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Abstract

Giant resonances (GRs) are collective and vibrational states which are observed in all the nuclei.
They provide the bulk property of nuclei such as incomprerssibility and symmetry energy of nuclear
matter. However their decay mechanism is not well understood yet.

We performed a gamma coincidence experiment to investigate the fine structure ,that is related
to the decay mechanism, of the isovector giant dipole resonance (IVGDR) in %°Zr at Research Center
Nuclear Physics, Osaka university. The 07y target was excited by the inelastic scattering of a proton
beam accelerated by Ring cyclotron up tp 392 MeV, then the gamma ray from the IVGDR to the ground
state was detected by eight large volume LaBrz detectors. By analyzing the scattered proton with
Grand Raiden magnetic spectrometer, excitation energy spectrum which covers the excitation energy
of 6-30 MeV including the IDGDR was obtained. The branching ratio of the gamma decay to the
ground state was deduced with a coincidence measurement between the Grand Raiden spectrometer
and the large volume LaBrs detectors. The large volume LaBrs detectors were developed by Milano
group. The author designed and constructed the gamma detector array called "Sc 1la". Reduced
transition matrix element B(E1) and the ground state gamma decay width I' was extracted from the
Coulomb excitation cross section. Combining the gamma decay branching ratio and the I' , the total
decay width of the IVGDR was obtained.

Thanks to the high gamma ray detection efficiency and fast response of LaBrz detectors, enough
statistics were collected then total decay width was calculated as a function of excitation energy. This
indicated the success of gamma coincidence measurement in the energy region above the particle
decay threshold which was quite difficult before and suggested a new approach to the study of
nuclear structure.
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Chapter 1

Introduction

1.1 Giant Resonances

1.1.1 What is a giant resonance?

Ginat resonance (GR) is a collective and vibrational mode of nuclei. If a nucleus is excited in
a appropriate condition, it can vibrate. The GR is a general property of the nuclear matter and is
not a characteristic phenomenon of some specific nuclei. Actually the GR is observed in the nucleus
in a broad mass range of A=3 238 [BER75]. That indicates that studying about GRs is a powerful
tool to investigate properties of nuclear matter such as incompressibility and symmetry energy. For
example, our group has deduced the electric dipole polarizability by using the the spectrum of GRs
and estimated the neutron skin thickness in 2°®Pb [TAM11].

Historically, GRs were observed in the research of photo-nuclear reactions. One of experimental
data is shown in Fig.1.1 and the large bump in Fig.1.1 corresponds to the GR. This large bump was
understood by Goldhaber and Teller in 1948 [GOL48] as a vibrational mode in which neutrons and
protons are oscillating in the opposite phase , that is called the isovector giant dipole resonance
(IVGDR).

Besides the IVGDR, other types of GRs exist and they are classified with their quantum nem-
bers, transfer angular momentum AL, spin transfer AS and isospin transfer AT. Fig.1.2 shows the
classification of GRs.
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Figure 1.1: Photo-absorption cross-section for 1245n.[BER75]
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Figure 1.2: Schematic representation of various collective modes drawn referencing [HARO1]. Orange,
light blue and gray indicate protons, neutrons and both of them, respectively.

1.1.2 Sum rule

The reason why we call this collective modes as giant resonance is that these modes exhaust most
of the transition strength. Here I will show how to get the total transition strength, sum rule. First,
define a transition operator F and the hamiltonian of the system H given by,

H=T+V
A 2
Pk " . (1.1)
— - V R .
5 T (r1; 5 ra)

If the interaction V is the function-of only r, it commutes with the operator F, namely [H;F] =o0. By
using the completeness of states ¢ fih fj =1, the energy weighted sum rule is defined as,

. 2
S = ¢ Foo Et+ Ei

f (1.2)

where j ()i and Ejty are the initial (final) state and their energy eigenvalues ,respectively. Next I
will show the result of E1 transition strength as one of examples. Here the operator must be modified
in order to remove the spurious motion of the center of mass of the nucleus. Consequently the E1

operator is given by, " i
N “ z "

FEN=e 7 wYE) F i) (13)
where the pi(nj) denotes the ith proton (neutron) and Y is the spherical harmonics. By using the
cummutator relation [X; p?] = 2i~, the energy weighted sum rule S;(E1) is given by,

3 e2~*NZ
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1.1. GIANT RESONANCES

Moreover this sum rule can be rewritten in other ways, namely the reduced transition probability and
the photo-absorption cross section. They are formalized by,

. D E
B( I)= F .
2 1.5
— 2I+1 Ifmf IE|m Iim; 1 ( )
2|i+1m-'mf o

g )= @0+D E 2 tdB( D),
[+ D2 ~c dE

(1.6)

where ljty and mj(ty represent the orbital angular momentum and its z-component of the initial
(final) state. From Eq.1.2, Eq.1.4 and Eq.1.5, the sum rule in the B(E1) expression is given,

77 D E
dB(El) E:r E; R 2
E E dE ~ F )
( ) gE 2t e T
D E
2 +1 - 2
= : (E+ E) 1m Foum
Iy mimg 2li+1
3 1 s 1.7)
= — m F; H;F m;
2i+1 2 limi lim
_ 92Nz
4 2m A

=14:9 % Ooo 0%

From Eq.1.2, Eq.1.4 and Eq.1.6, oen can rewrite the sum rule in terms of the photo-absorption cross
section EY(E ),

7 El(E )dE — E i (E EO)dB(j(EI)

—n2
~e“NZ (1.8)
mc A

NZ
760 — 00O 0Oo:
A

dE

—9 2

This result is known as the Thomas-Reich-Kuhn (TRK) sum rule. Up to here I didn’t assume any
specific model except V is the function of only r, that means the sum rule is a general consequence
of quantum mechanics. This value can be one of powerful references to confirm experimental result.
As I mentioned above, GRs exhaust most of this transition strength. If you integrate the cross section
of GRs, it is expected to be almost same as the sum rule (Fig.1.3). Strictly speaking, however, the
above sum rule must be modified because the nucleon-nucleon interaction depends on the charge
and momentum of nucleons. Taking into account the correction factor , the sum rule for the photo-
absorption cross section is rewritten as,

~e?NZ
S1(El) =2 *——=(1 Ooo 0™ L.
(BN =2 2220+ ) (19)
Experimentally, the correction factor ~was deduced to be 0.2 [BER75]. However this story is
not always the case. For example, the Gamow Teller transition strength is not occupied fully by
GR strength, that consumes just roughly 60% of all strength. This is known as the "Gamow Teller
quenching problem" and there are still plenty of discussions about this.

11
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Figure 1.3: Integrated photo-absorption cross-section in units of TRK sum rule [BER75].

1.2 Decay of GRs

1.2.1 The width I" of the resonance

The large width of the GRs indicates that the GRs decay into other states immediately. Most of
the GRs lie above the particle decay threshold. Thus the main decay channel is the particle decay and
especially the neutron decay is dominant in heavy nuclei because the proton decay is suppressed by
the Coulomb barrier. This is why the ( ;Xn) cross section is often regarded as the photo absorption
cross section in the region of the excitation energy of GRs.

Microscopically, the decay process consists of the following three components,

I =Al+T" 4+T1% (1.10)

where I’ is the total decay width of GRs. AT is called the Landau damping which describes the cou-
pling of collective particle hole states with the non-collective particle-hole states in the same excitation
energy region. I'" is called escape width which describes the decay width for a particle emission. I'*is
called spreading width which describes the damping into the more complex multiparticle-multihole
configurations finally reaching the compound nucleus. Fig.1.4 shows a schematic view of the GR
decay. Since the collective 1p-1h state is the entrance to the damping into the other more complex
states, the 1p-1h state is called the doorway state (2p-2h is called the hallway state). There exists
particle decay process not only from the doorway state but also from the pre-equilibrium states before
reaching the compound nucleus. Such a process is indicated as I'*" in Fig.1.4.

4
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2p-2h 3p-3h Compound nucleus

7, =, 1l

! = 7 ™
——— 1 —_—{ - - —> ‘[;//
i 7474

\Q - Il
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ol

(o) A A1
(O.ﬂi]l rli]'l't'1

A

Figure 1.4: Schematic view of the decay process of a GR. [HARO01]
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1.2. DECAY OF GRS

A measurement of particle decay provides the decay mechanism of GRs. For example, the energy
spectrum of decay neutron from the GRs in ®°Zr was studied [BLO94]. They compared the neutron
energy spectra with the theoretical calculation based on the statistical decay model, that is related
to the decay from the compound nucleus. Then they concluded that the escape width is a small
fraction of total decay width, 5-10% in ®°Zr. Nowadays, it is known that the spreading width is
dominant for heavy nuclei and other components like Landau damping and escape width is the
minor contributions.

1.2.2 Gamma decay of GRs

In addition to the particle decay mentioned above section, the gamma decay is another possible
decay channel and it can reveal different aspects of GRs. The experimental difficulty is its extremely
small decay probability because the GRs appears above the particle emission threshold. Early work
about the gamma decay from the IVGDR was done by Beene et al. [BEE90]. They excited the target
nucleus 2%8Pb by an 17O beam. The gamma rays were measured with a coincidence between the Nal
gamma ray detectors and the silicon detectors which were used for the detection of scattered 1O
particles. The obtained cross section of gamma decay to the ground state is shown in Fig.1.5.

8

g

d?g/dQdE (mb/sr MeV)

6 10 14 18
Excitation Energy (MeV)

Figure 1.5: The ground state gamma coincidence yield for 84 MeV /u 'O scattering on 28 Pb, compared
with the theoretical calculations. See the text for the detail [BEE90].

They explained the spectrum by fitting the data with

r, r#
xxt o(E) = xx(E) - FBCN(E) ; (1.11)

where I' ¢ is the width of the direct gamma decay to the ground state from the doorway state and

Ben (E) is the gamma decay branching ratio from the compound nucleus. Total width gamma was
obtained from the photo-absorption data. Here it is assumed that the direct gamma decay branching

ratio — is constant, namely independent of the excitation energy. The solid curve is the full result of
calculations using Eq.1.11, the dotted curve gives the separate contribution of the first (direct) term in
Eq.1.11 and the dashed line gives the contribution of the second (compound) term in Eq.1.11 [BEE90].

Since for heavy nuclei I is much bigger than I, they assumed —~ tobe unity. Ben (E) was derived
by a statistical decay model of the compound nucleus (CN). The compound nucleus gamma decay
is normally negligible but 2°®Pb showed different behavior. Since the 2%Pb is doubly magic nucleus

13
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and the excitation energy is relatively lower, the density of state for neutron decay is small. Thus the
contribution from the CN is not so small. As increasing the excitation energy, the density of state for
neutron decay is increased and the gamma decay probability from the CN, Bcn(E) decreases (dased
line in Fig. 1.5). They also discussed the isospin mixing in the ISGQR in 298Pb via the same experiment
[BEEQQ.

Another motivation for the research about gamma decay is the fact that the recent high energy
resolution experiment indicated the ne structure of GRs[ TAM11]. If the GR has internal structure in
the large bump, the decay behavior should be accordingly changed. Thus, the message is that studying
the gamma decay is a powerful tool to investigate the decay mechanism and the ne structure of GRs.

Figure 1.6: Coulomb excitation cross section obtained from (p; p% data.[TAM11] Small peaks are
observed in the low energy region of the GR.

1.3 The purpose of this work

An early work about the gamma decay of the IVGDR in 2°®Pb done by Beene et al. BEE9Q
was presented in the previous section. However, they couldn't observe the IVGDR peak separately
because of the bad energy resolution of detectors for the scattered particles. Therefore they assumed
that the gamma decay branching ratio is constant over the range of the IVGDR. This assumption is
never obvious because the internal ne structure in the IVGDR was indicated by Tamiietal. [ TAM11].

In order to investigate the ne structure of the IVGDR, experimental di culties need to be over-
come. The experimental key points were

" clean GDR spectrum
" an e cient gamma ray detection system.

These conditions were implemented by recent technical developments, a proton inelastic scattering
at forward angles [ TAM09] and the large volume LaBr 3 detector [GIA13]. Detailed explanation about
the experimental setup will be given in the following section. These developments allow us to
research the hidden structure of the IVGDR in more detail. One of approaches is to study the energy
dependence of the gamma decay branching ratio on the excitation energy. Moreover, we aimed to
deduce the total decay width of the IVGDR as a function of the excitation energy. Those studies have
never been done before.

Lastly, this thesis was devoted to present

~ atechnical development for a gamma coincidence measurement

" adeduction of the branching ratio the ground state gamma decay from the IVGDR and inter-
pretation of the results.

14
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1.4 Experimental methods

1.4.1 Overview of experimental methods

In the present experiment °°Zr was chosen as the main target for several reasons.

1. High neutron separation energy
The neutron separation energy in °°Zr is 11.97 MeV and the two neutron separation energy is
21.29 MeV. This is thought to be a big advantage because the neutron decay channel may be
restricted then the gamma decay probability can be increased.

2. Neutron magic number
The number of neutrons in °°Zr is 50 which is the magic number. The theoretical calculation
can be performed with less uncertainty.

3. Decay to excited states
The rst and second excited states are 1" at 1.761 MeV and 2" at 2.186 MeV (Figl.7). The E1
gamma decay from the IVGDR to those excited states is also possible, and it can tell furher infor-
mation. However, if those states lay at small excitation energy, the analysis will be complicated
because the separation of the ground state decay and the decays to those low lying excited states
will be di cult.

4. Di erent isospin states in GDR
Theisospin-upper GDR is predicted around excitation energy of 20-22 MeV. The neutron decay to
the ground state of daughter nucleus from the isospin-upper state is isospin forbidden (Fig. 1.7).
This can change the gamma decay probability drastically.

Figure 1.7: °°Zr level scheme. The red arrow indicates the neutron decay and the vertical black arrow
represents the E1 transition.

The °0Zr target was excited by a proton beam through a Coulomb excitation. The detailed explanation
about the Coulomb excitation will be given in the following section. The scattered proton was bent
by Grand Raiden magnetic spectrometer and was detected by Multi Wire Drift Chmaber (MWDC),
then the excitation energy spectrum of °°Zr was obtained. The gamma ray from the excited zirconium
was detected by LaBr3:Ce detectors. The experiment was performed with a coincidence between
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gamma ray detectors LaBr3:Ce and the Grand Raiden spectrometer. A simpli ed experimental setup
is depicted in Fig. 1.8

Figure 1.8: Simpli ed experimental setup.

1.4.2 Coulomb excitation

The purpose of this section is to formulate the virtual photon method to deduce the reduced
matrix element such as B(E1) from the (p;p® experiment. The Coulomb excitation cross section
which is obtained from the experimental data directly consists of the reaction mechanism part and
the intrinsic nuclear structure part of the target nucleus. Our interest is the nuclear structure, so the
reaction mechanism part is calculated based on the model and then the nuclear structure part, the
reduced matrix element, is extracted. One of the method to extract the structure from the coulomb
excitation experiment is known as the virtual photon method. This model assumes that the virtual
photon is exchanged between the incident particle and the target nucleus and the virtual photon
excites the target nucleus. Therefore the reaction part is described as the number of virtual photons.

Let us start from calculating the scattering amplitude of the coulomb excitation. Consider a
situation in which the eld of the projectile, nucleus 1, excites the target, nucleus 2. The direction of
the two nuclei is along the z-axis. Then in the rst order perturbation theory, Distorted Wave Born
Approximation (DWBA) provides the following scattering amplitude.

16
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Figure 1.9: The projectile is scattered by coulomb interaction with the target nucleus.

1
- D E
ik
()= 5—g drdr® 1) 1) Vi1 7 0) i) (1.12)
where is the polar scattering angle with respect to the beam direction, r is the distance between

the two nuclei, r%is the internal coordinate of target nucleus, (ko)(r) and (k+) (r) are the incoming
and outgoing distorted waves, and i(f)(ro) is the initial ( nal) wave function of the target nucleus,
respectively. Atintermediate bombarding energies, we can apply eikonal wave functions for distorted
waves. As a result the product of the outgoing scattered wave and the complex conjugate of the
incoming scattered wave is given by

1
(D) V()= 2tT iqr ~'—V U 2 b)d2+ i c(b) (1.13)
where g k° k, bis the impact parameter, U ™" is the nuclear optical potential and

Z1Z,€?
~V

c(b) =2 H(b); (1.14)

that is the Coulomb phase. The detailed explanation about the nuclear optical potential is given in
appendix. The interaction potential Vin; is represented as

ijr 9

Vo
Vin(rir9= 1 o
v (1.15)
=) 40 QY ) Yim(rs );
Im
where = %and j (r9 is the charge four-current for the intrinsic excitation of target nucleus by an

energy of ~! . r>(r<) refers to either r or r %that has the larger (smaller) magnitude. j; is the Spherical
Ith Bessel function and h; is the Ith Hankel function. Inserting Eq.( 1.13 and Eq.(1.19 in Eq.(1.12),
one gets

.Zleko I

f( )=

| - .
BETim T 1e ™ (@) G m
Vim © v (1.16)

[+M¢s O(C I; m) IiM; ;
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where 1tM¢ O( |; m) IjM; is the transition matrix, and G |, (the Winther-Alder relativistic
function) and  (q) are de ned by,
p—— 1 1
c .. 16 ( N2 c2 2
Geim v =1 2 +Dn ( + ) v 1
h ' (1.17)
(+#*+ )y ¢ . *#D, ¢ .
2 +1 1wy 2 +1 1oy
c pf ( §ioco : c
C i+ w1 : hd = - 1.18
Cuim 5 =1 @ 0 (+ oy v L P g (1.18)
1
! I b .
m(d) = db bh(ab) Km —— 2tTi (b)g; (1.19)
0
where g =2k b B# is the momentum transfer. Kp, is the mth modi ed Bessel function and
' 1
(b) = iv U5 b)d2+  ¢(b) (1.20)
vV o

is the eikonal phase. On the other hand in terms of the photo-absorption cross section the Coulomb
excitation cross section is given by

~

@2 109 dn
d dE  E d (E); (1.21)
where dn /d isthe virtual photon number and (E ) is the photo-absorption cross section given

by

(2)°C +1) E * *dB( )
f2 +1)If ~C dE

Comparing Eg. 1.21with the coulomb excitation cross section obtained from the scattering amplitude

(g% = if( )j?), one nds

(E)= (1.22)

@ +1n20
@) +D _

dn

- G ini? m(a)i (1.23)

2
Ik
- 52

where is the nestructure constant. Examples of the calculation are shown in Fig. 1.10

Figure 1.10: The virtual photon number per solid angle for E =16 MeV caused by 392 MeV protons
scattered on %0Zr.
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As can be seen, the virtual photon numbers become large at forward scattering angle, thus the
Coulomb excitation cross section is enhanced at forward angle. In case of the GDR, namely the E1
transition, the reduced matrix element is given by

dB(E1l)  9~c d? 1

dE 16 3d dE ddna:

(1.24)
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Chapter 2

Experimental Setup

2.1 Overview of experimental setup

2.1.1 Beamline

We performed the experiment at the WS course in RCNP. The WS course is the specialized beam
line for high energy resolution experiments by light ion scattering. Fig. 2.1 shows an overview of
the RCNP facility. First, a proton beam was accelerated by K140 Azimuthally Varying Field (AVF)
cyclotron up to 65 MeV. Then it was injected to the K400 Ring cyclotron and was accelerated up to 392
MeV. The accelerated proton beam was transported to the WS course and bombarded the target in a
scattering chamber with an intensity of 1-3 nA. The scattered protons were analyzed by the Grand
Raiden magnetic spectrometer and were detected by drift chambers at the focal plane.

Figure 2.1: Overview of the RCNP cyclotron facility.
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2.1.2 Beam line polarimeter

The beam line polarimeter (BLP) is a detector system placed at the WS beam line to monitor a
beam pro le, such as beam current and polarization (see Fig. 2.1). The layout of a horizontally placed
BLP (L-L' and R-R") is shown in Fig. 2.2 The horizontally (vertically) placed BLP consists of two pairs
of two plastic detectors in a horizontal (vertical) plane. The pairs in vertically placed BLP are named
with U and D. A thin aramid target with a thickness of 4 m was periodically inserted into the beam
for short times (1 s out of 10 s). Aramid has little thermal deformation. Therefore the target thickness
is stable during the beam irradiation. Plastic scintillator detectors were set at scattering and recoiling
angles of 17.0 and 69.7 to detect elastically scattering hydrogen with a coincidence between two
detectors. Since in this experiment unpolarized proton beam was used, we just extracted the beam
current from the detected number of events by the four pairs, L, R, U and D. The detailed analysis is
described in 3.1.1

Figure 2.2: The top view of horizontally placed BLP.

2.2 Magnetic Spectrometer "Grand Raiden"

2.2.1 High resolution magnetic spectrometer Grand Raiden

The Grand Raiden spectrometer is a high energy resolution magnetic spectrometer (Fig.2.3) which
consists of Q1-SX-Q2-D1-D2 magnets, where Dis adipole, Q is a quadrupole, SXis a sextupole msgnet,
respectively. This spectrometer allows us to analyze the momentum of scattered particles with a high
momentum-resolution powerof p/ p 37000and a momentum acceptance of 2.5%. Other detailed
parameters are summarized in Tab.2.1/FUJ99. In the zero degree measurement, a primary beam was
transported to the beam dump which was located 12 m downstream of focal plane detectors and was
shielded by iron and concrete to reduce the backgrounds for the focal plane detectors and the  ray
detectors. Inside the beam dump, the beam current was monitored by the 0 / 2 ;Faraday cup. During
the nite angle measurements the primary beam was stopped at Q1FC placed at just after the Q1
magnet (Fig.2.4).
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Figure 2.3: Overview of Grand Raiden and focal plane detector system in zero degree measurement.

Table 2.1: Design speci cation of the Grand Raiden spectrometer.

Con guration Q1-SX-Q2-D1-D2
Mean orbit radius 3m
Total de ecting angle 162
Tilting angle of focal line 45.0
Maximum magnetic rigidity 54Tm
Vertical magni cation 5.98
Horizontal magni cation -0.417
Momentum dispersion 15451 mm
Momentum range 5%
Momentum resolution 37076
Acceptance of horizontal angle 20 mrad
Acceptance of vertical angle 70 mrad
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Figure 2.4: Setups around the scattering chamber in the zero degree mode and in the nite angle
mode are drawn. The sieve-slit is explained in the Sec.2.2.3
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2.2.2 Focal plane detector system

Figure 2.5: Layout of the GR detector system.

Figure 2.6: The structure of VDC. The dotted lines indicate paths of the liberated electrons by the
charged particles.
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Focal plane detector system consists of two multiwire drift chambers, of Vertical Drift type
(VDC1,2) and two plastic scintillators (PS1,2) of 10 mm thickness (see Fig2.5. Two plastic scin-
tillators were used for the three purposes: energy loss detection for particle identi cation, generation
of trigger signals for the data acquisition and a start signal for the timing of VDCs. The particle
identi cation was performed by measuring the time of ight and the energy deposit in the plastic
scintillators. VDCs were used to track the scattered particle and then to calculate the momentum and
the scattering angle at the target position. Schematic view of the VDC is shown in Fig. 2.6. Speci ca-
tions of VDCs are summarized in Tab. 2.2 Each VDC has two sets of wire planes (X and U), which are
sandwiched between three cathode planes. While wires in each X plane are stretched perpendicularly
to the dispersion direction of the GR spectrometer, wires in each U plane are tilted by an angle of
48.19.

A high voltage of -5.75 kV was applied to each cathode plane after optimization for the maximum
e ciency. -0.3 kV was applied as a potential voltage which played a role to increase the e ciency by
changing the electric eld of VDC and guiding the electrons to the direction of the anode wires. VDCs
were lled by a mixture gas of argon (70%) and isobuthane (30%) and a small mount of isopropyl
alcohol. Argon is the main gas to be ionized and isobuthane is the quencher gas to absorb photons
from excited argon gas. Organic quencher gas like isobuthane can result in the formation of polymers
which accumulate on the anode and cathode of the detector after irradiation. This causes a continuous
discharge of detector. In order to avoid this problem, isopropyl alcohol was added. Isopropyl alcohol
is ionized by the charge exchange with isobuthane ions and doesn't make polymers.

Electrons liberated by passing charged patrticles drift to the anode wires along the electric eld
which is vertical to the cathode plane and the anode plane (2.6). The drift time of electrons was
measured and used to reconstruct the tracking of particles. The detailed analysis to convert the drift
time to the position of particles will be discussed in  3.1.2 For example, we can know the horizontal
position of particles from X plane. A combination of a X plane and an U plane provides a two
dimensional position of particles. By connecting two points at VDC1 and VDC2, we can reconstruct
a three dimensional tracking of particles.

Table 2.2: Properties of the vertical drift chamber.

Wire con guration X(0), U(48.19)
Active area,mm? 11507 120¢
Number of sense wires 192(X), 208(U)
Anode cathode gap 10 mm
Anode wire spacing 2mm
Sense wire spacing 6 mm(X), 4 mm(U)
Applied voltage -5.75 kV(cath.), -0.3 kV(pot.)
Entrance and exit window 12.5 m carbon aramid Im
Sense wires 20 m gold-plated tungsten wire
Potential wires 50 m gold-plated beryllium-copper wire
Cathode 10 m carbon-aramid Im
Gas mixture argon(70%)-+isobuthane(30%)+isopropyl alcohol

2.2.3 Sieve-slit measurements

During the nite angle measurement, sieve-slit measurements were performed to calibrate the
scattering angle at the target position. The sieve-slit is a stainless plate which has 25 small holes
(Fig.2.7). The sieve-slit was placed at the entrance of the Grand Raiden spectrometer instead of the
collimator (Fig. 2.4). If we know the distance between the target and the sieve-slit, we can calculate
the scattering angles for each hole. The analysis for the calibration of the scattering angle is discussed
in Sec3.1.4
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Figure 2.7: Design of a sieve-slit. The diameter of each hole is 2 mm ,while that of the center hole is 3
mm. The thickness is 5 mm.

2.2.4 Under-focus mode

In order to reduce additional backgrounds, no collimator to de ne the solid angle was used at the
entrance of Grand Raiden in the measurement of zero degree mode. Therefore it was necessary to
determine the scattering angle at the target position by reconstructing from the tracking information
at focal plane detectors with a small uncertainty. However, the resolution of vertical scattering angle
is worse than 1 in the normal focus mode. We can achieve better angle resolution by adjusting
the Q1 magnet. Vertical ion optics of Grand Raiden for di erent vertical focus mode are drawn in
Fig.2.8. This time we applied a mild under focus mode, under which the vertical focus point is moved
to downstream, by reducing the Q1 magnet by 6% relative to the normal focus mode. Under this
condition the vertical scattering angle  at the target position is re ected on the vertical position vy at
the focal plane coordinate. In terms of the transfer matrix, normal focus mode corresponds to making
the matrix element (yj ) zero. Here the matrix elements are de ned by

ya _ (yiy) (yj ) vyt .
s = Ciy Ci) o (2.1)

where d denotes the coordinate at the focal plane detector and t denotes at the target position. These
coordinate systems are de ned visually in Fig. 3.3 and Fig.3.4. Determination of a transfer matrix
should be one due to the Liouville's theorem. Since the vertical magni cation (yjy) is 5.98 in the

normal focus mode, the magni cation for vertical scattering angle ( | )becomesﬁ 0:17 at the

vertical focusing point and this fact results in worse resolution in vertical scattering angle. Changing
the Q1 magnetic eld means that changing the (yj ) to nite value because the vertical scattering
angle  aectsthe yq asseeninFig2.8
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