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INTRODUCTION

Boron neutron capture therapy (BNCT) is consid�
ered today to be a promising technique for treating
malignant tumors. BNCT implies selective destruc�
tion of tumor cells by preliminary accumulation of sta�
ble 10B isotope in them and subsequent neutron irradi�
ation [1]. Absorption of a neutron by a boron nucleus
initiates nuclear reaction 10B(n, α)7Li followed by high
energy release in a cell, which results in its destruction.
Tests performed at nuclear reactors have shown that
BNCT allows treatment of brain glioblastoma and
melanoma metastases [2, 3]. For wide clinical applica�
tion of the technique, it is necessary that epithermal
neutron sources based on charged particle accelerators
be developed. A source based on an electrostatic tan�
dem accelerator with the vacuum insulation of the
electrodes and on neutron production reaction
7Li(p, n)7Be was proposed in [4]. A prototype of the
accelerator�based epithermal neutron source was con�
structed, and generation of neutrons was effected in
[5]. The neutron yield was measured by the activation
of the target with radioactive isotope 7Be, which is
necessarily produced in generation of neutrons, and
by detection of β– decay of 128I isotope produced by a
neutron flux in the NaI crystal of the γ spectrometer.
The epithermal character of the neutron spectrum was
qualitatively corroborated by readings of the BDT and
BD100R bubble detectors sensitive to neutrons with
different energy ranges.

In this paper, we present and discuss the spectra of
generated neutrons measured by the time�of�flight
(TOF) method in which the neutron energy is deter�
mined in a short radiation burst by the delay time of
their detection with a remote detector.

The use of the TOF method makes it possible to
reconstruct the epithermal neutron spectrum with a
high accuracy and reliability.

A new engineering solution has been proposed for
generating short neutron bursts. It is based on the
threshold character of the cross section for reaction
7Li(p, n)7Be. The solution resembles the well�known
blinking�accelerator method. The accelerator operates
in the stationary mode at a proton beam energy below
the 1.882�MeV threshold of reaction 7Li(p, n)7Be, and
neutrons are not generated. After a negative short
(200 ns) 40�kV voltage pulse is applied to the neutron�
generating target, which is electrically insulated from the
setup housing, proton energy increases to 1.915 MeV,
which results in a neutron burst. Rectangular�shaped
high�voltage pulses are generated using a double shap�
ing line and a thyratron operating by way of a switch
with a frequency of 100 Hz. Neutrons are detected by
a remote detector composed of a GS20 lithium�con�
taining scintillator 18 mm in diameter and 4 mm thick
and a photomultiplier tube. The time of flight (TOF)
of a neutron is determined by a ВЦП�1 time�to�digital
converter (TDC): the time interval is measured
between the instants when a high voltage is applied to
the target and the signal from the neutron detector
appears. The proposed engineering solution for gener�
ation of short neutron bursts, including the circuit dia�
gram of the generator, the measured pulse waveform,
the evaluated neutron detection efficiency, and results
of calibration using an α–Be source were described in
detail in [6].
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PROBLEMS ENCOUNTERED 
IN NEUTRON SPECTRUM MEASUREMENTS

A number of problems have been encountered
when taking neutron spectrum measurements, and
their effect has been minimized where possible.

The first problem was associated with the electro�
magnetic noise induced by generated short high�volt�
age pulses in the measuring equipment and accelerator
devices. The noise caused malfunctions and false trig�
gering both in the TOF measuring equipment and in
the accelerator control circuits, and, moreover, in the
high voltage pulse generation circuit. A high�fre�
quency ferrite filter was set at the power supply input
of the pulse generation circuit to suppress noise induc�
tion, and all assemblies of the high�voltage circuit were
grounded through it. Ferrite rings were attached to the
accelerator control wires and the high�voltage circuit.
The neutron generating target was surrounded by a
grounded metal shield. All the measuring equipment
near the detector was enclosed in an antijam box with
power supply filtering. The neutron detector itself was
placed inside a grounded shield, and its wires were also
shielded. All these measures have made it possible to
generate short high�voltage pulses and make measure�
ments.

The next problem can be attributed to the so�called
background neutrons. The point is that the concept of
TOF measurements imposes rigid requirements for
the background neutron flux level, since measurable
neutrons are generated in a short time interval (in our
case, 200 ns) and detected for a longer (a factor of 500)
time if the accelerator is in operation. The appearance
of background neutrons is associated with two factors.
First, during transportation, a small fraction of the
proton beam hits the stainless steel walls of the vacuum
chamber and initiates neutron generation as a result of
reaction 55Мn(p, n)55Fe. The manganese content of
12X18H10T steel is known to be 2%. Though the cross
section of reaction 55Мn(p, n)55Fe is much smaller
than the cross section of reaction 7Li(p, n)7Be, but, at

the same time, the reaction threshold is much lower,
being only 1.034 MeV. Therefore, interaction between
the proton beam halo and the walls of the vacuum pipe
initiates generation of a neutron flux, though being
small in value, but essentially hindering the taking of
measurements. This neutron background was sup�
pressed by shielding the chamber walls with a molyb�
denum foil along the whole transport beamline. Sec�
ond, background neutrons can be generated in con�
structional materials near a target, e.g., in a copper
substrate in reaction 63Cu(α, n)66Ga: high�energy α
particles are produced in reaction 7Li(p, α)4He when
the proton beam passes through the lithium layer.

One more way for suppressing the spurious back�
ground neutron signal is associated with neutron
reflection from the walls and the floor of a room that
houses the setup and the neutron detector. The degree
of the effect of reflected neutrons has been estimated
from experiments conducted with activation detec�
tors—115In pellets with a diameter of 10.0 mm, a
thickness of 0.4 mm, and a mass of 0.2 g. The activity
of the 115In pellets is presented in Fig. 1 as a function
of the distance from the target until it reached a value
of 239 cm at which the pellets were placed on the floor
of the protected shelter. It is apparent that the contri�
bution of reflected neutrons to the activation of pellets
becomes significant near the floor. To reduce the effect
of reflected neutrons, the neutron detector was lifted
above the floor to a height of 1.5 m.

The next problem can be attributed to the spurious
signal of γ quanta. Though the neutron detector based
on a lithium glass is based on reaction 6Li + n  3H +
α + 4.785 MeV, high�energy γ quanta may also pro�
duce as bright scintillations in the lithium glass as neu�
trons do. Figure 2 presents the γ�ray spectra measured
by a BGO spectrometer located at a distance of 160 cm
from the target in a lead shielding. The spectra were
obtained for two proton energies one of which was
below the neutron generation threshold. It is apparent
that, apart from the clearly discernible 478�keV peak
attributable to the proton–lithium interaction, γ
quanta with energies as high as 4.8 MeV and even
higher are produced when neutrons are generated. In
Fig. 3, it is evident that the detector detects neutrons,
which form a clearly discernible peak 1, as well as γ
quanta with a wide spectrum of signal amplitudes 2.
An amplitude discriminator is used to cut off the sig�
nals from γ quanta with amplitudes lower than the
amplitudes of the characteristic neutron signals.
A lead shielding 7 cm thick is used to attenuate the
high�energy photon flux producing the signals indis�
tinguishable from the neutron signals. The shielding
allows the photon flux with energies of a few MeV to
be reduced by a factor of 100 [7]. In this case, the lead
shielding does not affect the neutron spectrum shape,
since the cross section for neutron scattering from lead
is almost constant at neutron energies ranging from
1 eV to 100 keV.
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Fig. 1. Dependence of activity Y of 115In pellets on dis�
tance R to the target.
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One more difficulty is caused by the instability of
the accelerator voltage. Though the electrostatic tan�
dem accelerator ensures a high stability of the proton
beam energy (10 keV), nevertheless, this stability is
critical for the TOF method. To avoid unplanned neu�
tron radiation bursts, the proton energy was decreased
by 10 keV below the reaction threshold. However, this
could not always help us, since the proton energy
instability sometimes reached a value of 20 keV. Each
neutron burst originated by a proton energy jump may
be responsible for as many as 1000 and even more
noise events in the spectrum being measured at that
time, wasting thereby several hours of data acquisition.
Program filtering was used to eliminate this back�
ground. It monitored the accelerator voltage in a real
time mode and acquired the neutron spectrum data.
If the accelerator voltage fell beyond the predeter�
mined limits (Fig. 4), data acquisition was halted, and,
when the voltage recovered, was automatically
resumed. The use of this program has made it possible
to closer approach the neutron production threshold
(up to 1875 ± 5 keV) and to reject background spikes.
As a result, the neutron spectrum was measured at a
proton energy of 1915 ± 5 keV. Apart from the pulse
character of the accelerator voltage instability, addi�
tional slow variation in the voltage was observed and
corrected manually.

One more difficulty in taking TOF measurements
consisted in the absence of routine diagnostics of the
beam at the target. Since high voltage pulses were
applied to the target, it was impossible to use the cur�
rent, calorimetric, and dosimetric diagnostics. The
temperature method remained the sole method for
monitoring the beam position near the target. The
beam displacement could be measured by means of
four thermocouples fixed in place on the sides of the
vacuum chamber near the target. Nevertheless, this
method fails to be precise and fast and is better suitable

as a protective means against possible vacuum section
burning�through caused by the beam. Therefore, it
was proposed using the following method for addi�
tional diagnostics. The interval in which neutrons are
detected by means of the ВЦП�1 TDC is 100 µs.
In addition, when the neutron detector was placed at a
distance of 78 cm, neutrons with energies ranging
from 2 eV to 200 keV were detected in the first 50 µs,
and slower neutrons were measured in the next 50 µs.
Abandoning detection of slow neutrons, it is possible
to measure the noise level due to random events. To do
this, it is sufficient that acquisition of neutron events
by the ВЦП�1 TDC start 50 µs earlier than the appli�
cation of a high voltage pulse initiating a neutron
burst. The neutron detector measures only the noise
signal until a neutron burst happens and, after the
burst, the useful signal as well. The use of this method
in the neutron spectrum acquisition is illustrated in
Fig. 5. Therefore, at any instant of time, it is possible
to monitor the actual signal�to�noise ratio. Deteriora�
tion of this ratio means that the beam position and/or
energy must be corrected.
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Fig. 2. Spectrum of γ quanta from the neutron�generating
target upon incidence of the proton beam with energies of
(1) 1.870 and (2) 1.930 MeV on it: (N) counting rate.
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Fig. 3. Characteristic spectrum of the neutron detector sig�
nals: (1) neutron bursts and (2) noise due to high�energy γ
quanta.
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Fig. 4. Example of the filtering program operation in the
course of the TOF experiment: (U) accelerator voltage, (t)
time, and (1) upper and (2) lower limits of the voltage.
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RESULTS OF MEASUREMENTS 
AND DISCUSSION

The neutron spectra measured using the TOF
method over 5 days are shown in Fig. 6 in comparison
with the calculated neutron spectrum [8].

For the neutron energy to be determined, both the
measured TOF and the path lengths of neutrons must
be known. If a mechanical chopper placed behind the
target is used to produce short neutron bursts, the path
length would be unambiguously defined by the chop�
per�to�detector distance. In our case of application of
the blinking accelerator method, the situation is
worse. Neutrons generated in a thin lithium layer pass
thereafter through the target assembly proving effi�
cient heat pickup. The target assembly with a thickness
of 6 cm is made of stainless steel and has water supply
channels with a characteristic size as large as 2.2 cm
[9]. Passing of neutrons through the target assembly is
followed by their scattering and moderation by elastic
scattering in the water. Thus, for example, the neutron
energy decreases over five collisions from the initial
value of 40 keV (the mean energy of emitted neutrons)
to 300 eV. Since the neutron range characteristic of
these energies in water is 1.1 cm, a neutron is displaced
in five collisions in the initial direction for a distance of
~1 cm, traveling a path of 5.5 cm. Therefore, the paths
that neutrons travel before reaching the detector differ:
fast neutrons that do not practically slow down and do
not scatter travel a shorter path than those being mod�
erated.

The measured spectrum is shown in Fig. 6 for the
case when the neutron path length is assumed to be
84 cm, whereas the distance from the center of the
lithium layer in the target to the detector end surface is
78 cm. The selection of this distance is explained by
the desire to match the clearly discernible dip in the
neutron flux at energies of 300–400 eV both in the cal�
culated spectrum (316–398 eV) and in the measured
distribution (1 in Fig. 6). This dip can be attributed to
neutron scattering from 55Мn nuclei that are present in
the stainless steel in an amount of 2%. In this energy

range, the cross section of neutron scattering from
55Мn nuclei has a wide peak with a maximum of 3232 b
at an energy of 340 eV.

Peaks 2 and 3 in the neutron spectrum in Fig. 6 are
due to the free flight of neutrons through iron, since
the cross section of neutron scattering from 55Fe nuclei
at energies of 24.5, 72.9, and 82.0 keV is by three
orders of magnitude smaller than the characteristic
scattering cross sections in this energy range. It is
apparent that the measured spectrum complies with
the theoretical one. However, the best agreement in
this energy range is observed when the flight path is
assumed to be 80 instead of 84 cm. If we take into
account that the GS20 glass is located at some distance
from the detector end surface and that neutrons are
generated on a surface 10 cm in diameter, the obtained
fast�neutron path length of 80 cm is in good agreement
with the distance from the center of the lithium target
to the detector end surface, which is 78 cm. We also
notice that the experimentally determined 4�cm dif�
ference in the path lengths of neutrons with energies of
40 keV and 300 eV is explained well by the scattering of
the latter neutrons in water.

As a result, the neutron spectrum corroborating the
theoretical data has been measured at the accelerator�
based neutron source using the TOF technique. The
produced neutron flux with a mean energy of 13 keV
corresponds to the “ideal” neutron spectrum for
BNCT [10, 11].

CONCLUSIONS

The epithermal neutron source based both on the
electrostatic tandem accelerator with the vacuum
insulation of the electrodes and on generation of neu�
trons in threshold reaction 7Li(p, n)7Be has been
designed with the aim of developing a technique for
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Fig. 5. Data acquisition process during the experiment of
March 7, 2013: (T) flight time and (N) counts. Only noise
events are shown in the first 50 µs, and the signal + noise
values are presented in the subsequent 50 µs.
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Fig. 6. Measured neutron spectrum: columns present the
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spectrum, and the characteristic features of the spectrum
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neutron capture therapy of malignant tumors. The
TOF diagnostic complex has been developed to mea�
sure the neutron spectrum using the TOF method, and
neutron generation has been performed based on the
new engineering solution.

The engineering solutions allowing us to minimize
the influence of electromagnetic noise pickup, spuri�
ous neutrons, high�energy γ quanta, and the accelera�
tor voltage instability on measurements of the gener�
ated neutron flux spectrum have been presented in the
paper. Data acquisition over 5 days has made it possi�
ble to reconstruct the neutron spectrum with a high
degree of detail. The measured neutron spectrum
complies with the theoretical spectrum with a high
degree of accuracy, including details due to modera�
tion of neutrons and their resonant scattering or trans�
mission. It has been experimentally confirmed that
the spectrum of the generated neutron flux complies
with the ideal spectrum required for neutron capture
therapy.
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