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Background

1. Boron compound 
     IV infusion 

BPA infusion

Neutron BeamBoron Accumulates
in cancer cells

2. Neutron beam 
    irradiation

Neutron

¹⁰B

⁷Li

⁴He particle

3. Transmuted particles destroy
    tumor cell nuclei

¹⁰B(n.α)⁷Li reaction

Ø Neutron Beam reacts with boron-10
Ø Destroy tumor cells from inside
Ø Safety passes through surrounding 

tissue
Ø Treatment time ~ 1 hour

Boron Neutron Capture Therapy (BNCT)

BNCT is one of the promising applications of the compact 
neutron source using an intense Li ion beam driver. 



Neutron generators with proton driver
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• Neutron generation with Li or Be target
• 2 - 30 MeV proton energy
• 10 – 30 m long 
• Higher neutron flux compared with other types of compact 

sources

Background

Example of application: Accelerator Based-BNCT(AB-BNCT)  *1  

*1 International Atomic Energy Agency (IAEA), “Advances in Boron Neutron Capture Therapy”, 2023 



Demand for compact accelerator 
driven neutron generator
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Recently, as nuclear reactors are being retired, compact 
accelerator driven neutron generators are getting more 
desired.

No reactor
• Updating the reactors has been prevented by nuclear non-proliferation 

policies and the impact of past accidents
Low cost

• Spallation source is expensive and machine time is limited
Wide range of applications

• Nondestructive inspection
• Residual stress in train rails and aircraft parts
• Hidden failures of buildings and bridges
• Cargo inspection
• Neutron imaging

• Boron neutron capture therapy (BNCT)
• Detector development

Background

*1 Web page of the Paul Scherrer Institute (PSI), https://www.psi.ch/en/niag/what-is-neutron-imaging
*2 Web page of Japanese Society of Neutron Capture Therapy (JSNCT), http://www.jsnct.jp/e/about_nct/

Radiography *1

Neutron imaging

X-ray imaging
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Inverse kinematics



Neutron production with proton beam
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• These reactions are endothermic and undesired radiations could be small if beam 
energy is near the thresholds.

• However, since the proton is lighter than the target atoms, the neutrons are produced 
in the 4 p direction and only a small fraction can be used for the application.

 Yubin Zuo et al.  /  Physics Procedia   60  ( 2014 )  220 – 227 221

1. Introduction 

Low energy accelerator-driven neutron sources have been developed for several decades, and the main 
nuclear reactions used to generate neutrons are: 

 
D + d →  3He + n + 3.28 MeV  
T + d →  4He + n + 17.6 MeV  
7Li  + p → 7Be + n – 1.64 MeV  
7Li  + d → 2 4He + n + 15.03 MeV  
9Be + p → 9B + n – 1.85 MeV  
9Be + d → 10B + n + 4.35 MeV  
9Be + JJ  → 2 4He + n – 1.67 MeV  
 

The corresponding thick target fast neutron yields of these reactions are showed in Fig. 1 [1].  
 

 

Fig. 1. The thick target neutron yield as a function of bombarding ion energy for various low energy nuclear reactions [1]. 
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Fig. 1. The thick target neutron yield as a function of bombarding ion energy for various low energy nuclear reactions [1]. 

Y. Zuo, et al, “Neutron yields of thick Be target bombarded with low energy deuterons” 

Background



Neutron source with Li ion driver
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• If heavy ions are injected, neutrons are directed to forward because of the high  
gravity center velocity.

• Neutron flux at large angles is reduced drastically
• Smaller number of unwanted radiation and smaller shielding -> clean neutron source

Background

Inverse kinematic 
reaction



Success of 35 mA beam acceleration 
by first stage accelerator (RFQ linac)

11

4

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14016  |  https://doi.org/10.1038/s41598-022-18270-0

www.nature.com/scientificreports/

so that ion beam loss does not occur due to space charge. !e DPIS was applied to a lithium-ion beam for the 
"rst time during the present demonstration.

!e RFQ structures were developed to bunch and accelerate low energy high current ion beams and became 
standard for the "rst stage of acceleration. We used an RFQ to accelerate 7Li3+ ions from the injection energy of 
22 keV/n to 204 keV/n. Although lower charge state lithium and other species in the plasma were also extracted 
from the plasma and injected into the RFQ aperture, only ions with a charge to mass ratio (Q/A) close to that of 
7Li3+ could be accelerated by the RFQ linac.

Figure 4 shows the waveforms detected by a current transformer (CT) at the exit of the RFQ linac and by a 
Faraday cup (FC) a$er the analyzing magnet, as shown in Fig. 2. !e time shi$ between the waveforms can be 
explained by the di%erence of TOF at the detector locations. !e measured peak ion current at the CT was 43 mA. 
At the CT position, the detected beam could contain not only ions that have been accelerated to the designed 
energy, but also ions other than 7Li3+ that have not been accelerated su&ciently. However, the similarity of ion 
current waveforms detected by the CT and the FC implies that the ion current mainly consists of accelerated 7Li3+ 
and the decrease of the current peak at the FC was caused by the beam loss during ion transport between the 
CT and the FC. !e beam loss was also con"rmed by an envelope simulation. To accurately measure the beam 
current of 7Li3+, this beam was analyzed by a dipole magnet as explained in the next section.

Figure 3.  Fraction of ions in the laser-produced plasma obtained using time-of-'ight analysis. Ions of 7Li1+and 
7Li2+ constitute 5% and 25% of the beam, respectively. Within the experimental error, the fraction of 6Li species 
detected is consistent with the natural 6Li abundance (7.6%) in the lithium foil target. A small amount of 
oxygen contamination (6.2%), mainly  O1+ (2.1%) and  O2+ (1.5%), was observed, which could be due to surface 
oxidation of the lithium foil target.

Figure 4.  Waveforms of the accelerated beam recorded at the CT (black trace) and the FC (red trace) detector 
locations. !ese measurements were triggered by laser light detected by a photodetector when a laser-produced 
plasma was generated. !e black curve shows a waveform measured at the CT attached to the exit of the RFQ 
linac. Because this detector picks up 100 MHz RF noise due to the proximity of the detector to the RFQ linac, 
a 98 MHz low pass FFT "lter was applied to remove the resonant 100 MHz RF signal imposed on the detected 
signal. !e red curve shows a waveform at the FC a$er the analyzing magnet guiding the 7Li3+ ion beam. At this 
magnetic "eld,  N6+ and  O7+ can be transported in addition to 7Li3+.

35 mA of 7Li3+ was 
accelerated (world record).
Tandem ~ µA, ECR ~ mA

Background

*1 M. Okamura, et al. Demonstration of an intense lithium beam for forward-directed 
pulsed neutron generation. Sci. Reports 12, DOI: 10.1038/s41598-022-18270-0 
(2022). Publisher: Nature Research.



Compact neutron source using 
intense Li ion beam driver
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Laser

Plasma production chamber

RFQ linac

IH linac

Neutron conversion target

Advantage1: Forward-directed neutrons = very small number of unwanted 
neutrons, small shielding 
Advantage2: Short beam pulse = Background separation by TOF method

Ion 7Li3+
Ion beam energy 14-20 MeV
Beam pulse width 0.1-5 us
Repetition rate 100 Hz – 1kHz
Peak ion beam current 10 - 100 mA
Average ion beam current 10 - 100 µA
Neutron energy 1 MeV -10 MeV
Average neutron flux 1 x 109 n/cm2/s
Peak neutron flux 1 x 1012 n/cm2/s
Length < 8 m

Background
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Development of a kinematically focused neutron source
with the p(7Li,n)7Be inverse reaction
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a b s t r a c t

Directional beams of neutrons can be produced, if a nuclear reaction, which emits neutrons, is initiated in
inverse kinematics with a heavy ion projectile bombarding a light target. In this paper we investigate the
use of the p(7Li,n)7Be inverse reaction to produce kinematically focused, quasi-mono-energetic neutron
beams with a view to develop such an unusual neutron source for fundamental and applied nuclear
physics studies. An experiment was carried out to validate the concept and to test the viability of two
types of hydrogen-rich solid targets: polypropylene and TiH2. Neutron time-of-flight/energy spectra at
3 m distance from the source have been measured at 7Li bombarding energies of 13.5, 15, 15.5, 16, and
17 MeV, and neutron backgrounds from parasitic reactions have been characterized. The neutron angular
distribution in the laboratory has been measured at 15 MeV. A Monte-Carlo code based on two-body
relativistic kinematics has been developed and validated by comparison with the experimental data.
Code-based extrapolations have then been used to deduce neutron energy spectra and maximum
neutron fluxes available for future irradiation of samples placed in the neutron beam at small distances.
For neutrons produced with thin ð4 μmÞ and thick ð28 μmÞ polypropylene targets the maximum available
fluxes are calculated to be 107n/s/sr and 7#107 n/s/sr respectively. The development of a dedicated
facility to produce kinematically focused neutrons is discussed.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Conventional quasi-mono-energetic neutron sources produce neu-
trons isotropically via direct reactions on light nuclei, e.g. d(d,p)n or
7Li(p,n)7Be. The lack of directionality means that typically less than
1 percent of the produced source neutrons can be used for irradiating
samples, the vast majority contributing to the room background
instead.

However, natural collimation of neutron beams can be
achieved, if the neutrons are produced using a reaction in inverse
kinematics, where the projectile is much heavier than the target.
Neutron production via this method thus combines the best
features of white neutron sources (collimated beams) and con-
ventional quasi-mono-energetic neutron sources (high neutron
fluxes at short distances).

Information in the literature concerning neutron production in
inverse kinematics is rather sparse. Some test experiments per-
formed in the early 1980s [1,2], but apart from that, little detailed

research has been carried out. It is thus surprising that such an
idea has not been developed further. At present dedicated facility
to produce neutrons via this method does not exist.

To produce neutrons in inverse kinematics involves the use of
reactions such as p(7Li,n)7Be in the 13–17 MeV energy range and
thus requires a 9 MV tandem accelerator or 115 MeV cyclotron in
order to accelerate 7Li3þ ions up to these energies. Unfortunately,
due to the worldwide closure of many accelerator laboratories
over the last two decades, there is only a handful of accelerators
left capable of producing focused neutrons via this method.

The kinematic focusing technique clearly offers some distinct
advantages over standard isotropic quasi-monoenergetic sources:

1. The focusing enhances the available neutron flux by a factor of
between 25 and 100.

2. The lack of neutron emission at most angles results in much
lower fast and thermal scattered neutron backgrounds in the
experimental hall.

3. The placement of sensitive detectors adjacent to the neutron
source becomes feasible, without the necessity for heavy
shielding.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/nima

Nuclear Instruments and Methods in
Physics Research A

0168-9002/$ - see front matter & 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.nima.2013.07.061

n Corresponding author. Tel.: þ33 169156604.
E-mail addresses: lebois@ipno.in2p3.fr, leboism@gmail.com (M. Lebois).

Nuclear Instruments and Methods in Physics Research A 735 (2014) 145–151

with the centre of mass of the system, which follows the 7Li beam
direction. As a consequence, close to the threshold energy, it is
possible to produce very narrow ðo51Þ cones of neutron [2]. With
the increasing 7Li bombarding energy, the cone broadens and the
number of neutrons in a given solid angle decreases, which causes
the enhancement factor to drop. For a beam energy lower than
16.5 MeV, the maximum opening of the cone is smaller than 271.
In this case, an enhancement factor of 30 can still be expected over
the non-inverse reaction.

The huge gain in intensity due to the kinematic focusing is
offset by corresponding losses from two other factors. Firstly, the
available beam current of 7Li is much lower than that available for
protons in the non-inverse reaction, because of the relative
difficulty of extraction of 7Li-ions from the ion source. Secondly,
the energy loss of 7Li across a given target will be higher than that
for protons due to its higher atomic number. The effective achiev-
able maximum fluxes in a given energy range are therefore
governed by the maximum available beam current and the energy
loss across the hydrogen-rich target, which restricts the maximum
target thickness. The thicker the target the greater the neutron
production rate, but the larger the degradation in energy resolu-
tion of the neutron beam as well.

The current sputter source of the IPN tandem can produce 7Li
beam currents of up to 0:2 μA, but currents greater than 0:5 μA
may be achievable with the source upgrade, which will take
place soon.

3. Target considerations

Two solid, hydrogen-rich target materials, polypropylene and
TiH2 were evaluated during the experiment. Plastic polymers such
as polypropylene are interesting, because these materials contain
only carbon and hydrogen atoms. Furthermore, hydrogen densities
of # 1019 1H/cm2 can be easily achieved. However, these materials
are known to present a poor resistance to heating and radiation
effects. The second type of hydrogen rich target is a covalent
hydride such as zirconium or titanium hydride TiH2. These
materials contain less hydrogen than plastic polymers, but since
the thermal conductivities are much higher, they can evacuate
heat more efficiently.

The target thickness is a compromise between the energy loss
of the beam and the reaction rate. Energy loss induces a degrada-
tion of the neutron kinematics in terms of focalization and energy
of the neutron. Table 2 shows a summary of the relevant
information for these two target materials used with the p
(7Li,7Be)n inverse reaction. The thickness of material, which
induces an energy loss of 500 keV for a 15 MeV 7Li beam, is given
along with the hydrogen atom density at this thickness. A hydro-
gen gas cell could also be considered. However, this type of target
presents certain disadvantages. To produce high neutron fluxes
ð # 106–7 n=sÞ, the target needs to be # 3 cm long. The immediate
consequence is a degradation of the focusing of the neutrons: the
sample will have a smaller solid angle for the cone created at the

entrance of the target compared to the one opened at the end
of the target. Furthermore, a foil must be placed at the target
entrance to make an interface between the vacuum ð # 10$6 mbarÞ
and the gas ð # 1 atmÞ. This foil needs to be typically 5 μm thick
and thus will cause significant energy loss and straggling of the 7Li
beam and will also be an important source of parasitic neutrons
from (7Li,xn) fusion evaporation reactions. Lastly, the position of
the interaction point on the beam axis would be less well defined
in a gaseous target than for a solid target. This becomes proble-
matic if neutron energy information needs to be determined over
short distances (20 cm) via the time-of-flight technique, since the
path length will not be so well defined. For this study we have
therefore chosen to focus on testing solid hydrogen-rich targets.

3.1. Target heat evacuation

For conventional, isotropic neutron sources using the non-inverse
reaction solid targets are usually thermally coupled to the beam stop
and many tens of Watts of power must be evacuated. Target cooling
with a flow of air or water is essential. However, in inverse
kinematics the 7Li beams have very much reduced power (factor of
100) so the amount of heat to be evacuated from the target is
significantly decreased. Therefore, a thermal coupling between target
and beam stop is no longer required. With a thermally decoupled
target only a few tens of milliwatts will be deposited and thus
radiative cooling will be sufficient without large rises in target
temperature. For example, 100 nA of 7Li on 4:4 μm of polypropylene
or 1–3 μm of TiH2 leads to a deposited power of 16 mW. The most
pessimistic assumption is that the target undergoes a radiative
cooling process only. In that case, the temperature depends only on
the material emissivity and the temperature at thermal equilibrium
can then be calculated. Considering an environment with an ambient
temperature of 293 K, for both targets the equilibrium temperature is
around 5 degrees higher at 298 K. This value is small compared to the
melting point of the target and thus heat generation in the target is
not a major problem and a cooling system is not required.

4. Experimental setup

To demonstrate the viability of a dedicated inverse kinematics
neutron source, an experiment was performed at the tandem of
the ALTO facility [4] at the IPN Orsay. There were three major
objectives to this test: the first was to evaluate the maximum
available 7Li beam intensities in pulsed and continuous modes.
The second objective was to fully probe and understand experi-
mentally the reaction kinematics by characterizing the neutron
field as a function of the energy and the angle with respect to the
beam direction. The third was to test the target resistance to
a constant exposure to the beam at maximum intensity and
attempt to quantify any hydrogen losses, and thermal resistance
of the materials.

Two different targets were used: a simple layer of polypropy-
lene of 4:4 μm thickness with a 50 μm gold backing thermally
decoupled with 0.5 mm of separation, and a layer of TiH2 powder
with an average thickness of 2:25 μm sandwiched between two
layers of gold, 200 nm and 50 μm thick, respectively. The TiH2

powder was compacted onto the gold backing via a centrifugation
procedure. The powder grain sizes varied between 1 and 3 μm.
The hydrogen densities for the two targets were calculated
as 3.43%1019 atoms/cm2 and 2.12%1019 atoms/cm2 for the poly-
propylene and TiH2, respectively. The cylindrical reaction chamber
had a 30 cm radius with chamber walls of ironwith 2 cm thickness
and 8 circular windows of aluminium 0.1 cm thick (on the neutron
path) and 8 cm diameter. Two HPGe detectors were placed in front
of windows at 135 degrees to the beam axis at 30 cm from the

Table 2
Comparison of the two hydrogen rich target materials used in the experiment.

Target type Polypropylene Titanium hydride

Composition C3H6 TiH2

Density 0.9 3.9
ΔE¼ 500 keV thicknessð μmÞ 3.49 1.40
H atoms/cm2 at ΔE¼ 500 keV 2.70%1019 1.32%1019

Contaminant nuclei 12C 46–50Ti
Emissivity 0.97 0.87
Melting Point 145–1751 4001

M. Lebois et al. / Nuclear Instruments and Methods in Physics Research A 735 (2014) 145–151 147

• Advantage • Disadvantage 
    (conventionalheavy ion machine)

Angular distribution of neutron flux

Proton ~ mA, Tandem ~ nA, ECR ~ µA

*1 chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.in2p3.cnrs.fr/sites/institut_in2p3/files/page/2020-04/3-
Pres-LEBOIS_ld.pdf
*2 M. Lebois et al.,Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors 
and Associated Equipment, vol. 735, pp. 145–151, 2014.

Within 25 deg

The LICORNE at ALTO in France
Background Example of a prior study 

107/sr/s



14

Recent activity – Simulation study –

https://phits.jaea.go.jp/lec/phits-introduction-en.pdf

For the design of an accelerator-based neutron source, we are aiming to 
reproduce the neutron source by using Monte Carlo Method. (in progress)
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Example of Proton Driver case

Provided by Sherryn McLeod (ANSTO/Wollongong U.)
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Example of Lithium Driver case

None of the software could simulate

Provided by Sherryn McLeod (ANSTO/Wollongong U.)
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Basic configuration for this study
Target material: Polypropylene (C3H6)n, Density: 0.9 g/cm³
Target thickness: 12 µm
Beam specie: Li!", 
Beam energy : 13, 13.5, 14, 15, 16, 17, 18, 19, 20, 26, 30, 40, 50, 56 MeV

Recent activity – Simulation study –

Target

Beam 
direction

Target

<Configuration>
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Recent activity – Simulation study –

Other tallies in the simulation
The spherical tally and the 1 steradian tally are also defined. 
The target exists inside the spherical tally.

1 steradian tally

Spherical 
tally

Beam 
direction

Target exists inside 
the spherical tally

<Configuration>
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Recent activity – Simulation study –

Basic information for this simulation
The inverse kinematic reaction between Lithium and proton, p (Li⁷, n) Be⁷,  
generates neutrons. When neutrons are generated, Be-7 is also generated. 

The threshold energy for this reaction is 13.098 MeV.

At first, this study evaluates the difference between nuclear reaction 
models on neutron production.

The nuclear reaction models 
that can be used in PHITS code
l INCL (default)
l Bertini
l JAM
l INC-ELF
l JQMD
l JQMD-2.0

<Configuration>
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Recent activity – Simulation study –

Neutron production in the forward direction (1 sr cone) and Be-7 production in each 
nuclear model.

Neutron production and Be-7 production are much lower than the experimental 
value in the prior study. 

Additionally, large discrepancies are observed among the nuclear reaction models. 

<Result>

Be-7
n
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INCL
(default)

Bertini
model

JAM
model

INC-ENL
model

Recent activity – Simulation study –

Neutron distribution in each nuclear model. (Beam energy: 14 MeV)

The result of the INCL model does not match the feature of the 
inverse kinematic reaction.

<Result>
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JQMD JQMD2.0

Recent activity – Simulation study –

Neutron distribution in each nuclear model. (Beam energy: 14 MeV)

The results of the JQMD and JQMD2.0 do not match the feature of the inverse kinematic 
reaction.
INCL, JQMD, and JQMD2.0 make the reaction between carbon and lithium, which emit 
neutrons in this case. Therefore, the neutron distributions do not agree with the feature of 
the inverse kinematic reaction.

Nuclear reaction models are unsuitable for the inverse kinematic reaction; p (Li⁷, n) Be⁷. 

<Result>



The Frag data was made for the inverse kinematic reaction; p(7Li, n)7Be.
(Frag data is the cross-section data format for the PHITS code.) 

Specification of new frag data
Ø Just made for neutron production by p(7Li, n)Be
Ø Energy range: Threshold energy to 16.45 MeV

M. Leboisetal./NuclearInstrumentsandMethodsinPhysicsResearchA735(2014)145–151 

23

Recent activity – Simulation study –

The nuclear reaction models could NOT be used for the inverse kinematic reaction; p (Li⁷, n) Be⁷.
There are no available cross-section data of this inverse kinematic reaction. 
⇒ We need to make the cross-section data for the inverse kinematic reaction.

<Frag data(Nuclear data format)>



The result of the simulation using the new Frag data

Default setting (INCL model) and frag data. (14 MeV Lithium beam) 

Target: 12 μm polypropylene

The target exits in the center of 
the drawing.

The red arrow means the 
beam direction.

The neutron cone in the 
forward direction was observed.

24

Recent activity – Simulation study –

<Result>
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Recent activity – Simulation study –

14 MeV(2 MeV/n) of Lithium-beam 
(New Frag data, 12μm polypropylene target)

2 MeV/n of Proton-beam 
(JENDL5, 12μm Lithium target)

Comparison with the proton-beam case
<Result>

In the lithium beam case, the neutron cone was well observed in the forward 
direction.
In the proton case, neutrons are emitted to every directions.
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Recent activity – Simulation study –

Comparison with the proton-beam case

Total neutrons (1/sr/source) Forward-directed neutrons (1/sr/source)

<Result>

In the lithium beam case, the great enhancement of forward-directed neutrons is 
observed. 

● Lithium beam case/ New Frag data, 12μm polypropylene target
● Proton beam case/ JENDL5, 12μm Lithium target 
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Recent activity – Simulation study –

At 2.35 MeV/n(16.45 MeV), the new frag 
data result shows a neutron flux of 
6.54×10⁻⁵ (1/sr/source) in the forward 
direction. 

If the average current is 100 nA, a neutron 
flux in the forward direction is estimated to 
be 1.36 ×10⁷ (/sr/source).

In the LICORNE paper*, 7 ×	10⁷ (/sr/source) 
of neutron flux in the forward direction is 
reported in the case of 16.5 MeV, 100 nA.

⇒ The same order of neutron production in 
the forward direction is confirmed. 

*J.N. Wilson et al, Physics Procedia 59 ( 2014) 31 – 36

Forward-directed neutrons 
(1/sr/source)

<Result>
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<Conclusion>

Ø In PHITS code, Bertini model, JAM model, and INC-ENL model agree 
with the feature of the inverse kinematic reaction in terms of neutron 
distribution. 

Ø However, neutron production is underestimated in the PHITS code. (In 
particular, lower energy region; 20 MeV or less). 

Ø The nuclear reaction models are unsuitable for this inverse kinematic 
reaction. 

Ø The Frag data (user-define data) shows the reasonable result in the 
initial simulation trial. Further investigation is required. 

Recent activity – Simulation study –
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Recent activity – Experimental study –

Basic information on the experiment
Ø Beam specie: ⁷Li³⁺ 
Ø Beam energy: up to 56 MeV
Ø Beam current: up to 65 nA
Ø Target material: Polypropylene (C3H6)n

Neutron production experiment was conducted using the Tandem van 
de Graaf accelerator to evaluate an angular neutron distribution in the 
case of the inverse kinematic reaction; p(⁷Li, n)⁷Be.

Tandem van de Graaf 
accelerator at BNL



Liquid scintillators

Target 
chamber (Al) 

Shadow cone

0°

20°
40°90°

135°
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Recent activity – Experimental study –

Aluminum 
chamber

Polypropylene 
target

NaI scintillator

3He/BF3 
neutron 
detector

The polypropylene target was installed inside the 
aluminum chamber at the end of the beamline. 
The inverse kinematic reaction, p (Li⁷, n) Be⁷, 
was induced on the target.

0 degrees means the beam 
direction.

<Configuration>



The shadow-cone was in front of the liquid scintillator to shield radiations from the 
target. 

20 cm 30 cm20 cm 20 cm

Target Liquid 
Scintillator

Low carbon 
steel 

(Most likely 
1018)

Borated
Polyethylene

(Boron 5.0 wt%)

4.0 cm
11.5 cm

31

Recent activity – Experimental study –

⇒ By comparing the radiation signals with/without the shadow cone, the neutron flux 
from the target can be calculated. 

With shadow cone: Neutrons from the room and the experimental setups. 
Without shadow cone: Neutrons from the target, the room, and the experimental setups.

<Configuration>
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Recent activity – Experimental study –

<Result of the BF3/He3 neutron detector>

The linearity between the CPS 
and the current was observed.

(CPS: current per second)

◆ Position1
ØDistance from the target to the detector: 1.0 m
ØSetting Angle: 50°(with the polyethylene block)
◆ Position2
Ø Back scattering side (As shown in the photo) 

◆Position1 ◆Position2

<Setup of the BF3/He3 neutron detector>

Neutron production by the 
collision between lithium 
beam and polypropylene 
was observed.
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Recent activity – Experimental study –

<Result of the BF3/He3 neutron detector>

The CPS/current value strongly 
depends on the beam energy. 

◆Position1 ◆Position2

The positions of the detectors were 
exchanged in the middle of the 
measurement at each beam condition. 
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Recent activity – Experimental study –

The results of the liquid scintillators and the NaI scintillator are still under analysis. 

In summary, throughout the measurement by the liquid scintillators, 
Ø Neutron concentration in 0-degree positions was observed.
Ø A large difference in signal amounts was observed between the cases 

with/without the shadow cone.  

<Result of the scintillators>

To analyze neutron flux quantitatively, 
the unfolding method will be applied 
to the liquid scintillator data.

Further analysis is required.
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Neutron target for lithium driver beam

1. Neutron converter
2. Beam dump
3. Moderator

Neutron target has three functions:

https://bnct.kek.jp/eng/apparatus.html
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7Li3+ beam

Magnetic field
Plastic film

Neutron flux

Moderator

Beam dump
7Be canister

Target concept for Li driver neutron generator

Discrete functions.
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7Li3+ beam

Magnetic field
Plastic film

Neutron flux

Moderator

Beam dump
7Be canister

Target concept for Li driver neutron generator

Discrete functions.

Beam energy deposition: 4 kW
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7Li3+ beam
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7Li3+ beam

Magnetic field
Plastic film

Neutron flux

Moderator

Beam dump
7Be canister

Target concept for Li driver neutron generator

Discrete functions.

14 MeV, 
7Li3+

12 MeV, 
7Be3+

12 MeV, 
7Be4+



So far until now
Neutron generator based on intense lithium beam driver was proposed as a clean compact source
Lithium beam driver scheme will make the BNCT target system functionally separable. 
    (next generation moderator)
RFQ linac was designed and tested with Li3+ ions.

• 35 mA (peak) beam was demonstrated
• Almost no contamination

Monte Carlo simulation started. We need to create nuclear data.
Neutron production experiments were tried and sharp directivity was confirmed.
    (The data analysis is in progress.)

Future prospects
Higher power RFQ electrode is being installed, and we plan to test it very soon.
More detailed experiments are being planned. BNL Tandem and Dresden Tandem.
Neutron target design study will be finished in two years.
Detailed accelerator design will be completed.

Summary



Thank you for your 
attention

44


