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ABSTRACT

The most modern technologies in particle accelerators and experiments enable us to
access more exotic nuclei with very asymmetric proton and neutron numbers than ever
before. These nuclei are located in the nuclear chart very far from the S-stability line and
the knowledge on their structure is essential to answer the basic question to what extent the
idea of the nuclear magic number keeps appropriate. One of the most interesting regions is
the so-called “island of inversion”, the region of nuclei centering at 3'Na. In nuclei of this
region, two-particle-two-hole (2p-2h) configurations across the N = 20 shall gap are lower in
energy than normal configurations, and possibility of a variety of nuclear shapes are being
discussed both for the ground and excited states. However, most of the experimental data
have been rather limited to the ground states and/or low-lying levels and the spins and
parities of many levels are left unknown. The present work aims at experimentally clarifying
the structure change as a function of the neutron number by firmly establishing the level
schemes of the neutron-rich Mg isotopes.

The experiments were performed in combination of our unique method of S-decay spec-
troscopy for a spin-polarized radioactive nucleus and highly polarized Na isotopes at the
state-of-the-art radioactive beam facility of TRIUMF. The f-decay asymmetry of the Na
decay enables unambiguous spin-parity assignments of the levels in the daughter Mg, and it
becomes possible to compare the experimental data and theoretical predictions on a level-
by-level basis. The present thesis discusses in detail the successful results on 22Mg, Mg
and 3°Mg, as the first step of series of experiments towards very neutron-rich Mg isotopes
across through the island of inversion.

In Mg two levels at high excitation energy were newly found and the overall good
agreement of the level scheme with the shell-model calculations in the sd-shell model space
indicates that the structure of 2Mg is understood mostly based on the normal configurations.
In 2°Mg spins and parities of seven levels were assigned for the first time. All the experimental
levels were reasonably reproduced by the conventional shell-model calculations, except for
two levels at 1.094 and 1.430 MeV. We propose that the two levels are the negative-parity

ones with 1p-1h intruder configurations, since the large scale shell-model calculation, which
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takes into account also the fp-shell model space, predicts two negative-parity levels at 0.68
MeV (7/27) and 1.01 MeV (3/27). In the systematics of the negative-parity levels in neutron-
rich Mg isotopes, it is found that the negative-parity levels rapidly decrease their energies
at Mg, when the neutron number is increased. This is one of the experimental evidences
for the shell evolution in Mg isotopes. In 3Mg four levels were newly found and the spins
and parities of eleven levels were assigned for the first time. From the detailed transition
probabilities and level-by-level comparison with the conventional shell-model calculations, it
was shown that five levels at 1.788 (03), 2.466 (27 ), 3.460 (27), 4.967 (17), 5.414 (27) MeV
exhibit different nature from the spherical nucleus. We propose that the 1.788-, 3.460-, 4.967-
and 5.414-MeV levels have deformed shapes with intruder configurations and the 2.466-MeV
level is the 27 band head of y-band predicted by the mean-field theory.
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CHAPTER I

Introduction

1.1 Structure of neutron-rich nuclei around “island of inversion”

One of the most important problems in the contemporary nuclear physics is structure
change as a function of asymmetry in neutron and proton numbers. In particular, questions
on nuclear magic number which has been a guiding principle to understand the nuclear struc-
ture for over 50 years are one of the most urgent problems. The first clear evidence for light
nuclei was the possible changes of the magic number N = 20 suggested by the anomalous
2-neutron separation energy S, in very neutron-rich nuclei 3 Na and 32Na [THI75]. Theo-
retical predictions based on Hartree-Fock (HF) theory suggested deformed ground states for
these Na isotopes [CAM75]. Similar anomaly was also found in 3'Mg and 3Mg [DETS83].
Shell-model calculations performed for a wide range of neutron-rich nuclei of this vicinity
indicated that two-particle-two-hole (2p-2h) configurations across the N = 20 shall gap are
lower in energy than normal configurations for nuclei with 20 < N <22 and 10 < Z < 12.
Figure 1.1 shows this region of nuclei as a red region centering at 3Na [BRO10]. The inset
of the figure shows schematic configurations of Op-2h in 3*Mg (left), Op-Oh in 32Mg (A) in a
framework of classical shell model, and 2p-2h in 32Mg (B) in reality. This region of nuclei,
referred to as the “island of inversion” [WAR90], represents a dramatic change of structure
with growing ncutron-proton asymmetry. The nuclei on and around the island of inversion
have been attracting much attention from both experiment and theory.

Succeeding investigations have accumulated more detailed information such as B(E2; 0] —
21"), ground-state spin-parity, ground-state magnetic moment, and spectroscopic factors, etc.,
and confirmed the disappearance of the N = 20 magic number. Large deformation was con-
firmed for the ground states of the N ~ 20 nuclei. Recent experiments concentrated on the
boundary of the island also showed transitional characters. Figure 1.1 shows the present

understanding of the region around the island of inversion. Nuclei are classified in three
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Figure 1.1: Partial nuclear chart [BRO10]. Stable and unstable nuclei are displayed in closed
and open squares, respectively. The “island of inversion” is shown by a red square
just above the N = 20 arrow. It is seen that 3*Mg (shown in green) is located on
the island, whereas 3*Mg is just outside the island. Other regions in red represent
the very recently predicted “islands of shell breaking”.

categories according to the configurations in the shell-model framework: Nuclei of which
ground state is well described with the normal (intruder) configurations are displayed in
blue (orange). In the case that the ground state is of the normal configuration and the
low-lying excited states are described with the intruder configurations, the nucleus is colored
in purple. We define such nucleus as “border” one from its transitional nature to the island
of inversion. It is understood that the island has a larger extension from the original island
which is displayed by a red square in Fig. 1.2. It should be noted that compared to the
ground states, information on the excited states are very limited. In many nuclei in this
region, the essential information to discuss the structure or shape such as spins and parities
are not known for most of the excited states. This situation prevents us to investigate the
shell evolution, i.e., the lowering of the intruder levels as a function of the proton-neutron
asymmetry.

A large-scale shell-model calculation has been performed for neutron-rich Na isotopes in
a framework of the Monte Carlo shell model (MCSM) [UTS04]. The model space considered
was the full sd-shell orbits and two lower pf-shell orbits. It was shown that an onset of

ground state intruder configurations occurs already at neutron number N = 19 and the
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Figure 1.2: Nuclear chart far from the p-stability line. Location of the classical “island of
inversion” [WAR90] is surrounded by red square.

narrow N = 20 shell gap is caused by the spin-isospin dependence of the nucleon-nucleon
interaction [UTS04]. Tt was also explained that the monopole component of nucleon-nucleon
interaction gives rise to the new magic number of N = 16 [OTS10].

Another theoretical approaches, which are not based on the shell model, also have made
great progresses. The antisymmetrized molecular dynamics (AMD) calculation , which has
shown successful reproductions in lighter nuclei such as Li and Be, was applied to predict the
structure in the neutron-rich nuclei around island of inversion [KIM07; KIM11]. Furthermore,
the constrained-Hartree-Fock-Bogoliubov method with the local quasiparticle random phase
approximation (CHFB4+LQRPA) predicts the collective behavior such as rotational and vy -
vibrational motions in neutron-rich 3%3234Mg [HIN11]. These theories predict the shape
coexistence in Mg around N = 20.

Recent discoveries of the second 07 levels in 3°Mg [SCW09] and **Mg [WIM10] triggered
hot discussions on the properties of these levels [FOR11]. For Mg, the excited 03 level
is interpreted as a prolately deformed state which coexists with the spherical ground state.
For 32Mg, it is suggested that the 03 state is a spherical state coexisting with the deformed
ground state. These are one of the evidences for the lowering of the intruder levels with
increasing neutron number. It is very important to investigate the effects of the intruder
configurations in a wide range of excitation energy and with a variation of proton-neutron
number asymmetry. However, most of the experimental data have been rather limited to

the ground states and/or low-lying levels, and the spins and parities of many levels are left



unknown, although the spin-parity is the key quantity to discuss the nuclear structure. In
the case of Mg isotopes, the present status of the spin-parity assignments are not sufficient

for isotopes heavier than 22Mg.

1.2 Purpose of the present work

The present work aims at experimentally clarifying the structure change of neutron-rich
Mg isotopes as a function of the neutron number by comparing the experimental levels
and the theoretical predictions on a level-by-level basis, after firmly establishing the level
schemes of the Mg isotopes in a wide excitation energy range. We used our unique method
of B-decay spectroscopy which takes advantage of anisotropic § decay of spin-polarized Na
isotopes. The asymmetry parameters of the 8 decay are the effective clues to unambiguously
assign the spin-parity of levels in the daughter nucleus Mg, as shown by the successful work
which assigned the spins and parities of 7 levels in !Be for the first time [HIR05]. The
experiments were performed at the state-of-the-art radioactive beam facility of TRIUMF in
Canada, where the world-highest polarized alkali beams are available. The combination of
our powerful method and the highly-polarized and high-intensity Na beams enable systematic
studies of Mg isotope structures from lighter region outside of the island of inversion to
heavier one across through the island. The present work has been done on ?®Mg, Mg and

30Mg, as the first step of series of experiments on a number of Mg isotopes.



CHAPTER II

Structures of ®*Mg, Mg, and Mg

2.1 Structure of ®Mg

The level structure of Mg has been investigated by the experimental methods of 8-decay
of Na [DET79; GUI84] and nucleon-transfer reactions [HIN61; MID64; FIS73; RAS74] as
listed in Table 2.1. The levels observed in these experiments are summarized in Fig. 2.1.
The spin-parity assignments have been investigated as outlined below.

Middleton et al. [MID64] assigned the spins and parities of 9 levels by the angular dis-
tribution of proton. Rastegar et al. [RAS74] reported another assignments for 5 levels from
the angular correlation between proton and « ray. They revised the previous 01 assign-
ment [MID64] for the 5.272-MeV level to 1~. Later, the level structure of 2Mg was also
investigated in the 8 decay of 2Na by Détraz et al. [DET79] and Guillemaud-Mueller et al.
[GUI84]. Confirmed were the allowed § transitions leading to the g.s. as well as the known
levels including the 5.272-MeV level [GUI84]. By taking into account the positive parity of
the #Na, s (11 [NND11]), Endt concluded that the level at 5.272 MeV is of 17 [END90.

Thus the spins and parities of 2Mg have been reported for many levels. However, since
the highest 6.759-MeV level reported so far [HIN61] is somewhat lower in energy than the
neutron-threshold encrgy of 8.5034(20) MeV [AUDO3], the undiscovered levels might be

found between these energies.

2.2 Structure of Mg

The level structure of Mg has been investigated by the experimental studies of S-
decay of Na [GUI84; BAUS7|, 3-n decay of 3®Na [BAU89|, multinucleon transfer reactions
[SCOT74; FIF85; WOOS88|, and fusion-evaporation reaction [PANS8I] as listed in Table 2.2.

The levels observed in these experiments are summarized in Fig. 2.2. For Mg, firm spin-



Table 2.1: Overview of experimental observations for levels in 2Mg.

Experiment Observables Reference

®Mg(t,p)®®Mg  Observations of 18 excited levels [HIN61]

2Mg(t,p)®Mg  Observations of 11 excited levels; New I™ assignments of [MID64]
9 excited levels by angular-distribution measurement of proton®

%Mg(t,p)® Mg  Observations of 8 excited levels including 2 new levels; [FIST73]

I™ assignments of 8 excited levels including 2 new assignments
by ~v-ray angular-distribution measurement
%Mg(t,p)2Mg  Observations of 13 excited levels including 2 new levels [RAS74]
at 4.561 and 5.185 MeV; I™ assignments of 12 excited levels
including 5 new and 1 revised assignments by angular correlation
measurement between proton and +y-ray
8 decay of ®Na  -decay leading to 4 excited levels® [DET79]
B decay of Na  A-decay leading to 10 excited levels® [GUI84]
including 1 revised (0, 1, 2)* assignment at 5.272-MeV level

2 The level at 5.169 MeV was tentatively assigned to be (37).

b 3 decay leading to the 4.878-MeV level was reported by measurement of the 3405-keV ~ ray which depop-
ulate this level with I, < 0.8.

¢ 3 decay leading to the 4.878-, 5.193-, 5.469-, 5.678-, and 5.702-MeV levels were reported with the 3 branches
of Iz < 0.48, < 0.18, < 0.12, < 0.4, and < 0.6, respectively.

parity assignment has been only performed at the ground state to be 3/27 [KOWO0S§]!. For
other levels, the spin-parity assignments are only discussed based on the comparison with
shell-model calculations as described below.

Fifield et al. firstly proposed the spin assignments of the Mg levels with positive parity
by comparing with the shell-model calculation in the sd-shell model space [FIF85] as shown
in Fig. 2.2(e). It is to be noted that the 2 levels at 1.095 and 1.46 MeV are not reproduced by
the calculation. Therefore, they proposed the 3/2~ and 7/2~ assignments for the 1.095- and
1.46-MeV levels, respectively, with the v(2ps/2) and v(1f7/2) configurations for respective
levels?. Later, Woods et al. showed supporting results for these negative-parity assignments
by the large cross sections to these levels observed in the 3°Si(*3C,'*0)?»*Mg reaction, which
are approximately equal to those for the population of the first 3/2~ and 7/2~ states in 2’ Mg
observed in the same mechanism experiment of 28S8i(*3C,*0)?"Mg reaction [WOO88]. They
also discussed the assignments of the 0.055 MeV: 1/2%, 1.395 MeV: 5/2%, and 3.201 MeV:

1This assignment is supported by the large 8 branches to the firmly assigned levels of 1/2%, 3/2%, and
5/2% in 2°Al in the B-decay study of 2°Mg [GUI84].

2These spin-parity assignments were proposed by following reasons: (i) no prediction by shell-model
calculation with sd-shell space, (ii) negligibly small 3 transitions to these levels by 2Na j-decay study
[GUI84], (iii) the observation of the strong v transition of 1040 keV (1.095 — 0.055 MeV), and (iv) large
populations of these levels obtained largely same as the 3.53-MeV (3/27) and 3.13-MeV (7/27) levels in
318, and the 3.56-MeV (3/27) and 3.76-MeV (7/27) levels in 2”Mg, respectively, by the same mechanism
reaction experiments of (120,1%0).



Table 2.2: Overview of experimental observations for levels in 2Mg.

Experiment Observables Reference
®Mg(11B,®B)®*Mg Observations of 4 excited levels [SCOT74]
13C(*80,2p)* Mg Observations of 4 excited levels [PANS8I]
A decay of #°Na B-decay leading to 6 excited levels [GUI84|
26Mg(180,150)2Mg Observations of 6 excited levels; I™ assignments [FIF85]

by comparison with SM calculation with sd shell;
Suggestions of 3/27, 7/2~ at 1.095- and 1.431-MeV levels

B-n decay of 3°Na Observations of 5 excited levels in Mg after [BAUS87|
neutron emission following the 3 decay of 3°Na

308i(12C,0)* Mg Observations of 5 excited levels; I™ assignments [WOO8S]
of 4 levels by comparison with SM calculation

B decay of Na Observations of 10 excited levels [BAU8Y)

Laser spectroscopy of 2?Na  3/27 assignment for the ground state of 2°Mg [KOWO08]

1n knockout from Mg Unplaced v rays of 1.79(1), 2.23(1), and 3.41(1) MeV [TEROS]

5/2% based on the shell-model calculations.
Thus, the spin-parity assignments of excited states in 2°Mg have been only discussed by

the theoretical calculations, and not firmly determined by the experimental facts.

2.3 Structure of **Mg

The level structure of 3*Mg has been investigated by means of 3-decay of 3*Na [GUI84;
BAU89; MAC05; SCW09], f-n decay of 3Na [KL0O93], 2 neutron removal from 3*Mg in
proton inelastic scattering [TAK09], and fusion-evaporation reaction [DEA10], as listed in
Table 2.2. The ¥Mg levels observed in these experiments are summarized in Fig. 2.2. The
anomalous structures of 3®Mg levels have been becoming clear as described below.

The 2 experiments of **Na S decay [GUI84; BAU89| had shown the precise level scheme
of 3°Mg for the first time. By the small B(E2;07, — 27) value [295(26)e’fm?] measured in
the Coulomb excitation experiment [PRI99], the ground state of 3®Mg has been concluded
to be the “normal” configuration, and 3°Mg was regarded as the nucleus out of the island
of inversion. The small spectroscopic strengths to the 3/2~ and 7/2~ states in *Mg in the
neutron knockout experiment of 3®Mg support this result [TER08]. However, recent S-decay
experiments have discovered the 2nd 0F state at quite anomalously low-lying 1.789 MeV in
30Mg [MACO05; SCW09]3. The large prolate deformation was proposed for this level, resulting

3The assignment of 05 at the 1.783-MeV level has been firstly proposed by the revised v transitions of
1789 and 1820 keV; The two  transitions of 1789 keV (1.789 MeV — g.s.) and 1820 keV (1.820 MeV —
g.s.) [GUIB4] were revised by the y-v coincidence study as, 1789 keV (5.091 — 3.303 MeV (new level)) and
1820 keV (3.303 — 1.482 MeV) [MACO5].



Table 2.3: Overview of experimental observations for levels in 3*Mg.

Experiment Observables Reference
B decay of 3'Na Observations of 10 excited levels; unplaced -y ray of 4685 keV [GUI84|
3 decay of 3°Na Observations of 11 excited levels [BAU8Y]
B-n decay of 31Na Observations of 5 excited levels [KLO93]
Coulomb excitation of **Mg  Small B(E2;0F, — 27) value of 295(26) ¢*fm* [PRI99]
B decay of 3Na, Suggestion of the excited 07 level at 1.789 MeV [MACO05]
1n knockout from °Mg Normal and intruder configurations in g.s. and excited 07 level [TEROS]
in 3°Mg by the small C2S value to the Mg negative-parity states

B decay of ¥Na 07" assignment at 1.789 MeV by E0 decay measurement [SCWO09]
2n removal in 32Mg(p, p') 4% assignment at 3.302-MeV level [TAKO09]
14C(180,2p)30Mg Observations of 9 excited levels; I™ assignments of 6 excited [DEA10]

levels including 4 new assignments

in the coexistence of different shapes [SCW09]. Thus, 3**Mg has been revised as a “border”
nucleus toward the island of inversion.

Not only that revision, very recently, many new levels were observed by the fusion-
evaporation experiment of ¥C(*¥0,2p)3*Mg including the new spin-parity assignments of
3.379 MeV: 4%, 3.455 MeV: 41, 4.181 MeV: 5, and 2.541 MeV: 27 or 37 [DEA10]. These
levels have not been understood by any theoretical predictions.

Furthermore, quite attracting predictions have been performed by the theoretical cal-
culation of CHFB4+LQRPA method; Large-amplitude collective dynamics of shape phase
transition in the low-lying states of 3Mg [HIN].

Thus, the structure of **Mg have been under hot discussion because many anomalous

structures were observed and predicted.
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CHAPTER III

Principle of measurement

3.1 Spin-Parity assignment

The levels of Mg isotopes were populated by the S-decay of Na isotopes and the decay
scheme was constructed by the 8-y and v~y coincidence measurement. We are using unique
technique of using spin-polarized Na. The spins and parities of the Mg states were unam-
biguously assigned from the $-decay asymmetry as follows. The f-ray angular distribution

from a polarized nucleus is given by
W(0) ~ 1+ (v/c)AP cos¥, (3.1)

for an allowed transition, where v, ¢, A, P, and 6 are the velocity of the emitted electron,
the light velocity, the asymmetry parameter of the g transition, polarization of the parent
nucleus, and the S-ray emission angle with respect to polarization direction, respectively. In
the case of a large Q4 value, the -ray velocity v can be approximately regarded as v/c o~ 1.
The asymmetry parameter A takes three different values depending on possible final state

spin Ir with a given initial state spin [j, as

(-1 (Ie=1,—1)
A _ < —-1/(]1 + 1)1_+2;7:2\/Ii/(-[i + 1) (If _ Il) (32)
s =)
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Table 3.1: Asymmetry parameters A of GT-transition for 2Na, 2Na, and 3°Na to possible
spins in Mg, 2°Mg, and 3°Mg, respectively.

Transition Ir I7 A

0+ —1.0

2BNa — 28Mg 1t 1T —0.5
2+ +0.5

172+ ~1.0

2Na — Mg 3/2% 3/2* —0.4
5/2+ +0.6

1+ —1.0

30Na — Mg 2t 2 —0.33
3t +0.67

where 7 is the ratio of Fermi (Mr) to Gamow-Teller (Mgr) matrix elements.
7= (Cv | MF |)/(Ca | Mer |). (3.3)

In the case of neutron-rich nuclei 2Na, 2°Na, and 3°Na, the S-decays to the levels below the
neutron threshold are mostly due to the Gamow-Teller transition. Therefore, it is plausible
to approximate 7 ~ 0 in Eq. (3.2) and the asymmetry parameters for the S-decay of #¥Na,
Na, and 3°Na are evaluated as listed in Table 3.1. The very discrete values enable us to

firmly assign the spins and parities of the states in 22Mg, 2Mg, and 3°Mg.

3.2 Measurement of 5 asymmetry

The asymmetry parameters are cvaluated from the B counts N and Nj in the samc
(8 = 0) and opposite (6§ = 7) directions with respect to polarization, respectively, as follows.

The B counts are expressed as

Ni = egN(1+AP), (3.4)
Nf = ¢ N(1— AP), (3.5)

where N is the number of disintegration, and eg and ¢y are the efliciency of the respective

detectors (see Fig. 3.1). In order to cancel out spurious asymmetry due to difference in the

13



L-detector R-detector
d=n 0=0
polarized nucleus
N, " : B-ray counts Ni* : B-ray counts

Figure 3.1: Schematic illustration of f-decay asymmetry measurement.
efficiency, the spin orientation is rotated hy 180 degrees. Then the counts are expressed as

N; = egN(1-AP), (3.6)
Ny = eN(1+AP). (3.7)

By taking a double ratio of the counts, the product of AP is deduced, freely from the
efficiency, as

AP

VL (R—NE/NZ) (3.8)

= IRl ~ Nz/Nj

The asymmetry parameter A can be obtained if the polarization P is known.

3.3 Beta- and f-delayed ~-ray spectroscopy

The § rays and S-delayed 7 rays associated with the # decay of Na isotopes were measured
by the -7, v-7v, and (-7-7 coincidence methods using multiple radioactive detectors. The
decay scheme of Na isotopes can be established by finding new ~ transitions and associated
energy levels. By using -y coincidence method, the § ray which populates the specific
level in Mg isotope are selected. As shown in Fig. 3.2, for example, 5 decays of 51 and [
which populate the level 71" and 72", respectively, are selected by measuring 1, and v, and
v3, respectively. Then, the spin of each level in Mg can be assigned by measuring S-decay
asymmetry (see Sec. 3.2). The spin and parity of level in Mg with small g branch can also
be speculated by 7-transition intensities associated with the transition(s) from and/or to
the spin-known level(s). Finally, the revised nuclear level structure of Mg isotopes can be

obtained.

14



Figure 3.2: Schematic decay scheme of a neutron-rich Na isotope.

3.3.1 Gamma-ray intensities and /-decay branching ratios

Since the Q5 values of neutron-rich Na isotopes are very high compared with the neutron
separation energy of daughter nucleus Mg isotopes, neutron emission takes place after the
B decay of Na. To evaluate the population of Mg isotopes after the 8 decay of Na, the 3
decay of neutron-rich (Z, A) isotope, where Z and A represent the proton and mass number,
respectively, are discussed below.

When direct 8 and S-n decays to the ground states of (Z + 1, A) and (Z+ 1, A — 1) are
negligibly small as described in Fig. 3.3(a), the populations of (Z+1, A) and (Z+1, A—1) are
deduced by intensities of 7 transitions (I,) in both nuclei. Figure 3.4 shows the schematic
decay scheme of a neutron-rich isotope when the direct S decay to the ground state in
(Z+1, A) is negligible. The sum of the S-decay intensities (I5) to all the levels in (Z + 1, A)

is calculated by using the v-transition intensities as,

=iyi + I’y2 + I’y3 + I’y4 + I’yS - I’yS + I’yG - I'yQ - I’y5

Note that this number can be obtained only by the sum of the «y-transition intensities which
directly populate the ground state of (Z + 1, A). The population of (Z+1, A —1) in the S-n
decay of (Z, A) can also be calculated in the same way.

When the direct S-decay to the ground state of (Z + 1, A) nucleus are observed, the

population of (Z + 1, A) nucleus cannot be calculated by its y-ray intensities. In this case,
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Figure 3.3: (a) Schematic 8 and -n decay scheme of a neutron-rich (Z, A) isotope with the
proton and mass number of Z and A, respectively. (b) Schematic 5-decay chain
of neutron-rich (Z, A) isotope.

the population of (Z + 1, A) nucleus can be obtained from the y-transition intensities of
(Z +n —1, A) nucleus with the negligible direct S-decay population of the ground state as
shown in Fig. 3.3(b). The same way can be applied to deduce the population of (Z+1, A—1)
nucleus when the direct 8-n decay to the ground state of (Z + 1, A — 1) are observed. Thus,

the y-ray and S-decay intensities of Mg isotopes are obtained.

3.3.2 Effect from the residual polarization of Na isotopes

Since the polarization of Na is very high, the <y-ray emissions in Mg have angular de-
pendence on the emission angle to the polarization axis because of the residual polarization.
Therefore, the angular distribution of v transition depending on spin change of levels are es-

timated as follows. According to Morinaga and Yamazaki [MOR76|, the angular distribution
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Intensity of B decay to each state

T Ips=10 + 12 + Is
A7 Ipz=1u + 15 = 12
Isi=1w — 1o - Iss
B3
2 V3
2
1 Y2 ¥s
L 1
b4l Y Y6
Y y A 4 g.s'
AZ+1

Figure 3.4: Schematic decay scheme of a neutron-rich (Z, A) isotope. The -decay branch-
ing ratio to each level in (Z + 1, A) is calculated from the intensity valance of
populating and depopulating v rays as listed in the upper right.

of y-ray emission is expressed as

W(H) = EkAk X Pk(COS 0)
= S pr (i) Fr (Jirje) Pr(cos 8), (3.10)

where 7, je, A, 8, and P, represent the spin of initial and final states, multiplicity of -y transi-
tion, angle of y-ray emission from polarization axis, and Legendre polynomial, respectively.

The px(Ji) is called statistical tensor, expressed as

pk:(ji) = v/ 2_], +1< jimji — mIkO > P(m), (311)

where P(m) represents the probability of pure state. The value Fy(jiAj¢) are expressed by

using Racah coefficient as

Fr(Gidje) = (=D)MH79, /25 +1 < AL — 1]k0 >
XW(jijk)\)\; k]f) (3.12)

Assuming the pure transition, A takes one value for each transition.

When the nucleus is 100% spin-polarized, Eq. (3.11) is expressed as

pr(3) = V25 + 1 < jiidi — 5i|k0 > (3.13)
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using m = j;. Figure 3.5(a) and (b) show the angular distributions of 7 transition as a
function of y-ray emission angle from the polarization axis in the case of integer spin and
half-integer spin, respectively. In a practical case, the angular distribution is reduced because
of small residual polarization and finite volume of the detectors. The anisotropy duc to the
angular distribution caused by residual polarization was estimated by using the most effected
v transition of 1482 keV [1.482 MeV(2%) — g.5.(07)] in 2®Mg. It is found that the y-ray
counts measured by the detector placed at 0° to the polarization axis are 13% smaller than

that measured by the detector placed at 90° in the present work (see details in Sec. 6.4).

3.3.3 Spin assignment of the practical case

The levels in Mg are identified by taking 8- coincidence. The asymmetry parameter of
a specific transition is determined simply from the -y counts, if no v transition populates
such final state as schematically shown by the level “2” in Fig. 3.2. However, in many cases
the levels, such as level “1” in Fig. 3.2, are populated by « transitions from higher levels.
In this case, the asymmetry parameter determined from S-y coincidence is affected by the
asymmetry of 8 transitions to the higher levels, as

I
Al = Ay % %— + A; X Ii (3.14)

st "

where I, and Iy are intensities of y- and S-rays, respectively. The asymmetry parameter A;

can be deduced as

L,
A1=AYX i—142X l. (315)
Iﬂl Iﬁl

Accordingly, the spin-parity of the state “1” is assigned.

3.4 Effectiveness of using large polarization

The error of Eq. (3.8) is calculated as

A(AP) = 2 AR

(3.16)
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Figure 3.5: Angular distributions of 7 transitions between (a) integer spin states and (b)
half integer spin states emitted from spin-polarized nucleus as a function of -
ray emission angle from polarization axis.
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AR is calculated by error propagation as

1/2
OR \* . OR \* . OR \? OR \* . ,
AR = {(_Mm) AN, + (_aNH) ANZ, + (__GNR_) ANE + (_BNL_) AN

1 1 1 1 V2
=R . 3.1
{NR+ " Npy - Np+ - NR+} (3:17)

By assuming Np+ = Ny = Ng_ = Ni_ = Nyotar/4 (Niotar denotes total S-ray counts by two
detectors for f-ray asymmetry measurement), Eq. (3.16) is calculated by using Eq. (3.17),

as

1 4R
VR(VR + 1)2 VNeotal
_ 4VR 1
T (WR+ 12V Nigtal

The relative error of AP can thercfore be deduced by using R = ((1 — AP)/(1 + AP))?, as

A(AP) =

(3.18)

1

V N, total .

It is understood that higher polarization is more important than statistics. This deduction

(3.19)

’A(AP) _ l 1 (AP)?
AP AP

is discussed quantitatively by showing the case of distinguishing A = —1.0 from A = —0.33
for 3®Mg as an example, as follows. Figure 3.6 shows Monte Carlo simulations for the
distribution of asymmetry parameter A deduced from the S-ray counts measured by two
detectors with finite volume placed along the polarization axis as shown in Fig. 3.1 assuming
polarization P = 0.05 and 0.4 . In the case P = 0.05, A cannot be distinguished with
the B-ray counts of 100 [Fig. 3.6(a)]. By counting 4 x 10* counts as shown in Fig. 3.6(b),
A = —1.0 can be distinguished from A = —0.33 in good accuracy. Meanwhile, in the case of
P = 0.4, A= —1.0 can be distinguished from A = —0.33 with good accuracy by measuring
only 100 events as shown in Fig. 3.6(c). Thus, the effectiveness of large polarization can be
understood.

In order to use highly spin-polarized Na isotopes, we are carrying out the experimental
study at TRIUMF, Canada. This facility provides the world’s largest polarized Alkali beam
as described precisely in the next chapter. Table 3.2 shows the estimation of typical beam
intensities of Na isotopes with 50% polarization using 40 pA proton beam and Ta target

fragmentation reaction at TRIUMF.
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Figure 3.6: Simulation of yield with polarization P of 5 and 40 %.

Table 3.2: Estimation of the beam intensities of Na isotopes with 50% polarization obtained
by 40 pA proton induced fragmentation reaction with Ta target at TRIUME.

Beam Intensity (pps)

ZBNa 2x 103
2Na 5x 102
30Na 1x 102
3INa 15
32Ng 2

21



CHAPTER IV

Experiment

4.1 Production of neutron-rich Na beam at ISAC facility

Figure 4.1(a) shows the ISAC-1 facility which consists of target ion modules, a high
resolution mass separator, and beam lines for variety of experiments. Unstable nuclei are
produced by a target fragmentation reaction of a primary beam of proton at 500 MeV
provided by TRIUMF cyclotron and a production target. A wide variety of isotopes are
released from the surface ionization source heated to 2000 degree, and alkali are preferen-
tially ionized because of their low ionization energy. Diffused isotopes are accelerated up to
the energy of 12-60 keV. Then the ions pass through a high resolution mass spectrometer
(AM/M = 10000) so that only the isotope of interest are delivered to the experimental area.
Particle identification is performed by measuring the lifetime at the YIELD station. The
intensity of the radiocactive beam is also measured at the YIELD station.

For the present study, unstable isotopes of 2Na, 2Na, and 3*Na are produced by tar-
get fragmentation reaction using 70 pA proton beam and stack of tantalum (Ta) target
(21.8 g/cm? in total thickness). These isotopes are transported upstairs after the mass sep-
arator, and reach to the polarization beam line with kinetic energy of ~30 keV. Afterward,
these beams are spin-polarized as going through the polarizer shown in Fig. 4.2, as described

precisely in the following section.

4.2 Production of spin-polarized Na beam

4.2.1 Procedure of producing spin-polarized Na beam

Spin-polarization of 22Na, 2°Na, and 3°Na isotopes are produced by means of the collinear
optical pumping technique [LEV04]. Figure 4.2(a) shows the schematic layout of the beam

line of collinear optical pumping (polarizer). A detailed layout of the polarizer is shown in
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Figure 4.1: (a) Overview of the facility of ISAC experimental hall at TRIUMF. (b) Schematic
layout of ISAC-1 experimental hall.
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Fig. 4.2(b). The Na™ ion beam with 30 keV was neutralized by receiving an electron in
the cell filled with Na gas. The temperature of the Na cell was 480 °C. The neutralized
atoms of 2Na, ?°Na, and 3°Na were optically pumped by a collincar circularly polarized
laser beam tuned to the respective D; transition. A 10 Gauss magnetic field parallel to
the beam line was applied to the optical pumping region by six Helmholtz coils to define
the polarization axis. The precise mechanism of spin-polarization is described in the next
subsection. Spin-polarized Na beam is re-ionized by transferring an electron in a helium
gas cell which was cooled to 12 K by a cryogenerator, and delivered to the OSAKA beam
line where the polarization direction was perpendicular to the beam direction as shown in
Fig. 4.2(c). In order to avoid spin relaxation of Na atom during beam transportation, electric
field was applied for changing the direction of Na beam. We can avoid the influence from

laser system because the detector setups are away from the polarizer and laser system.

4.2.2 Principle of Optical Pumping

Figure 4.3 shows the principle of optical pumping. The total angular momentum of
nucleus and atom F is described as the sum of the angular momenta of electron (f ) and
nucleus (f) As the electronic angular momentum J is 1/2 for the 2S; /2 ground state and for
the 2Py first excited state, the angular momentum F' for every BNa, Na, and **Na takes
2 different values as shown in Fig. 4.3(a), (b) and (c), as a possible results of the summation
of F=J+T depending on the angular momenta of the ground states of these isotopes. For
every state of F', there are 2F + 1 possibilities as characterized by the magnetic quantum
number mg, by Zeeman splitting in the weak magnetic field of Eo = 10 Gauss as shown in
Fig. 4.3(a), (b) and (c).

The hyperfine energy levels of 22Na, 2Na, and %°Na, generated by electromagnetic mul-
tipole interactions of the nucleus with surrounding electrons were calculated by using the

hyperfine structure Hamiltonian for the 2S; /2 and 2P, /2 states as

=

r. SK(K+1)-2I(I+1 1

h2 2I(21 —1)2J(2J — 1) ’ (41)

where K = F(F+1)-I(I1+1)—J(J+1). A is magnetic dipole hyperfine coupling constant

expressed as

A giinBy _ By (4.2)

VIT+1) I\ JIT+1)
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Figure 4.2: (a) Schematic layout of the polarizer at ISAC-1 and transportation of Na beam.
(b) Detailed layout of the polarizer. (c¢) Transportation of spin-polarized Na
beams.
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(a) hyperfine splitting
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Figure 4.3: (a)(b)(c) Principle of optical pumping using circularly polarized laser. The hy-
perfine levels of 282930Na and optical transitions induced by o™ laser absorption
(solid lines) and in spontaneous decay (dotted lines). (d) Spectrum of the laser
light split into three different frequencies by electro optical modulator (EOM).
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(C) hyperfine splitting
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Figure 4.3: Continued.
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Figure 4.4: (a) Schematic view of laser system in the floor of ISAC-1 experimental hall. The
laser transported from downstairs is circularly polarized by inserting A/4 plate.
Helicity flip is achieved by inserting A/2 plate in the laser. (b) Time chart of
helicity flip and data taking in the case of 2Na beam. The periods for helicity flip
are 30 and 100 s for 2Na and 3°Na beams, respectively. (c) Linearly polarized
laser. (d) and (e) shows circularly polarized lasers of right-handed (o) and

left-handed (o), respectively.
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with g7, pun, and Bj being nuclear g-factor, nuclear magneton, and the magnetic field
strength produced by the electrons at the nucleus, respectively. B is electric quadrupole

hyperfine coupling constant expressed as

B = er(PjJ'(O)7 (4'3)

where @), and ;;(0) are electric quadrupole moment of nucleus and the electric field gradient
generated by the surrounding electrons at the position of nucleus. To deduce the energy
distance AW between hyperfine levels in the ground 2S;/; state of 2 3°Na, A and B values
were speculated as follows. The Bj value, which cannot be measured directly in general,
was speculated from Agg, /2 and gy deduced from uy of well established 22Na [HUB78] under
the assumption of same magnetic field of B in all Na isotopes. Then, the magnetic dipole
hyperfine coupling constant A of 22~3Na were obtained by using known spin and magnetic
moment yu; values. By using well established values of @ and ¢;;(0) for ??Na [KEI00],
the electric quadrupole hyperfine coupling constant B can be obtained. In the case of **Na,
although the @ and ¢;;(0) values have not been measured, the B value can be speculated
by assuming the same electric field gradient at nucleus position. Consequently, the distances
between the hyperfine levels of the 23, /2 ground states in 2Na, 2Na, and *Na were calculated
to be AFEsg1/0 = 972, 977, and 778 MHz, respectively [see Fig. 4.3(a), (b) and (c)].

In a weak magnetic field of By, additional splitting by Zeeman effect is caused as
AW = —jip - By. (4.4)

The magnetic moment [ip is expressed as

i = gF/v;iBF’ (4.5)
with
_ FF+)+JUJ+1)-I(I+1)
gr =gJ 2F(F+1) (4.6)
un F(F+ 1)+ I(I+1)—J(J+1)
sl 4.7
e 2F(F 1 1) ’ (47)

where gy, i, and iy arc clectron g-factor, Bohr magneton, and nuclear magneton, respec-
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tively. The electron g-factor g; is expressed by Lande’s equation, as

J(J+1)+L(L+1)— (S +1)

95 =9L 2T+ 1) (4.8)
+gSJ(J+ 1)+25’}(SJ:13)— L(L+1), (4.9)

where L is electron orbital angular momentum and S is electron spin. The electron g-factor
gr and gs are —1 and —2.0023193134, respectively.

The polarizations of 273Na, are achieved as follows. The exciting laser light is a o™
circularly polarized one and is split into three lines with equally spaced frequencies by electro
optic modulator (EOM) as shown in Fig. 4.3(d). The difference of frequency between 14 and
vo (and also vs and v3) corresponds to the energy splitting between the 2S5 (F = 1/2 for
BNa; F = 1 for ®Na; F = 3/2 for ®Na) and %S/, (F = 3/2 for 2Na; F = 2 for *Na;
F = 5/2 for 3Na) levels. To excite both of the hyperfine levels of ground state 25; /2, the
beams of the frequency v; and 1, are tuned, for example in the case of 2°Na, to the 29, /2
(F =2)-2Pyj; (F = 2) [the red line in Fig. 4.3(b)] and the 2513 (F = 1)-2Pyj; (F = 2) (the
blue line) transitions, respectively. When the *Na atom in the 2515 (|F,mp) = |2, —2))
state absorbs the light (red line), it is excited to the 2Py/5 (|F,mpg) = |2, —1)) state, which
then decays to the 2P, state either of |F,mp) = |2,-2), |2,—-1), |2,0), |1,—1), and [1,0)
(gray dotted line) according to the selection rule AF = 0,+1 and Amr = 0,£1. Since
the absorption always imparts Ampz = +1 to the 2Na atom, all the 25; s2 atoms will be
moved to the |F,mp) = |2,2) state. On the contrary, when the exciting laser is ¢~ circularly
polarized, the absorption of the ¢~ light always imparts Amp = —1 to the ?Na atom to
move all the 251/, (|F,mp) = |2,—2)) state. Thus, the spin orientation is rotated by 180
degrees by flipping the laser helicity. This is made by inserting A/2 plate in the laser system
as shown in Fig. 4.4(a). The polarization direction of Na beam is converted at the same
interval of time for every Na beam, as shown in Fig. 4.4(b). Consequently, the polarized
atoms of Na isotopes are produced, and nuclear polarization for Na isotopes is achieved.

The laser wave numbers were set to be fixed values of 16930.37, 16930.84, and 16932.45

for the 2Na, Na, and °Na beams, respectively, which correspond to the D; line energies.

4.2.3 Production of circularly polarized laser

The circularly polarized laser for the optical pumping was produced as follows. The
COHERENT ring dye laser was split to three frequencies by EOM [see Fig. 4.3(d)] and
linearly polarized as shown in Fig. 4.4(c). The right-handed o™ laser was produced by phase
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shift of 90 degree [Fig. 4.4(c) to (d)] with a A/4 (quarterwave) plate. Using additional A/2
(halfwave) plate, left-handed o~ laser was produced by phase shift of 180 degree from o%
laser (Fig. 4.4(d) to (e)).

4.3 Beam stopper and surrounding devices

Figure 4.5 and 4.6 show the experimental setups and surrounding devices around Pt
stopper in the experiment performed in 2007 and 2010, respectively. The brief overview of
the setup is outlined as follows. A Pt foil was placed at OSAKA beam line for stopping Na
beam transported from polarizer. The foil is sustained by supporting instrument attached
to the flange upstream. The foil is surrounded by FPR (fiber-reinforced plastic) vacuum
chamber. A permanent magnet is placed around the stopper to apply magnetic field along
the polarization direction to prevent the relaxation of Na polarization. The SmCo and
Nd magnets were used for the experiments of 2007 and 2010, respectively. Germanium (Ge)
detectors and plastic scintillators are placed around the stopper to detect the 8 and S-delayed
~ rays emitted from 8 decay of neutron-rich Na isotopes in Pt stopper. These detectors are

sustained by detector frame. Fach devices are explained in detail in the following subsections.

4.3.1 FRP vacuum chamber and beam current monitor

A FRP (fiber-reinforced plastic) vacuum chamber in the shape of cylindrical cap was
connected to the end of the OSAKA beam line. Figure 4.7(a) and (b) show the design and
picture of the FRP chamber. The wall thickness of the chamber is 2 mm at the left side,
and 1 mm at the right side (around Pt stopper) in Fig. 4.7(a). The 1 mm thickness was
designed to minimize the attenuations and scatterings of the radiations and to withstand
the atmospheric pressure.

Figure 4.7(c) shows the schematic illustration of beam current monitors around stopper
position. The detailed parts and attachment of the beam current monitors are shown in
Fig. 4.7(d) and (e), respectively. The beam is tuned to minimize the current at Cu baffle

and maximize the current at Faraday cup.

4.3.2 Pt stopper

In the present experiment, one of the most important requirement for the stopper is
preserving the nuclear polarization of Na inside the material for a period enough longer
than the life times of 2Na (7 = 30.5 ms), Na (7 = 44.9 ms), and 3Na (7 = 48.4 ms).
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Figure 4.5: (a) Detector setups for the experiment of 2007. (b)(c)(d) The arrangement of
the experimental devices around Pt stopper for the experiment of 2007 (not to
scale).
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Figure 4.5: Continued.
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Figure 4.6: (a) Detector setups for the experiment of 2010. (b)(c)(d) The arrangement of
the experimental devices around Pt stopper for the experiment of 2010 (not to
scale).
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Figure 4.7: (a) Design of FRP (fiber-reinforced plastic) chamber used in the experiment
of 2007 and 2010. The thickness of 1 mm at downstream side is thicker than
upstream side (2 mm) to reduce energy loss of § ray. (b) Picture of FRP cham-
ber. (c¢) Positions of beam current monitors (not to scale). (d)(e) Attachment
of devices for beam current monitor to the beam line (not to scale). All the
dimensions are given in mm.
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Table 4.1: Estimation of the spin relaxation time 77 of Na nuclei in Pt at room temperature
(T = 300 K) by using Korringa’s relation. The experimental values were obtained
at the condition of room temperature and a magnetic field of B = 5.25 kGauss.

Nucleus  Relaxation time T} [s]  Half-life T} /5[ms]

20Na 22.0(19)® 4479
2"Na 0.3, 0.78(8)? 301

28Na 0.1 30.5
29Na 0.3 449
30Na 0.6 48.4
31Na 0.3 17.0
32Nga - 13.2

2Ref. [MINO4]

Pt foil meets this requirement, since the spin relaxation time (73) of Na isotopes at room
temperature in Pt metal has been estimated to be long enough than these half-lives [MINOQ5].
The spin relaxation times at room temperature T = 300 K were estimated to be T3 = 0.1, 0.3,
and 0.6 s for 2Na, Na, and *Na, respectively, by using Korringa’s relation [T1 x T oc (1/7)?,
v = u/1h|, as listed in Table 4.1. Furthermore, Pt is non-magnetic material and the lattice is
face-centered structure which guarantees the absence of electric field gradient at the normal
sites of the atoms.

A Pt foil of 10 pm in thickness and 24 mm X 24 mm in area was placed to stop the
spin-polarized Na beams. The foil was placed 45 degree to the beam axis to reduce energy
loss of 5 ray in the foil emitted to the detectors for the measurement of S-ray asymmetry [see
the cross section of z-y plane in Fig. 4.5(b) or 4.6(b)]. To satisfy this requirement, a holder
for Pt stopper was made as shown in Fig. 4.8. Cupper plates to monitor beam current and
a standard y-ray source can also be attached at the stopper position as shown in Fig. 4.8(c)
and (d).

The foil was annealed, in advance, for the purpose of removing the local stress in the foil
and avoiding relaxation of Na polarization inside the foil caused by inhomogeneous magnetic
field as derived from distortion or lack of lattice. The annealing procedure of Pt foil is
outlined as follows. The foil was placed in vacuum at the center of an electric furnace and
first pre-heated to 1400 °C for 2 hours. Then the temperature was lowered gradually to
1200 °C in 2 hours, kept constant for 7 hours, lowered gradually to 800 °C in 2 hours, again

kept constant in 10 hours, and finally lowered to room temperature in 2 hours.
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Foil holder

Support bar
(tube shape)

Pt foil

Figure 4.8: (a) Design of Pt stopper and stopper holder. Tube shape is used for he support
bar to put conducting wire in. (b) Picture of Pt stopper. The charge of Na ions
are carried and earthed through the conducting wire. (c¢) Picture of the beam
current monitor attached to the stopper support. (d) Picture of standard source
attached to the foil holder of stopper support.
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4.3.3 Permanent magnet

In order to avoid the relaxation of Na spin polarization inside Pt foil, magnetic field along
the Na polarization direction was applied by using permanent magnet. Figure 4.9(a) and
4.10(a) show the designs of SmCo and Nd permanent magnets used for the experiments of
2007 and 2010, respectively. To prevent the scattering of £ rays to two detectors for S-decay
asymmetry measurement, the shape of these magnets were designed with large holes of an
opening angle of 90 degree along z-axis. To enforce the magnetic field at stopper position
along z-axis, return yoke of stainless steel was attached to each magnet. The shape of magnet
and return yoke was designed to minimize the distances between Pt stopper and radiation
detectors. The hole of ¢50 was created in the return yoke to pierce FRP chamber and set to
the stopper position. To fulfill all the requirements, the shape of return yoke was simulated
by using the code TOSCA in OPERA3D [TOS11]. The magnetic field along z-axis by the
simulation and the actual SmCo magnet as a function of distance from (z,y) = (0,0) are
shown in Fig. 4.11(a) and (b), respectively. Magnetic field of about 820 Gauss at stopper
position was achieved in both cases. Fig. 4.11(c) shows the magnetic field along z-axis of Nd
magnet as a function of distance from (z,y) = (0,0). About 6.5 times larger magnetic field
at stopper position along z-axis (5300 Gauss) compared with SmCo was attained. The effect
of this increased magnetic field will be discussed in Chapter 4. As shown in Fig. 4.9(c) and
4.9(c), these magnet can be installed to the Pt stopper position coupled with the detector
setups by sliding on the rail of detector stage [see also Fig.4.5(a) or 4.6(a)].

4.3.4 Compton cross talk shield

Since v rays are measured by nine Ge detectors placed in very close to Pt stopper,
coincidence event derived from one -y ray are detected with high probability. This is Compton
cross talk event; a -y ray is Compton-scattered in one Ge detector and all the residual energy
of the v ray is absorbed in another Ge detector. Therefore, the fake energy peak appears
in the analysis of y-v coincidence. In the experiment of 2Mg and 2°Mg carried out in 2007,
many cross talk peaks are observed in -y coincident analysis (see Sec. 7.1). In order to
reduce the probability of Compton cross talk event, two lead shields were placed between
adjacent Ge detectors in slot 1 to 7 as shown in Fig. 4.12 for the experiment of 3*Mg in 2010.

As a result, Compton cross talk events were remarkably reduced.
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Figure 4.9: (a) Design of the permanent magnet of SmCo enforced by return yoke. The
hole in the yoke is for the installment of FRP chamber into the magnet. All the
dimensions are given in mm. (b) Picture of the SmCo magnet and return yoke.
(¢) Picture of the magnet installed to the detector setup. The detector setups
with magnet is installed to the Pt stopper position by moving the upper frame
of detector on a rail (see Fig.4.5 or 4.6).
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Figure 4.10: (a) Design of the permanent magnet of Nd enforced by return yoke. All the
dimensions are given in mm. (b) Picture of the Nd magnet and return yoke.
(¢) Picture of the magnet set in the Pt stopper position (all the detectors are
not attached).
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Figure 4.11: (a) Simulation of magnetic field distribution of SmCo permanent magnet en-
forced by return yoke along z-axis as a function of distance from the beam
axis (z-axis). The calculation was carried out by using TOSCA in OPERA-
3D [TOS11]. (b) Magnetic field distribution of actual SmCo permanent magnet
enforced by return yoke along z-axis as a function of distance from the beam axis
(z-axis).. (¢) Magnetic field distribution of Nd permanent magnet enforced by
return yoke along z-axis as a function of distance from the beam axis (z-axis).
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Figure 4.12: (a) Layout drawing of the Pb Compton cross talk shield used for experiment in
2010. Two lead shields are placed between each adjacent Ge detectors for slot
1 to 7. (b) Design of the Pb shield. The shape of the shield was designed to fit
to the curved surface of Al cap of Ge detector. (c¢) Picture of Pb shields and

detectors.



4.4 Detector setups

For the measurement of 8 rays and S-delayed 7 rays associated with the 8 decay of 2Na,
29Na, and 3°Na, nine telescopes which consists of germanium (Ge) detector and a thin plastic
scintillator (1.5 mm thickness) were used. Fig. 4.13(a) shows the schematic view of detector
telescopes. The detector frame was designed and built to put these nine detector telescopes
(see Fig. 4.5 and 4.6). Nine slots were allocated for each telescope; Two telescopes for the
measurement of B-ray asymmetry are placed in slot R and L, and other seven Ge detectors

are placed perpendicular to the polarization axis at every 45° as shown in Fig 4.13.

4.4.1 Germanium (Ge) detectors and plastic scintillators

In the experiment of 2007 (2010), nine Ge detectors and eighteen (eleven) plastic scin-
tillators were used to measure 8 and ~ rays. To distinguish £ and + rays, a pair of plastic
scintillators was placed in front of each Ge detector as shown in Fig. 4.13(b) and 4.15(a).
In the experiment of 2010, one plastic scintillator was placed in front of each Ge detector
for the slot of 1 to 7, for the purpose of increasing efficiency of Ge detectors. Specifications
of the detectors for the experiment of 2007 and 2010 are listed in Table 4.2 and Table 4.3,
respectively.

Figure 4.14 shows the figure of plastic scintillator. The probability of excitation of scin-
tillator crystal by <y ray is almost negligible because the thicknesses of all the scintillator
crystals are thin (1.5 or 2 mm). The shape of the light guide is designed not to decrease
the efficiency of guiding light from crystal to PMT. All the PMT tubes are covered with
cylindrical magnetic shield of steel. The plastic scintillators and PMTs were attached to Al
case of Ge detectors by using Acryl support as shown in Fig. 4.15(b).
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Figure 4.13: (a) Schematic view of detector setups. (b) Schematic figure of telescope consists
of Ge detector and two plastic scintillators for measurement of 4 and ~ rays.
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Table 4.2: Specification of Ge detectors for the experiment in 2007. Two kind of gains were applied for 2-split signals for slot

5, R, and L.
Slot 1 2 3 4 5 6 7 R L
Type planner co-axial co-axial co-axial co-axial co-axial co-axial co-axial co-axial
Manufacturer ORTEC EURYSIS EURYSIS ORTEC EURYSIS EURYSIS ORTEC EURYSIS EURYSIS
Operation high voltage (V) -1700 —4500 —4000 +3000 —5000 —4500 —2300 —5000 —4000
Relative efficiency (%) 10 50 60 40 60 45 30 60 60

Pair scintillator size 970 & ¢70 @70 & ¢70 ¢70 & ¢70 ¢83 & 83  $70 & ¢70 P70 & ¢85 70 & ¢70 P45 & ¢90  $45 & ¢80

Table 4.3: Specification of Ge detectors for the experiment in 2010. Two kind of gains were applied for 2-split signals for slot

R and L.
Slot 1 2 3 4 5 6 7 R L
Name CINDY GUOCTY GFIC37 KEK GFIC38 GFIC39  ALICE H50% H45%
Type co-axial  co-axial co-axial  co-axial  co-axial co-axial  co-axial co-axial co-axial
Manufacturer ORTEC EURYSIS EURYSIS ORTEC EURYSIS EURYSIS ORTEC EURYSIS EURYSIS
Operation high voltage (V)  —2300 —3500 —4000 —5000 —4000 —4000 —3000 —4500 —5000
Relative cfficiency (%) 30 70 70 44 70 70 30 50 45

Pair scintillator size $70 $70 #70 $70 $70 ¢85 P70 P42 & ¢50 42 & 50




4.5 Data acquisition

For measuring 8 rays and S-delayed - rays, pulse height data from Ge detectors and
timing data from all the detectors were collected for the experiments of 2007 and 2010. In
the experiment of 2007, charge amount data from the plastic scintillators were also collected.
For acquiring each of the singles and coincidence events detected, a cluster of the data from
all the detectors and relevant devices are formed and transferred to a computer. A CAMAC

system was used for processing the detector signals.

4.5.1 MIDAS and electronic circuit

As a software interface to process the event-based data acquisition, MIDAS [TRI11]
was used for the experiment of 2007. The conceptual diagram of the system is shown in
Fig. 4.16. The analog signals from all the Ge detectors and plastic scintillators were fed to
the individual analog-to-digital converters (ADC) and charge ADC (QDC), respectively, and
all the fast-timing signals to the STOP inputs of the individual time-to-digital converters
(TDC). The signal from S-singles of slot R and L, reduced ~y-singles, y-v signal, and S-v
signal generate a PRIMARY TRIGGER which initiates all the ADC’s, QDC’s, TDC’s and
coincidence registers into operation. In the case of 2°Na experiment, latter two signals were
not used for a PRIMARY TRIGGER. The signals for the helicity flip were sent to EPICS
[ARGO7] which control the laser system every 5 min (30 s) for 2Na (*Na). The detailed
circuit diagram to obtain the signals from all the detectors are shown in Fig. 4.17(a). The
condition of every coincidence signal in Fig. 4.17(a) is shown in Fig. 4.17(b) to (f). The
START signal for TDC is generated by every signal for the PRIMARY TRIGGER. The
gains of shaping amplifiers for all the Ge detectors were set to the maximum ADC range
of 6 MeV. For the Ge detectors of slot R and L, energy signals were split for measuring
energy data up to 14 MeV in order to measure the S rays with the end point energy of
14.029(13) MeV (*®Na) [AUDO03] and 13.284(19) MeV (**Na) [AUDO03]. The Ge detector
signal of slot 6 was also split for measuring low energy signal by setting high gain which
correspond to the ADC range of 3 MeV. The corresponding maximum ADC range and
energy resolutions of all the signals from Ge detectors are listed in Table. 4.4.

In the case of ®Na, every S signal was created from coincidence of “coincidence of a
pair plastic scintillators of the same telescope” and “Ge detector signal with threshold level
E > 1.5 MeV”. The 8 ray from 2Mg and 28Al were eliminated by selecting high energy
signals corresponding to E > 4 MeV because the Qg = 14.03 McV of ®Na is high enough
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Figure 4.14: Plastic scintillators used in the experiment of 2007 [(a)—(f)] and 2010[(d)—(h)].
Material of plastic scintillator is BC408. All the numbers are the dimensions in
mm (not to scale).
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Figure 4.15: (a) Schematic view of a pair plastic scintillators and Ge detector in the same

telescope. All the PMT tube is covered with cylindrical magnetic shield. (b)
Picture of the telescope for slot R in the experiment of 2010. The plastic
scintillator and PMT are attached to the Al cap of Ge detector by using Acryl

support.
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Table 4.4: Specification of the signals from Ge detectors for the experiment of 2007.
Signal ADC range [MeV]| Original signal Energy resolution @1408 keV

1 3 1 2.0
2 6 2 2.8
3 6 3 3.1
4 6 4 2.4
5 6 6 3.5
6 6 5 3.0
6 high 3 5 4.1
7 6 7 2.6
R low 14 R 3.7
R 6 R 3.9
L low 14 L 4.9
L 6 L 2.9

to distinguish from the beta ray of those progeny nuclei. The threshold level of the discrim-
inator was set to the level corresponding to 1.5 MeV to consider the energy loss of 8 ray in
the materials between Pt stopper and Ge crystals. To avoid too much dead time of data
acquisition by too frequent event rate, the rates of the y-singles events were reduced by the
factor of 1/3.

In the case of ?Na, every f3 signal was created from coincidence of a pair plastic scintil-
lators of the same telescope. The 8 ray from the contaminant of 2Al were measured in this
case because the beam rate was not too high. The PRIMARY TRIGGER was generated by
~-singles, and SB-singles of slot R and L.

Figure. 4.18 shows the data cluster obtained by using MIDAS system. The data is
composed of file header, and following four kinds of event data; normal, scaler, epics, and

final event. Each event is identified by event ID.

4.5.2 NBBQ and electronic circuit

For the experiment in 2010, data acquisition system using NBBQ interface was applied
to process the event-based data. The conceptual diagram of data acquisition using NBBQ
system is shown in Fig. 4.19. The analog signals from all the Ge detectors were fed to the
individual analog-to-digital converters (ADC) and all the fast-timing signals to the STOP
inputs of the individual time-to-digital converters (TDC).

The signal from S-singles of slot R and L, ORed signals from Ge detectors generate a
PRIMARY TRIGGER which initiates all the ADC’s, TDC’s and coincidence registers. The
signals from output register were generated every 100 s for the helicity flip by changing

laser condition. The detailed circuit diagram to obtain the signals from all the detectors are
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Figure 4.16: Conceptual diagram of data acquisition system using MIDAS.

shown in Fig. 4.20(a). The condition of every coincidence signal in Fig. 4.20(a) is shown in
Fig. 4.20(b) and (c). The data structure of the system using NBBQ is shown in Fig. 4.21.
The data is composed of the blocks of header, event, and ender, which are identified by first
4 word of 0001, 0000, and ffff, respectively.

4.6 Experimental Procedure

4.6.1 Beam tuning of *Na

The electric quadrupole strengths and deflector voltages of Na beam line were determined
by using a stable 2>Na beam (unpolarized). The beam currents were measured on the
collimator placed at the position of FRP chamber’s flange and the Faraday cup placed
at the Pt stopper position. The schematic illustration of beam monitor system is shown
in Fig. 4.7(c). The ?*Na beam was optimized so that the current at the collimator was
minimized (2x 107 A), and that at Faraday cut was maximized (6.5x 10719 A). The Faraday
cut was replaced with the Pt stopper position. The ?®Na beam was optimized by setting

both of the asymmetries of the f-ray counts (Ny/Np, Ni/Ng) to be 1.
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Figure 4.17: (a) Circuit diagram for the experiment of 2007. The condition of two signals in
each coincidence module is listed in (b) to (f).
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Figure 4.18:
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Table 4.5: Specification of the signals from Ge detectors for the experiment of 2010.

Signal ADC range [MeV] Original signal Energy resolution @1332 keV
1 6 1 2.7
2 6 2 5.2
3 6 3 3.1
4 6 4 2.3
5 6 5 34
6 6 6 2.6
T 6 7 2.5
R low 16 R s
R 6 R 2.7
L low 16 L 5.1
L 6 L 3l
CAMAC

B rays & B-delayed y rays ; . ADC gate,

from unstable nuclei -singles (R,L) Primary Trigger TDC start.

L » ]

7\‘ ﬁ Ge or Coin. Reg. gate,
; CC/NET trigger
Ge detector,  signal| Electric
- A Circuit Data St
Plastic Scintillator Qy  Gedetector e Sieage [ ADC (AD413A) |
Plastic Scintillator o TEELTG)

EPICS

Coin. Reg. (8415) |

Scaler (C-TS112)

laser system control
for helicity flip

(100MHz)

ethernet

ethernet

Output Reg.

Crate Controller
"l (CC/NET)

Figure 4.19: Conceptual diagram of data acquisition system using NBBQ.
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Figure 4.20: (a) Circuit diagram for the experiment of 2010. The condition of two signals in
each coincidence module is listed in (b) and (c).



Header Block 16 byte
Event Block 16 byte
Event Block 16 byte
Event Block 16 byte
EnderBlock 16 byte

Event Block

Word

0-3 : 0000 - Flag of Data

4  :Event size (Words - Include this)
: FID = 1 -> Constant

: Event ID

: Segment ID
: Data

\D 00 ~1 O\ Lh

Figure 4.21: Structure of data obtained by the data acquisition system using NBBQ.

: Segment size (Words - Include this)

Header Block

Word
0  :0001 - Flag of Header
19 :0000

10-13 : Run Number (ASCII 8Char.) "RUN-1066"

14 :Space*2 (ASCII 2Char)" "

15-23 : Start Time (ASCII 18Char.) "START => 12:58:56 "
24-32 : Stop Time (ASCII 18Char.) " STOP => 13:53:36 "
33  :Space*2 (ASCI 2Char)" "

34-42 : Print Time (ASCII 18Char.) "Print > 13:57:07 "
43-47 : Print Date (ASCII 10Char.) " 22-SEP-98"

48-49 : 0000

50-89 : Header (ASCII 80char.)

90-129 : Space  (ASCII 80Char.)

130- : 0000

EnderBlock

Word
0 : ffif - Flag of Ender
1-9 :0000

10-13 : Run Number (ASCII 10Char.) "RUN-1066"

14 . Space * 2 (ASCII 2Char.)" "

15-23 : Start Time (ASCII 18Char.) "START => 12:58:56 "
24-32 : Stop Time (ASCII 18Char.) " STOP => 13:53:36 "
33  :Space*2 (ASCH 2Char)" "

34-42 : Print Time (ASCII 18Char.) "Print -> 13:57.07 "
43-47 : Print Date (ASCII 10Char.) " 22-SEP-98"

48-49 : 0000

50-89 : Header (ASCII 80char.)

90-129 : Ender  (ASCII 80Char.)

130- : 0000

data of fixed length was defined.
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Subsequently, the polarization of 2Na was carried out as follows. The dye laser was
tuned to a wave number of 16930.37 cm™! and split into three as shown in Fig. 4.3. To
correctly realize a resonance condition, the beam energy of 2Na was tuned by changing the
deceleration voltage of the Na cell to change the Doppler correction. Figure 4.22(a), (b),
and (c) show the asymmetries of the S-ray counts from 2Na, 2*Na, and *Na, respectively,
in the left and right telescopes as a function of bias voltage. Since the laser frequencies of
v1, Ve, and vz was generated by EOM (see Fig. 4.3), four possible resonances can be seen.
The biggest resonance with D; energy distance was achieved by vy + v, laser at the voltage
of 109 V shown in Fig. 4.22(a). Therefore, the Na cell voltage of 109 V was settled for
the polarization of 2Na. The average polarization of 2Na over the whole experiment was
measured to be 28.3(5)%, as will be described in the following section.

The total events of 3.0x107 were accumulated in 42.8 h with the average 2*Na beam

intensity of ~450 pps.

4.6.2 Beam tuning of *Na

The experiment using 2?Na beam was performed shortly after the 22Na experiment. To
avoid the contaminant from the + rays associated with the S decay of Mg with relatively
long half-life (20.915 h), Pt stopper was exchanged. By the same process as 2Na, the polar-
ized *Na beam was optimized. The beam was optimized by setting the S-ray asymmetry
of up-down, and left-right (Ny;/Np, Ni/Ng) to be 1. Then the polarization of 2Na was
carried out by the optical pumping method. The wave number of the dye laser was set to
be 16934.8408 cm~! with EOM splitting by 977 MHz (see Fig. 4.3). The resonance voltage
of 114 V in the Na cell was obtained by searching the resonance point to measure the 3-ray
counts asymmetry of left and right telescopes as shown in Fig. 4.22(b).

The total events of 1.7x107 were accumulated in 56 h with the average 2®Na beam

intensity of ~82 pps.

4.6.3 Beam tuning of 3*Na

The 3°Na beam was tuned as follows. The 2"Al beam with kinetic energy of 28 keV
was optimized to minimize and maximize the current at the collimator and Faraday cut,
respectively. The electric quadrupole strengths and deflector voltages of Na beam line were
determined by using a stable 22Na beam (unpolarized). Then, the Faraday cut was replaced
with the Pt stopper position. The 3°Na beam was optimized by setting both of the asymme-
tries of the B-ray counts (Nyy/Np, Ni/Ng) to be 1. Subsequently, the polarization of 3*Na
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was carried out by the optical pumping method. The dye laser was tuned to a wave number
of 16932.45 cm™! and split into three as shown in Fig. 4.3. By changing the deceleration
voltage of the Na cell to change the Doppler correction, the resonance point voltage of 322 V
was obtained for maximum polarization of 3Na. The average polarization of **Na over the
whole experiment was measured to be 32(3)%, as will be described in the following section.

The total events of 7.1x108 were accumulated in 142 h with the average 3°Na beam

intensity of ~14 pps.

4.6.4 Contaminant in Na beams

The 28A1 and 2°Al contaminants are observed as mixtures in the 2Na and ?*Na beams,
respectively, as shown in Fig. 4.23(a) and (b). The average intensities of 2Al and ?°Al
contaminants at the stopper position were ~70 and ~32 pps, respectively. By using the Qg

values of 28Na [14.029(13) MeV [AUDO3]] and 28Mg [1.8318(20) MeV [AUDO03]], the mass

difference between 28Na and 28Al is estimated to be

Qusne — Quongg 14020 +1.832 1

— ~ 4.1
A x My 28 x 935 1650’ (4.10)

where My represent the mass of nucleon. The mass difference of 2*Na and 2°Al is also
estimated to be ~1/1300 by using the Qs values of ®Na [13.284(19) MeV] and *Mg
[7.596(14) MeV [AUDO3]]. Since the mass resolution of ISAC mass separator is AM/M ~
1/10000, it is understood that it is difficult to separate 2®Na (?*Na) from 26Al (Al) when
these nuclei have momentum broadening.

On the contrary, the 3°Al contaminant was not observed in **Na beam experiment in
spite of the similar extent of mass difference between 3°Na and 3CAl (~1/1160) compared to
the cases of 2Na and ?°Na beams. This result might be due to finer tuning was obtained in
the case of 3°Na beam.

In the case of analysis in S-ray energy spectrum as described in the following sec-
tions, the 8 rays emitted from the 8Al and 2°Al can be cut out by choosing high energy
B-rays estimated from the mass differences of Na [14.029(13) MeV [AUDO3]] and 2Al
[4.64224(14) MeV [AUD95]], and ?Na [13.284(19) MeV [AUDO3]] and Al [3.6797(12) MeV
[AUDO3]].
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Figure 4.23:
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Figure 4.23: Continued.
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CHAPTER V

Data Analysis

The event data of all the modules in CAMAC is collected as the data structure shown in
Fig. 4.18. The events of S rays, v rays, etc. were extracted by the condition of ADC, TDC,
etc., by using off-line sorting program. The processed data was constructed as a data array.
The data array was analyzed by using the analysis software of gf3 in RADWARE package
[RAD11].

5.1 Energy Calibration and Gain Shift Correction

All the energy signals in ADC were calibrated by using the data of y-ray peaks from *¢Co
(847 to 3253 keV), 89Co (1173 to 1332 keV), 241 Am (60 keV), and *?Eu (122 to 1408 keV)
sources. The source data was obtained before and after the experimental time of each Na
beams. The calibration parameters were obtained for cach of the ®Na, ?Na, and *Na
experiment. The v rays of 3272, 3451 and 3548 keV in *®Co were not used because of low

statistics. The channels of respective ADC was calibrated by using the linear expression of
E = a x channel + b. (5.1)

All the parameters were obtained by fitting the energy source data as a function of ADC
channel with least-square method. The fitting region was divided into low and high energy
region for all the ADC channels because the fitting results were better than one linear fitting.
The differences of calibrated and source energy for analyses of 2Mg, 2Mg, and 3Mg for all
the Ge detectors are shown in Fig. 5.1(a), (b), and (c), respectively. Since the efficiency of
planner type detector (slot 1) is low, only one set of parameters were used for energy region
of £ <1000 keV.

The gains of shaping amplifier fluctuate due to the aging deterioration of internal circuit
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Figure 5.1: Differences of source energies and calibrated results for the experiment of (a)
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of the module or temperature of the experimental hall, etc., during the expcrimental time.
Therefore, the calibration parameters of ADC channel was corrected by according v-ray peak
positions to the same for every block data (RUN) if gain shift was detected. Figure 5.2(a)
and (b) show the raw and gain-shift corrected y-ray energy spectra, respectively, around the
2560- and 2614-keV photo peaks detected by the Ge detector of slot 5 for first 20 RUNs
during the experiment of Mg. It is to be found that the obvious gain shift from RUN 1 to

2 are corrected.

5.2 Gamma-ray efficiencies of Ge detectors

The relative y-ray efficiencies of Ge detectors were deduced as follows. In the case of Ge
detectors used for the data analysis of the experiment of 2007, the efficiency was deduced
by using the v rays in %Co and '32Eu sources. Because of inaccurate source intensities, the
efficiencies deduced from %Co and ¥2Eu show big discrepancy. Therefore, we introduced
the factor to correct the source intensity of %Co. The factor was calculated to minimize the
gai-square value of fitting results.

Figure 5.3(a) shows the efficiency used in the analysis of 2Na beam data. One linear
fitting was applied for all the fitting, except that the 8th degree equation was used for the
low energy region (E < 300 keV) in (a) because of the better fitting result. The fitting

equation used for all the fittings is

N
E n
loge = > p, X log(325)" (5.2)

n=1

where N represents the number of degrees of fitting equation. In order to reduce the fluctua-
tion of parameters in the fitting procedure, energy E is divided by 1332 keV. The parameters
for all the fittings are shown in Fig. 5.3.

The y-ray efficiencies of Ge detectors used for the data analysis of the experiment of 2010
(3**Mg) shown in Fig. 5.3(b) was deduced by using the v rays of 244 and 444 keV in *°Al
and 2236 and 3598 keV in %9Si following the 3 decay of 3°Mg because the efficiency of each
Ge detector deduced from the standard sources of Co and '52Eu shows big discrepancy,
especially between the Ge R and Ge L. This may be because the position of 3°Na beam spot
was not in the center of Pt stopper. The intensities of these four v rays were referred from

[HINOS].
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Figure 5.3:

66



Table 5.1: Conditions of choosing 3 ray for the experiment of 2Na, ?Na, and **Na. TAC
gate represents choosing prompt region on time different spectrum of Ge detector
and scintillator in the same telescope (see Fig. 5.5).

Beam(slot) Ge E Ge T Scinti. aE Scinti. a T Scinti. b E  Scinti. b T TAC gate

®Na(@) O O O O O O O
®Na(a) O O O O O O -
"Na@®RL O O - O - O O
Na(l-7) O O - O - - O

5.3 Energy Spectra of g and v ray

Beta and v rays were extracted by the condition of ADC and TDC of Ge detector and
plastic scintillators as follows. Figure 5.4(a), (b), and (¢) show ADC spectra of slot 6 Ge
detector of energy-calibrated, B, and ~ rays, respectively, in the experiment of **Na. The
[ ray was sorted out by the coincidence data of Ge detector and plastic scintillators in the
same telescope. Table. 5.1 shows the conditions of 3 ray for the experiment of 2Na, **Na,
and *Na. To eliminate accidental event, only the prompt element of time different spectrum
of Ge detector and plastic scintillator in the same telescope was selected. Figure 5.5 shows
the time different spectrum of Ge detector and plastic scintillator of the slot R for 2Na
experiment. The background signals were eliminated by choosing the data in the range
between two blue lines.

The ~« ray was sorted out by choosing ADC and TDC of Ge detector in the anti-

coincidence with TDC of plastic scintillator in the same telescope.

5.4 Matrix data and -y coincidence analysis

To analyze -y coincidence event, two dimensional data array of 4096 x 4096 channel
was constructed. The ADC data of Ge detector was filled to the array when y-ray event of
more than 2 coincidence was detected. Figure 5.6(a) shows schematic figure of matrix data
array. When coincidence data of x ch and y ch was detected, the data of [x][y] is filled. The
matrix data can be analyzed by gf3, for example, when we gate on x channel, we can extract
y-projected spectrum of the matrix as shown in Fig. 5.6(b). Thus, the y-vy coincidence data
can be analyzed.

In actual data analysis of -y coincidence data, tha background components of Compton

scattering and chance coincidence must be subtracted from the «-ray gated spectrum. Fig-
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scope in the experiment of 2Na.
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Figure 5.7: Schematic illustration of background subtraction in -y analysis.
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ure 5.7 shows a schematic illustration of background subtraction in y-vy coincidence analysis.
The coincidence events by the background region (“2” and “3” in Fig. 5.7) are subtracted
from the coincidence events of the peak (“1” in Fig. 5.7) after normalizing by channel number.

Then, we obtain the coincidence energy spectrum gated purely on the y-ray.
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CHAPTER VI

Analysis of experimental data and results: *Mg

6.1 Levels observed for the first time in 3 decay of ¥Na

Figure 6.1 shows the projection spectrum of -y-y coincidence data. Peaks with aster-
isks, closed squares, triangles and circles denote the y-ray peaks of Mg, 28Al, 28Si and
background, respectively. By the 8-y and -7 coincidence relations, twenty-four peaks with
asterisks were found as the transitions in 2Mg. Their energies and intensities are listed in Ta-
ble 6.2. It is to be noted that seven -y rays (1373, 1991, 2008, 2192, 2291, 2907, and 4443 keV)
have been newly observed in the present work. Six v rays of 1152, 2548, 3405, 3694, 3995,
and 5193 keV, which were observed in the 2®Mg(t, p)2Mg reaction [FIS73; RAST74], were
also newly found as the transitions after the 8 decay of 28Na. The rest five v rays (1474,
2388, 3081, 3088, and 5269 keV) depopulating the levels at 1.474, 3.862, 4.555, 4.562, and
5.269 MeV were confirmed.

The cascade relations between these transitions were examined by the analysis of y-vy
coincidence with a time window of £400 ns, as shown in Table 6.1. The symbol O (x)
denotes that the y-ray peak was (not) observed in the gated spectrum. As will be discussed
in the following, a new dccay scheme of 2®Na has been established as shown in Fig. 6.2.

Asterisks in the figure indicate new findings.
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Table 6.1: Coincidence relations of v rays in 2Mg observed in the present work: Whether or not the v ray peak was observed
in the gated spectrum is displayed by a () or a X, respectively.
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6.2 Energy levels and v transitions observed for the first time in
the B decay of Na

The high efficiency of y-v coincidence measurements in the present work enabled us to
find three v rays from the known levels; the 4443-keV transition depopulating the 5.917-MeV
level and 1373- and 1991-keV v rays emitted from the 6.545-MeV level (see Table 6.2 and
Fig. 6.2). These levels have been found in the 2Mg(t, p)2Mg reaction experiment [HIN61],
but not observed in the S decay of 22Na. The present work established the first observation
of the # decays to these levels, as shown by the S-decay paths with asterisks in Fig. 6.2. Since
it was confirmed that there were no 7 rays populating these levels, the 8 decay intensities
to the respective levels were determined directly from the intensities of the newly found v
rays, as listed in Table 6.2 and Table 6.3.

Small peaks at 1152, 2548, 3694, and 5193 keV in Fig. 6.1 are found as the transitions
depopulating the known levels found in the 26Mg(t, p)2®Mg reaction [FIS73; RAS74]. These
levels have not been observed in the A decay of 2Na’. It was found that the 5.193-MeV
level (I = 1) is populated by the 2008-keV <y ray which depopulates a new level at 7.200
MeV (The new levels found in the present work will be discussed in Sec. 6.3). From the
v-ray intensity balance, the branching ratio of 8 decay to the 5.193-MeV level was estimated
to be negligibly small. This forbidden nature suggests negative parity of this level which
agrees with the first assignment of 1~ [MID64], whereas the later assignments removed the
parity assignment [GUI84; NND11]. The 1152- and 3694-keV < rays have their origins in
the 5.171 MeV level (I™ = 37). Also the 2548-keV ~ ray is assigned as the transition from
the 4.021-MeV level (41) to the first 2% level at 1.474 MeV. The resultant negligibly small
[B-decay branching ratios to these levels support the previous spin-parity assignments.

The known v rays of 3405 and 3995 keV, which depopulate the levels at 4.878 (I™ = 27)
and 5.468 (I = 2) MeV, respectively, were also observed in the present work. Although
these levels were reported in the 3 decay of 2Na [GUI84; DET79], the detail is not clear.
Accordingly, the B decays to these levels were not adopted in Ref. [NND11]. In the present
work, the 3 decays were established for the first time and the S-decay branching ratios were
determined to be 0.2(1) and <0.1% for the 4.878- and 5.468-MeV levels, respectively.

5The -decay branch to the 5.193-MeV level was reported in Ref. [GUI84], but not adopted in their decay
scheme of 2 Na.
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Figure 6.2: Revised decay scheme of ?®Na. The newly observed 7 rays, 3 transitions, and
energy levels, and newly assigned spins and parities in the present work are
indicated by asterisks in red color. The spins and parities which were reconfirmed
in the present work are indicated by daggers in blue color. The energy levels
and 7 rays which has been reported in the 2Mg(¢, p)?®Mg reaction experiments
[HIN61; FIS73; RAS74] and firstly observed in the 3 decay of ?®Na in the present
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75



30+ (a) 1474 keV 1
5 / .
2 20} ]
g
o i 3081 keV 1
Q 10t | _
OM“#h&“‘hﬁ&‘ﬁuﬂdulhmhh-LLluﬂnmﬂHﬂuhummuLhHJ.Uml;;uguu;um;duL44~_4~4
300 1600 2400 3200 4000
Energy [ keV |
12 (b) 2192 keV
é /
=
2 6
@)
0

"800 1600 2400 3200 4000 4800 5600

Energy [ keV ]

Figure 6.3: Gamma-ray energy spectrum gated on the ~ rays of (a) 2907 keV and (b)

5269 keV.
A o &
RO
qué\ Q\e,'\o ’
"N ") new
l 7.461(1) MeV
5.269 MeV
L J 4.555 MeV
&
& A ©
BN N Y
1.474 MeV
281V1£;

Figure 6.4: Partial level scheme of 2Mg. New energy level at 7.461(1) MeV was proposed
by the cascade lines of 1474-3081-2192 keV and 5269-2907 keV.
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6.3 New levels at 7.200 and 7.461 MeV

In the present work, four more y-ray peaks were newly found at 2008, 2192, 2291, and
2907 keV. Their origins could not be assigned to the known levels in 2Mg. From the
~v-ray coincidence relations, two levels with small logft values were newly established in
the excitation-energy region between the reported highest 6.759-MeV level [HIN61] and the
neutron-threshold energy (around 8.5 MeV): the higher one at 7.461 MeV [logft = 4.6(1)]
and lower one at 7.200 MeV [5.2(1)] (see Fig. 6.2). The new level assignment will be discussed
below.

Fig. 6.3(a) and (b) show the -y-ray energy spectra gated on the 2907 and 5269 keV,
respectively. The newly observed 2907-keV v ray was coincident with the 1474- and 3081-
keV v rays. Similarly the new 2192-keV v ray was found in coincidence with the 5269-keV ~
ray. The sum energies of these cascade v rays, 1473.5(1) + 2906.9(6) + 3081.3(3) = 7461.7(7)
and 2191.7(3) + 5269.1(5) = 7460.8(6) keV were consistent with each other. Therefore, the
energy of the new level was determined to be 7.4611(4) MeV.

The 2291-keV + ray was newly found in the projection spectrum of v~y coincidence data
in Fig. 6.1. Figure 6.5(a)—(c) show the y-ray energy spectra gated on the 1152-keV (5.171
— 4.021 MeV), 3694-keV (5.171 — 1.474 MeV), and 2548-keV (4.021 — 1.474 MeV) 7 rays,
respectively. The 1373-keV « transition (6.545 — 5.171 MeV) can be confirmed in all the
energy spectra, whereas the 2291-keV v ray was not confirmed in the y-ray energy spectrum
gated on the 1152-keV v ray [Fig.6.5(a)]. In the y-ray energy spectrum gated on the 2291-
keV « ray as shown in Fig. 6.5(d), the 3694 keV (5.171 — 1.474 MeV) v transition can only
be observed. Although the coincidence relation of the 2291-keV + ray was confirmed to be
incomplete, we propose the placement of this v transition indicated by the dashed line in
Fig. 6.2, because the energy difference between the levels, 2289(1) keV [= 7461(1) —5172(1)],
is consistent with this y-ray energy 2290.9(6) keV within 20 accuracy.

Another newly found 2008-keV v ray was coincident only with the 5193-keV v ray
(5.193 MeV — g.s.). This observation required another new level and the excitation en-
ergy was reasonably determined to be 7.2003(6) MeV [= 5.1926(5) + 2.0077(4)].

All the y-ray energy spectra gated on the 7 rays in 2Mg except for the ones gated on the
1152-, 2291-, 2548-, 2907-, 3694-, and 5269-keV ~ rays which are represented in this chapter
(Fig. 6.3 and 6.5) are shown in Fig. A.1 to A.12 in Appendix A.
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of initial and final levels, respectively.
ZNa 8 decay.

Table 6.2: Gamma transitions in 2Mg observed in present work. E; and E are the energies
The intensities are shown in percent of

E, [keV]® E. — E; I, %) E, [keV] L, [%]°
1151.6(11)  5.913 — 4.021 <0.1 1151.5(8) -
1373.4(2) 6.545 — 5.913  <0.1 - -
1473.5(1) 1.474 — gs. 37(5)d 1473.4(7) 37(5)
1990.7(5) 6.545 — 4.555  0.2(1) - —
2007.7(4) 7.000 — 5.193  0.5(1) - -
2191.7(3) 7.461 = 5.269  0.8(1) - -
2290.9(6) 7.461 — 5.171 <0.1 - -
2388.4(1) 3.862 — 1.474  22(3) 2389.1(8) 18.7(25)
2547.8(7) 4.021 > 1.474 <01 2546.6(9) —
2906.9(6) 7.461 — 4.555  0.6(1) - -
3081.3(3) 4555 — 1.474  2.7(4) 3083.4(8) 1.3(3)
3088.3(3) 4562 — 1.474  4.0(6) 3087.4(7) 2.6(5)
3404.9(13)  4.878 — 1.474  0.2(1) 3404.9(11) -
3694.2(13)  5.171 — 1.474  0.3(1) 3698.1(8) -
3994.9(15)  5.468 —1.474  <0.1 3995.3(11) -
4443.0(11) 5917 —> 1474  0.3(1) - -
5192.6(5) 5.193 — g.s. 0.4(1) 5190(3) -
5269.1(5) 5.267 — g.s. 2.3(4) 5271.7(8) 0.50(15)

2Present work.

PTaken from Ref. [RAST74].
°Taken from Ref. [END90].
dTaken from Ref. [NND11].
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Table 6.3: The Mg levels observed in the 8 decay of 2®Na. Asterisks indicate that the
B-decay branching ratios (Iz) to these levels were less than the sensitivity of the
present measurement.

E, [MeV] I [%]? I [%)° log ft* log ftP
o5, 60(7) 63(6) 46(1)  4.57(5)
1.4735(1) 7.3(60) 14(6) 52(2)  4.99(19)
3.8619(1) 22(3) 19(3) 4.4(1) 4.42(8)
4.0213(7) * - * -
4.5548(3) 1.9(4) 1.3(3) 5.3(2)  5.43(11)
4.5618(3) 4.0(6) 2.6(5) 5.0(1) 5.13(9)
4.878(1) 0.2(1) - 6.2(2) -
5.1713(7) * - * -
5.1926(5) * - * -
5.2691(5) 1.5(4) 0.50(15)  5.2(1)  5.68(14)
5.468(1) <01 — >6.3 -
5.917(1) 0.3(1) . 5.7(1) -
6.5452(5) 0.2(1) - 5.8(2) -
7.2003(6) 0.5(1) - 5.2(1) -
7.4611(4) 1.4(2) - 4.6(1) -

aPresent work.
PTaken from Ref. [END90]
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6.4 Gamma-ray intensities and f-decay branching ratios

The absolute intensities would have been deduced by normalizing the intensity of 1342-
keV +y transition in the granddaughter nucleus 2Al, if the 2Na beam intensity had been
stable enough during a time span of the order of 2Mg half-life (20.9 hours). In the present
work, the intensities were estimated by normalizing the 2Mg 1474-keV y-ray intensity to
the previously reported value of 37(5)% [NND11].

The 7-ray intensities were evaluated based on the counts in the Ge detector (Right)
placed along the polarization direction, assuming isotropic y-ray emission. However, possible
residual polarization in the 2Mg levels may cause anisotropic y-ray emission [MOR76]. From
the observed 90°/0° anisotropy for the most polarization-affected 2t — 0% transition of
the 1474-keV +~ ray, it was found that the isotropic assumption underestimates the y-ray
intensities by 7%. The effect in other transitions should be less than this amount. The

intensities listed in Table 6.2 do not include this ambiguity.

6.5 Polarization of 2¥Na

To deduce the B-decay asymmetry parameter A for each 3 transition from Eq. (3.8),
the polarization P has to be known. The polarization P can be evaluated by using the 3
transition which populates the level with known spin. Therefore, we selected the 2SNag,s_(F“)
— 28Mg, . (07) transition by setting a S-ray energy gate on a range 9.7—11.4 MeV to cut
off the transitions to the excited levels in ®Mg. These gate energies were determined by
taking into account the S-ray energy losses in the materials between the Pt stopper and the
Ge detector. The AP value was obtained to be —0.283(5). Since the asymmetry parameter
of this transition is A = —1, the polarization P was deduced to be 28.3(5)%. This value is
smaller than the reported one [MINO05]. This reduction may be caused by the spin-relaxation

in the Pt foil, because the external magnetic field was lower than in the reported experiment.

6.6 Spin-Parity assignments of Mg levels

In the present work, the B decay to the 2% level at 4.878 MeV [MID64] was observed
for the first time. Since its logft value was determined to be 6.2(2), all the decays with
logft < 6.2 can be regarded as GT transitions. As a result, the levels associated with
log ft < 6.2 are assigned to be of positive parity. Spins of these levels were assigned in the

present work as discussed in this subsection. The assigned spins and parities for the levels
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at 1.474, 3.862, and 4.562 MecV were consistent with the reported oncs [END90]. This fact
demonstrates the effectiveness of the present method. It is to be emphasized that the newly
found 7.461-McV level was assigned to be 2.

6.6.0.1 Spin-parity of the 1.474-, 3.862- and 4.562-MeV levels

The details of spin assignment are discussed here in the order of simplicity. Since the
levels at 3.862 and 4.562 MeV are not populated by the v transitions from the higher levels,
the asymmetry parameters of the 8 decay to these levels were obtained by simply counting
the 7 rays of 2388 and 3088 keV in coincidence with the § rays (see Fig. 6.2). Figure 6.6
shows the y-ray energy spectra around the 2388-keV peak in four patterns according to the
polarization direction (+ or —) and the S-ray detector (L or R) expressed as the Eq. (3.4)
to (3.7). Larger peak counts of Ni and Nj than those of Ny and Nj indicate a positive
and sizable asymmetry (see Eq. (3.8)). From the peak counts in Fig. 6.6, the value of Az gg2
was obtained to be —0.85(6) (Hereafter the asymmetry parameter of the 8 decay to the
daughter level with excitation energy E is expressed as Ag). Among the expected values of
A in Table 3.1, A = —1 (I™ = 0™) is mostly consistent with the experimental result. Thus
the 3.862-MeV level was assigned to be 0. This assignment agrees with the previous one
[MID64].

In the same way, Ass60 = —0.54(19) was obtained from the 3088-keV ~-ray counts in
coincidence with B ray. This result enabled 17 assignment for the 4.562-MeV level. Note
that the spin-parity assignment is again consistent with the reported one [END90].

The first excited level of Mg at 1.474 MeV is populated not only by the direct S
transition, but also by eight v transitions from higher levels (see Fig. 6.2). In order to select
the direct 3 transition, we set the S-ray energy gate with Eg = 7.7 — 9.7 MeV so that the 3
transitions to the levels higher than the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>