *

Be-7 53.12 d * * 1.16×105 1.25

Air C-11 20.33 min 6.34×103 24.48 * *

N-13 9.965 min 1.06×104 37.18 * *

O-15 122.24 s 8.91×103 34.57 * *

Ar-41 109.61 min 9.90×102 3.77 * *

Com pen sa tor C-11 20.33 min 1.19×105 57.24 * *

N-13 9.965 min 1.46×104 6.40 * *

O-15 122.24 s 3.33×104 16.07 * *

F-18 109.77 min 3.61×104 20.29 * *

Wall C-11 20.33 min 5.28×105 2.52 3.70×105 2.60

O-15 122.24 s 2.59×106 12.45 5.39×105 3.81

Al-28 2.24 min 1.34×107 80.09 2.68×106 23.49

Na-24 14.96 h 1.39×105 1.80 3.45×106 65.67

H-3 12.33 year * * 5.09×105 *

Na-22 2.60 year * * 1.85×105 2.34

Oth ers * 3.14 * 2.09

MLC C-11 20.33 min 1.12×105 5.87 * *

Dy-149 4.20 min 3.82×104 2.94 * *

Lu-165 10.74 min 6.51×104 3.49 * *

Hf-167 2.05 min 1.12×105 3.53 * *

Hf-169 3.24 min 1.73×105 5.72 * *

Ta-170 6.76 min 1.23×105 6.61 * *

Ta-172 36.8 min 6.09×104 4.92 * *

Ta-178m 2.36 h 8.90×104 5.12 6.37×105 13.93

W-177 132 min 8.37×104 3.74 3.43×105 5.82

W-179 37.05 min 5.44×105 2.14 * *

Re-179 19.5 min 7.76×104 4.01 * *

Re-180 2.44 min 1.91×105 11.21 * *

W-187 23.72 h * * 4.99×105 4.79

Lu-170 2.012 d * * 8.95×104 3.20

Lu-172 6.70 d * * 1.42×105 4.54

Ta-172 36.8 min * * 9.57×104 2.93

Ta-174 1.05 h * * 1.92×105 3.35

Ta-175 10.5 h * * 2.53×105 4.96

Ta-176 8.09 h * * 3.68×105 13.74

Ta-182 114.43 d * * 1.18×105 2.47

Oth ers * 40.7 * 40.27

Bracket Fe-53 8.51 min 2.96×104 37.17 9.77×103 5.67

Mn-51 46.2 min 2.38×103 2.56 3.14×103 1.56

Mn-52m 21.1 min 1.77×104 42.37 1.28×104 14.16

Mn-56 2.58 h 1.10×104 15.50 4.59×104 32.48

Cr-49 42.3 min 2.31×103 2.41 3.20×103 1.54

Mn-54 312.3 d * * 1.24×105 44.03

Others * * * 0.57

* The gamma dose con tri bu tion of radionuclides less than 2 % is not listed for sin gle ir ra di a tion and less than 1 % is not listed for long-term ir ra di a tion



1 year of ir ra di a tion reached 95 % of the sat u ra tion
state. This means that sub jects/staff will be ex posed to
the MLC as soon as they en ter the treat ment room; this
has been pub lished pre vi ously [23]. Con se quently, the
long-lived radionuclides pro duced in the MLC should
not be ig nored.

The in duced ra dio ac tiv ity pro duced in the air
can cause both in ter nal and ex ter nal ra di a tion ex po -
sure to the hu man body. Gen er ally, ven ti la tion is used
to re duce the con cen tra tion of radionuclides in the
treat ment room to re duce the lev els of ra di a tion in the
treat ment room. The dose lev els in curred by the hu -
man body due to air-in duced ra dio ac tiv ity in a treat -
ment room have been in ves ti gated pre vi ously [23],
these stud ies have shown the ef fect of air-in duced ra -
dio ac tiv ity was neg li gi ble.

THE DIS TRI BU TION OF DOSE RATE WITH
RE GARD TO WORK REF ER ENCE POINTS

Based on pre vi ous re search, this study used ex -
per i men tal mea sure ments and Monte Carlo anal y sis to 
in ves ti gate the am bi ent dose equiv a lent dis tri bu tion of 
the work ing area oc cu pied by med i cal staff in the treat -
ment room.

Ex per i men tal re sults and
com par i sons with cal cu lated data

A to tal of 49 ex per i ments were con ducted on 17
pa tients in this study. One pa tient was cho sen for each
treat ment en ergy. For each pa tient, the beam and other
rel e vant pa ram e ters were in put into the FLUKA code
for sim u la tion. The shape of the com pen sa tor for each
pa tient in the FLUKA model was ad justed as nec es -
sary to ap prox i mate the real sce nario. The dose rates
on the body sur face of the pa tient ob tained by ex per i -
men tal mea sure ment and FLUKA cal cu la tions are

given in fig. 4. The back ground value mea sured in the
treat ment room was 0.06-0.15 mSvh–1, this is given as
0.1 mSvh–1in fig. 4. The ex per i men tal re sults were
con cor dant with the FLUKA cal cu la tion re sults. The
dif fer ences be tween the two may be caused by the sim -
pli fi ca tion of the model, the po si tion of the de tec tor,
and the lin ear er ror of the de tec tor. The lin ear er ror of
the 451P was ±0.1 and the er ror re lated to the FLUKA
cal cu la tion was ±0.005.

The FLUKA can be used to cal cu late the re sid ual 
dose rate at any time and po si tion, fur ther more, re sults
can be con firmed to be cred i ble by ex per i men tal ob -
ser va tion. This rep re sents a sig nif i cant ad van tage over 
ex per i men tal mea sure ment. There fore, FLUKA was
used to in ves ti gate the dose con tri bu tion of each com -
po nent in the treat ment room.

Ef fects of each com po nent
on med i cal staff

To in ves ti gate the con tri bu tion of each com po -
nent to the mea sur ing point more com pre hen sively, we 
used the frac tional step method to an a lyze the con tri -
bu tion of each com po nent to Po si tions A and B with
FLUKA code. It was nec es sary to re move each com -
po nent from the treat ment room to cal cu late the dose
rate of each com po nent to the mea sure ment points.
Fig ure 5 shows the vari a tion of dose rate con tri bu tions
of dif fer ent com po nents at Positions A and B over time 
af ter re mov ing the com pen sa tor.

Fig ure 5 shows that each com po nent made dif -
fer ent con tri bu tions to the dose rates at Po si tions A and 
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Fig ure 4. The dose rates of FLUKA sim u la tion and
ex per i men tal mea sure ment

Fig ure 5. The dose rate con tri bu tion of com po nents with
time at Po si tions A and B for sin gle ir ra di a tion; (a) Po si -
tion A for staff and (b) Po si tion B for staff



B, the pa tient was the ma jor con trib u tor at both two
points. The dose con tri bu tion of the wall at the two
points re duced over time be cause the main
radionuclides pro duced in the wall af ter sin gle ir ra di a -
tion were dom i nated by 28Al and 15O for 10 min utes of
cool ing, with half-lives of 2.24 min utes and 2.04 min -
utes, re spec tively. Both radionuclides were much
smaller than the half-lives of the main radionuclides
pro duced in the treat ment bed and the BDS. At Po si -
tion A, the con tri bu tion rate of the beam dump and the
air was gen er ally <2 %. The dose con tri bu tion of the
BDS was larger than that of the treat ment bed be cause
the half-lives of the ma jor radionuclides pro duced in
the BDS were larger than that of the treat ment bed. Po -
si tion B was rel a tively far from the BDS and the
half-lives of the radionuclides pro duced in the BDS
were larger than in the other com po nents, thus, the
dose con tri bu tion of the BDS to Po si tion B in creased
over time.

The com pen sa tor is spe cially con fig ured ac cord -
ing to the tu mor shape of each pa tient and the re sid ual
dose with cool ing time at dif fer ent dis tances from the
com pen sa tor isocentric line are shown in fig. 6. Anal y -
sis showed that the dose changed rap idly at a dis tance
of 0-10 cm but changed slowly at a dis tance of 10-20
cm. This is be cause the radionuclides pro duced in the
com pen sa tor (mainly de cay b+) and the re sult ing pos i -
trons were blocked in the air, thus los ing their ki netic

en ergy and even tu ally com bin ing with elec trons to
emit two 511 keV pho tons in op po site di rec tions. The
main radionuclide pro duced in the com pen sa tor (18F)
has a half-life of 109.77 min utes, thus, the dose is still
pres ent on the sur face of the com pen sa tor af ter cool ing 
for 2 hours. It is rec om mended that med i cal staff main -
tain a dis tance of more than 10 cm from the com pen sa -
tor dur ing op er a tion and stay away from the com pen -
sa tor dur ing times of non-op er a tion.

DOSE AS SESS MENT

 Based on pre vi ous stud ies, the Monte Carlo
method can be used in com bi na tion with the work ing
mode of med i cal staff to eval u ate ex po sure doses in
typ i cal po si tions. In the cal cu la tion, the ther a peu tic
en ergy was set to 330 MeV/u, the ir ra di a tion time was
set to 5 min utes for sin gle ir ra di a tion with a beam in -
ten sity of 3.7×107 pps, and the ir ra di a tion time was set
to 1 year for long-term ir ra di a tion with a beam in ten -
sity of 7.1×106 pps. 

Com bined with the data shown in tab. 2, we
found that med i cal staff was mainly ex posed to 15O
and 11C gen er ated in the pa tients and long-lived
radionuclides gen er ated in the MLC. In creas ing the
wait ing time for cool ing and re duc ing the num ber of
vis its to the treat ment room are ef fec tive meth ods for
med i cal staff to re duce the ex po sure dose. For the
same pa tient, a sin gle high dose can be used to re duce
the num ber of times the pa tient en ters the treat ment
room within the pre scribed dose. The phys io ther a pist
can then make dif fer ent ther a peu tic plans ac cord ing to
the con di tion of the pa tients. The ex po sure doses for
med i cal staff are shown in tab. 3 con cern ing the mean
ir ra di a tion time for 10 min utes with 20 in stances of ir -
ra di a tion per day as an ex am ple, other con di tions re -
mained un changed in the treat ment room. Thus the av -
er age beam cur rent in ten sity was changed by ap ply ing
eq. (2)

1 10 10 20 5 50 60

365

8× × × × × ×pps person days weeks s

days

( min )

× ×
=

= ×

24 3600

95 106

h s

pps. (2)

The re sults in tab. 3 show that in creas ing the pa -
tient's sin gle pre scribed dose can re duce the num ber of
times med i cal staff en ters the treat ment room per day
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Ta ble 3. Ex po sure doses re ceived by med i cal staff were eval u ated at dif fer ent treat ment fre quen cies by FLUKA

Work task (see fig. 1)
A (FLUKA1) B (FLUKA1) A (FLUKA2) B (FLUKA2)

5 min utes per treat ment and 30 times per day 10 min utes per treat ment and 20 times per day

b [mSv] 0.048 0.034 0.064 0.045

c [mSv] 0.049 0.037 0.066 0.049

To tal dose for sin gle [mSv] 0.097 0.071 0.130 0.094

To tal num ber of the pa tient per year 7500 5000

An nual ex po sure [mSv] 0.728 0.533 0.650 0.470

Fig ure 6. The re sid ual dose at dif fer ent dis tances from
the com pen sa tor with time (400 MeV/u, 2.4×107 pps, ir ra -
di a tion time of 18 min utes)



and thus re duce the an nual ex po sure in curred by staff.
The med i cal staff wear di rect read ing per sonal do sim -
e ters at work, their cu mu la tive doses in a sin gle
workflow were be low the do sim e ter's min i mum.
There fore, thermoluminescence per sonal do sim e ters
were used to ob tain the an nual dose in curred by med i -
cal staff in 2021. The an nual dose of most staff in the
hos pi tal was ap prox i mately 0.2 mSv and the max i -
mum value was 0.96 mSv. These val ues were less than
the oc cu pa tional ex po sure dose limit of 20 mSv rec -
om mended by ICRP Re port No. 103 [24].

CON CLU SIONS

The in duced ra dio ac tiv ity pro duced in the treat -
ment room was in ves ti gated in US mode which re -
quires the sup port of mul ti ple com po nents to reach the
pa tient's tu mor for treat ment. Thus, part of the beam is
lost from the com po nents along the way. Key
radionuclides, such as 24Na, 175Ta, 176Ta, 172Lu, 178W,
and oth ers, can ir ra di ate med i cal staff ev ery time they
en ter the treat ment room and even when they are not
pro vid ing treat ment. There fore, it is cru cial to in ves ti -
gate the ac cu mu la tion of radionuclides in com po nents
un der long-term ir ra di a tion.

We found that most of the radionuclides pro duced
in the treat ment room were elec tron emis sions and
gamma rays were the main source of ex ter nal ex po sure
for med i cal staff. The pa tients them selves and the MLC
were found to be the pri mary con tri bu tors to the ex po sure 
dose in curred by med i cal staff for sin gle and long-term
ir ra di a tion, re spec tively. The radionuclides pro duced in
ir ra di ated pa tients are mainly 15O and 11C. In creas ing the
cool ing time is an ef fec tive means to re duce the ex po sure
of med i cal staff to both radionuclides. We also found that
the work ing po si tions of med i cal staff also af fected the
ex po sure doses they re ceived while anal y sis of the ex po -
sure doses at Po si tions A and B showed that the ex po sure
dose at A was 1.4-fold higher than that at B.

Al though the dose as sess ment re sults in the cur -
rent study were far less than the limit rec om mended by
the ICRP, our data sug gest that med i cal staff at Po si -
tions A and B should be ro tated to re duce the ex po sure
dose of staff at A and to ap pro pri ately in crease the sin -
gle ther a peu tic dose of pa tients to re duce the num ber
of times med i cal staff en ters the treat ment room. Fi -
nally, med i cal staff should main tain a dis tance of more
than 10 cm when touch ing the com pen sa tor.
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STUDIJA  O  PROFESIONALNOM  IZLAGAWU  MEDICINSKOG  OSOBQA
IZAZVANOM  INDUKOVANOM  RADIOAKTIVNO[]U  U  SALI  ZA  TRETMAN

MEDICINSKOG  TE[KO-JONSKOG  POSTROJEWA

Trenutno je radioterapija te{kim jonima priznata kao najnaprednija metoda terapije
~esticama i sna`no se promovi{e i primewuje {irom sveta. Ova metoda mo`e brzo da generi{e
zra~ewe i indukuje radioaktivnost tokom le~ewa. Me|utim, indukovana radioaktivnost, koja je
primarni izvor izlo`enosti medicinskog osobqa, ne nestaje nakon terapijske primene u sali za
le~ewe. U ovoj studiji, koriste}i eksperimentalno merewe i Monte Karlo simulaciju, istra`ili
smo karakteristike, distribuciju ja~ine doze i uticaj ove indukovane radioaktivnosti na
medicinsko osobqe u sali za le~ewe (uniformni re`im skenirawa) u bolnici za tumore Gansu
Vuvej. Otkrili smo da se doza izlagawa koju do`ivqava medicinsko osobqe prete`no odnosi na
ozra~ene pacijente za jedno zra~ewe i sistem za isporuku zraka za dugotrajno zra~ewe. Vreme
poluraspada glavnih radionuklida kretalo se od nekoliko minuta do desetina minuta za jedno
zra~ewe i od desetina dana do stotina dana za dugotrajno zra~ewe. Primarni doprinos je od
radionuklida 15O, 11C, 176Ta i 177W. Tako|e smo procenili individualnu dozu koju prima medicinsko
osobqe u sali za le~ewe u odnosu na radne obaveze. Rezultati su pokazali da je maksimalna godi{wa
doza izlagawa medicinskog osobqa u horizontalnoj ravni tretmana prema aktuelnom modelu
iznosila 0,728 mSv. Pretpostavili smo da bi odgovaraju}e pove}awe tretmana pacijenata moglo
smawiti godi{wu dozu izlagawa medicinskog osobqa na 0,650 mSv, bez promene ukupnog vremena
le~ewa dnevno. Kona~no, izneti su neki predlozi da se smawi izlo`enost medicinskog osobqa
ne`eqenom zra~ewu.

Kqu~ne re~i: te{ki jon, Monte Karlo, indukovana radioaktivnost, procena doze


