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As one of the key components of Sector Focusing Cyclotron at the Institute of Modern Phys-
ics, Chinese Academy of Sciences, the electrostatic deflector can be activated by primary and
secondary particles, because of a mismatch between the actual value and the design value of
the emittance and emergence angle. In addition, it will be struck by more particles, since there
is a stray magnetic field and outgas from the surface of the electrostatic deflector. The residual
radioactivity in the electrostatic deflector has been studied in two aspects: specific activity and
residual dose rate, based on the gamma-ray spectrometry and Fluke 451p ionization chamber,
respectively. The specific activity of radionuclides in the main components and the dust on the
enclosure have been investigated by using gamma-ray spectrometry. The residual dose rate
around the electrostatic deflector has been obtained by Fluke 451p ionization chamber. The
results of the study show that there is a non-negligible radiological risk to the staff. This result
can be provided as guidance for making a maintenance schedule, so that the dose received by
staff can be kept as low as reasonably achievable. Based on the results, advice for "hands-on"

maintenance and decommissioning of the SEC have been provided.
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INTRODUCTION

The sector focusing cyclotron (SFC) is the only in-
jector of the heavy ion research facility in Lanzhou
(HIRFL), which can provide beam to the experimental
terminal directly as well as to the injector of Separated
Sector Cyclotron [1]. It can accelerate the charged
particles from carbon to uranium. The maximum energy
of 2C*" is 120 MeV, and the corresponding current is
60 pA, while the maximum energy of 2*8U%" is 19.04
MeV, and the corresponding current is 32 pA. The
charged particle will pass the electrostatic deflector be-
fore it is extracted from the SFC. The layout of the elec-
trostatic deflector is shown in fig. 1.

The electrostatic deflector will be struck by inci-
dent particles provided that the emittance or emer-
gence angle mismatch with the design value. Because
of'the stray magnetic field and outgas from the surface,
there will be more particles deviating from the desired
orbit and lost at the electrostatic deflector [2, 3]. When
the energy of the incident particles is high enough to
overcome the Coulomb repulsion, nuclear reaction
will be induced by those particles leading to the pro-
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Figure 1. The layout of SFC

duction of radionuclides. The incident particles are ab-
sorbed by the nucleus of the electrostatic deflector
where it deposits its energy in a random manner to
many nucleons. If the energy of the incident particles
is lower than the Coulomb repulsion, radionuclides
will be produced by stripping reaction in which one or
more nucleons can be transferred from projectile to the
target nucleus when the projectile passes by the target
nucleus and continues undeflected in its motion [4].
The level of activity is determined by the rate at which
the radioisotopes are produced, combined with the rate
at which they decay.

In order to reduce the loss of primary particles,
the electrostatic deflector should be polished every
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2~3 months. The residual radioactivity of the electro-
static deflector is a dominant source of occupational
exposure to staff. It is one of the main access-restric-
tions for “hands-on” maintenance in service and in de-
commissioning. Even though the kinds and the activ-
ity profiling of the radionuclide have been studied
[5-9], the activation process in the electrostatic deflec-
tor of SFC is sophisticated, for the reason that the pa-
rameters of the accelerated particles are changeable.
Besides, the residual activity induced in the electro-
static deflector has not been studied yet, since it had
been put into operation. The main goal of our experi-
mental study was to investigate the induced radioac-
tivity level in the electrostatic deflector. The research
has been done in two aspects: specific activity and re-
sidual dose rate. In this paper we had: (1) identified the
dominating radionuclides contribution to the residual
activity in the cutting plate, the high voltage electrode
and the dust outside the enclosures; (2) measured the
residual dose rate at different point around the electro-
static deflector. The cutting plate and the high voltage
electrode are the two main components of the electro-
static deflector. According to the results, appropriate
advice will be provided for maintenance and decom-
missioning. The method of this study is applicable to
assess the residual radioactivity in other accelerators.

EXPERIMENTAL SET-UP
SFC operating conditions

The SFC cyclotron at the Institute of Modern
Physics (IMP) has been put into operation since 1987,
and the electrostatic deflector was replaced in 1997.
The study was performed 8 hours after the operation.
3Ar!! with the energy of 194.40 MeV and the current
of 2.2 pA had been accelerated for 9 days before this
study. All of the charged particles had been acceler-
ated in the last six months are shown in tab. 1.

Method of analysis

In order to assess the level of residual radioactiv-
ity, the identification of radionuclides and the mea-
surement of the activity were carried out by HPGe
gamma-ray spectrometer. The residual dose rates
around each component of the electrostatic deflector
were acquired by Fluke 451p ionization chamber be-
fore the sampling from the electrostatic deflector. The
cutting plate is made of TU2 and the high voltage elec-
trode is made of TC4. TU2 is an alloy of copper and
silver, and its composition is listed in tab. 2. TC4 is a ti-
tanium alloy and its composition is listed in tab. 3.

The samples of the metal powder, from the cut-
ting plate and the high voltage electrode, were ob-
tained by sandpaper. The sample of the dust outside

Table 1. The parameters of charged particles accelerated
in SFC

Nuclides ][El\r/llegs)]/ Extra[ci Xl]Jrrent Cotrirélr{cliisﬁon
112g26+/35% 414.40 2.0 5
32g%" 172.80 1.40 4
289" 128.00 1.20 11
‘He'" 16.00 2.50 5
8O 1 7H26 197.80 2.00 12
20931* 188.10 0.14 19
2eHe 84.00 2.60 12
12c3 50.40 4.00 16
1oQ>8 86.40 2.50 8
N 188.00 4.00 4
150°" 123.20 2.00 14
Ope!™" 352.80 1.20 7
2o 84.00 4.00 7
AO0A 12T 248.00 3.00 8
209 188.10 0.20 17
SN2 359.60 1.70 20
AT 194.40 2.00 9
Table 2. Isotopic composition of TU2
Isotopic |Mass fraction [%]| Isotopic | Mass fraction [%]
Cu+Ag 99.95 Ni 0.002
p 0.002 Pb 0.004
Bi 0.001 Sn 0.002
Sb 0.002 S 0.004
As 0.002 Zn 0.003
Fe 0.004 ¢} 0.003

Table 3. Isotopic composition of TC4

Isotopic Ti |Fe | C|N| H |[O|Al| V
Mass fraction [%]|88.035] 0.3 | 0.1]0.05/0.015/0.2|6.8 | 4.5

electrostatic deflector was collected by non-woven
fabrics. The diameter of the sample is @75mm. The
weight of the dust sample is 4.7 g, while that of TC4
and TU2 is 62.8 mg and 54 mg, respectively. The semi-
conductor HPGe detector (Ortec GEMX) was used in
this study, with 60 % efficiency relative to 3'" x 3"" Nal
and FWHM of 2.30 KeV at 1.33MeV. The diameter of
the crystal is 67.20 mm and the length of the crystal is
71.10 mm. The thickness of the dead layer outside
the crystal is 0.30 um, while that inside the crystal is
700 pm. The carbon fiber absorbing layer is 0.90 mm.
The gamma ray spectrum has been acquired by the
commercial software GammaVision. The measure-
ment time of each sample is 10 hours. The energy and
efficiency calibration of detector have been done
based on the combination of experimental measure-
ment and MCNP simulation [10].

RESULTS

The gamma-ray spectra have been measured in a
standard way inside a low-background lead shield-
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ing-chamber. The evaluation and distinguishing of iy “Na - %z
gamma spectra is a complicated undertaking because Y _45530_' aei‘f
of the complexity of multi-peak [11]. The activities g 1% _ﬁc . ::_9;0
obtained from these spectra were checked by re-calcu- _‘%‘ et - b
lating backwards in time to the time-point at the end of 5 Lo, i b, L 55"3"2 . f;&
irradiation using the characteristic decay-constant of a g : :;gg Z oy
given isotope. The activities given out at the end of ir- @ 10”4 —8900 = Total
radiation for the decay time of removal from the cyclo- ]

tron have been corrected. The measurement of the re- 1024,

sidual dose has been done before the “hands-on” of

maintenance. The results are described in four aspects 10" 41

as follows because of different sampling locations and
measurement methods.

Identified isotopes and residual
activity in the cutting plate

The samples of cutting plate had been measured
at the time of 12 hours, 30 hours, 13 days, and 60 days
end of irradiation. The radionuclides identified in the
cutting plate are shown in the tab. 4. The kind of those
radionuclides has been arranged in order of specific
activity. The evolutions of the radionuclides induced
in the cutting plate are shown in fig. 2. It can be seen
from the results that the radionuclides with the
half-life less than 1 day induced in the cutting plate are
#Sc, 8Cr, 87Y, 8'MY, 9Nb, “Tc, and °’Ru. The
long-lived radionuclides with the half-life more than
70 days are *’Na, 46Sc, *Mn, 3°Co, *¥Co, and "°Se.

Table 4. Activation products in cutting plate

Nuclides Half-life Specific 14|Error [%] Thet(r)etl:lo ©
[d] J|activity [Bqg ] activity

e 0.16 9.746-10° 13.18 |9.649-10"
*Co 70.86 9.284-10* 535 9.192:107
"Se 119.78 | 4.143-10* 551 |4.102:10°
7r 3.27 3.812:10* 536 |3.774-10°
3¢ 1.82 2.872-10* 21.84 |2.844.107
SIcr 27.70 2.562-10" 14.48 |2.537-10°
*Te 0.83 2.301-10* 548 2278107
“Nb 0.61 1.661-10" 723 | 1.645-107°
7y 0.82 1.471-10* 6.18 | 1.456-107
H“mge 244 1.365-10" 7.80 |1.351-10°
*Mn 312.30 1.255-10* 5.44 | 1.243.10°
%Co 77.27 8.753-10° 6.49 |8.666-107
BCr 0.96 8.704-10° 12.26 |8.618-107*
*Na 949.69 | 7.915-10° 724 |7.837.107"
§my 0.56 7.770-10° 10.86 | 7.693-107*
“Ru 0.86 6.688-10° 561 |6.622:107
3¢ 83.79 5.485-10° 8.44 |5431.10™*
Co 271.79 6.260-10° 505 |6.198107°
By 15.97 5.548-10° 557 |5.493.10°
OCo 1924.61 | 2.910-10° 7.64 |2.881:107°
7n 244.26 | 4.414-10 6.47 |4.370-10°°

Decay time [d]

Figure 2. Evolution of the specific activity in cutting plate

Identified isotopes and residual
activity in the high voltage electrode

The measurement of the samples came from the
high voltage electrode and has been performed in 4
time-points at the end of irradiation: 12 hours, 30
hours, 12 days, and 107 days, respectively. The distin-
guished radionuclides and its specific activity are
listed in tab. 5. The evolutions of the radionuclides
identified in the high voltage electrode are shown in
fig. 3. The half-life of each radionuclide identified in
the high voltage electrode is more than 15 days. The
long-lived radionuclides with the half-life more than
70 days are %Zn, **Mn, 3’Co, and ®°Co.

Identified isotopes and residual
activity in the dust

The samples of dust outside the electrostatic de-
flector have been measured at the time of 30 hours and
1776 hours end the irradiation, respectively. The
radionuclides are listed in tab. 6. Figure 4 describes the
temporal evolution of radionuclides. The radioactivity
isotope identified in the dust is the isotope with the
half-life more than 5 days. The kinds of long-lived
radionuclides, with the half-life longer than 70 days in-
duced, in the dust are the same as that in the high voltage
electrode and cutting plate. Nonetheless, the specific

Table 5. Activation products in high voltage electrode

Nuclides Hag ]hfe Spec[l]gl((i gaﬁc]ﬁlvny E[I‘;Z)(ir t](;gfi g::ttli(z/ itt(;
S7n | 24426 5.228-10° 5.01 | 3.707-10"
3Co 70.86 5.042-10° 11.26 | 3.575-107"
“Mn | 31230 1.637-10° 5.02 | 1.161-10"
SCo | 271.79 1.074-10° 5.00 | 7.616-107
%Co 77.27 6.936-10* 5.04 | 4.919-107
3¢ 83.79 3.525-10* 5.01 | 2.500-107
0Co | 1924.61 4.095-10° 527 | 2.904-107
By 15.97 2.289-10° 10.62 | 1.623-107°
Sicr 27.70 1.077-10° 11.17 | 7.637-107
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Figure 3. Evolution of the specific activity in high
voltage electrode

Table 6. Activation products in dust outside the
electrostatic deflector

Nuclides Ha%(fi-]life Spec[i]fsiggalciﬁivity E[l(;z)cir Thet;;:;ilo to
activity
%7n 244.26 1.370-10 5.05 |7.116-10"
Be 53.12 1.814-10' 6.46 |9.423.1072
3¢ 83.79 1.060-10" 541 |5.506-102
“Na 949.69 7.350 546 |3.818-107
%Co 70.86 7.140 6.01 |3.709-1072
*Mn 312.3 5.180 5.15 |2.691-102
SCo 271.79 1.530 5.05 |7.947-107
By 107 1.370 11.68 | 7.116:107°
Se 119.78 1.293 5.13 |6.716:10°
%Co 77.27 1.230 9.93 |6.389-107
Co 1924.06 | 9.300-10"" 8.90 |4.831-10°
2Mn 5.59 6.200-10" 9.93 |3.220-107
SIcy 27.70 1.200-10°" 551 |6.233-10*
By 15.97 1.400-1072 9.40 |7.272-10°

activity of each isotope in dust is several orders of
magnitude lower than that in the cutting plate and high
voltage electrode, respectively. Zn in the dust makes
the largest contribution to the total specific activity for
its highest proportion. Due to the long-time accumula-
tion of the aerosol inside the hall, the concentration of
"Be in the dust is higher than the average concentration
of "Be in the aerosol of Lanzhou at the moment of wip-
ing assuming the volume of dust diffusion uniform is
1 m®. The activity of Be in the aerosol of Lanzhou area
ranges from 3.10-10% to 1.78-1072 Bq per cubic meter
[12]. The partial RMS errors of activities are shown in
tab. 4, tab. 5, and tab. 6. Those errors are obtained as a
quadratic sum of two components: (1) efficiency cali-
bration error and (2) net-peak-area error.

Measurement of residual dose rate

Before the “hands-on” of maintenance, the re-
sidual dose rates around the electrostatic deflector
have been measured 8 hours end of irradiation by
Fluke 451p ionization chamber with 10 % accuracy.
The distance between the ionization chamber and the
surface of the component is 5 cm. The measured val-
ues of the dose rates are shown in tab. 7. It can be con-
cluded from the measurement results that: (1) the dose
rate at the entrance are higher than that at the exit both
for the cutting plate and the high voltage electrode
along the direction of beam transmission, (2) the
charged particles lost on the upper and the lower cover
are less than that on the cutting plate and the high volt-
age electrode, respectively.

DISCUSSION
The residual radioactivity in the electrostatic de-

flector depends on the kinds, the current and the en-
ergy of the incident particles and the composition of

Table 7. Residual dose rate of electrostatic deflector

10° 4

Specific activity [Bag™"]

10° 4

Location Dose rate Location Dose rate
[uSvh'] [uSvh']
-"Be —Co Entrance of 1% Entrance of 1%
=22Na--%cg electrostatic 750.24 lower cover 7.55
- 48g5¢--80cq deflector
_48y 857, - p
Exit of 1 s st
Sigr - Se electrostatic 300.79 | Middleof I} g 47
8y lower cover
n g deflector
- 54 -
Mn="%0 Entrance of 2™ Exit of 1%
electrostatic 80.43 lower cover 13.22
deflector
Exit of 2™ nd
.......... electrostatic 3058 | Fmrance of 25 5
deflector
Entrance of high Middle of 2™
voltage electrode 38.74 lower cover 12.66
107 H——— Exit of high voltage Exit of 2™
10° _ 10* electrode 19.85 lower cover 9.57
Biecatms (<] Entrance of upper 1.19 Middle of 3.62
. . . e . cover i upper cover )
Figure 4. Evolution of the specific activity in dust outside Exit of upper cover 567

the electrostatic deflector
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the target materials. The required cooling time of the
main components and the dust used for the decay of
the residual radioactivity, can be determined based on
the exemption value, the specific activity and the
half-life of each radionuclide. Based on the experi-
mental results above, the induced radioactivity in the
electrostatic deflector has been discussed as follows.

On one hand, *4Sc, with its half-life of 0.16 days
is the dominant short-lived radionuclide to be found in
the cutting plate. It would decay at a fast rate 1 day af-
ter irradiation with the largest proportion 0.9649 of the
total radioactivity. The short-lived radionuclides
found in the cutting plate are *°Zr, >>Tc, “Nb, and *7Y.
Those are produced by *°Ar!!*. The specific activity of
those radionuclides would be lower than the exemp-
tion value pointed in GB18871 [13] 10 days after irra-
diation. The exemption value of **Co, 2’Na, and *Mn
are 1-10' Bqg ™!, while the value of *Se is 1-10> Bqg ™.
So it will be needed more than 10 years for the those
radionuclides in the cutting plate to achieve the clear-
ance level, based on the exemption values of each
radionuclide and the total specific activity limited by
EURATOM Council Directive 2013/59 [14].

On the other hand, the kinds of all of the long-lived
radionuclides identified in the high voltage electrode are
the same as that in the cutting plate. But no short-lived ra-
dioactivity isotope with the half-life shorter than 1 day
has been distinguished in the high voltage electrode. *Zn
is the most important radionuclide that has been identi-
fied in the high voltage electrode with the maximum pro-
portion of the total radioactivity. According to the evolu-
tion of the specific activity in the high voltage electrode,
it can be deduced that it needs approximately 7 years for
the high voltage electrode to achieve the exemption val-
ues after moving out of the SFC.

Moreover, the dust is also a radioactive source
which is formed by natural erosion and wear on the
electrostatic deflector. The dust will be adsorbed on
the enclosure of electrostatic deflector with indoor air-
flow. All of the radionuclides identified in the dust out-
side the enclosure are the long-lived radionuclides,
which also have been distinguished in the cutting plate
and the high voltage electrode. In addition, ®*Zn in the
dust should be given more attention because it has the
largest proportion of the total radioactivity. "Be in the
aerosol produced by thermal neutrons tend to uni-
formly fill a room should be taken in particular con-
cern, since it may be higher than the background.

The cooling time is required at different
workplaces, based on the kinds of radionuclides to be
distinguished. The storage time of component before
decommissioning will be influenced by the activity of
long-lived radionuclides with the half-life longer than
70 days. The required cooling time before the
“hands-on” maintenance is mainly limited by the
short-lived radioactivity isotope. The kind of the
short-lived radioactivity isotope induced in the elec-
trostatic deflector after operation would be affected by

the parameters of the accelerated particles. The rela-
tive importance of a particular isotope from the view
of its contribution to the local dose rate depends on its
half-life and the radiation emitted when it decays. Beta
radioactivity represents a significant source of expo-
sure to personnel via the skin of individuals engaged in
maintenance after the accelerator is shut down, for the
reason that some of the radionuclides identified in the
electrostatic deflector decay by beta emission or, by
positron emission or, by capturing an orbiting elec-
tron.

In order to reduce the risk of external and inter-
nal exposure, the following advice should be paid
much attention. First of all, the residual dose rate of the
electrostatic deflector must be measured during the
maintenance and the received dose of each working
time should be recorded so that the total dose received
within one year by each staff member is lower than the
personal dose limits for occupational exposure. The
maximum working time should be limited within
1.11 hours per time based on the management limit of
5 mSv per year of one person [15], supposing that the
maintenance is conducted every two months. Beyond
that, the polish should be applied within a confined
space and the metal dust should be cleaned at the end
of maintenance so as to reduce the risk of internal ex-
posure. Last but not least, staff must wear dust masks
during work.

CONCLUSIONS

The electrostatic deflector of SFC has been acti-
vated by the lost particles, due to the stray magnetic
field and the unstable vacuum. The radionuclide in-
ventory in the components of electrostatic deflector
and the dust outside the electrostatic deflector enclo-
sure was under investigation by gamma-ray spectros-
copy and ionization chamber, respectively. The
method can be applied to evaluate the residual radioac-
tivity of the accelerator both in commissioning and de-
commissioning. Investigation results show that the
kinds of the radionuclides induced in the cutting plate
are higher than in the high voltage electrode for the
reason that 3°Ar!'!" is lost in the cutting plate. The re-
sidual radioactivity in the components of electrostatic
deflector exhibited that there is a non-negligible radio-
logical risk to the relevant staff. The cooling time un-
der different situation has been analyzed according to
the exemption value, the specific activity and the
half-life of each radionuclide. The residual radioactiv-
ity of the dust outside the electrostatic deflector can
not be ignored because the Zn and "Be may be in-
haled. The results of the study can be provided as a
guidance for making maintenance schedule so that the
residual dose received by the staffis kept as low as rea-
sonably achievable. Nevertheless, a further work
should be done to assess the risk of internal exposure.
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Yynr CJY, Byjyen JIU, Byenkyej CJY, Jao JAHI', Banr MA O, Bejsej JEH, Joysy CY, Jahunr JAHT

EKCIIEPUMEHTAI/IHO OJPEGBUBAILE 3AOCTAJIIE PAIUAKTUBHOCTH
NHAYKOBAHE Y EJEKTPOCTATUYKOM YCMEPUBAYY

Enexpocratuuky ycMepuBay NpejcTaBiba jeHy Off KIbyYHUX KOMINOHeHTH SFC IMKIOTpOHA y
WuctutyTy 3a MopmepHy ¢m3uky Kunecke akafgemuje HaykKa. Y TOKy pajia Moxe Aohu mo merose
aKTUBallMje NPUMApHUM M CEKyHJapHUM YecTulaMa Yyclej OJCTylama CTBapHE Off IIPOjeKTOBaHE
BPEIHOCTHU yIja eMHUTOBama M M3la3Hor yria. [lomaTtHo, yeMepuBay he Outu noroben Behum Opojem
yecTula ycieq JyTajyher MarHeTHOT MoJjba U Oclo00beHOor raca ca MOBPUIMHE EIEKTPOCTATHYKOT
ycMepuBada. 3aocTana pajuOaKTHBHOCT Yy €JIEKTPOCTAaTHUKOM yCMepHBady IIpoydaBaHa je ca
CTAHOBUIITA cleU(PUYHE aKTUBHOCTH — CIEKTPOMETPHUjOM r'aMa 3padyerma, U jauuHe 103€ — IPUMEHOM
jonm3anmone komope Fluke 451P. T'ama crmekTpoMeTpuwjckOM aHanmm3oM YTBpheHa je crnenudguyHa
AKTUBHOCT PaMOHYKJIU/A Y TJIaBHUM KOMIIOHEHTaMa ycMepuBaya U NpalinHu Ha Kyhuiry. JaunHa gose
OKO €JIEKTPOCTaTUUKOI ycMepHuBaya u3MepeHa je joHm3anmoHoM kKomopom Fluke 451P. Pesynratm
WCIUTUBAa MOKAa3Yyjy 1a MOCTOj1 He3aHEMaPJbUB PaJIijalliOHN PU3HK 32 0CO0IbE, T€ CE MOTY YIOTPEOUTH
Kao CMEpHulle y NpuIpeMH IJlaHa U pacnopefa oApxKaBama, yuMe Ou ce 1o3a 3a ocolOibe cBella Ha
MuHUMaHy Moryhy. Ha ocHOBY pe3yaTarta, JaTu cy ¥ IpaKTUYHU CaBETH 32 Oip>KaBame 1 lekomucujy SFC
LIUKJIOTPOHA.

Kmwyune pequ: eaekiipociiainuiku ycmepusay, akueaepaimiop, UHOyKk08aHa paouoaxkiiueHoCi,
cileyugpuuna akimiugHOCl, paOUOHYKAUO



