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摘要/Abstract 
本論文中研發之極化固態氫氘(HD)靶主要是用於研究φ介子與質子和中子

的光致反應。利用高度極化的高能量光子和氫氘靶，可以量測雙極化對稱分佈來

研究核子中的奇夸克-反奇夸克成分.。本實驗組於 2008 年製作了第一個極化固態

氫氘靶。固態氫氘靶置於 17 Tesla 的強磁場，14 mK 的低溫下，經過 53 天的極

化過程，氫與氘的極化程度(P)與馳豫時間(T1)分別以核磁共振(NMR)法量測得

知。 

量測所得的極化程度，遠低於理論所計算在達到熱平衡狀態的期望值。核磁

共振訊號的強度與極化程度的非線性關係是造成差異的主要原因。在儲存冷凍器

(SC)與傳送冷凍器(TC)的環境下的馳豫時間，證明是足以滿足在運送過程中的需

要；同時在照射冷凍器(IBC) 的環境下的馳豫時間是夠長到新的極化固態氫氘靶

製作完成。本實驗組計畫將於 2010 年製造第二個新的極化固態氫氘靶，並將其

運送到 SPring-8/LEPS 實驗場所，利用圓極化光子束進行整體性能確認。 
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Abstract

The polarized Hydrogen-Deuteride (HD) target is developed mainly for the study
of φ meson photoproduction on the proton and neutron. Using the polarized target,
one can measure double polarization asymmetries to study ss̄-content in the nucleon.
We produced a polarized HD target for the first time in 2008. After the aging time
of 53 days at 17 Tesla and at 14 mK, the polarization degree (P ) and the relaxation
time (T1) of the hydrogen (H) and deuterium (D) in the HD were measured by using
the NMR method as shown in the Table.

After 53 days aging PH PD

41.4±3.1% 13.1±1.9%

T1 of H T1 of D Staying time
IBC (0.3K, 1.08T) 2546±380 1741±167.6 about 3 months
SC (1.2K, 1.08T) 276.6±22.9 302.6±28.6 3 hours
TC (4.2K, 0.15T) 147.3±3.8 47.8±5.5 0.5 hours

The polarization degrees measured are much lower than those expected from the
thermal equilibrium state of the aging condition. Non-linear relation between the
NMR signal height and the polarization degree is considered to be the main source
of the low polarization degree. The relaxation time in the SC and TC condition are
found to be long enough for the need of staying time during the transportation of the
HD target. The relaxation time in the IBC condition is also long enough to produce
the other new polarized HD target for replacement in continuous experiments. We
plan to start production of HD and move it to SPring-8/LEPS and carry out a
performance check by using circularly polarized photon beams in 2010.
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Chapter 1

Introduction

The HD polarized target will be used in the laser-electron photon facility (LEPS)
at SPring-8, Japan. At SPring-8 BL33LEP beam-line (LEPS facility), the linearly-
polarized photons were produced by Backward-Compton scattering. To introduce a
polarized target plays a very crucial role in upgrading the LEPS experiments. The
physics motivation for producing HD polarized target is discussed in this chapter.

1.1 Motivation

1.1.1 Strangeness content in the proton and neutron

The polarized target enables the measurement of double polarization asymmetries
in φ meson photoproduction to study the strangeness content in the proton and
neutron. It is generally accepted that the low-energy properties of nucleon are
well described in terms of three constituent u and d quarks. Therefore, recent
experimental results are very surprising. Experiments from the lepton deep inelastic
scattering indicate that there may be non-negligible strange quark content in the
nucleon and that the strange quarks give 10-20% contributions to the nucleon spin [1,
2]. After these results, there are many experiment [3, 4, 5, 6, 7, 8] which show
similar (∼20%) or different conclusions (∼0%). This problem is actively discussed
now. This discrepancy should be solved by revealing new experimental information
on the ss̄-quark content of the nucleon.

The φ meson photoproduction is dominated by the diffractive production within
the vector-meson-dominance model (VDM) through Pomeron exchange as shown in
Fig. 1.1(a). Conventional meson exchanges, such as one-pion exchange (OPE) , is
shown in Fig. 1(b), in the t channel are strongly suppressed by the OZI rule. If the
proton has the ss̄-quark content, it’s possible that there are the ss̄ knockout and
uud knockout processes on the φ meson photoproduction as shown in Fig. 1.1(c,
d). In case of the φ meson photoproduction on the neutron, the same processes are
possible (Fig. 1.1(e, f)).

The main ingredient of the knockout photoproduction mechanism is the assump-
tion that the constituent quark wave function of proton, in addition to the usual
three-quark (uud) component, contains a configuration with explicit ss̄ pair. The
following wave function is a simple realization of this figure [9].

|P> = A|[uud]1/2〉 + B{a0|[[uud]1/2 ⊗ [ss̄]0]1/2〉 + a1|[[uud]1/2 ⊗ [ss̄]1]1/2〉} (1.1)

1
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Figure 1.1: Feynman diagram of φ meson photoproduction.

Using this wave function, Titov et al. found that the study of cross section in
small angle region is not sensitive to the ss̄-quark content in the nucleon. The
cross section of VDM is ten times of ss̄ knockout, as shown in Fig. 1.2. But the
beam-target asymmetry (CBT

zz ) for the ss̄ direct knockout φ meson photoproduction
(Fig. 1.1(c)) is very sensitive to the ss̄-quark content in the nucleon (Fig. 1.3) [9].

The interference of the vector-meson dominance model amplitude and the knock-
out amplitude gives distinct contributions to the asymmetry at small φ meson angles.
The asymmetry CBT

zz is defined as

CBT
zz =

dσ(1
2
) − dσ(3

2
)

dσ(1
2
) + dσ(3

2
)

(1.2)

where dσ represents dσ/dt, and 1
2

and 3
2

denote the sum of the initial proton and
photon helicities.
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1.1.2 Identification Exchange Particle

With the polarized target and polarized photon beam, we can fix the spin and
orientation of initial state particles. It will be a powerful weapon to identify the
exchange particle. For example, the t-channel exchange of Λ(1520) photoproduction,
as shown in Fig. 1.4. In the reaction, it is unclear whether the K− or K∗− is the
dominant exchange particle. The spin of spinless kaon. K− is 0. The spin of vector
kaon, K∗− is 1. If the spin and orientation of initial state particles are fixed and also
the spin and orientation of final state are measured, the exchange particle can be
clearly identify.

γ
(JP=1− )

K+

(JP=0− )

K?(us)
K− (JP=0− ) ?

K*− (JP=1− ) ?
p(uud)
(JP=1/2+)

Λ (1520)(uds)
(JP=3/2−)

K?(t) =
K?(t) =

(us)

Figure 1.4: Feynman diagram of Λ(1520) photoproduction.

1.2 HD Target Overview

For the need of a polarized proton target, solid ortho-H2 is the most desirable can-
didate. Unfortunately, the solid ortho-H2 is unsuitable for dynamic polarization
because of its short relaxation time. The next choice, just what we selected, is the
solid HD. The HD molecule can be used as both a proton target and a neutron
target.

The other of advantages of the HD is that the it doses not contain heavy elements,
such as C and N. Good dilution factor is very important when we observe reactions
with small cross sections using the photon beam.

1.2.1 HD Target at Other Laboratories

At Institut de Physique Nucleaire de Orsay (IPN Orsay), they have developed the
static polarization of HD samples using brute force, for HD sample which is purified
by double distillation. With commercially available dilution refrigerators (10 mK)
and superconducting magnets (15 T), proton polarization (PH) in excess of 60%
and deuteron vector polarization (PD) higher than 14% have been reached. Fig. 1.5
shows the relaxation times T H

1 measured at IPN Orsay as a function of the aging
time. [10].

At the Laser Electron Gamma Source (LEGS) at Brookhaven National Labo-
ratory, the polarized HD target was condensed in a variable temperature cryostat,
where the NMR polarization monitoring system was calibrated at 2 K, transferred
to a dilution refrigerator for polarization at 15 mK and 15 T, held there for typically
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Figure 1.5: The relaxation times T H

1 measured at IPN Orsay as a function of the aging [10].

three months to reach the frozen-spin state, and finally transferred to an In-Beam
Cryostat (IBC) operating at 0.3 K, where a thin 0.9 T solenoid maintained the H
and D orientations. Data were collected during two periods in Fall 2004 and Spring
2005, the first emphasizing H polarization, with initial PH 59% and PD 7%, and the
second using increased D polarization following a radio frequency (RF) transfer of
spin between H and D, with PH 32% and PD 33% [11]. The method which LEGS
used to increase D polarization is Saturated Forbideen Transition (SFT) , but not
Forbidden Adiabatic Fast Passage (FAFP). The PD=33% is the maximum value
that SFT reach [12].

1.2.2 HD target at RCNP

The HD is an idealistic polarized targets for the LEPS experiments, although thin
aluminum wires (20% in weight) is included in the target cell to insure the cooling
efficiency. In order to achieve high polarizations of proton and deuteron targets,
we employ the static method using “brute force” at low temperature (14 mK) and
high magnetic field (17 Tesla). The polarization can exceed 85% for the proton
after aging process of 2∼3 months. The polarization of 60% for the deuteron can be
obtained by transferring the proton polarization to the deuteron by using a method
commonly known as “Adiabatic fast passage”. The relaxation time of about one
year is achievable by keeping the HD target at low temperature below 300 mK with
magnetic field of 1 Tesla during the experiment.
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1.3 LEPS Experimental Setup

The HD target will be used in the the laser-electron photon facility (LEPS) at
SPring-8, Japan. At SPring-8 BL33LEP beam-line (LEPS facility), the linearly-
polarized photon is produced by Backward-Compton scattering. The experimental
apparatus of the measurement is described in this chapter.

1.3.1 SPring-8

SPring-8, an acronym of Super Photon ring-8 GeV facility, is the most powerful
third-generation synchrotron radiation facility with 62 beam-lines now. The fig-
ure 1.6 shows a schematic view of SPring-8 accelerator complex. The accelerator

 

Synchrotron

Linear 
Accelerator

Electron Gun

Storage Ring

Synchrotron  
Radiation 

Experimental  
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Long 
Beamline Experimental Hall

1km-long 
 Beamline

Beamline

Main Building

Electron 
Flow

Figure 1.6: Standard LEPS magnetic spectrometer.

complex is composed of an injector linear accelerator, a booster synchrotron and
a low emittance storage ring. The linear accelerator generates electrons with an
electron gun, and accelerates them to an energy of 1 GeV. The accelerated electron
beam is transported to the synchrotron, which then accelerates it to 8 GeV. Next,
the beam is injected into the storage ring and stored with the energy of 8 GeV.

1.3.2 Photon Beam

We want to use circularly polarized photon beams with energies of E=1.5-2.4 GeV.
We expect tagged photon intensity of about 106 γ’s/sec.
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1.3.3 Target and Spectrometer

The HD target system consists of IBC, gas circulation system, compressor, and
control unit. The IBC is installed just in front of the LEPS spectrometer. The gas
circulation system and compressor are installed in the BL33LEP hutch. The control
unit is placed outside the hutch. When the HD target is transferred from the TC2
to the IBC, the IBC is moved to outside by using the left door. We want to use the
standard LEPS spectrometer for investigating trigger rate and hadron S/N ratio.
The standard LEPS spectrometer consists of a trigger counter, an aerogel cherenkov
counter (AC), a silicon vertex detector (SVTX), three drift chambers (DC1, DC2,
and DC3), and a TOF wall as shown in Fig. 1.7.

TOF wall

Beam

Dipole magnet

Beam dump

DC2

DC3

DC1

Silicon Vertex detector (SVTX)

Target

Trigger counter

Aerogel Cerenkov counter (AC)

Figure 1.7: Standard LEPS magnetic spectrometer.
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Chapter 2

The PHYDES System

The Polarized HYdrogen-DEuteride target for Strangeness (PHYDES) is designed
for the double polarization asymmetries measuring for the φ meson photoproduction
at SPring-8/LEPS. The PHYDES target system is composed to several distinct sub-
systems. This includes the target material, the cryogenic system, a superconducting
magnet, and the NMR Polarimeter.

2.1 Polarization Mechanism

2.1.1 Theoretical Polarization

From the Boltzmann law, the polarization only relate to magnetic field and temper-
ature, as shown as the follow equation and figure 2.1.

BB

22
BgE Nμ=

Δ

ΔE=gμNB

| -1/2>

| 1/2>

N-

N+

Figure 2.1: Energy level of proton.

N+ = Ntotalexp(
ΔE

kbT
); N− = Ntotalexp(

−ΔE

kbT
) (2.1)

9
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Where ΔE is

ΔE = gμNB (2.2)

Taking the Eq. 2.2 and 2.1 into account, we can get the H polarization as

PH =
N+ − N−
N+ + N−

=
exp(ΔE

kbT
) − exp(−ΔE

kbT
)

exp(ΔE
kbT

) + exp(−ΔE
kbT

)
= tanh (

ΔE

kbT
) = tanh (

gμhB

kbT
) (2.3)

and D polarization as

PD =
N+ − N−

N+ + N0 + N−
=

4 tanh (gµdB
kbT

)

tanh ( gµdB
kbT

)
(2.4)

Using above equation, once we know the magnetic field and temperature, we can
estimate the polarization in thermal equilibrium state. At B=17T and T=14mK in
thermal equilibrium state, the H polarization is about 85%, and the D polarization
is about 25%, as shown in Fig. 2.2.

2.1.2 Polarization Method

Heternuclear hydrogen molecules like HD can be polarized and have interesting
properties. The proton with spin 1/2 and the deuteron with spin 1 are independently
polarized and are independently reversible [13].

The basic symmetry condition imposed on the total wave functions of H2 (two
fermions) and D2 (two bosons) gives a restriction on the possible nuclear spin ori-
entation at low temperature. For H2, the so called ortho state has nuclear spin S=1
and molecular orbital angular momentum L=odd (o-H2). Since the nuclear spins are
aligned, o-H2 can be polarized. However, the equilibrium condition at low temper-
atures requires the para-hydrogen (p-H2) state with S=0 and L=0. Here, since the
nuclear magnetic moments are anti-parallel, the sample cannot be polarized. In the
case of deuterium, it is the para-deuterium (p-D2) combination (S=1; L=odd) that
disappears at low temperature, leaving the ortho-deuterium (o-D2) (S=0,2; L=0).
Although 5/6 of the nuclei in this state have their spins parallel (S=2), the small
magnetic moment of the deuteron makes static polarization of pure deuterium very
difficult.

In contrast, the orbital and spin angular momenta of the heteronuclear molecules
HD are not limited by symmetry requirements (one fermion and one boson) and
hence can be in the molecular rotation state L=0 independent of the relative ori-
entation by spin 1/2 and spin 1 species at low temperature. Since the spin-lattice
coupling is primarily caused in the process of molecular rotations, the relaxation
rates are extraordinary small. Although this long relaxation time is essential for the
usage of polarized targets in nuclear physics experiments, it makes the polarization
phase equally long. This is a difficulty; we hope to prepare the polarized target
in a relatively short time and like to keep the produced polarized target for a long
time in experiments. For the polarization of HD, the solution to this difficulty was
suggested by Honig in 1967 [14].

Figure 2.3. shows a schematic view of the process of the polarized HD target.
The equilibrium condition at low temperatures requires the p-H2 state with S=0
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Figure 2.2: The polarization could be estimate by Eq. 2.3 and Eq. 2.4. This figure shows the PH

and the PD at 14mK and 17T.

and L=0. When the o-H2 flip to the p-H2, the HD protons can exchange energy
with the o-H2 spins by means of mutual spin flips. When the o-H2 flip to the p-H2,
the energy of these two states also generate photon. The photon may flip another
p-H2 to o-H2, or just generate heat.

Therefore, introducing small (approximately the order of 10−4) contamination of
o-H2 and p-D2, as an impurity, can reduce the relaxation time. The presence of
o-H2 and p-D2 plays an important role to polarize the target. The molecular orbital
angular momentum couples with both the lattice and the nuclear spin. Thus, by
doping a small amounts of o-H2 and p-D2 into the pure HD, the relaxation times of
the H and D in HD are reduced so that the sample can be polarized.

The equilibrium polarizations of 85% for H and 25% (vector) for D can be
achieved in this way for HD cooled to 14 mK in a Dilution Refrigerator at the
magnetic field of 17 T. The sample must be kept at the temperature of 14 mK and
under the field conditions long enough to let the impurities o-H2 and p-D2 decay
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HD
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spinpolarized ortho-para

shift

Energy 
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para-H2

or

generate
heat

S=1; L=odd;

S=0; L=0;

H H

H HHD

H H

H HH0

Figure 2.3: The equilibrium condition at low temperatures requires the p-H2 state with S=0 and
L=0. When the o-H2 flip to the p-H2, the HD protons can exchange energy with the o-H2 spins
by means of mutual spin flips. When the o-H2 flip to the p-H2, the energy of these two states also
generate photon. The photon may flip another p-H2 to o-H2, or just generate heat.

to their magnetically-inert ground states, so that the sample spins are effectively
frozen. In view of the corresponding decay time constants, this aging process can be
very long (40 days to reach H relaxation times longer than a week at 4 K and 0.5 T)
and become prohibitive for D. Furthermore, the D polarization is only 20%. There-
fore, in the practical cycle which has been used to polarize HD, only o-H2 doping
has been used to polarize H. The D polarization has been obtained by transferring
the H polarization to the D, using a method commonly known as Adiabatic Fast
Passage [15]. This technique takes advantage of the dipole coupling of H and D
nuclei in different HD molecules. In this way, the polarization of deuteron reaches
at 60% [16, 17].

2.2 Polarized Target Production

We selected the HD molecule as a polarized nucleon target. The HD molecule
can become both a proton target and a neutron target. The HD is an idealistic
polarized targets for the LEPS experiments. In order to achieve high polarizations
of proton and deuteron targets, we employ the static method using “brute force” at
low temperature (14 mK) and high magnetic field (17 Tesla).
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2.2.1 Target Cell

The target cell for PHYDES is designed for transport of solid HD in a frozen-
spin or equilibrium polarization state from one cryostat to another as well as to
transport heat produced in the ortho-para conversion process out from the HD into
the cryostat. It must also not generate a large background under hydrogen signal
for polarization measurement on the target.

The main components of target cell are the copper target ring, aluminum cooling
wires and the Kel-F end-caps. The copper target ring is used to connect the cold
finger of the DRS. The copper target ring must be of sufficient purity to provide
good thermal conductivity at the millikelvin range of temperatures used to polarize
the HD target. The target ring should also be nonmagnetic so that it does not
interfere with the NMR line-shape.

The aluminum cooling wires are 50 μm in diameter and 99.999% purity. They
are bundled and attached to the target ring. There are approximately 2000 such
cooling wires in each target cell. The total mass of the aluminum wires is about
20% of the mass of the HD target material.

The end-caps are made of Kel-F which contains no atomic hydrogen. It won’t
introduce the additional background to the NMR signals. The majority of the
nuclear background is from this material so the parts of the end-caps which will be
in the beam are made as thin as possible. The top cap is necessary to reduce the
size of hole open to vacuum (or He exchange gas) so that the amount of HD which
sublimates from the solid target is negligible. [12].

2.2.2 Cryogenic and Magnet Systems

The polarized HD system include five refrigerators. The procedure of target pro-
duction is :

1. At RCNP, pure HD gas with the amount of 1 mole is produced by using the
HD gas distillator.

2. The HD gas is solidified and the polarization of the reference HD is measured
in a 4He refrigerator (SC).

3. Another 4He refrigerator (TC1) transfer solid HD from SC to dilution refriger-
ator system (DRS).

4. The polarization of the solid HD is made and frozen by aging at B=17 Tesla
and at T=14 mK in DRS.

5. The polarized HD is transferred from the dilution refrigerator (DRS) to a 4He
refrigerator (SC) by using another 4He refrigerator (TC1).

6. The polarization of the polarized HD is measured in SC.

7. The SC is transported to SPring-8/LEPS by a truck.

8. At SPring-8/LEPS, the polarized HD is transferred from the SC to a dilution
refrigerator(IBC) by using the last 4He refrigerator (TC2).

All polarization measurements are performed in SC. The flow chart of target trans-
portation is shown in figure 2.4. The IBC provides a magnetic field of 1 Tesla and
a temperature of 300 mK during the physics experiment for a few months [13].
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Figure 2.4: The flow chart of target transportation.

Distillator

The purity of commercial HD gas is about 96% and most of contaminations are
H2 (2%) and D2 (2%). Distillator purify the HD gas up to 99.99% in order to
optimize the amount of impurities. There are packings called “Helipack” inside
the distiller. Temperature gradient is made by cooling the top and heating the
bottom of the distiller. Heat exchange between gas and liquid takes place on the
packings. A low-boiling element is vaporized and extracted from the top of the
distiller. The difference of the boiling points of HD, H2 and D2 enables for the HD
gas to be separated from the others. The concentration of H2 and D2 is measured
by a quadrupole mass spectrometer. [18]

Dilution Refrigerator System (DRS)

The DRS is to polarize the HD target for the first stage at RCNP. We made a hole,
where the Dilution Refrigerator (DR) and a dewar were installed, with a depth of
5.5 m and a diameter of 1.6 m. A support frame for the DR and the dewar was
constructed to remove vibrations which increase the temperature of the target. We
installed the DR, fabricated by Leiden Cryogenics, with a cooling power of 3000W at
120 mK and a lowest temperature of 6 mK. A super-conducting magnet is made by
JASTEC company. The magnet has maximum magnetic field at the target center
is 17 Tesla (290 A) at 4.2K. Fig. 2.6 shows the DRS picture.
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Storage Cryostat (SC)

SC is to keep HD polarization on the way of the transportation from RCNP to
Spring8. The SC is transported to SPring-8/LEPS by using a truck. The SC is
also used to solidify the HD and measure the the polarization of the reference HD.
SC is a 4He refrigerator with superconducting magnet, fabricated by Oxford, with
a lowest temperature of 1.2 K and the highest magnetic field of 2.5 Tesla.

In Beam Cryostat (IBC)

IBC is to cool the target during the experiment at SPring-8. The IBC is a 3He-4He
dilution refrigerator with superconducting magnet. The lowest temperature of the
IBC mixing chamber is 250 mK and the magnetic field to hold the polarization of
the HD target is 1 Tesla. Fig. 2.8 shows the perspective drawing of IBC and the
real picture of IBC.

Transfer Cryostat (TC)

The 4.2 K transfer cryostats (TC) are provided by France IPN Orsay in 2006. The
TC1 is mainly for moving the target from the DRS to the SC. The TC2 is mainly
for moving the target from the SC to the IBC (Fig. 2.9). Basically, a left-hand right-
hand thread mechanism makes it possible to engage, screw or unscrew a target in
or from its cold finger, while a 0.15 T superconducting magnet provides a magnetic
field sufficient to hold the target polarization during the period of the cold transfer
process of HD from one cryostat to another.



16 CHAPTER 2. THE PHYDES SYSTEM

Figure 2.5: Distillator.

 
Figure 2.6: Dilution Refrigerator System (DRS)
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Figure 2.7: Storage Cryostat (SC)
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Figure 2.8: The left figure is the perspective drawing of IBC. The right figure is real picture of
IBC

Figure 2.9: The left side of the figure is TC1, which is mainly for moving the target from the DRS
to the SC. The right side the figure is TC2, which is mainly for moving the target from the SC to
the IBC.
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2.3 NMR Polarimeter

2.3.1 NMR Principles

What is NMR?

Nuclear magnetic resonance (NMR), is a physical resonance phenomenon involving
the observation of specific quantum mechanical magnetic properties of an atomic nu-
cleus in the presence of an applied, external magnetic field. All nuclei that contain
odd numbers of nucleons have an intrinsic magnetic moment and angular momen-
tum.

How is NMR Detected?

As the Fig. 2.10, a large static magnetic field breaks the energy degeneracy between
the nuclear Zeeman levels so that transitions can be driven by a RF field applied
perpendicular to the static magnetic field. The energy absorbed or emitted is pro-
portional to the difference in the populations of the magnetic sub states and hence
the polarization of the target material. The RF frequency required, known as the
Larmor frequency, is determined by the gyromagnetic ratio of the nuclei of interest
and the strength of the static magnetic field. In practice, the frequency response
is broadened by small variations in the local magnetic field but, as the term reso-
nance implies, the response is negligible outside of a narrow frequency band centered
around the Larmor frequency.

H0

ms=+1/2

ms=-1/2

ms=+1/2

Transmitter coil

Receiver coil

Figure 2.10: NMR principle
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How to Get the Polarization by NMR Measurement?

The net absorption or emission of electromagnetic radiation by the nuclear spin
system can be modeled macroscopically as the imaginary component of complex
magnetic susceptibility, χ(ω) = χ′(ω) + iχ′′(ω), where the real part is absorption
part and the imaginary part is dispersion part. The vector polarization, P, can be
written as

P ∝
∞∫

0

χ′′(ω)dω (2.5)

which forms the basis for the area methods used to determine polarization.

2.3.2 NMR Hardware and Software

The single coil method is selected for PHYDES System. In this method, a single
coil is used for both transmitter and receiver coils. When the single coil is used,
one should construct an electronic circuit so that an RF signal from a transmit-
ter does not mix with a signal from a receiver. Therefore, we used a cancellation
circuit which is proposed by Jefferey and Armstrong [19]. The Fig. 2.11(a) shows
diagram of cancellation circuit and the Fig. 2.11(b) shows the picture of cancellation
circuit. As shown in Fig. 2.11(c), the x-axis is frequency, the cancellation circuit
can cancel signal with selected frequency. When receiver coils receive the signal, the
signals come from transmitter but not nuclear magnetic resonance can be canceled
easily by cancellation circuit. The cancellation circuit only can cancel signal with
selected frequency; therefore during the NMR measurement, the frequency sweep-
ing is out of the question. On the other hand, the whole NMR circuit is related to
frequency. Even cancellation circuit is not employed, the frequency sweeping will
produce unexpected noise.

The Fig. 2.11(a) shows diagram of cancellation circuit and the Fig. 2.11(b) shows
the picture of cancellation circuit, the transmitter and receiver coils are both 1 turns.
As shown in Fig. 2.11(c), the x-axis is frequency, the cancellation circuit can cancel
signal with selected frequency. The signal coil for PHYDES system is saddle coil, as
shown in Fig. 2.12(c). D. M. Ginsrerg and Melvin J. Melchner find that the saddle
coil with height/diameter=2 and angle 120 degree make most uniform field in the
coil [20].

Phase correction is performed by the phase shifter in lock-in amplifier and is to
align the phase of the reference signal and measuring signal. In lock-in amplifier,
reference and measuring signals are multiplied and integrated. If two signal have
same frequency one can get the amplitude of the signal. If two signal have different
frequency, signal vanish. So, we can extract the small signal with a fixed frequency
embedded in the big noise.

The Fig. 2.13 is diagram of whole circuit for NMR measurement.
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Figure 2.11: The figure(a) shows diagram of cancellation circuit and the figure(b) shows the picture
of cancellation circuit. As shown in figure(c), the x-axis is frequency, the cancellation circuit can
cancel signal with selected frequency.

Target cell

(a) (b)

(c)

In

66 mm

33 mm

Figure 2.12: (a) The Kel-F coil supporter with coil, the transmitter and receiver coils are both 50
turns. (b) The Kel-F coil supporter with the target cell. (c) The draft of single coil; the transmitter
and receiver coils are both 50 turns in real case.
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Figure 2.13: The signal flow of single coil method.

2.3.3 Extracting the Polarization

Just like we talked in Section 2.1.1, the polarization is assumed to be proportion to
the area of the NMR signals. The main problem is just that we don’t know the ratio
of area to polarization. There is a easy solution of the problem. From the Boltzmann
law (as we talked in section 2.1.1 ), the polarization is only related to magnetic field
and temperature. For getting a reference signal, one can put the target in a stable
magnetic field and temperature environment, then wait until thermal equilibrium.
Once we measure a target with known polarization by NMR, we can apply the the
ratio of area (A) to polarization (P) to estimate the polarization from NMR signal
area, as shown in Eq. 2.6. We called this “reference signal”.

PNMR =
Pref × ANMR

Aref
(2.6)

2.3.4 Extracting the Relaxation Time

The spin-lattice relaxation time, T1 is defined as the lifetime in an exponential decay
of polarization of the form as follows:

Ptarget(t) = Ptarget(0) + (Pthermal eq − Ptarget(0))(1 − exp(− t

T1

)) (2.7)
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Figure 2.14: This figure explain the Eq. 3.4. The blue curve, Pthermal eq, is the polarization when
HD reach thermal thermal equilibrium. The green curve is the decay function of the polarization
in normal case. With taking two curves in account, the final function the violet curve, Ptarget(t).
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Chapter 3

Data Taking and Analysis

We produced a polarized HD target for the first time in 2008 and named it PHY-
DES01. PHYDES01 is made for study of polarization and relaxation time for H and
D. In this chapter, the details in data taking and analysis will be shown.

3.1 PHYDES01 Production and Data Taking

We produced a polarized HD target for the first time in 2008. The normal process
of PHYDES production was discussed in section. 2.2. The polarized HD system
consist of five refrigerators. The TC1 and TC2 did not work in this time; therefore,
solidifying HD and measuring polarization were performed at DRS.

Since there were some unexpected accidents, such as damaged of HD gas pipe
and the short of pure HD gas, only 0.68 mole HD was solidified for PHYDES01.
When HD just was solidified HD in DRS, the H reference signal was measured at
B=1T and T=4.2K. The D reference signal was not measured, because D signal was
too small to be observed at B=1T and T=4.2K. The concentration of H2 is 1.26%
and the concentration of D2 is 2.07%. So that the concentration of HD is 97.66%.

After the aging time of 53 days at B=17 Tesla and at T=14 mK, the hydrogen
(H) and deuterium (D) in the HD was measured by the NMR system [21]. To
make sure that the relaxation time is long enough for the transportation time,
we also measured relaxation time in the experimental condition of TC1, SC, and
TC2. The details of data taking is summarized in Table 3.1. The details about H
reference signal, H polarization and relaxation time in IBC condition are discribed
in Morisaki’s thesis [22]. Usually, we measured 10 signals for one data group, 5
signals for magnetic field increase, 5 signals for magnetic field decrease. We average
the 10 signals to get one data point for relaxation time fitting.

reference signal IBC SC TC
Nuclear H D H D H D H D
Storage Temperature (K) 4.2 0.3 1.2 4.2
Storage Magnetic Field(T) 1.08 7.26 1.08 1.08 1.08 1.08 0.15 0.15
Resonance Point (T) 1.1361 7.4044 1.1366 7.4044 1.1366 7.4044 1.1366 7.4044
Radio Frequency(MHz) 48.373 48.395
B Sweep Speed (T/min) 0.0938 0.0938
Sample Rate 2500 500

Table 3.1: The HD target staying time and relaxation time in each refrigerator.

25
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3.2 Preparation of Analysis

3.2.1 Unification of the Signal Amplification

Before started aging, we measured the reference signal, and set the sensitivity to
(1mV rms/ − 47dBm). After aging, the signal increase a lot. To prevent the signal
overflow, we changed the sensitivity to (10mV rms/−27dBm) to decrease the signal.
This change makes the signal size decrease 10% of original one. When we analysis
data, just multiplied the signal by ten. With this modification, this signal area is
increase ten time. And, of course, this modification is not done on the signals which
we got before aging. On the other hand, for convenience, the negative shape is
changed to positive. During this modification, the signal area is not changed. These
modification are shown in Figure 3.1 and 3.2.
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Figure 3.1: The original data with the sensitivity = (1mV rms/ − 47dBm)
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Figure 3.2: The signal is ten times of original one. We also change the signal
shape to positive.

3.2.2 Magnetic Field Adjustment

Due to the inaccuracy of measurement, the magnetic field is a little bit messy.
Unfortunately, the line width of NMR signal is just very narrow, so that the NMR
signal is blurred. Actually, when we sweep the magnetic field, the change of magnetic
field is more smooth. We can confirm this by using the time channel, as shown in
Fig. 3.3. But if one choose the time channel, the speed of magnetic field sweeping
or speed of data taking should be considered each time. It is inconvenient and
inaccurate. That is why we choose the magnetic field channel, and do some magnetic
field adjustment. We averaged magnetic field of 101 points, and readjusted magnetic
field of the center point (the 51th point). The adjusted signal is shown in Figure
3.4.
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Figure 3.3: When we choose the time channel, the signal is more clear. But
if one choose the time channel, the magnetic field sweep speed or data taking
speed should be considered every time. It is inconvenient and inaccurate.
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Figure 3.4: The magnetic field channel signal is more clear by magnetic field
adjustment.

3.2.3 Data-Position Shifting

Due to the hysteresis from cold finger and aluminum wire and some unknown rea-
sons, the signal position is shifted, as shown in Fig. 3.5

We found the highest data point of signal, and shift the signal horizontally by
adjusting the point to the theoretical resonance magnetic field. We also remove the
background roughly , in the 3.2.6, the background will be removed more carefully.

3.2.4 Unification of Bin Size

We unify the bin size to 0.0005 T. There is no specific reason for this choice. Just
the bin size in all condition should be unified, and this bin size is appropriate for
the observation of both small and big signals.

3.2.5 Phase correction

In an ideal NMR experiment there is no phase shift. In practice, during a real
NMR experiment a phase correction must be applied to either the time or frequency
domain spectra to obtain an absorption spectrum as the real output. As discussed in
section 2.3.2, phase correction is performed by the phase shifter in lock-in amplifier
and is to align the phase of the reference signal and measured signal. If the phases
between the measuring signal and reference signal in lock-in amplifier is different, the
value obtained is RE cosφ+ IM sin φ (RE=the real part; IM=the imaginary part;



28 CHAPTER 3. DATA TAKING AND ANALYSIS

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 7.39  7.4  7.41  7.42  7.43  7.44
O

ut
pu

t v
ol

lta
ge

 (
m

V
)

B field (Tesla)

Figure 3.5: Due to the hysteresis from cold finger and aluminum wire
ans some unknown reasons, the signal position is shifted.
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Figure 3.6: The highest data point of signal is found, and the signal is
shifted horizontally by adjust the point to the theoretical resonance
magnetic field.

φ=the difference of the phase). So, to obtain only RE or IM, the phases should be
same. This process is equivalent to the coordinate transformation as follow,(

RE ′

IM ′

)
=

(
cos(φ) sin(φ)

− sin(φ) cos(φ)

) (
RE

IM

)
(3.1)

We adjusted the phase in lock-in amplifier when we just got the signal. But that
is just roughly adjusted by eyes. Fig. 3.7 shows the examples of signals with a good
phase and bad phase.

After we finished the data taking, one can zoom into the signals by logarithm
scale, and adjust phase by Eq.3.1 again.

3.2.6 Background Removing

There is still background included in the signal. That is the residual signal which
the cancellation circuit cannot cancel. And by the change of the circuit by the
circumstance change (ex. temperature or magnetic field), change the magnitude of
the background.

The background is assumed to be a first-degree polynomial function. We fit the
background in background-only region. To decide the background region, we pick a
group of signals first. For D, we pick up the first data we measured after aging. This
group of signal has the highest S/N ratio. For H, after the polarization of empty cell
decrease to almost zero (after ten times of relaxation time), we picked a group which
with high S/N ratio. The relaxation time of empty cell is around 22 hours [22].

Since the signal shape is different between H and D, we use different background
region. We zoom in this signal by logarithm scale and define the flatness region to
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Figure 3.7: When the phase is clearly not good, we can adjust it by eyes before data taking.

be the background region. Some backgrounds are included in the signals. Before we
take an average of all signals, the background should be removed for each signal. The
background is assumed to be a first-degree polynomial function. The background is
only fitted in background-only region, as shown in Fig. 3.8.

3.3 Relaxation Time Extracting

The spin-lattice relaxation time, T1 is defined as the lifetime in an exponential decay
of polarization degree (P ) of the form as follow

P (t) = P (0) + (Pthermal eq − P (0))(1 − exp(− t

T1

)) (3.2)

The polarization degree is assumed to be proportional to the area of the NMR signals
(A). The follow equation is used for relaxation time estimation.

A(t) = A(0) + (Athermal eq − A(0))(1 − exp(− t

T1

)) (3.3)

At first, we have no idea about the exact value of Athermal eq. The Pthermal eq is
clear, but the ratio of area to polarization is unknown. The ratio of area to polariza-
tion could be gotten by the study of reference signal. Fortunately, the polarization
degree after aging is much higher than the polarization degree of thermal equilib-
rium state. The Pthermal eq (Athermal eq) can be ignored, in this equation temporarily.
After the study of reference signal, we can estimate the Athermal eq and put it back
to this function again.

There are two methods to estimate the area of NMR signals. One is histogram
method and another is model method. The results from two methods are consistent.
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Figure 3.8: Before we take an average of all signals, the background should be removed for each
signal. The background is assumed to be a first-degree polynomial function. We fit the background
in background-only region.

3.3.1 Extracting Signal Area by Histogram Method

In the histogram method, at first, we fit the background for each signal in background-
only region and remove the background, just like the 3.2.6. We average the signals
respectively in different sweep direction of magnetic field. After taking average, we
fit the background in background-only region to remove the background again. The
signal without background is used to fill histogram. The integral of histogram is the
signal area. The area obtained is different in two sweep direction of magnetic field.
We average them to get the final result of signal area. The flow chart is shown in
Figure. 3.9.
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Figure 3.9: Flow chart of histogram method

The error bar is estimated from the data in background side. The signal height
of each bin in background part is filled to a new histogram. We use the RMS of the
new histogram to be the error bar of each bin. In order to prevent that the difference
between the left side and right side of background bring the inaccuracy, the left side
and right side of background part are filled to different histogram, respectively. And
this estimation shifts the two histograms horizontally by shifting the mean value to
zero and then merges two histograms to one histogram. The RMS of final histogram
is used to be the final error bar for all bins in the final fitting. The error estimation
flow chart is shown in Figure. 3.10. The estimation of the area is done with this
error bar. There are 200 bins in the histogram, so that the error of area is 200 times
of the error bar of each bin. The above error is the statistical error (Estat).

The systematic error of area of NMR signal is also taken into account. It cause the
area of NMR signals to be different between every measurement and also between
average of current increase data (Aincrease) and average of current decrease data
(Adecrease) , as shown in Fig. 3.11 and Fig. 3.12. The systematic error (Esys) is
defined as

Esys =
√

(Aincrease − Aave)2 + (Adecrease − Aave)2 (3.4)

where the Aave = (Aincrease + Adecrease)/2. The final error of area of NMR signal
(Efinal) is defined as

Efinal =
√

E2
stat + E2

sys. (3.5)
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3.3.2 Extracting Signal Area by Model Method

The shapes of NMR signals of H and D do not fit to any given function. Fortunately,
even the polarization decreases and the area of NMR signal decreases, the shape of
NMR signal is not changed. In other words, when the change of the signal size is due
to the change of the polarization, the width of the NMR signal dose not changed.
The only change is just the height of signal. We made four models for NMR signals:
H signals and D signals in case of increasing and decreasing current, respectively, as
shown in Fig. 3.13.

For D, we pick up the first data which we measured after aging. This group of
signal has the largest S/N ratio. For H, after the polarization of empty cell decrease
to almost zero (after ten times of relaxation time), we picked a group which with high
S/N ratio. The relaxation time of empty cell is around 22 hours [22]. After we picked
up a group of a NMR signals, we used “Histogram Method”, as discussed in 3.3.1,
to fill a histogram and made a histogram model. But when we made the model, we
made two model for current-increasing and current-decreasing, respectively. After
we fill the histogram, the area of histogram is normalized to 1.

The flow chart of model method which is similar to the flow chart of histogram
method, is shown in Figure. 3.14. The systematic error is also considered in this
method as the Eq. 3.4 and Eq. 3.5.
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3.4 Polarization Extracting

The estimation of H polarization degree is discribed in Ref. [22]. In this study, we
considers the estimation of D polarization degree. The estimation of polarization use
the reference signal to find out the polarization. The reference signal was measured
in thermal equilibrium state. The polarization degree can be estimated easily by
the Boltzmann law (as we talked in section 2.1.1). When the D reference signal is
measured, the HD target is assumed to be at 4.2K and 7.26T in the thermal equi-
librium state. The polarization degree of D is 3.6115×10−4. With this information,
we can estimate the ratio of polarization to signal area.

The area estimation is similar to that we used in relaxation time estimation. But
the reference signal is too small to see the peak in one signal, as shown in Fig. 3.15.
To decrease the noise level, one has to average some data to find the peak. Since the
signal position varies between current increase and current decrease data, the data
average was done, respectively, as shown in Fig. 3.16. After averaging some data,
the signal is clear to see. So the signal-position shifting can be done in this moment.
We found the the highest point of the signal, and shifted the the peak position to
theoretical resonance position. Base on this move, the data with different direction
of current sweep can be averaged. The noise level can be reduced more, as shown
in Fig. 3.17. The noise level of original data is 1 ∼ 5 × 10−3. After we averaged 73
data, the noise level decreased to 2.5 × 10−4. The signal height is around 2 × 10−3.

There are still two methods for polarization estimation, histogram method and
model method. The flow chat of them is shown in figure 3.18.
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Figure 3.15: These plots show five reference data, and there is no obvious signal. We can not
shift the signal position to theoretical resonance position. The noise level of each signal, is around
1 ∼ 5 × 10−3.
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3.4.1 Histogram Method

The histogram method of polarization estimation is almost same as the histogram
method of relaxation time estimation, which is shown in 3.3.1. The difference is just
the timing of peak-position shifting. Thus the small peak deviation is included in the
signal shape and the signal width is wider than the normal one. The background part
is same as the background part of histogram method of relaxation time estimation.
This choice is a little bit biased, because of the signal width is wider. That is the
reason that why we need the model method to confirm the result.

3.4.2 Model Method

The small peak deviation is included in the signal shape and the signal width is wider
than the normal one. The model, which works well in model method of relaxation
estimation, does not work well now (Figure 3.19). The small peak deviation should
be considered. Assuming that the peak deviation is a Gaussian function, a new
parameter, which is sigma of peak deviation, is added to the fitting (Figure 3.20).
Since four parameters are too many for fitting and the most important is sigma find-
ing, this fitting is done in a small range first. After the sigma was determined, a new
model, taking into account peak deviation, is produced. The production diagram of
new model is shown in Fig. 3.21. Using the new model with the deviation, we can
do fitting again. At this moment, the background part is also under consideration.
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Figure 3.20: The new parameter, which is sigma of peak deviation, is added to the fitting. Since
four parameters is too many for fitting and the most important is sigma finding, this fitting is
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Chapter 4

Result and Discussion

4.1 Relaxation Time Extracting

As discussed in section 3.3, there are two methods for extracting of relaxation time
(T1). There are three environments of refrigerators that we want to check. These
are IBC, SC and TC (included TC1 and TC2). The T1 is estimate by Eq.3.4. The
fitting of all kinds of environments in both methods for H and D are shown in Fig 4.1
∼ Fig 4.5. And the detail about the area of estimation of all the data point is shown
in appendix B. All results of T1 measured are summarized in Table. 4.1.

The result of D shows that two kinds of methods with good consistency. The
result of H shows bad consistency. The whole area estimations of relaxation time
are placed in the Appendix. B. The model method is not good for big signal. With
the model method, compare with the height of the big signal, such like the H signal,
the error is too small, so that the chi-square is too large. The fitting can be found
not perfect even by eyes, such as Fig. B.71. On the other hand, the H signal shape
is not good for model method. There are some unexpected structure included in
the H signal shape, such as different direction of current sweeping and background
signal from empty cell. Nevertheless, we use histogram method for estimation of
signal area. The model method is good for checking the results, especially for the
small signals.

Method Histogram Method Model Method
Nuclear Staying time T1 of H T1 of D T1 of H T1 of D
IBC (0.3K, 1.08T) about 3 months 2546±380[22] 1741±167.6 2546±380[22] 1907± 273.5
SC (1.2K, 1.08T) 3 hours 281.2±25.59 302.6±28.55 237.5±12.75 290.1±44.2
TC (4.2K, 0.15T) 0.5 hours 147.3±3.8 47.8±5.5 141.4±2.5 44.0±4.6

Table 4.1: The HD target staying time and relaxation time in each refrigerator. The unit of T1 is
hour. The T1 of H in IBC condition is cited from Ref. [22].
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Figure 4.1: Extracting the relaxation time of D at IBC environment with two methods.
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Figure 4.2: Extracting the relaxation time of D at SC environment with two methods.
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Figure 4.3: Extracting the relaxation time of D at TC environment with two methods.
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Figure 4.4: Extracting the relaxation time of H at SC environment with two methods.
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Figure 4.5: Extracting the relaxation time of H at TC environment with two methods.
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4.2 Polarization Extracting

As discussed in section 3.4, when we extracted polarization degree of D, there are two
methods, histogram method and model method, to estimate the signal area. Fig. 4.6
and Fig. 4.7 show the area estimation of reference signal by histogram method.
Fig. 4.8 and Fig. 4.9 show the area estimation of reference signal by model method.
The polarization of reference signal can be estimated easily by the Boltzmann law.
About the signal area when we just finish the aging, we can finger it out when
we estimate the relaxation time, as shown as the S0 in Fig. 4.1. After the area
of reference signal is known, we can estimate the polarization of H and D by the
Eq. 4.1. At the same time, the error of the polarization can be estimate by Eq. 4.2.
The polarization of H is written in Ref. [22]. This study focuses on the polarization
of D.

Pinit =
Pref × Ainit

Aref
(4.1)

EPinit = Pinit ×
√

(
EAinit

Ainit

)2 + (
EAref

Aref

)2 (4.2)

When we extracted relaxation time (T1), there are two methods, histogram
method and model method, to estimate the signal area. When we extracted polar-
ization degree of D, there are also two method to estimate the signal area. Therefore,
there are four kinds of results of polarization degree, as shown in Table. 4.2. They
are consistent.

Ref Method Histogram Model
Aref (1.18 ± 0.35)× 10−6 (1.23 ± 0.18)× 10−6

Pref (3.6115)× 10−4

Ainit from Histogram Method (4.473± 0.05)× 10−4

Ainit from Model Method (4.456± 0.07)× 10−4

Pinit from Histogram Method 13.69 ± 4.06% 13.13± 1.93%
Pinit from Model Method 13.64 ± 4.07% 13.08± 1.93%

Table 4.2: When we extracted relaxation time, there are two methods to estimate the signal area.
When we extracted polarization degree of D, there are also two methods to estimate the signal
area. Therefore, there are four kinds of results of polarization degree. They are consistent.
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Figure 4.6: Get the background of reference signal from fitting. (Histogram method)
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Figure 4.7: After removing the background, fill a histogram to to estimate the area of reference
signal. (Histogram method)
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Figure 4.8: Fit the reference signal by the D signal model where signal deviation is taken into
account. Background of this signal is also estimated by this fitting. (Model method)
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Figure 4.9: After fitting by the model to get the background, fill a histogram to estimate the area
of reference signal.(Model method)
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4.3 Conclusion

As we talked in section 4.1, the model method is good for small signals. The D signal
is not very larger than the error of signal and the chi-square is not so bad. Histogram
method and model method are also consistent. Since the most important thing in
the histogram method is to design the background part, the histogram method is
not good in too small signal with bigger background. When we estimate the area
of reference signal, the background is too big. This is also the reason why we take
average of many signals to see the peak.

In the estimation of relaxation time, there are both H and D estimation, and
there are big signals and small signals, but there is no such a small signal like the
reference signal. To unify the estimation of relaxation time, the histogram method
is hired. In the estimation of D polarization, the reference signal is too small to use
the histogram method, so that the model method is hired.

Just remind reader again, two methods are consistent in D signal. The Table. 4.3
shows the final result.

After 53 days aging PH PD

41.4±3.10% 13.13±1.93%

T1 of H T1 of D Staying time
IBC (0.3K, 1.08T) 2546±380[22] 1741±167.6 about 3 months
SC (1.2K, 1.08T) 276.6±22.9 302.6±28.6 3 hours
TC (4.2K, 0.15T) 147.3±3.8 47.8±5.5 0.5 hours

Table 4.3: The HD target staying time and relaxation time in each refrigerator. The unit of T1 is
hour. The T1 of H in IBC condition is cited from Ref. [22].

By taking account of HD target staying time and T1 in each refrigerator, if the
initial polarization is assumed to be 100%, the H polarization becomes 98% and
D polarization becomes 97% after moving the HD target from RCNP to SPring-
8/LEPS. These results show that the relaxation times are long enough for loss of
polarization during transportation. We plan to start a production of HD and move
it to SPring-8/LEPS and carry out a performance check by using circularly polarized
photon beams in 2010 [23].

4.4 Discussion and the Future

4.4.1 Study of Aging Time

At IPN Orsay, they have studied the relation between concentration of o-H2 and
the relaxation time of H, as shown in Fig. 1.5. Now we just add the PHYDES data
points into Fig. 1.5, as shown in Fig. 4.10. The conversion of aging time of PHYDES
data is done by taking account into the concentration of o-H2. For each condition,
there is only one point and there is no same condition with IPN Orsay data. It
is difficult to say anything of the result. Up to now, the results are reasonable;
at least, higher magnetic field or lower temperature causes longer relaxation time.
In the future, PHYDES will get more data points to study the relation between
concentration of o-H2 and the relaxation time of H.
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Figure 4.10: Add the PHYDES data points into IPN Orsay data. The conversion of aging time of
PHYDES data is done by taking account into the concentration of o-H2. Up to now the results
are reasonable. The higher magnetic field or lower temperature causes longer relaxation time.

4.4.2 Lower Polarization

The polarization degrees measured are much lower than those expected from the
thermal equilibrium state of the aging condition.

Bad Linearity of the NMR Signal Height

Non-linear relation between the NMR signal height and the polarization degree is
considered to be a main source of the low polarization degree. We assumed the
linear relation between the polarization degree and the area of the NMR spectra,
and the polarization degree was obtained as about PH = 41% and PD = 13%.
Since the polarization degree expected by the aging process is about PH = 85%
and PD = 25%, the polarization obtained is much smaller than the expectation. We
think that bad linearity of the NMR signal height might cause the small polarization
degree and actual polarization degree should be higher than 41%.

Since LEGS collaboration, which also developed the polarized HD target, ob-
tained a polarization degree of about 60%, we expect that we can also achieve at
least the same polarization degree after some improvements. We are improving the
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NMR system to correctly measure the polarization now [23].

Improvement of Thermal Conduction

That the temperature of the HD target stored in the cell might not be low enough
will generate kapitza resistance between the Al wires and the copper or by contact
between the lead cable and the outer shield [24]. We are going to make a new target
cell with high purity Al wires.

And also we are developing the single crystal HD target. Single crystal of HD have
a structure in which the hexagonal para-hydrogen layers are banked up. The thermal
conductivity along the layer is much better than that of polycrystal HD.When the
direction of heat conduction from HD to cold stage align along the layer of single
crystal HD, we can get good thermal conductivity.

4.4.3 NMR Measurement

Frequency Sweeping or Magnetic Field Sweeping

As discussed in section 2.3.2, the cancellation circuit only can cancel signal with
selected frequency; therefore during the NMR measurement, the frequency sweeping
is out of the question. On the other hand, the whole NMR circuit is related to
frequency. Even cancellation circuit is not employed, the frequency sweeping will
produce unexpected noise.

Nevertheless, the magnetic field sweeping will generate heat. Since the gyromag-
netic ratio of H is about seven times of gyromagnetic ratio of D. If the Larmor
frequency is fixed, the magnetic field for D NMR measurement is about seven times
of the magnetic field for H NMR measurement. In case of PHYDES01, the mag-
netic field for D NMR measurement is about 7T and the magnetic field for H NMR
measurement is about 1T. There are three shortcomings of magnetic field sweeping:

1: For sweeping magnetic field, one need to break superconductor-state of magnet,
and turn the magnet to drive-state. It waste a lot of liquid helium.

2: If both polarization of D and H are measured, the magnetic field sweep from
1T to 7T will generate a lot of heat and waste a lot of liquid helium.

3: The significant change of magnetic field, makes the polarization of HD unstable.

The shortcoming 1 can not be avoided if the magnetic field sweeping is selected.
But the shortcoming 2 and 3 can be avoided easily by designing a new cancellation
circuit. If we separate the cancellation circuits of H and D, the significant change
of magnetic field can be avoided. We are working on this subject now.

4.4.4 Improvement of D Polarization

Forbidden Adiabatic Fast Passage (FAFP) and Saturated Forbidden Transition (SFT)

The Forbidden Adiabatic Fast Passage (FAFP) and Saturated Forbidden Transition
(SFT) are well known methods to reverse nuclear magnetization of a material [16,
17, 12]. One can use an RF transition between H and D to exchange spin. This
transition is forbidden in the same molecule, but it is possible between H and D.
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The difference between FAFP and SFT is the RF power. The SFT using the small
RF power to exchange spin.

The Fig. 4.11 shows the time line of SFP from LEGS group [25]. When the
concentration of o-H2 is still high, the relaxation of H from HD is short. One can
increase the polarization of H fast. Once the polarization of H high enough, one
can do the SFP to exchange spin. In SFT, the H polarization decrease to same as
the D polarization. To take advantage of the still high concentration of o-H2 (still
short relaxation time of H), one can do the second SFP. After the second SFT, the
relaxation time of H may be not long enough to do SFT again. Then, one can just
start aging, and finally HD target with the both high polarization of H and D. The
polarizations of H and D are independent. If polarization of H is the focus, the SFT
can be skipped with the aging only. If polarization of D is what is desired, the aging
can be skipped with the SFT only.

However, to use FAFP or SFT, there are some difficulty for PHYDES now:

1: The concentration of o-H2 can not be handled easily now.

2: The concentration of p-D2 could decrease the relaxation time of D. If one wants
to keep the D polarization after FAFP, the concentration of p-D2 should be very
low. The concentration of p-D2 can not be handled easily now.

3: The amount of heat depends on the amounts of HD and RF power. If the RF
power is not high enough, the FAFP efficiency will be bad. In case of 1 mole
HD in LEGS group, if they use enough RF power to do FAFP, it generates too
much heat, and keeping temperature will be difficult. So that they select the
SFT [26].

4: The relation between concentration of o-H2 and the relaxation time of H is not
well known enough; therefore it is difficult to select the best timing to do FAFP.

Now we are developing the new distillator to improve purification. A good dis-
tillator can help us to control the concentration of o-H2 and p-D2 more easily.

About the heat problem, if we are in this situation, we can just use the Saturated
Forbidden Transition (SFT). The SFT uses the small RF power to exchange spin.

The work of PHYDES01 helps us to study more about the relation between
concentration of o-H2 and the relaxation time of H. In the future, the new HD
target will provide us more information about the relation. All of problems could
be solved with more study and preparation, there is no doubt that improvement of
D polarization is expected in our next step.

4.4.5 From Success of Polarized HD Target to Using the Polarized HD
Target in LEPS Experiment

Even the production of polarized HD target succeeded, before we can start physics
experiments using the polarized HD target at SPring-8/LEPS, there are still many
subjects to work on:

1: The HD target system can be installed in the LEPS experiment hutch.

2: The HD target can be safely transferred from RCNP to SPring-8/LEPS.
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3: The polarization of the HD target can be kept when the photon beams of ∼1
Mγ’s/s hit the target.

4: Trigger rate for data taking is acceptable.

We planed to carry out an experiment for 10 days. In the experiment, the per-
formance of the polarized HD target will be checked. Since the relaxation time is
expected to be long (more than 100 days after 3 months aging), at least 10 days is
needed for proper measurement. [23]
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4.5 Summary

The polarized Hydrogen-Deuteride (HD) target is developed mainly for the study
of φ meson photoproduction on the proton and neutron. Using the polarized target,
one can measure double polarization asymmetries to study ss̄-content in the nucleon.

We produced a polarized HD target for the first time in 2008. After the aging time
of 53 days at 17 Tesla and at 14 mK, the polarization degree (P ) and the relaxation
time (T1) of the hydrogen (H) and deuterium (D) in the HD were measured by using
the NMR method as shown in the Table.

After 53 days aging PH PD

41.4±3.1% 13.1±1.9%

T1 of H T1 of D Staying time
IBC (0.3K, 1.08T) 2546[22]±380 1741±167.6 about 3 months
SC (1.2K, 1.08T) 276.6±22.9 302.6±28.6 3 hours
TC (4.2K, 0.15T) 147.3±3.8 47.8±5.5 0.5 hours

Table 4.4: The HD target staying time and relaxation time in each refrigerator. The unit of T1 is
hour. The T1 of H in IBC condition is cited from Ref [22].

The polarization degrees measured are much lower than those expected from the
thermal equilibrium state of the aging condition. Non-linear relation between the
NMR signal height and the polarization degree is considered to be the main source
of the low polarization degree. The relaxation time in the SC and TC condition are
found to be long enough for the need of staying time during the transportation of the
HD target. The relaxation time in the IBC condition is also long enough to produce
the other new polarized HD target for replacement in continuous experiments.

We plan to start production of HD and move it to SPring-8/LEPS and carry out
a performance check by using circularly polarized photon beams in 2010.
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Summary

A polarized Hydrogen-Deuteride (HD) target has been developed mainly for the
study of φ meson photoproduction on the proton and neutron. Using the polarized
target, one can measure double polarization asymmetries to study ss̄-content in the
nucleon.

We produced a polarized HD target for the first time in 2008. The reference data
of H (B=1T, T=4.2K) and D (B=7T, T=4.2K) at thermal equilibrium state were
measured. The T1 was obtained by fitting the function, A(t) = A(0) exp(−t/T1).
After the aging time of 53 days at 17 Tesla and at 14 mK, the polarization degree
(P ) and the relaxation time (T1) of the hydrogen (H) and deuterium (D) in the HD
were measured.

The polarization degrees measured are much lower than those expected from the
thermal equilibrium state of the aging condition. Non-linear relation between the
NMR signal height and the polarization degree is considered to be the main source
of the low polarization degree.

The relaxation time in the SC and TC condition are found to be long enough for
the need of staying time during the transportation of the HD target. The relaxation
time in the IBC condition is also long enough to produce the other new polarized HD
target for replacement in continuous experiments. The relaxation times of IBC are
long enough for loss of polarization during experiment of φ meson photoproduction.

We planed to start production of HD and move it to SPring-8/LEPS and carry
out an experiment in 2010. In the experiment, the performance of the polarized HD
target will be checked.
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Appendix A

Distortion of NMR Signals

The smallest width of the NMR shape can be estimated from the uncertainty prin-
ciple, as shown in the Eq. A.1 and Eq. A.2. Where the δE means the uncertainty
of energy, and the δω means the uncertainty of frequency.

δE · τ = � (A.1)

δω =
δE

�
=

1

τ
(A.2)

In this case, the shape of NMR signal should be a Gaussian shape. But we
can find that there is distortion of the NMR signal, especially for the D signal.
About distortion of NMR signal, one has to take three important circumstances
into account [27]:

� 1: The uniformity of the line width.

� 2: The non-uniformity of the local magnetic field in a superconductor.

� 3: The specific features of the penetration of an ac microwave magnetic field
into a superconductor.

The most likely explanation of the distortion of NMR signals in our experiment
is the non-uniformity of the local magnetic field in a superconductor. The Z axis
profile map is plot in the manual of superconductor. Fig A.1 shows the definition
of Z axis.

We reproduced D and H NMR signals shapes by the simulation. This simulation
consider only the non-uniformity of the local magnetic field in a superconductor
on Z axis. The non-uniformity of x and y axis are not taken into account. This
appendix wants to show reader that the non-uniformity of the local magnetic field
is strong enough to distort the NMR shape. The most important point is, “if the
NMR signal is distorted by the non-uniformity of the local magnetic field, the signal
area won’t be changed.”.

At the first, the non-uniformity of the local magnetic field fit by Eq. A.3 and the
result is shown in Fig. A.2.

Breal = Bcenter · (P4x
4 + P3x

3 + P2x
2 + P1x + P0) (A.3)
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Z
center of superconductor
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Figure A.1: Definition of z axis in superconductor.
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Figure A.2: The fitting of non-uniformity of the local magnetic field. If the position of cell center
is -14 cm, the yellow part is the cell position.The maximum of uniformity of magnetic field, ΔB,
is proportioned the Bcenter .
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When we measure the H signal, we set the superconductor to B=1.1366T. At this
moment, the Bcenter=1.1366T. When we measure the D signal, the Bcenter=7.4044T.
The maximum of uniformity of magnetic field, ΔB, is proportioned the Bcenter.
Therefor the ΔB of D is larger than the ΔB of H. This is the reason why distortion
of D is more significant than that of H.

A.1 Simple simulation

Assume that if there is no non-uniformity of the local magnetic field, the NMR shape
is a Lorentzian shape. In case of a simple simulation, we set it to be a Gaussian
shape, as shown in the top figure in Fig. A.3 and Fig A.5. With taking the non-
uniformity of the local magnetic field into account, the D and H signals are simulated
by Eq. A.3. The simulations are shown in the bottom figure of Fig A.3 and Fig A.5.
The real signals of D and H are shown in Fig A.4 and Fig A.6. In those plots, the
signal areas are normalized to be same as the simulation. One can compare the
simulation with the real signal. They are not completely same, but the shape and
the width is similar.
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Figure A.3: Assume that if there is no non-uniformity of the local magnetic field, the D NMR
shape is a Lorentzian shape. In case of a simple simulation, we set it to be a Gaussian shape, as
shown in the top figure. With taking the non-uniformity of the local magnetic field into account,
the D signal is simulated by Eq. A.3. The simulation is shown bottom figure.
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Figure A.5: Assume that if there is no non-uniformity of the local magnetic field, the H NMR
shape is a Lorentzian shape. In case of a simple simulation, we set it to be a Gaussian shape, as
shown in the top figure. With taking the non-uniformity of the local magnetic field into account,
the H signal is simulated by Eq. A.3. The simulation is shown bottom figure.
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Figure A.6: The real H signal which got from measurement. The signal area is normalized to be
same as the simulation.
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A.2 Advanced Simulation

There are some questionable points in the simple simulation. First, the target cell
length of PHYDES01 may not 50 mm. In normal case, one mole HD is put in empty
cell; if the HD filled tight, the cell length is 50 mm. In case of PHYDES01, there is
only 0.68 mole HD; therefore the cell length may only 34mm if the HD filled tight.
It is also possible that the HD did not filled tight, so that the possible cell length is
from 34 mm to 80 mm, where the 80 mm the the length of Al wires. Second, the cell
position of -14 cm may be not the best choice. There are a new simulation which
decide the cell position and cell length be fitting the simulation result with the real
data, as shown in Fig. A.7. This result shows the most likely cell position around
-14 cm and cell length around 46 mm. But the simulation result is not very fit to
the real signal; therefore the chi-square is large. The “most likely” result is not so
trusty.
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Figure A.7: This simulation decide the cell position and cell length be fitting the simulation result
with the real data

A.3 Conclusion

Just reminding reader again, this simulation is rather naive, because it consider
only the non-uniformity of the local magnetic field in a superconductor on Z axis.
There are still other causes of the distortion, such as the non-uniformity of the
local magnetic field in a superconductor on X and Y axis. But this study can
help us to understand that even the non-uniformity of the local magnetic field is
small (∼ 10−3Tesla), it can modify the NMR signal significantly. Fortunately, any
distortion from non-uniformity of the magnetic field cannot change the signal area.
The signal area is still proportional to the polarization.



Appendix B

Detail of Relaxation Time Fitting

The following pictures show an estimation of the area of D signal at IBC environment
with the histogram method. The current-increasing data and current-decreasing
data are analyzed, respectively.
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Figure B.1: Get the area of D signal at IBC environment with the histogram method. (current-
increasing, time = 18 hours.)
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Figure B.2: Get the area of D signal at IBC environment with the histogram method. (current-
decreasing, time = 18 hours.)
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Figure B.3: Get the area of D signal at IBC environment with the histogram method. (current-
increasing, time = 69 hours.)
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Figure B.4: Get the area of D signal at IBC environment with the histogram method. (current-
decreasing, time = 69 hours.)
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Figure B.5: Get the area of D signal at IBC environment with the histogram method. (current-
increasing, time = 266 hours.)
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Figure B.6: Get the area of D signal at IBC environment with the histogram method. (current-
decreasing, time = 266 hours.)
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Figure B.7: Get the area of D signal at IBC environment with the histogram method. (current-
increasing, time = 333 hours.)
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Figure B.8: Get the area of D signal at IBC environment with the histogram method. (current-
decreasing, time = 333 hours.)
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The following pictures show estimation of the area of D signal at IBC environment
with the model method. The current-increasing data and current-decreasing data
are analyzed, respectively.
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Figure B.9: Get the area of D signal at IBC environment with the model method. (current-
increasing, time = 18 hours.)
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Figure B.10: Get the area of D signal at IBC environment with the model method. (current-
decreasing, time = 18 hours.)
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Figure B.11: Get the area of D signal at IBC environment with the model method. (current-
increasing, time = 69 hours.)
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Figure B.12: Get the area of D signal at IBC environment with the model method. (current-
decreasing, time = 69 hours.)
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Figure B.13: Get the area of D signal at IBC environment with the model method. (current-
increasing, time = 266 hours.)
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Figure B.14: Get the area of D signal at IBC environment with the model method. (current-
decreasing, time = 266 hours.)
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Figure B.15: Get the area of D signal at IBC environment with the model method. (current-
increasing, time = 333 hours.)
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Figure B.16: Get the area of D signal at IBC environment with the model method. (current-
decreasing, time = 333 hours.)
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The following pictures show estimation of the area of D signal at SC environment
with the histogram method. The current-increasing data and current-decreasing
data are analyzed, respectively.
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Figure B.17: Get the area of D signal at SC environment with the histogram method. (current-
increasing, time = 22 hours.)
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Figure B.18: Get the area of D signal at SC environment with the histogram method. (current-
decreasing, time = 22 hours.)
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Figure B.19: Get the area of D signal at SC environment with the histogram method. (current-
increasing, time = 50 hours.)
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Figure B.20: Get the area of D signal at SC environment with the histogram method. (current-
decreasing, time = 50 hours.)
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Figure B.21: Get the area of D signal at SC environment with the histogram method. (current-
increasing, time = 68 hours.)
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Figure B.22: Get the area of D signal at SC environment with the histogram method. (current-
decreasing, time = 68 hours.)
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The following pictures show estimation of the area of D signal at SC environment
with the model method. The current-increasing data and current-decreasing data
are analyzed, respectively.

B field (T)
7.4 7.402 7.404 7.406 7.408 7.41

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

-0.3
-0.2
-0.1

-0
0.1
0.2
0.3
0.4 ’χ D_1500_increase_22.dat

B field (T)
7.4 7.402 7.404 7.406 7.408 7.41

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0
0.1
0.2
0.3
0.4
0.5
0.6  / ndf 2χ   6100 / 197

Back      0.0008412± 0.0007788 

BackShape  0.0001136± -0.0001052 

normalization  0.004015± 6.848 

 / ndf 2χ   6100 / 197

Back      0.0008412± 0.0007788 

BackShape  0.0001136± -0.0001052 

normalization  0.004015± 6.848 

’’χ

B field (T)
7.4 7.401 7.402 7.403 7.404 7.405 7.406 7.407 7.408 7.409

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0

0.1

0.2

0.3

0.4

0.5

0.6
Green range:0.0000~0.0000

 3.050e-07±Integral by Green range:3.364e-04 

 5.568e-07±Integral by histgram:3.424e-04 

Figure B.23: Get the area of D signal at SC environment with the model method. (current-
increasing, time = 22 hours.)
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Figure B.24: Get the area of D signal at SC environment with the model method. (current-
decreasing, time = 22 hours.)
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Figure B.25: Get the area of D signal at SC environment with the model method. (current-
increasing, time = 50 hours.)
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Figure B.26: Get the area of D signal at SC environment with the model method. (current-
decreasing, time = 50 hours.)
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Figure B.27: Get the area of D signal at SC environment with the model method. (current-
increasing, time = 68 hours.)
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Figure B.28: Get the area of D signal at SC environment with the model method. (current-
decreasing, time = 68 hours.)
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The following pictures show estimation of the area of D signal at TC environment
with the histogram method. The current-increasing data and current-decreasing
data are analyzed, respectively.
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Figure B.29: Get the area of D signal at TC environment with the histogram method. (current-
increasing, time = 7 hours.)
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Figure B.30: Get the area of D signal at TC environment with the histogram method. (current-
decreasing, time = 7 hours.)
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Figure B.31: Get the area of D signal at TC environment with the histogram method. (current-
increasing, time = 19 hours.)
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Figure B.32: Get the area of D signal at TC environment with the histogram method. (current-
decreasing, time = 19 hours.)



98 APPENDIX B. DETAIL OF RELAXATION TIME FITTING

B field (T)
7.4 7.402 7.404 7.406 7.408 7.41

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

-0.015
-0.01

-0.005
0

0.005
0.01

0.015 ’χ D_1500G_increase_27.dat

B field (T)
7.4 7.402 7.404 7.406 7.408 7.41

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

-0.005

-0

0.005

0.01

0.015

0.02

0.025  / ndf 2χ  109.9 / 108

Back      0.001091± 0.0001966 

BackShape  0.0001474± -2.655e-05 

 / ndf 2χ  109.9 / 108

Back      0.001091± 0.0001966 

BackShape  0.0001474± -2.655e-05 

 / ndf 2χ  109.9 / 108

Back      0.001091± 0.0001966 

BackShape  0.0001474± -2.655e-05 

 / ndf 2χ  109.9 / 108

Back      0.001091± 0.0001966 

BackShape  0.0001474± -2.655e-05 

’’χ

B field (T)
7.4 7.401 7.402 7.403 7.404 7.405 7.406 7.407 7.408 7.409

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0

0.005

0.01

0.015

0.02

Green range:7.4014~7.4059

 6.970e-07±Integral by Green range:1.328e-05 

 9.787e-07±Integral by histgram:1.328e-05 

Figure B.33: Get the area of D signal at TC environment with the histogram method. (current-
increasing, time = 27 hours.)
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Figure B.34: Get the area of D signal at TC environment with the histogram method. (current-
decreasing, time = 27 hours.)
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Figure B.35: Get the area of D signal at TC environment with the histogram method. (current-
increasing, time = 46 hours.)
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Figure B.36: Get the area of D signal at TC environment with the histogram method. (current-
decreasing, time = 46 hours.)
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The following pictures show estimation of the area of D signal at TC environment
with the model method. The current-increasing data and current-decreasing data
are analyzed, respectively.
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Figure B.37: Get the area of D signal at TC environment with the model method. (current-
increasing, time = 7 hours.)
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Figure B.38: Get the area of D signal at TC environment with the model method. (current-
decreasing, time = 7 hours.)
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Figure B.39: Get the area of D signal at TC environment with the model method. (current-
increasing, time = 19 hours.)
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Figure B.40: Get the area of D signal at TC environment with the model method. (current-
decreasing, time = 19 hours.)
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Figure B.41: Get the area of D signal at TC environment with the model method. (current-
increasing, time = 27 hours.)
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Figure B.42: Get the area of D signal at TC environment with the model method. (current-
decreasing, time = 27 hours.)
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Figure B.43: Get the area of D signal at TC environment with the model method. (current-
increasing, time = 46 hours.)
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Figure B.44: Get the area of D signal at TC environment with the model method. (current-
decreasing, time = 46 hours.)
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The following pictures show estimation of the area of H signal at SC environment
with the histogram method. The current-increasing data and current-decreasing
data are analyzed, respectively.

B field (T)
1.125 1.13 1.135 1.14 1.145

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

-4

-2

0

2

4
’χ H_1500_increase_0.dat

B field (T)
1.125 1.13 1.135 1.14 1.145

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0

2

4

6

8
 / ndf 2χ  200.8 / 198

Back      0.03478± -6.87e-05 

BackShape  0.0306± 6.02e-05 

 / ndf 2χ  200.8 / 198

Back      0.03478± -6.87e-05 

BackShape  0.0306± 6.02e-05 

 / ndf 2χ  200.8 / 198

Back      0.03478± -6.87e-05 

BackShape  0.0306± 6.02e-05 

 / ndf 2χ  200.8 / 198

Back      0.03478± -6.87e-05 

BackShape  0.0306± 6.02e-05 

’’χ

B field (T)
1.128 1.13 1.132 1.134 1.136 1.138 1.14 1.142 1.144 1.146

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0
1
2
3
4
5
6
7
8
9

Green range:1.1316~1.1416

 1.946e-05±Integral by Green range:4.431e-03 

 2.160e-05±Integral by histgram:4.431e-03 

Figure B.45: Get the area of H signal at SC environment with the histogram method. (current-
increasing, time = 0 hours.)
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Figure B.46: Get the area of H signal at SC environment with the histogram method. (current-
decreasing, time = 0 hours.)



112 APPENDIX B. DETAIL OF RELAXATION TIME FITTING

B field (T)
1.125 1.13 1.135 1.14 1.145

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

-4

-2

0

2

4
’χ H_1500_increase_4.dat

B field (T)
1.125 1.13 1.135 1.14 1.145

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0

2

4

6

8
 / ndf 2χ    201 / 198

Back      0.00989± -4.447e-06 

BackShape  0.008701± 3.839e-06 

 / ndf 2χ    201 / 198

Back      0.00989± -4.447e-06 

BackShape  0.008701± 3.839e-06 

 / ndf 2χ    201 / 198

Back      0.00989± -4.447e-06 

BackShape  0.008701± 3.839e-06 

 / ndf 2χ    201 / 198

Back      0.00989± -4.447e-06 

BackShape  0.008701± 3.839e-06 

’’χ

B field (T)
1.128 1.13 1.132 1.134 1.136 1.138 1.14 1.142 1.144 1.146

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0
1
2
3
4
5
6
7
8
9

Green range:1.1316~1.1416

 1.234e-05±Integral by Green range:4.130e-03 

 1.239e-05±Integral by histgram:4.130e-03 

Figure B.47: Get the area of H signal at SC environment with the histogram method. (current-
increasing, time = 4 hours.)



113

B field (T)
1.125 1.13 1.135 1.14 1.145

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

-6

-4

-2

0

2

4

6 ’χ H_1500_decrease_4.dat

B field (T)
1.125 1.13 1.135 1.14 1.145

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0

2

4

6

8

10  / ndf 2χ  200.5 / 198

Back      0.009048± -2.394e-06 

BackShape  0.00796± 2.088e-06 

 / ndf 2χ  200.5 / 198

Back      0.009048± -2.394e-06 

BackShape  0.00796± 2.088e-06 

 / ndf 2χ  200.5 / 198

Back      0.009048± -2.394e-06 

BackShape  0.00796± 2.088e-06 

 / ndf 2χ  200.5 / 198

Back      0.009048± -2.394e-06 

BackShape  0.00796± 2.088e-06 

’’χ

B field (T)
1.128 1.13 1.132 1.134 1.136 1.138 1.14 1.142 1.144 1.146

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0

2

4

6

8

10
Green range:1.1316~1.1416

 1.574e-05±Integral by Green range:4.055e-03 

 1.579e-05±Integral by histgram:4.055e-03 

Figure B.48: Get the area of H signal at SC environment with the histogram method. (current-
decreasing, time = 4 hours.)
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Figure B.49: Get the area of H signal at SC environment with the histogram method. (current-
increasing, time = 21 hours.)
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Figure B.50: Get the area of H signal at SC environment with the histogram method. (current-
decreasing, time = 21 hours.)
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Figure B.51: Get the area of H signal at SC environment with the histogram method. (current-
increasing, time = 47 hours.)
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Figure B.52: Get the area of H signal at SC environment with the histogram method. (current-
decreasing, time = 47 hours.)
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The following pictures show estimation of the area of H signal at SC environment
with the model method. The current-increasing data and current-decreasing data
are analyzed, respectively.
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Figure B.53: Get the area of H signal at SC environment with the model method. (current-
increasing, time = 0 hours.)
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Figure B.54: Get the area of H signal at SC environment with the model method. (current-
decreasing, time = 0 hours.)
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Figure B.55: Get the area of H signal at SC environment with the model method. (current-
increasing, time = 4 hours.)
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Figure B.56: Get the area of H signal at SC environment with the model method. (current-
decreasing, time = 4 hours.)
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Figure B.57: Get the area of H signal at SC environment with the model method. (current-
increasing, time = 21 hours.)
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Figure B.58: Get the area of H signal at SC environment with the model method. (current-
decreasing, time = 21 hours.)
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Figure B.59: Get the area of H signal at SC environment with the model method. (current-
increasing, time = 47 hours.)
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Figure B.60: Get the area of H signal at SC environment with the model method. (current-
decreasing, time = 47 hours.)
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The following pictures show estimation of the area of H signal at TC environment
with the histogram method. The current-increasing data and current-decreasing
data are analyzed, respectively.
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Figure B.61: Get the area of H signal at TC environment with the histogram method. (current-
increasing, time = 2 hours.)
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Figure B.62: Get the area of H signal at TC environment with the histogram method. (current-
decreasing, time = 2 hours.)
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Figure B.63: Get the area of H signal at TC environment with the histogram method. (current-
increasing, time = 20 hours.)
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Figure B.64: Get the area of H signal at TC environment with the histogram method. (current-
decreasing, time = 20 hours.)
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Figure B.65: Get the area of H signal at TC environment with the histogram method. (current-
increasing, time = 47 hours.)
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Figure B.66: Get the area of H signal at TC environment with the histogram method. (current-
decreasing, time = 47 hours.)
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The following pictures show estimation of the area of D signal at TC environment
with the model method. The current-increasing data and current-decreasing data
are analyzed, respectively.
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Figure B.67: Get the area of H signal at TC environment with the model method. (current-
increasing, time = 2 hours.)
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Figure B.68: Get the area of H signal at TC environment with the model method. (current-
decreasing, time = 2 hours.)



134 APPENDIX B. DETAIL OF RELAXATION TIME FITTING

B field (T)
1.132 1.134 1.136 1.138 1.14 1.142

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

-1.5
-1

-0.5
0

0.5
1

1.5
2 ’χ 1500G_increase_20.dat

B field (T)
1.132 1.134 1.136 1.138 1.14 1.142

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0
0.5

1
1.5

2
2.5

3  / ndf 2χ  7.158e+05 / 197
Back      0.02178± 0.002097 
BackShape  0.01916± -0.001845 

normalization  0.003444± 31.63 

 / ndf 2χ  7.158e+05 / 197
Back      0.02178± 0.002097 
BackShape  0.01916± -0.001845 

normalization  0.003444± 31.63 

’’χ

B field (T)
1.132 1.133 1.134 1.135 1.136 1.137 1.138 1.139 1.14 1.141

o
u

tp
u

t 
vo

lt
ag

e 
(m

V
)

0

0.5

1

1.5

2

2.5

3
Green range:1.1341~1.1391

 4.220e-07±Integral by Green range:1.610e-03 

 5.968e-07±Integral by histgram:1.581e-03 

Figure B.69: Get the area of H signal at TC environment with the model method. (current-
increasing, time = 20 hours.)
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Figure B.70: Get the area of H signal at TC environment with the model method. (current-
decreasing, time = 20 hours.)
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Figure B.71: Get the area of H signal at TC environment with the model method. (current-
increasing, time = 47 hours.)
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Figure B.72: Get the area of H signal at TC environment with the model method. (current-
decreasing, time = 47 hours.)
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