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Student: Bei-Zhen Hu Advisor: Guey-Lin Lin
Chung-Hsiang Wang

Submitted to Institute of Physics
National Chiao Tung University

ABSTRACT

Most noise of underground experiment is from muon-induced neutron process.
Underground neutron fluxes are difficult to. measure so most study about this are
via simulation. It is important to check the normalization of the simulation by a
measurement.

We use NE213 detector and Helium=3 detectors to measure the neutron spec-
trum. We also perform:GEANT4 simulation for reconstructing the neutron energy.
We use different neutron sources for the experiment. First; we hang the source on
nylon and place detectors near the source for-an-energy measurement. We then
perform GEANT4 simulation to find the response function of the NE213 detector.

In this way, we can unfold the measurement result to get the real energy spectrum.

11
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Chapter 1
Introduction

Daya Bay reactor antineutrino experiment. [1] is one of the experiments to deter-
mine the neutrino mixing angle #;3. It-is'expected to measure the neutrino mixing
angle 013 with a sensitivity of 0:01. In Daya Bayexperiment, the detection is based
on the inverse beta decay

v p—n+tet

In Daya Bay, the material of antineufrino detector'is Gd — LST since the cross
section for neutron capture in'Gd is large. An antineutrino event contains two
gamma signals, which are produced by the ¢electron-poesitron annihilation and neu-
tron capture. The time interval between those two gamma signals is about 180
microseconds. This is an important characteristic for Daya Bay experiment. So,
reducing the noise of background gamma ray can improve the experiment.

In general, there are three kinds of background gamma ray. First, the decays
of isotopes such as Uranium-238, Thorium-232 and Potssium-40. Second, from
muon induced neutrons, which are captured by Gd. Third, from the decays of
cosmogenic radio-isotopes, Li? and He®. Li® and He® could emit neutrons during
decay process. It is to be note that, when neutron is captured by Gadolinium, a
8-MeV gamma ray is emitted. The gamma ray energy from the isotope decay is

too small comparing with the gamma ray from the neutron capture, so the most

fGadolinium-Loaded Liquid Scintillators.



energetic gamma ray is from the neutron capture. In other words, gamma ray
from neutrons plays an important role in the Daya Bay experiment.

The underground neutron fluxes are difficult to measure. Actually, most studies
for underground neutron are via simulation. In neutron studies, there exit many
kinds of neutron simulation packages and neutron measurement techniques, such
as the proton recoil instruments, time-of-flight instruments, moderating detectors,
proportional counters, and so on.

Since neutrons are not detected directly, there is a relation between the mea-
sured spectrum and the original spectrum. The process that transforms the mea-
sured spectrum to the original spectrum is called unfolding method. In 1981, Chen
2] used NE213 organic liquid scintillator to determine the fast neutron spectrum
and apply the unfolding method with NEUTSP program to analyze the neutron
spectrum. In that experiment, the neutron sources are 23 Pu-Be, 22C f, monoen-
ergetic neutron from Van.De Graaff accelerator and the neutrons from a water
moderated reactor.

By the simulation method, one can calculate the response function, and imple-
ment, the unfolding method. One can alsouse the simulation toolkit to simulate
the experiments and compare with measurements. In 1997, Martin Karlsson [3]
used NE213 organic liquid scintillator to detect neutron.by the method of time-
of-flight with 2»2C'f source. He.then compared thé fesult with Stanton code cal-
culations and the GEANT simulation.

For the simulation, different simulation toolkits give rise to different results.
In 2007, Yeh [4] compared the simulation results of neutron propagations given by
FLUKA, GEANT4 and MCNP. It was pointed out that, at the low energy (E<100
MeV), the result of GEANT4 simulation was similar to that by FLUKA, and at
the high energy range (E>100 MeV), the GEANT4 result was close to that by
MCNP. Therefore, it is important to check the normalization of the simulation by
a measurement.

In this thesis, we use NE213 organic liquid scintillator and Helium-3 propor-

tional tube to detect neutron. We also use GEANT4 to simulate the experiment



and compare the simulation result with the measurements. We used two kinds of
neutron source. One is a mixture of 8Py and 3C. Neutrons are produced by
two steps, which will be discussed in Chapter 1. We also use the accelerator to
produce proton and have the proton impact on the "Li target. This procedure
produces monoenergetic neutron, this is the second type of neutron source. The
details are discussed in Chapter 5. The DAQ (Data Acquisition) system for the
detector is the standard NIM (Nuclear Instrumentation Module) system. We use
pulse shape method to measure the neutron spectrum. The details are discussed

in Chapter 3.



Chapter 2

The Principle of Neutron

Detection

2.1 Interactions between neutron and matter

The techniques of particle detection are based on the interaction between charge
particle and the matter of detectors. Sinee meutrons are neutral particles, the
methods for neutron detections are not direct. Detector detects the charged par-
ticles or radiations that are produced from neutrons interacting with the nucleus.
There are many types of meutron detection metheds, such as scattering reaction
method, nucleus reaction methods;. fission method, and foil activation method.

Table 2.1 shows the nucleus reaction method.

2.1.1 Neutron elastic scattering

When a neutron collides with a nucleus, the recoil nucleus gets the part of ki-
netic energy from neutron and ionizes the matter of detector. Sebsequently, the
molecules in the detector are excited by those ions.

We can consider two frames, center-of-mass frame and lab frame, for the colli-

sions happening in the organic liquid scintilltor. These are shown in Fig. 2.1.
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Reaction Functions Name

n+4X — 49X +n Scattering/ Recoil nucleus
n+4X — 45 Y +p (n,p) reaction

n+4X — 573 + He (n, «) reaction

n+4X —4.,Y +2n (n,~y) reaction/ neutron capture

n+§X—>§11Y1+§§Y2+n+n+... fission

Table 2.1: The list of neutron-nucleus reaction [8].

H H
H H
/ b
—_— - ~—
) -
recoil pzu’tic:hl Al particle
Lab frame Center-of-mass frame

Figure 2.1: Neutron elastic scattering in lab frame and center-of-mass frame.



The energy relation between the recoil nucleus and neutron is:

E, = (ﬁ) cos’ 0 - B, (2.1)

And the relation between these two frames is

1 —cosd
cosf = 4/ %, (2.2)

where A is mass of target nucleus, F, is neutron incident kinetic energy, F, is
recoil nucleus kinetic energy, 6 is the angle of nucleus recoil in the lab frame, and

¥ is the angle of scattering neutron in the center-of-mass frame [5].

2.1.2 Nucleus reaction

As shown in Table 2.1, when neutron collides with nucleus, the process causes the
nucleus to change atomic¢ number (Z) or atomic mass (A) and produce charged
particles. Some neutron detection methods are based on this principle. Following

are the most popular reactions for neutron detection.

The '°B(n, a) reaction

OB in—TILi*+4He Q — value = 2.310 MeV(94%) (2.3)
OB+ n—1%Li+3He Q — value = 2.792 MeV (6%) (2.4)
TLi* — v+ LLi Q — value = 0.478 MeV (2.5)

When neutron collides with B, the probability of the production to be on
the excited state, §Li* is 94% and the probability is 6 % for the production to be
on the ground state 1Li. When the excited 7Li de-excites to the ground state, it

liberates y-ray with an energy of 0.478 MeV.



The ®Li(n, ) reaction
8Li+n — 3H +3He Q — value = 4.78 MeV (2.6)

This is another (n,«) reaction and the targets are ®Li. Since the Q-value of

this reaction is high, it is easy to discriminate the signal from gamma ray.

The 3He(n, p) reaction
SHe +on — (H +H Q — value = 0.764 MeV (2.7)

As shown in Eq. (2.7), neutron interacts with helium-3 and produces triton and
proton. Since the reaction Q-value is very low, it is not easy to discriminate the

signals from gamma ray.

2.1.3 Neutron-Induced Fission Reactions

Neutron collides with=heavy nucleus. and cause nucleus fission. The method of
detecting the fragments, which are the products of nucleus fission, is called fission
method. The 233U, 29Pu, and 233U are used as the fission"materials. The energy
liberated during nucleus fission is about 200 MeV. About 165 MeV is taken away
by two fragments. Since the energy is very large, the 7-ray does not affect the

measurement.

2.1.4 Foil Activation

Neutron interacts with atomic nucleus and produces complex nucleus. In general,
the complex nucleus is at excited state so it will emit gamma and beta radiations.
By detecting the intensity of these radiations, one can calculate the intensity of

the neutron.



2.2 The structure of detector

In this experiment, the detectors we choose are organic liquid scintillator and 3 He
proportional gas tube and they are based on the neutron elastic scattering and

(n,p) reaction respectively. So, we need to know the structure of these detectors.

2.2.1 Organic Liquid Scintillator Mechanism

Overall, the fluorescence process in the organics is due to the free electron transi-
tions between the energy levels of the molecule. The energy level of the molecule
is shown in Fig. 2.2, and it is known as the m-electron structure. As shown in
the picture, there are singlet states and triplet states; S, labels the former and T,
labels the latter, and S, labels the vibration states. As one can see, the label Sy

is the ground state of the molecule.

Singlet Triplet

S3 Sy

S; Sx

S' Slu

503-—- —

Soz— H

1l
| IE Phosphorescence

~__ T Apsorption
!

So1—

su SOO

Figure 2.2: m-electron energy level. From J. B. Birks [9].



The charged particles pass through the detector and lose energies. The free
electrons in the molecule absorb the energy and jump to the higher energy levels;
these states are the so-called excited states. By the internal conversion process,
the excited state immediately becomes de-excited to S; state or its vibration state
(such as Sip, Sig, etc.) without emitting radiation. Finally, the Syo state transits
to one of the vibration states of the ground state, Sp,. This process emits the
scintillation light. Another process proceeds as the excited state goes through
intersystem crossing to the triplet state 77 then transits to Sy. This process also
emits the light called phosphorescence. While at the T} state, the molecule may
go back to Sy state and then decay to Sy, state. The scintillation light from this

process is called delayed fluorescence.

NE213 Scintillator

The NE213' scintillatoris a kind-of organic liquid scintillators. It consists of xy-
lene, activators, and naphthalene.~The density of NE213is 870 kg/m?3, and the
radio of H to C' is 1.213 [6][8]. There is another scintillator named BCO1A which
has the same content as NE213. They are widely used for the fast neutron detec-

tion since their good pulse discrimination.

2.2.2 Gas-Filled Detector

The earlier detector used to detect radiation is gas-filled detector. This kind of
detector includes two parts, electrodes and gas. The role of the electrodes is to
provide the electric field. The principle of gas-filled detectors is based on ionization
and excitation of gas molecules. When the radiation or charged particles pass
through the gas tube, the electron-ion pairs are produced. Due to the electric

field, the electron and charged ions will move to anode and dynode respectively.

A type of NE series of organic scintillators is manufactured by Nuclear Enterprises, Winnipeg,

Ontario, Canada.



The gas-filled detector can be divided to three categories (ion chambers, pro-
portional counters, and Geiger tubes) by using different operation high voltage.
The relation between pulse amplitude output from the detector and the applied
voltage is shown in Fig. 2.3. At the very low voltage region, electric field in the
tube is not strong, and electron and charged ions are at slow speeds. Hence, there
is a very large chance for charged particles to recombine. In the second region, the
recombination rate is zero, and there is no charge multiplication. The ionization
chambers operate in this region. As the voltage increases, the charge multiplica-
tion effect becomes non-negligible, and there is a range that the collected charge
is proportional to the number of the electron-ion pairs produced by the incident
radiation. We call this region proportional region and the proportional tube is
operating in this region. As the veltage further increases, the charge multiplica-
tion effect becomes non-linear. If the multiplication effect become serious, called
avalanche, the light output from the detector is incapable of distinguishing the

energy of incident radiation. This region is called. the Geiger-Mueller region.

i
[
|
I
i

MNumber of ions
collected per
unit time

b
e e e ——— o ——

0 Vi Vil Vin Viv

Figure 2.3: The relation between high voltage and pulse amplitude. From N.
Tsoulfanidis [8].

10



3He Proportional Tube

The proportional tube filled with ® He gas is widely used for the neutron detection,
including the detection of thermal neutron and the fast neutron.

When the neutron interacts with >He and produces triton and proton, the
reaction Q-value is shared by proton and triton which then deposit the energy by
ionizing the gas or exciting the atom in the tube.

The proportional tube we used is in a cylindrical shape and made of aluminum.
The length is 11.5 inch and the diameter is 2.0 inch. The gas pressure inside the
cylinder is 3040 torr.

2.3 Neutron Source

The neutron source is a mixture of 2¥Pu and *C. Neutrons are produced through

a two-step reaction:

ol Pu — go'U + 5He Q — value = 5.60181 MeV (2.8)
sHe + 3C —tn+ L0 Q —walue =2.21423 MeV (2.9)
5O — v +4'0 Q — value = 6.3310 MeV (2.10)

Plutonium-238 is a kind of radioactive isotope of Plutonium. Its decay produces
Uranium-234 and an alpha with the Q-value 5.60181 MeV. The alpha particle
acquires a kinetic energy T=5.50025 MeV. We can estimate the neutron energy
by the energy conservation. The neutron energy is between 4.7536 MeV and 7.478
MeV.

11



Chapter 3

Experiment Details

3.1 Experimental Setup

The experiment took place at the lab of Biomedical Engineering and Environmen-
tal Science Departmentrat NTHU.The-electronics setup-is shown in Fig. 3.1 and
Fig. 3.2, and the detector setup is shown in Fig. 3.3. As one can see, there are
two detecting systems'in this experiment, NE213 scintillator and 2 He proportional
tube. The neutron source was:hanged for reducing the neutron scattering. The

distance between neutron source and detector-is-20 cm:

PreAmp. Amplifier
2026
TAC/SCA ADC MCA
2145 — 2701 —
| PMT I
HV
pozD
Organic LS
NEZ213

Figure 3.1: The electronics setup: NE213 liquid scintillatior system.
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H.V
3102D

“He

Proportional Tube 006E

PreAmp.

Amplifier

372

MCA

Figure 3.2: The electronics setup: ®He proportional tube system.

NE213 detector

-]

<«

20.0cm

A

I 20.0 cm

Ei%e detector

A,

148.5 cm

4

-

Figure 3.3: The experiment setup.
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The keywords of the electronic setup system:

(a) NE213 liquid scintillatior system

1. H.V 3002D : High voltage power supply, Module 3002D, CANBERRA.
2. PreAmp. : Preamplifier, Module 2005, CANBERRA.

3. Amplifier 2026 : Amplifier, Module 2026, CANBERRA.

4

5

6

. 2160A : Pulse Shape Discriminator, Module 2160A, CANBERRA.

. CFD 2126 : Constant Fraction Discriminator, Module 2126, CANBERRA.

. TAC/SCA 2145 : Time-Amplitude-Converter/ Signal-Channel-Analyzer, Mod-
ule 2145, CANBERRA.
7. ADC 8701 : Analog-to-Digital Converter, Module 8701, CANBERRA.
8. MCA : Multiple Channel Analyzer

(b) 3He proportional tube:system

1. H.V 3102D : High veltage power supply, Module 3002D, CANBERRA.
2. PreAmp. : Preamplifier, Module 2006E, CANBERRA

3. Amplifier 572 1 Amplifier, Module 572, ORTEC.

4. MCA : Multiple Channel Analyzer

The scintillator is in contacts with. PMT (Photo Multiplier Tube ) and the high
voltage applied to the PMT was 2000 V. The signal output from PMT can be
divided into two parts, one is for the energy spectrum, and another is for the
pulse shape discrimination. The former signal goes through the preamplifier, the
amplifier, finally, to the ADC (Analog-to-Digital Converter). The latter one is
an anode output. The signal was divided into two; one is fed into the constant
fraction discriminator (Module 2126), another one is fed into pulse shape discrimi-
nator (Module 2160A). The modules will register the signals and then output step
signals. These step signals were fed into TDC (Time-to-Digital Converter). The
signal from Module 2126 is the start signal, and the signal from Module 2160A

14



is the stop signal. We can select any time window we want, and then the TDC
module will output a gate signal. Finally, we fed this gate signal into ADC module
to perform coincident with the signal from amplitude. After coincident method,
the signal will be sent to MCA.

For 3He proportional tube detection system, the high voltage supply to the
anode of the proportional tube was +1300 V. There is no need to do the pulse
shape discrimination, since the reaction in the tube is mainly depending on (n, p)
reaction. The energies, deposited by proton and triton are proportional to the
pulse height. Signals passed through the preamplifier first, and were then fed into
the amplifier. After that, signals were sent to MCA.

3.1.1 Preamplifier

The purposes for using ‘preamplifier is for a good coupling between the detector
and the counting system and a minimization of the noise. There are three type of
preamplifier, charge-sensitive, current-sensitive, and voltage-sensitive.

For the NE213 detecting system, the preamplifier is Model 2005 which is a
charge-sensitive preamplifier, the functional schematic/is shown in Fig. 3.4 There
are three parts in the Model 2005, integrator, P/Z (pole/zero), and buffer. In the
integrator circuit, the feedback capacitor of the preamplifier collects the charges
from the detector, the output voltage is proportional to the charge from the de-
tector since Vp=Q/C. The P/Z circuit is for optimizing the signal performance.
The differentiator is made of a capacitor of the P/Z circuit and the resistor. It
provides the 50 us tail pulse. The capability of the buffer circuit is to avoid the
pulse degradation. The features of this preamplifier are low noise, high charge rate
capacity (up to 9 uC/s), and fast risetime (less than 15 ns).

For the He® detector, the preamplifier is Model 2006. This preamplifier is also
the charge-sensitive preamplifier which is shown in Fig. 3.5. But this model is for

the proportional counter.
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Figure 3.4: The functional schematic of the Model 2005 preamplifier.
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Figure 3.5: The functional schematic of the Model 2006 preamplifier.
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3.1.2 Amplifier

The signals output from the preamplifier can not be sent too far away since they
are just a few millivolts. In general, the amplifier is used to amplify and shape the
signal. It can avoid the signal pile-up and improve the signal-to-noise ratio.

In the NE213 detecting system, we use the Model 2026 Spectroscopy Amplifier.
There are three pulse shape modes, Gaussian, Triangular and bipolar. For shaping
time selection, there are six-position switch we can select. They are 0.5, 1, 2, 4,
6, and 12 ps. The gain range is variable from 2.5 to 1500 with the eight-position
switch, the coarse gain (x5, x10, x20, x50, x100, x200, x500, and x1000), and
ten-turn potentiometer, the fine gain which is variable from x0.5 to x1.5. In the
experiment, we selected the Gaussian mode and set the shaping time at 1.0 us.
The gain is 100 x 7.55 ( coarse gain X fine gain).

For the He® proportional tube, we use the ORTEC Model 572 Amplifier to
shape the signal. The pulse shape output from the amplifier is semi-Gaussian.
There are two shaping mode to-choice, unipolar and bipolar. The gain range is
variable from 1 to 1500"with the six-position switch, coarse gain (x20, x50, x100,
%200, x500, and x1000), and ten-turn potentiometer, the variable gain from x0.5
to x1.5. There are also six position; 0.5, 1,2, 3, 6, and 10 us, which we can choose

for shaping the time.

3.1.3 Discriminator

The discriminator is used to determine the signals that we want. In general, we
use some conditions, called threshold or discrimination level, to determine the
signals. If the amplitude of an input signal is larger than the threshold value,
the discriminator produces a logic signal, and vice versa. In this experiment, we
use two discriminators, the Model 2126 and the Model 2160A, to find the neutron
signals.

The Model 2126 accepts the negative signals and the output signal are both

positive and negative. The count rate is 200 MHz. There are three timing modes,
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constant fraction function, leading-edge, and slow rise time rejection. We can select
one of them on the front panel. In addition, the threshold level is also selected
on the front panel, it is the ten-turn potentiometer and the range of the threshold
level are between -5 mV to -1 V. In the experiment, we selected the leading edge
timing method and the threshold level is set at the scale 0.3.

The Model 2160A also accepts the negative signals and the output signal are
both positive and negative. The timing method of the Model 2160A discriminator
used is zero-crossing. Since this module is used under the zero-crossing method,

it does not need to set the threshold level.

3.1.4 Time to Amplitude Converter and Single Channel
Analyzer

The Model 2145 includes two parts, time-to-amplitude converter (TAC) and single-
channel analyzer (SCA). The purpose of this module is to separate different par-
ticles, such as neutromnrand. gamma.

The TAC part is used to analyze the time constant of different particles. The
two signals are fed intothis module; and then TAC circuit-part generates a signal
with an amplitude proportional to the time interval. /For the same particle, the
time interval of the signals are almost close, that is the amplitude of the TAC
output is almost the same, which is-called-the time constant. The usable time
range is between 5 ns and 1 ms.

The other part of the Model 2145 is SCA. It is also a discriminator, which
requires two conditions to determine the signals.” It produces a logic signal only
when the amplitude of an input signal is larger than the lower level threshold and
smaller than the upper level threshold.

After the signal passes through the TAC part, it flows to the SCA part. The

tThe discriminator we have discussed in last subsection is also called integral discriminator,
comparing to this, the single channel analyzer is called differential discriminator. The former
uses one condition to determine the signals. The later one uses two conditions, lower-level

discriminator (LLD) and upper-level discriminator (ULD), to determine the signals.
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module produces the logic signal when the amplitude of the TAC signal locates in
the interval of the threshold levels. This signals are fed to the ADC module and
coincident with the signal from the amplifier. The threshold levels can be select

at the front panel controls.

3.1.5 Analog to Digital Converter

The analog-to-digital converter (ADC) is used to convert a continuous signals to
discrete signals. After a signal passes through the ADC, the ADC produces a
number that is proportional to the pulse height of the signal. In general, the
number is called channel number.

The Model 8701 is Wilkinson type analog-to-digital converter. This ADC is
used at the peak detection method. ~The clock of this model is 100 MHz and
the resolution is up to 8192 channels. There are two conversion modes, Pulse
Height Analysis(PHA) and Sampled Voltage Analysis(SVA). The former method
is usually used. For peak detection, there are also two modes, automatic and
delayed. In the automatic mode, when the signal above the threshold, the linear
gate opens. When the amplitude of the signal is below 90% of its pules height, the
linear gate closes. However, when the wide pulses come, the automatic detection
may contain uncertainty.. Therefore, the delayed mode ¢ould be used for solving
this problem. In this mode, the linear gate closes at the end of the selected delay
time.

In this experiment, we set the resolution to 256 channels. In addition, we use

automatic peak detection and PHA mode conversion.

3.1.6 Multiple Channel Analyzer

The instrument used to record the number is called the Multiple Channel Analyzer.
In the experiment, there are two different MCA software for two systems. One
is called System 100 (S100); the other is called ACCUSPEC. The former is for
NE213 detection system and it operates under the windows 3.0 OS. The later one
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is for 3 He proportional tube, it operates under the dos OS.

3.2 Pulse Shape Discrimination

As mentioned before, the particles pass through the detector will excite the or-
ganic liquid scintillator. There are three modes of de-excitation. Two of these emit
scintillation light which is the fluorescence and phosphorescence respectively. The
former is the fast light and the latter is the slow one. The time of light emission
affects the shape of the light output, so does the stopping powers (dE/dz) [6]. The
light output for different particles are shown in Fig. 3.6. We use this characteristic
to separate neutron from gamma ray. This method is called Pulse Shape Discrim-
ination. In general, it takes two steps to implement. Fist, discriminate the arrival

time of the pulse. Second, integrating the charge ever two time periods.

wE I 1 | I =

108 b —
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= ] - —
R = e
=
£ I =1
% Alpha particles “
= 10 — | Fast neutrons

- Gamma rays
1.0 I | | |

0 200 400
Time inns

Figure 3.6: The time dependence of scintillation pulses in stilbene. From Bollinger

and Thomas [7].
The method to determinate the arrival time of a pulse is called timing. This
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is done in the Module 2126 and the Module 2160A.

In general, there are three methods, the leading-edge timing method, the
constant-fraction timing method, and the zero-crossing timing method. The Mod-
ule 2126 is Constant Fraction Discriminator module. Actually, there are three
modes, constant fraction, slow risetime rejection, and leading edge, in the module.
We use leading edge mode to determine the arrival time of the pulse. The method
used by Module 2160A is zero-crossing method.

The signal from anode output is divided into two. One is sent to the Module
2126. The module will output a gate signal when the pulse front crosses the
threshold level. The other signal is sent to the Module 2160A. In this module,
the signal become a bipolar signal. As shown in Fig. 3.7, the two signals can
be separated by the zero-crossing points. The module 2160A is triggered by the

zero-crossing point and output a gate signal.

\Vay

Figure 3.7: The-bipolar signals.

These two gate signals are fed to the time-to-amplitude converter (TAC). When
the faster signal arrives at the TAC module, the module starts to integrate. When
the slower one arrives, the module stops to integrate and outputs a signal. The
amplitude of a signal output depends on the time interval between start and stop
signals. The diagram of pulse shape discrimination is shown in Fig. 3.8. For the
same particle, the time interval is almost constant. We call such an interval the
time constant of the particle. By using MCA we can get the ”time spectrum” of
the events that are from the detector, such as that shown in Fig. 3.9.

Fig. 3.10 shows the start and stop signal output from discriminators, taken by
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Figure 3.8: The diagram of pulse shape discrimination.
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Figure 3.9: After time-to-amplitude converter, gamma and neutron signals
recorded by MCA. From N. Tsoulfanidis [8].
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the scope. The upper signal in the picture is the start signal. The interval for two

signals is 172.0 nano seconds.

~#.%- Agilent Technologies

Cursors Menu

AX = 172.0ns 1/AX = 5.8140MHz AY(1) = 125mY
& Mode « Source x Y ] X1 v X2 w] X2
Normal 1 v 0.0s5 172.0ns

Figure 3.10: The start.and stop signals captured by scope: The upper one is the

start signal; and the lower one is the stop signal.

3.3 MCA Channel Calibration

Before the spectrum measurement, it is important to perform the MCA channel
calibration. We need to ensure the linear relation between signal pulse height and
channel numbers and check if the line passes through the zero point.

We use a pulser to generate a pulse which goes through the amplifier and is
then fed into the MCA software, the diagram of the calibration circuit is shown
in Fig. 3.11. Using the pulse with different height and record the channel number

on MCA, we plot the relation between pulse height and channel number.
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Figure 3.11: The diagram of MCA calibration circuit.

3.4 Gamma Source Calibration

When the charge particles pass through the detector and loss their energy, the
electron energy levels of the molecule become excited state. After the energy level
becomes de-excited state, there are seintillation light emitted. The energy of the
scintillation light is related to the energy of the excited electron. In addition, when
particles pass through the detector;-how much energies could be converted to the
scintillation light depends on the particle type and its energy. There are contain
relationships betweensthe light output, particles, and the particle energies. As
shown in Fig. 3.12, forrNE213 organic liquid scintillators, there exist a nonlinear
relation between light output and energies for heavy charged particles, such as
protons and alpha particles. However this relation is linear for the electron at low
energies. Therefore, for determining the proton-energy scale, we first need to find
out the relationship between the MCA ‘channels and the electron energies from the
detector. We then transform the electron energy scale to the proton energy scale.

Since the NE213 scintillators are sensitive to gamma ray, we used three kinds
of gamma source, which are shown in Table 3.1, to calibrate this system. The
interactions between gamma ray and matter are photoelectric effect, Compton
scattering, and pair production [5]. The relative importance of these three effects
is related with different materials and gamma ray energies. As one can see, in
Fig. 3.13, the materials of absorber in the experiment are Hydrogen and Carbon,

so the number of Z of absorber are 1 and 12. For the calibration gamma sources,
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Figure 3.12: The light eutput for-three types of gamma ray interaction. From

Klein and Neumann [10].

E (keV)  Baas(keV)
2Nq 511 340.667

1274.542  1061.71
B7Cs  661.660  477.336
Mn  834.830  639.202

Table 3.1: Gamma sources. F,,., is the maximum electron energy resulted from

Compton scattering.
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the energies of them are between 0.5 and 1 MeV. Therefore, the locations of these
cases are at Compton effect dominant section. That is, the gamma detection using

the NE213 scintillators is mainly through the Compton scattering.

R L 2 L 5 1 o LG
120 =3

100

Pair production —
dominant —

Photoelectric effect
80+ dominant

60 |-

Compton effect
dominant

Z of absorber
|

40

20

LU I I N BT .
0.01 0.05 0.1 a5 14 5 10 50 100
hy in MeV

Figure 3.13: Light output function L(E) for electrons, protons and alpha particles,
which are detected by2x2 inch NE213 detector. From R."D. Evans [11].

The result of a Compton scattering interaction is a recoiled electron and scat-
tered photon. The recoiled electron brings a part of energy of incident photon and
the energy is related to the scattering angle.” The energy of recoiled electron is

given by

L (E,/moc?)(1 — cosb)
© 1+ (E,/mec?)(1 —cos) "

where F, is incident gamma ray energy, ¢ is the scattering angle that is between

(3.1)

the direction of the incident gamma ray and the direction of the scattering gamma
ray, ¢ is the speed of light [5].

The scattering angle is between 0 and 180 degrees. In general, the electron
energy distribution is like the picture shown in Fig. 3.14. When the scattering

angle equals to 180 degree, there is a maximum value of electron energy. As one
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can see, there is a cut off in the Fig. 3.14, called Compton edge. The maximum

energy is given by

2B, /myc?
T+ (2B, fmec?) T

(3.2)

dN/dE

E Energy

max

Figure 3.14:-The general spectrum of scattering electrions.

We find the correspondence between the channel' number and the electron en-
ergy at Compton edge. To'find the Compton-edge, we smoothed the measured
data and differentiated these data points. We can then determine the relation
between the MCA channel and the electron energy by data fittings. The results

are shown in Chapter 6.
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Chapter 4

Simulation

4.1 A Brief Introduction To GEANT4 Simula-
tion

GEANT4 is a simulation toolkit-using Monte Carlo methods and written in the
C++ language. It can be used for simulating the process of particles through
matter and it has standard tools to help users to input information[13]. So, we do
not need to write all the program by ourself; just-modify some important classes.

These classes are:

Detector Construction class

We create the detector in this class. For creating the detector, we need to describe
its materials, shape, and position. First, we have to declare the elements of mate-
rials. Therefore, we can include the elements into the materials we created. After
that, we can create the detector or targets.

In GEANT4, a detector is made of some volumes. For creating volumes, we
need to describe their shape and physical characteristics, such as the materials,
position and geometry. There are many basic geometry elements to choose, such

as box, cylinder, trapezoid, tube, cone, and so on. The Fig. 4.1 and Fig. 4.2 show
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the fragments of the code.

SEE lements
a = 1.8879%g /mole;
G4Element® elH = new  G4Element(nome="Hydrogen", symbol="H", z=1, a);
a = 12.8187*g /mole;
G4Element® elC = new  G4Element(nome="Corbon",  symbol="C", z=6, a);
a = 14.88674g/mole;
G4Element® elM = new  G4Element(nome="Witrogen", symbol="N", z=7, a);
a = 15.9994%g /mole;
G4Element® el0 = new  G4Element(nome="Oxygen",  symbol="0", z=8, a);

Albir

denzity = 1.29%mg/cm3;

G4double temperature =293.15%kelvin;
G4double pressure=1.*atmosphere;

GaMaterial® Air = new G4Material{home="4ir", denzity, nel=2,k5tateGos,temperature, pressure’;
Air-zAddE Lement (e LN, TA¥*perCent )}

Air-zAddE lement (e 10, 30%perCent )}

SPHE2LS

density = B.874%3 cm3;

GaMaterial® MEZ13 = new G4Moterial{name="NEZ13", density, nel=20;
HEZ213-=AddE Lement (e LH,B.54812 7% ;

HEZ213-=AddE Lement (e LC B, 4518587 ;

Adberylic  (CH2=C{CH3)COZCH

denzity = 1.18%g/cm3;

GaMaterial® Acrylic = new GdMaoterial{nome="Acrylic", density, nel=3);
Acry | ic-=AddE lement. (e L, B.59934%;

Acry | ic-=AddE Lement. (e lH, B.B5055%;
Aoty L io--AddE lement (e 10, B.31961%;

Figure 4.1: The fragment of the simulation code. This part declares the elements

and materials. a is the atomic weight, z-isthe atomic number.

Physics List class

The physics process and the particles must be defined in this class. In addition, the
range of cut-off parameter should also be defined in this section. GEANT4 pro-
vides many physics processes, which describe how particles interact with materials,
such as electromagnetic, hadronic, transportation, decay, optical and parameteri-
sation. It also provides data of many particles, such as electrons, protons, gammas

and so on. They are organized into six categories, lepton, meson, baryon, boson,

29



Gadouble
Gadouble
Gddouble
Gadoub e
Gddouble

innerRadiuz0f TheTube= B.%cm;
outerRadiuz0f TheTube= &.85%cm;
hightOf TheTube= &.85%cm;
startAnglelfTheTube= B.%deg;
spanningang lelf TheTube= 368 .%deg;

G4RotationMatrix *rot= rnew G4RotationMatrix;
rot—zrotatey {98*deg ) ;

G4Tubs* NEZ13detector_tube = new G4Tubs("MEZ13detector_tube",

innerkadiusz0f TheTube ,
outerRadiuz0f TheTube,
hightOf TheTube,
startAnglelf TheTube,
spanningangle0f TheTube ) ;

NEZ13detector_log = new G4Logical¥olumeNE213detector_tube, NEZ13,"detector_log",m®,m,8%;

NEZ213detector_phys = new G4PYPlocement(rot, A¢ rotation zet
G4ThreeVector (8,8,8%, A tranzlation pozition
NEZ13detector_log, A4 itz logical wolume
"detector"”, A4 itz name
experimentalHal l_Llog, A4 itz mother wolume
falze, A4 no boolean operations
“}H A itz copy number

Figure 4.2: The fragment of the simulation code. This part describes the geometry
of NE213 detector. This creates a cylinder of radius 5.08 cm and length 10.16 cm.
The cylindrical solid is filled with NE213 materials.
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shortlived, and ion. Fig. 4.3 and Fig. 4.4 show the fragment code to define the

particles and physical process.

woid MeuCapPhysicsList:iConstructParticle()
!
/¢ Construct all particles which wou want to use.
ConstructBosonz () ;
Constructleptonz( s
ComstructMesons () ;
ConstructBaryons( s
Comstructdl LIons{);
Constructal LShortliveds();

i

woid MeuCapPhysicslist: :ConstructBosons()

/¢ bozons
G4BozonConstructor pConstructor;
pConstructor.ConstructParticle);

i

Figure 4.3: The fragment of the simulation code. This part is defining the particles.

woid MeuCopPhysicslist::ConstructProcess()

{
AddTronsportation); A/ Define transportation process
AddParameterisation )/ Define fost simulation monoger process
ConstructGeneraly};  /F Define decay process

ConstructEM( ); A4 Define electromagnetic process
ConstructHad(); A¢ Define hodronic process
ConstructIond; Af Define process for ions
ConstructOp(); A Define optical process

Figure 4.4: The fragment of the simulation code. This part is defining the physics

process.

Primary Generator Action class

This section is for user to define the details of initial particle, that is, setting the
particle gun. User has to set the particle for particle gun and its energy, direction.

Fig. 4.5 shows the fragment code for defining the incident particle and its direction.
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thetoZ=f oot (16.83%rand( )/ (RAND_MAX+1.B))+188;  //for MEZ13 25,765 cm
phiZ=f loat {368 . B*rand( )/ (RAND_MAX+1.6%);
vz=sin{thetaZ+*PI /180 oos(phiZ+P1/186%;
wy=sin{thetaZ+P I,/ 1808 s inphi2+P1,/188 ) ;

wie=cos( thetaZ+P 1 /186 ;

stdiistring poth=geteny "G4WORKDIR" 33

path +="/neutron_captures";

std::string spectrumFile=path+"Pu238CH . root" ;
specfile=TFile: :0pen{spectrumFile.c_str{);
hEmitted={THIF*specf i le—=Get {"hEmittedieutronEnergy" 3 ;
double rondomEnergy={HEmitted->GetRandom ) Mey ;

G4ParticleTable* particleToble = G4PorticleTable: :iGetPorticleTable!);
G4Particlebefinition* porticle = particleTable—=FindParticle"neutron” y;
particlebun-=SetParticlebefinition{particle);
particletun-=SetPart ic leMonentumbirect ion{G4ThreeVector (v vy vz )3
particlebun-=SetPart icleEnergy (randonEnergy b ;

Figure 4.5: The fragment of the simulation code. This part describes the geometry
of NE213 detector.

4.2 Experimantal Simulation

We use GEANT4 to simulate the neutron detection experiments with NE213 or-
ganic liquid scintillator-and * He proportional tube.

The geometry of experiment target, which is a NE213 organic liquid scintillator
and 2He proportional tube, are.shown in Fig. 4.6 and Fig. 4.7. The detectors
are cylinders and the figures are the cross-section view. We assume the NE213
detector consist of three parts, liquid scintillator, acrylic, and aluminum shell; the
3He proportional tube consist of an aluminum shell and *He gas. The details of

the experimental condition are shown in Table 4.1.

We also consider that some of neutrons scattered from the wall may have a
chance to pass through the detector. Therefore, we add the wall into the simulation
environment. We assume the material of the wall is concrete and the dimension
is 3x5x7 m. The detectors are set in the center and the neutron source is set in

front of the detector, as shown in Fig. 4.8.
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Figure 4.6: Liquid scintilator Detector geometryin GEANT4.
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A
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Figure 4.7: 3He Detector geometry in GEANT4.
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Materials Density Elements/Ratio Pressure Temperature

Air 1.29 mg/em? N:O / 0.7:0.3 1 atm 293.15 K
Helium-3  0.0005 mg/cm? 4 atm

NE213  0.874 g/em®  H:C / 0.54812:0.45188

Acrylic 1.18 g/em? C:H:O / 0.59984:0.08055:0.31961

Concrete 2.4 g/cm? H,0,Na,Mg,Al,Si,K,Ca,Fe

Table 4.1: The simulation parameter details.

____________________________

)

Figure 4.8: The detector is put in the center of the "room”. The length of x

direction is 5 meter, y is 7 m, and z is 3 m.
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With the GEANT4 program, we have neutron incident on the target with
different energies. Actually, we fed the original source spectrum that is also a
simulation result, as shown in Fig. 4.9, into the particle gun. The simulation was
done by J. Liu [14]. He simulated the two steps process of Pu?¥® and C'3. The
r-axis is energy in MeV and the y-axis is proportional to the probability. During
the simulation, the GEANT4 program selects the random energy according to this

distribution.

hEmittedNeutronEnergy
Entries 1779199
Mean 5.07
RMS 1.139

X

-

(=]
b

0.24
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

L1 11 ‘ L1 11 ‘ L1 | L1 11 | 11| | 111 | L1 11 | L1111 | | I | | I -
% 1 2 3 4 5 6 7 8 9 10
Energy

238013

Figure 4.9: The spectrum of the source Pu . It is a simulation result, done

by J. Liu [14].

The direction of radiation particles is isotropic. For considering the simulation
efficiency, we just let the particle direction random in the solid angle with respect
to the detector surface. The distance between the particle gun and the detector
surface is 20 cm. For NE213 detector, the radius of detector shell is 6.05 cm; for
3He proportional tube, the radius of detector shell is 2.54 cm. Hence 6 is about

16.83 degrees and 4.56 degrees, respectively.
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Figure 4.10: The particle gun is at point g, and point c¢ is the center of circle.
gc = 20cm. 0 is 16.83° for NE213-detector, and it is 4.56° for 3He proportional
tube.

For the NE213 detecting system, we did not consider the efficiency of scin-
tillation. When neutren elastic process takes place in the detector and produces
the recoil particles, we-record the information of particles.-For ? He proportional
tube, when neutron interacts with >He and then produces a triton and proton, we

record their information. Finally, we analyze these data and plot histograms.
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Chapter 5

The Measurement of

Monoenergic Neutron Source

5.1 Neutron Production

To check the normalization-of GEANT4 simulation, we detect the monoenergetic
neutron. The monoenergetic neutron can be produced by (p,n) and (d, n) reactions
with accelerated proton and deuteron.  The neutron energy can be calculated

according to

o EM{QCOS;M W{Q 9 (1 _ ma)}

(my, +m,.)? maiy, E m,
+ 2COS19\/COSQ19 + . (1 + ) {Q + <1 - mG>] }7 (5.1)
mamy, E m,

where FE, is neutron energy, m,, is neutron mass, E' is energy of the projectile, mg
is the mass of projectile, m, is the mass of residual nuclei, Q is the Q-value, and

9 is the angle of neutron emssion with respect to direction of the projectile.

(d,n) reaction

AX+d— X +n+Q
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For most neutron production from the accelerator reaction, deuteron impacting on
target through (d, n) reaction is the most popular method. There are two channels
of (d,n) reaction. First, deuteron can be captured by a nucleus and become an
excited compound nucleus. A nucleus then releases a neutron. The second channel
is deuteron fission. The widely used (d,n) reaction are T(d,n), D(d,n), **C(d, n),
9Be(d,n), and "Li(d, n)...etc.! The first three reactions are mainly generated by
the van de Graff accelerator.

The neutron energy can be estimated by Eq. (5.1). Roughly, the neutron energy
produced from D(d, n) reaction is between 2 and 10 MeV; while it is between 12
and 20 MeV in T(d,n) reaction.

In this experiment, we produced meutron by (p,n) reaction.

(p,n) reaction
fX—i—p—>;4+1X+n+Q

Proton impacts on the target nucleus 42X and a neutron is'produced in the final
state. The final nucleus is the isotope of the original nueleus. This process is
referred to as (p, n) reaction. Thisreaction is alsowidely used as the neutron source
in van de Graff accelerator.. A monoenergetic neutron source can be produced

through this reaction.

tThe reaction equations:

T+d—n+*He Q = 17.588 MeV (5.2)
D+4+d—n+3He Q = 3.28 MeV (5.3)
Lotd—-n+BN Q =0.281 MeV (5.4)
‘Be+d —n+'Be Q = 4.362 MeV (5.5)
"Li+d—n+°%Be Q = 15.028 MeV (5.6a)
"Li+d—n+2"He Q = 15.122 MeV (5.6b)
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"Li(p,n)"Be reaction The most frequently used (p,n) reaction for producing

the monoenergetic neutrons is

"Li+p—n+"Be Q = —1.646 MeV (5.7a)
"Li+p—n+"Be Q = —2.076 MeV (5.7b)
"Be* — "Be+n @ = 0.430 MeV (5.7¢)

The proton threshold energy for this reaction is 1.881 MeV. For this proton energry,
the neutron energy is 0.03 MeV (forward direction). According to the Eq. (5.1), the
neutron energy decreases continuously as v increases. The neutron yield decreases

with the neutron angle with respect to the proton direction.

3H(p,n)®He reaction Since *He does not-have éxcited states, this reaction is

usually applied to produce neutrons.
*H+p~n+>He Q = 0.764 MeV (5.8)

The threshold energy of this process is 1:.019 MeV, and the corresponding neutron
energy is 63.7 KeV. Gas targets isusually used for this process.

5.2 Experiment Setup

The protons produced by accelerator impacting on the target can generate the
monoenergetic neutrons. The reactions are mentioned in the last section. Since
these neutrons are monoenergetic, they can be used to calibrate the detection

systems or the results of simulation.

5.2.1 Accelerator

The accelerator in the National Tsing Hua University is tandem accelerator. The

tandem accelerator is a type of electrostatic accelerators, which is shown in Fig. 5.1.
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The model of this accelerator is the Model 9SDH-II Tandem Accelerator. It was
designed by National Electrostatics Corporation, USA.

The largest terminal voltage of the accelerator is 3 MeV, it includes the tandem
Van de Graaff accelerator, the source of negative ion by cesium sputtering, SNICS,
the high precise analyzing magnet, and the switching magnet. The negative ions
are accelerated and arrive to the positive high voltage electrode by the attractive
force. While they pass through the gas stripping canal, they become positive ions.
The positive ions are then accelerated again by the repulsive force.

To obtain the 4 MeV proton, the ion source we used was T'@Hs and the terminal

voltage was set at 1.587 MeV.

Positive high voltage terminal Electron adding canal
Negative ion beam
Charging Belt /

Positive ion beam

Analyzing magnet lon source

Gas stripping canal Analyzing magnet

A Positive ion beam
Switching magnet

Figure 5.1: The tandem accelerator.

5.2.2 Target

We used silicon chip as a backing. After cleaning the backing chip, we apply the
evaporation method for plating TLD-700, LiF, on the backing chip. Actually, the
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TLD-700 also contains Mg and Ti. Fig. 5.2 shows the evaporation instrument.
The thickness of the TLD-700 on the target is about 200 nm. The target is fixed
on the end of the bean line, Fig. 5.3.

Figure 5.2: The evaporation instrument.

5.2.3 Detector Setup

As mentioned before, the neutron yield decreases as the angle increases. So, we
placed detectors close to the zero-angle position. The angle between the NE213
detector and *He tube is about 30°. We set a restrictor in front of the target,
actually, there is a ceramic tube between the restrictor and the target. The re-
strictor has an opening with a 4 mm diameter. When the proton passes through
the opening of the restrictor and impacts on the target, there are positive charges
accumulating on the end of the valve that is made of steel. We then used a cable
connecting with a current integrator, the Model 439 Digital Current Integrator, so

that we can estimate the number of protons which impact on the target.
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3He tube Target:
TLD-700 (LiF)

Incident proton

NE213
Restrictor

Cable

Figure 5.3: The aceelerator experiment setup.
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Chapter 6

Results and Discussion

6.1 Gamma source calibration

The following are the result of gamma source spectrum-and their differentiations.
Table 6.1 shows the eleetron energy ( the energy at Compton edge) and channel
number for each gamma souree.

Therefore, we use'the results to plot-a graph. Fig. 6.4 is the result of gamma
source calibration. It'seems, the relation between the channel number and the

electron energy is linear.

FEinar(kel)~Channel No.

2Na  340.667 24

1061.71 67
BT1Cs  477.336 31
“Mn 639202 41

Table 6.1: The result of gamma calibration.
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Figure 6.1: Na-22 source spectrum. There are two Compton edge at channel 24

and channel 67.
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Figure 6.2: Cs-137 source spectrum. There is a Compton edge at channel 31.
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Figure 6.3: Mn-54 source spectrum. There is a Compton edge at channel 41.
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Figure 6.4: The Electron Energy-Versus. MCA Channel.

6.2 Gamma and neutron signal pulse shape dis-
crimination

Fig. 6.5 shows the time constant spectrum of gamma and neutron signal of the
Pu?¥-C" source; Fig. 6.6 shows the result of the monoenergic source. The peaks
that at the range of channel 30.to channel 40 are the gamma signals, and those at
the range of channel 160 to channel 190.are neutron signal.

Therefore, to do the signal coincidenee, we selected the time window between

channel 160 and channel 190.
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Figure 6.5: The time constant spectrum of Pu source.
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Figure 6.6: The time constant spectrum of monoenergic neutron source.
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6.3 The result of neutron source measurement

and its comparison to the simulation

6.3.1 The Pu**-C" source spectra
The results of the NE213 detector

a) The result of measurement The measured spectrum is shown in Fig. 6.7.
However, this is not the real neutron spectrum. As mentioned before, neutrons
are only indirectly detected, and the measurement of neutron energies is through

the proton recoil. The result in Fig. 6.7 is the proton energy spectrum.

\ Measured Spectrum
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g 800[— .
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mo: ; sl
600— - '
500 — - .'_5\.
- _'I
- r »
400— " -
- " S
r * b
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Figure 6.7: Measured spectrum from NE213 detector. The channels range of the

time constant spectrum is from the channel 160 to the channel 190.

48



b) The result of simulation We use GEANT4 toolkit to perform the simu-
lation. Fig. 6.8 shows the result of NE213 detector simulation. This result includes
up to the triple recoil of the proton in the NE213 detector.

simh1
Entries 1688204
Mean 3.879
RMS 1.617

Counts

14000

12000

10000

8000

6000

4000

2000

ot Lo Lo L Lo L Lo L

o

8
Energy (MeV)

Figure 6.8: Neutron detection simulation for NE213 detector.

c) Comparison Fig. 6.9/shows the comparison of measurement and simula-
tion results. The normalizing range is between 2.5 MeV and 8 MeV. As one can
see, for the NE213 detection system, there is-a cutoff at about 2.5 MeV. This is

the energy threshold for our measurement.
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Figure 6.9: The comparison. of simulation and.measurement for the proton recoil
spectrum. The area under the curve between 2.5 MeV-and 7 MeV is used to set

the normalization.

The result of *He proportional tube

a) The result of' measurement < The measured spectrum of Helium-3 pro-
portional detector is shown in Fig. 6.10. The peak in the spectrum is the thermal
neutron reaction energy which.is 0.764 keV. We.divide 0.764 keV by the chan-
nel number which is at the peak location and we obtain the energy per channel.

Therefore we obtain the energy scale for neutron.

b) The result of simulation Fig. 6.11 shows the result of > He proportional

tube simulation.

"The events lower than 0 MeV are the wall effect of the detector. They are the energies of

the proton or triton. More information about wall effect is given in Ref. [5]
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Figure 6.10: Measured spectrum by Helium=3 detector.
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Figure 6.11: Neutron detection simulation for He® proportional tube.
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¢) Comparison Fig. 6.12 shows the comparison between measurements and
simulations. We use the maximum value of the results to normalize the data. It
is easy to see that the simulation is greater than measurement when the energy
is more than 0 MeV. However, for events due to the wall effect, the experiment is

more sensitive than the simulation.
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Figure 6.12: The normalized result for the simulation and experiment of the *He

proportional tube.

52



6.3.2 The monoenergic neutron source spectra
The results of the NE213 detector

a) The result of measurement Fig. 6.13 shows the recoil proton spec-
trum resulted from the monoenergic neutron source generated by Van de Graff

accelerator.
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Figure 6.13: The measured spectrum by-NE213 detector. The channels range of

the time constant spectrum are from the channel 160 to the channel 190.
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b) The result of simulation We are do not simulate the process, " Li(p, n)" Be.
However, since neutron is known to be monoenergetic, we set the neutron kinetic

energy as 2.7 MeV.

simh1
Entries 369885
& 80000 Mean 2.113
g = RMS 0.6967
8 70000
60000 —
50000—
40000
30000|—
20000(—
10000
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0 1 2 3 4 5 6 7 8
Energy (MeV)

Figure 6.14: The simulated. spectrum in NE213 detector resulted from the mo-

noenergic neutron source.

Obviously, these two results are hard to compare, since the lower limit of the
detecting system is around 2.5 MeV; while the maximum value for recoil proton
energy is 2.7 MeV. We do not know the trend less than 2.5 MeV in the measured

spectrum.

o4



The result of He proportional tube

a) The result of measurement Fig. 6.15 shows the neutron spectrum mea-

sured by 3He proportional tube.
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Figure 6.15: The neutron spectrum measured by 2 He proportional tube.

b) The result of simulation " Fig. 6:16 shows the simulated neutron spec-

trum in *He proportional tube.

c) Comparison Fig. 6.17 shows the comparison of normalized results. Simi-
lar to the previous case, the experimental result is more sensitive at the wall effect

and the simulation result is more sensitive at energies larger than 0 MeV.
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Figure 6.16: The simulated neutron spectrum in® He proportional tube.
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Figure 6.17: The normalized result of the simulation and experiment of the *He

proportional tube.
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Chapter 7
Conclusion

The result of neutron energy measurement by NE213 detecting system is consistent
with the result by simulation.except forthe-energy lower than 2.5 MeV. The *He
proportional tube detector is however not_suitable for measuring fast neutrons.
To produce monoenergic neutron source, we have protons with a kinetic energy
4.4 MeV impact on the s F target, the neutrons were generated with the maximum
of the kinetic energy 2.73 MeV at the zero degree position which can be estimated
by Eq. 5.1. It is unreasonable to observe neutron energy greater than 2.73 MeV.
However, there always exists a. peak at 4 MeV in the result of NE213 detector, as
shown by Fig. 6.13. We also see the same peak at different time constant ranges, as
shown by Fig. 7.1 and Fig. 7.2. It is hard.to-explain where does those events come
from. So we suggest another measurement of this effect with different neutron
detection method. Furthermore, for producing the monoenergic neutron, we can
also use the other processes, such (d, n) reaction. The neutron energy from these
processes is larger than (p,n) reaction. It might be more preferred for the NE213

detecting system.
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Figure 7.1: The measured:spectrum by NE213 detector. The channels range of

the time constant spectrum’ arée-from the channel 46 to the channel 60.
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Figure 7.2: The measured spectrum by NE213 detector. The channels range of

the time constant spectrum are from the channel 75 to the channel 86.
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