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Cooling water of Heavy Ion Research Facility in Lanzhou is the media of choice for absorbing
heat generated by a multitude of accelerator components. During the operation, tritium is
produced by the secondary neutrons in the accelerator loop of accelerator cooling water,
which is uniformly distributed in the water system in the form of hydrogen tritium oxide. The
purpose of this study is to establish a rigorous method to measure the low levels of tritium in
the accelerator cooling water system. The cooling water samples of Sector Focusing Cyclo-
tron and Separated Sector Cyclotron of Heavy Ion Research Facility in Lanzhou, as well as
the natural levels of tritium, were measured successfully, using Quantulus1220 ultra-low-
level background liquid scintillation spectrometer. The electrolytic enrichment method was
employed to measure the tritium activity concentrations of the cooling water samples. More-
over, the minimum detectable activity concentration and the counting rate efficiency curve of
the liquid scintillation spectrometer were obtained to ensure reliability. In this work, we pro-
vide a reference to establish the related standards and specifications for monitoring the tri-

tium levels in heavy-ion accelerator cooling water system.
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INTRODUCTION

Tritium (°H) is a radioactive isotope with a phys-
ical half-life 0f 4500 £ 8 days [1]. It is created in nature
by cosmic rays interacting with the atmosphere, nu-
clear explosion, and nuclear facility operations, such
as nuclear power plants and particle accelerators.

The Heavy lon Research Facility in Lanzhou
(HIRFL) consists of the Sector Focusing Cyclotron
(SFC), the Separated Sector Cyclotron (SSC), and the
cooler storage ring (CSR) [2]. As SSC runs in con-
junction with SFC, the maximum energy of '>C*" is
1200 MeV, and the corresponding current is 60 pA,
while the maximum energy of 2°Bi3!* is 1985.5 MeV,
and the corresponding current is 45 nA [3].

The cooling water of HIRFL is the media of
choice for absorbing heat generated by a multitude of
accelerator components. A flow diagram of the cool-
ing water system of SFC and SSC in HIRFL is shown
in fig. 1. It consists of two loops, which are the second-
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ary loop and the accelerator loop. During the operation
ofthe accelerator, tritium was produced by the second-
ary neutrons in the accelerator loop. Thus, the tritium
concentration in cooling water might be higher than
the natural levels in the vicinity of HIRFL. Tritium en-
ters the environment usually as a replacement for one
of the hydrogen atoms in water, which is uniformly
distributed into the water system with the most proba-
ble form of Hydrogen Tritium Oxide [4, 5], which can
be observed in a local radioactive impact. However,
there is no standard method to guide the measurement
of tritium in the accelerator cooling water system. It is
necessary to carry out an experimental study on the ac-
tivity concentration of tritium in accelerator cooling
water at the Lanzhou heavy ion research facility.

The purpose of this experimental study is to es-
tablish a rigorous method to measure the low-level of
tritium in accelerator cooling water. The research was
performed in four steps: Design and machining of
electrolytic enrichment device, Electrolytic enrich-
ment, Measurement, and Analysis. The results show
that the tritium concentration in SFC and SSC of
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Figure 1. Flow diagram of the cooling water system of the SSC and SFC in HIRFL

HIRFL were 3.268 and 3.293 times higher than that in
the background sample, respectively. According to the
results, appropriate advice will be provided for moni-
toring the activity concentration of tritium in accelera-
tor cooling water.

EXPERIMENTAL PROCEDURE

Tritium is a soft beta-emitter radionuclide with a
maximum energy of 18.6 keV. Based on the radioactiv-
ity, Tritium can be observed by measuring the electrons
produced by the decay of tritium or by radiometric mea-
surements. The common methods for low-level count-
ing of tritium are either using gas-proportional counting
or liquid scintillation counting [6, 7]. Considering the
low-level counting rate, the Quantulus1220 ultra-
low-level background liquid scintillation spectrometer
produced by Perkin Elmer was employed.

Design and machining of electrolytic
enrichment device

Due to the low-level counting rate in the water
samples, it is necessary to improve the trittum concen-

tration by electrolytic enrichment [8, 9]. According to
GB12375-90 Analytical method of tritium in Water
[10], a tritium electrolytic enrichment device in accel-
erator cooling water was developed. The main unit of
the electrolytic enrichment device is shown in fig. 2.
Auxiliary devices include the power supply system
and the cooling system. The anode is a nickel (purity:
99.9 %) tube and the cathode is a mild steel tube. The
anode and cathode are connected to Teflon insulation
sealed spacer.

The anode has a vent, through which the gases
produced by electrolysis can enter the liquid conden-
sation tube. The water vapor, as well as oxygen and hy-
drogen gases produced by electrolysis, condensed in
the condensing tube, and the condensed water returns
to the electrolytic cell, which could reduce the water
loss and improve the electrolytic recovery of tritium.

The outside of the cathode is designed as a dou-
ble-layer structure. The interlayer is connected with
anhydrous ethanol, which is connected with the cool-
ing circulator to transfer the heat generated by electrol-
ysis and relieve the electrochemical corrosion caused
by the rise of electrolyte temperature. The temperature
of anhydrous ethanol is 5 °C. The electrolytic enrich-
ment device is supplied by a stabilized DC power sup-
ply with a working voltage of 3 V.
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Figure 2. Tritium electrolytic enrichment device

Electrolytic enrichment

Cleaning electrolytic cell

Before the experiment, a concentrated hydro-
chloric acid (50 %) and a sodium hydroxide solution
(10 %) are configured to remove oil and dust impuri-
ties in the electrolytic cell. The cell was first cleaned
with concentrated hydrochloric acid, and then with so-
dium hydroxide, and finally washed with anhydrous
ethanol. After the electrolysis of each sample, the elec-
trolytic cell should be cleaned in time. The cleaning
steps involve triple rinsing with tap water, ultrapure
water, and anhydrous ethanol.

Sampling

The cooling water used in the accelerator loop is
ultra-pure water. The 500 ml cooling water from SFC
and SSC were collected after the side filter, filtered by
the purified resin, and the samples are labeled as S, and
S,, respectively. Another 500 ml ultra-pure water was
collected from the return pipe of the accelerator cool-
ing water system and labeled as B,,.

Electrolytic enrichment

Three groups of samples (S, S,, and B,)) were
decomposed by electrolysis, respectively. For each
sample, 2.5 gof NaOH was added to 250 ml of the pre-
viously distilled water. The NaOH is an alkaline me-

dium favorable to electric conduction and hence the
reaction of water electrolysis is performed. When the
sample solution volume was reduced to 8 ml, the an-
ode disengaged from the liquid level and the electroly-
sis stopped. The total time of electrolysis of one sam-
ple was about 140 hours.

Neutralization distillation

To reduce the quenching effect during the mea-
surement using a liquid scintillation spectrometer, the
residual electrolyte was neutralized and distilled with
CO, to reduce the amount of NaOH in the samples.
The residual electrolyte treatment apparatus is shown
in fig. 3.

Measurement

For each sample, 8 mL of the residual electrolyte
was collected after neutralization and distillation. The
diluted residual electrolyte was transferred into the
liquid flash measuring bottle, together with 12 ml of
scintillating cocktail (Ultima Gold TM), and the solu-
tion was thoroughly mixed. The mixed sample was
stored in dark for 24 hours and then measured with the
Quantulus 1220 liquid scintillation spectrometer.

The concentration ratio of tritium after electroly-
sis is equal to the ratio of the activity concentration of
trittum in the concentrated solution of electrolysis to
the initial activity concentration of the sample. The
quenching correction is the ratio method [11].
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Figure 3. Electrolysis residual liquid distillation
apparatus

Counting efficiency of liquid
scintillation spectrometer

To obtain the activity concentration of the mea-
sured sample, it is necessary to measure the relationship
between the counting rate and decay rate of samples
with different activity concentrations. The counting ef-
ficiency E of the liquid scintillator measuring instru-
ment is also measured in this stage [12].

In this experiment, the efficiency calibration of
ultra-low background liquid scintillation spectrometer
was conducted by the ratio method using eq. (1)

-N
E:STbloo% (1)

where N; is the counting rate of standard tritium solu-
tion, in pulses per second, NV, — the counting rate of the
black sample, in pulses per second, and A4, — the activ-
ity of standard tritium solution. The decay per minute
(DPM) of tritium in each sample was then obtained us-
ing the following eq. (2).

ppm =Na=No

2
where Ny is the counting rate of the sample, in pulses
per minute, and N, —the counting rate of the black sam-
ple, in pulses per minute.

The sample activity is obtained by eq. (3)

DPM -V,

= 3
60-V, TV, ®)
where 4 [BqL’l] is the activity concentration of tritium
in the sample, V; [mL] — a volume of diluted samples.
V> [mL] — a volume of diluted samples used for mea-
surement. V3 [L] — the concentration volume of sam-

ples, and T — the concentration multiple which is
obtained by eq. (4).

T=" 4)

where A is the activity concentration of tritium after
electrolysis, [BqL™].

Since the sample was treated by electrolysis con-
centration and distillation, the electrolysis concentra-
tion multiple of tritium and the collection efficiency of
distillation should be considered when calculating the
activity concentration of tritium in the sample [13].
The SS is an 8 ml electrolyte residual liquid obtained
by electrolytic distillation of 250 ml V, with an activity
concentration of 100 BqL!. The activity concentra-
tion of SS is 48.50 BqL . It can be obtained by consid-
ering the measured value of SS, counting efficiency
curve, and distillation loss correction.

The minimum detectable activity concentration
is calculated by eq. (5).

465N,/ T,

5
60E, ) ®

D

where N, is the background counting rate, 7;, [min] —
the background sample counting time. E, [%] — the
sample counting efficiency. V'[L]—the sample volume.

RESULTS ANALYSIS

The volumes and dilution ratio of each residual
electrolyte after distillation are shown in tab. 1.

Standard tritium solutions with different activity
concentrations were prepared based on the initial ac-
tivity concentration of 15.40 Bqmg ™' (The production
date is April 21, 2017). The specific values are shown
in tab. 2.

The efficiency curve of the ultra-low-level back-
ground liquid scintillation spectrometer is shown in
fig. 4. The Y is DPM and X is activity concentration.

The measured background sample volume is 8 ml,
and the measurement time of the background sample is
1 minute. The counting efficiency of the background
sample is 36.73 %. The minimum detectable activity
concentration is 0.32 BqL™!. Thus, the counting rate of
the background sample is 1.4223 DPM. Table 3 shows
the activity concentration of *H in cooling water in SFC
and SSC.

According to the analysis that has been aforemen-
tioned, the background activity concentration of trittum
in the accelerator cooling water is 0.41 + 0.02 BqL™!,
the activity concentrations of tritium in S, and S, is 1.34
+0.04 BqL ! and 1.35 +0.04 BqL ', respectively.

For the accelerator, due to the manufacturing er-
ror of the main magnet in the cyclotron and space
charge effect, some particles will sense incorrect trans-
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Table 1. The volumes of each sample after distillation

Sample |The volumes after distillation [mL]|Dilution ratio
By 2.00 4.00
M 5.60 1.43
S 7.00 1.41
SS 7.90 1.01

Table 2. Standard tritium with different
activity concentrations

The activity Measured
Sample concentration [BqL™'] | value [Bq] Error [%]
N, 555.74 1.720-10° 0.451
N, 94.97 3.158:107" 1.103
N; 9.50 5.467-107 3.291
N, 475 3.883-102 | 4.243
N;s 2.85 3.183-102 | 4.934
N 0.95 2.583-1072 5.803
N; 0.66 2.567-102 | 5.833
Ng 0.47 2.500-1072 6.142
Ny 0.28 2.317-1072 6.340
Nig 0.09 2.183-102 | 6.631
Ny 0.05 2.450-107> 6.075
N, 47.48 1.675-107 1.591
259
DPM Y =0.99966 X + 4223
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Figure 4. Counting rate efficiency curve of
Quantulus1220

Table 3. Activity concentration of *H in cooling
water in SFC and SSC

Sample Measured | Activity concentrzﬁion of Error %
value [Bq] tritium [BqL ]
Si 16.517-107° 1.34 2.915
S 16.550-107 1.35 2.904
By |2367-10° 0.41 3.891

verse and longitudinal focusing magnetic field and
lost on the vacuum chamber wall along the beam trans-
mission path finally. The lost particles interact with the
surrounding material to produce secondary neutrons,
which cause the activation of water. It can be seen that
the activity concentration of tritium in SFC and SSC

cooling water were about 3.3 times the background
sample since the cooling water running time of SFC
and SSC is the same, about 3 months, each.

CONCLUSIONS

An electrolytic enrichment method to measure the
tritium activity concentrations in accelerator cooling wa-
ter has been developed based on the experiment using the
cooling water of HIRFL. The minimum detectable activ-
ity concentration and the counting rate efficiency curve
of Quantulus1220 ultra-low-level background liquid
scintillation spectrometer were measured. The activity
concentrations obtained when the counting rate is over
the minimum detectable activity concentration are reli-
able within the incertitude. Thus, not only cooling water
samples of SFC and SSC but also natural levels of tritium
have been measured successfully.

This result can be provided as a concept for esti-
mating the induced radioactivity in accelerator cool-
ing water. Also, it provides a reference to establish the
related standards and specifications for monitoring the
activity concentration of tritium in particle accelerator
cooling water.
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Yynur CJY, Janr BAHT, Tjemunr IIY, Xynrkaj BAHT, Joysy CY, hacjy YO, Hunrxy XAH

EKCIIEPUMEHTAJ/IHO ITPOYYABAILE KOHIHEHTPAIINJE
AKTUBHOCTU TPULIMJIYMA Y BOIU 3A XJTABEBE TENIKOJOHCKOTI
NCTPAXKUNBAYKOI IIOCTPOJEIbLA Y JTAHIIOY

Pacxmamna Bofia 13 MoCTpojerba 3a NCTpakiBarbe TEIIKAX joHa Yy JIaHTIoy, ofaGpanu je MemujyM
3a alcOPIIHjy TOIUIOTE F'eHeprCcaHe MHOIIITBOM KOMIIOHEHTH akieiepaTopa. TokoM pajia, Tpuiujym ce
MIPOM3BOJIA CEKYHJAPHUM HEYTPOHMMA Y aKIeJepaToOpCcKoj MeTIbH ca BOJIOM 3a Xiabewe akienepaTtopa,
KOju ce paBHOMepaHO pacnopebyje y Bogu cucrema y OOIMKY BOJOHUK-TpUIHjymMoKcuaa. CBpxa oBe
CTyAHje je fla YyCIOCTaBU MPEeNn3Hy METOMIY 32 MEepeHe HUCKOT HUBOA TPHUIHUjyMa Y CHCTEMY 3a Xilabeme
akiesepaTopa BOJOM. ¥Y30pILH pacxiajHe BOJie CEKTOPCKOT (poKycupajyher IMKIOTPOHA U U3[BOjEHOT
CEKTOPCKOT [IUKJIOTPOHA TEIKOjOHCKOT UCTPAKMBAYKOT TOCTpOjera y JIaHIIoy, Kao ¥ MPUPOTHA HUOBH
TpULHjyMa, yCrenrHo ¢y Mmepenn nomohy Quantulus1220 — TeqHOr CHMHTHIAIMOHOT CIIEKTpOMETpa Y-
Tpa-HUCKOT MO3aIMHCKOT 3pavdeka. MeTona eNeKTpOoNuTHIKOr oborahmBama KOpHuITheHa je 3a Mepermhe
KOHI[eHTpallFja aKTUBHOCTH TPUIUjyMa y y30pluMa pacxiaane Bofe. lllTaBuire, kKako 6u ce ocurypaia
MOY3J1aHOCT, TOOWjeHa je MUHIMAaJIHa KOHI[EHTpalija aKTUBHOCTH KOja ce MOXe YOUUTH Kao M KpuBa
edukacHocTH Op3uHe Opojara TEYHOT CHMHTHIAIMOHOT cnekTpomeTrpa. OBuM pamgom obeszbebyjemo
pedepeHIy 3a ycnocTaBibalke CPONHUX CTaHAApfa W crenupukandja 3a npaheme HABOA TPUIHjyMa Y
cucTeMy 3a xiabherme BOIOM akIeIepaTopa TEIIKUX jOHa.

Kwyune peuu: dpuyujym, KOHUeHIIpayuja aKitu8HOCHIU, pacxaadd 8004, aKueaepaiop



