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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 frorn the B-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 rnost interesting regions is

the so-called "island of inversion", the region of nuclei centering at 31Na. Irr nuclei of this

region, two-particle-two-hole (2p-2h) configurations across the l/ : 20 shall gap are lower in

energy than normal configurations, and possibility of a variety of rruclear 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 B-decay spec-

troscopy for a spi,n-polarized radioactive nucleus and highly polarized Na isotopes at the

state-of-the-art radioactive beam facility of TRIUMF. The B-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 28Mg, 2eMg

and 30Mg, as the first step of series of experiments towards very neutron-rich Mg isotopes

across through the island of inversion.

In 28Mg 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 28Mg is understood mostly based on the normal configurations.

In 2eMg spins and parities of seven levels were assigned for the first time. AII 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 ip-1h intruder configurations, since the large scale shell-model calculation, which



takes into account also the /eshcll modcl space, predicts two negative-parity levels at 0.68

MeV (712- ) and 1.01 MeV (3/2-). In the systerrratics of the negative-parity levels in neutron-

rich IVIg isotopcs, it is found that the negative-parity levels rapidly decrease their energies

at 2eMg, when the neutron number is increased. This is one of the experimental evidences

for the shell evolution in Mg isotopes. In 30Mg 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 (0[),2.466 (2;).3.460 (2+), 4.967 (1+), 5.414 (2+) 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 2+ band head of 7-band predicted by the mean-field theory.
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CHAPTER I

Introduction

1.1 Structure of neutron-rich nuclei around ttisland of inversiont'

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 ly' : 20 suggested by the anomalous

2-neutron separation energy,92r, in very neutron-rich nuclei 31Na and 32Na 1tHt75]. Theo-

retical predictions based on Hartree-Fock (HF) theory suggested deformed ground states for

these Na isotopes [CAM75]. Similar anomaly was also found in 31Mg and 32Mg 
[DETS3].

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 l/ : 20 shall gap are

lower in energy than normal configuratiorrs for nuclei with 20 < AI < 22 and I0 < Z < 12.

Figure 1.1 shows this region of nuclei as a red region centering at 31Na 
[BRO10]. The inset

of thc figure shows schematic configurations of 0p-2h in 30Mg (left), 0p-0h in 32Mg (A) in a

frarrrework of classical shell rnodel, and 2p-2h in 32Mg (B) in reality. This region of nuclci,

referred to as the "island of irlersiom" [WAR90], represents a drarnatic 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;0i -+
2f ), ground-state spin-parity, ground-state magnetic moment, and spectroscopic factors, etc.,

and confirmed the disappearance of the l/ : 20 magic number. Large deformation was con-

firmed for the ground states of the I/ - 20 nuclei. R,ecent 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



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 .l/ : 20 arrow. It is seen that 32Mg (shown in green) is located on
the island, whereas 30Mg 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, informatiorr on the excited states are very limited. In many rruciei in this

region, the essential information to discuss the structure or shape such as spins and parities

are rrot krrowrr for rnost of the excited states. This situation prevents us to irrvestigate the

shell evolution, i.e., the lowering of the intru<ler levels as a function of the proton-neutron

asymmetry.

A large-scale shell-model calculation ha^s been performed for neutron-rich Na isotopes in

a framework of the Monte Carlo shell model (MCSM) [UTS04]. The model space considered

wa^s the full sd-shell orbits and two lower p/-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 /i-stability line. Location of the classical "islatrd of
inversion" l\ AR90l is surrounded bv red souale.

rlarro\ r N : 20 shcll gap is causcd by the spin-isospin clcpendcncc of thc nrrclcon-nuclcon

inleraction [UTS04]. It was also explainerl that the monopole cornponent of ntcleon-nucleon

interaction gives rise to t,he new rnzrgic number of l/ - 16 IOTS10].

Another theoretical approaches, which ale not based on the shell model, also have made

great proglesses. The antisyrnmetrized rnolecular dyna,mics (AI\,ID) calculation , u'hich has

shown successful reproductions in lighter nuclei such as Li and Be, was :r,pplied to predict the

structure in the neutron-rich nuclei around islancl of in'n'ersion [KINI07; I(IN'{11]. Furtherrnore.

the constrained-Hartree-Fock-Bogoliubov nrethod with the local quasiparticle random phase

approximation (CHFB+LQRPA) preclicts the collective behavior snch as rotatiotral and y -

vibrational motions in neutron-r'i"6 30,32'3aN,ig [HIN11]. These theories predict the shape

coexistence irr N{g arciund N : 20.

Recent discoveries of the second 0+ Ievels in 30N{g 
[SCW09] and 32NIg 

IWIN{10] triggered

hot discnssions on the properties of these levels [FOR11]. For 30N'{g, the excitecl 0l- level

is interpleted as a prolately defornred state rvhicir coexists with the spherical ground state.

For 32NIg, it is suggested that the 0i state is a spherical state coexisting r,r'ith the deforrned

grouncl state. These are one cif the evidences for- the lorvering of the intruder levels with

increasing neutron nuruber. It is ver5' irnportant to investigate the effects of the intruder

configurations in a rvirle rallge of excitatiorr erlerglr and with a variatiott of prototr-treutron

ruurrber asl'rnnretry. Hol'ever, most of the experirnerrtal data have been rather lirnited to

thc ground states and/or low-lying levels. arrd the spins tlnd irtr,rities of nrany levels are left
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unknown, although thc spin-parity is thc kcy quantity to discuss the nuclear structure. In

the case of Mg isotopes, the preserrt status of the spin-parity erssigrrrnents are rrot sufficient

for isotopes heavier than 28Mg.

L.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 p-decay spectroscopy which takes advantage of anisotropic B decay of spin-polarized Na

isotopes. The asymmetry parameters of the B 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 T levels in 11Be 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 28Mg, 2eMg and
toMg, as the first step of series of experiments on a number of Mg isotopes.



CHAPTER II

Structures of ttMg, 
'nMg, and 3oMg

2.L Structure of 28Mg

The level structure of 28Mg has been investigated by the experimental methods of B-decay

of 28Na 
[DET79; GUI84] and nucleon-transfer reactions [HIN61; MID64; FIS73; RAS74] as

Iisted 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.

Nliddleton et al. IMID64] assigned the spins and parities of 9 levels by the angular dis-

tribution of proton. Rastegar et ol. [RAS74] reported another assignments for 5 levels from

the angular correlation between proton and 7 ray. They revised the previous 0+ assign-

ment [NIID64] for the 5.272-NIeV level to 1-. Later, the level structure of 28\rlg was also

investigated in the B decay of 28Na by D6traz et al. [DET79] and Guillemaud-Mueller ef a/.

[GUI84]. Confirmed were the allowed p transitions leading to the g.s. as well as the known

levels including Lhe 5.272-MeV level [GUI84]. By taking into account the positive parity of

the 28Na*.". (1+ [NND11]), Endt concluded that the level at 5.272MeY is of 1+ [END90].
Thus the spins arrd parities of 28Mg havc been reported for many levels. However, since

the highest 6.759-MeV level reported so far [HIN61] is somewhat lower in energy than t]re

neutron-threshold encrgy of 8.5034(20) MeV [AUD03], the undiscovered levels rnig]rt be

forurd between these errergies.

2.2 Structure of "Mg
The level structure of 2eMg has been investigated by the experimental studies of p-

decay of 2eNa 
[GUI8a; BAU87], B-n decay of 30Na 

[BAU89], multinucleon transfer reactions

[SCO7 ; FIF85; WOO88], and fusion-evaporation reaction [PAN81] as Iisted in Table 2.2.

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



Table 2.1: Overview of experimental observations for levels in 28Mg.

Experiment Observables Reference

'oMg(t,p)'oMg Observations of 18 excited levels
26Mg1t,p;28Mg Observations of 11 excited levels; New Itr assignments of

lHrN6ll
[MrD64l

[DEr7e]
IGUr84]

9 excited levels by angular-distribution measurement of proton"
26Mg1t,p;28Mg Observations of 8 excited levels including 2 new levelsl [FIS73]

I' assignments of 8 excited levels including 2 new assignments
by .y-ray angular-distribution measurement

26Mg1t,p;28Mg Observations of L3 excited levels including 2 new levels
at 4.561 and 5.185 MeV; 1" assignments of 12 excited levels
including 5 new and 1 revised assignments by angular correlation
measurement between proton and 7-ray

B decay of 28Na p-decay leading to 4 excited levelsb

B decay of 28Na 
B-decay leading to 10 excited levels"
including l- revised (0, 1, 2)+ assignment at 5.272-MeV level

IRAS74]

" The level at 5.169 MeV was tentatively assigned to be (3-).
b B decay leading to the 4.878-MeV level was reported by measurement of the 3405-keV 7 ray which depop-
ulate this Ievel with 1" < 0.8.

" p decay leading to the 4.878-, 5.193-, 5.469-,5.678-, and 5.702-MeV levels were reported with the B branches
of. IB < 0.48, < 0.18, < 0.12, < 0.4, and < 0.6, respectively.

parity assignment has been only performed at the ground state to be 312+ [KOW0B]1. For

other levels, the spin-parity assignments are only discussed based on the comparison with

shell-model calculations as described below.

Fifield et al. firsllv proposed the spin assignments of the 2eN{g levels with positive parity

by comparing with the shell-model calculation in the sd-shell model space [FIFS5] as shown

in Fig. 2.2(c). It is to be noted that the 2levels at 1.095 and 1.46 MeV are not reproduced by

the calculation. Therefbre, they proposed tb,e 3/2- and 712- assignments for the 1.095- and

1.46-MeV levels, respectively, with tlte u(2ps12) and u(Ifzp) configurations for respective

Icvcls2. Latcr, Woods ef al. showed supportirrg results for these negative-parity assignments

by the large cross scctions to these levels observed in the 30Si(13C,14O)'nMg reaction, which

are approximately equal to those for the population of the first 312- and 7 f 2- states in 27Mg

observed in the same mechanism experiment of 28Si(13C,tno)"Mg reaction |WOO88]. They

also discussed the assignments of the 0.055 MeV: If2+,1.395 MeV:5f2+. and 3.201 MeV:

lThis assignment is supported by the large B branches to the firmly assigned levels of lf 2+, 3f 2+, and
5/2+ in 2eAl in the B-decay study of 2etttg 

ICUIA+1.
2These spin-parity assignments were proposed by following reasons: (i) no prediction by shell-model

calculation with sd-shell space, (ii) negligibly small B transitions to these levels by 2eNa 
B-decay study

[GUI84], (iii) the observation of the strong 7 transition of 1040 keV (1.095 -+ 0.055 MeV), and (iv) large
populations of these levels obtained largely same as the 3.53-MeV (312-) and 3.13-MeV (7/2-) levels in
31Si, and the 3.56-MeV (312-) and 3.76-MeV (7 12 ) levels in 27Mg, respectively, by the same mechanism
reaction experiments of (180,15O).



Table 2.2: Overviev″ of experilnental observations for levels in 29NIg。

Experillnent               Observables                                        Reference
26Mg(1lB,8B)29Mg     observations of 4 excited levels              pc074
13c(180,ン

)29Mg     Observations of 4 excited levels             IPAN811
β deCtt Of 29Na      β―deCtt leading to 6 excited levels            IGU18倒
26Mg(180,150)29Mg     Observations of 6 excited levels;fπ  assignments      IFIF8司

by comparison with SM calculation with sd shell;
Suggestions of 312 ,712 at 1.095- and 1.431-MeV levels
Observations of 5 excited levels in 2eMg after
neutron emission following the B decay of 30Na

Observations of 5 excited levels; I^ assignments
of 4 levels by comparison with SM calculation
Observations of L0 excited levels

β―n deCay of 30Na

30si(12c,140)29Mg

β deCay of 29Na

IBAU871

1W008司

[BAU89!
[KOヽV081Laser spectroscopy of 2eNa 3/2+ assignment for the ground state of 2eMg

lη knockout from 30Mg   Unplaced γ rays of l.79(1),2.23(1),and 3.41(1)MeV    [TER08]

5/2+based on the shell― model calculations.

Thus,the spin― parity assignments of excited states in 29NIg have been only discussed by

the theoretical calculations,and not nrlnly deternlined by the experilnental facts.

2.3 Structure of 3oMg

The level structure of 30Mg has been investigated by means of β―deCtt Of 30Na lGU184;

BAU89;MAC05;SCW091,β ―n dectt of 31Na lKL0931,2 neutron remonl fl・ om 32Mg in

proton inelastic sctttering ITAK091,証 ld fusion― evaporation reaction[DEA101,器 liSted in

Table 2.2. The 30NIg levels observed in these experillnents are summarized in Fig. 2.2. The

anom」ous structures of 30ゝ /1g levels have been becollning clear as described belo、 v.

The 2 experiments of30Na β decay[GU184;BAU89]had ShOWn the precise level scheme

of 30Mg fOr the■ rst time.By the small B(E2;0ょs→ 21)value p95(26)e2h」 meaSured in

the Coulomb excitation experiment IPR1991,the ground state of 30Mg htt been concluded

to be the ``normal'' coniguration, and 30NIg wa3 regarded as the nucleus out of the island

of inversion.The small spectroscopic strengths to the 3/2~and 7/2~states in 29Mg in the

neutroll knockout experilneltt of 30Mg support this result[TERO司 .HoWeК r,recent β―deCay

cxperinlcnts ha■re discovered the 2nd O+state at quite anomalously low― lyillg l.789 λtteヽr ill

30Mg[MAC05;SCⅥ ′Oq3.Thc large prolate deformation was proposed br this lcvel,resultillg

3The aSsignment of Oォ at the 1 789-MeV level has been irstly prOposed by the re宙 sed γ transitions of
1789 and 1820 keV;The two γ transitions of 1789 keV(1,789 MeV→ gos.)and 1820 keV(1820 MeV→
g.s.)[GU18到 К re reViSed by the γ―γ coincidence study as,1789 keV(5.091→ 3.303 MeV(neW level))and
1820 keV(3.303→ 1.482 MeV)IMACO司 .



Table 2.3: Overview of experimental observations for levels in 30Mg.

lJxperiment 0bservables Ret'erence

B decay of 3oNa

B-n decay of 31Na

Coulomb excitation of 3oMg

B decay of 3oNa

1n, knockout from 3oMg

B decay of soNa

2n removal in 32Mg(p, p')
14c118o,2p;30Mg

Observations of 11 excited levels
Observations of 5 excited levels
Small B(E2;0fr". -+ 2f ) value of 295(26) e2fm4
Suggestion of the excited 0+ level at 1.789 MeV

0+ assignment at 1.789 MeV by E0 decay measurement
4r assignment at 3.302-MeV level
Observations of 9 excited levels; ,I" assignments of 6 excited
levels including 4 new assignments

Normal and intruder configurations in g.s. and excited 0+ Ievel |TERO8]
in 30Mg by the small C2S value to the 2eMg negative-parity states

[BAU8e]
lKroe3l
[PRree]
[MACO5]

[scwoe]
lrAK0el
[DEA10]

in the coexistence of different shapes [SCW09]. Thus,30Mg has bccn rcvised 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 14C(18O,2p)toMg including the new spin-parity assignments of

3.379 MeV 4+, 3.455 MeV: 4+, 4.181 MeV: 5, and 2.541 MeV: 2- or 3- [DEA10]. These

levels have not been understood by any theoretical predictions.

Furthermore. quite attracting predictions have been performed by the theoretical cal-

culation of CHFB+LQRPA method; Large-amplitude collective dynamics of shape phase

transition in the low-lying states of 30Mg 
[HIN].

Thus, the structure of 30Mg 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 p-decay of Na isotopes and the decay

scheme was constructed by the B-^1 and 7-'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 p-decay asymmetry as follows. The p-ray angular distribution

from a polarized nucleus is given by

W(0)=I+(ulc)APcosq, (3.1)

for an allowed transition, where u, c, A, P, and d are the velocity of the emitted electron,

the light velocity, the asymmetry parameter of the B transition, polarization of the parent

nucleus, and the \-tuy emission angle with respect to polarization direction, respectively. In

thecaseof alargeQBvalue, theB-ray veiocityucarrbeapproximatelyregarded asufc-I.
The asymmetry parameter A takes three different values depending on possible final state

spin .I1 with a given initial state spin d, as

-1

-1/(ム +1)-2τ

(ff=ム ー 1)

(ff=ム )

(ム =二 十 1)

(3.2)1+γ2

ム

ム+1
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Table 3.1: Asymmetry parameters ,4 of GT-transition for 28Na, 2eNa, and 30Na to possible
spins in "Mg, 'nMg, and 30Mg, respectively.

Transition イ    〃
-1.0
-0.5

+0.5

1/2+

3/2+
5/2+

-1.0

-0.4

+0.6

28Na -+ 28Mg

十

　

＋

　

＋

０

１

　
２

1+

2eNa -+ 2eMg 3/2+

soNa -+ 3oNIg
-1.0
-0.33

+0.67

where r is the ratio of Fermi (Mp) to Gamow-Teller (Ms7) matrix elements.

τ=(の |」‰ |)/(GIル曝TI)・ ●.0

In the case of neutron-rich nuclei 28Na, 2eNa, and 30Na, the B-decays to the levels below the

neutron threshold are mostly due to the Gamow-Teller transition. Therefore, it is plausible

to approximater - 0 in Eq. (3.2) and the asymmetry parameters for the p-decay of 28Na,

2eNa, and 30Na 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 28Mg, 
'nMg, and 30Mg.

3.2 Measurement of 6 asvmmetrv

The asyrnmetry parameters are cvaluated frorn lbe [] counts ,n/fr- and ly'/ in the samc

(A : 0) and opposite (0 : n) directions with respect to polarization, respectively, as follows.

The 0 counts are expressed as

十
　
＋

　
＋

■
■
　
２^

　
つ
０

2+

一一
　

〓

略

崎

εRⅣ (1+AP),

CLA【1-AP),

o.4)

6.5)

where l/ is the number of disintegration, and es and e 7 are the efficiency of the respective

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

13



a

:)€j
polarized nucleus

N"+: p-ray counts N** : F-ray counts

Figure 3.1: Schematic illustration of p-decay asymmetry measurement.

efficiency, the spin orientation is rotated by 180 degrees. Then the counts are expressed as

一一
　

〓

妬

崎

epN(l - AP),,

elN(1 + AP).

(3.6)

(3.7)

from theBy taking a double ratio of the counts, the product of AP is deduced, freely

efrciency, as

Ap:t/4-r (o:N;/nf\
,/ni (.R: ---^/--*; 

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

(3.8)

3.3 Beta- and B-delayed ?-ray spectroscopy

The p rays and p-delayed ? rays associated with the p decay of Na isotopes were measured

by the 0-',1,',1-'y, and B1-l coincidence methods using multiple radioactive detectors. The

decay scheme of Na isotopes ca,n be established by finding new 'y transitions a.nd associated

energy levels. By using p-.y coincidence method, the 0 my which populates the specific

level in Mg isotope are selected. As shown in Fig. 3.2, for ercample, B decays of fu and fu
which populate the level "1" a,nd "2", respeetively are selected by measurins ?r, and'y2 a.nd

J3, respectively. Then, the spin of each level in Mg ca.n be assigned by measuring p-decay

asymmetry (see Sec. 3.2). The spin and parity of level in Mg with small B branch can also

be speculated by "y-transition intensities associated with the tra^nsition(s) from and/or to

the spin-known level(s). Finally, the revised nuclear level structure of Mg isotopes can be

obtained.

14



oMg

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

3.3.1 Gamma-ray intensities and p-decay branching ratios

Since the Qp 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 IVIg isotopes after the B decay of Na, the B
decay of neutron-rich (Z,A) isotope, where Z and A represent the proton and mass number,

respectively, are discussed below.

When direct P and p-n decays to the ground states of (Z + 1,,,4,) and (Z +t,,4- 1) are

negligibly small as described in Fig. 3.3(a), the populations of (Z +t,A) and (Z +t,,4- 1) are

deduced by intensities of 7 transitions (,I-r) in both nuclei. Figure 3.4 shows the schematic

decay scheme of a neutron-rich isotope when the direct fl decay to the ground state in

(Z + t,,4) is negligible. The sum of the p-decay intensities (/B) to all the levels in (Z + 1., A)

is calculated by using the 7-transition intcnsities as,

EIB : Is * Ip2l lpz

: I.g l I^,2I I1s I I.y+ I I",s - 161_ I$ - I-rz - 16

: 14 * I.ra I 16. 0・9

Note that this number can be obtained only by the sum of the 7-transition intensities which

directly populate the ground state of (Z +t,A). The population of (Z +I,A- 1) in the B-n

decay of (2, A) can also be calculated in the same way.

When the direct B-decay to the ground state of (Z + 7,-4) nucleus are observed, the

population of (Z + I, A) nucleus cannot be calculated by its 'y-ray intensities. In this case,

15



(a)

(b)

Figure 3.3: (a) Schematic B and p-n decay scheme of a neutron-rich (2, A) isotope with the
proton and mass number of. Z and A, respectively. (b) Schematic B-decay chain
of neutron-rich (Z,A) isotope.

the population of (Z + I,A) nucleus can be obtained from the 7-transition intensities of

(Z + n - I, A) nucleus with the negligible direct p-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 +I, A-1)
nucleus when the direct B-n decay to the ground state of (Z +7,4-I) are observed. Thus,

the 'y-ray and p-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 7 transition depending on spin change of levels are es-

timated as follows. According to N{orinaga and Yamazaki [MOR76], the angular distribution

g.s.

ly(^az+t

A-lz+1

ly(oz+t1

Az+1
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Intensity of p decay to each stat€

lps=14 llyz1.ly:
lpz:lye llys -lys
lp:Iyd - I."z 'Ivs

Figure3.4: Schematic decay scheme of a neutron-rich (Z,A) isotope. The B-decay branch-
ing ratio to each level in (Z + 1,A) is calculated from the intensity valance of
populating and depopulating ? rays as listed in the upper right.

of 1-ray emission is expressed as

7(θ)=Σんスλ×島 (cos θ)

=Σんρん(■ )几 (■λJf)a(COS θ), (3.10)

where ji, jr, \, 0, and P7, 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 pnjt) is called statistical tensor, expressed as

px(i): \Ei,+r < iimii-mlkl> P(*), (3.11)

where P(^) represents the probability of pure state. The value Fn(jr\jr) are expressed by

using Racah coefficient as

鳥 (■人」f)=(-1)1+・ ′fν/2J+1<入 lλ -11た0>

×7(■ Jん λλ;た」f).

Assullning the pure transition,入 takes one valuc for each transition.

Vヽhen the nucleus is 100%spin― polarized,Eq。 (3.11)iS expressed as

(3.12)

ρん(プi)=ャ/2」i+1<ブ iJiブi― Jilた0>

Az+1

ウ
イ

G・ 10



using rn : ji. Figure 3.5(a) and (b) show the angular distributions of 7 transition as a

function of 7-ray emission angle from the polarization axis irr the case of integer spin and

half-integer spirr, respectively. Irr 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

7 transition of 1482 keV [1.482 MeV(2+) -+ g.s.(0+)] in 28Mg. It is found that the j-ray

counts measured by the detector placed at 0" to the polarization axis are l3To 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 B-'y coincidence. The asymmetry parameter of

a specific transition is determined simply from the B-1 counts, if no 'y 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 7 transitions from higher levels.

In this case, the asymmetry parameter determined from p-1 coincidence is affected by the

asymmetry of p transitions to the higher levels, as

(3.lo

where 1, and 16 are intensities of 'y- and B-rays, respectively. The asymmetry parameter ,41

can be deduced as

41=42× ≒十五1× :),

41=ス 1×
≒

― ス 2×
暑

Accordingly,the spin― parity of the state ``1'' is assigned.

べ・0=写△R

=畠

(≠
乳 計

)

3.4 Effectiveness of using large polarization

The error of Eq. (3.8) is calculated as

G.10

Ｒ
　
　
　
・

△

　

　

Ｒ

√ い/肩 十⇒2
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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 'y-
ray emission angle from polarization axis.
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A,R is calculated by crror propagation as

AR : {(rffi)'o'r.. (#)'ntu?*- (#)'o*a-- (#)' o*?-\

-( I I 1 1 )tt': ntl/* +,^f* + /.i* +,^t*i (3'I7)

By assuming /fn+ : Nt+: NR- : Nr_ : Ntotot/4 (Ntotot denotes total p-ray counts by two

detectors for B-ray asymmetry measurement), Eq. (3.16) is calculated by using Eq. (3.17),

AS

△(4P)=
1     4R

√ (vT+1)2 vtta配
4ν有配     1

●・10
←/瓦 +1)2～/馬。ιd・

Tlrerelativeerror of AP canthercforcbedcduccdbyusing,R:((1 - AP)10+AP))2,as

0.1の

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

is discussed quantitatively by showing the case of distinguishing A : -1.0 from A : -0.33
for 30Mg as an example, as follows. Figure 3.6 shows Monte Carlo simulations for the

distribution of asymmetry parameter A deduced from the /-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)]. BV counting 4 x I}a counts as shown in Fig. 3.6(b),

A: -\.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 spirr-polarized Na isotopes, we are carrying out the experirnental

study at TRIUMF, Canada. This facility provides the world's largest polarized Alkali bcam

as described precisely irr the next chapter. Table 3.2 shows the estimation of typical bearn

intensities of Na isotopes with 50% polarization usirrg 40 pA proton beam and Ta targct

fragmentation reactiorr at TRIUMF.

IΨ I= ギ
| 

～

/fvЪ
otαι

・
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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 i"d"""d frugffiith Ta target at TRIUMF.

29Na

30Na

31Na

5× 102

1× 102

15
32Na        2

Beam Intensity (pps)
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CHAPTER IV

Experiment

4.L Production of neutron-rich Na beam at ISAC facility

Figure a.l(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

(LM lM : 10000) so that only the isotope of interest are delivered to the experimental area.

Particle identification is performed by measuring the iifetime at the YIELD station. The

intensity of the radioactive beam is also measured at the YIELD station.

For the present study, unstable isotopes of 28Na, 2eNa, and 30Na are produced by tar-

get fragmentation reaction using 70 pA proton beam and stack of tantalum (Ta) target

(27.8 glcm2 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,L Procedure of producing spin-polarized Na beam

Spin-polarization of 28Na, 2eNa, and 30Na isotopes are produced by means of the collinear

optical pumping technique [LEV04]. Figure a.2(a) shows the schematic layout of the beam

line of collinear optical pumping (polarizer). A detailed layout of the polarizer is shown in

22
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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 ternperature of the Na cell was 480 'C. The neutralized

atoms of 28Na, 2eNa, and 30Na were optically pumped by a collincar circularly polarized

laser beam tuned to the respective D1 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 (-r-) and

nucleus (1-). As the electronic angular momentum J isl12 for the 251/2 ground state and for

the2Plp first excited state, the angular momentum F for every 28Na,2eNa, and 30Na takes

2 different values as shown in Fig. 4.3(a), (b) and (c), as a possible results of the summation

of F:.i+1-dependingontheangularmomentaof thegroundstatesof theseisotopes. For

every state of f', there are 2F * 1 possibilities as characterized by the magnetic quantum

number mp, by Zeerrlan 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 28Na, 2eNa, and 30Na, generated by electromagnetic mul-

tipole interactions of the nucleus with surrounding electrons were calculated by using the

hyperfine structure Hamiltonian for the 25172 and 2P172 states as

フレ争=写 +んB 3K(κ +1)-2f(」 +1)J(J+1)
2」(2J-1)2J(2J-1)   '

“

.1)

where K : F(F + 1)- /(1+ 1) - J(J + 1). ,4 is magnetic dipolc hyperfine coupling constant

exoressed as

ttr Br
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(a)

(b)
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From downstairs Beam splitter B
Power meter
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(polarization)
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I sec

(c)

ｙ十
(0

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 

^14 
plate.

Hclicity flip is achieved by inserting 
^12 

plate in the laser. (b) Time chart of
helicity flip and data taking in the case of 28Na beam. The periods for helicity flip
are 30 and 100 s for 2eNa and 30Na beams, respectively. (c) Linearly polarized
laser. (d) and (e) shows circularly polarized lasers of right-handed (a+) and
left-handed (o- ), respectively.
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with g7, //1,r, and .B.7 being nuclear g-factor, nuclear rnagrreton, and the magnetic field

strerrgth produced by the electrons at the nucleus, respectively. B is electric quadrupole

hyperfine coupling constant expressed as

B=Cの 39J′ (0),

where Q" and pii(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 LWe between hyperfine levels in the ground 25172 state of 28 30Na, -4 and B values

were speculated as follows. The .B.7 value, which cannot be measured directly in general,

was speculated from Arrr," and g7 deduced from p1,, of well established 23Na 
[HUB78] under

the assumption of same magnetic field of 81 in all Na isotopes. Then, the magnetic dipole

hyperfine coupling constant A of 28-30Na were obtained by using known spin and magnetic

moment pr values. By using well established values of Q and cp3;(0) for 28'2eNa 
[KEI00],

the electric quadrupole hyperfine coupling constant B can be obtained. In the case of 30Na,

although the Q and pii(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 25172 ground states in 28Na, 2eNa, and 30Na were calculated

tobeA.Ezstp:972,977,and778MH2, respectively lseeFig.4.3(a), (b) and (c)].

In a weak magnetic field of .86, additional splitting by Zeeman effect is caused as

△T″
Z=一

μF・ 30.

The magnetic moment「F iS expressed as

←・→

μF=
gFμBF

“

・り

with

F(F+1)十 」(J+1)一 I(J+1)
幹・の

“

.7)

gF=g」
2F(F+1)

解.助

十gr生三
μB

F(F+1)+I(」 +1)一 J(J+1)
2F(F+1)    '

where gJ,lln, and 111' arc clectron g-factor, Bohr rnagneton, and nuclear magnetorl) respec-
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tively. The electron g-factor gy is expressed by Lande's equatiorr, as

J(」 +1)十 五(二 十 1)一 S(S+1)
g」 =gL

2」(J+1)
」(J+1)十 S(S+1)― L(五 +1)

十gs
2J(J+1)    '

where」L is electron orbital angular rnomentulll and S is electrOn spin. The electron g― factor

gL and gs are-l and-2.0023193134,respectively

The polarizations of 28-30Na are achieved as follo、 アs. The exciting laser light is a σ+

circularly polarized one and is split into three lines with equally spaced frequencies by electro

optic modulator(EOM)器 shOWn in Fig.4.3(d).The dittrence offi・ equency between νl狙d

均 (and also tt and殆 )correSpOnds to the energy splitting between the 2s1/2(F=1/2 for
28Na;F=l for 29Na;F=3/2 for 30Na)and 2s1/2(F=3/2 for 28Na;F=2 for 29Na;

F=5/2 for 30Na)levelS.To excite both of the hyperine levels of ground state 2s1/2,the

beams of the frequency νl and z/2 are tuned,for example in the case of 29Na, to the 2`,1/2

(F=2)-2P1/2(F=2)卜 he red line in Fig.4.3(b)]and the 2s1/2(F=1)-2■/2(F=2)(the
blue line)transitions,respectively.When the 29Na atom in the 2s1/2(二 mF)=12,-2))

state absorbs the light(red line),it iS excited to the 2P1/2(|二 鶴F)=12,-1))State,which

then decws to the 2P1/2 State either of l二 πF)=12,-2),12,-1),12,0),11,-1),and 11,0)

(gray dOtted line)according to the selection rule△ F=0,ELl and△mF=0,± l Since

the absorptioll always ilnparts△ 鶴F=+l tO the 29Na atolll,all the 2s1/2 atOIns will be

moved to tlle l二 mF)=12,2)state・ On the c01ltrary,wllell thc cxciting laser is σ circularly

polarized,the absorption of the σ
~light alwttβ

 illnparts zttmF= -l to the 29Na atorn to

move all the 2s1/2(|二 πF)=12,-2))state.Thus,the spin orientation is rotated by 180

degrees by nipping thc laser helicity.This is made by inserting λ/2 plate in the laser systerll
as shown in Fig.4.4(a).The p01arization direction of Na beam is con、 アerted at the same

illterval of time br every Na beam,as shown in Fig.4.4(b).COnseqllentlェ the polarized

atoms of Na isotopes are produced,and nuclear polarization for]Na isotopes is aё hieved

The laser、vave numbers lrere set to be nxed 17alues of 16930.37, 16930.84,and 16932.45

for the 28Na,29Na,and 30Na beams,respectivelyЪ  whicll correspond to the Dl line energies

4.2.3 Production of circularly polarized laser

The circularly polarized laser for the optical pumping wtt produced as fo1lows. The

COHERENT ring dye ltter was split to three frequencies by EOM Isee Fig.4.3(d)l and

linearly polarized ats shown in Fig.4.4(c).The right― handed σ
tt laser was produced by phase

“

⑧

い・②



shift of 90 degree [Fig. a.a(c) to (d)] with a ,\/4 (quarterwave) plate. Using additional )/2
(halfwavc) plate, left-handed o- laser was produced by phase shift of 180 degree frorn a+

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 Iine 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 B and B-delayed

? rays emitted from B decay of neutron-rich Na isotopes in Pt stopper. These detectors are

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

4.3.L 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. a.7(a). The 1 mm thickness was

designed to minimize the attenuations and scatterings of the radiations and to withstand

the atmospheric pressure.

Figure a.7@) 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. a.7(d) and (e), respectively. The beam is tuned to minimize the current at Cu baffie

and maxirnize the current at Faraday cup.

4.3.2 Pt stopper

Irr the present experirnent, one of the most important requirernent for the stopper is

preserving the nuclear polarization of Na inside thc matcrial for a pcriod enough longer

than the life times of 28Na (r : 30.5 ms), 2eNa (r : 44.9 ms), and 30Na (r : 48.4 ms).
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Figure 4.5: Conti,nued.
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(a)
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POM Baffle ( hole diameter: O24, d-3 )

(e)
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Figure a.7: (a) Design of FRP (fiber-reinforced plastic) charnber used in the experirneut
of 2007 and 2010. The thickncss of 1 rnrn at downstrcam sidc is thickcr than
upstream side (2 mm) to reduce energ\r loss of 0 ray, (b) Picture of FRP chanr-
ber. (c) Positions of beam current rnonitors (not t<,r scale). (d)(") Attachment
of devices for bearn cun'ent monitor to the beanr line (not to scale). AII the
dirrrerrsiorrs are giverr irt trttrt.

Faraday Cup ( Cu, stopper position )
Stopper size : - 18 mm x 18 mm
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Table 4.1: Estimation of the spin relaxation time fi of Na nuclei in Pt at room temperature
(7 : 300 K) bV using Korringa's relation. The experimental values were obtained
at the condition of room temperature and a magnetic field of B :5.25 kGauss.

a

27Na
28Na
29Na
30Na
31Na
32Na

447.9

301

30.5

44.9

48.4

17.0

13.2

0.3,0.78(8)a

O.1

0.3

0.6

0.3

'Ref. [MIN04]

Pt foil meets this requirement, since the spin relaxation time ("t) of Na isotopes at room

temperature in Pt metal has been estimated to be long enough than these half-lives [MIN05].
The spin relaxation times at room temperatureT :300 K were estimated to be fi : 0.1,0.3,

and 0.6 s for 28Na, 2eNa, and 30Na, respectively, by using Korringa's relation l\xT o (Ill)',
'y : plIhl, 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 dcgrec to the beam axis to reduce energy

loss of {3 ray it the foil emitted to the detectors for the measurement of p-ray asyrrrrnetry [see

the cross sectiorr of. r-g plane in Fig. 4.5(b) or a.6(b)]. To satisfy this requirement, a holder

for Pt stopper was made as shown in Fig. 4.8. Cuppcr 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'Cin2 hours, again

kept constant in 10 hours, and finally lowered to room temperature in 2 hours.
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(a)

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

a.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 p rays to two detectors for p-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 rninimize the distarrces betweerr Pt stopper arrd radiation

detectors. The hole of /50 was created irr 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 OPtrRA3D [TOS11]. The magnetic field along z-axis by the

simulation and the actual SmCo magnet as a function of distance from (2, g) : (0,0) are

shown in Fig. a.11(a) and (b), respcctively. Magnetic field of about 820 Gauss at stopper

position was achicved in both cases. Fig. 4.11(c) shows the magnetic field along z-axis of Nd

magnet as a function of distance from (*,A) : (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 fsee also Fig.4.5(a) or 4.0(a)].

4.3.4 Compton cross talk shield

Since 'y rays are measured by nine Ge detectors placed in very close to Pt stopper,

coincidence event derived from one ? ray are detected with high probability. This is Compton

cross talk event; a ^l ray is Compton-scattered in one Ge detector and all the residual energy

of the ^l ray is absorbed in another Ge detector. Therefore, the fake energy peak appears

in the analysis of 'y-^y coincidence. In the experiment of 28Mg and 2eMg carried out in 2007,

many cross talk peaks are observed in 1-'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 I to 7 as shown in Fig. 4.1.2 for the experiment of 30Mg in 2010.

As a result, Compton cross talk events were remarkably reduced.
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(r') Pictrrre of thc rlrirgrrct irrstallecl to the <letcctor sctltl). The rletector settrl)s

u:ith rrrurgrrr:t is irrstrrllcrl to thc'Pt stoppe.r'position b1'rrrovirrg the ttirpet ftattte
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Figure4.f l: (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 (r-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 uris
(r-axis).. (c) Magnetic field distribution of Nd permanent magnet enforced by
return yoke along z-avis as a function of distance from the beam axis (r-axis).
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(a) Pb shield

Ge crystal

Pb shield

(c)

(b)

Figure 4.12: (a) Layout drawing of the Pb Compton cross taik shield used for experirnent in
2010. Two lead shields are placed between each adjacent Ge detectors for slot
l to 7. (b) Desigrr of the Pb shield. The shape of the shield was desigrred to fit
to thc curvcd srrrfacc of Al can of Gc clctcctor. (c) Pictrrrc of Pb shiclds and
detectors.

Detector frame

Permanent magnet + return yoke
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4.4 Detector setups

For the measurement of p rays and B-delayed ? rays associated with the B decay of 28Na,

2eNa, and 30Na, 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 schematicview 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.I 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 B and ? rays. To distinguish p and J 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 I 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) Schernatic view of detectr-rr setups. (b) Schernatic figure of telescope consists
of Ge detector and two plastic scintillators for measurement of B and J 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.

RSlot

Type
Manufacturer

Operation high voltage (V)
R.elative efficiency (%)
Pair scintillator size

planner

ORTEC
-1700

10

ψ70&φ 70

co―axial

EURYSIS
-4500
50

φ70&φ 70

co―axial

EURYSIS
-4000
60

φ70&ψ70

ccaxial

ORTEC
+3000
40

φ83&φ83

ceaxial

EURYSIS
-5000
60

ψ70&φ 70

co― axial

EURYSIS
-4500
45

φ70&φ85

co―axlal

ORTEC
-2300
30

φ70&ψ 70

c‐axlal

EURYSIS
-5000
60

φ45&ψ 90

ccaxial

EURYSIS
-4000
60

φ45&φ 80

ト
い

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
TYP"

Manufacturer
Operation high voltage (V)

Reiative cfficiencv (%)
Pair scintillator size

CINDY  GUOC7  GFIC37   KEK   GFIC38  GFIC39  ALICE   H50%    H45%
co― axial   co― axial    co― axial   co― axial   co axial    co― axial   co― axial    co― axial     co― axial

ORTEC EURYSIS EURYSIS ORTEC EURYSIS EURYSIS ORTEC  EURYSIS  EURYSIS
-2300    -3500     -4000    -5000    -4000     -4000    -3000    -4500     -5000
30

φ70

70         70        44        70         70        30         50          45

φ70 φ70 ψ70 ψ70 φ85   φ70  φ42&ψ50 φ42&φ 50



4.5 Data acquisition

For measuring B rays and B-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 comDuter. A CAMAC

system was used for processing the detector signals.

4.5.L MIDAS and electronic circuit

As a software interface to process the event-based data acquisition, MIDAS [TRI1l]
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 p-singles of slot R and L, reduced 7-singles, 'y-'y signal, and B-1

signal generate a PRIMARY TRIGGER which initiates all the ADC's, QDC's, TDC's and

coincidence registers into operation. In the case of 2eNa experiment, latter two signals were

not used for a PRIMARY TRIGGER. The signals for the helicity flip were sent to EPICS

[ARG07] which control the laser system every 5 min (30 s) for 28Na 
12eNa). 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. a.1,7(a) is shown in Fig. 4.L7(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 B rays with the end point energy of

14.029(13) MeV (28Na) [AUD03] and 13.284(19) MeV (',nNu) [AUD03]. 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 28Na, every p 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 NIeV". The g ray from 28\,Ig and 28Al were eliminated by selecting high energy

signals corresponding to E > 4 MeV because the QB:14.03 McV of 28Na is high enough
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PMT
(E974‐ 13)

PヽlT

(H3165‐ 10)

PMT
(E974‐ 13)

Figure4.14: Plastic scintillators used in the experiment of 2007 [(u)-(i)] and 2010[(d)-(h)]
Material of plastic scintillator is BC408. All the nurnbers are the clirnetniotts itt
mm (not to scale).
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(a)

Photomultiplier tube
(PMr)

pair of
plastic scintillators

Liq. Nz dewer

Ge detector

Figure4.l5: (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 AI cap of Ge detector by using Acryl
support.

①)

Al case
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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

R low
R

L low
L

2.8
3.1
NA

3.5
3.0
4.L
2.6
3.7
3.9
4.9
2.9

６

６

６

２

３

４

２

３

４

６

５

５

７

Ｒ

Ｒ

Ｌ

Ｌ

DO
66

6 high 3

76
t4
o

t4
t

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 B 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 7-singles events were reduced by the

factor of 713.

In the case of 2eNa, every B signal was created from coincidence of a pair plastic scintil-

lators of the same telescope. The 0 tuy from the contaminant of 2eAl were measured in this

case because the beam rate was not too high. The PRIMARY TRIGGtrR wzns generated by

7-singles, and B-singles of slot R and L.

Figure. 4.18 shows the data cluster obtained by using N{IDAS systcm. The data is

composed of file header, and following four kinds of event data; normal, scaler, epics, arrd

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 B-singles of slot R and L, ORed signals from Ge detectors generate a

PRIIVIARY 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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* Not used for 2eNa beam CAMAC

B mys & p-delayed y rays
ftom unstable nuclei

Ge detector,
Plastic Scintillator

Figure 4.16: Conceptual diagram of data acquisition system using MIDAS.

shown in Fig. a.20(a). The condition of every coincidence signal in Fig. a.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 ExperimentalProcedure

4,6.I Beam tuning of 28Na

The electric quadrupole strengths and deflector voltages of Na beam line were determined

by using a stable 23Na 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 positiorr. The schernatic illustration of beam monitor system is shown

in Fig. a.7@). The 23Na beam was optirnized so that the current at the collirnator was

minirnized (2x 10-tt A), and that at Faraday cut was maximized (6.5x 10-10 A). The Faraday

cut was rcplaced with the Pt stopper position. The 28Na bearn was optirnized by settirrg

botlr of the asyrnrnetries of the {J-ray counts (Nu lNo, Nt/Nd to be 1.

0-singles (&L)
y-singles (lA.{)

ADC gate,

QDC gate,

TDC start,
Coin. Reg. gate,

Intemrpt Reg.
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Figure 4.I7: (a) Circuit diagram for the experiment of.2007.
each coincidence module is listed in (b) to (f).
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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

R low
R

L low

L

2.7

5.2

3.1

2.3

7.5

2.7

5.1

3.1

１

２

３

４

５

６

７

１

２

３

４

５

６

７

Ｒ

Ｒ

Ｌ

Ｌ

６

６

６

６

６

６

６

１６

６

１６

６

４

６

５

３

２

２

CAMAC
ADC gate,

TDC start,
Coin. Reg. gate,

CCA.IET uigger

β●yS&β‐delayedγ mys
hm mstable nuclei

ゝ
Ge detectoち

Plastic Scllltillator

Figure 4.19: Conceptual diagram of data acquisition system using NBBQ.

54



(a)

Ge
l-7

Sスmp

Visua:

Scalor

EPICS
For B6m Tuning E ilonitr

For Bias S6n

Scaler

―
C● in Reg

Coln. Reg,
TDC scitScintl

l-7

Scintl

Scalef Sc rt, Ra Rb co'

coln. Reg. sc 't L5 Lb co '

Ra (La)

Scin●

Rb(Lb)

(b)

Coln. Reg.

TDC scrr Ran:

Sdch ev€ry 100 sc
_I_I_f:l_t_

Fo「 Hel● ty F,p

EPICS

ADC Cate

KNi SO

t ut T "t scaler

TSCI 14-305
Liv€ Tim Vlsual
Re6tlifre Scalef
Scaler

TDC Start

Coln.Reg. Gate

Coln. Reg.
Tnca.rr

X3

CC/NET Trig. In

需霊

Fftut ~一
一二

:呈PL―
――――――

(C)                200 ns

Gcl

Ge2  _____〔里1]=一―一―一

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).
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Hcader Block 16 byte

Event Block 16 bvte

Event Block  16 byte

Event Block l6 byte

EnderBlock 16 bvte

Word
O   :0001‐ Flag ofHeader

l‐9  :0000
10-13:Run N― ber(ASCH 8Ch狙 )‖ RUN-1066‖

14 :Space■ 2(ASCI1 2Ch凛 )‖ "

15‐23:Start Timc c、 SCI1 18Cha)‖START=>12:58:56"
24-32:Stop Timc(ASCⅡ  18Cha)"STOP=>13:53:36‖
33 :Space■ 2(ASCI1 2Ch¨ )‖ "

34-42 :P五 nt Timc(ASCI1 18Cha)‖P」nt_>13:57:07‖

43-47 :P五 nt Datc(ASCH 10Char)"22-SEP-98'1

48‐49 :0000
50‐89:Header (ASCH 80chal)
90‐ 129:Space  (ASCH 80Chal)
130- :0000

Word Word
0-3  :0000-Flag ofData                    O   :faF― Flag of Endcr

4  :Event sizc(WOrds_Includc this)      1‐ 9 :0000
5  :FD=1 0 Constant             10‐ 13:Run Number ttSCH 10Cha)"RUN-1066"
6  :Event D                          14  :Space Ⅲ 2(ASCH 2Cha■ )‖

 ‖

7  :Scgmcnt size(WordS‐ Include this)     15‐ 23:Start Time(ASCH 18Ch凛 )‖ START=>12:58:56"
8 :ScgmcntID                24-32:Stop■ mc(ASCI1 18Ch狙 )"STOP=>13:53:36‖
9- :Data                       33  :Spacc Ⅲ 2(ASCH 2Chat)‖ "

34‐42:PHnt■mc(ASCH 18Ch江 )"PHnt‐>13:57:07‖

43‐47:PHnt Date CSCH 10Char)・ 22-SEP-98"

48-49 :0000

50-89:Hcadcr (ASCH 80chェ )

90‐ 129:Ender (ASCI1 80Ch凛 )

130- :0000

Figure 4.21:Structure of data obtained by the data acquisition systel■ using NBBQ.The
data of ttxed length wtt deined.
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Subsequently, the polarization of 28Na was carried out as follows. The dye laser was

tuned to a wave number of 16930.37 cm-r arrd split into three as shown in Fig. 4.3. To

ccrrrectly realize a resonarlce condition, the beam energy of 28Na 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 /-ruy counts from 28Na, 2eNa, and 30Na, respectively,

in the left and right telescopes as a function of bias voltage. Since the laser frequencies of

t/1, t/2, and z3 was generated by EOM (see Fig. 4.3), four possible resonances can be seen.

The biggest resonance with D1 energy distance was achieved by u1 * u2laser at the voltage

of 109 V shown in Fig. a.22(a). Therefore, the Na cell voltage of 109 V was settled for

the polarization of 28Na. The average polarization of 28Na 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 28Na beam

intensity of -450 pps.

4.6,2 Beam tuning of 2eNa

The experiment using 2eNa beam was performed shortly after the 28Na experiment. To

avoid the contaminant from the 7 rays associated with the B decay of 28Mg with relatively

long half-life (20.915 h), Pt stopper was exchanged. By the same process as 28Na, the polar-

ized 2eNa beam was optimized. The beam was optimized by setting the B-ray asymmetry

of up-down, and left-rrghf (N(rlNp, Nr,lNa) to be 1. Then the polarization of 28Na was

carried out by the optical pumping method. The wave number of the dye laser was set to

be 16934.8408 cm-l with EOM splitting by 977 MHz (see Fig. a.3). The resonance voltage

of 114 V in the Na cell was obtained by searching the resonance point to measure the B-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 28Na beam

intensity of -82 pps.

4.6.3 Beam tuning of soNa

The 30Na beam was tuned as follows. The 27Al 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 23Na beam (unpolarized). Then, the Faraday cut was replaced

with the Pt stopper position. The 30Na beam was optimizedby setting both of the asymme-

tries of the B-ray counts (NulNo, Nr,lNn) to be 1. Subsequently, the polarization of 30Na

ウ
′

に
Ｊ



was carried out by the optical purnping method. The dye laser was tuned to a wave nurrrber

of 16932.45 cm-1 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 poirrt voltage of 322 Y

was obtained for maximum polarization of 30Na. The average polarization of 30Na over the

whole experiment was measured to be 32(3)%, as will be described in the following section.

The total events of 7.Ix106 were accumulated in 142 h with the average 30Na beam

intensity of -14 pps.

4.6.4 Contaminant in Na beams

The 28Al and 2eAl contaminants are observed as mixtures in the 28Na and 2eNa beams,

respectively, as shown in Fig. a.n(a) and (b). The average intensities of 28AI and 2eAl

contaminants at the stopper position were -70 and -32 pps, respectively. By using the Q p

values of 28Na 
[14.029(13) N,{eV [AUDo3]I and 28Mg 

[t.aa1a(20) MeV [AUD03]1, the mass

difierence between 28Na and 28Al is estimated to be

Qr.N. - (4.10)Ax My 28 x 935 1650'

where M1,r represent the mass of nucleon. The mass difference of 2sNa and 2eAl is also

estimated to be -1/1300 by using the QB values of 2eNa 
[13.234(19) MeV] and 2eMg

[7.596(14) MeV [AUD03]]. Since the mass resolution of ISAC mass separator is LMIM -
1/10000, it is understood that it is difficult to separate 28Na 

12eNa) from 28Al (2sAI) when

these nuclei have momentum broadening.

On the contrary, the 30Al contaminant was not observed in 30Na beam experiment in

spite of the similar extent of mass difference between 30Na and 30Al (:1/1160) compared to

the cases of 28Na and 2eNa beams. This result might be due to finer tuning was obtained in

the case of 3oNa beam.

In the case of analysis in p-ray energy spectrum as described in the following sec-

tions, the B rays emitted from the 28Al and 2eAI can be cut out by choosing high energy

p-rays estimated from the mass differences of 28Na 
[t4.029(13) MeV [AUD03]] and 28Al

14.64224(14) MeV [AUDe5]], and 2eNa 
[13.284(19) NIeV [AUD03]I and 2eAt 

1S.O7S7(12) MeV

lAUDo3ll
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Figure 4.22:Asymmetries of the β―ray emission frOm spin― polarized(a)28Na,(b)29Na,and

(c)30Na as a inction of deceleration bias of the Na cell.The lasers were tuned
to wave numbers of 16930.37,16930.8408,and 16932.4540 cm~l for 28Na,29Na,

and 30Na,respectively.
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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 B rays, ? 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

IRAD11].

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 56Co

(847 to 3253 keV), 60Co 
1tt73 to 1332 keV), 2alArn (60 keV), and 1528u (1,22 to 1408 keV)

sourccs. The source data was obtained before and aftcr the experimental time of each Na

beams. The calibration pararneters were obtained for cach of the 28Na, 29Na, arrd 30Na

experiment. The 7 rays of 3272,3451 and 3548 kcV in 56Co were not usecl because of low

statistics. The channels of respective ADC was calibrated by using the linear expression of

E:axchannel+b.

“

・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 28Mg, 
'nMg, and 30Mg 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 E < 1000 keV.

The gains of shaping amplifier fluctuate due to the aging deterioration of internal circuit
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of the module or temperature of the expcrimental hall, etc., during the expcrimcntal time.

Therefore, the calibration parameters of ADC channel was corrected by accordirrg 'y-ray peak

positions to the sarne for every block data (RUN) if gairr shift was detected. Figure 5.2(a)

and (b) show the raw and gain-shift corrected ?-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 'nMg. 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 ?-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 7 rays in 56Co and 152Eu sources. Because of inaccurate source intensities, the

efficiencies deduced from 56Co and 152Eu show big discrepancy. Therefore, we introduced

the factor to correct the source intensitv of 56Co. The factor was calculated to minimize the

qai-square value of fitting results.

Figure 5.3(a) shows the efficiency used in the analysis of 28Na beam data. One linear

fitting was applied for all the fitting, except that the Bth 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

.l{
r \--- ..1--t E 

\nrog(: ),P" rrog(1332'
n:L

(5.2)

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 Pig. 5.3.

The 'y-ray efficiencies of Ge detectors used for the data analysis of the experiment of 2010

(toN,tg) shown in Fig. 5.3(b) was deduced by using the ? rays of 244 and 444 keV in 30Al

and 2236 and 3598 keV in 30Si following the p decay of 30Mg because the efficiency of each

Ge detector deduced from the standard sources of 56Co and 152Eu shows big discrepancy,

especially between the Ge R and Ge L. This may be because the position of 30Na beam spot

was not in the center of Pt stopper. The intensities of these four 7 rays were referred from

lHrN08l.
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Figure 5.3: Gamma-ray efrciencies of Ge detectors used for the data analysis for the present

experimentr; (u) Ge R for 28Mg, (b) all Ge detectors for toMg. The 7 rays
emitted from the calibration sources of 56Co and 152Eu, and "y rays in 30AI and
mSi following the B decay of 30Mg were used to calculate the efficiencies of (a)

and (b), respectively. The 8th degree equation was used in the energy lower than
300 keV, whereas linear fitting was applied for the energy higher than 300 keV for
(u) "Ms. The one linear fitting was applied for (b) toMg. The fitting parameters
are also shown.

f lr.dt t2t.U 14
po 4.7239(29)
pr 0.768(15)

I'< 300 keV
t I t6 3.8dxlo-?4
po -1.55(10
Pt 0.97(38)
Pz 0.438(64)
pt -0.178(11)

Pq 4.0393 (101)
ps 0.03q6O
Pa {.0154 (40)
pt -0.0171 (32)

-0.003(l
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Table 5.1: Conditions of choosing 0 ray for the experiment of 28Na, 2eNa, and 30Na. TAC
gate represents choosing prompt rcgion on time different spectrum of Ge detector
and scintillator in the same telescope (see Fig. 5.5).

Beam(slot) GeE GeT Scinti.aE Scinti.aT Scinti.bE Scinti.bT TACgate
a

2eNa 
latl)

3oNa 
1R,L;

soNa 1r-z;

5.3 Energy Spectra of p and 'y ray

Beta and ? rays were extracted by the condition of ADC and TDC of Ge detector and

plastic scintillators as follows. Figure 5.4(a), (b), and (c) show ADC spectra of slot 6 Ge

detector of energy-calibrated, B, and ? rays, respectively, in the experiment of 30Na. The

[] tuy was sorted out by the coincidence data of Ge detector and plastic scintillators in t]re

same telescope. Table. 5.1 shows the conditions of 0 ray for the experirnent of 28Na, 2sNa,

and 30Na. To eliminate accidental event, only the prornpt elernent of time different spectrurn

of Ge detector and plastic scintillator in the sarrre telescope was selected. Figure 5.5 shows

the time different spectnrm of Ge detector and plastic scintillator of the slot R for 28Na

experiment. The background signals were eliminated by choosing the data in the range

between two bhre lines.

The 7 ray was sorted out by choosing ADC and TDC of Ge detector in the anti-

coincidence with TDC of pla.stic scintillator in the same telescope.

5.4 Matrix data and n-n coincidence analvsis

To analyze 7-'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 7-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 y1 coincidence data

can be analyzed.

In actual data analysis of 'y-7 coincidence data, tha background components of Compton

scattering and chance coincidence must be subtracted from the 7-ray gated spectrum. Fig-
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in ADC raw data (a) as indicated bv dotted lines.
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Figure 5.7: Schematic illustration of background subtraction in'y-'y analysis.
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ure 5.7 shows a schematic illustration of background subtraction in 7-7 coincidcnce analysis.

Tlre coinciderrce events by the background region ("2" and "3" in Fig. 5.7) are subtracted

fiorn the coinciderrce events of the peak ( "1" in FiS. 5.7) after norrnalizing by channel nurnber.

Then, wc obtain the coincidence energy spectrum gated purelv on the 'y-ray.
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CHAPTER VI

Analysis of experimental data and results: '8Mg

6.1 Levels observed for the first time in 0 decay of 28Na

Figure 6.1 shows the projection spectrum of y1 coincidence data. Peaks with aster-

isks, closed squares, triangles and circles denote the 'y-ray peaks of 28Mg, 28AI, 28Si and

background, respectively. By the p-1 and 7-7 coincidence relations, twenty-four peaks with

asterisks were found as the transitions in 28Mg. Their energies and intensities are listed in Ta-

ble 6.2. It is to be noted that seven "y rays (1373, 1991, 2008, 2192,229I,2907, and 4443keY)

have been newly observed in the present work. Six 7 rays of II52,2548,3405, 3694, 3995,

and 5193 keV, which were observed in the 26NIg(t,p)28Mg reaction [FIS73; RAS74], were

also newly found as the transitions after the B decay of 28Na. The rest five 7 rays (1474,

2388, 3081, 3088, and 5269 keV) depopulating the levels at L.474,3.862, 4.555, 4.562, and

5.269 MeV were confirmed.

The cascade relations between these transitions were examined by the arralysis of 7-'y

coincidence witir a tirne wirrdow of *400 ns) as shown in Table 6.1. The syrnbol O (x)
denotes that the Tray peak was (not) observed in the gated spectrum. As will be discussed

in the following, a new dccay scheme of 28Na has been establishcd as shown in Fig. 6.2.

Asterisks irr the figure indicate new findings.
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Table6.1: Coincidence relations of 7 rays in 28Mg observed in the present work: Whether or not the 7 ray peak was observed
in the gated spectrum is displayed by a C or a x, respectively.
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6.2 Energy levels and 7 transitions observed for the first time in
the B decay of 28Na

The high efficiency of 'y-'y coincidence measurements in the present work enabled us to

find three ? rays from the known levels; the 4443-keV transition depopulating the 5.917-MeV

level and 1373- and 1991-keV J rays emitted from the 6.545-MeV level (see Table 6.2 and

Fig. 6.2). These levels have been found in the'uMg(t,p)'8Mg reaction experiment [HIN61],

but not observed in the 13 decay of 28Na. The present work established the first observation

of the B decays to these levels, as shown by the lj-decay paths with asterisks in Fig. 6.2. Since

it was confirmed that there were no ? rays populating these levels, the B decay intensities

to the respective levels were determined directly from the intensities of the newly found 'y

rays, as listed in Table 6.2 and Table 6.3.

Small peaks at II52,2548, 3694, and 5193 keV in Fig. 6.1 are found as the transitions

depopulating the known levels found in the 'uMg(t,p)'8Mg reaction [FIS73; RAS74]. These

levels have not been observed in the p decay of 28Na5. It was found that the 5.193-MeV

level (1 : 1) is populated by the 2008-keV 'y ray which depopulates a new level at 7.200

N{eV (The new levels found in the present work will be discussed in Sec. 6.3). From the

7-ray intensity balance, the branching ratio of B 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 [GUISa; NNDl1]. The 1152- and 3694-keV'y rays have their origins in

the 5.171 MeV level (1" :3 ). AIso the 2548-l<eV 'y ray is assigned as the transition from

the 4.021-MeV level (4+) to the first 2+ level at I.474 MeV. The resultant negligibly small

B-decay branching ratios to these levels support the previous spin-parity assignments.

The known ? rays of 3405 and 3995 keV, which depopulate the levels at 4.878 (1" :2+)
and 5.468 (I : 2) MeV, respectively, were also observed in the present work. Although

these levels were reported in the p decay of 28Na 
[GUI8 ; DET79], the detail is not clear.

Accordingly, the p decays to these levels were not adopted in Ref. [NND11]. In the present

work, the B decays were established for the first time and the p-decay branching ratios were

determined to be 0.2(1) and <0.17o for the 4.878- and 5.468-MeV levels, respectively.

sThe p-decay branch to the 5.193-MeV level was reported in Ref. [GUI84], but not adopted in their decay
t . tRrJscneme oI -"Na.
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Figure 6.2: Revised decay scheme of 28Na. The newly observed ? rays, B transitions, and
energy levels, and newly assigned spins and parities in the present work are
indicated bv 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'uMg(t,p)'8Mg reaction experiments

[HIN61; FIS73; RAS74] and firstly observed in the p decay of 28Na in the present
work are denoted by sharps in green color. Reported values of T1p !PIOE74), Qp

[AUD03], P" [ROE74], and ^9" [AUD03] are also shown.
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6.3 New levels at 7.2OO 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 28Mg. From the

'y-ray coincidence relations, two levels with small log/t 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 [log/t : 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 ?-ray energy spectra gated on the 2907 and 5269 keV,

respectively. The newly observed 2907-keV 'y ray was coincident with the 1474- and 3081-

keV 1 rays. Similarly the new 2192-keV 7 ray was found in coincidence with the 5269-keV'y

ray. The sum energies of these cascade 7 rays, 1473.5(1) + 2906.9(6) + 3081.3(3) : 746I.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 7.4677(4) MeV.

The 2291-keV 1 ray was newly found in the projection spectrum of ^f-^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

-+ 4.02I MeV),3694-keV (5.171 -+ I.474 MeV), and 2548-l<eV (4.021 -+ I.474 MeV) ? rays,

respectively. The 1373-keV'y transition (6.545 -+ 5.171 MeV) can be confirmed in all the

energy spectra, whereas the 2291-keV 7 ray was not confirmed in the ?-ray energy spectrum

gated on the 1152-keV 7 ray [Fig.6.s(a)]. In the ?-ray energy spectrum gated on the 22gI-

keV 7 ray as shown in Fig. 6.5(d), the 3694 keV (5.171 -+ 1.474 MeV) 7 transition can only

be observed. Although the coincidence relation of the 229I-keY 'y ray was confirmed to be

incomplete, we propose the placement of this 7 transition indicated by the dashed line in

Fig. 6.2, because the energy difference between the levels, 2289(I) keV [: 7461(I)-5I72(I)),
is consistent with this 7-ray energy 2290.9(6) keV within 2o accuracy.

Another newly found 2008-keV I ray was coincident only with the 5193-keV 'y r^y

(5.193 MeV -+ g.s.). This observation required another new level and the excitation en-

ergy was reasonably determined to be 7.2003(6) NIeV [: 5.1926(5) + 2.0077(4)].

All the ?-ray energy spectra gated on the ? rays in 28Mg except for the ones gated on the

lI52-,229L-,2548-,2907-,3694-, and 5269-keV 'y 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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Table 6.2: Garnma transitions in 28Mg observed in
of initial and final levels, respectively.

"Nu p decay.

present work. 4 and E1 are the energies
The intensities are shown in percent of

la Eγ [keV] %ら
1151.6(11)

1373.49)

1473.5(1)

1990.45)

2007.7幹 )

2191.43)
2290.9“ )

2388.4(1)

2547.8(つ

2906.∝o
3081.a鋤
3088.<鋤
3404.9(13)

3694.2(13)

3994.9(lo
4443.0(11)

5192.6“ )

5269.1● )

5.913-■》4.021

6.545-)5.913
1.474-)g.s.

6.545-)4.555
7.000-)5.193
7.461-)5.269
7.461-■》5.171

3.862-)1.474
4.021-)1.474

7.461-)4.555
4.555-→ 1.474

4.562-→ 1.474

4.878-→ 1.474

5.171-→ 1.474

5.468-→ 1.474

5.917-→ 1.474

5.193→ g.s.

5.267→ g.s.

1151.5(助

1473.4(つ

2389.1(鋤

2546.6o)

3083.4(鋤

3087.4(つ

3404.9(11)

3698.1(助

3995.3(11)

5190(3)

5271.7(8)

3てつ

18.42o

l.30)

2.6“
)

0.5∝ 15)

<0.1

<0.1

37(5)d

O.2(1)

0.5(1)

0.8(1)

<0.1

22o)
<0.1

0.6(1)

2.て4)

4.0“
)

0.2(1)

0.3(1)

<0.1

0.3(1)

0・<1)
2.■→

'Present work.
bTaken from Ref.

"Taken from Ref.
dTaken from Ref.

[RAS741.

IEND90]
[NNDlll.
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Table 6.3: The 28Mg levels observcd in
B-decay branching ratios (.IB)

present measurement.

the 0 decay of 28Na. Asterisks indicate that the
to these levels were less than the sensitivitv of the

E, [MeV] ら [%la ら I%lb log ft" log /tb
(rs

1.4735(1)
3.861e(1)
4.0213(7)
4.5548(3)
4.5618(3)
4.878(1)
5.1713(7)
5.1e26(5)
5.26e1(5)
5.468(1)
5.e17(1)
6.5452(5)
7.2003(6)
7.4617(4

60(7)
7.3(60)
22.3)

1.e(4)
4.0(6)
o'Jr'

+

1.5(4)
<0.1

0.3(1)
0.2(1)
0.5(1)
r.4(2)

63(6)
14(6)
1e(3)

1.3(3)
2.6(5)

0,50(15)

4.6(1)
5.2(2)
4.4(1)

*

5.3(2)
5.0(1)
6.2(2)

*
*

5.2(1)
>6.3

5.7(1)
5.8(2)
5.2(1)
4.6(1)

4.57(5)
4.ee(1e)
4.42(8)

5.43(11)
5.13(e)

5.68(14)

一
　

一

一
　

一

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

The absolute intensities would have been deduced by normalizing the intensitv of 1342-

keV 7 transition in the granddaughter nucleus 28.{1, if the 28Na beam intensity had been

stable enough during a time span of the order of 28Mg half-life (20.9 hours). In the present

work, the intensities were estimated by normalizing the 28Mg t474-keV 7-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 28Mg levels may cause anisotropic 17-ra.y emission [MOR76]. From

the observed 90"/0' anisotropy for the most polarization-affected 2+ -+ 0+ transition of

the 7474-keY 1 ray, it was found that the isotropic assumption underestimates the 'y-r^y

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 28Na

To deduce the B-decay asymmetry parameter A for each B transition from Eq. (3.8),

the polarization P has to be known. The polarization P can be evaluated by using the B

transition which populates the Ievel with known spin. Therefore, we selected the 28Nar...(1+)

- "Mgr...(0+) transition by setting a B-ray energy gate on a range 9.7-II.4 MeV to cut

off the transitions to the excited levels in 28Mg. These gate energies were determined by

taking into account the l3-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 [NIINO5]. 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 28Mg 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 log/t value was determined to be 6.2(2), all the decays with

logft a 6.2 can be regarded as GT transitions. As a result, the levels associated with

log/t < 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 MeV wcre consistent with the reportcd oncs [END90]. This fact

demonstrates the effectiveness of the present method. It is to be ernpltasized that the newly

found 7.461-MeV 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 and4.562 MeV are not populated by the 7 transitions from the higher levels,

the asymmetry parameters of fhe B decay to these levels were obtained by simply counting

the 7 rays of 2388 and 3088 keV in coincidence with the B rays (see Fig. 6.2). Figure 6.6

shows the 7-ray energy spectra around the 2388-keV peak in four patterns according to the

polarization direction (+ or -) and the B-ray detector (L or R) expressed as the Eq. (3.4)

to (3.7). Larger peak counts of l/fi- and lf than those of lfi and l// indicate a positive

and sizable asymmetry (see Eq. (3 8)) From the peak counts in Fig. 6.6, the value of As.aaz

was obtained to be -0.85(6) (Hereafter the asymmetry parameter of the B decay to the

daughter level with excitation energy -E is expressed as AB). Among the expected values of

A in Table 3.I, A: -I (F : 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

[MrD64].
In the same way) A+5az : -0.54(19) was obtained from the 3088-keV ^/-ray counts in

coincidence with p ray. This result enabled 1+ 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 28Mg at I.474 MeV is populated not only by the direct B
transition, but also by eight 7 transitions from higher levels (see Fig. 6.2). In order to select

the direct p transition, we set the B-ray energy gate with Ea:7.7 -9.7 MeV so that the B

transitions to the levels higher than the 3.862-MeV level were rejected. Figure 6.7 shows the
.y-ray energy spectra around the 1.474-keV peak in 4 patterns according to the direction of

polarization (+ or -) and the p-ray detector (L or R) in coincidence with above mentioned

7-ray energy range. From these ?-ray counts, A1.474: 0.48(3) was obtained, indicating very

reasonable assignment of 2+ for the first excited state [END90].

Figure 6.8 compares the experimental asymmetry parameters of Ar.+7+, As.aaz, and Aa,s62

with the expected 3 values. It is seen that the value of As.eaz is somewhat away beyond the

1o error range from the expected value of A: -7.0. It must be due to the assumption on

the p-ray emission angle 0, as mentioned in Sec. 3.2.
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6.6.0.2 Spin-parity of the new level at 7.461MeV

The intensities of 7 rays deexciting the new level at 7.461 MeV were too weak to deter'-

rrrine the asymmetry pararrreter of A7.a61. Therefore, the following irrdirect method of spin

assignment was used, based on discussion in Sec. 3.3.3. The key is the known 1+ assign-

ment for the 5.269-MeV level. Because of the cascade relation of the 2792-keY (7.461 MeV

-+ 5.269 MeV) and 5269-kev (5.269 MeV -+ g.s.) transitions, the relation irr Eq. (3.14) is

applied as

4"=ム%9×霧+ん“1× 事,

“

.1)

where the asymmetry parameterスL69 iS deduced by the β―decw asymmetr57 in COincidence

with the 5269-keV γ ray.Taking into account■ 5.269(1+)=-0・ 5 and transition intensities

(ら ,ら )h Tables 6.2 and 6.3,the ttlues of4L69 Кre Calcdated br the three posdble dues

Ofス 7.461・ The results are compared with the experimental Ag269 aS Shown in Fig.6.9.It is

fOund that only 2+case is consistent with the experilnental result. Thus the spin― parity of

the 7.461-ⅣIeV level Ⅵras assigned to be 2+.

6.6.0.3  Spin― parity of the 6.545 MeV level

The le(l at 6.545 MeV wasidentined in the 26Mg(t,p)28Mg reaction[HIN611.The present

work observed the β decay tO this level for the■rst time.The logノ ι Value of 5.8(2)indiCates

that the transition is allowed one.

The asymmetry parall■ eter of the β deC勢′leading to the 6.545-MeV level could not be

deternlined because of lveak intensities of the 1373- and 1991-keV γ rays、アhich deexcite

the 6.545-R/1e 「ヽlevel. Therefore,the spin― parity of this level was deternlined based on the
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γ―transitioll probabilities as follows. The 1373- and 1991-keヽ 「γ rays populate the 5.171-

(3~[RAS741)and thC 4.555-MeV levels(2+[RAS741),rcSpectively,as shown in Fig.6.2.The

experimental intellsities(壻Xp)and transition probabilities by LVeisskopf estimate l■
シ′(σλ)l

for the transitions fron■ the 6.545-ⅣIeV level are comparcd for the possible spin_parity of O+,

1+,or 2+of this level in Table 6.4. It is found that the ratio of intensities can be explained

by neither O+ nor l+ ctte even vた th hindrance or enhancement factor for the transition

probabilities. In order to consider if the 2+assignment is reasonable,the hindrance factOrs

of」
『

l andスイl transitions lvere exallnined as follows. The known halilife of the 5.171-h/1eヽ 「

Ъble 6.4:Experiment」 illtendths(壻Xp)and trandtbn probaЫ
lities byヽ醗isskopf estimates

[η7(σλ)]fOr the γ transitions depopulating the 6.545-MeV level.

γti癬
lbn観 ;「

“

5“ MAD σλ
睡 麓sb偲 lim訛→

0+     E3     2.5× 105

1373   <0.1 1+      Л√2 1.0 x 10e

2+       E1      2.4× 1015

0.21991

0+
1+

2+

E2
』И「1

几fl

2.0× 10・・

2.4× 1014

2.4× 1014

level (Ty12 : 1.20 fs [END90]) enables us to deduce the hindrance factors of ,81 transitions for

the transitions of 5.171 MeV(3-) -+ 4.021 MeV(4+) and 5.171 MeV(e-) -+ I.474MeV(2+)

to be 10-3-10-4. Since the 1991-keV transition is most likely an l-forbidden MI transition,

a hindrance factor of 10-2 is reasonably estimated [MOR76]. BV taking these hindrance

factors, the experimental data are consistent with the 2+ assignment. Thus the spin-parity

of the 6.545-NIeV level is proposed to be (2)+.

6.6.0.4 Other levels

Other three levels at 4.878. 5.468. and 5.9i7 MeV were also found as the final states of

the 28Na B decay for the first time. These levels have been identified in the 26Mg1t,p;28Mg

reaction [HIN61]. The spins and parities of the 4.878- and 5.468-MeV levels were reported to

be 2+ and 2, respectively. The former assignment is consistent with the presently measured

Iog/t values of 6.2(2), as mentioned before. The spins and parities of the 5.977- and 7.200-

MeV levels are newly proposed to be both (0, 1,2)* based on log/t : 5.7(1) and 5.2(1),

respectively.

The spins and parities assigned in the present work are summarized in Table 6.5.



Tablc 6.5: Spins and parities of levels in 28Ⅳ Ig.

島 [MeVI  Iπ a  rπ b  rπ C  Iπ d  lπ e  rπ f

g.s.          0+        0+        0+       0+        0+        0+
1.474

3.862

4.021

4.555

4.562

4.878

5.171

5193
5.269

5.468

5.673

5.702

5.917

6.545

7.200

7.461

2+

0+

2+

2+

G~)

0+

2+

0+

2+

0+

4+
2+

1+

2+

3~

1

1+

2

0,1,動
十

(2)+

①,1,動
+

2+

2+       2+

(0,1,2)    0+

2+        2+

4+ 4+

2

3

1

2+

3~

1~

-      1~

2         2

-     0+

0+

4+

2+

1

(1,2,o+
2

0+

0+

4+

2        2+        2+        2+
1       1+ 1+

2+

3~

1

1+

2

2+

0+

aPresent work.
bTaken from Ref.

"Taken from Ref.
dTaken from Ref.

"Taken from Ref.
rTaken from Ref.

IMID641

[FIS73]

[RAS74]

[GU184]

[END901
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CHAPTER VII

Analysis of experimental data and resultst 2eMg

7.L New 7 transitions in 2eMg

Figure 7.1 shows the total 7-ray energy spectrum of 0-l coincidence data in the B decay of
2eNa. The ? rays of 2eMg in the B decay of 2eNa are clearly observed (labeled by asterisks and

corresponding energies in keV in red color). The'y rays of 2eAl and 2eSi associated with the B

decay of 2eMg, and those of 28Mg, 284.1, and 28Si in the B-n decay of 2eNa were also observed

(labeled by closed circle). As will be discussed in the following, a new decay scheme of 2eNa

has been established as shown in Fig. 7.2. New findings are labeled by asterisks in Fig. 7.2.

We have confirmed all the p-delayed ? rays in 2eMg reported in Ref. [BAU87], except for

the two ? rays of 2445 and 2500 keV deexciting the level at 2.500 IVIeV. These two 7 rays

with very low intensities, 0.4(1) and 0.2(1), respectively, are out of sensitivity in the present

experiment by the estimation from background noise in the energy spectrum. However, 7-7

coirrcidence analysis using nine Ge detectors enabled us to firrd new ? transitions of 1583 and

1794 keV shown as follows. The energy of the lcvels and 7 rays in 2eMg were re-evaluated

in the present work.
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The 7-ray peak of 336 keV found in Fig. 7.1 which was reported as the transition between

levels at 1.431 and 1.095 MeV in 2eMg in the p-n decay experiment of 30Na 
[BAU89], was

firstly observed in the B decay experiment of 2eNa in the present work. Figures 7.3(a) and

(b) show the 7-ray spectra in coincidence with the 7 ravs of 336 and 1040 keV, respectively.

The peaks indicated by black dots are the spurious peaks due to Compton cross talk between

two Ge detectors. It is confirmed that the 336-keV 7 ray is in coincidence with the 1040-keV

? ray. This assures the 7 transition of 336 keV (1.430 -+ 1.095 MeV) reported in [BAU89].
In Fig. 7.3(a), 'y-ray peak of 1794keY is also observed. By the 1-7 coincidence analysis

gated on the 1794 keV shown in Fig. 7.3(c), the 1794-keV 7 ray was confirmed to be in

coincidence with the 55-, 336-, and 1040-keV 7 rays. We propose the new 7 transition of

1794 keV (3.223 -+ 1.430 MeV) from the consistent energy of 55 * 1040 + 336 + 7794 : 3223.

It is strongly suggested that this transition is the same as the one observed and left unplaced

in the single-neutron knockout experiment of soUg 
[feROa].

The 'y-ray energy spectrum gated on range of 1582-1587 keV is shown in Fig. 7.3(d).

The 'y-ray peak of 55 keV, which cannot be in coincidence with 1586-keV I ray can be seen

clearly. Inthelatestdecayschemeof2eMgINNDI1],theTtransitionsof 1586keV(3.223-+

1.638 MeV) and 55 keV cannot be in cascade relation unless the 1 transition(s) which finally

lead(s) to the 0.055-MeV level as shown in Fig. 7.4. No J rays of 208 keV [: 1638 - 1430]

and 543 keV [: 1638 - 1095] in Fig. 7.3(d) indicate that the small 'y-ray peak next to the

1638 keV 'y ray in Fig. 7.3(d) is doublet of 1583-keV and 1586-keV (3.223 -+ 1.638 MeV)

7 rays with the consistent energy difference of 1638 - 55 : 1583 keV. Thus, the new 7
transition of 1583 keV (1.638 -+ 0.055 MeV) was proposed.

The coincidence relations investigated by the analysis of ^t-'y coincidence with a time

window of f 400 ns are summarized in Table 7.1. The symboi C ( x ) denotes that the ^l-ray

peak was (not) observed in the gated spectrum. AII the Tray energy spectra gated on 'y

transitions in cascade relation in 2eMg are listed in Fig. A.13 to A.17 in Appendix A, except

for the ones gated on the 336, 1040, 1794, and 1582-1587 keV which are represented in this

chapter (Fig. 7.3).
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Table7.1: Coincidence relations of 7 rays in 2eMg observed in the present work: Whether or not the l ray peak was observed
in the gated spectrum is displayed by a O or a x, respectively.
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∞
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7.2 Beta decay to the lst excited state in 2eMg

In the result of Ref. [BAU87], the B decay of 2eNa to the 1st excited state in 2eMg

(0.055 NIeV) was not confirmed and the sum of the B-decay intensity to the ground and the

1st excited states was reported. In the present experiment, the fl decay to the 0.055-MeV

level was observed for the first time. Fig. 7.5 shows the 7-ray energy spectrum in coincidence

with the 0 ray with the energy over 12 MeV, which corresponds to the end point energy of

the 2eNar.r. -+2eMg (i.094 MeV) A ray. The attenuation of l3-tay energy in the materials

between Ge crystal and Pt stopper (Pt stopper, FRP chamber, plastic scintillators, and Al

cap of Ge detector) was estimated to be -2 MeV by using GEANT4 code [AGO03; ALI06].

By choosing energy above 12 MeV, the B ray from the 2eNar.". to the ground or lst excited

state in 2eMg can be selected. The 55-keV ^t ray peak clearly seen in Fig. 7.5 indicates the

evidence for the B decay to the 0.055-MeV level from 2eNa.

7.3 Gamma-ray intensities and B-decay branching ratios

Because of the residual polarization of levels in 2eMg associated with the B decay of largely

spin-polarized 2eNa, the anisotropic emission of the 7 ray causes the angular distribution. In

the case of 28Mg, I474-keY 1 ray (2+ -+ 0+) which shows the maximum angular distribution

detected by 0 degree detectors along the polarization axis was measured I3To lower than

90 degree (see Sec. 6.4). The 7-ray intensities in 2eMg was deduced by using seven Ge

detectors placed 90 degree along the polarization axis because an effect of yray angular

distribution can be ignored (see Fig. 3.5).

The 7-ray intensities in 2eMg in the present work are listed in Table 7.2,with the values

reported in Ref. [BAU87]. The relative intensities of the ? rays are normalized to the

strongest 1 ray of 2560 keV as 100%. The intensity of the 55-keV ? ray carlnot be obtained

because the low energy 7-ray efficiency of Ge detectors could not be clearly determined.. The

absolute 7-ray irrterrsity in 2eMg and p-decay branching ratio leadirrg to the levels in 2eMg

were deduccd as follows. The yield of 2eMg was calculated by using the well-established

intensity value of 36To for tlte 2224-keV 'y ray in granddaughter 2eAl in the B dccay of 2eMg

with thc half-life of 1.3 sec [GUI84]. Then, the absolute'y irrtensity of 2eMg were obtairred

by usirrg the 2eNa p-decay probability of 78.5(30)% referrcd from the value of p-n decay

probability P^ : 2r.5(30)% lLANS4l.
The B-decay branching ratio and log/t values deduced from thc absolute'y-ray intensity

arc listcd in Table 7.3. Since the intensity of thc 55-kcV 7 ray was not obtaincd, sum of the
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Table 7.2: Gamma transitions in 2eMg observed in the p decay of 2eNa in the present work.
.81 and E1 are the energies of initial and final levels, respectively. The absolute
intensities are shown in percent of 2eNa B decay. Asterisks indicate that the
intensities were Iess than the sensitivity of the present measurement. The intensity
of 55-keV J ray was not obtained because the'y-ray efficiency at low energy could
not be clearly determined.

ら 卜eⅥ
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ユ → 身 IMev]a ら(rel)al%] ら(abS.)a ら(rel.)b[%]
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335.5(2)
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B decay to the ground and 1st excited states is listed.

7.4 Spin-Parity assignments of 2eMg levels and polarization of
2eNa

7.4.L Spin-Parity assignments of 2.6L4- and,3.223-MeV levels and polarization
of 2eNa

For the investigation of the spins and parities of the excited levels in 2eMg, AP values

of the B rays from 2eNa in coincidence with the 7 ray which deexcite the state in 2eMg were
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Table 7.3: The 2eMg levels observed in the B decay of 2eNa. The p-decay branching ratio to
the ground state and 0.055-McV level were deduced as the sum of thcm.

0.05456(1)

1.0943(a

l.42989)

1.637て 1)

2.61430)

3.2234o)
3.22716)
3.6731“
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3.9846(つ

26(η
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0.20●
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<1.7
36“
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119)
2.5い

)

1・ 1儡
)

0.8(勾

24(10)

<0.2

<04
37.8(72)

12.3(24)

3.1“
)

0.8(2)

0.29“ )

5.1(2)

>6.5

7.0(1)

>6.0

4.46o)

4.84鱚
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5.5(1)

5.て 1)

5.8(1)

5.39)

>7.0

>6.6

4.く 1)

4.8(1)

5.<1)

5.∝ 1)

6.21)

aPresent work.
bTaken frorn Ref. |BAUBT]

calculated using Eq. (3.8). For calculating asymmetry parameter A, polarization P of parent

nucleus 2eNa is necessary. P value of 2eNa can be calculated from AP value from B decay

leading to spin-know level in "Mg. However, the P value cannot be calculated because the B

decay to the ground state in'nMg, which the spin-parity is only reported to be 312+, cannot

be separated from the decay to the 0.055-MeV level. Therefore, the spins and parities in
2eMg were investigated as follows.

The AP values of the two energy levels at 2.614 and 3.223 MeV were calculated by

using the B-,y coincidence event gated on the ? rays of 2559 keV (2.614 -+ 0.055 MeV) and

1586 keV (3.223 -+ 1.638 MeV), respectively, as

■2.614P = 0・ 352(20)

A3223P = 0・ 161(42).

The ratio of these 24f)、「alues、vas calculated as

(7.1)

(7.動

Az.auP Az.au'ffi:'ffi:2.1e(5e).
(7.o

This value is only consistent with the case that the asyrnmetry parameter of thc 2.614- and

3.223-MeV levels are -1.0 (1* : tl2+) and -0.4 (1" :312*), rcspectively. Therefore, the

spirrs and paritics of the 2.614- and 3.223-lVIeV lcvcls in 2eMg were assigned to be 1/2+ and
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312*, respectively, for the first time.

TIre polarization of 2eNa was deduced from tlte AP values of the 2.614- and 3.223-MeV

levels in Eq. (7.2) divided by the l, values these levels (Ar.att: -1.0, As.zzs: -0.4). The

value of 35 +2% was obtained from the average of polarization values of these two levels.

7.4.2 3.227-MeV level

The spin-parity of the 3.227-MeV level was investigated as follows. For deducing the

asymmetry parameter As.zzz associated with the 3.227-MeY level, the counts of 7 rays de.-

exciting this state in coincidence with B rays are needed. However, the closely located 'y-ray

peaks deexciting the 3.223-MeV level made it difficult to precisely obtain the counts because

of poor statistics. Therefore, we regarded the doublet peaks as one peak and estimated the

asymmetry parameter as a whole, Ad.oubtet. Ad.bI", can be described as (As22s x J3'223 +
Az.zzz x Il'2'z?)1Q1,'223 + I:'"'), where 73'223 un6 Il'227 represent intensities of the doublet

?-rays from the 3.223- and 3.227-MeV levels, respectively. The established assignment of

3f 2+ for the 3.223-MeV level requires As.zzs to be -0.4. Then, As.zzz can be calculated from

the experimental value of 44o,67.1. This method was applied for the doublet Tray peaks of

3223 - 3227 keY and 2L29 - 2133 keV to determine the same As.zzz. The 3169 - 3173 keV

doublet was eliminated because of low statistics. As.zzz values from each doublet peaks were

deduced to be 0.27 + 0.68 and 1.03 + 1.89, respectively, as plotted in Fig. 7.6, together with

expected asymmetry parameters in horizontal lines. The experimental data are consistent

with *0.6 or -0.4, which correspond to 312+ or 512+. By comparing the 7 transitions from

the 3.223- and 3.227-MeV levels to the ground and lst excited state, the significant contrast

of 7-decay intensity can be seen. Therefore, we propose the spin-parity assignment of (512)*

for the 3.227-MeV level.

7.4.3 0.055- and 1.638-MeV levels

The spins and parities of Ievels at 0.055 and 1.638 MeV are investigated as follows.

From parallel 7 transition with the relative intensity of 1261a : Izsao : I '. 17 for 2614 keV

[2.614MeV (Il2+) -+ e.r. (312*); MI) and 2560 keV [2.614 MeV (1/2+) -+ 0.055 MeV],

M1 transition is more likely for 2560-keV'y ray than 82. Then, the spin-parity of the 0.055-

MeV level was assigned tentatively to be (1,12+,312*). The relative'y-transition intensity

of [6s : lrsss : 20 ; 1 for the 1638 keV [1.638 NIeV -+ g.s. (312 +)] and 1583 keV (1.638

-+ 0.055 MeV) suggest that MI and E2 transitions for 1638 and 1583 keV, respectively, are

favored. Therefore, the most probable spins and parities of the levels at 0.055 and 1.638 N,IeV
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7.4.4  3.673‐ and 3.985-MeV levels
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Table 7.4: Spins and parities of levels in 2eMg.

コ¢lMeV] 」πa 」π。 」πC

gs.

0.055

1.094

1.430

1.638

2.266

2.614

3.223

3.227

3.673

3.985

3/2+

(1/2)+

(5/2)+

1/2+

3/2+

(5/2)+

(5/2)+

(5/2)+

3/2+ 3/2+
1/2+

(3/2~)

(7/2~)
5/2+

(1/2~,3/2~)

一　

一　

一　

一

一　

一　

一　

一　

一　

一　

一

aPresent work.

bTakn from Ref.IBAU84
CTaken fl・Om Ref.[BAU891
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CHAPTER VIII

Analysis of experimental data and resultst 30Mg

8.1 New 7 transitions and levels in 30Mg

Figure 8.1 shows the total ?-ray energy spectrum of 0-l coincidence data in the B decay

of 30Na. The ,y rays of 30Mg in the p decay of 30Na are clearly confirmed (indicated by

the asterisk and corresponding energy in keV in red color). The 'y rays of 30AI and 30Si in

the B decay of 30Mg, and those of 2eMg, 2eAI, and 2esi in the p-n decay of 2eNa were also

observed (labeled with open circle). The 1 rays of 305, 984, 1482, 1505, 1559, 179I, 1820,

1877, 1952,1978, 2059, 2499,2627,3179,3484,3542, 3930, 4967,5022, 5095, 5413 keV, and

single and double escape (s.e. and d.e.) peaks of the 7 rays of 3L79, 3930, 4967, 5022, 5095,

and 5413 keV in 30Mg were observed. The new 'y rays of 2604,2684,3217, and 3431 keV in
3olvlg are also found in Fig. 8.1. The 1898 keV 'y ray which was observed as the transition

of 3.379 -+ 1.481 MeV in 30N,Ig i.r the fusion reaction experiment of 14C(18O,2p) 
[DEA10],

was firstly observed in the p decay of 30Na in the preserrt work. By y'y analysis with the

coinciderrce timc width of 1400 rrs, fourtccn 7 transitions arrd four energy levels were newly

observed in 30Mg as sunlmarized irr Table 8.3 and described in the rcvised decay scherne of
30Na as showrr in Fig. 8.2. Asterisks irr the figurc indicate new findings. The energy of the

lcvels and 7 transitiorrs irr 30Mg were re-evaluated irr the present work.
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Figure8.1: Gamma-ray energy spectrum of l3-l coincidence data, for the p decay of 30Na. The 1-rays of 2eMg associated with
B decay of 30Na are labeled by asterisks and the corresponding 1-ray energies in keV. The peaks of the descendants
(tnAI. 30Si, 2eMg, 2eAl. and 2eSi) are labeled with open circles.
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The energy level at 6.064 MeV and 1 rays of 2684 kcV and 2604 keV were newly found

in 30Mg as follows. Figure 8.3(a) and (b) show the 'y-ray energy spcctra gated on the 1898-

and 1978-keV 1 rays, respectively. The clearly observed 2684- and 2604-keV 7 ray peak

in Fig. 8.3(a) and (b) indicatc the coincidence relations of 1482-1898-2684 keV and 1482-

1978-2604 keV, respectivelv. Figure 8.3(c) and (d) shows the 1-ray energy spectra gated

on the 2684- and 2604-keY ? rays, respectively. The clearly observed 7-ray peaks of (1482,

1898 keV) and (1482, 1978 keV) supports the coincidence relations of 1482-1898-2684 keV

and 1482-1978-2604 keV, respectively. The consistent sum energies of these cascade 7 rays,

1482 + 1898 + 2684 : 6064 keV and 1482 + 1978 + 2604: 6064 keV, indicate the cascade

relations shown in Fig. 8.4. Thus, the new energy level at 6.064 MeV, and 1 transitions of

2684 keV (6.064 -+ 3.380 MeV) and 2604 keV (6.064 -+ 3.460 MeV) were proposed in 30Mg

for the first time.

Similarly, the 7 rays of 1635,2216,2227,2437,2554,2946,320I,32II,3431, 3598, and

4582 keV, and energy levels at 4.683, 4.694, and 5.897 MeV were newly confirmed by l-l
coincidence analysis in the present work. The 1 transitions in 30Mg observed in the B decay

of 30Na in the present work are listed in Table 8.3. The energies of the ? rays were deduced

by fitting of the observed photo peaks. Table 8.1 and 8.2 show the coincidence relations

of 7 rays in 30Mg investigated by f-f analysis. The symbol C (x) denotes that the ^l-r^y

peak was (not) observed in the gated spectrum. Note that the 'y rays of 1948 keV (4.415

-+ 2.466 MeV) was not observed in the present work. Besides, the 4415-keV 'y ray was

confirmed to be in coincidence with the 1482-keV ^t ray as shown in Fig. 8.5. The energy

difference of 5.897 - L482 : 4.415 MeV suggests that the 4415-keV 'y ray is the transition

between 5.897- and 1.482-MeV levels. Therefore, we propose that the 4415-keV 'y ray is

the transition of 5.897 -+ 1.482 MeV as substitute for the transition of 4.415 MeV -+ g.s

reported previously. All the J-ray energy spectra gated on the ? rays in 30Mg except for the

1898-, 1978-, 2604-,2684-, and 4415-keV 7 rays (Fig. 8.3 and 8.5) are shown in Fig. A.18 to

A.40 in Appendix A. The 1635-keV n/ ray, which is indicated by dashed line in Fig. 8.2, was

deduced as the transition of 5.095 -+ 3.460 MeV from the incomplete coincidence relation

between the 1978 keV [see Table 8.1, Fig. A.24 and 8.3(b)].
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Table 8.1: Coincidence relations of 7 rays in 30Mg observed in the present work I: Whether or not the 1 ray peak was observed in
the gated spectrum is displayed by u C or a x, respectively. The 3541- and 3542-keV 7 rays could not be separated
within the energv resohrtion of Ge detectors.
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Table 8.2: Coincidence relations of 7 rays in 30Mg observed in the present work II: Whether or not the 1 ray peak was observed
in the gated spectrum is displayed by u C or a x, respectively. The 3541- and 3542-keV 7 rays could not be separated
within the energy resohrtion of Ge detectors.
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8.2 Gamma-ray intensities and p-decay branching ratios

The 7-ray intensities were deduced by using 7-ray counts measured bv all Ge detectors.

As discussed in Sec. 3.3.2 and 6.4, the intensities are affected by angular distribution caused

by the residual polarization. Therefore, the obtained 'y-ray intensities in 30Mg have an

ambiguity as discussed in Sec. 6.4. The 7-ray intensities in 30Mg in the present work are

listed in Table 8.3, with the values reported in Ref. [GUI84] and [BAU89]. The relative

intensities are normalized to the strongest 'y ray of 1482 keV as I00%. The absolute values

were obtained by using the intensities of 7 rays populating the 30Mg ground state (see

Sec. 3.3.1) and the neutron emission probabilities of P1,, : 30(4)% and P2n : 7.15(25)%

taken from Ref. [GUIB4].

The B-transition intensities and log/t values in the present work and Ref. [NNDll] are

summarized in Table 8.4. It is to be noted that significant changes of intensities of the B
decays leading to the 1.788- and 2.466-MeV levels were deduced in the present work compared

to the reported values [NND11].

8.3 Spin-Parity assignments of 30Mg levels and polarization of
30Na

8.3。 l  Spins and parities of 4。 967-and 5.022… MeV levels and polarization of30Na

The asylnlnetry parameter of the β deCay leading to the levels in 30ル Ig can be evaluated

fl・om measured AP values of the β tranSition to the respective levels,and polarizttion P of

parent nucleus 30Na. Since it is difncult to deduce.4Pヾふues to the spin― knottrn levels in

30Mg because there are many populating 
γ transitions from higher levels(i.e.,1・ 482 MeV),

the asymmetry parameters of 301/1g、 vere evaluated as fo1lows.

Theノ生P values of the levels at 4.967 and 5.022 ⅣIeV with strong β―decay branching ratios

were calculated by using β―rw COunts gated on the γ rvs of(4967,3484,3179,2499,and

1505 keV)and(5022,3541,2554,and 1559 keV),respect市 ely,as(■ P)4967=0・ 29(4)and

(■P)5022=0・ 38(6).By taking the ratio ofthese AP values,the ratio o■ ly by the asymmetry

parameters was calculated to be■ 4.967/ス 5022=0・ 78(17).Depending on the 3 possible inal

spin、アalues of l, 2,or 3 in the ctte of a1lolved β transitiol■ ,the possible ratio of 24 takes 9

patterns,resulting in the、 アalues of+3.0, +1.0,+0.33,-0.5,-0.67,-1.5,and-2.0. Of these

values,the experimental value of 0 78(17)is only COnsistent with+1.0,which correspond to

the asdgnments of(√ 1967,4022)=(1+,1+),(2+,2+),or(3+,3+)SinCe the γ transitions
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Table 8.3: Energies and intensities of 'y transitions in 30Mg populated with B decay of 30Na.

.Ei and E1 are the energies of initial and final levels, respectively. The absolute
intensities are shown in oercent of 30Na B decav.

305.36(2

984.13(4)

1482.19(2)

1505.230)

1552.0(2)

1559.1(2)

1634.7(3)

1790.8(2)

1819.9(1)

1870.8o)

1897.9(2)

1948

1950.6(3)

1978.04(5)

2058.6(5)

2216.4(8)

2227.3(4)

2436.8(3)

2498.6(5)

2554.2(1)

2604.lo)

2626.5(o

2684.1(3)

2945.9(1)

3179.2(1)

3200.5(8)

3211.4(4)

3430.7(2)

3484.4(1)

3541.2(1)

3542.2(3)

3597.8(6)

3612.7(3)

3625.4(3)

3930.49)

4414.76)

4582.0(→

4685

4967.0(2)

5022.4(2)

5094.9(3)

5413.60)

1.788-)1.482
2.466-,1.482
1.482-)gos.

4.967-)3.460
5.095→ 3.541

5.022→ 3.460

5.095→ 3.460

5.095→ 3.302

3.302→ 1.482

5414→ 3.541

3.380→ 1.482

4.415-)2.466
5.414-,3.460
3.460-,1.482
3.541→ 1.482

4.683-)2.466
4.694→ 2.466

5.897→ 3.460

4.967→ 2.466

5.022→ 2.466

6.604→ 3.460

5.095→ 2.466

6.064→ 3.380

5.414-)2.466
4.967-)1.788
4.683→ 1.482

4.694-)1.482
5.897→ 2.466

4.967→ 1.482

5.022→ 1.482

3.541→ g.s.

6.064-)2.466
5.095→ 1.482

5.414-)1.788
5.414→ 1.482

5.897→ 1.482

6.604→ 1.482

- →  ―

4.967→ g.s.

5.022→ g.s.

5.095→ g.s.

5414■〉g.s.

7.7(5

6.9(→

49o)
3.9(o

l.8(1)

1.3(1)

0.9(1)

1.5(1)

3.Oo)

0.5(1)

1.4(1)

2.0(1)

11.0(7)d

O.6(1)

0.7(1)

0.7(1)

0.3(2)

1.1(1)

0.4(1)

0・ 9(1)

1.0(1)

1.5(1)

0.90)

5.6(2)

0.5(1)

1・0(1)

1.6(1)

4.7(3)

0.9(6)

2.π 6)

0.4(1)

0.4(1)

1.3(1)

2.6(2)

1.7(2)

0.8(0

7.1“ )

5.4に )

3.lo)

3.0(3)

15.8(2)

14.0(3)

100

7.9(3)

3.6o)

2.<2)

1・ 9(1)

3.19)

6.Oo)
1.1(1)

2.8(2)

4.2(2)

22.6(5)

1.2(1)

1.4(3)

14.2(8)

100

8.2(7)

4.2(6)

3.2(o

6.2(o
l.7(つ

24o)

1.9(6)

1.1(8)

11(2)

2.5(8)

9.8(16)

6.8

1.9(7)

6.3(12)

2.2(1)

11(3)

11(2)

5.8(14)

4.9(12)

14.5(9)

100

8.4(6)

4.7(4)

3.6(o

4.0(o

5.4“ )

1.39)

1.60)

4.5o)

25(2)

2.0(3)

0.3(1)

1.8(2)

2.3(o

12.60)

12.1(8)

1.6(7)

6.7(つ

0.8(1)

3.10)

6.6(5)

2.5(2)

<0.3
16(1)

12.7(o

7.4“ )

6.4“ )

1.5(3)

06(4)

2.3(2)

0.8o)
1.8(2)

2.00)

3.2(2)

14.50)

11.2(5)

6.4(4)

6.2(4)

1.7(4)

11.4(4)

1.0(1)

2.1(2)

3.3(2)

9.6(4)

1・9(10
5.5(12)

0.8(1)

0.8(1)

2.7(2)

5.3(o

3.4(3)

1.46)

uPresent work.
bTaken from Ref. [GUI84].
"Taken from Ref. [BAU89].
dSmall value of 7.9(5)% was deduced by the 1-1 coincidence data analysis.
This discreDancv could not be confirmed in the ^y-'v coincidence data.
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Table 8.4: The levels of 30Mg observed in the p decay of 30Na. The level at 4.415 MeV was

not observed in the present (see text for further detail). Asterisks irrdicate that
the p-decay intensities to these levels were less than the sensitivity of the present
measurement.

loglog

1.4822(幼

1.7875o)

2.4663幹
)

3.3021(1)

3.3801(a

3.46023● )

3.5422o)

4.415

4.682て鋤
4.6936“

)

4.96700)

5.022<勾

5.09496)

5.4136o)

5.8970o)

6.0642“ )

*

6(3)

0.9(6)

0.04(57)

1.4(2)
*

14鋤
1・ 0(つ

*

1.29)

1.て幼
22.36)

8.06)

8.て→
10.<→

3.6o)

3.60)

9.5(11)

3.Щ 5)

0・く→

3.5“ )

1.摂→
1.80(2の

21.て 1鋤

7.4o
8.56)

9.5C)

6.26)

7.1← )

>7.0

6.5(1)

6.4(a

6.7(→

6.4(1)

6.2(1)

5.0(1)

5.4(1)

5.4(1)

5.3(1)

5.6(1)

5.6(1)

5.86

6.12

7.0

6.01

6.43

6.15

4.98

5.42

5.37

5.26

aPresent work.

bTaken fl・ oln Ref INNDlll.
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Figure 8.6: Asymllletry paralneters of levels at 5.095,5.414,5,897,and 6.064h/1eV deduced

ioln tlle AP values d市 ided by polarizatioll P=0.32(3).

whiぬ popultte the g.s.(0+)Were observed iom bOth 4.967-and 5.022-MeV levels,the 3+

assignments are not reasonable for these levels by the γ―ray selection rules.Therefore,the

器signments were deduced to be(4967,■ 022)=(1+,1+)Or(2+,2+).Of these 2 patterns,

the polarization values P Ivere calculated to be O.32(3)and O.94(9)士 om theスP values

divided by“4、アalues for the both l+and 2+assignments,respectively. As the former value

of P=0.32(3)is reaSOnable,the spins and pttities of these levels are assigned to be l+and

l+for the flrst tilne.

8.3.2  5.095‐ ,5.414-,5,897-,and 6.064… MeV levels

The spins and parities of the levels at 5.095,5.414,5,897,and 6 064 ⅣIeV were deduced

iOIn AP values of tllese le、 rels and tlle polarizatioll P=0.32(3).Tlle AP・ 7alucs of the

rcspcctive lcvels were calculated to be O.134(102),0.0696(7),0228(17),and O・ 023(150),

respectively,by using β―rar counts gated on the γ rays wllich deexcite the respective levcls.

The asyI111lletry paranleter 4 of tllese levels werc calculated by usillg P=0.32(3),器 s110Wn

in Fig. 8.6. As a rcsult, the spins ttld parities of thesc levcls are dcduced to l)e2+, 2+,

(1,2)+,and 2+,respectively

To discuss thc(1,2)+assignment of the 5.897-MeV leК l,experimental γ―ray intensities

deexciting this level are compared withヽ 4ヽcisskopt estillnations in the both spin― parity ctte as

shown in Table 8.5。  Assulning the spin― parity of l+,γ  transition to thc ground state should

be observed as strongly as other levels due to Aイ l decay nature. However,the γ transition of

5897 keV(5.897 MeV→ gos.)waS not con■ rmed in the present work.The detection of this

γ ray is out of sensitivity in the present experilnent by estilnation frorn background noise at



Table 8.5: Experilnental transition intensities and transition probabilities by Weisskopf es―

timates I■ 7(σλ)]fOr the γ transitions deexciting the 5.897-MeV le(1.■ 7(σ人
)

nlues are normalized to the 5.897→ 1.482 MeV transition.■ 7(σ人)mlues are
calculated in the cases of IF897=1+and 2+.

\at(o\)(normalized)
島 [MeV](」

π
)

実Ъ97=1+ ■897=2+
I:XP

1.482o十
)

0(0+)
1.0

2.4

1.0

1.9x 10-2
1.6(a

this energy (Irtnt a 0.4). Therefore, we proposed 2+ assignment for the 5.897-MeV level.

8.3.3 3.302-, 3.380-, 3.460-, and 3.542-MeV levels

The spins and parities of the 3.302-, 3.380-, 3.460-, and 3.542-MeV levels were reported by

several experiments as,3.302 MeV:4+ [TAK09],3.380 MeV: (4+) [DEA10],3.460 MeV: (1,

2, 3)* [SCW09] or (4+) [DEA10], 3.542 MeV: (I,2)+ [NNDI1]. The spin-parity assignments

were again investigated in the present work. The p-decay asymmetry measurements for these

levels were not possible due to the very small or no B-decay branching ratio in the present

work. Therefore, the spins and parities of these four energy levels were speculated by the

experimental relative 7-transition intensities as follows.

The p-transition intensities with.Ip : I.4(2),1.6(4), and 1.6(2) for the 3.302-, 3.460-, and

3.542-MeV levels, respectively, indicate the allowed nature, resulting in the possible spins

and parities of 1+, 2+, or 3+ for these levels. Table 8.6, 8.7, and B.B show the comparisons of

experimental 7 transition intensities and Weisskopf estimations deexciting the 3.302-, 3.460-

, and 3.542-MeV levels, respectively. The 3+ assignment was excluded for the 3.542-MeV

level because the strong 7 transition to the ground state are observed. No observations of
.y transitions to the ground state suggest that the spin-parity of 1+ can be excluded for the

3.302- and 3.460-MeV levels. Moreover, strong 7 transitions of 1505 keV [4.967 MeV(l+) -+

3.460 MeV] and 1559 keV [5.022 MeV(1+) -+ 3.460 MeV] indicate the preferable assignment

of. 2+ for the 3.460-MeV level. By taking into account the hindrance factor of 10-2 for

l-forbidden M7 decay in this nuclear region [MOR76], the assignments of 1+ and 2+ for

the 3.542-MeV are both plausible. Thus, the spins and parities of the 3.302-, 3.460-, and

3.542-MeV levels were deduced to be (2,3)*, 2+, and (1, 2)+,respectively, in the present

work. It is to be noted that the obtained result of In : (2, 3)* at the 3.302-MeV level

shows the contradiction with 4+ assignment by the proton inelastic scattering experiment
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Table 8.6: Experillnental transition intensities and transition probabilities by Weisskopf es―

timates lηフア(σλ)]fOr the γ transitions deexciting the 3.302-MeV level.動 7(σλ
)

nlues are normalized to the 3.302→ 1.482 MeV transition.場 (σλ)nlues are
calcultted in the cases of 4302=1+,2+,and 3+.

島 [MeVI(」
π

)
I:Xp

1.4829+)
0(0+)

1.0

6.0

i.0
1.4 x 10-2

1.0

2.4xI0-8
1.3(1)

Table 8.7:Experilllental transition intensities and transition probabilities byヽ 石ヽeisskopf es―

timates I■ 7(σλ)]fOr the γ transitions deexciting the 3.460-MeV level.■ 7(σλ
)

nlues are normalized to the 3.460→ 1.482 MeV transition.η /(σλ)Values are
calculated in the cases of I1460・ =1+,2+,and 3+.

島 [MeVI(Iπ ) 」『 ИAn=1
\at(o\)(normalized)

I;Xp
」『 ′nn=2

“

ИAn=3・ 3460 ~~ ・         
・ 3460 ~~ る        ・ 3.460 ~~ 0

1.482(2+)   1.0    1.0    1・ 0   10.7(7)
5.4       1.4× 10~2     2.5× 10~8      _0(0+)

[TAK091.The assignment of(1,2)十 for the 3.542-MeV level is consistent with the reported

one lNNDlll.

The spin―parity of the 3.380-Ⅳ Ie 「ヽ level htt been assigned to be 4+by the γ―ray angular

distribution measurement in the fusion reaction experiment of 14c(180,η)IDEA101.In the

present work,strong γ transitions whitt populate p684 keV:6.064 MeV(2+)→ 3.380 MeV]

and depopulate 11898 keV:3.380→ 1.482 MeV(2+)]the 3.380-MeV leК l、vere observed,

which supports the 4+assignment.

Table 8.8: Experillnental transition intensities and transition probabilities byヽ 石ヽeisskopf es―

timates i鶴 /(σλ)]fOr the γ transitions deexciting the 3.542-MeV level.η /(σ人
)

Ⅷlues are normalized to the 3.542 MeV→ g.s.transition.η 7(σλ)Values are
calculated in the cases of彙陀42=1+and 2+.

"ry(o))(normalized)島 IMeV](」
π

)
r:Xp

1.482(2+)

0(0+)
0.5(1)

1.0“ )

７０

１

．

０

２０

　

・

０

０

．

１
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Table 8.9: Experimental transition intensities and transition probabilities by Weisskopf es-

timates l\at(o\)] for the 'y transitions populating the 3.542-MeV level. fiy(o))
values are normalized to the transitions leading to the g.s.

γ trandtbn[kev]ュ IMevI(」
π)島 IMevI(Jπ )σλ ■7(σλ)(normdized)ギ

p

5414     5.414(2+)   g.s.(0+)  E2     1.0     2.9(3)
1871

5095

1552

2.0x102
1.0

1.5 x 102

0.5(1)

3.Oo)

18(1)

5.414(2+)  3.542(1~) El
5.095(2+)   g.s.(0+)  E2
5.095(2+)  3.542(1~) El

Table 8.10: ExperiIIlental transition intensitics and transition probabilities byヽ 石ヽeisskopf es―

timates[η7(σλ)]fOr the γ transitions deexciting the 4.683-MeV level.■7(σ人
)

values are 1loIIIlaliZed to the 4.683→ 1.482 MeV trallsition.■ 7(σλ)ValuCS are
calculated in the cases of√ 1683・=1+,2+,and 3+.

島Ⅳ剣 四          イ
p

l.482(2+)         1.0           1・ 0           1・ 0        0.5(1)

3.1 1.5× 10~2     5.0× 10~8      _0(0+)

8.3.4  4。 683-and 4.694… MeV levels

The β transitions to the levels at 4.683 and 4.694 ⅣIe 「ヽwere observed for the■rst tilllle

in the present、vork. The allowed nature of β tranSition suggests that the spins and parities

of these levels are l+, 2+, or 3+. The γ―transition intensities deexciting the 4.683-NIeヽ 「

leve1 lⅣere compared v″ ithヽ 4ヽeisskopf estilnations as shown in Table 8.10. No observations

of γ transitions to the ground state suggest that the spin― parity of l+can be excluded for

this level.Therefore,the spin and parity of 4.683-MeV level were deduced to be(2,3)+.

Similarly,the spin and parity of 4.694-MeV level can be deduced to be(2,3)+.

8。4  1.788‥ and 2.466‐MeV levels

8.4.l  lntensities of β decayS tO the l.788-and 2.466… MeV levels

The β branch and spin_parity assignment for the l.788-Ⅳ leV level have been investigated

by the β―decv experiments IGU184;BAU89;MAC05;SCⅥ ′091,and O+assignment has

been suggested by the recent measurelllents of life― time of l.789-MeV level[MAC05]and

conversion electron of the 1789 kV EO transition(1.789 MeV→ g.s.)lSCWOq・ The β

branch of this bvd畷′88)deduCed h these expe五 mentsお summa五 zed m ЪЫe8.11.The
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Table 8.11:Beta― decv intensity of the 1 788-lⅦ eV level reported by the 30Na β―deCv ex_
perillnents.

Author             Reirence   靖
788   1。 g∫ι 弔・788(correCted)

D.Guillemaud― Mueller θι αι.[GU1841    2.6(16)  6.4    0.1(15)a
P. Baumann et al.

H. Mach et al.

W. Schwerdtfeger et al.
H. Mach et al.

[BAU89] <0.6 >7.0

[MACO司  4.3(12)unitS  ―

[SCヽV091     -      一

一       NoC     一       ―

-1・ 9(9)a

l.8(6)b

u After relocating the 1789-keV 'y transition from 1.789 MeV -+ g.s. to 5.022 -+ 3.302 MeV.
b Estimated by normalizing to the 4.8(5)% for the 305-keV ? ray.

" Schwerdtfeger et al. [SCW09] stressed "according to new high-statistics experimental
data no imbalance between feeding and deexcitation of the 1789 keV level exists any more

[MAC09]".

{'788 value has been calculated from the intensity balance of 7 rays which excite (3179 and

3625 keV) and deexcites (305 keV) the 1.788-MeV level for all the experiments as shown in

Fig. 8.7(a). It is found that the negligibly small intensity [GUI84; BAU89; MAC09] and finite

value [MAC05] have been reported. It is to be emphasized that sensitive measurement of B

branch is quite important to evaluate 0+ assignment since the 2+ -+ 0+ B decay corresponds

to the second forbidden transition. The distribution of log/t value of second forbidden decay

is 10-18.6 At these situation, the p-decay intensity of 0.9 with small error of 0.6 has been

deduced in the present measurement, resulting in anomalously small log/t value of 7.1(4).

This value indicate the contradiction to the 0+ assignment for the 1.788-MeV level.

Figure 8.8 shows the electron energy spectrum in Ref. [SCW09]. It is found that the peak

they insists as .80 decay is doubtful to be identified as the 1789-keV energy peak because

the possibility of just a fluctuation cannot be denied. Furthermore, the energy of the peak

in Fig. 8.8(b) seems to be observed at -1784 keV, showing disaccord with the 1789 keV.

Therefore, we carrrrot help but mention that the 0+ assignment for the 1.788-MeV level is

less convincing.

If the 0+ assigrunent for the 1.788-MeV level is correct, thc possible reasons for the

anornalously largc p branch of this level arc, (i) the 305-keV 7 ray irrtertsity is overestimated

by counting ? rays which overlaps with the 305-keV 'y ray of 1.788 MeV -+ 1.482 MeV in

the 7-ray singles energy spectnrm, (ii) the intensities of the 3179- and 3625-keV 7 rays are

6The Smalbst logノ ι Value for the second forbidden decay is 9.58 for the transitbn of 91ZrgS(9/2+)→
91Nbgs(5/2+)INNDlll.
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Figure 8.7:(a)Ptttial level sぬ eme of 30Mg.The β branch Of the l.788-MeV level is

寧崎39せ事WItttr躙轟翼》艦確鳳踏襴0壼選l可
rar illtensity by the γ―γ coillciderlce allalysis.嶋 γ(984)andハ写γ(305)repreSent
the γ―rtt counts of the 984 and 305 k3V,respectivelyち in coincidence with the

1482-keV γ rttL

underestimated due to the 7-ray angular distribution derived from the residual polarization,

or (iii) there are some ? transitions which populate the 1.788-MeV level from higher levels

except for the 4.967- and 5.414-MeV levels with the intensities less than the sensitivity of

the present measurement. For (i), the 305-keV 7 ray intensity was deduced by the analysis

of "y-l coincidence data as follows. The schematic illustration of the y1 analysis is shown

in Fig. 8.7(b). The counts of the 305- and 984-keV J-rays which are in coincidence with

the 1482-keV ,y ray were obtained to be AI"1(305) and N.r"(984), respectively. By referring

to Ilu : 6.9(4) which was deduced frorn the 7-ray sirrgles counts, the irrtensity of the 305-
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kcV'y ray is calculated as 1N05 : N.y.y(305)lNrQ84) x 6.9(a) :7.7(5)%, showing equal

result to the valuc deduced from the 7-ray singles counts. For (ii), we estirnated the 90'/0"

anisotropy of the 3179- and 3625-keV ? rays caused by possible residual polarization (see

Sec. 3.3.2 and Sec. 6.4). The result is that the isotropic assumption of the emission of

these 7 rays overestimates the 'y-ray intensity of the 3179-keV by 5To, resulting in the 0.3%

overestimation. For (iii), the upper limit of intensities of the possible 7 rays which populate

the 1.788-MeV level was estimated to be -0.3% from the fluctuation of the background

energy spectrum. As a result of discussions for (i)-(iii), the finite B branch of the 1.788-

MeV level is concluded to be plausible.

By taking into account the less reliable 0+ assignment for the 1.788-MeV, another spin-

parity assignment can be conceivable. The possible spin-parity assignments for this level

were speculated from the comparison of 7-transition intensities with Weisskopf estimates by

the similar discussion as Sec. 8.3, resulting in the possible another assignments of 2+ or 3+.

Significant change of B-decay intensity was also obtained in the present work for the

2.466-MeV level as the negligibly small value of Ip :0.02(57). The latest p branch reported

so far is Ip :3.S(5) [NND11]. This difference was deduced by finding 6 new ? rays which

populate the 2.466-MeV level (2216,2227,2254,2946,3431, and 3598 keV l rays) in the

present measurement. As a result, large log/t value of >7.0 compared with the reported

values of 5.9 [GUIB4] and 6.1 [BAU89] was deduced for this level in the present experiment

in spite of the allowed p decay of 30Nar... (2*) -+ 30Mg 
[2.466 MeV: (2+ [MAC05])].

It is to be emphasized that the spin-parity assignment of 2+ for the 2.466-MeV Ievel is

one possible candidate because it was tentatively assigned by the fact that the Ml dominant

decay of 984-keV 1 ray as a 2+ -+ 2+ decay seems reasonable by the B(82) value deduced

from the life time of the 2.466-MeV level [MAC05]. The possible another spin-parity as-

signments for this level were speculated to be 0+ or 3+ from the comparison of 'y-transition

intensities with Weisskoof estimates bv the similar discussion as Sec. 8.3.

8.4.2 Spin-parity assignment from Tray angular distribution by residual polar-

ization

The spins and parities of the 1.788- and 2.466-MeV levels were speculated from the angu-

lar distribution of ? rays emitted from 30Mg excited state with the large residual polarization

(see Sec. 3.3.2). The ratios of intensities of the 2499-, 3179-, and 3484-keV 'y rays detected by

the Ge detector placed at 180'to the one detected by the detector placed at 90" [R(180'/90")]
are listed in Table 8.12. It is found that the intensity of the 3484-keV 1 ray 14.967 MeV (1+)

ウ
ｒ



Table 8.12:Gamma―ray angular distribution of the 3484-, 3179-, and 2499-keV γ rays in
30Mg.R(180°

/90° )represent the anisotropy of the γ rtt detected at 90° and

180° .

γ transition    ュ → コf

(keV)  (Mev)→ (Mev)イ
→イ  R(180° /90° )

４

９

９

８

７

９

４

１

４

３

３

２

4.967-→>1.482

4.967-→〉1.788

4.967→ 2.466

1+→ 2+     0。 991(7)

1+→ (0+) 1・ 191(8)

1+―〉(2+)   1.072(13)

-+ 1.482 MeV (2+)] detected at 180' is almost similar to the one detected at 90o, showing

the consistent result with the calculated value of 1+ -+ 2+ transition in Fig. 3.5(a).

The contrast values of fi(180"/90") : 1.191(3) and 1.072(13) were obtained for the 3779-

keV [4.967 MeV (1+) -+ 1.788 MeV] and 2499-keY [4.967 MeV (1+) -+ 2.466 MeV] 'y rays,

respectively. As the possible 1" assignment is 0t, 2t, or 3+ for the 1.788-MeV level as

discussed in Sec. 8.4.1. the 3179-keV transition can be 1+ -+ 0*, 1* ) 2+, or 1+ -> 3+. The

180"/90'anisotropies of 1+ J 0*, I+ -+ 2+, and 1+ -+ 3+ due to the residual polarization are

listed in Table 8.13. Of these three transitions, 1* --| 0+ decay only shows large anisotropy.

Therefore, the 3179-keV transition is most likely to be 1+ I 0+, resulting in the assignment

of 0+ for the 1.788-MeV level. In this case, residual polarization of 1+ -+ 0+ can be calculated

by the 3179-keV ? ray; P : (I- 1.191)/(1 - 1.907) - 0.21(1). Then, the reduced anisotropies

of 'y rays under this polarization are calculated as listed in rightmost column in Table 8.13.

It is found that the anisotropies of the 2499-keV 7 traisntion shows good accordance with the

calculated R(180"/90") values for 1+ -+ 2+ or 1+ -+ 3+ transitions. Therefore, 0+ assignment

can be excluded for the 2.466-MeV level. As discussed in this section, the plausible spins

and parities of the 1.788- and 2.466-MeV levels were speculated to be 0+, and 2+ or 3+,

respectively, by the 7-ray anisotropy due to the residual poiarization and comparison of

'y-ray intensities with Weisskopf estimates.

The spins and parities assigned in the present work are summarized in Table 8.14.
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Table8.13: Estimations of 'y-ray angular distribution for the 3 transitions of 1+ i 0*, 1+ -+
2+, and 1+ -+ 3+ due to the residual polarization. These values are calculated
by taking into account the solid angle of the detectors placed at 180' and 90'.
E(180'/90") values for P : 1.0 and P : 0.2I arc listed.

イ→イЦ
ttZT8dC a躍勝

山
1+_〉 0+
1+■》2+
1+■〉3+

1.907

1.071

0.904

1.191

1.015

0.980

」πe

g.s.

1.482

1.788

2.466

2.543

3.302

3.380

3.460

3.542

4.184

4.260

4.359

4.683

4.694

4.967

5.022

5.095

5.313

5.414

5.897

6.064

0+
2+

①+)

0+)

(2,3)十

(4+)

(2)+

(1)+

(2,3)+

(2,3)+
1+

1+

2+

2+

(2+)

(2~,3~)

(4+)

(4+)

(5)

2+

①+)

(2+)

o~,3~)

0+)
に+)

(1,a+
(5)

(1,2,o

(1,a+

オ

”

が

一

一

0+
2+

一　

一
　

一

一　

一　

一
　

一

・
オ
ツ
オ

一
　

一

一
　

一

一
ゲ
　
一　

一　

一　

一　

一　

一　

一　

一　

一　

一　

一　

一　

一　

一　

一

(1,の
十

(1,2)十

(1,2)+

(1,2)+

Table 8.14: Spins and parities of levels in 30Mg.

uPresent work.
bTaken from Ref.

"Taken from Ref.
dTakcn from Ref.

"Taken from Ref.

ドCW091

1TAK091.

[DEA101.

[NNDlll.
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CHAPTER IX

Discussion: Structures of "Mg, 'nMg, and 30Mg

In order to clarify the nuclear structures of neutron-rich 28Mg, 
'nMg, and 30NIg, the

experimental levels observed in the present work are compared with theoretical predictions

based on shell model. The calculations were performed with the USD Hamiltonian IWILB ;

BRO88] and its revised versions of the USDA and USDB Hamiltonians [BRO06] where

nucleon excitations are restricted only in the sd shell. The NuShell code [BRO07] was

used. The experimental levels of 2eMg and 30Mg are also compared with the shell-model

calculations by the SDPF-M irrteraction, which nucleon excitations are not only in the sd

shell but also in 1f7p aud2ps12 orbits. Low-lving level structure in 30Mg are also cornpared

with the theoretical prediction by the calculation based on the constrained Hartree-Fock-

Bogoliubov plus local quasiparticle random-phase approximation (CHFB+LQRPA) method

IHIN11], resulting in thc existence of possible collective motion. As will be described below,

the comparison with these predictions revealed the change of shell structures from 28Mg to
toMg * neutron number increases.

9.1 Dominant normal configurations in the levels of 28Mg

Prior to estimating the p-decay probability of 28Nar.,. the wave function of 28Nar.". was

calculated, and it was confirmed that the experimental value of the 28Nag... magnetic moment

F : -t2.420(2)p* [KEI00] was reproduced well (Fc^t : 2.31.6py). The log/t values were

evaluated by assuming a quenching factor of 0.6 for the Gamow-Teller matrix element B(GT)

lBRo06l.

9.1.1 Levels below 5 MeV, and 5.269- and 7.46L-MeV levels

Figure 9.1(a) compares the experimental levels of 28Mg to the shell-model calculations

with the USDB Hamiltonian. Since the detailed information of energies, spins and parities
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(1"), 7-decay branching ratios, p-decay branchirrg ratios (18), and log/t values were obtained

in the experimental results, the comparison on a level-by-level basis has been carried out.

It is to be noted that the calculated positive-parity levels show reasonable correspondence

with the levels assigned in the present work as shown by the dashed lines in Fig.9.1(a), in

particular for levels below 5 MeV (I.474-,3.862-, 4.02I-,4.555-, and 4.878-MeV levels). It
is found that there are four 2+ levels above 7.5 MeV in the calculation. Among them the

7.671-MeV level with the smallest log/f value (4.4) corresponds most likely to the newly

found 2+ level at7.461MeV flog/f :4.6(1)]. By taking into account the spins and log/t
values, the predicted level at 5.519 MeV (/' - 1*, logft : 5.06) seem to correspond to

the experimental level at 5.269 MeV [1+, 5.2(2)). The 1-decay branching ratios by the

USDB calculation reproduce the experimental intensities well for the levels discussed in this

subsection.

9.L.2 5.193-, 5.469-, 5.917-,, 6.546-, and 7.200-MeV levels

Another correspondence between the experimental levels and predicted ones by tak-

ing into account the log/t values andf or decay patterns, as shown by the dotted lines in

Fig. 9.1(a); the experimental and predicted levels of 5.469-MeV (2, >6.0) and 5.567-MeV

(2+, 6.18), 5.917-MeV [(0, r, 2)+, 5.8(1)] and 6.070-MeV (2+, 5.r2),6.546 MeV [(2)*, 5.S(2)]

and 6.948 MeV (2+,5.66), and7.200 MeV [(0, I,2)+,5.2(2)] and 7.599-MeV (2+,5.S0).

Therefore, 2+ spin-parity assignments are proposed for the both 5.469-, 5.9L7-,6.545-, and

7.200-MeV levels. No predicted levels were calculated for the 5.171- (1" :3-) and 5.193-

MeV (1 : 1) levels. The latter level has been assigned to be 1- in Ref. [MID64] for the

first time, but reassigned to be 1 by the later work in Ref. [FIS73; NND11]. Our results

of the comparison between the experimental and theoretical levels seem to support the 1

assignment.

Even though some predicted levels in higher energy show inconsistent results, the ex-

perimental levels are in good agreement with the shell-model calculation where the model

space is restricted in the sd shell. These fact indicates negligible contribution of the intruder

configurations for the positive-parity levels in 28Mg. It is concluded that 28Mg is located

outside the region of the island of inversion.
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9.2 Intruder levels in 2eMg

Figure 9.2(a) compares the experimental levels of 2eMg to the shell-model calculations

with the USDB and SDPF-M Hamiltonians. The correspondences between the experimental

and predicted levels are discussed by taking into account the spins and parities, level energies,

log/t values, and 7-decay branching ratios in the following subsections.

The comparison of log/t values of the experimental and calculations with the three USD

Hamiltonians is shown in Fig. 9.2(b). The log/t values of the ground state and 1st excited

level at 0.055 MeV are not in present since each B branching ratio could not be obtained

experimentally. It is to be noted that all the spin-parity assigned levels are reasonably

reproduced by the USDB Hamiltonian except for the 1.094- and 1.430-MeV levels. The

precise discussions are described below.

9.2.L Levels with normal configurations

Thc relative intensity of the two 1 rays of 1583 keV (1.638 -+ 0.055 MeV) and 1638 keV

(1.638 MeV -+ g.s.) are corrrpared with thc USDB calculatiorrs. The experimental levels

at 0.055 and 1.638 MeV are assumed to be the theoretical levels at 0.045 MeV (t/2i)
and 1.594 MeV (5/2i), respectively, by taking into accoumt the log/t values and excitation

energies. Table.9.1 shows the relative intensities of the ? rays deexciting these levels. The

intensity of 2 1 rays deexciting the 1.638-MeV level is well reproduced by the calculation.

Therefore, the spin-parity assignments of I f 2+ and 5f 2+ for the 0.055- and 1.638-MeV levels,

respectively, were confirmed to be plausible.

Similarly, the spin-parity assignments of another spin-assigned levels at 2.61,4, 3.223,

3.227, 3.673, and 3.985 MeV are discussed by comparing the level energies, log/t values,

and .y-transition branching ratios between the experimental and theoretical (USDB) results.

By the consistence accordance of these physical quantities. the correspondences between the

experimental and theoretical levels, as shown by the interconnected lines in Fig. 9.2(a);

Table 9.1: Relative intensities of the two l transitions from the experimental 1.638-MeV Ievel

and the theoretical 1.594-MeV level in the USDB calculation. The intensities to
the lst excited states in both results are normalized to be 1.

γ tranSitiOn

(MeV)

I;"'
(normalized)

JialC

1.638-→ 0.055

1.638→ g.s.

1.0

22

1.0

26
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reasonable correspondcnces of level energies, log/t values, and 7-transition branching ratios

between the experirnental arrd theoretical levels as, (experirnental and theoretical levels)

: {2.614 MeV [-I" : Il2+,log/t:4.5(1)] and 1.594 MeV (1/2+,6.89)], {3.223 MeV

l3l2*,4.8(1)l and 3.502 MeV (312+.4.71)j, {3.227 MeV l(512)+, 5.5(1)l and 3.152 MeV

(512*,5.16)), and {3.673 MeV [5/2+,5.7(1)] and 3.568 MeV (5/2+,5.14)] as shown by the

dashed line in Fig. 9.2(a). Another correspondence between the experimental 3.985-MeV

level [(5/2)+, S.a1f;1 and theoretical 4.303-MeV level (5/2+, 5.97) by the level energy and

log/t value as shown by the dotted line in Fig. 9.2(a).

The 2.500-MeV level, which was reported in 'nMg by the 2eNa lj-decay experiment

[BAUS7], was not observed in the present measurement. The very small 'y-decay intensi-

ties of 0.4(i) and 0.2(1) for the 2499- and 2500-keV? rays, respectively [BAU87], are out of

sensitivity in the present measurement by the estimation from background noise in the en-

ergy spectrum. By taking into account the log/t value of 6. 7(1) for this level in Ref. [BAU87] ,

this level seems to correspond with the theoretical level at 2.300-MeV Ql2[,logft:6.2i).
The correspondences between the experimental levels at 0.055, 1.638, 2.6L4,3.223, and

3.227 MeY and theoretical levels at 0.06, L.73, 2.21,3.43, and 3.00 MeV by the SDPF-M

Hamiltonian by taking into account the level energies and log/t values. It is to be seen that

normal configurations are dominant for these 5 levels.

9.2.2 Intruder levels at L.094 and L.430 MeV

It is to be noted that all the spin-parity assigned levels in 2eMg in the present work shows

reasonable correspondence with the USDB calculations, except for the levels at 1.094 and

1.430 MeV (see Fig. 0.2(a)). It is to be seen that the unassigned 312[ and 7/2f positive-

parity levels are predicted at 2.330 and 2.099 MeV, respectively, by the USDB Hamiltonian

in Fig. 9.2. It is difficult to account for the 1.094- and 1.430-MeV Ievels by these 2 positive-

parity levels because the energy discrepancies are almost 1 MeV. In fact, the 2.500-MeV level

observed in the previous 2eNa 
B-decay experiment [BAU87] shows reasonable correspondence

with the predicted 2.330-MeV level $12[) shown later in the next subsection.

In the SDPF-M calculation, negative-parity Ievels are predicted at 0.68 MeV (712-)

and 1.01 MeV (3/2-). The possibility of these negative-parity assignments are discussed

as follows. Assuming the 312- and 712- assignments for these two levels, the possible

assignments are ({onn, Ii.nti: (712-,312-) or (.Iforn, I[.nsJ: (3f2-,712-). In the

former case, possible 7 transition of the 1040 keV (1.094 -+ 0.055 IVIeV) and 1385 keV (1.430

-+ 0.055 MeV) are -83 and .81, respectively, and vice versa in the latter case. The strongly
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observed 7 transitiorr of the 1040 keV (1.094 -+ 0.055 MeV) favors the latter case. Therefbre,

we proposed the spin-parity assignments of (.If6ea, I[.n"): (312-,712-).The large log/t
values of >6.5 and 7.0(1) for the 1.094- and 1.430-MeV levels supports thcse negative-parity

assignments. These assignments are consistent with the previous discussion [BAU89].

9.2.3 Systematics of odd neutron-rich isotopes

As discussed above, the experimental positive-parity levels in 2eMg observed in the present

work are well reproduced by the shell-model calculation with the USDB Hamiltonian as

shown in Fig. 9.2(a). However, 2 levels at 1.094 and 1.430 MeV could not be assigned by

the USDB calculation. The 712- and 3/2- levels reproduced at 0.68- and 1.01-MeV by the

SDPF-M Hamiltonian suggests that the 2 levels at 1.094 and 1.430 MeV have negative-parity

with single neutron occupation in the 1f7p and 2/372 single particle orbits.

To investigate the structures of odd neutron-rich nuclei as a change of proton-neutron

ratio, the lowest negative-parity levels of 312- and 712- are compared in the systematics

of (a) Z : 12 isotopes and (b) N : 17 isotones in Fig. 9.3. The lowest 2 negative-parity

levels in 25Mg, 
"Mg,31Si, and 33S are taken from Ref. [END98], and 33Mg from [YOR10]7,

respectively. The observed levels at 0.22I and 0.461 MeV in 31Mg are tentatively assigned

tobe3l2- and7f2-, respectively, by the AMD calculation [KIM07]. It is to be found that

the sharp decreases of the energies of 312- and 7 /2- Ievels can be seen as a neutron number

increases in the neutron-rich Mg (Z : 12) isotopes, and as a proton number decreases in

N :77 isotones.

Another negative-parity level has been reported at the 2.266-MeV \evel (Il2- or 312-)

in 2eMg 
[BAU89]. By taking into account the 112, and 312; levels at over 4 MeV in 31Si

and 33S as shown in Fig. 9.3(b), same lowering can be seen in 2eMg in -l{:17 isotopes.

To investigate the systematic change of collective behavior in these Z : L2 and .Iy' : 17

shown in Fig. 9.3, the MI and -U2 transitions related to the (ll2[,312i) and (7121,312r)

levels, respectively, are discussed by comparing the experimental 7-transition probabilities

with the ones of Weisskopf estimations as follows. Table 9.2 and 9.3 show the comparison of

7-transition probabilities deduced from life time (r) and transition probability of Weisskopf

estimate Tw@\) in unit of s-r for MI and E2 decay, respectively. The partial Iife time

of the 0.975- and 3.221,-MeV levels in 25NIg and 33S were used to calculate the M1 and

E2 decay intensities, respectively. The E2 values between 7l2t and 3/2r levels were not

TThis negative-parity assignment has been performed by laser spectroscopy experiment [YOR10], but
the result is still under discussion because the Iow value of logft : 5.2(1) was reported [TRI08] for the B
transition of 33Mg(g.s.) -+ 33Al(g.s.), which shows the possibility of positive-parity nature.
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Table 9.2: Comparison of 1-transition probabilities of. MI decay between the I12{ and 312[
levels in the nuclei shown in Fig. 9.3 deduced from life time and transition prob-
ability by Weisskopf estimates \ry(o\) in unit of s-I.

Nucleus
Mg 0.975 MeVf3 0.585 ⅣIeV(1

0.e85 MeV(3/2f)
0.055 Mev(1/2f)
0.050 Mev(3/2[)
0.752 l/.ev(112[)
0.8a1 Mev(l/2f)

gs.(1/21)

gs.o/21)
gs.(1/21)

g£ .o/2古
)

g£.o/2わ

10.1 psec

0.97 psec

1.27 nsec
16 nsec

530 fsec

1.15 psec

2.96× 1013

5.16× 109

3.88× 109

1.32× 1013

1.84× 1013

2.4x70-2
0.11

1.1x 10-2
0.10
0.10

1.83× 10 1.7× 10~
27■lg
29ⅣIg
31LIIg

31si

33s
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Table 9.3: Comparison of 7-transition probabilities of E2 decay between the negative-parity
Ievels in the nuclei shown in Fig. 9.3 deduced from life time and transition prob-
ability by Weisskopf estimates \y(o\) in unit of s-r.

Nucleus
Z°ⅣIg
27ルlg
29A/1g

31A/1g

31si

33s

ユ(Iπ )

3.971 MeV(7/2「 3.413 MeV(3/2「

3.761 MeV(7/2「 )

1.430 MeV(7/2「 )

0.461 MeV(7/2「 )

3.533 MeV(3/2「 )

3.221 MeV(3/2「 )

3.562 MeV(3/2「 )

1.095 MeV(3/2「
)

0.221 MeV(3/2「 )

3.134 MeV(7/2「 )

2.935 MeV(7/2「
)

0.42 psec

1.4 nsec

10.5 nsec

<10 fsec

27 fsec

1.87× 106

2.78× 107

5.74× 106

7.29× 107

1.50× 107

¨
・８

・２

・
Ｈ

deduced in 25Mg, 27Mg and 31Si because no ? transitions were reported for these nuclei.

Of the two reported assignments of 512- and712- at the 3.761-MeV level in27Mg,7f2-

assignment is assumed. By considering the hindrance factor of 10-2 in the case of l-forbidden

M1 transition in this nuclear region [MOR76], consistent values are obtained in 25NIg,27Mg

and 31Mg, whereas the anomalous large values of 0.11, 0.10, and 0.10 were obtained for

'nMg, 
31Si, and 33S, respectively, indicating the collective nature of the related energy levels.

However, it is understood that systematic change of. Ml transition probability cannot be seen

as proton number decreases or neutron number increases. In the case of 712- -+ 312- B2

decay, the anomalous large values are obtained in 2eMg and 31Mg, indicating the collectivity

for the related levels. However, it is difficult to discuss the systematic change of E2 transition

probabilities because of no data in 25N,Ig and 27N,Ig.

9.3 Shape coexistence in 3oMg

9.3.1 Different structures in 3oMg

Figure 9.4 sliows the comparison of the expcrimental levels in 30Mg with the shell-rnodel

calculations usirrg the USDB and SDPF-M Harniltonians. The fractions of particle-hole

configurations for the levels predicted by the SDPF-M calculation are preserrted in the right

3 colurnns.

It is to be noted that the 0l- level is predicted quite high energy (5.818 MeV) by thc USDB

Hamiltonian compared to the experimental level at 1.788 MeV. This result indicates the

insufficient model space with only sd-shcll to reproduce the levcls in 30Mg. On the contrary,

the levels of 0l-, 2[, and 4f were reasonably reproduccd by the SDPF-M Hamiltonian (2.720,

3.000, and 3.850 MeV, respectively). This fact suggests the dominant intruder configurations
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in these levels, resulting in the large deformation. It is also to be mentioned that higher

levels above 3 MeV are not successfully reproduced by the both Hamiltonians. Further

modifications are necessary for the both theoretical calculations to reproduce higher excited

states.

9.3.2 Exotic natures in 1.788-, 2.466-1 3.460-, 4.967-, and 5.4L4-MeV levels

It is to be rroted that the /i branch of the 1.788-MeV level was deduced to be 0.9(6)%,

rcsultirrg in the extraordiuary snrall log/t value of 7.I@) in spite of the second forbidden 0
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Sec. 8.4.1. This fact suggests that the 1.788-MeV level have very close nuclear structure to

the 30Na ground state which have been reported to have large deformed shape [TRI07]. This

result is consistent with the large deforrnation for this level [SCW09].

It is also worth noting that the 0]- level is populated by 'y-transitions from higher two

levels 5 times more than the B-transition, a,nd that the two higher levels are associated with

large B-transition probabilities. This situation is illustrated in Fig. 9.5 as a partial decay

scheme of 30Na. It is found that the largest B-transition (22.3%) goes to the 4.967-MeV level

(t+), then leads to the 0l- level with 5.6% intensity, and the next largest one (t0.+7o) goes

to the 5.414-MeV level (2+) and finally to the 0l- level (L3%). The fact that 30Nar... is well

deformed suggests that these two levels have also intruder configurations to a large extent.

2+
g.s.

30Na

1■4写

2■3年

1。7%墓

く0.60/0,>7.0→

0。9%ム
6%,_6。2→

ル 10′

5.414

4.967

3.460

2.466

1.788

1.482

0+ g.s.

30Mg

Figure 9.5: Partial decay scheme of 30Na.

It is also to be noted that the 3.460-MeV level are largely populated by the'y transitions

from the 4.967- and 5.414-MeV levels as shown in Fig. 9.5. To discuss more quantitatively, the

observed 7-transition probabilities from the 4.967-MeV and 5.414-MeV levels are compared

with the Weisskopf estimates as summarized in Table 9.4 and 9.5, respectively. It is found

that the transitions 4.967 (1+)-+ 3.460 (2+) and 5.414 (2*) -+ 3.460 (2+) show very large
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values compared to the Weisskopf cstimates. This fact suggests that the 3.460-MeV Ievel

has also deformed shape with intruder configuration.

Table 9.4: Experimental transition intermities and transition probabilities by Weisskopf es-

timates f\ry(o\)l for the 7 transitions deexciting the 4.967-MeV level (1+). Both
the experimental and Weisskopf estimates are normalized to those of the ground
state transition.

0・001) 1.482(21) 1.788(0夕
)

σ入 ν l ν l ν l

ら選滞 量t
1.0

10
0.66(つ

0.35

3.460o十 )

ν l

0.7∝鋤
0.12

0.7Щ鋤  055(5)
0.26       0.03

Table 9.5: Experimental transition intensities and tra.nsition probabilities by Weisskopf es-

timates l\nr(o\)] for the 7 transitions deexciting the 5.414-MeV level (2+). Both
the experimental and Weisskopf estimates are normalized to those of the ground
state transition.

L(ぞ 1.482 3.460 2+)

σλ ″ 1 yl

ら選器 量t.

1.0

1.0

Note that the B-decay intensity to the level at 2.466 MeV (2+) was found to be negligibly

small in the present work, whereas the previous work reported 3.8(5)% [NND11]. By taking

into account the large B-decay intensity of 5(1)% for the allowed transition of 30Nar.,. (2+)

-+ 1,.482 MeV (2+) irr spite of the transition between different nuclear structures (30Nar.".:

deformed [TRI07], 1.482 MeV: spherical [TER08]), the negligibly srnall B-decay intensity of
30Nag... (2*) -+ 2.466 MeV (2+) suggests that this levcl have different nuclear structure from

both spherical and deformed shapes.

9.3.3 Collective nature in 30Mg levels

The low-lying 30Mg levels are compared with the predicted level structures by the CHFB

+ LQRPA method as shown in Fig. 9.6. The B(82) values are listed in the right side (cal-

culation), and the experimental transition intensities are listed in the left side (experiment).

It is to be confirmed that the ratios of energies of 2f and 4f levels (Ra2) for both experiment

and calculation show almost same values [Raz:2.3 (exp.) and R+z:2.a (calc.)]. This fact

shows the capability of producing the experimental levels by this calculation.

0・ 0(Or) 1・ 788(0夕 )

1.0  0.43“
)

1.0        0.13
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4e(3)
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o: B(E2'; 

CHFB + LeRPA

0

30Mg

Figure 9.6: Comparison of low-lying levels in 30Mg with the predicted level structures (par-
tial) bv the CHFB + LQRPA method.

The second 0+ level is reproduced at 1.353 MeV as the ground state of rotational band

in the calculation, showing good correspondence between the experimental 1.788-MeV level

(0j-) with large deformation. The upper levels of 2t,4;, etc., in the rotational band could

not be confirmed in the present experimental data. This may be due to the reason that the

rotating levels with large deformation could not be populated by the B decay experiment.

The quite small log/t value of >7.0 has been obtained for the 2.466-MeV level (2+) in

the present measurement in spite of the allowed B transition, indicating the unique structure

compared to the other 2+ Ievel such as 1.482-MeV [/p : 6(3), log/t : 6.2(3)]. By taking

into account the fact that the MI decay of 2[ -+ 2+ transition is hindered when competing

with E2 transtion for the actual case, good agreement of levels at the 2.466 MeV (exp)

and 2.950 MeV (calc) can be seen by the energy and decay pattern of "y rays depopulating

these levels. Therefore, the 2.466-N,IeV level (2+) is a good candidate of the band head of 7-

vibrational band. This collective nature is consistent with the conclusion bhat this level have

different structure from the levels with intruder dominant configurations (see Sec. 9.3.2).

Unfortunately, the upper levels of this band structure connecting to the 2.466-N,IeV level

could not be confirmed in the present study. This is because these collective levels is difficult

to populate by the p-decay work. Therefr.rre, arrother experinrental approaches are Ilecessary
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to populate these collective levcls such as rotational or 7-vibrational band.

To summarize the discussion for 30Mg, the coexisterrce of 3 different shapes of spherical,

deformcd, and 7-vibrational have been found in 30Mg in the present work. Firm spin-parity

assignments for respective levels in a wide excitation energy range made it enable to discuss

such anomalous shapes.
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CHAPTER X

Sunllnary and perspective

The level structures of 28Mg, 
'nMg, and 30Mg have been investigated by the unique

experimental method in the present work. The spins and parities of levels in 28Mg, 
'nNIg,

and 30Mg were unambiguously assigned by measuring the anisotropic decay of B ray emitted

from spin-polarized 28Na, 2eNa, and 30Na, respectively. By the detailed B-1 and 7-'y analyses,

the decay schemes of 28Na, 2eNa, and 30Na were revised drastically by finding many new ?

rays, B transitions, and energy levels, and assigning the spins and parities of many excited

levels in 28Mg, 
'nlvlg, and 30Mg. By the consistent spin-parity assignments for the 3 levels in

28Mg havc shown the validity of this experirnental method. It is to be mentioncd that the

spins and parities of all the excited levels in 2eMg were assigned for the first time, except for

the 2 levels at 1.094 arrd 1.430 McV. For 'oMg, it is to be found that most of the p decays

from 30Na are corrcentratcd on to the levels above 5 MeV in 30Mg. Arrother discriminativc

result was obtained in 30Mg that mrclear structurc at 2.466-MeV level havc shown by the

negligibly small p branch in spite of its allowed B-decay nature.

Firm establishments of level schemes of 28Mg, 
'nMg, and 30Mg enabled us to discuss the

level structures of these nuclei by comparing with the theoretical predictions on a level-by-

level basis. As a result, structure change due to the increasing neutron number have been

clarified. For 28Mg, the excited levels were well reproduced by the shell-model calculations

with the USD interactions in a wide energy range. The levels in this nucleus are well

explained by the nucleon excitations in the sd shell. For 2eMg, good correspondences are

shown between the experiment and predicted levels by the sheil-model calculation with the

USD interactions, except for the 1.094- and 1.430-MeV levels. By the large log/t values

for the 1.094- and 1.430-MeV Ievels and the predicted 712- and 3/2- Ievels at 0.68 and

1.01 MeV in the SDPF-M calculation, negative-parity assignments for these two levels were

highly suggested. These facts suggest the narrowing of ly' : 20 shell gap in 'nMg. For 30NIg,

the large deformations were suggested for the 4 excited levels at 1.788,3.460, 4.967, and
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5.414 MeV by the experimental facts arrd the comparison with the shell-model calculations.

Furthermore, the very different naturc from spherical or deformed shapes was suggested for

the 2.466-MeV level by taking into accoumt the predicted level structures by the CHFB +
LQRPA method. Namely, 3 difierent shapes are found to coexist in 30Mg.

In the present study, this experimental method to investigate the level structures placing

emphasis on spin-parity assignment have been proven to be very successful. The structure

change have been clarified in 28Mg, 
'nMg, and 30Mg as a neutron number increases. This

systematic study goes on to heavier Mg isotopes across through the island of inversion.
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APPENDIX A

Data pre-sorting for analysis

A.1 Gain shift correction for Ge detectors

The gain shift of all ADC channels for energy signal of Ge detectors were checked. Some

signal showed gain shift during the experiment of 2eNa, and 30Na. Table A.1 and A.2 show

the energy signal check of Ge detectors for every block data (RUN) during the experiments

of 2eNa, and 30Na, respectively. The symbols of C, t, and x represent the signal with no

gain shift, shift-corrected, and not used, respectively.
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TableA.2: The gain shift check of each RUN in 30Mg I: C, t, and x, represent no gain shifb, shift-corrected, not used,
respectively.
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TableA.3: The gain shift check of each RUN in 30Mg II: C, t, and x, represent no gain shift, shift-corrected, not used,

respectively.
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A.2 Gated spectra for new 7 rays and levels

A.2.1 zaMg

The 7-ray energy spectra in coincidence with the'y rays in 28NIg observed in the present

work are shown in Fig. A.1 to A.12. It is to be rroted that the 2008-keV'y ray, which was

found as the transition of 7.200 -+ 5.193 MeV, is confirrned to be in coincidcnce with the

I474-keY 1 ray as showrr in Fig. A.4 although the cascade transition(s) between the 5.193-

and 1.473-MeV levels were not corrfirrred in the present work. Ttris might caused by the

srnall sensitivity for the intertransition in the present measllrernent expected frorn the srnall

intensitv of 2008-keV 7 ray. Another possibilities are (i) cascade of 2008-5193-1474 keV

transition and (ii) the existence of another 2008 keV I ray which is in coincidence relation

with the 1474keY. The solution (i) is impossible because the lower neutron threshold level

at Sn : 8.5 MeV compared with the 2.008 + 5.193 + 7.474 : 8.676 MeV. The solution

(ii) is also preferable. However, we could not confirm the 2008 keV I ray in the 7-ray
energy spectrum gated on the 1474 keY shown in Fig.A.4. Hence, the coincidence relation

of 2008 and 7474 keV was confirmed incompletely. At least, we established the assignments

of 2008-keV'y transition (7.200 -+ 5.193 MeV) as indicated in Fig. 6.2.
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Figure A.1: Gamma― ray energy spectruln in coincidence with the 1373-keV γ ray.
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Figureノ牡.2: Galnma―ray energy spectrulln in coincidence、 ″ith the 1474-ke 「ヽ γ ray.
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Figure 2牡 .3: Gamma― ray energy spectruln in coincidence with the 1991-keV γ ray.
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Figure A.4: Gamma-ray energy spectrum in coincidence with the 2008-keV 7 ray.
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Figure A.5: Galnlna― rav energy spectrum in coincidence with the 2192-keV γ ray.
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Figure A.6: Gamma― ray energy spectrum in coincidence with the 2388-keV γ ray.
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Figure A.7: Gamma― rar energy spectrum in coincidence with the 3081-keV γ ray.
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Figure A.8: Ganl■ la― rar encl・ gy spcctrum in coincidence lⅣ ith the 3088-ke 「ヽγ ray.
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Figure A.9: Gamma-ray energy spectrum in coincidence with the 3405-keV'y ray.
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Figure A.10: Gamma― ra.y energy spectruln in coincidence、 汀ith the 3995-keヽ″γ ray.
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Figure A.11: Ganlllna― ray ener盟ァspedrum in coincidence、nth the 4443-keV γ ray.
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Figure A.12: Gamma-ray energy spectrum in coincidence with the 5193-keV 'y ray.

A.2.2 2eMg

The ,y-ray energy energy spectra in coincidence with the'y rays in 2eMg observed in the

present work are shown in Fig. A.13 to A.17.
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Figure A.13: Gallllma― ray energy spectrllHl in coincidence lvith the 55-keV γ ray.
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Figure A.14: Gamlna― rav energy spectrum in coincidence with the 1040-keV γ ray.
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Figure A.15: Galnlna― ray spectrllm in coincidence with the 1638-keV γ ray.
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FigureA.16: Gamma-ray energy spectrum in coincidence with the 2129- and 213&keV 'y

rays.
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Figure A.17: Galnlna― ray energy spectrllm in coincidence n■ th the 3169- and 3173-keV γ
ralys.
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A.2.8 toMg

The .y-ray energ"y spectra in coincidence with the ,y rays in 30Mg observed in the present

work are shown in Fig. A.18 to A.40. It is to be mentioned that the spurious peaks caused

by Compton cross tatk are rarely observed in ,y-7 analysis in the 30Mg data compared with
28Mg and'nMg. Although marry peak-like structures can be seen in the 7-ray gated energy

spectra, these peaks were not confirmed in the coincidence relation with the ? rays in 30Mg

in ?-? analysis.
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Figure A.18: Gamma-ray energ"y spectrum in coincidence with the 305-keV 1 ray.
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Figure A.19: Gamma-ray energy spectrum in coincidence with the 1505-keV'y ray.
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Figure A.20: Gamma-ray energy spectrum in coincidence with the 1482-keV 1 ray. The

J-rays which directly populate the 1.482-VIeV level are labeled bv asterisks.
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Figure A.21: Garrurla-ray enelgy spcctrunr in coincidencc with the 984-keV 1 ray
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Figureブ .ヽ22: Garnlna―ray ellergy spectrurn in coincidence、 Ⅳith the 1552-keヽ″
γ ra)1
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Figure A.23: Gamma-ray energy spectrum in coincidence with the 1559-keV'y ray.
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Figure A.24: Galnlna― rav energy spectrllm in coincidence覇 nth the 1635-keV γ ray.
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Figure A.25: Gamma-ray energy spectrum in coincidence with the 1791-keV'y ray.
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Figure 4.26: Gamma-ray energy spectrum in coincidence with the 1820-keV 7 ray.
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Figure A.27:(3allnlna― rav energy spectrum in coincidence、 ″ith the 1871-ke 「ヽγ rayl
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Figure A.28: Gamma-ray energ"y spectrum in coincidence with the 1951-keV 1 ray.
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Figure A.29: Gamma-ray energy spectmm in coincidence with the 205$keV'y ray.
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Figure A.30: Gammarray energy spectnrm in coincidence with the 2437-keV 'y ray.
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Figure A.3t: Gamma-ray energy spectrum in coincidence with the 317$keV'y ray.
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Figure A.32: Gamma-ray energ'y spectrum in coincidence with the 3541- and 3542-keV 'y

rays.
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Figure A.33: Gamma― ray energy spectrllm in coincidence wlth the 3625-keV γ ray.
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Figure 4.36: Gamma-ray energy spectrum in coincidence with the (a) 2499-keV and (b)
3484-keV n ravs.
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Figure A.37: Gamma-ray energy spectrum in coincidence with the (a) 2554-keV and (b)
3613-keV n ravs.
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Figure A.38:Gammttray energy spectrum in coincidence with the(a)2627-keV and(b)

3930-keV ? rays.
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Figure A.40: Gamma-ray energy spectrum in coincidence with the (a) 3431-keV and (b)
3598-kcV n I'avs.
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APPENDIX B

GEANT4 simLulation code

The energy deterioration of B ray by the setup materials was estimated by Monte Carlo

simulation code GEANT4. GEANT4(GEometry ANd Tracking 4) is a software package

composed of tools which can be used to accurately simulate the passage of particles through

matter. The concept of GEANT4 is briefly explained as follows.

Let us define the probabilities of P(r): probability for particle to travel a distance of z

with no interaction , and wdr: probability for particle to interact with other material between

e and rldr. Here, ru is expressed by using number density l[ and interaction cross section

d as tr.r:ly'd. Then, the probablliry P(r + dr) can be described as,

P(r+dr):erp(-wdr). (B.1)

When initial value of P(0):1 is given, the probability of interaction between r and r + dr,

Pmt@) is expressed as

P(r+dr):P(r)wdr. (B.2)

This value is called probability density function. By integrating this value, the probability

for particle to interact in a distance of r is obtained as

| - erp(-wr). (B.3)

This is called cumulative distribution funcition. To replace P6' with uniform random number

4[0,1], and mean free path \:71w, Eq. (8.3) can be modified as

rf ),: -ln(I - q).
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Here, we obtain the irrforrnation of physical process of particle and material described orrly

by uniform random number. The value rl),is called "Ilulnbet of mean free patli (NMFP)".

The rnotions of particle can be chased by making steps with NMFP. When a particle

travels in a material, particle is transferrcd as following steps. Here we explain by using

photon for example.

1. In a first step, NMFP of the physical proccss (e.g. photoelectric absorption, Compton

scattering, pair creation) of particle (photon) is cxpressed by random number.

2. By multiplying NMFP by cross section of material at the particle position (o), Physical

Lcngth (PL) is obtained.

3. Shortest value obtained in process "2" is selected as a step length.

4. Tlansfer the particle by the distance obtained in process "3".

5. When particle energy is still alive, random number is selected again to NMFP, inter-

action begins again from process "1".

6. If the particle disappear after interaction, transferring is over.
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APPENDIX C

Shell model calculation

C.1 Nuclear shell model and calculation code

Nucleus is quantum many-body system composed of proton and neutron. In the nuclear

shell model, these nuclei move in the energy orbit calculated by

70=4∽静配0+ИεO× 等, (C.1)

where Vcentrat(r) is central force represented by the potential of harmonic oscillator, finite well,

or Woods-Saxon type, and the latter term I{"(r) , f .11n'is the potential of /1s-interaction.

Figure C.1 shows the energy levels (so-called single particle energy) calculated by harmonic

oscillator and l-. s- interaction. With only harmonic oscillator, the levels are explained by

main quantum number n and angular momentum l, whereas the levels calculated by harmonic

oscillator and l-. s- interaction can be explained by not only I and n, but also j:l1s * u

good quantum number. Since nucleon is fermion, proton and neutron occupy these levels

from the bottom. As a matter of convenience, the level sets of (Lpslz,Lh/z), (\du/r,2stl",

lds/z), and (If7p,2pz/z,Ifs/z,2pt/z) are categorized to be p, sd, and p/-shell, respectively,

as shown in Fig. C.1.

The calculations were performed by the code NuShell [BRO07], which is the set of pro-

grams for carrying out shell-model calculation of general versatility with dimension up to

about 100,000 in the J-? scheme and about 2,000,000 in the M-scheme. The nucleui with

the valence nucleons in pshell and sd-shell can be calculated with full model space, whereas

those with p/-shell can be calculated with limited model space because it is necessary to

use high-end machine. The J-T scheme is the method with diagonalizing the Hamiltonian

taking advantage of the symmetric property of angular momentum J and isospin ?. The

M-scheme is the method with diagonalizing the Hamiltonian by classifying wave functions
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Figure C.1: Single particle levels calculated by harmonic oscillator and l-..iinteraction.

by magnetic quantum number M or z-component of isospin 7". The calculation by NuShell

is done using projecting the base of M-scheme to ,,I direction. With the inputs of model

space) number of valence particle, interaction, spin, isospin, and parity, we can calculate

the energy eigen value) wave function, one body transition density, etc. Then, the energy,

,y-transition probabilities, log/t values of the levels in these Mg isotopes can be obtained.

In the case of "Mg, for expample, the calculation was done with the 12 valence nucleons in

sd-shell assuming the core 160.

C.2  USD Halllliltonian

The Hamiltonians of USD [BRO06] and its modified versions of USDA and USDB

[BRO06] were used as an interaction. The model spaces of these interactions are limited

in sd-shell. The Hamiltonian of shell-model is expressed by the sum of one-body (single

particle energy) and two-body matrix element as,

H : t eoh'n t t \vtr1"u; cQfrT@b; cd') (C.2)

α≦b,C≦ d 」T
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where D' is rrumber operator of orbit a in thc quantum nurnbers (tuo,lo,jr) in the spherical

symmetric potential, and

f171ob;cd) : I Atrrrr"(ab)Ar7a77"(cd,) (C 3)
lvttz

is the scalar two-body density operator of nucleon pair in the orbit a, b and c, d which in

connected with spin quantum number J, M, and isospin quantum number T,7". Here, this

Hamiltonian is written bv brief exoression as

p

11 :l raO,i (C.4)
i:7

where 16 arrd 06 correspond to the single particle energy ei or two-body matrix element

V17(ab;cd), and h or f , respectively. Assuming this Hamiltonian have eigen function /7,

with eigen value .\6, the eigen value is obtained as

λλ=0ん |∬ lφ紛=Σ銑●んlοづlφめ=Σtt    G。→
づ=1                 づ=1

″=(φλl οαl φた),      (C・ 6)

where the H袖■1ltonian is deined to be″ =(″1,″ 2,…・,し )・
By uSing experimental data″

as a parameter,人たcan be obtained to make χ2 be llninimized,as

4(屏 l   m

、vhere ELTp and σLP are the experirnental energy and its errOr, respectivel)l For″ t, partial

diferential equation is calculated as,

誘=を 2晋新計£(―を助″)=Q    G→
and we can obtain the systelln of equations of p― th degree,os

を

2(耽 ―

喜
銑
→ 沸

‐ 一

Σ]0句
銑 =Q  C9
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Table C.1: USD Hamiltonians and number of linear combination.

Interaction Ⅳ
『

P Number oflinear COmb.(p)

USD   380
USDA   608
USDB   608

Using the rnatrix of p x p and pth dimensional vector

N nk atcG:(td:I #+
k:I \" expt

０

０

６

３

３

５

(C.10)

(C,11)み0=を需・
Then,、ve can obtain the nelv hallniltonian as

″=G~ld (C.12)

By applying this calculation to be sd-shell, we can obtain USD Hamiltonian. The Hamilto-

nians of USDA and USDB are the reviscd version of USD by applying more experimental

data recently. Table C.1 shows the number of energy point and p-th degree equation for

USD, USDA, and USDB interactions.

C.3 Levels calculated by shell model

The levels in 28N{g, 
'nMg, and 30Mg calculated by the shell-model code NuShell with the

USD, USDA, and USDB Hamiltonians are listed in Table C.2, C.3, and C.4, respectively.
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Table C.2:The levels in 28 calculated the USD,USDA,and USDB Hamiltonians.

昆σ lMeVl(ム)(USD)島 V](み)(USDA)Eτ IMeV](4)(USDB)levels
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

0・001) 0・ 0(01) o.o or)

1.543 (2i)
3.s02 (0t)
4.126 (4{)
4.264 (2t)
4.3e6 (1I)
4.773 (2t)
5.186 (4i)
5.48 (2t)
5.412 (Lr)
5.582 (31)
6.013 (2f)
6.187 (oI)
6.402 G+)
6.741 (3J)
6.757 (2t)
6.7e0 (4J)
6.s55 (ox)
6.864 (lJ)
6.effi (4f)
7.05e (3f)
7.1es (3J)
7.317 (4{)
7.330 (2i)
7.381 (u)
7.420 (2t)
7.542 (4[)
7.61e (2J)
7.6e1 (3f)

r.526 (2{)
3.e81 (ot)
4.200 (4i)
4.71e (1i)
4.753 (2;)
4.8e2 (2t)
5.301 (4i)
e /P^ /a+\c.ccu (12 .)

5.620 (2t)
5.635 (3i)
6.031 (21)
6.685 (3i)
6.7e5 (ii)
6.814 (3f)
6.844 (oI)
6.e86 (4I)
6.eeo (oI)
7.on (2t)
7.088 (31)
7.r85 (4t)
7.231 (3J)
7.386 (4J)
7.445 (21)
7.545 (rt)
7.78 (2t)
n arr t t-]_ti. /oo (46 .l

7.818 (oI)
7 s3o (3f )
7.s45 (2t)

1.518 (2I)
4.007 (ot)
4.168 (4I)
4.5$ (2[)
4.664 (11)
4.7s4 (2[)
5.211 (4+)
5.51e (lt)
5.543 (31)
5.567 (2t)
6.070 (2*)
6.582 (3t)
6.592

6.883

6.934

6.948

7.054

7.055

7.128

7.141

0ま )

3ま )

4ま
)

2ま )

3才 )

1ま )

04・
)

44・
)

7.81e (2il)

7.226 (3t)
7.443 (4{)
7.468 (1t)
7.\ss (21)
7.67r (2t)
7.765 (4[)
7.8s4 (2t)
7.e55 (3f)
7.e6e (2Io)
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Table C.3: The levels in 2eMg calculated by the USD, USDA, and USDB Hamiltonians.
levels E, [MeV] (/") (USD) E, [MeV] (/") (USDA) E, 1") (USDB

0.0(1/21) 0.0(1/2r) o.o (312i
９
″

つ
０

４
ェ　
氏
）

資
υ

″
‘

８

o.o4o (3/2I)
r.543 (512[)
2.106 (7121)
2.re3 Ql2+)
2.438 (112;)
3.03e (512i-)
3.227 Ql2[)
3.532 (512l")
3.s74 (512t)
4.071 (el2[)
4.147 (712[)
4.184 (el2+)
4.624 (712!)
4.s36 Gl2t)
4.s70 (712t)
4.s35 (512l")
4.es4 (512[)
5.0s3 (3/2*)
5.26r (112i')
5.2s0 (5121)
5.477 (712.l)
5.532 (el2{)
5.7s4 (712[)
5.842 (512{)
5.844 (1.12t)
5.850 (e/2i)
5.s61 (3/2f)
5.s28 Ql2l)

o oeo (3/2I)
1.610 (5/2I)
2.24e (712[)
2.26e Gl2+)
2.e05 (Ll2[)
3.147 (512[)
3.61e (3/2I)
3.628 (512t)
3.ee2 (712t)
4.077 (el2l)
4.253 (512t)
4.365 (sl2r)
4.668 Ql2t)
4.718 (712{)
5.047 (712t)
5.160 (5/2I)
5.r75 (rl2t)
5.3ee (5/2f)
5.602 (5121)
5.61e (3/2J)
5.680 (e/2J)
5.807 (712!)
5.e13 (5/2J)
5.e21, (el2t)
5.s45 Ql2t)
6.070 Ql2l)
6.074 (712[)
6.214 (rl2t)
6.226 (512t)

0.045 (112{)
r.5s4 (5121)
z.ose (7121)
2.330 @12i-)
2.627 (1,12[)
3.152 (512;)
3.502 Ql2{)
3 56s (5/2J)
3.ss2 (sl2[)
3.es8 (712l.)
4.264 (512t)
4.302 (el2+)
4.7e5 (712{)
4.8sr Ql2t)
5.0e5 (712t)
5.143 (512[)
5.214 (512[)
5.433 (rl2{)
5.515 (3/2J)
5.5s6 (e/2J)
5.730 (712i")
5.770 (5121)
5.s76 (el2t)
6.014 (312t)
6.052 (712t)
6.0s3 (112t)
6.205 (512t)
6.232 (7121)
6.314 Ql2l)

I
10

11

72

13

I4
15

IO

T7

1B

19

20

27

22
ｎ５

・４

ス
）

次
υ

ウ
ｒ

Ｒ
）

Ｏ
υ

ｎ
ｕ

Ｚ^

２^

つ
´

（
ｚ

Ｚ^
　

２^

　
０
４

ｏ
０ 6.127 (712i)
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Table C.4:The levels in 30Ⅳ Ig calculated by the USD,USDA,and USDB Harniltonians.

Ievels E,
1

2

3
1+

5

6
7

8

9

10

11

12

13

I4
15

16

\7
i8
1q

20

27

22

23

24

25

26

27
28

29

30

0.0 (0i0・ 0(Or) 0・ 0(01)
r.5e2 (21)
3.433 (2t)
3.8e4 (4i)
4.661 (3i)
4.78e (2t)
5.148 (2t)
5.166 (1I)
5.3r7 (4[)
5.702 (1t)
5.818 (ot)
6.343 (4f)
6.5s3 (3f)
6.767 (2[)
6.854 (2I)
6.e8e (oJ)
7.035 (3J)
7.062 (4t)
7.280 (21)
7.331 (4J)
7.420 @t)
7.522 (1t)
7.820 (2t)
8.150 (2il)
8.187 (4f)
s.2e2 (31)
8.45s (41)
8.56e (2ib)
8.618 (31)
8.71e (u)

1,.671 (21)
3.466 (2[)
3.e61 (4i)
4.6e2 (3i)
4.802 (2t)
5.1e3 (2I)
5.242 (1i)
5.465 (4;)
5.710 (0i)
5.e5e (lt)
6.325 (4I)
6.4s5 (2[)
6.4ee (3t)
6.5e7 (oJ)
6.747 (2t)
7.124 (4t)
7.268 (3i)
7.302 (4t)
7.304 (1i)
7.315 (2T)
7.450 (3I)
7.7s2 (2t)
7.es8 (2J)
8.068 (4f)
8.247 @{)
8.303 (41)
8.44e (1t)
8.55e (0i)
8.606 (2lo)

1.5e2 (21)
3.48 (2+)
3.847 (41)
4.5rc Q{)
4.654 (3i)
4.s12 (11)
5.100 (2f)
5.350 (4f)
5.424 (\[)
5.4e8 (oi)
6.11.2 (4t)
6.25s (3t)
6.54e (oJ)
6.5e2 (2[)
6.77e (3J)
6.s87 (2J)
7.005 (21)
7.08s (4f)
7.313 (4J)
7.3e2 (1J)
7.3e7 (31)
7.435 (2t)
7.s22 (2t)
7.e35 (4I)
8.0e4 (3J)
8.345 (41)
8.371 (u)
8.405 (3f)
8.414 (2lo)

み)(USD)E″ み)(USDA)E″ (ム )(USDB
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