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Chapter 1

Introduction

1.1 Neutron resonance spectroscopy
Neutron resonance spectroscopy (NRS) is a method of observing the reso-

nance phenomena when neutrons strikes the nuclei. The NRS method can be
used to investigate the isotope composition, temperature and other information
about the nucleus inside of the target sample. This chapter mainly introduces
the background and physical theories of NRS.

1.1.1 Neutron

Neutrons are the nucleons that constitute nucleus. The concept of neutrons
was proposed by Rutherford in 1920. Chadwick firstly confirmed the existence
of neutrons via the experiment of bombarding nucleus with �-particles in 1932
[1]. Since it is electrically neutral, neutron can easily react with nucleus.

One neutron is composed of two down quarks and one up quark. Some
properties of neutrons are shown in Table1.1. In all the properties of neutrons,

Mass 1.67492749804(95)×10−27 kg
Electric charge 0 e
Spin 1/2
Mean lifetime 881.5(15) s (free in vacuum)

Table 1.1: Properties of neutrons

the most important one is that they carry no charge. The coulomb barrier
can not affect neutrons, which allows neutrons of almost any energy to react
with any nuclide. On other hand, this property also makes it very difficult to
accurately measure the neutron energy. In nuclear physics, the neutron energy
is generally described as the neutron temperature. The unit of neutron energy is
usually given in electron volts (eV). When a bunch of free neutrons are scattered
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in the material, the energy distribution of neutrons is then adapted to the
Maxwellian distribution know for thermal motion. If the neutrons is regarded
as an ensemble, according to the theory of thermodynamics, the temperature of
this ensemble is depended on the kinetic energy of neutron thermal motion. The
neutron temperature corresponding to the neutron energy ranges is shown in
Table1.2 [2]. Despite of such lots of range names, there are actually no standard

Neutron energy Neutron temperature
0.0∼0.025 eV Cold neutrons
0.025 eV Thermal neutrons
0.025∼0.4 eV Epithermal neutrons
0.4∼0.5 eV Cadmium neutrons
0.5∼1 eV EpiCadmium neutrons
1∼10 eV Slow neutrons
10∼300 eV Resonance neutrons
300 eV∼1 MeV Intermediate neutrons
1∼20 MeV Fast neutrons
>20 MeV Ultrafast neutrons

Table 1.2: Neutrons energy ranges and temperatures

specification for neutron energy range naming but a customary definition. For
instance, a neutron has kinetic energy of 0.025 eV is named as “thermal”
because of the kinetic energy of its thermal movement corresponding to the
temperature of ∼300 K, which is the “thermal”temperature. In this paper,
“thermal”represents the energy range of around 0.025 eV, and “epithermal”
represents the energy higher than thermal and lower than fast neutrons.

1.1.2 Background of neutron resonance spectroscopy

Since the 1930s, with the improvement of understandings on nuclear reac-
tion mechanism, the neutron resonance theory has been greatly developed[3].
The high transmittance of neutrons could realize the non-destructive analy-
sis of opaque objects. In 1937, as the initiation of neutron resonance diagno-
sis research, Bethe used the single-level neutron resonance cross section for-
mula proposed by Breit and Wigner [4] in his article to derive the influence
of temperature-induced Doppler broadening on the resonance spectrum [5]. In
the mid-1980s, P. H. Fowler conceived an experiment for temperature measure-
ment of static samples using epithermal neutron resonance. At that time, P. H.
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Fowler, A. D. Taylor [6] and others performed the temperature measurement ex-
periments in Los Alamos laboratory in the United States, laying the foundation
for the application of neutron temperature measurement in the future and also
promoting the development of neutron resonance detectors and experimental
technology [7]. In recent years, many researchers have used neutron resonance
technology in experiments such as material analysis [8–10], spatially resolved
thermometry [11, 12] and shock wave measurement [13].

There have been various methods to non-destructively investigate isotopic
composition and density of materials, such as Energy Dispersive X-ray Flu-
orescence (ED-XRF), X-ray Photoelectron Spectroscopy (XPS), Particle In-
duced X-ray Emission (PIXE), Neutron Activation Analysis (NAA) and Prompt
Gamma-ray Analysis (PGA). These methods have high detection accuracy and
sensitivity to detect the presence of isotopes at ppm to ppb levels. In compari-
son, the detection limit of NRS is generally at the 0.1% level. However, NRS also
provides some advantage such as 2D imaging, temperature and shock wave mea-
surements and investigation of lattice structures. At present, the non-contact
temperature measurements generally requires the infrared thermography (IRT)
method. A thermal camera captures an image of an object by detecting the
radiation in the long-infrared range that emitted from the surface of the object.
The mechanism of the IRT limits it to only measure the temperature at the very
surface of the object. On the other hand, NRS is one of the methods that can
measure the temperature inside an object without any contact. By combining
the isotopic density detection, the transmissive temperature measurement and
the 2D imaging of NRS, a isotopic-sensitive temperature profiling system can
be realized in the near future.

The measurement of neutron spectra use the time-of-flight (TOF) method
being applied with the pulsed neutron sources. The TOF method is to ob-
tain neutron energy by calculation with a known neutron flight distance and
time. The energy resolution depends on the beamline (flight distance) and is
limited by the pulse duration of the neutron sources (detailed introduction in
Chapter3). Since the full width at half maximum (FWHM) of resonance peaks
can be 0.1 eV to several eV, the energy resolution of the TOF measurement is
required to be high enough for the NRS. Most of the NRS studies were using
neutron sources which are based on large-scale particle accelerators. To obtain
sufficient energy resolution, a long beamline must be set for the neutrons, which
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is typically a few tens of metres for accelerator-based neutron sources. How-
ever, a long beamline reduces the spatial density of neutrons arriving at the
detector due to the spherically emission of pulsed neutron sources. To obtain a
neutron spectrum with sufficient statistics, neutron bunches must be integrated
for several hours in typical neutron facilities. Currently, the energy resolution
and statistics are main problem that required to be solved for the practical
applications of the NRS.

1.1.3 Physics and methods of neutron resonance spec-
troscopy

Neutron-matter interactions

There are kinds of neutron induced reactions including Potential scattering,
Elastic resonant scattering, Inelastic resonant scattering, Radiative capture and
Fission etc. Some of neutron induced reactions are shown in Table1.3. There is

Interaction without formation of a compound nuclei
Potential scat-
tering (elastic) n + A⇒n + A Always possible

Interactions occurring via formation of a compound nuclei
Elastic resonant
scattering n + A⇒n + A Always possible

Inelastic reso-
nant scattering

n + A⇒n + A∗

A∗⇒A + γ

Usually with thresh-
old of the first level of
A

Radiative cap-
ture n + A⇒γ + (A + 1) Always possible

Fussion n + A⇒PF1 + PF2
+ a f ew neutrons

May or may not be
with a threshold

Reaction(neutron,
charged parti-
cle)

n + A⇒p + B
n + A⇒α + C
ect.

Usually with thresh-
old, sometimes with-
out threshold

Table 1.3: Neutron induced reactions

only one reaction that is distinguished from reactions called potential scatter-
ing. In potential scattering, there is no actual contact between the neutron and
the target nucleus, which means nuclear forces are not bought into action. The
wave associated with neutron is scattered by the nuclear field. The process is
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phenomenologically similar to the elastic collision between two balls with con-
served momentum and kinetic energy. For other nuclear reactions, the neutrons
are captured by the nucleus when they approach firstly. The category of the
reactions can be described by the compound-nucleus model [14] which includes
three stages:

1. The entrance channel: The incident neutron penetrates the nucleus. The
isotope is increased to next rank, developed into a compound nucleus
via the absorption of neutron. The absorbed neutron adds extra binding
energy to the nucleus and make this compound nucleus excited.

2. Excited compound nucleus has a lifetime on the order of 10–14 s. On the
other hand, the time required for a new nuclear bond to be created is on
the order of 10–22 s. The much longer lifetime makes compound nucleus
independent from the process that generates it. Thus, in the later period
of compound nucleus, it can be treated as a single excited nucleus.

3. The exit channel: When the excited compound nucleus disintegrated,
the extra energy brought by neutron is released. Most of the process
is radioactive, with emitted photons, ions or other light particles. The
excitation energy of the compound nucleus is related to binding energy
of the nucleus and kinetic energy of the neutron, where the former is
approximately 5 to 10 MeV[15] and the latter can be from zero to a few
MeV. This is one of the reasons that makes almost all of particle-emissive
reactions have energy threshold.

The neutrons capture process can be express as:

A + n → (A + 1)∗. (1.1)

The excited nucleus (A + 1)∗ then evolve into subsequently produced particles
though various exit channels which represents different reactions (Table1.3).

Cross section

The concept of cross section is introduced for evaluating the number of
reactions between a flux of particles and targets. The microscopic interpretation
of the cross section is an area around the target nuclei where a collision will
occur if and only if the projectile (incident particle) hit. An intuitive scheme
is shown as Figure 1.1. The trajectory of the projectile takes its center near
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Figure 1.1: The concept of cross section[15]

the center of the target to within a distance less than the sum of radii, i.e. it
must cross the circle in the plane of the figure whose radius is the sum of the
radii of the two particles. The cross section is the surface area σ of this circle.
Generally, the cross section is considered as the probability of particle collision.
Suppose there is a plane that consist of target nucleus with thickness of dl.
The number of target nucleus is n per unit area. Then the probability of the
projectile hitting one of targets is the surface area of the entire set of dashed
circles divided by the total surface area. If the flux of projectile beam is ϕ and
it will decrease by dϕ according to

dϕ

dl
= −nσϕ. (1.2)

Then the exponential attenuation of the beam intensity, i.e. the probability of
reaction can be expressed as

ϕ = ϕ0e−nσl, (1.3)

where ϕ0 is the initial beam flux, σ is the cross section, n is the atomic area
density and l is the total thickness of the target material. Since the radius
of a nuclei is on the order of 1014 cm2, the order of magnitude of the cross
section should be in the region of 1028 cm2. In nuclear physics, cross sections
are expressed in barns:

1 barn(b) = 10−24 cm2 = 10−28 m2.
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(a) Neutron absorption (n, γ) cross section of 181Ta and 10B

(b) Enlarged area

Figure 1.2
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Neutron resonance absorption

The neutron absorption cross section curves of 181Ta and 10B are plotted
in Figure 1.2(a). One same behavior can be found in both two curves is “1/v”
behavior. This is inversely proportional to the speed of the neutrons or to the
square root of their kinetic energy. Since the longer low energy neutrons have
longer de Broglie wavelength, they also see a larger portion of space than fast
neutrons. This lead to larger cross sections in lower energy, i.e. the “1/v”
behavior. On the other hand, the 181Ta curve shows several irregular peaks in
epithermal domain (Figure 1.2(b)). This phenomenon is called Resonance of
the neutron absorption. For 181Ta, a spectacular resonance peak is observed
around 5 eV. The structure in levels of excited states of the compound nucleus
(A + 1)∗ give rise to the resonances of cross section. The excitation energy
acquired by the compound nucleus is sum of the binding energy and the kinetic
energy of the incident neutrons. If the excitation energy is exactly same with
the one level of the compound nucleus, or in its immediate adjacent area (Figure
1.3), the reaction will occur easily, and a large cross section will be observed.
Thus, the neutron cross section can change by thousands of times within a very
narrow energy region where resonance peaks are located as shown in Figure
1.2(b). For light nuclei, the structure is relatively simple so that there are few
or no resonances level. In contrast, since the heavier nuclei has increasingly
crowded structures, amount of resonance peaks can be seen in the cross section
curves.

Breit-Wigner (BW) single-level formula [4] firstly provided a qualitative
evaluation for the cross section of neutron resonance as:

σi(E) = πλ̄gj
ΓnΓi

(E − Er)2 + Γ2/4
, (1.4)

where

• E: the kinetic energies of the incident neutrons.

• Er: the energy of the resonance peak.

• λ̄: the neutron de Broglie wavelength divided by 2π.

• gj: the statistical factor introduced for different angular momentum ori-
entations.
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Figure 1.3: Neutron brings the nucleus to one of the excitation
levels
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• Γ: the width of the resonance. Γ = h̄/τ where τ is the average lifetime
of the compound nucleus, the width Γ has the dimensions of energy and
is usually expressed in meV.

• Γi: the partial widths of the neutron induced reactions. As previously
introduced, the compound nucleus disintegrate along several exit channels
which are represent the possible nuclear reactions such as neutron emission
(n = i), photon emission (i = γ), fission (i = f ), etc. The sum of all
possible exit channels is Γ, which means the ratio Γi/Γ is the probability
that the reaction represented by i will occur.

The Breit-Wigner formula describes the partial cross-sections for single reso-
nance assumed to be isolated and determined by the Er and Γi. For neutron
resonance absorption, i is generally considered as γ (radiative capture). In
practice, the reaction rate can be described as

Ri(E) = Φ exp(−nlσi(E)), (1.5)

where Φ is the neutron flux, n is the atomic areal number density of the matter,
l is the depth of the incidence. The equation 1.5 gives the number of occurred
reactions per unit time when an neutron beam is incident on a matter. For the
possibility of a neutron to be absorbed, Φ = 1 and i = γ is substituted into
the Equ. 1.5.

1.1.4 Time-of-flight method for neutron detection

Neutrons are generally measured by the TOF method [16], in which neutron
signals are recorded temporally. As shown in 1.4, the neutron energy E is
calculated from the flight time t and distance d.

E = m(

√
(1 − (

d
tC

)2)− 1), (1.6)

Figure 1.4: The time-of-flight method
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(a) Cross-section of 181Ta (b) An instance of the ideal NRS signal

(c) Assumed pulses of neutron sources (d) Resonance peak changes with different
source pulse duration

Figure 1.5

where m is the rest mass of a neutron, C is the speed of light. This formula
is applicable to the relativistic cases that fast neutrons have energies over MeV
and non-negligible velocities for the speed of light. For low-energy neutrons,
the calculation can be reduced to the classical form E = 1

2 mv2.
With a certain flight distance, the accuracy of neutron spectrum measured

by TOF method is depends on the pulse duration of the neutron source. For in-
stance, the absorption rate of a resonance sample 181Ta is calculated by neutron
cross-sections of absorption (Fig. 1.5(a)). If it is multiplied by the simulated
neutron signal (in time axis), an ideal neutron resonance spectrum with zero
source pulse duration can be obtained (Fig. 1.5(b)). This ideal signal only re-
sponses to the neutron resonance of 181Ta and the time axis literally corresponds
to the energy axis in TOF analysis. However, assuming that the neutron source
has non-zero pulse duration as shown in Fig. 1.5(c), the neutron spectrum that
measured by detector changes into Fig. 1.5(d). As shown in Fig. 1.5(d), with
the broader pulse duration of the neutron source, the resonance peaks in the
measured neutron spectrum also become broader. This is due to the temporal
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Figure 1.6: Temporal broadening of neutron source

broadening of the neutrons with the energies neighboring resonance energy. A
bunch of mono-energetic neutrons has a pulse-shaped arrival time on the de-
tector (t = t0 ± δt) and is overlapped by the neutrons in neighboring energy
regions (E0 ± dE in Fig. 1.6). Therefore, when converting time axis to energy
axis, the time axis of neutron signal no longer corresponds exactly to the energy
axis. Considering this effect, the accuracy of neutron spectrum measured by
TOF method is affected by the source pulse duration.

1.1.5 Applications of neutron resonance spectroscopy

The applications of NRS includes isotope identification, density analysis
and temperature measurement. Some instances of possible applications on iso-
tope identification and density analysis:

• Archaeology: By checking the elements contained in archaeological ma-
terials, it is possible to determine the age of artifacts or estimate the
manufacturing method and process.

• Nuclear safety: Nuclear debris may contain fuel elements such as uranium
and plutonium. NRS can be used for the quantitative measurement of
nuclear wastes or pollution. The non-contact measurements of NRS also
guarantee the safety of workers.

• Alloy uniformity: To ensure the functionality of an alloy, the composi-
tion ratio and uniformity may be investigated. The NRS can be used to
investigate the distribution of specific elements contained in the alloys.

• Material science: The phenomena that fluctuates over time such as shock
wave, pressure and deformation can be detected by the NRS.
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The temperature measurement using NRS has different features than existing
methods. For example, the infrared thermometer is a most common approach
of non-contact temperature measurement. The temperature of an object is
inferred by measuring the amount of infrared energy emitted by the object
and the emissivity. Limited by it’s mechanism, the infrared thermometer can
only measure the temperature on the surface. On the other hand, there are
also many approaches, such as thermocouple, to measure the temperature at
a certain depth inside an object. However, all these approaches need to use a
probe to contact with the object. The NRS could be the only non-contact and
non-destructive method to measure the internal temperature. Furthermore, the
temperature measurement can be simultaneously implement with the isotope
identification, which indicates the measurements can focus on a specific area
or component. By these advantages, the NRS can be used in the precision
production and testing such as semiconductors, laser etching and batteries.

The NRS has been mainly studied by using accelerator-based neutron
sources. Many works towards to practical applications have been reported, such
as material analysis [8–10], spatially resolved thermometry [8, 11, 12] and shock
wave measurement [13, 17]. In these studies, the neutron energy spectroscopy
is based on the TOF method. One of the current barriers to the method is that
a pulsed neutron source is required to ensure all the neutrons are generated
at same time. However, it is impossible to generate neutrons simultaneously
using actual neutron sources. There is always a pulse duration applied to the
generated neutrons, resulting in measurement errors in the determination of the
flight time.

1.2 Laser-driven Neutron Source
The laser-driven neutron source (LDNS) is a method to generate neutrons

by using high-power laser beams. It has been reported that the LDNS method
is capable to provide a high neutron yield within a ultra-short single pulse. In
this section, the background and methods of LDNS are introduced[18].

1.2.1 Background of Laser-driven Neutron Source

The concept of LDNS can be traced back to the breakthrough development
of ultra-short and intense laser technology in recent decades. The discovery of
Chirped Pulse Amplification (CPA)[19] awarded by Nobel prize in 2018[20] has
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significantly improved the intensity of existed laser systems. The construction
of large-scale laser facilities has been greatly accelerated since that the paper
of Nuckolls et al. [21] was published in 1972 on the inertial confinement fusion
driven by laser implosion. After that, many works in laser-driven plasma physics
have been reported.

Around 2000, some groups reported experimental results using high-power
lasers to accelerate high-energy ions [22–24]. The laser-driven particle genera-
tion and acceleration has attracted attentions. Many experimental and theo-
retical works were reported. For instance, TNSA (Target Normal Sheath Ac-
celeration) is widely known as a typical laser particle acceleration mechanism.
The charge separation in the plasma generated by relativistic intensity laser ir-
radiation can lead to a huge potential difference (∼TV/m) with a tiny distance
(∼1 µm). This intense electric field which is called sheath field can efficiently
accelerate ions to tens or even hundreds of MeV.

As a further application of laser-driven ion source, the LDNS is proposed.
The LDNS has been reported to combine the ultra-short pulse duration and
high flux[25, 26]. Some efficient methods of neutron generation using laser
pulses, such as using high-energy ions (protons or deuterons) accelerated by
laser-matter interactions to generate neutrons by nuclear reactions with a sec-
ondary target (Li or Be) [27, 28], nuclear fusion [29], and photonuclear reactions
[30], have been reported. A currently highest neutron yield of ∼ 1011 has been
achieved [28, 29, 31, 32] for a single pulse. Furthermore, low-energy neutrons
at eV ∼ meV region have been generated by employing neutron moderators
made of hydrogen-rich materials at room temperature [28, 33–35] or cryogeni-
cally cooled solid hydrogen [26]. The short pulse duration and miniature scale
of an LDNS allow a smaller neutron moderator, resulting in a reduction of the
neutron pulse expansion in the moderation process.

1.2.2 Applications of Laser-driven Neutron Source and
comparison with other neutron sources

As an newly developed neutron source, LDNS [18, 28, 29, 31, 32, 36–
41] have attracted widespread attention for their compactness and short pulse
performance. A currently highest neutron yield of ∼ 1011 has been achieved
[28, 29, 31, 32] for a single pulse. At present, the neutron beams generated
by high-power laser systems are mostly used for the researches on basic science
such as nuclear physics [41] and astrophysics [42]. This is because most of the
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high-power laser systems are designed with a large scale for the proposes of
fusion, plasma physics and so on. Most of these applications of LDNS using the
high-flux fast neutron beams.

However, there are some applications developed recently focus on low-
energy neutrons at eV ∼ meV region. The low-energy neutrons generated by
employing a moderator made of hydrogen-rich materials [26, 28, 33–35] provide
industrial applications such as neutron radiography [43–45] and resonance spec-
troscopy [28, 35, 46]. These applications are benefited by the high penetrating
ability of neutrons while the neutron induced nuclear reactions can provide the
information of isotopes.

As the main topic of this research, the short-pulse LDNS shows a new
direction of NRS that is real-time detection. The miniature scale of an LDNS
allow a smaller neutron moderator, resulting in a reduction of the neutron pulse
expansion in the moderation process. Combining with the TOF method, LDNS
can provide a much higher energy resolution than traditional neutron sources.
With that energy resolution, a much shorter beamline (flight distance) can
be set for NRS. Both of the high peak flux of LDNS and the short beamline
contribute to the detected neutron number which determines the statistics in the
spectrum. It is possible that the statistics of a single shot of the lasers satisfy
the requirement for obtaining a continuous spectrum. Therefore, there is a
possibility to realize sing-shot NRS by using LDNS, while it is barely achieved
in other neutron sources.

There are also other neutron sources that can be used for the applications.
Since the neutron being discovered in 1932 [1], many approaches of neutron gen-
eration have been developed. So far, the most representative neutron sources
are radioisotopes, nuclear reactors and particle accelerators. The most common
radioisotope neutron source is the isotope 252Cf that undergoes spontaneous
fission to generate neutrons. A typical 252Cf source emits 107 to 108 neutrons
per second. The nuclear fission reactors can both produce neutrons and sponta-
neous fission neutron sources. However, recently, the reactors have been favored
for commercial energy usage. Both radioactive neutron sources and reactors
produce neurons continuously over time so that they are not suitable for the
neutron spectrum analysis with TOF method. As introduced in section 1.1.1,
most of current NRS experiments were implemented by using accelerator-based
neutron sources. However, the relatively long pulse duration in the accelerator
neutron sources imposes many restrictions on the NRS. To ensure a sufficient
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energy resolution of TOF method, the beamline of accelerator neutron sources
are generally very long (over ten metres). The long beamline greatly reduces
the utilization efficiency of neutrons due to the small solid angle of detectors.
Therefore, almost all the NRS measurements using accelerator take the inte-
grated results with a long period of times and lots of pulses. This adds more
random errors on the measurement.

The high pulsed yield of LDNS shown the potential of NRS measurement
in a single shot of laser, which greatly promoted the practical application of
NRS technology. At present, accelerator-based neutron sources are more stable
while the high-power lasers have many uncertainties from shot to shot. However,
when a single laser shot is used for the NRS, the energy resolution depends to
the short-term expansion of the initial neutron pulse is expected to be higher
than that using an accelerator-based neutron source. Furthermore, with the
development of pumping laser systems operating at 10–100 Hz [47, 48], LDNS
may provide a real-time thermometry of isotopes that probes the instantaneous
temperature of dynamic objects.

Previous studies have demonstrated NRA using LDNS [35, 49, 50]. In the
newest work at ILE, Osaka Univ. [18, 28], neutron resonances in the epithermal
(several eV) region were measured by using a 1.8 m beamline with an LDNS.
The results reported that one resonance spectrum was obtained with a single
bunch of neutrons generated by a single pulse of the laser.

1.3 The main topic of this work
This thesis consists of the following chapters:

• Chapter 1: Introduction to the thesis topic.

• Chapter 2: A detailed introduction of laser-driven neutron source.

• Chapter 3: An introduction of the time-gated neutron detector and beam-
line developed for LDNS experiments.

• Chapter 4: The Experiment of sing-shot NRS using LDNS and experi-
mental results.

• Chapter 5: Further investigation on the temperature dependency of neu-
tron resonance.

• Chapter 6: Conclusion of the thesis.
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Chapter 2

Development of Short-Pulse
Laser-driven Neutrons

This chapter introduces the development of Laser-Driven Neutron Source
(LDNS) at ILE, Osaka University. The contents include the laser-driven ion
acceleration, the neutron generation and the neutron moderation. In addition,
the detectors of ions and neutrons are also introduced in this chapter.

2.1 Laser-driven ion acceleration

2.1.1 Relativistic plasma generation using high-intensity
laser beam

In this work, the ion acceleration occurring in the interaction with solid
targets, in which the electron density ne is much higher than the critical density
nc.

nc =
meω

2

4πe2 = 1.1 × 1021 cm−3(
λ

1 µm
)−2, (2.1)

where me, λ and ω are mass of the electron, wave length and frequency of
the laser, respectively. If there is ne = nc, the equation ωp = ω exit. The
ωp =

√
4πnee2/me and ω = 2πc/λ are the plasma and laser frequencies,

respectively. Therefore, the refractive index of the plasma can be written as

η =

√
(1 −

ω2
p

ω2 ) =

√
(1 − ne

nc
), (2.2)
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when the condition is ne > nc, the η has imaginary values which means the
laser pulse cannot propagate the matter. Therefore, most of the laser-plasma
interactions can only occur in the conditions of ne > nc or ne ≈ nc.

The EM field of a laser beam is given by the vector potential A.

A(r, t) = Re[Apolexp{i(k · r − ωt)}], (2.3)

where the k = 2π/λ is wave number, ω, λ, r and t are angular frequency
and wavelength of laser, space, and time, respectively. The Apol represents the
polarization of laser. For instance, when êx,êy are unit vectors in the coordinate
system, A0êx represents a linearly polarized laser and A0(êx ± êy) represents a
circularly polarized laser. According to Maxwell’s equations, the laser electric
field E and magnetic field B can be expressed by

E = −1
c

∂A
∂t

= Re[
iω
c

Apolexp{i(k · r − ωt)}],

B = ∇× A = Re[ik × Apolexp{i(k · r − ωt)}].
(2.4)

The electrons in high-intensity laser (> 1018 W/cm2) field move with the
oscillation of laser electric field. The momentum can be expressed as Posc =

eE/ω0 and normalized to Posc/mec, where e is the elementary charge, E is the
laser electric field, ω0 is the laser angular frequency, me is the rest mass of the
electron, and c is speed of light. This normalized momentum of electrons can
be expressed by laser intensity I0 by

a0 = 0.85 × 10−9λ0[µm]
√

I0[W/cm2], (2.5)

where λ0 is the wavelength of laser. For an example, if a laser beam with λ0 = 1

µm has intensity higher than 1018 W/cm2, there is a0 > 1 and the oscillating
electrons in electric field is accelerated to a relativistic velocity within one cycle.
The plasma formed by such electrons is defined as the relativistic plasma. The
laser has the intensity that make a0 > 1 is defined as the relativistic laser.

In the regime of relativity, the electron mass is greater than the static mass,
resulting a decrease of critical density. The relativistic critical density ncr is

ncr ∼ nc

√
1 +

a2
0

2
. (2.6)
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Figure 2.1: Laser intensity and ionization mechanism[51]

Therefore, when laser intensity increases, the laser beam becomes easier to prop-
agate in high-density plasma. The phenomenon is called abnormal penetration.

A solid target material can be ionized and turned into plasma on its surface
where a laser beam with the intensity exceeding the ionization threshold of the
target irradiates on. The degree of ionization mainly depends on the intensity
of laser beam, which is the intensity of electric field that excites electrons in the
target. The corresponding relationship between laser intensity and ionization
mechanisms is shown in Fig. 2.1.

However, for the laser intensity reaches relativistic region, the laser-plasma
interaction turns different with the mechanism. As introduced in Chapter1,
high-power lasers are based on the CPA technology. Generally, CPA lasers are
accompanied by pre-pulse components. Fig. 2.2 shows a typical time structure
of laser waveform. Before the main pulse arrives, there are pedestal compo-
nents in femtosecond and picosecond scale respectively. And there is a much
longer ASE (Amplified Spontaneous Emission) component which is produced
by spontaneous emission of gain medium. The intensity ratio of main pulse
to pre-pulse is defined as the contrast of laser. The contrast of LFEX is about
109∼11. By the pre-pulse of high-power lasers, the radiated solid target is ionized
(by the mechanisms in Fig. 2.1) and forms an area of plasma before the main
pulse arrival. When the main pulse arrivals, the interaction between relativistic
laser and plasma causes the laser energy transferred to the charged particles
in plasma. Since relatively large charge-to-mass ratio, the electrons in plasma
are accelerated prior. This interaction process varies depending on factors such
as plasma scale length, main pulse intensity, polarization, angle of incidence,
etc.[52].
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Figure 2.2: Time structure of laser waveform

2.1.2 Electron heating by laser-plasma interaction

For solid targets that generally have densities higher than the critical den-
sity. The energy transfer between laser and plasma occurs by the heating of
energetic electrons that exits in the low-density plasma region where laser can
penetrate.

The process of hot electron generation is quite complex and not yet com-
pletely understood. Since this work focus on the neutron generation using the
ions accelerated by laser irradiation, a briefly introduction of existing theories
are presented here rather than a in-depth discussion. The mechanisms of ab-
sorption of electromagnetic waves in plasma are introduced below.

Inverse bremsstrahlung absorption

Inverse bremsstrahlung absorption is the most typical mechanism for ab-
sorption of electromagnetic waves in plasma. The oscillating electrons and ions
in the laser electric field collide and scatter randomly. The energy transferred
by laser electric field is transformed into thermal kinetic energy via collision
of scattered electrons. Suppose that the plasma irradiated by laser has a den-
sity of ne = ncexp(−z/L). Where z is the axis that perpendicular to incident
surface, L is plasma density scale length. Then the absorption rate of inverse
bremsstrahlung absorption is

η = 1 − exp(−8veiL
3c

cos3 θ), (2.7)
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where θ is incident angle of laser beam, vei is collision frequency of electrons
and ions. The vei can be expressed by

vei ∝
niZ2

T
3
2

e

, (2.8)

where ni, Z, Te are ion density, charge number of ions and plasma electron tem-
perature, respectively. It can be seen that as electron temperature increases,
the collision frequency of plasma decreases. Therefore, as the laser intensity in-
creases, inverse bremsstrahlung absorption is suppressed. When laser intensity
increases to 1015 W/cm2, the resonant absorption mechanism is on dominant
position.

Resonant absorption

Assuming that a laser beam is incident on a target surface obliquely, and
there is a thin plasma on the surface. Based on Snell’s law, the laser is only
able to propagate to nc cos2 θ and then reverse as shown in Fig. 2.3. For P-
polarized lasers, the electric field has a component in the direction of plasma
density gradient (E ·∇n ̸= 0). The electric field can resonantly generate plasma
waves (ω0) near the critical surface (evanescence layer) via tunneling effect. The
acceleration effect of the electric field Ed is

Ed
ϵ(z)

=
EL√

2πω0Ln/c
ϕ(τ),

τ = (ω0Ln/c)
1
3 sin θ,

ϕ(τ) ∼= 2.3τexp(−2τ3/3),

(2.9)

where ϵ is dielectric constant, and Ln is density scale length. The energy trans-
ferred from electromagnetic waves to electron plasma waves is

fra =
ϕ2(τ)

2
. (2.10)

This absorption is a collision-less process, and electron energy mainly comes
from the forced vibration of laser electric field. The conditions of resonant
absorption are mainly related to the plasma refractive index, electron density
and incident angle. Therefore, this mechanism occupies a dominant position
when irradiating laser has wavelength of 1∼10 µm and pulse duration shorter
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Figure 2.3: Resonant absorption

than 100 ps. And there is an optimal incident angle θ for resonant absorption.

(
ωL
c
)

1
3 sin θ = 0.8. (2.11)

Vacuum heating

At very high intensities (relativistic intensity), absorption may be due to
the generation of energetic electron through a mechanism which called Vacuum
heating. In relativistic intensity regime, the plasma on the laser irradiation
surface has a very steep density gradient. Similar to resonant absorption, a
P-polarized laser beam will be totally reflected at a very shallow depth on the
surface and generates an oscillating field extending out of the surface. For
intense fields, electrons can be driven from the plasma surface into the vacuum
region (Fig. 2.4). After half of an oscillation period, the electrons re-enter the
plasma with higher energies and may cross the evanescence layer to deliver their
energies. Therefore, the electrons escaping from the accelerating field region can
be considered to be ‘absorbed’ in the plasma. During the half-oscillation on the
vacuum side, the electrons are heated to close to the order of the oscillation
energy in the external oscillating field. The electrons can be driven across the
plasma-vacuum interface during half-oscillation by both the E and v × B terms
in the Lorentz force with velocities of ω and 2ω, respectively. This mechanism
originally proposed by Brunel [53].

Ponderomotive force and J × B heating

The interaction of relativistic intensity laser and plasma is highly nonlinear,
so it must be described by dynamic model. The Ponderomotive force is a non-
linear force that a charged particle experiences in an inhomogeneous oscillating
electromagnetic field. To consider the movement of electrons in a high-frequency
electric field whose amplitude varies with space, the electrons can be treated as
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Figure 2.4: Vacuum heating

fluids. So the momentum equation of electrons can be expressed by

∂µe

∂t
+ µe · ∇µe = − e

me
E − (

e
mec

v × B). (2.12)

Assuming the plasma is a cold plasma, the electron pressure is ignored. If the
nonlinear term is ignored, electron velocity can be obtained as

µh =
eE

meω
cos(ωt). (2.13)

It can be seen that in this case the electrons simply oscillate around an initial
point as happens in a homogeneous electric field. If nonlinear term is extracted,
the equation can be written as

Fp(t) = −1
2

e2

meω2∇|E|2 cos2(ωt) = −1
4

e2

meω2∇|E|2(1 + cos(2ωt)), (2.14)

which including steady ponderomotive force and a term oscillating at 2ω fre-
quency. The mechanism caused by the oscillating term is called J × B heat-
ing[54]. In this case, the electrostatic field driven by the oscillation component
of ponderomotive force causes electron acceleration.

∂Pc

∂t
= −e∇ϕ − mec∇(γ − 1). (2.15)

Therefore, the ponderomotive potential is given by

Up = (γ − 1)mec2. (2.16)

Assuming electron energy is derived from ponderomotive potential, the effec-
tive electron temperature approximates Maxwellian distribution[55]. It can be
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expressed by

Thot
∼= (

√
1 +

Iλ2
µm

2.74 × 1018 − 1)× 511 keV. (2.17)

2.1.3 Mechanisms of ion acceleration

Since the first experimental result of accelerated protons with beam-like
properties and multi-MeV energies were reported in 2000[22–24], more theoretic
and experimental works have been done to investigate the mechanisms and
its physics of laser-driven ion acceleration. While most of these works have
based on sheath acceleration processes, several novel mechanisms have been
proposed. The research of laser-driven ion acceleration has been oriented to
various foreseen applications in medicine, industrial inspection, nuclear fusion
and high energy density science.

Target normal sheath acceleration

With the abounding generation of fast electrons via relativistic laser ir-
radiation, intense electrical currents penetrate the target: the current density
may be of the order of J f ∼ 1011 A·cm−2 which correspond to more than 1011

A through the focal area. If a thin foil target (0.1∼10 µm) is used, the fast
electrons reach the rear side of the target and be captured by Coulomb poten-
tial of ions, creating a charge separated region [56] (Fig. 2.5). In this region,
which is also called sheath, a quasi-electrostatic field with an intensity of up
to 10 GV·cm−1 is formed in a short distance (∼1 µm). The quasi-electrostatic
field is also called sheath field. The sheath field accelerates ions towards the

Figure 2.5: The basic scheme of TNSA
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direction normal to the target surface, so the mechanism is called Target Nor-
mal Sheath Acceleration (TNSA). For the relatively thicker solid target (>1
µm) and picosecond-femtosecond laser pulses, the TNSA generally dominates
ion acceleration. In this work, the TNSA of ions is driven by LFEX laser that
focus on a foil target with thickness of 1.5∼5 µm.

2.1.4 Radiation pressure acceleration

Another mechanism is called Radiation Pressure Acceleration (RPA). The
momentum carried by EM waves may be delivered to a non-transparent medium
via both absorbing and reflecting. This effect is regarded as the Radiation
Pressure. For instance, when a plane, monochromatic EM wave with intensity
of I and frequency of ω normally incident on the surface of a medium, the
radiation pressure Prad is expressed by

Prad = (1 + R − T)
I
c
= (2R + A)

I
c

, (2.18)

where R, T and A are the reflection, transmission and absorption coefficients
(with R + T + A = 1), respectively. If an ultra-intense laser irradiates a dense
plasma, the radiation pressure is coupled to the electrons via the steady pon-
deromotive force in Eq.2.16. In the case of thick targets, the radiation pressure
pushes the electrons in over-dense plasma inward, creating a charge separation
layer and an electrostatic, depressed field (Fig. 2.6(a)). This field in turn leads

(a) Hole Boring (b) Light Sail

Figure 2.6: Simple illustration of RPA
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the acceleration of ions. The dynamics which the ions are pushed forward by the
ponderomotive force called Hole Boring (HB)[55]. If the target is thin enough
that the front of ions pushed by HB process reaches the rear of the target dur-
ing laser irradiation (Fig. 2.6(b)), the RPA is in the regime of Light Sail (LS).
In this case, the ions are not covered by the plasma, so the laser is able to
accelerate ions to higher energies[57].

2.1.5 Collision-less shock acceleration

High intensity laser may generate collision-less shock waves under certain
conditions. The steep front of plasma density and potential propagates in the
plasma with supersonic velocity. This supersonic front may generate shock
waves via charge separation effects instead of collisional and viscosity effects in
standard hydrodynamics. For instance, a shock wave propagates in the plasma
with velocity of vsh. It is given by

vsh = Mcs, (M > 1), (2.19)

where cs is the ‘speed of sound’, that is, the velocity of acoustic waves in plasma.
And the M is the Mach number, which is defined as the ratio of vsh and cs.
Since M > 1, there is a shock wave with an extremely steep density distribution
propagates in an expanding plasma (Fig. 2.7).

Supersonic front of the shock wave generates a steep density gradient, which
reflects ions via electric field generated by prior accelerated electrons. Since
there is no collision during reflection process, the velocity of reflected ions is
vions ∼ 2Mcs0 + v0, where v0 is original velocity of ions in expanding plasma.

Figure 2.7: The basic scheme of CSA
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Therefore, this mechanism accelerates ions with quasi-monoenergy and is called
Collision-less Shock Acceleration (CSA).

2.2 Neutron generation
Generally, neutrons may be released from nuclei via energetic radiation

including electromagnetic radiation and high energy ions. In addition, neu-
trons also can be released as a consequence of fusion reactions, which has been
demonstrated in inertial confinement fusion experiments and applied in spalla-
tion neutron sources. Ultra-intense lasers have been proposed as a new approach
for brilliant, compact and highly efficient neutron source. In spite of lower yield
in a long period when compared with accelerator-driven sources or high flux
reactors, the Laser-Driven Neutron Source (LDNS) has emerged a high yield
per bunch and an ultra-short pulse duration. As the current neutron spectrum
measurement is focused on TOF method, the features of LDNS make it possible
to greatly improve the accuracy of neutron resonance spectroscopy, which can
promote the application of neutron penetration analysis technology.

2.2.1 Neutron generation methods

Nuclear fusions

As an expected solution to future energy problems, nuclear fusion has at-
tracted much attention in nearly 100 years since its discovery. The reaction
processes with the combination of two or more nuclei or subatomic particles,
generating one or more different particles. The difference in mass between the
reactants and products due to the change of atomic binding energy is manifested
as either the release or the absorption of energy. In the early 1970s, Inertial
Confinement Fusion (ICF) [58] using laser irradiation appeared to be a practical
approach to power production via nuclear fusion. Generally, laser beams are
irradiated on the target to heat and compress the fuel. As the typical reaction
for ICF, D-D and D-T reactions are expressed by

D + D →3 He + n + 3.28 MeV,

D + T →4 He + n + 17.6 MeV.

Both of these two reactions generate neutrons. These kinds of thermonuclear
fusion reaction usually require MJ (Mega Joule) laser systems, and most of the
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Figure 2.8: Cross-sections of photo-nuclear (γ, xn) reactions
for different isotopes[59]

research focuses on the improvement of ICF. The neutron yield of ICF experi-
ments is usually used as the evaluation parameter of fusion and has relatively
lower numbers.

Photon-nuclear reactions

If a nucleus absorbs high-energy photons with energy exceeding the bind-
ing energy, the particles such as neutrons, protons, deuterons and �-particles
are released from nucleus. The reaction is regarded as the photo-nuclear reac-
tion. A hot electron beam generated by interaction of intense laser and matters
can produce X-rays with the energy over 15 MeV in high-Z materials[60] via
the mechanism of Bremsstrahlung. The energy of Bremsstrahlung photons de-
pends on the hot electrons whose energy is directly related to the laser intensity.
Therefore, the energy of X-rays can exceed the threshold of photon-induced nu-
clear reactions. Through the cross section of (γ, xn) reaction is usually smaller
than that of proton collision reaction, it can reach 1 barn in some high-Z ma-
terials. Fig. 2.8 gives cross section of some isotopes.

Due to the high transmittance of X-rays, a large target is required to make
X-rays completely reacted. Considering the efficiency of neutron moderation (as
introduced in Section2.3), a large neutron source also requires a large moderator.
Since the performance of short pulse is effected by the moderator size, the photo-
nuclear reaction is not suitable for NRS using LDNS.
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Figure 2.9: A typical pitcher-catcher geometry for laser-driven
neutron source

Ion induced low-energy nuclear reactions

Due to the large cross-section of neutron producing reactions, ion-induced
neutron generation has relatively higher efficiency. Taking advantages of laser-
driven ion accelerations, a compact neutron source with high yield and short
pulse duration can be realized via ‘Pitcher-Catcher’ (PC) Method [27, 61]. As
details, the laser-driven ions that accelerated via TNSA mechanism are ‘thrown’
towards a neutron converter. Then the neutron converter which is generally
Low-Z materials such as Li or Be ‘catches’ the ions to generates neutrons by
nuclear reactions. In this method, the ion acceleration target is like an ion
‘pitcher’ and the neutron converter is like an ion ’catcher‘ (Fig. 2.9).

The neutrons are generated via (p,n) and (d,n) nuclear reactions. The (d,n)
reaction is one of the stripping reactions which was first described in 1950[62].
Due to the weak bond between neutron and proton in a deuteron. When an
incident deuteron hits the nucleus, the proton in the deuteron is stripped by
the coulomb barrier and combines with the target nucleus, while the residual
neutron proceeds with most of its original momentum in almost its original
direction (Fig. 2.10). So in the (d,n) reaction, the generated neutrons originate
from deuterons instead of the catcher nucleus.

On the other hand, the (p,n) reaction is one kind of the spallation, in

Figure 2.10: Deuteron stripping reaction
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Figure 2.11: Proton induced reaction

which neutrons are ejected from target nucleus due to the impact of incident
neutrons(Fig. 2.11). This reaction has fairly large cross-section and is capable
of high neutron yield [63].

2.3 Neutron moderation

2.3.1 Method of neutron moderation

In almost all of neutron sources, the primary neutrons generally have high
energy of ∼MeV, which is undesirable for neutron resonance measurement and
other applications using low energy neutrons. This makes it necessary to ‘slow
down’, namely, moderate the neutrons. A widely employed method is to use
matters to block the neutron beam, so that the neutrons collide with atoms
in the matters and loss their energy. As the consequence, the neutrons are
moderated to lower energy. The matters used to moderate neutrons is called
moderator. Since the slowing down process mainly relies on repeated elastic
collisions, the main parameters involved in the moderation are:

• The mass of nucleus in the moderator: Energy-loss of neutron in one
collision.

• Neutron scattering cross-section and number density of the moderator:
Rate of collisions.

According to the theory of elastic collision, energy-loss per collision decreases as
mass increases. Therefore, the lighter nuclei require fewer collisions to slow the
neutron. As defined in [64], the mean logarithmic reduction of neutron energy
per collision is

ξ = ln
E0

E
= 1 +

(A − 1)2

2A
ln(

A + 1
A − 1

), (2.20)
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where the E0, E and A are initial kinetic energy of the neutron, kinetic energy
of the neutron after the collision and atomic mass of nucleus in the moderator.
The ξ represents fractional energy loss per collision of the neutron. As described
in Ref[65], it can be approximated to

ξ ∼ 2
A + 2/3

. (2.21)

This indicates that an atom with smaller mass has higher moderation efficiency.
For a few instances, Table 2.1 gives the moderation parameters of several iso-
topes. The number of collisions is that required to moderate a neutron with an
initial energy of 2 MeV to a final energy of 1 eV.The materials with high hydro-
gen density are generally fast for moderation and can generate a slow neutron
from fewer collisions. This is consistent with the inference of Eq.2.21.

Mass of kernels
µ

Energy decrement
ξ

Collision times
(2MeV to 1eV)

Hydrogen 1 1 18
Deuterium 2 0.7261 25
Beryllium 9 0.2078 86
Carbon 12 0.1589 114
Oxygen 16 0.1209 150
Uranium 238 0.0084 2172

Table 2.1: Moderation parameters of various isotopes

There are several kinds of neutron moderators that have been demonstrated
with appreciable efficiency of moderation[26, 66, 67]. In practice, it is also neces-
sary to consider the factors such as the mean free path of neutrons, spontaneous
release of energy and the neutron absorption cross-section[67]. Both the water
and polyethylene have relatively high number density of hydrogen atoms. How-
ever, considering the strong absorption and long mean free path of water, in
this study, the High-Density Polyethylene (HDPE) is used as the material of
neutron moderators.

2.3.2 Development of neutron moderator

As introduced in Chapter1 Section1.1.3, the accuracy of TOF measure-
ment depends on the pulse duration of the neutron source. When neutrons are
moderated, the moderation makes neutrons of same energies to be generated
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Figure 2.12: Neutron moderation of HDPE with various thick-
ness

in a time window due to the collisions in the moderator. When using TOF
method, the broadened neutron pulses cause errors in energy-time transform,
finally produce error on the energy axis of NRS.

The moderator was optimized according to the balance between moderation
efficiency and the duration of moderated neutrons. The simulations for low-
energy (1∼10 eV) neutron yield and duration (FWHM of 10±0.1 eV) were
calculated by PHITS code[68]. In the simulation, the detector was set at the
rear surface of the moderator. The results are shown in Fig. 2.12. With the
thickness increasing from 1 to 5 cm, the yield of neutron in 1∼10 eV region
firstly goes up and flattens out at 3 cm. On the other hand, the duration
increases almost linearly with the thickness, from 0.4 to 1.4 µs.

Therefore, considering both the performance of neutron yield and pulse
duration, a moderator with thickness of 3 cm was designed for the experiments
of NRS using LDNS [28]. The details are introduced in Chapter4.

2.4 Thomson parabola ion spectrometer
The accelerated ions are measured by a Thomson Parabola Ion Spectrom-

eter (TPIS) with an Imaging Plate (IP). This section includes the method and
configuration of TPIS, the feature and analysis of signal on IP.

2.4.1 The configuration of thomson parabola ion spec-
trometer

By applying an electrostatic field and a magneto-static field in parallel with
each other, ions which incident can be accelerated according to mass and charge.
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Figure 2.13: Diagram of TPIS

After traveling a certain distance, the accelerated ions hit different positions of
a sensitive surface. Thus, the ion can be distinguished by energy and mass-to-
charge ratio. Using this method, a TPIS can be designed to record the energy
spectrum of different ions respectively (Fig. 2.13).

The neodymium magnets provide a magnetic field of 0.85 T. The electrodes
are made with copper for low permeability. Two copper electrodes are placed
10 mm apart with a bias voltage of 15 kV applied. Ions are incident between
the two electrodes through the pinhole, and then deflected by the electric and
magnetic field, finally show a parabolic trajectory on the detective surface. In
order to distinguish ion species that have same mass-to-charge ratio such as C6+

and deuterons, 3 layers of aluminum filters with thickness of 300 µm, 100 µm
and 50 µm respectively are attached to the upstream of detective surface. Thus,
the C6+ ions are completely stopped by the filter while a part of deuterons pass
through. The IP developed by FUJIFILM is used as ion detective surface.

2.4.2 Imaging plate

The IP is produced by applying powder crystal phosphor of barium fluoro-
bromide doped with divalent europium (BaFBr : Eu2+) on a plastic film. The
phosphor layer is specialized for the Photo-Stimulated Luminescence (PSL). It
has a 1000 times higher sensitivity than that of ordinary X-ray films, with a
wide dynamic range and high spatial resolution. The IP used in this study is
BAS-TR2025 manufactured by FUJIFILM.
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Figure 2.14: Recording and reading process of IP signal

The PSL is a process that stored energy produce a luminescent signal within
a phosphor via stimulation with visible light. The process of signal recording
and reading (Fig. 2.14, 2.15) can be expressed as:

• Recording (energy storage): After the initial exposure by original radi-
ation, Eu2+ ions lose an electron to become Eu3+ ions. The excited
electrons in the phosphor material are trapped by the lattice defects that
originally existed in the crystal. In case of BaFBr : Eu2+, the empty lat-
tice of F ion and Br ion capture the excited electrons to form meta-stable
color centers. Since the amount of trapped electrons is proportional to
the irradiation dose, a 2D image of the irradiation is recorded.

• Reading (energy release): A lower-frequency light source that is insuffi-
cient in energy to create more Eu3+ ions can return the trapped electrons
to the conduction band. The Eu3+ ions capture these electrons and rise
to the excited state of the Eu2+ ion. When the excited Eu2+ ion returns
to the ground state, a blue-violet 390nm luminescence is released. The
light is produced in proportion to the number of trapped electrons, and
thus in proportion to the original irradiation signal. The reading process
is completed by a dedicated IP reader which can record the luminescence
as a 2D image data. In this study, the Typhoon FLA7000 (Fig. 2.16)
from GE Healthcare Japan is used as the IP reader.

Although the signal recorded on the IP can be stored for a long time, it has
a drawback that the signal is fading with time due to thermal relaxation[69]. A
calibration work was done by D. O. Golovin [70]. The fading function is given
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Figure 2.15: Energy levels in PSL process

Figure 2.16: Typhoon FLA 7000
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by
F(t) = PSLt/PSL0 = A1exp(

−t
B1

) + A2exp(
−t
B2

), (2.22)

where PSLt/PSL0 is a relation between PSL value at time t (given in minutes)
and zero time. The parameters are:

A1 = 0.3590, B1 = 33.227, A2 = 0.6404, B2 = 2041.2.

In addition to the fading, IP signal is also underestimate due to scanning effi-
ciency. The signal from first scan cannot be fully resolved due to generation of
many excited trapping centers inside the IP, which continuously deposit energy.
This suggests that there is a dependency between the obtained PSL value and
the number of the scans. To fix this problem, a function is given by

PSLN/PSL1 = C1exp(
−N
D1

) + C2exp(
−N
D2

), (2.23)

where PSLN/PSL1 is the relation between PSL value for scan number N and
the first scan. The parameters are:

C1 = 2.0084, D1 = 0.847, C2 = 0.4595, D2 = 5.4617.

When the number of scans is large enough, the signal PSLN will be negligible.
Combine the function (2.22) and (2.23), a function for fixing time fading and
scan efficiency can be written as

(
1

∑
N

PSLN
t )/PSL1

t = 2.4143(t − 3.7213)0.0738, (2.24)

where (∑1
N PSLN

t )/PSL1
t is relation between total PSL value obtained during

all multiple scan sequences and the first scan PSL value.
The calibration results from Ref. [70] are used to convert PSL to ion

numbers. The function is given by

Cp = 0.137E−0.749, (2.25a)

Cd = 0.1298E−0.731, (2.25b)

where Cp and Cd are responses in PSL units per one incident proton and
deuteron respectively and E is an incident ion energy per nucleon.
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Figure 2.17: Light decays of benzophenone-doped BBQ liquid
scintillator[71]

2.5 Neutron time-of-flight detectors
Due to the neutrality of neutrons, they cannot cause ionization or excitation

of matter like charged particles, which makes neutrons difficult to be detected
directly. And for the same reason, neutrons cannot use electromagnetic fields
to distinguish the energy distribution. Instead of direct detection, charged
particles or photons generated by the interaction between neutrons and medium
materials are generally used to achieve indirect detection of neutrons. In this
study, a customized liquid scintillator and 6Li-glass scintillator are used for
neutron detectors.

2.5.1 Liquid scintillator for fast neutron detection

A customized liquid scintillator which developed by Y. Abe et al.[71] is
used as medium materials for fast neutron detection. The single dye of BBQ
(4, 4

′′′′ − bis[(2 − butyloctyl)oxy] − 1, 1
′

: 4
′
, 1

′′
: 4

′′
, 1

′′′ − quaterphenyl) has
been reported to have fast time decay characteristics. The liquid solvent is
1, 2, 4-TMB(1, 2, 3trymethybenzene) which has been tested with the 1% BBQ
and 2% benzophenone flour (Fig. 2.17). The results show this new liquid scin-
tillator has a fast time response with negligible afterglow. The liquid scintillator
container is coupled to a photomultiplier tube (PMT) (Thron EMI 9902KBT)
which collects scintillation light and convert it into electrical signals. A high-
speed oscilloscope is used to record the signal.
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Figure 2.18: 6Li-glass scintillator parameters provided by
SAINT-GOBAIN

2.5.2 6Li-glass scintillator for epithermal neutron detec-
tion

6Li-glass is a scintillator specialized in low-energy neutron detection which
is made by doping 6Li isotopes into cerium activated glass. Since early 6Li-
glass was developed in 1960s[72], it has been widely used in the detection of
low energy neutrons. In this study, Cerium activated lithium silicate glass
scintillators (GS20, ϕ=5.08 cm, t=1 cm) manufactured by Scintacor Ltd. were
used for epithermal neutron ToF detector. Some parameters of GS20 is shown
in Fig. 2.18.

When neutrons are incident on the scintillator, the following nuclear reac-
tion will occur:

n +6 Li ⇒ T +4 He + 4.78 MeV. (2.26)

The reaction can be abbreviated as 6Li(n,t)4He. With a large Q value (4.78
MeV) of the reaction, two charged particles produced by the reaction excite the
cerium ions in the scintillator glass to high energy levels. Then the cerium ions
back to the ground state and emit 400 nm luminescence light (Fig. 2.19). GS20
has been investigated to prove that each neutron incident event can produce
∼6000 photons[73]. This bright scintillation can be clearly detected by the
PMT.

Since the ions that generate scintillation are produced by nuclear reac-
tions, compare to the Q value (4.78 MeV) of the reaction, the kinetic energy of
neutrons is negligible in low energy region (1∼100 eV) where resonances occur.
Thus, the neutron detecting efficiency mainly depends on the cross-section. The



2.5. Neutron time-of-flight detectors 39

Figure 2.19: The schematic energy levels of Ce3+[74]
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cross-section of 6Li(n,t)4He reaction has been accurately measured and evalu-
ated[75]. Since the thickness of GS20 glass is t=1 cm, the probability of reaction
can be calculated by formula (Equ. 1.3) using the nuclear data (Fig. 2.20) eval-
uated by JENDL4.0 database [76]. The calculated result of neutron detecting
efficiency is shown in Fig. 2.21.

Figure 2.20: Cross-sectoin of 6Li(n,t)4He reaction[76]

In the intense X-ray environment of high-power laser facility, the PMT that
is coupled with the scintillator may easily saturated during all of the neutron
incident events. A customized time-gated PMT is coupled with the GS20 glass
for scintillation collecting and recording. With the electrical time-gating (ETG)
system, the laser generated X-ray background which is 4-5 orders of magnitude
stronger than neutron events is effectively suppressed. The details of time-gated
PMT is introduced in Chapter3.
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Figure 2.21: Neutron detecting efficiency of GS20
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Chapter 3

Development of Time-gated
Neutron Detector and Beamline

3.1 Problems of time-of-flight neutron detec-
tion in high-power laser experiments

In a typical neutron TOF spectroscopy, scintillator coupled with a photo-
multiplier tube (PMT) is used to record the neutron signals. A typical construc-
tion of PMT is shown in Fig. 3.1 [77]. The light signal is converted into electrons
by photoelectric effect at the cathode. Then photoelectrons are reflected and
multiplied by the subsequent dynodes. The anode collects all the photoelectrons
and outputs a current signal corresponding to the incident light. The 　 multi-
plication of a PMT has limitation due to the driver circuit of the PMT. In the
driver circuit, the voltages of dynodes are divided by voltage divider resistors
in series (Fig. 3.2 [77]). When the photoelectrons are reflected and multiplied
by dynodes, the reverse current (IDy) flows into the circuit through the surfaces
of dynodes. The potentials of dynodes are reduced due to the IDy, leading to

Figure 3.1: Construction of a photomultiplier tube [77]
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(a) Driver circuit of PMT.

(b) The output of PMT with relative input light level. The linearity of
response changes when the light level is too high (red region). [77]

Figure 3.2

the changing of gain of multipliers. As a result, an overloaded signal causes the
response of PMT to lose linearity (red region in Fig. 3.2(b)). Although, the
response linearity can recover for the later incident signals, the recovery times
are typically in microsecond range.

For the neutron TOF detection, the arrival time of neutrons is generally
ns∼ µs later than X-ray backgrounds. Therefore, if the X-ray background
is so intense that it overloads the PMT, the subsequently arriving neutron
signals could be effected by the X-rays. In high-energy laser-driven neutron
experiments, one of the major hindrances to neutron’s measurement is that
all reactions, including laser-induced ion acceleration and neutron generation,
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release large amounts of energy in the form of intense hard X-rays [44]. As
introduced above, the X-rays reach the detector before other particles in the
TOF method. However, the effects only need to be considered for epithermal
or lower energy neutrons while can be ignored in fast neutron detection.

In fast neutron (with an energy of tens MeV) measurements, the flight
distance is restricted to more than tens of metres to provide a long flight time
that keeps the neutron signal separated from the X-ray peak [28, 31, 32, 40].
The high yield of fast neutrons (~1010/sr) make the statistics are enough to give
a entire spectrum even with a long beamline of tens of metres. At that distance,
the smaller solid angle allows less signals to enter the detector. Furthermore,
a thick lead shield can be set in the beamline to reduce the X-rays efficiently,
while the fast neutrons are less affected due to the higher transmittance.

As introduced in Chapter 2, the yield of thermal neutrons is relatively
limited for the short pulse. Since the propose of this research is to realize
single-shot NRS, a short beamline is required for an enough statistics at the
detector. For the epithermal neutrons, the intense X-ray generated by the laser
shot could be separated in times even with a beamline shorter than 2 m, due
to the ultra-short pulse of eV energy neutrons in 100s ns. However, the bigger
solid angle of the short beamline also enhances the X-rays signal in detectors.
At about 2 m distance, the PMT can be easily overloaded by X-rays. Due to
the low energies of epithermal neutrons, the thick shield for X-rays such as lead
can not be used. A lead shield that is thick enough to block X-rays to protect
PMT from overload also reduces the number of epithermal neutrons, leading
to insufficient statistics in the spectrum. According to the above conditions,
the temporally separated X-ray signals can still effect the subsequent detection
of epithermal neutron signal in 10s of µs later, and suppressing the X-rays by
changing the beamline setup is not feasible.

3.2 Development of time-gated photomultiplier
driver circuit

3.2.1 Necessity and purpose of the development

To cut off the X-ray background signal, some time-gated neutron detec-
tors have been developed [78–80] for neutron detection. A customized electrical
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time-gating (ETG) system has been coupled with a PMT to stop the multipli-
cation of electrons during a specific period by applying a reverse bias on the
dynodes of the PMT [81–84]. Although PMTs with ETG systems have been
developed for a long time and there are commercial modules providing ETG
functions, few products are suitable for high-energy laser-driven neutron experi-
ments. The overload current of the X-ray signal usually disables the commercial
ETG circuit. Furthermore, there is another problem. Most models available for
sale provide only relatively small photosensitive surfaces (ϕ < 1 cm), while de-
tecting laser-driven neutrons requires bigger scintillators (ϕ > 2 cm) for higher
statistics. Therefore, commercial modules are not feasible for laser-driven neu-
tron experiments.

For a time-gated PMT with an ETG system, the bias voltage is generally
delivered by a capacitor. The charging time of the capacitor determines the
speed of the switch. However, for high-energy laser experiments, the capaci-
tor may be completely discharged very quickly, causing the ETG to shut down
earlier than the set time. As reported in [80], a high-speed ETG can provide a
switching time of less than 100 ns by using a 10 nF capacitor. This design en-
ables the detection of fast neutrons in high-energy laser experiments. However,
for low-energy neutrons, the time length of the signal can be hundreds of µs
or several ms. The capacitance is unable to maintain such a long-time switch
and is discharged in approximately 10 µs. A gated PMT with an ETG circuit
that is normally ON may be a solution for this problem. Previous research [83]
has reported that switching the dynodes at the cathode end of a tube (K, Dy1
and Dy2) can result in a higher cut-off ratio and less interference on the normal
response. However, for the present purpose, time-gating by switching the K
bias is not feasible for the PMT due to the slow response time (>100 µs) of the
semi-transparent bialkali photocathode.

In this study, the author developed a customized time-gated neutron TOF
detector with a high cut-off ratio for the time gate, a large tolerance for the
load current and the ability to maintain linearity throughout long time mea-
surements[85]. The cut-off ratio refers to the electron gain of the PMT between
the ON and OFF states, which is controlled by the ETG system. The author
designed a gated PMT with an ETG circuit that is normally ON. The normally
ON ETG can maintain the PMT in a normal working response and shut down
when there is no control pulse input and a square pulse, respectively. With this
design, transient shut downs are needed only in a very short period of several
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µs during a laser shot. The normally ON ETG ensures an unlimited length
of measuring time. The fast-switching gate and high cut-off ratio allow mea-
surements in high-energy laser experiments with intense background and noise
levels.

3.2.2 Design of a photomultiplier driver circuit with an
electrical time-gating system

The PMT used for time-gated development is an 8-stage linear focused
type HAMAMATSU-R2083, which provides a 46 mm diameter effective area of
a bialkali photocathode and an anode pulse rise time of 0.7 ns. A diagram of the
structure is shown in Fig.3.3. There is a focusing grid (G) and an accelerator
electrode (ACC) between the photocathode (K) and dynodes (Dy n, n = 1,2,3...)
to increase the collection rate and reduce the photoelectron transit time [86].
The multiplication of electrons is dominated by the voltage of the dynodes. The
electrons are guided by the potential difference between the dynodes, reflected
stage by stage and finally collected to output a current signal by the anode.

To realize a normally ON gate, a voltage dividing circuit is designed for
dynodes and an ETG subcircuit is added on Dy1 to reverse the bias between Dy1
and Dy2 during the high-level gate-control signal. The voltage-dividing circuit
and ETG subcircuit are shown in Figs. 3.4(a) and 3.4(b). The voltage-dividing
circuit is the main circuit of the PMT and is powered by a high voltage of -1400
V. Therefore, the potential of each dynode increases stage by stage from Dy1 to
Dy8 to ensure that the electrons can be accelerated between the dynodes. The

Figure 3.3: R2083 manufactured by HAMAMATSU Photon-
ics
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capacitors connected in parallel with the resistors in the last stages stabilize
the voltages to maintain linearity when the large number of electrons hitting
on the dynodes cause reverse currents [87]. Dy1 is connected to an independent
parallel branch separately, which supplies a potential. The ETG sub-circuit,
which is named HV Pulser and depicted in Fig. 3.4(b), is also connected to
Dy1 through capacitor C15. HV Pulser IO1-4 is connected to a +360 V high-
voltage power source with an output to capacitor C15, a 4 V TTL control pulse
signal input and the electrical ground. The control signal is input to a gate
driver, UCC27517DBVR, which drives an N-channel high-voltage MOSFET to
generate a square pulse of 360 V.

3.2.3 Test for temporal characteristic of the electrical
time-gating circuit

The expected temporal characteristic of the gated PMT is shown in Fig.
3.5(a). When a +4 V TTL signal is delivered to the HV Pulser, a square pulse
of +360 V is generated and delivered to Dy1 through C15. The potential of Dy1
increases by 360 V, making it 10 V higher than the potential of Dy2. Therefore,
the bias between Dy1 and Dy2 is reversed to prevent the electrons from reaching
Dy2. Thus, the gate is OFF and the gain of the PMT is theoretically close to 0.
In the normal state, the Dy1 potential is lower than that of Dy2. The electrons
are accelerated to Dy2, multiplied in the subsequent stages and finally output
as a current signal from the anode.

The temporal performance of the gated PMT was tested with an LED
light in a darkroom, and the test results are shown in Fig. 3.5(b). The gate
control signal, DC power to the LED and PMT output signal were recorded
by an oscilloscope. The gate control signal was a TTL pulse generated by a
digital pulse generator (DG535), as shown by the black line. The LED light
was powered by a DC pulse output of DG535, as shown by the red line. The level
of the input gate control signal changed during the period when the LED was
glowing. The response signal of the gated PMT was recorded and is represented
by the blue line. Before the gate control signal changed to a low level, although
there was incident light from the LED, the response signal of the PMT was
zero. When the gate control signal changed to a low level, the gain of the PMT
was restored, and the response signal was output. An enlarged figure of the
lower edge of the gated control signal is shown on the left of Fig. 3.5(b). Here,
we defined two parameters to evaluate the time performance of the gated PMT:
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(a) Main circuit of the gated PMT[85].

(b) The ETG subcircuit (HV Pulser) is connected to the main circuit[85].

Figure 3.4
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the transit time and the raising time. The transit time represents the time from
the start of the low edge of the gate signal to the start of the high edge of the
gain. The rising time is the gain of the gated PMT from 0 to the maximum.
These two delays are generated by the internal delay of the MOSFET and
the gate driver chip. The transit time and raising time were determined to
be approximately 170 ns and 400 ns, respectively. In practical operation, the
transit time can be offset by adjusting the gate signal time. The gain of the
gated PMT was calibrated by a typical HAMAMATSU H2431-50 PMT module
with LED light. By comparing the output signal levels of H2431-50 and gated
PMT, we evaluated the gain of gated PMT to be 8× 104 during the ON period.

(a) Time line of the TTL input signal, bias of Dy1-Dy2, incident light and
gain of the PMT[85].

(b) The response test of the gated PMT[85].

Figure 3.5
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3.2.4 Test for time-gated photomultiplier tube in high-
power laser experiments

To verify the feasibility of the gated TOF detector in high-energy laser
experiments, we implemented test laser shots using LFEX Laser for Fusion
Experiments), the high-power laser facility of Osaka Univ. The experimental
setup is shown in Fig. 3.6. The 4 laser beams of LFEX were focused on a 5 µm
thick deuterated polystyrene (CD) foil target with an intensity of ∼ 1 ×1019

W·cm−2, an energy of 1300 J and a 1.5 ps pulse duration [28]. A secondary
target of cylindrical Be with high-density polyethylene (HDPE) was placed 5
mm downstream of the CD foil, resulting in the generation of fast neutrons and
slower neutrons in the energy region of eV, respectively. The gated PMT was
coupled with a 6Li glass scintillator (GS20, Scintacor Ltd., 10 mm in thickness,
25.4 mm in radius). The neutron-induced nuclear reaction of 6Li(n,T)α pro-
vides a large cross section in the low-energy region, which contributes to the
high efficiency of neutron detection. The detection efficiency was calculated
from the 6Li(n,T)α cross section data obtained from the JENDL4.0 database
[76], considering the weight proportion and fraction of 6Li in the GS20 scin-
tillator [88]. According to the calculation (Fig. 2.21), a 6Li glass scintillator
with a thickness of 10 mm can provide approximately 20%∼90% detection ef-
ficiency in the 1∼100 eV energy region. The GS20 scintillator was combined
with the photosensitive interface of the PMT with a silicon optical glue. This
scintillation detector was used as a gated TOF detector at 1.8 m from the CD
target. An aluminium flange on the laser chamber was installed to provide a
high transmittance of epithermal neutrons along the beamline. No collimator
or shield was set around the beamline to evaluate the influence of background.

To evaluate the X-ray cut-off of the gated TOF detector, the neutron gen-
erator and the moderator were removed for the test shots, while the rest of the
setup was retained. The gate-off time window was set from 1 µs before the laser
shot to 1 µs after the laser shot. The signal of the X-rays induced by the laser
incident on the CD foil target was observed in the gated TOF response signal
(the enlarged part in Fig. 3.7) regardless of the cut-off. This was attributed to
the direct irradiation of the X-rays on the secondary and subsequent dynodes in
the PMT. The ionization of the residual gas in the PMT further generated elec-
trons. The direct irradiation-induced X-ray signal was acceptable when it was
within the tolerance of the PMT. When the ETG system was switched ON, the
PMT output noise signals, including residual X-rays and scattered neutrons, as
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Figure 3.6: Laser-driven neutron experimental setup[85].

discrete pulses after 1.5 µs (Fig. 3.7). For epithermal neutrons with energy of
hundreds of eV, the most applied scintillator 6Li glass generated approximately
6000 photons for every neutron incidence event [89]. Considering the gain of
the gated TOF detector, we estimated the response signal level of a neutron to
be 10∼100 mV. The signal level was consistent with the pulse height in the test
signal (Fig. 3.7), suggesting that some background (scattering neutrons and X-
rays) was detected in the CD shots. The results of the test experiments showed
an effective cut-off of the X-ray signals, while some background neutrons were
detected after the gate switch was ON.

This design of time-gated PMT was used in the experimental epithermal
neutron measurement, and the single-shot NRS was realized for the first time.
Detailed results are introduced in Chapter4.

3.3 Development of epithermal neutron beam-
line for laser-driven neutron source

3.3.1 Necessity and purpose of the development

As introduced in Chapter2, the epithermal neutron yield of moderated
LDNS is limited for a short pulse (< 1 µs at ~1 eV). Meanwhile, there are
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Figure 3.7: The response signal of a gated-PMT in a CD shot
without Be or HDPE[85].

backgrounds of neutrons and X-rays which are scattered from the laser chamber
and other constructions. These backgrounds generally produce response signal
much higher than the desired epithermal neutron signals and arrive the TOF
detector in a long time window including desired signals’ timing due to the
random scattering. Although the backgrounds can not be blocked by time-
gated PMT, a neutron collimator and a shield around beamline are effective
approaches of improvement.

The purpose of the development is to improve the S/N ratio of epither-
mal neutron signals. By optimizing the designs of collimator and shield, the
statistics of neutron spectrum can be improved and the backgrounds can be
suppressed. A smoother neutron spectrum provides more information in the
details of resonance peaks, which is important for the investigation of temper-
ature dependency of NRS.

The developments of a Nickle epithermal neutron collimator and a Boron-
doped Polyethylene shield are introduced in this section.
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3.3.2 The development of nickle epithermal neutron col-
limator

Nickle has high cross sections of neutron elastic scattering and small cross
sections for absorption and other reactions. So far, many neutron experiments
have used the nickle as the material of neutron reflector or neutron supermirror
[90–92]. It is need to note that, the ’reflector’ and ’mirror’ refer to the elastic
scattering rather than the specular reflection such as optical behaviors. In
previous works, the interests are most focused on the critical angle that depends
on the neutron wavelength.

In this research, an tube made by Ni-0 (natural) is designed as a neutron
collimator, taking the advantage of high elastic scattering cross section. As
shown in Fig. 3.8, the cross section shows a platform of about 20 barn in mev
~KeV where is the energy region of epithermal and thermal neutrons.

The thickness of tube can be optimized to select the neutron by incident
angle on the nickle (Fig. 3.9). Fig. 3.9(a) shows the mechanism of neutron
collimation. When neutrons incident into the nickle surface, the pass length of
neutrons are depends on the incident angle (as θ in the Fig. 3.9(a)). With a
bigger incident angle, neutrons have less probability to occur elastic scattering

Figure 3.8: The cross section of neutron elastic scattering in
Ni-0 [76].
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so that most of them go through the nickle wall. For neutrons incident with a
smaller angle, relatively longer pass length make them easier to be scattered. If
the scattered neutrons towards a direction close to the center axis of beamline,
the neutrons will repeat the scattering or directly arrive the detector. In the
case where neutrons arrive at the detector after multiple scatterings, the small
scattering angles and less scatterings can ensure that the time broadening caused
by different flight distances is negligible compared to the source pulse width.
By this design, the epithermal neutrons can be focused along the beamline to
increase the detected statistics. Fig. 3.9(b) shows the calculated reaction rate
changing with angles of incident neutrons. The neutron energy is assumed as
5 eV that most of individual resonance peaks exist. When neutrons incident
vertically (θ = 90◦), there is about 20% probability of scattering. With the θ

decreases, scattering rate increases exponentially. The optimization of nickle
thickness is considered with the length of the beamline and the effective surface
of the detector. With 1.8 m beamline and detector surface of ϕ =2.54 cm, 2
mm thickness nickle is considered as the optimized design and provides 100%
scattering rate under 10◦.

A simulation of designed nickle tube was calculated by PHITS [68]. The
fast neutrons of LDNS was used as input source. The neutron moderator was
same as the optimized design in Chapter2. The recorded neutrons were 5 eV
during the simulation. As shown in Fig. 3.10(a), a 45 cm nickle tube with
thickness of 2 mm was set at downstream of the neutron moderator. The 2D
result shown that the 5eV neutron flux inside the nickle tube was much higher
than out side. To confirm the collimation efficiency and the affect on neuron
pulse duration, a reference simulation was calculated with the same setup except
the nickle tube. The neutron pulse duration (FWHM) at 5 eV is 0.88 µs with
the collimation of the nickle tube. Compared with the reference case (0.75 µs),
the nickle tube broadened the neutron pulse by 0.13 µs. In the simulation,
the energy window of recording is set to be 5±0.05 eV. This thickness of the
energy window also contributes to the broadening of pulse duration due to the
distance (45 cm) between detector and neutron source. In the real experiments,
the energy resolution should be considered by a mono-energy neutron pulse as
introduced in Chapter2. 　
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(a) The schematic diagram of nickle collimator.

(b) The reaction rate of 5eV neutrons elastic scattering changes with inci-
dent angles.

Figure 3.9
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(a) The 2D result of simulated neutron collimation by using a nickle tube (L = 45 cm, t = 2
mm). The neutrons with 5 eV energy were recorded duration the simulation.

(b) The time duration of 5 eV neutrons on the exit of nickle tube. The red
line is the 5eV neutron pulse at exit of the nickle tube. The black line is a
reference result with the same setup except the nickle tube.

Figure 3.10
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Figure 3.11: The 　 structure diagram of neutron collimator
used in LDNS experiments.

3.3.3 The design of background shield

To block the background neutrons which are scattered by the laser chamber
and other structures, a shield sleeve was set on the out side of the nickle tube
(Fig.3.12). The sleeve was made by polyethylene which doped by 10% B2O3.
The high hydrogen content of polyethylene can scatter neutrons and slow them
down to thermal neutrons. Boron is a widely used thermal neutron absorber due
to the large absorption cross-section. All parts of the collimator are loaded by
a Al guider which is installed on the laser chamber. Al has very small neutron
cross-sections to provide a minimal interference on the neutron beamline. The
　 experimental setup of the neutron beamline is introduced in Chapter 5.

3.3.4 The experimental demonstration of the beamline
development

The NRS experimental results show the effectiveness of beamline develop-
ment. The resonance peaks of 109Ag at 5.19 eV and 181Ta at 4.28 eV are used
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for check neutron signal level. The thickness of resonance samples is adjusted
to absorb 100% neutrons at the resonance peaks. Therefore, the depths of the
troughs are equal to the level of the neutron signal. Fig. 3.12(a) is the signal
measured without any collimator and shield, while Fig. 3.12(b) is the signal
measured with neutron collimator as the design shown in Fig. 3.11. A same
detector is used in the two cases with exactly same setup. The evaluated pa-
rameter is S/N ratio which is defined by the ratio of signal and noise level (rest
part of signal except neutrons). The depth of resonance peaks is estimated by a
fitted base line of the signals. The signals in Fig. 3.12 indicates that developed
beamline with the neutron collimator improve S/N ratio from 9.8% to 18.7%.
This is a important improvement that make more detailed investigation of res-
onance peaks becomes possible by using single-shot of LDNS. As an instance,
The results of temperature dependency of neutron resonance are introduced in
Chapter5.

The development of neutron collimator and shield introduced in this section
has potential to improve and can be flexibly applied to different experimental
purposes of LDNS. For example, the thickness and length of nickle layer can be
adjusted to selectively collimate neutrons in a specific energy region. Further-
more, multi-material layers can be developed for more complicated and effective
neutron collimation.
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(a) The experimental result of NRS using LDNS without any shield and
collimator. The resonance samples were Ag and Ta.

(b) The experimental result of NRS using LDNS with the shield and colli-
mator designed above. The resonance samples were Ag and Ta.

Figure 3.12
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Chapter 4

Single-shot Neutron Resonance
Spectroscopy using Laser-driven
Neutron Source

The experiment was implemented for the measurement of neutron reso-
nance absorption. The resonance peaks of various isotopes were observed with
a beamline of 1.82 m in every single shot of LDNS. The main propose of the
experiment is to demonstrate the feasibility of neutron resonance measurement
with LDNS and to evaluate the neutron source pulse duration for further dis-
cussion on energy resolution of the TOF method.

4.1 Experimental setups
The laser facility used in the experiment is Laser for Fast Ignition Experi-

ments (LFEX at ILE, Osaka Univ., Japan). Three beams of LFEX deliver laser
pulses with a duration of 1.5 ps (FWHM), a central wavelength of 1.0 µm and an
energy of ∼1000 J (∼300 J/beam). The laser intensity is on the order of 1018∼19

W·cm−2. The high-energy ions (mainly protons and deuterons) are accelerated
via TNSA mechanism (as introduced in Chapter2) from laser-irradiation tar-
gets[22–24] which are deuterated polystyrene (CD) foils with thickness of 5 µm.
The experiment was including 3 phase with different target for the measure-
ments of ions, fast neutrons and epithermal neutrons, respectively.

In first phase of the experiment, the spectrum of accelerated ions was inves-
tigated by a TPIS which was set to be coaxial with incident laser, while the laser
normally irradiates the CD foil. In the second phase, a cylindrical beryllium
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(ϕ = 0.5 cm, t = 1 cm) set at 2 mm downstream of CD foil, which generates
fast neutrons via (p,n) and (d,n) reactions. The fast neutron spectrum was
measured by a high-speed TOF detector coupled with liquid the scintillator[71]
at 8.257 m, 15◦ off-axis. The laser condition and incident arrangement is same
with the first phase.

In the last phase, the beryllium is embedded in a high-density polyethy-
lene (Fig. 4.1(b)) which is used as the neutron moderator to slow down fast
neutrons. The laser was arranged to irradiate at 40◦ off-axis. A time-gated
TOF detector with a 6Li-glass scintillator (GS20, ϕ = 2.54 cm, t = 1 cm) was
used to measure the neutron signal in 1∼20 eV region. The time-gated TOF
detector was arranged coaxial with the Beryllium at 1.82 m far from main tar-
get (Fig. 4.1(a)). A customized shield were used to protect the GS20 from
intense X-ray background and scattered neutrons. The shield consists of one
layer Pb and one layer 10% B2O3 mixed polyethylene. Both of layers are with
thickness of 5 cm. The GS20 coupled Gated-PMT was set in the shield with a
1 mm thickness cylindrical Cadmium collimator (Fig. 4.1(c)). If the scattered
neutrons pass though the shield, the cut-off effect of cadmium[93] is anticipated
to absorb low-energy neutrons that are slowed down by the polyethylene. For
the epithermal neutron beamline, an aluminum flange with center thickness of
5 mm is used for the high transmittance of the neutrons. The Gate-on timing
of the PMT was set at 20 µs after laser shot, corresponding neutron energy of
0∼43.3 eV. In resonance measurement shots, Tantalum, Silver and Indium were
used as the samples that occur neutron resonance absorption. The laser shots
were implemented with two cases, a Ta sample or three layers of Ta, Ag and In.
Fig. 4.2 shows dimensional details of the HPDE moderator. This special shape
of circular truncated cone with side cut is designed for the laser alignment. The
volume and thickness of the moderator is optimized with the simulation results
in Chapter3.

4.2 Experimental results and analysis

4.2.1 Energy spectrum of laser-driven ion acceleration

By normally irradiating of LFEX laser on a 0.5 µm CD foil, protons and
deuterons were accelerated to 10s of MeV. The TPIS, set coaxial with the laser,
was used to measure the energy spectrum of ions with distinguished species. The
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(a) Experimental setup geometry

(b) Enlarged target geometry (c) N-ToF detector geometry

Figure 4.1
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Figure 4.2: HDPE moderator geometry

ion energy spectrum is shown in Fig. 4.3(a). The spectrum shows a typical ex-
ponential distribution with a cut-off energy. As Ref.[94] indicated, 9Be(d,n)10B
and 9Be(p,n)9B reactions have thresholds at 0.5 MeV and 2.2 MeV, respectively
(Fig. 4.3(b)). After a sharp rising edge, the neutron yield begins to level off
with the increase of ion energy higher than the threshold. Meanwhile, the pro-
tons and deuterons accelerated by LFEX has a high flux in 10s of MeV and
MeV regions with maximum energy of 33 MeV and 8 MeV, respectively. This
modeling illustrates that the laser-driven ion acceleration using LFEX is appli-
cable to neutron generation based on PC method. In addition, the experiment
only used 3 beams of LFEX which can provide 4 beams with a total energy of
1200 J, thus, the ion energy and flux can be further improved.

4.2.2 Fast neutron generation results

By setting a Be at downstream of CD foil, fast neutrons can be generated
via 9Be(d,n)10B and 9Be(p,n)9B reactions. A fast-responding liquid scintillator
is coupled with a PMT to consist the fast neutron ToF detector. The detector
was set at 15◦ off-axis with laser as described in Section4.1. A typical raw fast
neutron signal is shown in Fig. 4.4(a). An intense signal peak can be observed
almost simultaneously with laser shot, which corresponds to strong γ-ray and
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(a) Ion spectrum measured by TPIS

(b) Fast neutron yield of a thick target

Figure 4.3
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(a) Raw signal of fast neutrons measured by TOF detectors

(b) Fast neutron spectrum

Figure 4.4

X-ray generated via Bremsstrahlung of hot electrons. Though the liquid scintil-
lator is sensitive to the X-ray, the fast-respond feature lead to a very short decay
time of the X-ray signal. By employing an appropriate TOF arrangement, this
X-ray signal can be distinguished from neutron signal temporally. As seen in
Fig. 4.4(a), the γ peak exponentially decays to zero before the fast neutron ar-
rives. Taking account of point spread function (temporal broadening of detector
response to single neutron) and efficiency of the detector, the energy spectrum
can be obtained from the signal (Fig. 4.4(b)). As the results, the neutron spec-
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trum shows a exponential LFEX-based LDNS is capable of high-flux neutron
generation with yield of 2.07×109 n/sr (1 MeV ∼ Maximum). During several
shots, the recorded neutron signal gives similar spectrum with the maximum of
10s of MeV and highest flux in the ∼ MeV region. Compare with the Ref.[25]
which introduced the neutron yield of LFEX neutron source, the yield is re-
duced by one orders of magnitude. This shot was implemented with 3 beams
of LFEX, the laser energy was 972.1 J and the laser intensity was 7.05×1018

W·cm−2. The reason could be lower energy and less intense due to the lack of
one laser beam. But the Ref.[26] reports that LFEX-based LDNS gives neutron
yield of ≤109 n/sr/pulse, which is highly coincide with the experimental results.
However, it is necessary to note that fast neutron yield reported in Ref.[26] was
detected with an solid hydrogen moderator attached behind the Be, while the
signals in Fig. 4.4 were measured without any moderator. Considering the lack
of one laser beam, the difference is reasonable. Even though, the yield is still
sufficient to generate detectable amounts of low-energy neutrons by employing
an HDPE moderator.

4.2.3 Single-shot neutron resonance spectroscopy results

A customized HDPE moderator was attached on Be to generate epithermal
neutrons. A specialized epithermal neutron TOF detector was used to record
the neutron signal as described in Chapter3. Three different materials were
used as resonance sample in the experiment. At first, a 0.5 mm Ta plate is
set in front of cadmium collimator entrance. Fig. 4.5(a) gives a geometry
of TOF arrangement. Recorded epithermal neutron signal is shown in Fig.
4.5(b). In every shot of the experiment, same features were observed which
shows troughs at specific energies. By converting time to energy, it is confirmed
that the reason of the troughs is neutron resonance absorption of 181Ta at
4.28, 10.36 and 13.95 eV. These results further support the point that LDNS
provides sufficient epithermal neutron yield for resonance measurement. On
the other hand, the LDNS has demonstrated excellent time performance that
provide a sufficient time-energy resolution with a short beamline (1.82 m). For
the resonance measurement in similar energy region when using an accelerator-
driven neutron source, it generally requires 10s of meters beamline[95–97].

To experimentally demonstrate the feasibility of elemental analysis with
NRS using LDNS, multiple layers of sample (Ta, Ag and In) were used in the
subsequent experiments. Furthermore, the thickness of samples were changed
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(a) TOF arrangement with resonance sample of Ta

(b) Experimental raw signal of 181Ta neutron resonance at 4.28, 10.36 and 13.95 eV

Figure 4.5: Single-shot NRS measured using LDNS.
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between 0.1 and 0.5 mm to evaluate the energy resolution of the TOF measure-
ment (Fig. 4.6(a) and 4.6(b)).

(a) TOF arrangement and resonance samples (0.5 mm)

(b) TOF arrangement and resonance samples (0.1 mm)

(c) 181Ta, 109Ag and 115In neutron resonance signals

Figure 4.6: Multiple resonances measurement results

As seen in Fig. 4.6(c), with the three layers samples of 0.5 mm, the 3
resonances partially overlapped and indistinguishable from each other. When
the 0.1 mm samples were used in the TOF measurement, the overlap decreases
and the resonances can be individually analyzed. A theoretical calculation (Fig.
4.7) was done by employing Equ.1.3 to investigate how the isotope content (e.g.
sample thickness) affects resonance signals. The calculated result indicates that
due to the strong resonance absorption of 181Ta and 109Ag, when the sample
thickness increases from 0.1 mm to 0.5 mm, its absorption rate at resonance
energy is saturated. However, at neighboring regions of resonance peaks in
where the absorption rate does not reach to 100%, the absorption becomes
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Figure 4.7: Calculated transmissions with the thickness of 0.1
and 0.5 mm

stronger with the increasing thickness. This effect results in the broadening
of resonance peak detected. The results are anticipated to be an experimental
groundwork for the feasible application of neutron resonance to analyze the
isotope content of substances.

4.2.4 Evaluation of neutron duration and energy resolu-
tion

Summarizing above measurement results, the pulse duration of the LDNS
can be roughly evaluated. As seen in Fig. 4.6, the 181Ta and 109Ag samples
completely absorbs neutrons near the resonance energy. However, the neutron
signal recorded in experiments (Fig. 4.5(b) and 4.6(c)) did not weaken to zero
at the resonance peaks. This indicates that the experimental raw data was
accompanied with a strong background. In addition, an exponential post-gate
artifact which was much higher than the neutron signal exist right after the gate-
on timing. In order to analyze the amplitude and FWHM of resonance peaks,
it is necessary to remove the background and the post-gate artifact from the
signal. Assuming that the neutron signal has a typical exponential distribution,
the original neutron signal from the HDPE moderator (before passing through
the samples) can be fitted as a base line (Fig. 4.8(a)).
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(a) Baseline fitting of the neutron signal (b) Baseline subtracted signal and back-
ground estimation

Figure 4.8: The analysis of resonances absorption

By subtracting the fitted baseline from the recorded data, the resonance
peaks are extracted as Fig. 4.8(b). A moving average smoothing is applied to
eliminate the Poisson noise (random vibration). According to Fig. 4.7, neutrons
with energies that near resonance peak of Ta and Ag are totally absorbed by the
sample, so it is reasonable to assume that neuron signal at centers of the peaks
are actually zero. Thus, the portion of the signal due to background irradiation
can be estimate, as the dashed line in Fig. 4.8(b), assuming background is
constant within the region of the three peaks. According to the neutron signal
and estimated background amplitude, the neutron transmittance of resonance
sample can be obtained. Since the signal in the experiment contains a lot
of random noise, it is difficult to mathematically analyze it to get the pulse
duration of LDNS. However, it is possible to estimate source pulse duration
by comparison with theoretical calculation results such as Fig. 4.7 shows. In
Fig. 4.7, the transmittance curve is an ideal situation without considering the
source duration. If it is convolved with the time distribution of the neutron
source (Fig. 1.5(c)), the predicted signals under different source duration can
be calculated. The experimental transmittance and predicted signals are shown
in Fig. 4.9. As discussed in Chapter1, the broadening of neighboring energy
neutrons result in the dropping of resonance peaks. When convolved with 5
µs source, as the blue dashed line in Fig. 4.9, the In resonance peak is almost
disappeared, the resonance peaks of Ta and Ag also become lower. When
convolved with 2 µs source, as the green dashed line, the calculated result
obviously starts to approach the experimental signal, but the peak height is
still lower than experimental signal. The convolution result of 0.5 µs source
is almost same with the one of 2 µs source. These results indicate that the
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Figure 4.9: Experimental transmittance and predicted trans-
mittance

pulse duration (FWHM) of LDNS at 5 eV energy region is lower than 2 µs. For
further discussion, the resonance signal of single layer Ta sample (Fig. 4.5(b))
provides a more accurate estimate with wider energy range.

The source pulse duration of LDNS is also estimated at energy of 13.95 and
10.36 eV using the experimental results of the single Ta sample (Fig. 4.10). The

Figure 4.10: Neutron signal and baseline fitting of Ta-181
sample
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Figure 4.11: Calculated transmittance with various source
duration (FWHM)

pulse duration at 10.36 and 13.95 eV were evaluated by the experimental results
(Fig. 4.10 ) and PHITS simulation (Fig. 4.12(a)). The evaluation method
is : firstly, fix the shift in time axis by align the peak of resonance energy in
experimental data and the evaluated cross-section (Fig. 1.5(a)). Then, calculate
the theoretical NRS with assumed pulses as shown in Fig. 4.11. At last, find
the calculation that best fits experimental results. Therefore, the corresponding
pulse duration is estimated by the fitting.

In order to verify the validity of the evaluation, a PHITS simulation is em-
ployed to calculate the theoretical source duration using the experimental fast
neutron spectrum (Fig. 4.4(b)) and moderator (Fig. 4.2). Fig. 4.12(a)) shows
the simulation results of mono-energy neutrons duration. At the energies of
3.82, 4.28 and 5.19 eV (corresponding to three resonance peaks of 115In, 181Ta
and 109Ag in Fig. 4.6(c)), the FWHM are 0.65, 0.62 and 0.56 µs, respectively.
Furthermore, when the neutrons with several eV energies pass through 1 cm
distance in the scintillator, the flight time is in sub-µs. Therefore, the time
broadening at the detector should be considered for NRS with 1-m-class short
beamlines in which 5 eV neutrons flight time is 10s of µs. The pulse broadening
at the 6Li-doped scintillator S(t) is evaluated to be 320 ns for 5 eV neutrons
(red line in Fig. 4.12(b)). By convolving the temporal broadening induced by
the moderator M(t) (results in Fig. 4.12(a) and green line in Fig. 4.12(b)) and
the scintillator S(t), the total pulse broadening effect in the neutron detection
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(a) Mono-energy neutrons pulse duration calcu-
lated by PHITS

(b) Pulse duration at the simulated neutron moderator (green line, same
as Fig. 4.12(a)), the time spread when neutron pass through the 6Li glass
scintillator (red line), and convoluted result of response pulse broadening at
the detector (blue line, systematic error).

Figure 4.12
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is obtained as D(t) = M(t) ⊗ S(t) (blue line in Fig. 4.12(b)), where ⊗ rep-
resents the convolution operation. The FWHM of D(t) can be estimated as
∆τ =

√
∆τ2

m + ∆τ2
t , where ∆τm and ∆τs are the FWHM of pulse broadening

at moderator and scintillator. For the neutrons of 5.19 eV, ∆τ = 0.66 µs.
The evaluated pulse duration results are listed in Table4.1. The experimen-

tal results of pulse duration are about 0.1∼0.3 µs longer than the simulation
results (Fig. 4.12(a)). The reasons could be the strong background of scatter-
ing neutron from the chamber and other structures, intense X-ray generated
in high-energy laser experimental environment and the artifact signal of time-
gated PMT. All the noises are affecting the TOF method (scattering neutron
with different TOF) or the response of PMT (saturation caused by intense X-
ray), finally result in the disagreement between experimental data and simula-
tion results. In addition, the LFEX and almost all of high-energy laser facilities
have very strong fluctuations of energy and intensity due to the technological
constraint on laser focusing and amplification. In spite of the differences, the
estimated duration results (Table4.1) are not so far from the simulation (Fig.
4.12(a)), which shows that the estimation model is valid to some extent. By
the improvement of detector, shield and collimator, the experimental data is
anticipated to gradually approach the simulation results. The nickle collimator
introduced in Chapter3 were imported in the subsequent experiments which
are introduced in Chapter5. The results are the first evaluation result of the

Energy
(eV)) 4.28 10.36 13.95

Estimated FWHM
(µs) ∼0.8±0.2 ∼0.6(±0.2) ∼0.5(±0.2)

Energy resolution
(roughly estimated, ∆E/E) 2.3% 3.1% 4.9%

Table 4.1: Temporal properties of LDNS

temporal performance of the LDNS. The energy resolution is roughly estimated
with the estimated source duration and length of beamline (Table4.1).

Compared with accelerator-driven neutron source, the LDNS demonstrates
a much shorter pulse duration. This important feature promotes the devel-
opment on application of NRA with highly special and temporal resolution.
The shorter beamline also breaks the limitations of accelerator-driven neutron
source. To achieve a same energy resolution with LDNS, accelerator-driven
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neutron source generally needs 10s of meters beamline which severely limits the
application of accelerator-driven neutron source [9].

Furthermore, the I4
L law of neutron generation that introduced in Ref.[28]

gives an estimation of the neutron yield of LDNS. Combining the yield and
energy resolution of LDNS, the experimental applications can be realized in
several high-power laser facilities in the world [29, 31, 32, 40]. Even the laser
facilities with high repetition rate [47, 48, 98, 99] can further improve the NRS
method using LDNS.
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Chapter 5

Temperature Dependency of
Neutron Resonance

This Chapter introduces a proof-of-principle experiment on a single-shot
neutron thermometry using a 1.8 m NRS beamline driven by laser[46]. The
temperature dependence of neutron resonance absorption measured using a
short-pulse (< 1 µs in neutron energy of eV) and high-intensity LDNS. The
NRS was measured by TOF method to analyze the Doppler broadening of the
resonance peak with a 0.1 mm thick tantalum plate heated to 350∼600 K.

5.1 Experimental setup
The experiment to measure the temperature-dependent neutron resonance

was carried out using 1.5 ps beams from the Laser for LFEX [100] delivering
a total energy of 900 J on the target at ILE, Osaka University. The setup
(Fig. 5.1) is almost the same with single-shot NRS experiments introduced in
Chapter4. A laser pulse with an intensity of ~1 × 1019 W·cm−2 [28] was focused
on a 5 µm thick deuterated polystyrene (CD) foil to accelerate protons and
deuterons(Fig. 5.4(a)) induce nuclear reactions of (p,n) and (d,n) to generate
neutrons. The energy of the ions was measured by a TPIS located in the normal
direction of the CD foil when the secondary target and 6Li-TOF detector were
removed. As introduced in Chapter2, protons and deuterons were accelerated
up to MeV energy, where the ps duration laser pulse enhanced the acceleration
of the deuterons [101] that were initially covered by a contaminant layer of
hydrocarbons.
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Figure 5.1: The experimental setup of the laser-driven ep-
ithermal neutron generation and resonance absorption measure-

ment using the TOF method[46].
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To generate neutrons, the ions were injected into a secondary target, a Be
cylinder with a diameter of 10 mm and a thickness of 10 mm. The diameter
is designed to be larger than the angular divergence of the incident ions. The
thickness is designed to be sufficient for stopping the ions. Fast neutrons with
energy over tens of MeV were generated via the 9Be(p,n)9B and 9Be(d,n)10B
reactions and analyzed by the fast neutron TOF detector [28] introduced in
Chapter2. The fast neutron TOF detector was located 12.5 m from the LDNS
outside the vacuum chamber and measured the fast neutron spectrum in each
laser shot. The fast n-TOF detector was calibrated by a bubble detector [102]
to obtain the correct energy spectrum and neutron number. This part on above
is the same with the setup in Chapter4.

Compared with the experiment in Chapter4, the main improvements in-
clude the moderator design, development of beamline and resonance samples.
As introduced in Chapter2, the neutron moderator used in our experiment was
made from high-density polyethylene (0.98 g·cm−3). Different than previous
design in Chapter4, the moderator was designed in a shape of cylinder. The
moderator geometric diagram is shown in the Fig. 5.2. The moderated neutrons
passed through an aluminum window (for high transmittance of the neutron
beam) into air and were measured at 1.78 m by another 6Li-TOF neutron de-
tector consisting of a 6Li-doped glass scintillator (GS20, Scintacor Ltd., 10 mm
in thickness) coupled to a originally developed time-gated PMT introduced in
Chapter3. To protect the PMT and ensure the linearity of it’s output response,
the time gate was set to block the electromagnetic pulses and the intense flash
of X-rays generated by the laser-plasma interactions. Furthermore, to reduce
the background of neutrons scattering at the chamber wall, the nickel (Ni) col-
limator that introduced in Chapter3 was installed on the chamber along the
beamline.

The neutron resonance absorption is identified predominantly in the energy
region of eV (Fig. 5.3). The neutrons in eV region is suitable to measure the
Doppler width of sub-eV, which corresponds to the temperature of 300-1000 K.

5.2 Experimental results
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Figure 5.2: The moderator design diagram. A SUS shell is
used to fix high-density polyethylene. And there are tow through
holes for alignment and avoiding direct irradiation of the stray

light focused by the laser system.

Figure 5.3: The neutron absorption cross sections of 109Ag
and 181Ta obtained from JENDL4.0 data base [76].
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(a) The ion spectrum measured by a Thomson Parabola (TP) ion spectrom-
eter.

(b) The fast neutron spectrum measured by the fast n-TOF detector.

Figure 5.4
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5.2.1 Ion and fast neutron spectrum

As a typical shot of the LDNS (Fig. 5.4(b)), the maximum energy of the
fast neutrons reaches 18.6 MeV, with a neutron number of 8.313×109 n/sr. The
total number was calculated by integrate the neutron spectrum in the energy
range above 1 MeV. The real neutron number can be much higher than it with
considering of neutrons of under MeV energy. The angular distribution of the
fast neutrons is close to isotropic according to our previous work [28]. This
indicates that the total number of neutrons in the 4π direction reaches 1011 in
a single laser shot. Compared with other LDNSs [31, 38, 39, 103], our neutron
number is one to two orders of magnitude higher. Benefited by the large number
of fast neutrons, a high flux of moderated neutrons can be expected.

5.2.2 Simulation of epithermal neutron pulse duration
and broadening on detectors

As mentioned in Chapter1, the energy resolution of TOF method depends
on the pulse duration of the neutron source. The process of moderation in-
evitably broadens the pulse duration of the neutron source. Since the moder-
ator design is different from previous experiments. A PHITS [68] simulation
was used to evaluate the temporal structure of the moderated neutron pulses.
In the simulation, the neutrons are monitored at the exit of the moderator. Fig.
5.5(a) shows the temporal structure of moderated neutrons M(t) with kinetic
energies 5.19 eV and 4.28 eV, which correspond to the resonance energies of
109Ag and 181Ta (Fig. 5.3), respectively. These materials are well-suited for
demonstration purposes because their resonance peaks exhibit a large reaction
cross sections and are not affected by nearby resonances. Here, time zero indi-
cates the time when the laser is first incident on the target, and the time for
neutron generation in the LDNS is shorter than 50 ps [28, 31, 38, 39]. The
pulse broadening is evaluated to be 562 and 618 ns at the FWHM for 5.19 and
4.28 eV neutrons, respectively, based on the temporal structures (Fig. 5.5(a)).
The peaks are delayed by 350-400 ns. The upper part of Fig. 5.5(b) shows
the delay of the pulse peak at the moderator exit as a function of the neutron
energy. The delay leads to non-negligible underestimation of the neutron en-
ergies in TOF analysis due to the flight distance extremely shorter than that
of accelerator-based neutron facilities. We evaluate the energy shift caused by
the underestimation to be 0.0524 eV and 0.0635 eV for 4.28 eV and 5.19 eV
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neutrons(lower part of Fig. 5.5(b)), respectively. The pulse broadening at the
6Li-doped scintillator S(t) is evaluated to be 320 ns for 5 eV neutrons (red line
in Fig. 4.12(b)).

Same as the method in Chapter4. By convolving the temporal broadenings
induced by the moderator M(t) (green line in Fig. 4.12(b)) and the scintillator
S(t), the total pulse broadening effect in the neutron detection is obtained
as D(t) = M(t) ∗ S(t) (blue line in Fig. 4.12(b)), where ∗ represents the
convolution operation.

5.2.3 Single-shot analysis of neutron resonance

By using the D(t) function, we obtain TOF signals with the pulse broad-
ening effects at the moderator and the detector being removed in every laser
shot. Fig. 5.6(a) shows the signal of epithermal neutrons transmitted through
Ag and Ta plates and recorded by the 6Li-TOF detector. The samples were
at room temperature (296 K). Note that the TOF results were measured for a
single laser shot without any time integration. In the time region of 50-60 µs,
two distinct dips are seen in the continuous neutron signal. In the following, we
investigate whether the two dips can be attributed to the neutron resonances
of 109Ag and 181Ta. The flight time traw measured by the detector is expressed
by

traw = t ∗ D(t), (5.1)

where t is the flight time deconvolved from the pulse broadening D(t). The
∗ represents the convolution. The neutron kinetic energy E is obtained by
E = m(d/t)2/2, where d = 1.78 m is the flight distance, and m is the mass of the
neutron. The TOF signal in Fig. 5.6(a) is converted into the neutron absorption
rate Rexp(E) (dashed line in Fig. 5.6(b)), where we assume Rexp(E) = 0 for the
base line (dashed line in Fig. 5.6(a)) since the original neutron signal should be
a smooth curve [104].

In present analysis, we evaluate the background level for each laser shot
using the reference foil (Ag) in the following procedure similar to black reso-
nance [105]. The baseline [the blue dashed line in Fig. 5.6(a)] is obtained from
a least-square fitting for the raw signals excluding the two resonance dips. The
background (the green solid line) is obtained from the baseline by subtracting
the depth of the resonance peak of 109Ag, because the Ag target is enough thick
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(a) Simulated pulse duration for 5.19 eV and 4.28 eV neutrons. The vertical
dotted lines are marking the peak timing of the neutron pulse.

(b) Simulated neutron flight time delay and detected energy shift at 1.78
m. The horizontal axis represents the original neutron energy. Tow vertical
dotted lines are marking the energies of resonance peaks measured in the
experiment.

Figure 5.5
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to absorb almost all neutrons around the resonance energy. From the differ-
ence between the raw signal and the baseline, the experimental absorption rate
Rexp(E) normalized to the difference between the baseline and the background
is obtained as the blue dashed line in Fig. 5.6(b). The absorption rate R0(E)

for the Ag and Ta foils is theoretically analyzed by

R0(E) = 1 − ∏
Ag,Ta

exp(−nlσ(E)), (5.2)

where n is the volumetric number density, l is the thickness of the targets
and σ(E) is the NRA cross section (JENDL4.0 data base [76]) at 300 K (Fig.
5.3). The black line in Fig. 5.6(b) shows the theoretical absorption rate when
traw = t without considering the effect of D(t). Rexp(E) exhibits two peaks at
4.3 and 5.2 eV which are also found in the analytical model R0(E). However,
the detailed shape of the experimental peaks is not well reproduced by R0(E),
especially for the thicker target (Ag), where the saturated absorption observed
in R0(E) is not exhibited in Rexp(E). This difference indicates the presence of
another effect, F(t), that causes further pulse broadening in addition to D(t).

The pulse broadening caused by effects other than D(t) including statistical
neutron scattering along the beamline, is involved in F(t) in a Gaussian form.
We determine the function F by fitting the experimental absorption rate Rexp(E)

with the following equation:

R1(E) = (R0 ∗ F)(E), (5.3)

where F(E) is expressed as a function of the neutron energy E. Fig. 5.6(c) shows
Rexp(E) (gray) fitted with the model R1(E) (red) by using an nonlinear-curve-
fitting function, where the resonance peaks are well reproduced as the errors
shown in the lower frame, without the discrepancies observed in Fig. 5.6(b).
F(t) has a half-width of approximately 100 ~200 ns, which is sufficiently shorter
than D(t) (~0.6 µs), indicating that the advantage of the miniature size of the
moderator is not offset by the pulse broadening caused along the beamline.
Compare with previous results [28], performed with the setup without the neu-
tron collimator (see Fig. 5.1), the TOF signal (Fig. 5.6(c))shows narrower peaks
for Ag and Ta. This fact indicates that F(t) can be reduced by optimizing the
background shielding as introduced in Chapter3.
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5.2.4 Analysis of Doppler broadening

In this section, we demonstrate a proof-of-principle experiment for the
neuron thermometry with the laser-driven NRS. To analyse the temperature
dependence of the resonance absorption, we introduce a Breit-Wigner (BW)
single-level formula [4], as seen in [13, 97], for the neutron absorption cross
section at 0 K:

σBW(E′) = πλ̄gj
ΓnΓγ

(E′ − Er)2 + (Γn + Γγ)2/4
, (5.4)

where Er is the resonance energy, E′ is the kinetic energy of the incident neutron
relative to the target nucleus with E′ = E at 0 K, λ̄ is the de Broglie wavelength
of incident neutron (divided by 2π), and gj is a statistical factor determined
by the angular momentum. Γn and Γγ represent the resonance widths for the
neutron and decay width for γ-ray, respectively. For the 181Ta resonance at
Er=4.28 eV, Γn=1.74 meV and Γγ=55 meV; For the 109Ag resonance at Er=5.19
eV, Γn=8.34 meV and Γγ=136 meV [76]. The value of πλ̄gj was determined by
fitting the σBW(E) formula to the latest analytical result of JENDL4.0 data
base[76], which is one of the standard nuclear database, for 0 K and 300 K.

When the thermal motion of target nuclei is sufficiently slower than the
incident neutron, the Doppler broadening effect can be well approximated by a
Gaussian function [11, 13]. Therefore, we developed an analytical cross-section
σT(E, T) for the neutron resonance absorption involving the target temperature
as follows:

σT(E, T) = A × σBW(E′) ∗ exp(− (E′ − Er)2

2Γ2
D(T)

), (5.5)

where A is a fitting parameter and E′ is the relative neutron energy for integra-
tion variable. σBW and the following Doppler broadening term are convoluted
in the energy axis. The Doppler width ΓD(T) broadens with the temperature
T. As seen in Fig. 5.7, σBW(E) is in good agreement with the JENDL results
for 0 K and 300 K.

Then, the temperature-dependent absorption rate RT(E) is developed as
follows:

RT(E, T) = 1 − ∏
Ag,Ta

exp(−nlσT(E′, T)) ∗ F(E′). (5.6)

According to the model given by Equ.(5.6), we analyze the absorption rate
Rexp(E) measured for different target temperature T, as shown in Fig. 5.8. The
Ta target was heated to T = 361, 413, 474, 573 and 617 K, which is the highest
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(a) The epithermal neutron signal[46]. (b) Experimental and calculated neutron
absorption with energy axis[46].

(c) Experimental neutron absorption results and model fitting of Ta and Ag
with temperature of 296K[46].

Figure 5.6
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Figure 5.7: JENDL cross section data and σBW(E) calculation
of a 109Ag resonance at 5.19 eV[46].

Figure 5.8: Experimental neutron absorption results and
model fitting by RT(E). The temperature of Ag was kept at
296K and Ta was heat to T = 361, 413, 474, 573 and 617 K[46].
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temperature achievable with the present heating system. The temperature was
monitored by a thermocouple, as shown in Fig. 5.1. The Ag sample was kept at
room temperature to provide a reference of neutron spectrum and an evaluation
of F(E). Here, each measurement was performed by a single pulse of neutrons
generated in a single shot of the laser. Although the Ag target was kept at room
temperature, it can be seen that the resonance width of Ag varies from shot
to shot. This is due to the fluctuation of F(E) caused by statistical processes
including neutron scattering on the beamline. Therefore, the Ag resonance
serves as a reference to evaluate F(E) for each measurement.

In Fig. 5.9, we plot the Doppler width ΓD(T) obtained by fitting Rexp(E)

as a function of T. The error bars are determined by the least mean square of
the difference between the fitted curves and experimental data. The Doppler
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Figure 5.9: Theoretical Doppler broadening width and ex-
perimental results. The error bars are depended by fitting error
and noise level of original signal. The temperature errors are ob-
tained by the propagation of Doppler broadening width errors.

width increases as the square root of T, and this result is in agreement with a
free gas model by Bethe [5]:

ΓD(T) = 2
√

m
M

ErkBT, (5.7)
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where m and M are the masses of the neutron and the target nucleus, respec-
tively, and kB is Boltzmann’s constant (the red dashed line in Fig. 5.9). We also
introduce a proportionality coefficient B in the right side of Eq. (5.7) to better
reproduce the measured widths. The function obtained by least-square fitting
is presented by the red solid line in Fig. 5.9. This model can well reproduce
the experimental results.
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Chapter 6

Conclusion

This study demonstrated that the single-shot NRS can be achieved and the
Doppler broadening of neutron resonances can be measured by using a LDNS.
The experiments of single-shot NRS was performed at ILE, Osaka Univ., Japan.

The peta-watt laser LFEX was used to shoot a CD (deuterated plastic) foil
target as an ion acceleration ‘pitcher’, and a cylindrical beryllium encased by a
high-density polyethylene (HDPE) moderator was used as the neutron source.
The resonance peaks in 1∼20 eV region was observed with beamline of 1.8 m,
every single laser shot. Three layers resonance absorption sample of Ta, Ag and
In with different thickness of 1 mm and 5 mm shown distinguishable differences
in neutron signal. This result proved that LDNS is capable for element and
content analysis technology. By comparing with calculated neutron signal,the
pulse duration of LDNS was estimated to be ≤1 µs in 1∼20 eV energy region,
responding to energy resolution of 2∼5%. When using accelerator-driven neu-
tron sources, 10s of metres beamlines are necessary for same energy resolutions.
The results are the first experimental demonstration of neutron resonance spec-
tral measurement using LDNS. The results provide experimental supports and
foundations for the practical application of LDNS and NRA technologies.

As a further investigation, the temperature dependency of resonances were
demonstrated experimentally using the LDNS. The short pulse duration (≤1
µs) of the epithermal neutrons generated by the miniaturized moderator allows
the resonance spectrum to be measured with a 1.8 m beamline to analyze the
temperature dependence. We observed the neutron resonance absorption at 4.28
eV for the Ta plate heated up to 620 K. By eliminating the broadening effect
caused by the moderator, detector and scattering on the beamline, it was found
that the resonance width increases as the square root of the temperature and
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this tendency is in agreement with the Bethe model [5]. This result indicates
that the temperature of a material can be measured using the NRS obtained
with a duration of the single neutron pulse ∼100 ns, which is drastically shorter
than the data acquisition time at typical accelerator-based neutron facilities (∼
1 h).

The low-repetition (2 hours per shot) laser system based on LFEX facility
was used in the present experiment to give a proof-of-principle demonstration.
However, the repetition rate of measurements can be enhanced by the latest
laser systems including ELI-NP facility [98], which delivers 200 J pulses with
0.017 Hz. Pumping laser systems operating at 10–100 Hz [47, 48] will further
improve the repetition rate, which indicates that real-time isotope-sensitive ther-
mometry at a same frequency of laser measuring the instantaneous increase in
the temperature of electronic devices or nuclear fuels becomes possible.
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