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Abstract: Boron neutron capture therapy (BNCT) is a binary targeting radiation therapeutic modality.

Neutron source is one of the basic conditions of BNCT research. Specially designed neutron source, which

could be set in hospital, is needed urgently for doctors and researchers. China research group has developed

In-Hospital Neutron Irradiator-1 (IHNI-1), which is a specially designed reactor-based neutron source for
BNCT with thermal power 30 kW and suitable for hospital siting. THNI-1 has highly efficient neutron

beams for both shallow and deep tumor irradiation and has the features of inherent safety, low power, small

size, long-time stable, easy and quick operation, environment-friendly and low investment for construction

and maintain. This paper gives a review of the development of IHNI-1, including the structure introduction

and main test operation result, characterization neutron beams and finally reviews on the first BNCT clinical

research at THNI-1.
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Introduction

Boron neutron capture therapy (BNCT) is a binary targeting
radiation therapeutic modality based on the nuclear capture
and fission reactions that occur when the stable isotope
boron-10 is irradiated with neutrons to produce high-
energy alpha particles and recoiling lithium-7 nuclei (1).
The basic principle of BNCT was initially put forward by
the American biophysicist G. L. Locher in 1936. Boron
agent and neutron source are two basic conditions of BNCT
research and always been optimized during the past 82 years.
For the boron agent part, two boron agents, sodium
mercaptoundecahydrododecaborate (Na,''B,,H,,SH;
Na,'""BSH) (2) and L-p-boronophenylalanine (L-""BPA) (3),
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have been clinically utilized for the treatment of malignant
brain tumors (4), malignant melanoma (5), head and neck
cancer, lung cancer, hepatoma, chest wall cancer, and
mesothelioma (6-8). Next generation boron agents have
taken two directions: small boron molecules and boron-
conjugated biological complexes (9). For the neutron
source part, there was no specially designed reactor-based
neutron source could be used for BNCT researches before
THNI-1. Even neutron beam facilities for BNCT had not
generally been part of the original design specifications for
research or test reactors (9), except Massachusetts Institute
of Technology Research Reactor (MITR) and Brookhaven
Medical Research Reactor (BMRR) (10). From 1990, a
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significant number of reactors were modified to incorporate
epithermal neutron beam, by using the reactor core directly
as the source for the epithermal neutron beam (11-20). The
reactors power is from 100 to 45 MW.

However, scientists had gradually realized that the
research reactor really could not be regarded as a friendly
environment for complicated medical treatment (21). For
doctors and patients, the large and medium sized research
reactors are always located at the place far from the
populated areas, so doctors and patients need a long journey
for the treatment and high level of security might increase
mental burden for the patients. On the other hand, clinical
irradiation might share use of the neutron source with
comprehensive nuclear technology applications according
to the reactor operation schedule. For owner of the facility,
construction and maintain of research reactors would very
expensive and complex and specially trained engineers and
researchers are needed to guarantee the safety and normal
operation of the facility. So, the requirement of newly
designed neutron source, which could be site in hospital,
designated for BNCT clinical trials is urgent. Different
approaches have been studied, including *”’Cf spontaneous
fission radioisotope source, accelerator-based neutron
source, small sized reactor specially designed for BNCT,
and etc.

China has a strong background of the development
of miniature neutron source reactor (MNSR) (22).
International Atomic Energy Agency (IAEA) gave
suggestions for an BNCT reactor in the hospital in “Current
Status of NCT” as early as in 2001 (23) as following:
“Designing an extremely safe NCTR is possible by using already
proven technologies. An optimized low power reactor could be an
effective tool to be used in a medical center.” and “The reactor
itself is safe in any anticipated accident conditions because of low
power, limited operation time, low excess reactivity and inberent
safety feature of large prompt negative temperature coefficient. Its
operation and management cost would be lower than that for the
equivalent medical accelerator”. In 1980s, China’s prototype
MNSR (24) with features of intrinsic safety, low power,
small sized, low investment and unattended operation was
successfully developed and installed for the purpose of
neutron activation analysis (NAA). After modification and
optimization, such type of low power reactor can serve as
the proper BNCT neutron source facilities, which could
almost follow all the suggestions of BNCT reactor in the
hospital given by IAEA.
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Therapeutic Radiology and Oncology, 2018

Development of IHNI-1

THNI-1 is a specially designed reactor-based neutron
source for BNCT, based on the MNSR technique. The
overall framework of IHNI-1 was designed by Prof.
Yongmao Zhou. IHNI-1 was constructed by Beijing
Capture Technology Co. Ltd (BCTC) with the support
and guidance of China National Nuclear Corporation
(CNNOC) plus the active and devoted involvement of China
Zhongyuan Engineering Corporation (CZEC), China
Institute of Atomic Energy (CIAE), Northwest Institute of
Nuclear Technology (NINT), and etc. (22). IHNI-1 got
fuel loading permit and construction permit from National
Nuclear Safety Administration (NNSA) in July 2008. The
construction of IHNI-1 was completed and realized its
criticality by the end of 2009 and IHNI-1 achieved full
power in Jan 2010.

Site and scope (22,25)

The site of IHNI-1 is in the vicinity of CIAE, Fangshan
District, Beijing, China. It is 2 km away from the supporting
hospital and about 40 km away from downtown. The main
building has a floor space of 477 m’, including neutron
source facility, neutron beam facility, medical facility,
relevant process rooms and labs, medical preparation room,
offices, etc. The reactor facility part is 4 m (depth) x10 m
(width) x18 m (length) with a building area of 175 m® with
one floor underground and two floors on the ground. The
total building area of the facility is around 500 m’.

Major technical parameters

THINI-1 is pool-tank type reactor based on modified
MNSR with thermal power 30 kW (26,27). IHNI-1 has
low enriched uranium deeply-undermoderated reactor core
designed with full natural circulation cooling. Light water
is used for cooling and moderating. Tible 1 shows the main
parameters of IHNI-1 (22,25).

IHNI-1 has three horizontal neutron beams, one
thermal neutron beam and one epithermal neutron beam
for BNCT treatment, one beam for prompt-y analyzation.
IHNI-1 also has two vertical neutron beam facilities at
reactor vessel (22,28). It takes only 2-3 min for the reactor
power rising from 0 to 30 kW. Only one trained operator
is needed for routine operation and no nuclear waste
would be released to the environment. If IHNI-1 running
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at 30 kW, 2.5 hours a day and 4 days a week, one cage of

fuel could be used more than 20 years (28). Figure 1 shows
the structure of INHI-1.

Table 1 Main parameters of IHNI-1

Iltem Value
Reactivity of center control rod (mk) -6.40
Reactivity of auxiliary control rod (mk) -3.78
Total reactivity worth of upper reflector (mk) ~17.6
Cold excess reactivity (mk) 4.20
Fuel temperature reactivity -1.289x107° Ak/k

coefficient (°C) (20~100 °C)

Coolant temperature reactivity -9.532x10°° Ak/k

coefficient (°C) (20~30 °C)
Effective delayed neutron fraction 8.32x107°
Prompt neutron removal lifetime (s™) 7.935x10°
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Composition of IHNI-1

IHNI-1 is composed of three modules, including miniature
nuclear reactor neutron resource facility, neutron beam
facility and support setups (22). The three modules will be
introduced in detail as following:

Miniature nuclear reactor neutron resource facility
Reactor core (22,27)
The reactor core is of 240 mm in height and diameter,
respectively, and the core volume is 10.9 L only. The fuel
cage of reactor core has 350 lattice positions in array of
concentric circles and equi-radian length (Figure 2) and 302
integrated element rods are loaded. Element rods are made
of highly sintered density UO, pellets with *’U enrichment
of 12.5%.

The reflectors are made of metal beryllium (27). The side
reflector is one beryllium annulus installed vertically around
the reactor core. The bottom reflector is one beryllium

In-Hospital Neutron Irradiator
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Figure 1 The structure of INHI-1 (25).
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Figure 2 The fuel lattices arrangement.

disc beneath the reactor core. The top reflector is made of
beryllium sheets on the top of reactor core.

Control rod (22,28)

One center control rod, one auxiliary control rod and two
reactivity regulators are sited in the reactor. All of them are
made of cadmium tube with aluminum layer inside with
different size and design. The center control rod is installed
at the center of the reactor core for the purposes of reactor
startup, shutdown, reactor power adjustment as well as
stable operation automatic control under rated power. The
position of auxiliary control rod and reactivity regulators
is inside the side reflector. The auxiliary control rod is
designed for reactor shut down in case of center control
rod failure or upper reflector operation. The reactivity
regulators are set in the purpose of excess reactivity
regulation and not involved in the operation control of the
reactor.

Neutron energy regulator (22,25)

Two arc-shaped neutron energy regulators, which are one
graphite block and one aluminum block for thermal neutron
and epithermal neutron beam, respectively, are arrayed in
a radian range of 120° in the gaps between inside wall of
the reactor vessel lower section and ex-annulus of the Be
reflector. The mixed spectrum neutrons released from side
reflector will be collected and intercepted by the regulator.
Reactor vessel (22,28)

The cylinder-shaped reactor vessel is composed of upper
and lower sections and locates at the center of the reactor
water pool. Reactor core, beryllium reflectors, control rods,
neutron energy regulators and reactor core parameters
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measurement device are installed in the lower section.
The reactor vessel water surface is 5 meters above the top
of reactor core. The volume of reactor water is 1,621.5 L.
The nuclear fission heat produced by the core conducts
to reactor water through natural convection, and then
conducts through the vessel wall to the pool water.

Reactor water pool (22,28)

The rectangular reactor water pool is set at the center of
the reactor hall, with a volume of 40 m’. The water surfaces
of the reactor pool and reactor vessel are to be maintained
at the same level. The pool water is to let out heat produced
from the reactor core and provides radiation protection to
work staff.

Neutron beam facility

Three neutron horizontal beam facilities are designed in
IHNI-1 (Figure 1). One thermal neutron beam and one
epithermal neutron beam are branched out from left and
right sides of side reflector around the core of IHNI-1,
respectively. In the vertical direction of thermal neutron
beam, tangential direction of the core, one measurement
beam is branched out (22).

Thermal neutron beam facility

Thermal neutron beam energy field is <0.4 eV. The beam
is composed of graphite filter, bismuth shield, boron poly,
bismuth cone collimator and outside collimator (27). A
conical cavity is designed to straighten neutron beam
flow parallelly at beam port. Five adjustable apertures (6,
8, 10, 12 and 14 cm) are designed at the beam port. The
primary y-ray radiated from the core and the secondary
y-ray induced by components of beam will be absorbed by
bismuth structure (22). Compared with metal lead, metal
bismuth has the advantage of higher neutron availability
and lower secondary y-ray contamination compositions. A
frustum-shaped outside collimator, 15 ¢cm protruding from
the wall level, is designed for eliminating thermal neutrons
escaped to the outside and reducing normal issue dose
of the patient. The set of outside collimator also makes
positioning of the patient much easier than the beam port
just on the wall. Thermal neutron beam facility can be used
in in vitro and in vivo BNCT study as well as clinical trials
of shallow tumor, such as cutaneous malignant melanoma.
Epithermal neutron beam facility

Epithermal neutron beam energy field is at the range from
0.4 eV to 10 keV. The beam is composed of aluminum
filter, AL,O; filter, cadmium absorbing curtain, bismuth
shield, boron poly, bismuth cone collimator and outside
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collimator (25). The size and function of cone-shaped
outside collimator is the same as thermal neutron beam,
but the material is different according to different energy
range requirements of the two beams. As thermal neutron
beam, five adjustable apertures (6, 8, 10, 12 and 14 cm)
are designed at the beam port. Epithermal neutron beam
facility can be used for deeper tumor treatment, such as
brain tumor, head and neck cancer, etc.

Thermal neutron measurement beam

Neutron beam energy field is <0.4 eV. The beam port is
designed with a diameter of 2 cm. As the beam is at the
tangential direction of the core, the primary y-ray level
is very low. Thus, the measurement beam is suitable for
prompt y-ray neutron activation analysis (PGRNAA) for
real time boron concentration in the course of BNCT
treatment.

Support setups

Irradiation room

Irradiation rooms of the size 2.0 m (H) x 4.0 m (W) x 4.6 m
(L) have been designed for thermal neutron beam and
epithermal neutron beam, respectively (22). The setups in
the room are as follows:

(I)  Operation bed for patient positioning at irradiation
aperture from different directions;

(II) Neutron and y-ray dose measuring and monitoring
system;

(II) Monitor and intercom system for observing and
communicate with the patient inside the irradiation
room.

Position system

Position system is designed for exact localization and
precise repetition of patient treatment position. Position
system is composed of two parts, beam simulation facility
and isocentre laser unit. The beam simulation facility is
composed by a simulation collimator with the same size
and height of outside collimator of the two beams and a
beam-eye view window. The beam-eye view window is
made of transparent polymethylmethacrylate (PMMA) and
designed to help doctors to find and verify the irradiation
field. Isocentre laser unit in simulation room is including
one ceiling mounted and three side wall-mounted lasers.
Isocentre laser unit in two treatment room is made up with
one ceiling mounted and two side wall-mounted lasers for
each room.

Boron concentration detection systems

Both PGNAA system and inductively coupled plasma-
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atomic emission spectrometer (ICP-AES) measurement
system have been built in IHNI-1 for boron concentration
detection. The PGNAA system is composed by an n-type
HPGe detector of 40% efficiency, digital spectrometer and
shielding part. For both detector shielding part and the
neutron beam shielding part, the inner layer was Li,Co;
powder and the outer is lead (29). ICP-AES system is
composed by iCAP 6300 ICP spectrometer and sample
preparation devices. Boron concentration of blood sample,
4-dihydroxyborylphenylalanine-fructose (BPA-F) infusion
sample, urine sample and tissue sample could be measure by
two systems.

Irradiation detection systems

One p-type HPGe detector of 70% efficiency and 4np-
y system are site for neutron flux measurement. Thermo-
luminescence detector (TLD) system is prepared for
measurement and evaluation of y-ray or the total dosage of
gamma and neutrons.

Main test operation result of IHNI-1 (24,30)

After construction of all the IHNI-1 components including
fuel, Be reflector, detectors, three neutron beams facilities,
and etc., startup of IHNI-1 was realized in December 2009.
The following is the main experimental results of the test
operation of IHNI-1, which demonstrates that IHNI-1 has
inherent safety and could provide long time stable neutron
flux density for BNCT.

Power excursion experiment

Safety of the IHNI-1 relies on a limited maximum excess
reactivity control in normal and abnormal conditions.
When a certain amount of positive reactivity is inserted into
the reactor promptly, the power will be increased rapidly,
however, it will turn to the normal value due to the negative
temperature effect. Figure 3 shows the curve of power
transient. The maximum peak power value for 4.2 mk
reactivity release was 85 kW with the corresponding time
229 s, and then the power turned to normal level without
any operation.

Long time operation at full power

Figure 4 shows that at the full power of 30 kW, the IHNI-
1 can be operated for 12 hours continuously, and the
perturbation of the flux density was about 3%o, which
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demonstrated IHNI-1 could provide very stable neutron
flux density for BNCT irradiation.

Characterization of IHNI-1 beams (31,32)

Basic characterization of the neutron beams of IHNI-
1 was determined experimentally by research group from
CIAE before clinical application, including neutron spectra,
neutron fluence rate and its spatial distribution and the
dosed induced by undesired neutrons and y-rays of free
neutron beams in-air.

Neutron spectra

An extended Bonner sphere spectrometer (BSS) was
developed and the relevant experimental method was
designed for the measurement of the neutron spectra of
two treatment neutron beams with wide energy range,
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Figure 3 Power transient following 4.2 mk step increase in
reactivity (30).
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high flux density, strong room-scattering background and
non-uniform neutron distribution. The BSS was based on
a 'He proportional counter as thermal neutron sensor and
consisted of 14 detection units. In order to improve the
resolution in epithermal region, four polythene spheres
covered with different thicknesses of boron shells were
designed. The response functions of the spectrometer were
calculated with the Monte Carlo N Particle Transport
Code (MCNP), and calibrated and verified with standard
*Cf and **'Am-Be neutron sources. The measurements
were performed at 110 cm from beam port. The neuron
spectra at the beam port were deduced by anti-iteration
technique.

Agreement between the measured and calculated spectra
was fairly satisfied in the predominant energy ranges. The
measured spectra showed a little increasing discrepancy
with the calculated ones in the relative high energy ranges.

Neutron fluence rates

A system based on gold foils and an improved *’U fission
chamber was established for measuring the neutron fluence
rates of different energy regions. Thermal and epithermal
neutron fluence rates were measured by gold foils, bare
or cadmium-covered. Activities of the gold foils were
determined by 4np-y coincidence device. Fast neutron
fluence rate was detected by Boron-covered *’U fission
chamber. Results showed a good agreement of design.
Thermal neutron fluence rate of thermal neutron beam was
1.90x10” em™.s'and calculated values was 1.87x10” cm™.s™".
Epithermal neutron fluence rate of epithermal neutron
beam was 4.90x10° cm™
5.03x10° cm ™57,

-1
.s"and calculated values was
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Figure 4 Neuron flux in the core in 12 h at full power.
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Neutron spatial distributions

Neutron spatial distributions were measured by scanning
manner with a bare *’U fission chamber for the thermal
beam, for the epithermal beam with a cadmium-covered
*¥U fission chamber. The measurement results agreed with
the simulated results. Neutron fluence rate was almost flat
within the beam aperture (12 cm diameter). There was a
central region with the diameter of 4 cm where the neutron
fluence rate was within 95% of its maximum value.

Gamma kerma rates

A system based on TLD-600 (°LiF:Mg, Ti) and TLD-
700 (LiF:Mg,Ti) thermoluminescence dosimeters was
established for measuring the air kerma rate of y rays in the
neutron beams with high flux density. The air kerma rate of
undesired neutrons in the neutron beams was determined by
means of the measured neutron spectra and neutron fluence
rates together with the air kerma coefficients of neutrons.
Measured values of gamma kerma rates were 1.01 Gy-h™
and 1.05 Gy-h™', respectively for thermal beam and
epithermal beam. Measured values were higher than the
calculated results.

Clinical research for malignant melanoma (33)

A clinical research for treating malignant melanoma by
BNCT was designed by using IHNI-1 as the neutron
source. This clinical research was approved by the Medical
Ethics Committee of the Third Xiangya Hospital of
Central South University and the research was conducted in
accordance with the protocol as per Clinical Trials.gov (No.
NCT02759536)

The first patient was enrolled in August 2014. The
patient got pigmented lesions on the sole and heel of his left
foot and was diagnosed as malignant melanoma. He refused
first-line treatment option and demanded to be enrolled
as the first BNCT patient in China. The patient accepted
an uptake study four days before BNCT irradiation, to
get both tumor and normal tissue and blood samples to
make sure the T/N, N/B, 'T/B factors. The patient’s organ
at risk (OAR) was normal skin. The prescription dose of
normal skin was 16 Gy-eq. BPA (produced by Syntagon
AB) dose was 350 mg/kg with injection time 90 min.
The dose calculation was carried out by using MCNP by
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modeling the targeting region of the patient and got a
table of BPA concentration, OAR dose and treatment time.
Some assumption was set in dose calculation as following:
"B concentration in blood (Cy) would be measured
before the treatment and get the result within 5 min; B
concentrating in tumor (Cp) was equal to T/B multiply by
Cy; "B concentrating in normal skin (Cg) was equal to N/B
multiply by Cy; "B concentrating was homogeneous in both
normal skin and blood; compound biological effectiveness
(CBE) factors for normal skin and tumor were 2.5 and 3.8,
respectively; relative biological effectiveness (RBE) factor
for high linear energy transfer (LET) particle was 3.2.

The patients were treated with two irradiation fields on
his heel and sole of his left foot for one BPA-F infusion
between 120-180 min after the beginning the infusion on
September 9™ 2014. The irradiation time was 10.5 and
12 min respectively for the two irradiation field. Only
grade 2 acute radiation injury was observed during the first
4 weeks after BNCT and the injury healed after treatment.
No late radiation injury was found during the 24-month
follow-up. Figure 5 shows gross examination of the patient
before and after BNCT. Based on positron emission
tomography-computed tomography (PET/CT) scan,
pathological analysis and gross examination, the patient
showed a complete response to BNCT.

Conclusions

THNI-1 is a specially designed reactor-based neutron source
for BNCT, which could be set in hospital. IHNI-1 has the
features of inherent safety, low power, small size, longtime
stable, easy and quick operation and low investment
for construction and maintain. The beam parameter
measurement showed a good agreement of design value and
could meet the requirement for BNCT irradiation. The
first patient, treated by using IHNI-1 as the neutron beam
source, showed a complete response to BNCT, preliminary
indicating that IHNI-1 is a safe and efficient neutron source
for BNCT.

BNCT is a novel method for cancer treatment. IHNI-1
makes it is possible for hospitals or medical research centers
to equip with BNCT neutron source and carry out BNCT
clinical research and we believe IHNI-1 would make its
contribution to the development of BNCT research and
application.
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D

Figure 5 Gross examination of the patient before and after BNCT. (A,B) Gross examination of the skin lesions in the patient’s left foot
before BNCT); (C,D) gross examination of the skin lesions in the patient’s left foot after BNCT 6 months (C) and 24 months (D). BNCT,

boron neutron capture therapy.
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