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Introduction

Close to the ( stability line in the nuclear chart, the shell structure can be under-
stood well in terms of a harmonic oscillator potential with a spin-orbit splitting.
When studies on exotic nuclei far from the stability line became possible owing
to the development of radioactive nuclear beams, several indications for the ”col-
lapse of the shell model” appeared. Light, neutron rich nuclei with Z=10-12 and
N =~ 20 form a region of deformation corresponding to the disappearance of the
N=20 shell closure and form the so called ”Island of Inversion”. Measurements
of the masses, of the life times and level densities, and of the static and dynamic
moments of the sodium and magnesium isotopes, all pointed out that the ground
states of these nuclei are considerably deformed. Different theoretical approaches
were undertaken. Due to the large neutron excess, the proton-neutron interac-
tion causes an inversion of the filling of the orbitals. It induces 2 particle - 2
hole excitations of the neutrons from the sd shell into the fp shell, leading to an
energetically more favored intruder state.

Although the first indication was obtained in 1975 with the mass measurements
of 3432Na by C.Thibault et al., the region of deformation is still not completely
understood. Especially the limits of the region are not established neither by
theory nor by experiments. In chapter 1 an overview will be given on the exper-
imental and theoretical studies performed in this region.

The purpose of this work is the measurement of the spin of ' Mg, of the magnetic
moments of 3'Al and 3%?Mg and of the quadrupole moments of *1**Mg. All the
isotopes are situated at the limits of the region of deformation. The spin and

magnetic moment are good probes for the single particle structure of the nu-
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clei. It reveals information about the orbitals occupied by the valence nucleons.
Quadrupole moments are sensitive to the collective nature of the nucleus. They
provide information on the deformation of the isotopes. Therefore, data on the
magnetic and quadrupole moment of nuclei situated at the edges of the island
are extremely valuable to learn about the structure of the intruder nuclei.

This static moments were measured using the Level Mixing Resonance (LMR)
method and Nuclear Magnetic Resonance (NMR) method for 5-decaying nuclei.
The LMR technique yields the spin and the ratio of the quadrupole moment to
the magnetic moment with a very high accuracy since it is a resonant method.
When performed at a recoil fragment separator, it also provides the magnetic
moment separately. Even though the value for the magnetic moment is obtained
with a rather poor accuracy, it reveals at least information of the sign of the
dipole moment. The LMR method at a recoil separator will be illustrated in
chapter 2 together with the results on *'Mg and 2Mg.

The NMR technique, a well established method, will briefly be elucidated in
chapter 3 with the results on a test experiment on ?’Na and on the magnetic

moment of 3'Al and 3'Mg.

The new results on the spin and the static moments will be discussed in chapter

4.
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Chapter 1

Physics motivation

The so called ”Island of Inversion” is the region of the nuclear chart where Z=10-
12 and N~ 20, figure 1.1. These nuclei exhibit typical characteristics of deformed
nuclei. It can be understood as the disappearance of the N=20 shell closure.
The ordering of the configurations are different from the one dictated by the
single particle energies near stability. Configurations that are highly excited near
stability may become degenerate with, or even appear at a lower energy than the
standard ones, provoking structural changes in the ground and low-lying states of
the nucleus. In opposition to the standard configurations these are called intruder
configurations.

As will be shown in this chapter it is not clear neither from experimental nor
from theoretical point of view where the limits of the region are situated.

In section 1.3 more attention will be paid to the spectroscopic information of

31Mg, since this will be of major importance in the following chapters.

1.1 Mass measurements.

The collapse of the N=20 shell closure was originally deduced from the much
stronger than expected binding energies of the *'Na and *?Na sodium nuclei.

The masses were measured via direct on-line mass spectrometry after production

3
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Figure 1.1: The nuclear chart in the region of the Island of Inversion Z=10-12,
N~ 20.

of the isotopes in an ion-source at CERN by C.Thibault et al. [1] (table 1.1).

These measurements have been repeated several times to improve the precision
and to investigate the masses of nuclei further from stability, via direct time of
flight (TOF) mass measurements, table 1.1. The nuclei were produced by target
or projectile fragmentation coupled with a recoil spectrometer by D.J.Vieira et al.
(TOFI spectrometer at Los Alamos) [2], by A.Gillibert et al. (SPEG spectrometer
at GANIL) [3], by X.G.Zhou et al. (TOFI) [4] and by N.A.Orr et al. (SPEG) [5].
From the experimental mass excess A = (M — A.M,)c?, the separation energy
of the two last neutrons S5, thereby avoiding the odd-even neutron pairing, can

be deduced in terms of binding energy:

Son = M(A—2,2)+ M(2n) — M(A, Z) (1.1)
— BE(A,Z) - BE(A—2,7) (1.2)

One of the most obvious indications for the existence of a shell structure is ob-

tained by the study of the variation of the neutron separation energy Ss, with
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increasing atomic number A. A sharp drop instead of a smooth decrease is as-
sociated with the crossing of a magic number, and corresponds to the onset of
the filling of a new neutron shell of lesser binding energy. The Ca isotopes show
the typical behavior of the filling of shells, with the two shell closures at N=20
and 28 being evidenced by the corresponding sharp decrease of Sy, and a slowly

decreasing Sy, as the 1f7/3 shell is filled, figure 1.2.

Pl AT |

Neutrons

Figure 1.2: FEzrperimental Si, values in the region of the N=20 and 28 shell

closures obtained via direct mass measurements, [6].

However, the decrease of Sy, levels off and even turns upwards for the sodium
and magnesium isotopes with 20 < N < 22. This reflects that a new structure
of stronger binding energy than extrapolated from less exotic nuclei has become
available and it is associated with the occurrence of deformation.

The variation of the neutron binding energy has no relation to the spatial prop-
erties of the nucleus, and the magnitude of the effect is not directly connected

with the magnitude of an eventual shape transition.

In figure 1.3 a comparison is made between the measured binding energies with
shell model calculations in the sd space using the WBMB interaction [7]. In the
(ds/2,51/2,d3/2) space, the WBMB interaction consists only of the USD interaction
of Wildenthal [9]. This interaction is obtained by fitting the experimental bind-
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Figure 1.3: Comparison between the measured binding energies [5] and WBMB
calculations which employed the complete Ohw basis [7].
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Figure 1.4: Prolate part of the deformed HF single particle spectrum of 3 Na [8].
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ing energies and low lying excited states of sd-nuclei close to stability using the
single particle energies and the two-body matrix elements as fit parameters. Ex-
cellent agreement between experiment and calculations is found for all the silicon
and aluminum isotopes and for the magnesium, sodium and neon isotopes up to
N=18 or 19. The overbinding of the neutron richer Mg, Na and Ne isotopes can
be attributed to a transformation from a spherical shape to a prolate deforma-
tion driven by particle-hole excitations across the sd-fp shell gap. This was first
proposed by Campi et al. [8] showing a much better agreement for the binding
energy of 332Na with Hartree-Fock (HF) calculations in the deformed Nilsson
space. For large prolate deformations the 1/2~ and 3/2" levels from the 1f7/,
orbital cross the 1/2* and the 3/2" levels of the 1d;/, orbital, figure 1.4. Later
on shell model calculations with different interactions have been performed in an
enlarged sd-fp space allowing 2 neutrons to cross the shell gap [10, 11]. Using the
WBMB interaction and introducing the weak-coupling approximation and trun-
cation schemes in cases where full basis calculations were unfeasible, the binding
energies were calculated with one, two and three neutrons promoted from the sd
to the fp shell orbitals, referred to as 1,2 and 3hw states [7]. These calculations
indicate that for the Z=10-12, N=20-22 nuclei the lowest 2Aw state is more bound
than the lowest 0fiw. The discrepancies between experiment and theory (which
does not take mixing into account) are reduced but not entirely eliminated and
is probably caused by the repulsion between the 0 and 2hw ground states. For
N=19,21 and 23 the lowest 1hw is in close competition with 2Aw for the lowest
binding energy.

As can be seen in table 1.1, the masses obtained for 3-*2Mg by C.Détraz et al. [12]
show an appreciable difference with the TOF measurements. In this experiment,
3INa and *2Na were produced in an ion-source. From the measured end-point
energy of the B-decay of 3'Mg and 32Na, and with the known masses of 3! Al and
32Na respectively, the masses of *'Mg and 3?Mg were deduced. The reference
mass of 32Mg was the mass of 3?Na from the original measurement of Thibault,
almost 2MeV more bound than found with TOF measurement [5]. Since the

mass of **Mg is tied through a Q3 measurement to **Na, a large part of the mass
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Table 1.1: Mass excesses A in MeV from direct time of flight measurements at a
fragment separator (Ref. [5, 4, 3, 2]), from a direct mass measurement after an

ion source (Ref. [1]) and from the ()3 measurement (Ref. [12]).

Ref [5] Ref [4] Ref [3] Ref [2] Ref [12]
Mg | -3.22(0.14) | -3.14(0.11) | -3.28(0.17) | -3.56(0.20) || -5.0(0.7)
32Mg || -0.86(0.20) | -0.76(0.12) | -0.83(0.25) | -0.75(0.24) || -1.9(1.5)

Ref [1]
31Na | 12.63(0.31) | 12.68(0.20) | 12.52(0.93) 10.60(0.80)
32Na | 18.37(0.59) | 18.5(1.0) 16.4(1.1)

deviation noted for **Mg can be attributed back to the 32Na deviation.

However, this reasoning can’t be made for the measured mass of 3*Mg. There, the
(s was determined by the measured end-point energies of the § in coincidence
with the photopeaks associated with the S-feeding of the excited levels of 3'Al,
figure 1.12. The extraction of the end-point (-energy from the experimental
energy spectrum was accomplished by the method of shape fitting. It assumes
that all (-energy spectra for allowed transitions are identical within an overall
normalization of the number of counts and have a proportionality along the energy
axis measured by a stretch factor a.. Since this stretch factor varies linearly with
the end-point energy, it provides a measurement of this energy, figure 1.5. The
3L Al reference mass is determined by direct mass measurements, [13, 14], and in

perfect agreement with the -decay end-point measurement [15].

To obtain the same result for the ()3 measurement (A=-5.0(0.7)MeV) as is ob-
tained by the weighted average of the results obtained with the TOF method
(A=-3.24(0.07)MeV), the end-point energy would have been 1.8(0.7)MeV larger
than what was measured. From C.Détraz et al. [12] one can deduce that this
would come down to a stretch factor & = 1.3 or an increase of x? with 240%,

figure 1.5.
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Figure 1.5: 3'Mg B-spectrum coincident with the photopeaks associated with the
second excited level of 3' Al from [12]. (a) Ezperimental spectrum and stretched
reference spectrum (b) x? analysis of the stretch factor a. When the results are
put in accordance with the TOF mass measurements, one obtains o = 1.3, marked

with the dotted line.

It is important to realize that if the ' Mg, produced by projectile or target frag-
mentation, is populating an unknown isomeric state surviving long enough to
pass through the spectrometer (~ 1us), the time of flight method is not capable
to distinguish between the ground or isomeric state masses. Therefore, it is possi-
ble that the TOF measurements are mass measurements of a less bound isomeric
state and the (3 measurement determines the mass of the ground state. In that

case, *'Mg shows an even larger overbinding than expected from a normal filling

of the neutron shells.
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1.2 Spin, charge radii and moments of the sodium

isotopes.

Atomic beam laser spectroscopy experiments on the neutron rich sodium isotopes
2173INa have been performed at CERN by G.Huber et al. [16] and F.Touchard
et al. [17]. A first part of the experiment consisted of determining the hyperfine
transitions of the sodium isotopes by laser light in a weak magnetic field. At
optical resonance, hyperfine optical pumping occurs and changes the population
distribution between the magnetic substates |mp >. When the atoms pass a
strong magnetic field, the nuclear spin I is decoupled from the electron spin J. By
means of magnetic deflection or focussing of the atoms with a specific electron-
spin projection, the hyperfine transitions are determined. In a second part, the
laser light was polarized and locked at the frequency of the hyperfine transition.
The optically pumped atoms were exposed to a radio frequent field in order to
mix the population of the different |mp > states and so to induce a magnetic
resonance.
This method differs somewhat with the nuclear magnetic resonance method ap-
plied on nuclei used in this work where the g-factor of the nucleus is obtained.
From a magnetic resonance on atoms, the spin of the nucleus can be determined,
since the transition frequency for atoms in a magnetic field B is given by

Vrr = gripB/h (1.3)

FIF+1)+JJ+1)—-I(I+1)
2F(F +1) 97 (14)

where F and J are known, g; = 2 and taking into account that the nuclear

Q

gr

magnetism has a much smaller effect than the atomic magnetism. The obtained
spins are given in table 1.2.

For prolate deformations the eleventh proton should occupy the Q = 3/2[211]
Nilsson orbit leading to the ground state spin I = Q = 3/2 for the odd isotopes,
figure 1.6. In the spherical limit the unpaired proton occupies the ds/, shell model
orbit and the ground state spin should be I = 5/2. From this can be concluded

that a spin 5/2 is a strong indication of an almost spherical nucleus (*>?"Na) and
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that spin 3/2 indicates prolate deformation for 21232931 Na.

If only sd orbits are taken into account, spin 2 for the even *°Na can be explained

assuming a filled 3/2[202] orbit and the unpaired neutron being in the 1/2[200]

orbit.
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Figure 1.6: Nilsson diagram for protons or neutrons (Z or N< 50 as a function

of the deformation parameter e5 ~ 0.9503 [94].

From the hyperfine splitting, the magnetic and the electrostatic hyperfine con-
stants are determined and the magnetic and the quadrupole moment of the
sodium isotopes can be deduced. The obtained results can be found in table 1.2.
The experimental magnetic moments are compared with USD results obtained
with the free-nucleon M1 operator and with the effective operator [9] as well as
compared with more recent MCSM calculations in the unrestricted sd-pf space
[19]. The intruder’s value is in better agreement with the experimental than the

closed shell value for the 3/2% state. Notice that the mixing between the intruder
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Table 1.2: Spin and magnetic moments of the neutron rich sodium isotopes.

Spin | flegp tine (sd-free) | pype (sd-eff) | pype (sd-pf free)

[12n] [12n] [12n] [12n]
2Na || 3/2 | 2.449(8)1161 | 2.455[18] 2.468!18]

0Na || 2 | 2.083(10)[161 | 2.554(18] 2.687(18]

38)1161 | 2.655!18] 2.67318] 2.17119)
2)[181 | 250201

3INa || 3/2 | 2.283

and the normal state will increase the value of ;1 moving it towards the experi-
mental number.

By comparing the hyperfine transition frequencies of the different sodium iso-
topes, the isotope shift (IS) is obtained. The IS is the sum of the mass shift and
the volume shift. When the mass A of the atom increases, the total kinetic energy
of the atom increases and the electronic levels are shifted with 1/A2. When the
amount of neutrons increases along an isotopic chain, the global nuclear charge
density decreases. As a consequence the atomic levels narrow and the energy
difference decreases. Although for the light elements (lighter than calcium), the
volume shift is usually very small compared to the mass shift, the volume shift
can not be neglected for the sodium isotopes. This volume shift can be divided

into two parts: the normal volume effect and a deformation effect:

Wogime ~ 06 <12 >4 (1.5)
§<r? >t = <2 oA o2 A (1.6)
5)

§<r?> = g <1’ > +4—5[< B >< 1 > (1.7)
s

where < 72 >~ 3/5(rgAY3)? and ry = 1.2fm. When compared to the Hartree-
Fock calculations [8], the mean square charge radii extracted from the isotope shift

indicate prolate deformation for 8 3'Na. No absolute deformation parameter
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could be deduced since two stable isotopes are required to fix the mass shift
unambiguously.

More precise measurements on the g-factor and quadrupole moments of 26-3!Na
have been performed by M.Keim et al. (CERN) [18, 21]. The isotopes produced
in an ion source were reaccelerated, neutralized and polarized by optical pumping
with a collinear laser beam. After implantation of the atoms in a cubic (non-
cubic) lattice, the g-factor (quadrupole moment) was measured using the S-NMR

(B-NQR) method. Results can be found in table 1.2 and figure 1.7.

e /a —T— ' —

150__ ’ ]
100} g « T 4]
g 50__ « A An..
o V—ew _
501 ]
100} o ]
207 26 27 38 29 30 31

A

Figure 1.7: Electric quadrupole moments of sodium isotopes. Fzxperimental values
(solid dots) are compared to calculations on a pure sd-shell model space (rectan-

gles) and including fp-shell admiztures (triangles) [21].

The calculation of the moments is based upon the wave functions obtained in
the full sd model space (1ds/s, 1ds/2, 251/2) with the USD Hamiltonian of Brown
and Wildenthal [9]. Exclusion of core configurations (1s,1p) and of excitations
to higher shells has to be accounted for by a renormalization of the operators.
In the electric quadrupole operator this is done by introducing effective charges
for the proton and the neutron. In this calculation effective charges e, = 1.35
and e, = 0.35 were used, common values for this mass region. The small
quadrupole moments of 2°~2"Na are related to the main configuration of these

isotopes: (1ds/,)? for protons and (1ds/2)®, (2s1/2)" 2 for neutrons. For this main
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configuration, the neutrons have zero quadrupole moment because the valence
neutrons outside the 1ds/; closed shell are in the 2sy, state, and the protons
have zero quadrupole moment because they are in the middle of a j shell. For the
heavier isotopes, both protons and neutrons are in open shells, and the strong
proton-neutron interaction gives rise to more collective states. Up to 2Na the
comparison with experiment and theory is good, but becomes significantly worse
for 3Na and *'Na. This is an indication of the fp-intruder nature of these states
and the basis has to be expanded to include the fp-shell intruder states.

The root mean square matter radii of 22732Na were deduced from interaction cross
sections of the sodium isotopes on a carbon target [22, 23, 24]. By combining
these results with the mean square charge radii obtained from the isotope shift
along the isotopic chain, a monotonic increase in the neutron skin thickness has
been observed as the neutron number increases. Depending on different assump-
tions and corrections for quadrupole deformation, the thickness of the neutron
skin of **Na varies from 0.2fm (almost the same as for the stable 2*Na) to 0.4fm.
It is a unique situation where the nuclear charge radii and nuclear matter radii

can be compared over a wide range of neutron numbers.

1.3 Lifetime, spin, parity and transition strengths

of the magnesium and aluminum isotopes.

The spin and parity of the ground state of 2?Mg (N=17) I™ = 3/2% is fixed by
the study of the S-decay of Mg towards ?Al, figure 1.9 [26]. The positions
of the excited levels of this isotope, investigated via (-decay of ??Na, showed a
good agreement with USD calculations [27]. Two low lying levels (E,=1095 and
1431keV), figure 1.8, have no measurable 3 feeding in the *Na decay but are
strongly populated in the 1n channel of **Na [25]. They cannot be related to
the sd-model states. Based on observed population intensities in multinucleon
transfer reactions [13], a spin I”™ = 7/2 is assumed for the 1431keV level, as-

signed to a (s1/2)%f7/2 configuration. The I™ = 3/2" state resulting from the
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Figure 1.8: The lowest experimental negative parity states for the odd mass

25729Mg [25]

(51/2)?p3/2 configuration would correspond to the 1095keV level [25]. This how-
ever necessitates the p3/; to be lower in energy than the f7/, orbit. A different
possible explanation is a 3/2~ state corresponding to a coupling of a neutron to
a deformed core of protons in a 27 state, as is proposed for *3S [6].

The systematics of the lowest negative parity states of the odd mass »~2Mg
isotopes, figure 1.8, show a steep drop of the excitation energy for N > 17. This
illustrates the importance of the 1f7/5 and 2ps/, shells substantially below the

region of strong deformation.

In the region of N=19,20 for the sodium and magnesium isotopes, 3-decay stud-
ies have been performed by C.Détraz et al. [28], by D.Guillemaud-Muéller et al.
[26] and by G.Klotz et al. [29]. In all the 3-decay experiments, the magnesium
isotopes were studied from the radioactive decay of the sodium isotopes. Since
G.Klotz et al. gives the most extensive -decay study, only this reference will be
discussed. Moreover, the earlier measurements are in agreement with it.

The 3'Na, *?Na isotopes were produced by bombarding an uranium carbide target

by 600MeV protons, ionized and mass separated at CERN. Magnesium and alu-
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Figure 1.9: Desintegration scheme of * Mg [94].

minum isotopes resulted either from radioactive decay or direct production from
the source. The relative amount of directly produced and ionized Mg and Al iso-
topes is not specified in the paper. As surface ionization mainly ionizes sodium
atoms due to the lower ionization energy, the Na isotopes are more abundant
compared to the Mg isotopes. Using a thin plastic scintillator for [ detection,
two germanium ~y-detectors and a liquid scintillator for neutron detection, 3 — -,
B —~—~ and  — v —n measurements were possible. A small BaF, counter was
used to measure the lifetime of low-energy transitions (up to 250keV). From the
observed energy and intensity of the v rays in the § decay and in the 3 delayed
neutron emission, the disintegration scheme of ' Na, 3*Na and ' Mg was deduced,

figure 1.10, 1.11 and 1.12.

The Qgs, Si, and Sy, values are computed from the mass excess of ***'Na and
3231Mg obtained by the TOF method.
The half life of ' Mg ¢, 5 = 250(30)ms [28], is determined by the time dependence

of the 7 lines from the disintegration of the first and second excited level of

www.manharaa.com




4.0 1 1UPTIULITS ULl LLT 11lds11051Ulll 4dllu 4diulliiiigaliil 1svvupes.

44

3/2 +

17.0(4) ms
31 @ P, =0.87(24)
Na E T
B- IZn X I
_ (%] [keV]
=15.42(51) MeV
Qpest (51) Me 0.02——— 1638 52+
0.03 1095 (3/2-)
S,,= 8814(262) 0.82 LY 55 12+
-------------------------- " 0 3/2-
Mg +2n 1090 ms
P, ,=37.3(5.4) .
Iln EX I
[%] [keV]
Iy log fi E, r 4.4 — 3460
(%] [keV] 1.8 2467
3.0 1820
2.5(0.8) 5.3 3814 L3520 20 1788
2.6(0.9) 5.3 3760 ’ 6.8 —TY 1482 2+
Sy, =2371(334) Il
19.7(5.9) 47 e 2243 19.3 0 0+
<11 >6.1 1029 30
0.903) 62 945 Mg + In 325 ms
53(1.6) 5.5 673
48(<32i2) >g.2 e v 221 <52
8(3. : Yo ~ 50 <52+
26(9) 4.9 =** =0 G2) +
31
Mg 250(30) ms

Figure 1.10: Disintegration scheme of > Na [29].

3LA], figure 1.12. The obtained value is similar to the value found from the
time dependence of the (-delayed neutrons t;, = 230(20)ms, once again after

production of 3'Na [30].

In the 3'Mg — 3'Al S-decay, the observed allowed character of the transition
towards the ground and second excited state of 3'Al gives a strong support to a
limitation I™ = (3/2,5/2)" of the spin and parity values of the 3 Mg ground state.
The 5/2% assignment is ruled out by the logf;t=8.4 of the transition towards the
first excited state if I™ = 1/2% is assumed for the 947keV state. The 3'Na
(I" = 3/2T) — 3'Mg allowed transition to the ground state introduces similarly
a limitation for the spin value of this state, I = (1/2,3/2,5/2), the values 1/2
and 5/2 being rejected above. In the decay of 3'Na, the lifetime of low-energy
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Figure 1.11: Disintegration scheme of 32 Na [29].

transitions between 50 and 250keV were measured by 3 delayed ~ coincidence.
The measured half life of the first excited state in Mg (16.0(2.8)ns) and the
nonobservation of the measured lifetime of the 171 and 221keV line, limits the

multipole order of the 50keV and of the 221 and 171keV transitions to a dipole.
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Figure 1.12: Disintegration scheme of 3 Mg. The column at the right gives the
theoretical I™ values obtained with USD shell model calculations [29].
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Figure 1.13: Desintegration scheme of 3' Al [94].

This results in the spin assignments as given in figure 1.10.

Interesting is the population of the 461 and 1390keV states related by a v cascade
through the -delayed neutron decay of *?Na, not observed in the *'Na 3 decay.
This suggests the population of levels with negative parity, resulting from the

parity of the parent state **Na (7 = —), figure 1.11.

Shell model calculations allowing two neutrons in the fp shell are in rather good
agreement with the experimental energy levels of 3 Mg (figure 1.14), if one con-
siders that, using USD calculations, the first excited state lies at 1.55MeV. The
valence space for 3'Mg was enlarged compared with sd-pf calculations in the in-
truder region. The new configuration taken into account has one hole in the 25/,
shell, because the intruder configuration can be viewed as 2Mg®(fp)?. And ?*Mg
has its ground state 3/2% almost degenerate with the 1/27" state (E, = 54.6keV),
dominated by this configuration. This is a very peculiar situation which holds
only for this nucleus. Moreover, the modification of the valence space has no
appreciable consequences for nuclei other than 3Mg. The Mg ground state
comes out as a 50% mixing of normal and intruder components. The half life of
3INa, computed using the bare Gamow-Teller operator, is 4ms. With the usual

renormalisation of 0.77 for the effective operator, the half life is 7ms, while the
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Figure 1.14: Comparison of experimental and theoretical level structure of 3 My

from the 3 Na decay [29].

experimental value is 17ms. This discrepancy may suggest that the 3' Mg ground
state is even more dominated by the intruder states. The experimental values of
the Gamow-Teller strength for the states populated below 2MeV extracted from
the measured decay of *'Na, are in agreement with the general quenching factor
of experiment relative to theory, which has been observed in most GT decays of
sd or fp nuclei [31].

Considering *' Al as a normal sd shell nucleus, Qs = 10.6MeV is calculated for the
decay of **Mg — 3'Al, compared to the experimental result Qg = 11.69(27)MeV.
Using the experimental value, one obtains ¢/, = 120ms as the half life for >'Mg
with the bare Gamow-Teller operator. With the renormalised operator, the re-
sult becomes t;/, = 200ms, compared to the experimental ¢,/ = 250ms. USD
calculations give a half life of 27ms using the renormalised operator.

The calculated Gamow-Teller strengths B(GT) puts too much intensity in the
ground state of *' Al by a factor of 8. Nevertheless, the obtained B(GT) in ref-

erence [29] shows a general agreement between the experiment and calculations,
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and for the first three states the intensity is better reproduced by the inclusion

of the intruder configurations.

The study of the [-decay of 32Na showed a low lying first excited state in
the even-even Mg [28]. This was the second indication, after the mass mea-
surements, that this nucleus could be well deformed. Coulomb excitation of
2Mg to its 2T state was studied by T.Motobayashi et al. (Riken) [32], on
3230Mg by B.V.Pritychenko et al. (MSU) [33] and by A.Lépine-Szily et al.
(GANIL) [34, 35]. The reaction cross section o(0;, — 2) of the secondary
beam of *2Mg on a heavy target was measured and a large reduced matrix ele-
ment B(E2;0}, — 2i) = 450e*fm* was deduced. The experimental B(E2) is
much larger than expected for a spherical nucleus with closed neutron shell, but
the obtained value is comparable to shell model calculations in the sd-pf space
for a nucleus with a 2p-2h configuration [20].

In the rotational model B(E2;I; — I;) and the Coulomb deformation (¢ (the
deformation reflecting the deformation in the proton density) are related to the

first order via

5
B(E2;I; — If) = QgF < LK20|I; K >? (1.8)
m
167 3
Qo = ?EzeRgﬁc (1.9)

Qo is the intrinsic quadrupole moment and the radius Ry = r¢A'/?. When the
proton and neutron deformation are taken equal, the quadrupole deformation
parameter 5 can be extracted directly. The three experiments obtained a large
quadrupole deformation of 8, = 0.51(4) for 3*Mg. It does not provide direct
information whether the deformation is static or dynamic, whether the static
deformation is axially symmetric or whether an axially symmetric deformation
is oblate or prolate. The overbinding of the nuclei provides strong evidence for
static deformation. If a static quadrupole deformation with axial symmetry is
assumed, the deformed shell model or Nilsson model can be used to calculate

intrinsic quadrupole moments over a range of deformations by summing over the
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contributions of the individual protons
Qo = (167/5)2 3" < AJr?Yag|\ > (1.10)
A

The quadrupole moments extracted from the B(E2) values can be reproduced if
the nuclei have a substantial prolate deformation.

Similar experiments have been performed on 3'Na [36], where a first excited state
is measured in agreement with shell model calculations [20] taking v(f7/2,ps3/2)
intruder states into account. A deformation parameter 3, = 0.58(8) close to the
obtained value for **Mg is deduced.

In the case of ** Mg, the situation is not clear. The obtained B(E2) is well repro-
duced [33] or larger [34, 35] compared with calculated values in the 0hiw model.

The first and second excited state of 3*Mg was studied by K.Yoneda et al.
(Riken) [37] via a two-step projectile fragmentation reaction. A radioactive iso-
tope beam of 3%Si was produced from the projectile fragmentation of “°Ar, and
34Mg were produced in the subsequent projectile fragmentation of 3°Si. Com-
pared to Coulomb excitation experiments, higher excitation levels can be reached.
The obtained excitation energy F(2]) is the lowest among the even-even isotopes
nearby, even lower than that of 32Mg, suggesting a very large deformation for this
nucleus. The deduced ratio E(471)/F(2]) = 3.2 is close to 10/3, which is expected
for the rotational band of well-deformed isotopes where E(I) = (h*/27)I(I + 1).
Monte Carlo shell model calculation in the full sd-pf space [38] reproduce the ex-
perimental F(2]) surprisingly well through the entire magnesium isotopic chain
between N=16-22. The obtained theoretical value F(4])/E(2{) = 3.0 for 3*Mg

is also in good agreement.

1.4 Intruder characteristics in the neighborhood

of the Island of Inversion.

Above the region of the Island of Inversion 3 decay studies [39], v decay studies
[40] and Coulomb excitation experiments [41, 42] showed that the ground states
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and first excited states of the silicon isotopes 32:3%38Si can be understood in terms
of Ohw (non intruder) configurations. They can be reproduced assuming a N=20

shell closure.

Table 1.3: Low-lying excited states with intruder character for silicon isotopes

with N =~ 20.

E, I

[keV]
BSi N=19 | 1435 | (7/2)~ 1w
3181 N=20 | 2133 | 0F 2hw

3305 | 2% 2hw
B N=21|974 | (3/2)* 1lhw

The low-lying excited states of isotopes with /N & 20 can be found in table 1.3. A
consistent description of the excitation energy of the 2] state at 3305(55)keV in
34Si and the B(E2) value is possible in a shell model space that allows for a large
component of the neutron fp-shell (2iiw) intruder state, while the ground state
corresponds to a Ohw configuration. A 0F state at 2133keV is assumed having a
2hw character in order to interpret the observed + transitions and B(E2) values.
Therefore, 3*Si can be considered as a doubly magic nucleus, for which the ground
state has a Op-Oh nature and the two lowest excited states are intruders [20].

An isomeric state with #;,,=200(20)ns at 956keV is observed in *?Al (N=19)
[43, 40]. The lowest 1w and 2fiw estimated energies by shell model studies in
the sdpf space using the WBMB interaction [7], give excitation energies of 959
and 2214keV respectively, relative to that of the energetically favored 0hw con-
figuration. Therefore, plausible candidates for a low-energy isomer arise from 0
or 1w configurations. Based on the life time of the isomer, a 41 state is assumed
arising from the Ohw sd shell space, however with an inversion of the nuclear

levels obtained by the USD interaction. The ordering of the levels would be ex-
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tremely rare and can only be explained with the Kuo G-matrix interaction for
the sd-interaction, an older interaction used as starting point for the fitting that
lead to the USD [44]. Unfortunately, from this interaction it is known that its
main defect is that it moves whole bands of levels relative to one another, but the
moments of inertia within the bands are reasonable accurate. This means that
the excited band can be shifted with respect to the ground state [45].

In the region situated under the Island of Inversion less information is available
since the isotopes are even more exotic and difficult to produce. Coulomb ex-
citation at intermediate energy [33] proved that the energy of the 2 state in
the N=18 isotope 28Ne is considerably lower than the Ohw prediction. Such a
lowering in energy can be understood by the interaction between the Ohw config-
uration which dominates the ground state and the more strongly deformed 2hw
configuration which occurs at a higher energy. The mixing of the two 2% states
causes level repulsion, with the 2i state (still dominated by the 0hw configura-
tion) being pushed to a lower energy than the unmixed 0Aw state. The 0hw 0
and the 2fiw 05 states mix as well. However, the energy shift of the 0% states
due to the mixing will be smaller than that of the 27 states since the difference
between the unperturbed energies of the 07 states is larger than that of the 0%
states due to the smaller moment of inertia of the Ohiw configuration. *Ne is
therefore clearly outside the deformation region.

Direct mass measurements indicated that the inversion in shell model level se-
quences observed for the N=20 32Mg and 3'Na may persist for *°Ne. Based on
large scale shell model calculations [20] the ground state of 3°Ne is expected to
have a majority intruder character.

2029F (Z=9) and 23°Ne (Z=10) are produced and lifetimes measured [46, 47].
They are in good agreement with shell model calculations with the interaction
of Retamosa et al. [48] which takes into account the spherical sd shell and the
deformed fp intruder states. 3'F (Z=9) and ?*O (Z=8) are the neutron richest
fluorine and oxygen isotopes observed [46]. The neutron drip line of F isotopes
is located much further away as compared to that of O isotopes: at least six

more neutrons can be contained in F isotopes, whereas it contains just one more
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proton. Owing to 2p-2h and 4p-4h excitations, large attractive proton-neutron
interaction are possible which makes the F isotopes bound. Oxygen has a closed

proton shell, and the proton-neutron interaction becomes less important [19].

1.5 Theoretical approaches.

Several Shell Model calculations have been performed using different interactions,
different valence spaces and with or without mixing by Warburton, Becker and
Brown [7], by Courier, Nowacki and Poves [49] and by T.Otsuka et al. [50] and
references therein. The mechanisms for lowering the nhw states are understood
as consisting of two major ingredients: the monopole and the multipole terms
of the Hamiltonian. The monopole gives the unperturbed energy of the different
configurations. Far from stability, the energy gap between these configurations
may be eroded because of the small binding energy of the orbits at the top
of the well. The multipole terms in the N-N interaction, mainly pairing and
quadrupole, further mix the single particle configurations. They can invert the
energy ordering of the configurations given by the monopole. Summing up the
lowering of the energy gap between the sd and fp shell when more neutrons
are added, with an increase of the neutron-neutron pairing interaction and of
the proton-neutron quadrupole interaction, may result in a more stable intruder
configuration [49]. Whereas it has been demonstrated that one can obtain a fully
reliable multipole hamiltonian, the monopole hamiltonian is usually incorrect
[49]. By slight changes of this monopole term the limits of the intruder region
are predicted differently, N=19 and N=22 are inside or outside depending on the
calculation. Using the interaction by Poves and Retamosa (PR) [51] the transition
from spherical to deformed takes place somewhere halfway between N=19 and
20 up to N=22 (for Z< 13). Calculations with the interaction of Retamosa et
al. [48], an interaction where the cross shell matrix elements are modified in
order to describe the neutron rich nuclei around N=28, predict 7/2~ (1hw) as

the ground state for ' Mg. But, with a similar interaction by Caurier et al. [49]
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with only a small change implemented to be able to reproduce experimental data
on 3°Si, leads to a 3/2% or 3/2~ ground state spin (0hw and a 1%iw coupled with a
2% proton configuration respectively). Therefore, measurements of the spin and
static moments of nuclei in and around the island of inversion will yield vital
information to fix the monopole terms of the cross shell interaction in the sd pf

valence space.

_f2 _f2
a3n
N=20
S N=16
: — a3n
s1/2 PRy
a5 : 452 d5p0eeees’  sesees g5
24 30
@) Si
816 147 16

Figure 1.15: The effective single particle energies for *°Si and *O [50].

Using the Monte Carlo Shell Model method, calculations without restriction on
the valence space are performed by T.Otsuka et al. [50, 19]. T.Otsuka predicts
that a new shell structure originates from a higher lying ds/, orbit inducing a
new shell closure at N=16, figure 1.15. The part of the nucleon-nucleon (NN)

interaction responsible for this process is written as
Vig~T TO -0 (1.11)

here 7 and o stand for isospin and spin operators respectively. The o operator
couples the spin-orbit partners (j=l+1/2 and j=I-1/2, | being the orbital angular
momentum and j the single particle angular momentum) strongly. And the 7
operator favors the charge exchange processes. Combining these two properties,
V.o produces large matrix elements for the spin-flip isospin-flip processes: proton
in j=l41/2 — neutron in j=1-1/2 and vice versa. This gives rise to a strongly
attractive monopole term.

In stable nuclei with N ~ Z, the neutron orbits are lowered by the proton spin-

orbit partner and vice versa. In exotic nuclei, for example for 2O with an empty
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ds /> proton orbit (figure 1.15), this lowering can be absent, locating the highest
spin-orbit partner not far from the upper shell. The disappearance of the N=20
shell closure arises from the small effective gap between the d3/, and fp shell for
neutrons. It is caused by the absence of the strong attractive interaction between

the protons in the ds/, and the neutrons in d3/s, two spin-orbit coupling partners.

-226

-236

Energy [MeV]

-246

Figure 1.16: The HFB (dashed line) and the AMP energies of ** Mg [52].

Relativistic mean field studies [53, 54] as well as Hartree-Fock Bogolioubov cal-
culations (HFB) predicted a spherical shape for 3*Mg [55]. More recently, angu-
lar momentum projected generator coordinate method calculations (AMP-GCM)
with the Cogny interaction and the mass quadrupole moment as generating co-
ordinate were performed on 303%3*Mg by R.R.Rodriguez-Guzman et al. [52]. On
the deformation energy curve of the HFB calculation on 3*Mg (figure 1.16), an
inflection point is visible at prolate deformation. Using the AMP method, for I=0
and 2, a prolate and an oblate minimum appear with almost the same energy
for the nucleus 3°Mg, whereas the prolate minimum becomes significantly deeper
corresponding to a deformation parameter 3 = 0.4 for 323*Mg. For increasing

spins, the prolate minimum is even more pronounced.
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The actual preference for a spherical or deformed ground state in mean field stud-
ies varies with the used two body interacting force [56]. The nucleus **Mg has
been found to be an example of shape coexistence. The spherical and deformed
configurations are close in energy and shape mixing is expected. This is consis-
tent with recent measurements at GANIL by F.Azaiez et al. [57], according to
which the Ey, /E,, ratio in **Mg falls well below the rotational limit.

1.6 Objectives of the experiments.

By performing a 8 Level Mixing Resonance (LMR) experiment on 2>3'Mg after a
fragment separator, the spin, the ratio of the quadrupole moment to the magnetic
moment and the magnetic moment is obtained. The magnetic moment of 3'Al
and *'Mg is also studied using the Nuclear Magnetic Resonance (NMR) method.
All studied isotopes are situated at the limits of the Island of Inversion.

The experiments are performed at GANIL (France). In order to study the static
moments, the nuclei need to be spin oriented. In these specific experiments
the orientation is obtained in the fragmentation reaction. Since it was the first
time spin polarization was studied at Ganil, a test on 2’Na, a well understood
nucleus, was performed. *’Na was chosen since it has similar half life, Q5 and
magnetic moment as assumed for 3! Mg and it has the major advantage that it is
well produced in the fragmentation reaction and has a large asymmetry factor,

figure 1.17.
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Figure 1.17: Desintegration scheme of " Na [94].
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Chapter 2

5-LMR on *'Mg and *’Mg

2.1 Level Mixing experiments at a fragment sep-

arator.

The Level Mixing Resonance technique applied to (-decaying nuclei (3-LMR)
[58] is a well established tool for measuring the ground state moments of nuclei
far from stability [59].

In this section, some specific details of a LMR measurement performed at a frag-
ment separator will be clarified. Not only the spin and the ratio of quadrupole to
the magnetic moment can be obtained, but also the magnetic moment separately.
Most techniques to measure moments need spin oriented nuclei. A major advan-
tage of the S-LMR technique is that the initial nuclei need only to be aligned, and
not necessarily polarized. Alignment is easier to produce via the nuclear reaction
mechanism, and is obtained for the fragments selected in the forward direction

[60, 61, 62] where the highest yield will be obtained.

2.1.1 The orientation of the nuclear spin.

Before mentioning how spin orientation can be obtained, the different types of

orientation will be defined in a formal way.

31
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An ensemble of nuclei with spin [ is called spin-oriented if the nuclear spins have
a preferential direction in space. By defining a Zpgr-axis, one can describe the
spin orientation with respect to this axis as the probability p(m) that the nuclear
spin has a projection |m) of the nuclear spin onto this axis. The density matrix

formalism can be used to describe the orientation:

pumt = (mp|m’) (2.1)

with diagonal elements p,,,, = pm, describing the spin projections, and the non
diagonal elements describing the coherence between different m-states. An axial
symmetric ensemble has only the diagonal elements different from zero. The

density matrix is related to the density tensor pj:

g=vaErt Syt g 22)

mm’ —m m, n

and to the orientation tensor:
By =21+ 1p;” (2.3)

From the last two formulas one can derive that in case of axial symmetry, when
m = m/, the orientation tensor will only contain n = 0 components. This simpli-
fies the description of an axially symmetric oriented system.

In the angular distribution formula the spin orientation will always be described
by the orientation tensor, because it allows an easy transformation from one axis
system to another by rotation over the Euler angles [63]. However, when speaking
about the amount of orientation, a different terminology is used, depending on
the type of orientation. Two possible initial axial symmetric orientations will be
considered. When the probability to have the spins along the symmetry axis is
equal for both directions, p(m) = p(—m), the ensemble of nuclei is spin-aligned,
figure 2.1. When p(m) # p(—m) the ensemble is spin-polarized, figure 2.2. Note
that a polarized ensemble is also spin-aligned. The amount of initial alignment
A and polarization P in case of axial symmetric orientation is defined as:

Ay = y B —|Oi Efn :x1))|]p(m)

(2.4)
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Figure 2.1: The nuclear ensemble is spin aligned when p(m) = p(—m), (a) prolate
alignment (A > 0), (b) oblate alignment (A < 0).
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Figure 2.2: The ensemble is spin polarized when p(m) # p(—m).

%;mmm (2.5)

with aq(mazx), for oblate alignment (A < 0) and integer spin defined as aq(m =

0) = I(I+1) and for half integer spin defined as ap(m = +1/2) = I(I+1) —3/4.
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For prolate alignment (A > 0) ay(maz) is defined as ay(m = +1) = I(2] — 1)
for all spins.

Spin polarization is described by the odd tensor components B?,375,m and spin
alignment with the even components B‘Q)A,G’m, both orientations in their own ori-
entation frame (OR4 and ORp). If we neglect higher order contributions to the
alignment and polarization, then BY and B are related to the initial alignment

A and polarization P as follows [64]:

BY(I,t=0)or, = —\/[3—:11[’@:0) (2.6)

BYI,t=0)or, = V5lay(maz)| A(t = 0) (2.7)

VIU +1)(21 +3)(2] - 2)

The observed nuclei are oriented by the fragmentation reaction. When the frag-
ments are selected in the forward direction with respect to the primary beam,
the fragments are shown to be spin aligned [60, 61, 62]. As the recoil nuclei are
mainly emitted in the forward direction, the highest yield will be obtained. Asahi
et al. developed a model to describe the production of orientation [60]. This is
based on the ”participant-spectator” model, a rather simple model to describe

the fragmentation reaction, [65, 66, 67].

2.1.2 The formalism for -LMR at a recoil separator.

In LMR experiments, an ensemble of spin-oriented nuclei with spin I are im-
planted into a crystal, immersed in an external static magnetic field B. The
non-cubic crystal has an axially symmetric electric field gradient V5 along the
C-axis, positioned at a small angle § with respect to the magnetic field. This
electric field gradient (EFG) defines the principle axis system (PAS) with Euler
angles («, 3, 0) for a transformation from the LAB-frame towards the PAS-frame,
figure 2.3. The combination of the electric quadrupole and magnetic dipole inter-

action leads to the following Hamiltonian described in the principal axis system:

HLMR - HQ+HB
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Figure 2.3: Frame definition for the principal axis system (PAS) and the orienta-
tion (OR) frame with respect to the laboratory (LAB) frame. There is a separate
orientation frame for the alignment (OR4) and for the polarization (ORp).

w
= fQ(?’I% — I?) + wplz cos f — wplx sin 8 (2.8)
with wp = —% the magnetic interaction frequency and wg = hfﬁ;{zl) the

quadrupole interaction frequency. @) is the spectroscopic quadrupole moment of
the implanted nuclei, g the g-factor with i = guNf the magnetic moment of the

nuclei.

When the angle 3 = 0° between the static field B and the EFG, the orientation of
the EFG coincides with the magnetic field. The Hamiltonian is axially symmetric
in the PAS frame and the eigenstates |m) are fully determined by the magnetic
quantum number m, the projection of T on the Zpas axis. A Breit-Rabi dia-
gram shows the energy of the different eigenstates |m) as a function of the static

magnetic field, figure 2.4(a) with

E,, = —hwgm + hwg(3m? — I(I — 1)) (2.9)
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Figure 2.4: (a) A Breit-Rabi diagram of a nucleus with spin I = 3/2 and tilt
angle 8 =0°, (b) and tilt angle 8 = 15°. When the populations of the hyperfine
levels mizx, the levels repel each other. (c¢) The up/down asymmetry as a function

of a static magnetic field for 3 = 15°, BY = 0.2, BY = 0.2, y4 = 2°, ep = 90°

and yp = 92°.
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and crossing of the sublevels occurs when F,, = E,,, this is at equidistant dis-

tances when

wp = 3(m+m)wg

wB 3(m+m')
= 2.10
7 vo2n | AIel - 1) (2.10)

The spin of the nuclei defines the number of eigenstates |m) and so the number
of crossing sublevels. Moreover, equation 2.10 shows clearly how the distance
between two crossing fields depends on the spin and that there is an equidistant

distance —=> ] between two crossing fields.

ar(2r—1
For a small tilt angle 3, the last term of the Hamiltonian can be considered as
a perturbation. It causes breaking of the axial symmetry, giving rise to a level
mixing interaction [68, 69, 58]. The sublevels |m) and |m') will cross at a static

magnetic field B when:

wp = 3(m+m')cosfwg
wB 3(m +m') cos 3
— = 2.11
= Vo2 1121 — 1) (2.11)

The level mixing is seen as a repelling of the two respective hyperfine m-quantum
states, figure 2.4(b).

Near two crossing levels with Am = |m — m/| a "two level” approximation is
allowed for small 3. The mixed eigenstates, | V) and |N'), and the energy levels
of the perturbed system can be calculated with quasi-degenerate perturbation

theory, [68]:

1
N) = — — R|m/
N) = (i) = Rlm)
1
N) = e () + ) (2.12)
with energy:
E,+ Ey
Exni = % +1/2y/ (B — Epy)? + 4(WAR )2 (2.13)

and mixing parameter R depends on the perturbation matrix element WA5™ . It

is a function of the static interaction frequencies wg, wg and is proportional to
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(sin §)2m:

E —E E —F. .\
R:u —_m —m 1 2.14
WA +\}< WA ) i (2.14)

The breaking of the axial symmetry induces mixing of the level populations, and
so a resonant change of the initial spin orientation. This change of orientation
can be measured by the time integrated angular distribution, W (#, ¢, 7), of the
radioactive f-decay but in simulations and for the experiments the Up/Down
asymmetry will be observed, this is W (0°, ¢, 7)/W (180°, ¢, 7), figure 2.4(c).

The time integrated angular distribution of the decay of the perturbed nuclear

system can be calculated in the LAB-frame:
W(0,0,7)pap = VAT > A Bp(I,7)ap Y (0, 9)LaB (2.15)
k,n

Two possible initial orientations will be considered, spin alignment B, ¢ _ and
spin polarization B?,375,,,,. Only BY and B! will be taken into account since the
higher order tensors have a negligible contribution for nuclei with I < 4/ [64].
Both orientations are described in their own orientation frames, OR, and ORp,
with Euler angles defined as (£.4,74,0) and (¢p,yp,0) for a transformation from
the LAB-frame towards the respective OR-frame, figure 2.3. The orientation
of the nuclei is observed in the laboratory frame. By transforming the initial
orientation tensors from the OR-frame to the LAB-frame, tensors B} with n # 0

become different from zero:

47
2k +1

B I,t=0)pap = et Y (e,0) BYI,t = 0)or (2.16)

The time integrated orientation parameters can be written as a function of the

initial orientation and the time integrated perturbation factors G¢ (I,wg,wg, T):
B,?(I, T)LAB == Z GZZ/’(I, wp, (.UQ, T)LAB B]:L,, ([, t= O)LAB (217)

k' n’
From equation 2.17 and 2.16 one can deduce that the initial alignment can be

measured Bj_,(I,t = 0)ogr,, although only (-particles are detected and Ag—,

will be the main contributing radiation parameter in equation 2.15.
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The perturbation factors are a function of the magnetic and quadrupole interac-
tion [68], and can be computed by expressing the Hamiltonian in the LAB frame
and diagonalising it numerically.

An analytic expression for the perturbation factor gives more insight into the be-
haviour of the angular distribution as a function of the applied magnetic field. The
perturbation factors can be calculated explicitly if the nuclear Hamiltonian is ex-
pressed in the principal axis system. Near two crossing levels with Am = |m—m/|
quasi degenerate perturbation theory can be applied and equation 2.15 can be

rewritten as:
W0, 0,7) = 1+cosfA; [Cosep(l + 1/2(2 gil(L)Li)) BY(I,t = 0)or,
—4/1/2 sinep COS’YP( > ¢ (D )B?([,t:O)ORP
i(Am=1)

+1/4 (3cos” e4 — 1) (X 91a(L)Ly) B3 (It = 0)or,

—1/3/2 siney cosey COS’)/A( > gi,(D )Bg([,t:O)ORA

i(Am=1)
+1/3/8 sine 4 cos27A( > gh(D )BS(I,t:O)ORA(}Z.IS)
i(Am=2)

with the Lorentz absorption resonance
. W, ) -
= B = B+ @V, P 219

and Lorentz dispersion resonance

R ey 220

The summation over ¢ is a summation over all mixing levels at the resonance field,
while the summation over i(Am) is restricted to these levels which have Am; =
Am. The factors gi,, determine the amplitude of the resonances. They are
sums of 3J-symbols and independent of the misalignment angle 3. The resonant
behaviour of the perturbation factors and thus of the angular distribution near a
level mixing is expressed in the Lorentz absorption and dispersion resonances.

Due to symmetry considerations, the Z-axis of the orientation frame of an aligned
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ensemble (Zpg, ) of nuclei right after the production target is parallel to the beam

axis, therefore e 4 = 90° and 4 = 0°. When the secondary beam is purified by

Zo%

. H , fragments
Zor o y

beam
target

X =magnetic field in mass separator

Figure 2.5: The angle v4 and vp between the direction of the fragments and the

orientation axis of the initial alignment and polarization.

a recoil mass separator, the beam rotates over a different angle - = w¢.t than
the nuclear orientation axis of the alignment 6; = wy.t, because the Larmor
frequency w;, = —guyB/h is different from the cyclotron frequency we = ¢B/m,
with ¢ and m = A.u the charge and the mass of the nuclei. Therefore, the initial
orientation axis for an aligned ensemble is not parallel to the beam after the
dipole magnets, figure 2.5:

A
Ya=0c + 0, =0c(1 - g2_q) (2.21)

In case of polarized fragments, the symmetry axis Zog, is perpendicular to the
beam direction, see further in section 3.1.1, thus 0° < & < 180° and vp = £90°.
Similar as for alignment, if the secondary beam passes through a mass separator,

figure 2.5, the angle between the orientation axis and the beam direction becomes:

A
vp = £90° + O (1 — g—q) (2.22)
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At the Lise spectrometer, section 2.2, ¢ = —90°. At LISEIII (after the Wien

filter), 0c = —60°. The measured Up/Down asymmetry can be rewritten as:

(@)
0.00-

-0.014

Up/Down

-0.021

-0.03

-0.014

Up/Down

-0.02 1

0.004

-0.014

-0.02+4

Up/Down

-0.034

0.25 0.5 ©y/(2TTV,)

=

Figure 2.6: The Up/Down asymmetry for spin aligned nuclei with I = 3/2, tilt
angle 3 = 15°, BY = 0.2 and different magnetic moments at the LISEIIT spec-
trometer 0c = —60°. The difference can only be seen in the Am = 2 resonance (a)

p=12nm.va =2 (b) p=2.0n.m. y4 =43° (¢) p = —1.0n.m. y4 = —111°.

W(0°, ¢,7)
W (1800, p, 7)

~ 1+ 2A1 [COSEP(l + 1/2(2 gil(L)Ll)) B?(I, t= O)ORp
—\/1/2 sinep cosvyp ( > gil(D)Di) BY(I,t = 0)og,
i(Am=1)

+1/4 (3 g12(L)Ls) B(I,t = 0)or,

+/3/8 cos2ya (X ghi (D)D) BY(L,t = 0)or, | (2.23)

i(Am=2)
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It is clear that for Am = 2 (I > 3/2) , even if the nuclei are only spin aligned
and not spin polarized, the angular distribution is sensitive to the g-factor via
va, equation 2.21, figure 2.6. The Am = 2 resonance varies from a pure Lorenz
resonance for v4 ~ £45° to a dispersion superimposed on a Lorenz resonance
when v4 = 0% or y4 ~ +90°. If the nuclei are also spin polarized and if ep # 0°
or ep # 180°, the angular distribution reflects the g-factor already at Am = 1,
thus for spins I > 1.

It is very important to understand that because of this one can not only deduce
the ratio of the quadrupole moment to the magnetic moment from the LMR
resonance, but also the magnetic moment separately. Although, when fitting the
experimental data with a LMR curve, the deduced value of the g-factor has a
lousy accuracy (> 50%) , the sign of the g-factor can be deduced unambiguously.
Secondly, from the number of resonances and dispersions, and from the distance

between two resonances, one can deduce the spin.

2.2 The experimental setup for 5-LMR on *'Mg.

The 3'Mg nuclei are neutron rich, light, exotic nuclei. They are produced and
oriented by a fragmentation reaction at the Grand Accélérateur National d’Tons
Lourds (GANIL, Caen, France), figure 2.7. A primary beam of 3¢S'* with an
intensity of 1.5 to 2uA is accelerated by two segmented cyclotrons (Cyclotron a
Secteurs Séparés: CSS1 and CSS2) to 77.5MeV /u and directed to the LISE beam
line (Ligne d’Tons Super Epluchés) via the a-spectrometer.

The alpha spectrometer is a combination of dipole magnets and slits. Since in
beam transport systems, the transmission of the beam as a whole and not the in-
dividual trajectories of the ions are important, the two main characteristics of the
beam, its diameter and its divergence, are combined in one parameter, namely its
phase space [70]. In this space a system is associated by the position coordinates
of the N particles and by the conjugate momentum coordinates, and behaves

like an incompressible fluid. The trajectory in the phase space of a particle with
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Figure 2.7: Overview of the experimental hall of GANIL. The experiments were
performed at LISEIII with a primary beam of 35T on a °Be target and wedge
shaped degrader. Two silicon detectors are put in the beam line, one after the

LISE spectrometer and one before the LMR setup.
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position x = x4y sin(wt) and conjugate momentum p, = Mmww s ax cos(wt) is

an ellipse, figure 2.8:
22 2
+ Py

=1 (2.24)

2 2
Tyvax  Puax

A beam going through a focusing system with opening 2a cannot accept particles

p

h

pMAX

LN
N

v

Figure 2.8: The phase space reduced to the phase plane x,p,. The emittance of
the beam is the limiting area T.xpax-Prax the ellipse occupies drawn in this

space.

lying outside the limiting ellipse with semiaxes a and b = mwa. The limiting
ellipse in the phase space is called the emittance of the beam. The emittance of
the beam after the alpha spectrometer is 6 * 67 mm.mrad.

At LISE, the beam is bombarding a rotating ?Be target of 2071um.

Since LMR experiments require only alignment for spin orientation, the fragments
are selected in the forward direction, so the highest yield is obtained [60, 61, 62].
The LISE-spectrometer not only mass separates the fragments according to the
Projectile Fragmentation Isotopes Separation (PFIS) [71], but it also makes a
selection in longitudinal momentum of the selected fragment, i.e. the momentum
in the direction of the secondary beam [71, 72]. LISEIII is the combination of
the LISE-spectrometer and the velocity or Wien filter.

2.2.1 Selection of the fragment.

The spectrometer consists of two dipole magnets and a wedge shaped degrader,

1062um of 9Be, halfway the two deflection magnets.
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The dipole magnets permit a deviation of the secondary fragment beam according
to their charge state, speed and mass. The determination of the magnetic rigidity

Bp is a measurement of the deviation of the beam:

_ymp
qc
A 1 Bp

= = = -
g  3.1071 By

Bp

(2.25)

(2.26)

with B the magnetic field in [T], p the radius of the bending in [m], m the mass
of the nucleus in [J] and A in [a.m.u.] , ¢ the charge of the ion (¢ < Z), ¢ =
2.9979 108m/s, v the velocity of the nucleus in [m/s], 3 = v/c and v = \/ﬁ

The degrader, situated in the intermediate focal plane, purifies the secondary
beam composed of several ions with a different charge state. The shape of the
degrader preserves the achromaticity of the spectrometer. The energy loss is a

characteristic of the ions with a specific mass A and atomic number Z:

dE A3
- Tk (2.27)

with e the thickness of the degrader, K a constant associated with the degrader.
The first dipole with Bp; = 2.8944Tm selects only these nuclei with A/Z =
31/12 = 2.58. The degrader, in combination with the second dipole Bp, =
2.6665T'm, makes a second selection and accepts only nuclei which fulfill the

condition A3/Z% = 313/12? = 206.88, figure 2.9. The momentum acceptance of

3 2
AJZ

31Al 32Al /}I/}A‘g

29 30 31 32
Mg| Mg

Mg
Z)Ié 27Ne /Zé Ne

A/Z

Figure 2.9: The selection of the 3 Mg fragments by the LISE-spectrometer.
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the spectrometer is set to Ap/p = 0.77% (as low as the counting rate admits) in

order not to lose the orientation.

2.2.2 Selection of the momentum of the fragment.

Fragment momentum distributions measured in relativistic heavy ion collisions
are typically observed to be Gaussian shaped, discribed by the Goldhaber statis-
tical model [73] with a parallel momentum width:

) AA, — A
= f((Ap_ 1)f)
p

(2.28)
A; and A, is the fragment respectively the projectile mass number, oj is the
reduced width.

A more universal model of the momentum distribution also valid at intermediate
energies is developed and implemented in the LISE program [74], taking into
account the occurrence of an exponential tail at lower energies and the reduction
of the velocity relation of a fragment to projectile vy/v, < 1. To describe the
experimental distributions of fragmentation products a convolution is used be-
tween a gaussian and an exponential lineshape for the tail reactions, like transfer

reactions mainly at lower energies. The settings of the spectrometer come down

to the selection in the center of the momentum distribution, figure 2.11.

In the experiments the higher energy side of the momentum distribution will be
selected. This means we gain not only in purity, figure 2.12, but we also favor
the fragmentation reaction over the transfer reaction. Note that the predicted
alignment [60] is based on a Goldhaber distribution. In the tail of the convolution
lower energy reactions take place, like transfer reactions. It is not clear how the

orientation will behave for these lower energy reactions.

2.2.3 Detection and identification of the fragment.

A silicon detector of 300um in front of the measurement chamber, figure 2.7, gives

two signals when a fragment passes through the detector. One signal proportional
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Figure 2.10: The calculated momentum distribution of 3 Mg is a convolution of
a Gaussian and an exponential distribution. The calculated ratio of the fragment
velocity to the beam velocity is vy /vy, = 0.993. The calculation is performed with

the LISE program [75].
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Figure 2.11: The selection in longitudinal momentum distribution of 3* Mg for the

settings of the spectrometer. The calculation is performed with the LISE program,

[75].

to the energy loss of the fragment in the detector, and one timing signal. The
time of flight (TOF) of the fragment is the difference between this timing signal
and the time signal from the RF of the cyclotron. The TOF for a constant length
of flight is inversely proportional to the fragment velocity. Since the magnetic

rigidity is given Bp = 4%, the TOF is proportional to (A/Z).

Ze??
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Figure 2.12: The calculation of Bp right after the target for the selected fragments,
performed with the LISE program [75]. The selection in longitudinal momentum
is at the higher energy side of the distribution of 3 Mg. Therefore a higher purity

15 obtained since the main contaminants are situated at lower Bp.

Based on the Bethe-Bloch formula, giving the energy loss per unit of length by a

heavy ion in a silicon detector, we see that the energy deposited in the detector

is proportional to Z2.

dE  4mnZ%e* 2mu?
- = 1 — 2 2.29
dx mu? ! I(1 - (v/e)?) (v/e) (2.29)

with n the amount of electrons per em?, m the mass of the electron, Z the charge
of the incoming ion, v the speed of the ion and I the average excitation potential
of the atoms in the silicon.

The performance of the (A,Z) separation of the spectrometer is monitored in a
two dimensional AE-TOF spectrum, firgure 2.13. In this plot, a line of constant
TOF (or constant velocity) represents isotopes with the same A/Z ratio, while a

line of constant energy loss corresponds roughly to isotopes with the same Z2.

With a primary beam of 2uA the silicon detector counts 2400 particles per sec-
ond. With the settings of the spectrometer, a secondary beam of 95% of 3 Mg

fragments is obtained. The main contaminants are 33Al (4.5%) and 32Al (0.5%),
figure 2.13.
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Figure 2.13: (a) Identification of the fragments in a AE- TOF spectrum. (b) The

selection made with the LISE spectrometer.
2.2.4 The p-LMR setup.

When the isotopes enter the LMR measurement chamber, figure 2.14 [76], through
a collimator with 20mm diameter, they pass a position sensitive silicon detector
of 500pm and an aluminum degrader of 1.5mm thickness before they are stopped
into the magnesium single crystal of 2mm thickness and purity 99.9%. More than
99% of the ions do not pickup electrons in the different detectors or degrader and

are fully stripped when implanted into the crystal [75].

Above and under the crystal two (-telescopes are mounted in the vacuum cham-
ber. One telescope consists of a thin plastic scintillator, a AE-detector of 1mm,
and a thick trapezium shaped scintillator, a E-detector of 20mm. Every scin-
tillator crystal is glued on a plexiglass light guide which guides the lightpulses
to a photomultiplier tube. Scintillator and light guide are wrapped with alu-
minum foil in order to reflect the outgoing lightpulses back into the detector.
The tubes are enclosed in a p-metal shield to protect them from the stray field
of the electromagnet. Photomultiplier and p-metal are mounted in a weak iron
holder, an additional protection against the stray field. When a (-particle hits

the scintillator, the photomultiplier emits a time signal and a signal proportional
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Figure 2.14: The LMR measurement chamber (a) side view (b) top view.

to the energy loss of the 8 in the detector. The AE- and E-detector are put
in coincidence to eliminate the background radiation. Each telescope covers a

spatial angle of 7% of 47. In the thin AE-detector [ particles with energy up to
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300 keV are stopped, in the thick E-detector (’s with energy up to 5 MeV are
stopped.

The C-axis of the magnesium single crystal, a hexagonal closed packed (hcp)
crystal, is put under an angle 8 = 17(3)° with respect to a vertical, static mag-
netic field. This field is induced by two Helmholtz coils with a weak iron core
above and under the LMR chamber. The electromagnet has a field range from 0
to 2000 Gauss. Between the two [ telescopes a Hall probe is mounted giving a
signal proportional to the magnetic field at the position of the probe. Before and
after the experiment, the magnetic field at the position of the crystal and at the
position of the probe is calibrated.

Since mass and charge of 33Al and 3?Al are almost equal to these of 3'Mg, it is
almost impossible to play with the implantation behaviour of the contaminants

in order to purify the isotopes stopped in the crystal, figure 2.15.

0.06
z 31
Mg
1 4
= 0.04 /
[oN
K=" 33
S 002 Al
= \ 32
Al
0.00 T T T
0 625 1250 1875
Depth [um]

Figure 2.15: The range distribution of 3 Mg, 33 Al and 3 Al in a magnesium crystal
of 2mm calculated with the LISE program [15] assuming a 500um Si detector and

a 1.5mm Al degrader in the beam line.

Once the isotopes are implanted, they interact with the axial symmetric EFG,
Vzz(MgMg) = 6.7(1) = 10"V/cm?.  This value is obtained from the experi-
mental value for vg(** MgMyg) = 324(6)kHz at temperature T=4.2K, [77], and
Q(¥Mg) = 199(2)mb [78].

Nuclei in a metallic crystal couple to the spin magnetic moments of the con-

duction electrons and therefore lose their initial spin orientation. This magnetic
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dipole interaction is the dominant relaxation mechanism in a metal [79, 80, 81].
A lower limit for the magnetic spin lattice relaxation time 77 is given by the

Korringa relation [82, 83]:

1
Th =0k =15 92274.9 103 (2:30)

with T the lattice temperature, K the Knight shift. With K (M ¢*Mg)=0.00112(4)
[84] we find K?(Mg) = 1.25107°%. The relaxation time is inversely proportional
to the temperature T, equation 2.30. Therefore, the crystal holder is mounted on
a continuous flow cryostate and is cooled to 4.05(5)K with liquid helium. With
the predictions made for the g-factor, table 4.3, one can estimate the relaxation
time: T} = 897ms for g = 0.895 to 1} = 1.446sec for g = 0.705, this is 2 to
4 times the lifetime 7 = 360(40)ms of 3'Mg. As a consequence, a reduction of
spin-orientation of 50% to 30% is expected.

The temperature is monitored during the experiment by camera.

During 30 minutes data is accumulated for one specific magnetic field value from

0 to 150 Gauss with a continuous implantation of nuclei in the crystal.

2.3 Results on *'Mg.

Data analysis.

The data are collected event by event. One event consists of the time and the
energy signal of the two silicon detectors in the beam line, four position signals
plus the timing and the energy signal from the silicon detector in the LMR
chamber, four energy signals plus the timing between the AE and E detector from
the four plastic detectors, and a signal coming from the hall probe to monitor
the magnetic field.

A signal is accepted as a valid # when the AEyp and Eyp or the AEpowy and
Epown are in coincidence. The coincidence condition is put by software. This

condition eliminates the background radiation. A signal giving a coincidence in
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the up and the down telescopes simultaneously is not accepted, to avoid counts

from cosmic muons.

900F (a) 200 f 0)
600 F v F
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L O E Lol L L
Energy [channels] Energy [channels]

Figure 2.16: (a) AE-spectrum of 3 Mg conditioned by a AE — E coincidence.
(b) E-spectrum of ' Mg. When 3’s with the highest energy loss in the E-detector

are selected, only those with an energy loss above the dotted mark are taken into

o 1.1(4)‘;;9(4)%1[ | v 1.6(6);2(6)%?{6)%
§ 1005 | } }l F”HHJ}H] ] } } J 0.911 {l} mlﬁﬁ”wi}m ] } [ ]
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Figure 2.17: (a) Data when all 3’s are taken into account. (b) Data when only

the B’s with the highest enerqgy loss in the E-detector are taken into account.

fB-particles from the mother nucleus *'Mg (Qp = 11.7MeV, t1/o = 230ms), the
daughter nucleus 3'Al (Qz = 8.0MeV, tij2 = 644ms) and the granddaughter
nucleus *'Si (Q3 = 1.5MeV, t1/o = 157min) are detected by the telescope. Only
B’s with 5MeV are stopped in the E-detector. Therefore, the spectrum of the
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E-detector is an accumulation of a AE-spectrum from the 3’s going through the
detector and a E-spectrum from the stopped f’s, figure 2.16. No discrimination
between a  from the mother nucleus and from the daughter nucleus can be made
by selecting a specific energy loss in the the detector. As a consequence, if only
(’s with the highest energy loss in the E-detector are selected, the lowest energy
[’s are neglected and the proportion of the amount of mother nuclei to daughter
nuclei changes slightly towards more mother nuclei since 80% of the branching of
3IMg has a higher endpoint energy than those of 3'Al, figure 1.121.13.

Figure 2.17 shows firstly that the amplitude from the resonances increases a
little, although the difference in amplitude is still in the accuracy interval. This
is probably because the daughter nuclei give an almost constant background in
the LMR-curve since they have lost most of their orientation before they decay.
This orientation loss is a combination of the long time between implantation and
the second (3 decay (¢t = 250 + 640ms), of the high g-factor of 3'Al (section 4.3
and therefore a short relaxation time 77, and of the orientation loss in the first 3
decay of 3 Mg and 7 decay in the deexcitation of 3t Al

Secondly, when one compares the amplitudes of the different resonances, they
stay in proportion to each other. Therefore, even if the daughter nucleus would
have kept some orientation before decay, none of the resonances is created by a
LMR of the daughter nucleus.

In the third place, the average asymmetry changes from 0.995 to 0.900. This can
be explained by the fact that the amplification of the up and down detectors is a
little different from each other and no energy calibration is performed. Therefore,
by selecting the specific channel corresponding to the § energy it is possible that
in the upper detector more particles are discriminated.

Most of the 3’s of the granddaughter are stopped in the crystal, the crystal holder
and the AE-detector, before they reach the E-detector.

For every field value of the static magnetic field, the position of the beamspot
is monitored with the position sensitive silicon detector. A change in position
of the spot could induce a change in asymmetry because this means a change

in opening angle of the up and the down telescope. If the asymmetry change is
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Figure 2.18: The asymmetry plotted as a function of the horizontal and vertical

position of the center of gravity of the beam.

determined by the change of the implantation position, one expects a continuous
increasing or decreasing asymmetry as a function of the implantation position.
The asymmetry is plotted as a function of the horizontal and vertical position of
the center of gravity of the beam, figure 2.18. Cables of the x and y position are
possibly switched before the experiment started. Therefore, it could be that the x
position represents the horizontal and y the vertical or vice versa. No correlation

is found between the position and the asymmetry.

1.020
z e | I
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Figure 2.19: The asymmetry plotted as a function of the amount of contamina-

tion.

The silicon detector in front of the LMR chamber monitors the amount of con-
tamination of the beam. A large increase of the contaminants will induce a

decrease of the amplitude of the LMR resonances. Therefore, the asymmetry is
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also plotted as a function of the amount of contamination, figure 2.19, and no
clear correlation is found.

Since the main contaminants are **Al (Qz = 11.99MeV, t;/, = 54ms) and *2Al
(Qp = 13.02MeV, t1/2 = 33ms) with Q4 so close to 11.7MeV, the value of *' Mg,
it was impossible to eliminate them by making a specific energy selection of the
(3 particles. But 5% contamination will not influence the results, and can’t induce

a LMR resonance.

The data fitted with a LMR curve.

From spectroscopy experiments, chapter 1, spin I=3/2 was expected. Figure 2.20(a)
gives a simulation of an LMR curve on top of the experimental data for spin
aligned *'Mg with spin I = 3/2, tilt angle 8 = 17°, radiation parameter A; =
—0.3 , |vg/p| = 100kHz/pn, vg = 0.12MHz and o = 1.2uy. The values ob-
tained for the quadrupole and magnetic interaction are close to the predicted
values (table 4.3), but one can see that the data points at 30 Gauss or lower, and
those around 100 Gauss are far from the LMR curve. Therefore, it is impossible
to fit the data.

In an attempt to fit the data around 30 and 100 Gauss better, figure 2.20(b)
shows a simulation with |vg/p| = 120kHz/puy but a less realistic quadrupole in-

teraction frequency v = 0.17MHz and a negative magnetic moment y = —1.4uy

In figure 2.20(c) one sees a last attempt for a spin I = 3/2 with |vg/u| =
110kH z/ v, this time with a combination of spin polarization and spin align-
ment. Also this simulation is far from good. Although the ratio of the inter-
action frequencies are close to the predicted value, the quadrupole interaction
vo = 0.26MHz and magnetic moment p = 2.3uy are not realistic.

Figure 2.21(a) shows the data points with a theoretical LMR. curve for * Mg with
spin I = 5/2. This picture demonstrates clearly the spin dependence of the dis-
tance between two resonances, equation 2.11. The data points around 50 Gauss

form one resonance and fix the position of the other resonances. It is clear that
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Figure 2.20: The data points with a simulated LMR curve for *'MgMg with
I =3/2, =17 A = —0.3 (a) for purely spin aligned nuclei with vy =
+0.12MHz, 1 = +1.2uy and BY = —0.11 (b) for purely spin aligned nuclei with
vg = +0.17TMHz, pn = —1.4py and BY = —0.19 (¢) for spin aligned and spin
polarized nuclei with vg = £0.26 MHz, 1 = +2.3uy, By = 4+0.04, B) = —0.09,
vp = —33% and ep = +90°.
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Figure 2.21: The data points with a LMR curve for * MgMg (a) for spin aligned
and spin polarized nuclei with I = 5/2, 3 = 19°, A; = —0.3, vg = +0.40MHz,
p = +2.0uy, BY = —0.26, B? = —0.26, vp = —32° and ep = 0° (D) for
purely spin aligned nuclei with I = 7/2, f =19°, A} = —0.3, v = +0.41MHz,
p = —25un and BY = —0.25 (c¢) The best fit with x* = 1.64 for spin aligned

and spin polarized nuclei with I = 7/2, Ay = —0.3, f = 17(2)°, vo/n =
158.2(2.6)kHz/jy, vo = 10.27(fg;;;)MHz, o= —1-7(1(1)11)1‘% BY = +0.27(2),
BY = —0.132(14), 7p = —7°(T300) and ep = —20.3°(73%)).
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I =5/2 will never fit the data.

In the simulation for spin aligned Mg nuclei with spin I = 7/2, figure 2.21(b),
the positions of the resonances follow the trend of the data points better for
lvo/u| = 164kHz/un, vg = £0.41MHz, = —2.5uy.

The best fit with x> = 1.64 is obtained in figure 2.21(c) for spin aligned and

spin polarized nuclei with I = 7/2, 4, = —0.3, g = 17(2)" and |vg/pu| =
158.2(2.6)kHz/puy. With a quadrupole frequency of vg = j:0.27(f8:;;)MHz

and an EFG with Vzz = 6.7(1) x 10°V/em? the quadrupole moment becomes
Q= j:170(+70)mb. A magnetic moment p = —1.7(_0'7) iy gives a g-factor g =

140 +1.4
—0.5(18:2). BY = +0.27(2) and v, = —97° (;;gﬁ) is found for the alignment. The
polarization is BY = —0.132(14) with yp = —7°(;%) and ep = —20.3°(3%).

The accuracy of the fitted values is within 10% of 2. Remark that because a
variation on v, and yp influences only the shape of the resonances, the accuracy
of the moments is lousy. But the ratio |vg/p|, deduced from the position of the
resonances, is very precise.

With equations 2.4 and 2.5, one can deduce that to obtain the fit the initial align-

ment is A = 16% and the initial polarization is P = 9%, assuming the asymmetry

parameter A; = —0.3. With the polarization perpendicular on the reaction plane,
. . . o 0(—3.69
the angle between the horizontal and the reaction plane is ep = —20.3 (+4_50),
figure 2.22.
A
€p
Z1AB
Z.0R
..... et
secondary
beam
€p primary beam
......................... Vo

Figure 2.22: The primary and secondary beam define the reaction plane. The

symmetry axis of the polarization Zor s perpendicular on the reaction plane.
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A simulation of the LMR curve, with the obtained values from the last fit, fig-
ure 2.23, shows clearly that data of field values higher than 150 Gauss would
give us extra information on the Am = 1 resonance. They would proof that the
baseline is at around 0.89 and that it is only reached at 300 Gauss. This would

confirm the high spin.

500 (a)

Energy[kHz]
o

.

0.91-
:
2 0.90
o
o)
0.89.
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Figure 2.23: (a) Breit-Rabi plot for 3'Mg with spin I = 7/2, 3 = 0° and
lvg/n| = 160kHz/puy (b) Simulation of the LMR curve for the spin aligned and

spin polarized magnesium isotopes with [ = 17°.

2.4 Experimental setup and results for *?Mg.

2.4.1 Experimental setup.

Also the ?Mg isotopes are produced at GANIL. The same primary beam on a
rotating “Be target of 1324pum is used. The isotope selection is performed with

the first dipole at Bp; = 2.86347T'm and Bps = 2.66657'm, with the momentum
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acceptance of the spectrometer Ap/p = 0.23%. The spectrometer selects the

longitudinal momentum as in figure 2.24.

8

7
Yield [10 pps/Tm]
N

225 255 2.85 3.15
Bp [Tm]

Figure 2.24: The selection in longitudinal momentum distribution of ° Mg for the
settings of the spectrometer. The calculation is performed with the LISE program
and v /v, = 0.993, [75, T4].

To obtain a better purification of the beam the spectrometer is used in combi-
nation with a velocity filter (LISEIII). This velocity filter or Wien filter in front
of the LMR measurement chamber, figure 2.7, consists of a vertical electric field
E perpendicular on a horizontal magnetic field B. A selection of the isotopes is
made according to E = —7 x B [85]. Only isotopes with velocity |v| = | £ pass
the filter. With B=204.7G and E=2252.5kV/m a 98% pure beam is obtained
with 3°Al as the main contaminant. With a primary beam of 2uA the silicon
detector in front of the LMR chamber counts 5000 particles per second.

The same detector setup is used as in the *'Mg case.

The magnesium single crystal is cooled to 4.25(25)K. Since at this temperature
the relaxation time, equation 2.30, is expected to be of the same order as the
lifetime (¢ = 1.3sec, Ty = 1.7(1)sec) the beam is bunched with 1.5sec beam
on and 3.5sec beam off in order to let the relaxed isotopes decay before newly
oriented are implanted.

Data is accumulated during 40 minutes for one specific field value from 0 to 150

Gauss.
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2.4.2 Results on *Mg.

For every event two extra signals are stored: a signal drawing distinction between
beam-on and beam-off, and a clock signal. At every start of the beam-on period,

the clock is reset to zero.

900 | (a) 400 [
600 [ N E
N 200 —
300 | 3
0 Ko 0 : . ..
Energy [channels] Energy [channels]

Figure 2.25: (a) AE-spectrum of * Mg. (b) E-spectrum of > Mg. When 3’s with
the highest energy loss are selected, only those with an energy loss above the dotted

mark are taken into account.

fB-particles from the mother nucleus Mg (Qg = 7.55MeV, t1/2 = 1.30sec) and
the daughter nucleus *?Al (Qs = 3.68MeV, t,/5 = 6.56min) are detected. Only
the data during beam-on period are taken into account by software. Similar as
in the 3'Mg case, when only 3’s with the highest energy loss in the E-detector
are selected, figure 2.25, the (’s from the daughter nucleus are discriminated and
the resonances slightly deeper.

Since we have only 2% contamination, mostly *°Al (Qg = 8.56MeV, ti/, =
3.60sec), it will hardly influence the results.

As in the case for 3'Mg, the asymmetry is plotted as a function of the horizontal
and the vertical position of the beam, and as a function of the contaminants and

no correlation is found.

Figure 2.26 shows the best fit with x? = 0.88 and is obtained for spin aligned

nuclei with I = 3/2. From the asymmetry parameter of the different [ branches
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Figure 2.26: The data of * MgMyg fitted with a LMR curve: x* = 0.88 for spin
aligned nuclei with I = 3/2, A; = —0.3, 3 = 17° and fitted values vo/p =
87.8(1.5)kHz/pun, vg = £0.110(35) MHz, ju = 1.24(24)p, BS = +0.22(7).

the total asymmetry can be calculated. The asymmetry parameter for the full 3
spectrum, figure 1.9, consists of 61% A,(3/2 — 5/2) = —\/m = —0.45,
of 10% Ai(3/2 — 1/2) = \/(I+1)/3] = 0.75 and of 29% A,(3/2 — 3/2) =
1/\/m = 0.30, which makes in total A; = —0.11. Since only the highest
energy ( particles are selected, the main contributing branch will be the one
from ground state to ground state and the branches with the larger end-point
energies. Therefore, the asymmetry parameter can be estimated as A; = —0.3.
As explained in section 2.1, the width of the resonances is given by this mis-
alignment angle between the EFG and the magnetic field. This angle § = 17°
is fixed on the basis of the fit of **MgMg where the width of the resonances is
clearly well reproduced, figure 2.21. The ratio of the quadrupole frequency to
the magnetic moment is |vg/p| = 87.8(1.5)kHz/uy. A quadrupole frequency of
vo = £0.110(35)MHz with EFG Vzz = 6.7(1) x 10"V /cm? gives the quadrupole
moment () = +69(22)mb. The fitted magnetic moment p = 1.24(40)pux gives a g-
factor g = 0.83(27). BY = +0.22(7) and 4 = 0°(19°) is found for the alignment.
The accuracy of the fitted values is within 10% of 2.
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Chapter 3

3-NMR on %’'Na, Al and *'Mg.

3.1 Nuclear magnetic resonances at a fragment

separator.

The Nuclear Magnetic Resonance (NMR) method on 3 decaying nuclei is a tech-
nique used to measure the g-factor of ground state nuclei. To perform a NMR
experiment the nuclei have to be spin polarized. This initial orientation is de-
stroyed by a RF frequency.

In this section the production of the orientation will be explained. And since the
NMR method is a well known technique, it will only be described with special
attention to the similarities with the LMR method.

3.1.1 Polarization in fragmentation reactions.

As mentioned in section 2.1.1 the ensemble of nuclei is spin polarized when the
probability to have the spins along the symmetry axis is different for opposite
directions p(m) # p(—m) and the amount of initial polarization can be calculated
with equation 2.5.

There are several methods to orient nuclei, such as low temperature nuclear

orientation (LTNO), optical pumping, tilted foil, or polarization induced by an

65
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oriented beam of protons or neutrons. The different orientation methods are
strongly linked with the production method and lifetime of the studied isotope.
To perform LTNO, the probe has to be immersed in a very high hyperfine field
of a ferromagnetic host. This field is far too low for nuclei with Z < 20 like
magnesium. Tilted foil requires a certain interaction time of the atom with the
foils. The atoms have to be produced at low energy and only a few percent of
polarization can be reached. Optical pumping is optimal for specific nuclei as the
alkali and alkaline earth metals, for which the atomic excitations can be reached
by the frequency of the available lasers. The beam must have a very small energy
resolution so that the laser excitation is applicable to all the nuclei. Therefore
the atoms have to be produced at low energy or have to be cooled. It is very good
orientation method when coupled to an ISOL beam (CERN-ISOLDE, Collaps).
When the isotopes are produced in an ISOL system and ionized in the laser ion
source, the orientation can also be induced by a two step resonant ionisation with
polarized laser light, a technique still under development. In tilted foil, optical
pumping and two step laser ionisation and polarization, the atomic polarization
will be converted to a net nuclear polarization. Polarization induced by an ori-
ented beam of neutrons is used for production and polarization of isotopes with
one neutron more than the stable isotope. For exotic neutron rich nuclei far from
the line of stability, production by neutron capture would require a too dense
neutron flux.

When the described experiment was initiated, the 3'Mg isotopes were best pro-
duced via projectile fragmentation intermediate energies. Therefore, the orienta-
tion obtained in the production mechanism itself is the most straightforward way
to orient these isotopes. Since the light isotopes are fully stripped, the orientation

is conserved during the flight time to the implantation crystal.

The momentum distribution of fragments observed in a projectile fragmentation
reaction shows a width, which arises from the internal motion of the removed
nucleons of the projectile nucleus in case of a ultra thin target and a very small
energy spread of the projectiles, equation 2.28. Consequently the intrinsic mo-

mentum of the removed nucleon is correlated with the fragment momentum. If

www.manaraa.com



J.L 1vutltal lilasgliitlliv 1ooUlldlitlts al a 11 agliiitlilv 5tpal avul.

v

Fragment
B
Projectile
(s ' T -

Lt
-, Pol <0

before collision after collision

Figure 3.1: Predicted correlation between the fragment spin and longitudinal mo-
mentum in the participant spectator model for a near-side trajectory, [86]. A
projectile at a velocity Uy is converted to a fragment through removal of nucleons

at the position R with linear momentum Er.

the removal or abrasion takes place from a localized volume of the projectile, the
fragment angular momentum is also correlated with its longitudinal momentum,
[87, 86] and figure 3.1. Since the selection of the longitudinal momentum can be
handled in the standard scheme of fragment separation, section 2.2.2, the corre-
lation between the longitudinal and angular momentum serves for the selection
of the fragment angular momentum.

Let us consider a peripheral collision of a projectile nucleus with a target in which
the nucleons in the overlapping volume are removed from the projectile and the
resulting nucleus is observed as an outgoing fragment. The essential feature of
the process is that the fragment part remains as a spectator, an assumption that
holds for high energy only (~ 100MeV/u). From the conservation laws of linear
and angular momentum, since in the participant-spectator model no transfer of
momentum between the target and projectile is assumed, one can see the corre-

lation of the longitudinal momentum p and the angular momentum J} of the
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fragment, figure 3.2:

= ﬁfragment + ﬁremoved (3 ].)

:>ﬁf = mﬁg—kr

pprojectile

with m and % the projectile mass and velocity, 1%; the linear momentum of the
removed portion.

Ttragment = —R x & (3.2)
with R the position vector pointing from the fragment to the removed portion.
For simplicity one assumes zero spin of the projectile and ignores the intrinsic

spins of the removed nucleons [88].

_|_
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i
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=
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Yield
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O Target

Target

Figure 3.2: Schematic diagram of the correlation between the polarization P and
the longitudinal momentum of the fragment py and of the removed portion k,, for

a near-side trajectory [89].

Thus processes associated with k, parallel to the beam direction, Er(z) > 0,

should correspond to events of lower py side and favor negative polarization,
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P < 0. While those associated with k,(z) < 0 lead to events of high Py and
P > 0. The magnitude of polarization is expected to be the same for low and
high momentum sides, while a slight reduction is observed for the low momenta
[88]. This indicates that other reaction processes like transfer reactions (see
section 2.2.2) may also contribute to the low momentum region but not to the
orientation or in opposite way.

Coulomb repulsion
dominates

nuclear attraction
dominates

Figure 3.3: The near-side and far-side trajectory.

In the above argument the scattering is assumed to proceed along near-side tra-
jectories. The reversed relation of the sign of polarization versus py is expected
if far-side trajectories are occuring, figure 3.3.

A criterion for the dominance of near-side trajectories may be obtained by a con-
dition that the repulsive Coulomb deflection should be larger than the nuclear
attraction [87]. This condition may be expressed in terms of the mean deflection
angle as 4.5 which can be calculated classically with the Coulomb and nucleus-
nucleus potentials. R = 0, 7/ A provides a measure of the competition between
the near- and the far-side collisions. The parameter Afr represents the spread
of the deflection angle due to the Fermi motion of the projectile nucleons with
Afr = 0y/po (> 0) and o, the dispersion of the transverse momentum and py
the projectile momentum. R > 1 (R < 1) represents collisions dominated by
the near-side (far-side) trajectory, whereas R ~ 0 implies a strong mixing of the
two contributions. To obtain a net polarization the projectiles must be selected

at an angle 0, usually set larger than f4.;. A gradual change is observed from
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near-side to far-side with decreasing target Z number and increasing beam energy
[89].

Typical values are Afp ~ 1° and R ~ 5 for a primary beam with ~ 50MeV/u
to R ~ 0.5 for a primary beam with 100MeV/u when a 2 to 3 nucleons are
abraded. For a selection at the extremes of the momentum distribution up to
20% of polarization can be reached, but usually it is considerably less.

When high beam energies are used, the deflection angle 4.7 becomes very small,
therefore R becomes small and no large polarization can be expected. Moreover,
the selection of the fragments at an angle #; with respect to the primary beam

is difficult if an appreciable counting rate is desired.

(a) T (b)

R=(X,Y,Z)

K=(Kx,Ky,Kz) K=(Kx,Ky,Kz)

Figure 3.4: A projectile turns into a fragment through removal of nucleons at
the position R (a)for the near-side trajectory (b)for the far-side trajectory. The
removed portion has a linear momentum K at the moment of impact. The removal

takes place uniformly over the overlap region of projectile and target. [87]

In the model described above the fragment is a spectator as if no momentum
transfer between the fragment and the target nucleus occurs. The model involves
that the yield weighted average of the polarization should be zero and that the
zero-crossing of the polarization should occur at py independently of the compe-
tition of the near- and the far-side collision which is not observed experimentally

[87]. Therefore the model is modified. The removed portion, figure 3.4, of the
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projectile has an angular momentum R x K with R = (X, Y, Z) the position and
K = (K,, K,, K,) the momentum of the removed nucleon or cluster of nucleons
at the instant of removal. The z-component [, of the angular momentum [ left
in the fragment after the abrasion is then [, = —XK, + Y K,. If one assumes
that the nucleon removal takes place uniformly over the overlap region, one ob-
tains < X >~ Ry and < Y >~ 0, with Ry the radius of the projectile. This
assumption was taken in the preceding model, leading to the prediction for the
zero crossing of the polarization to occur at pg, where the highest production
yield is obtained. Alternatively, one can consider < Y > 0 so that [, remains
non-vanishing even at py. Assuming that the average location (< X > <Y >)
is given as (Rycosf, Rysinf) with # < 0 or < Y >< 0, is compatible with the
zero-crossing of the polarization to occur at higher (lower) momentum than p,

for the near-side (far-side) trajectory.

Figure 3.5: Nucleons of the overlap region between target and projectile traverse

the prefragment over a path length d. [87]

The negative value of < Y > can be understood if one considers the nucleon
rescattering through the fragment, figure 3.5. Projectile nucleons hit by the
target nucleons traverse the remaining portion of the projectile or prefragment in
a backward (negative Y) direction. In such a process the nucleons will rescatter
on those in the prefragment, which eventually evaporates some nucleons. The
survival probability of the fragment should increase as Y decreases, resulting in

a weighted average of Y < 0.
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The polarization around py can be useful because it allows a momentum selection
of the isotopes which simultaneously optimizes P and intensity.

The polarization mechanism is also valid for heavy isotopes (typically A > 50)
produced with projectile fragmentation reactions. However, the energies used
are usually not high enough to produce them fully stripped, consequently the
orientation of the nuclear spin will be destroyed due to the random interaction of
the atomic spin with the magnetic elements of the beam transport and separating
system. On the other hand, atomic ions with a charge state corresponding to
magic atomic numbers have an atomic spin J = 0 in their ground state and
no interaction with the magnetic environment of the beam optics occurs. This

results in a partial preservation of the nuclear orientation

3.1.2 The NMR formalism.

The Nuclear Magnetic Resonance (NMR) method on  decaying nuclei is a well
understood technique to measure the g-factor of ground state nuclei [83, 90].
The spin polarized nuclei are implanted in a cubic single crystal, this is a crystal
without an EFG. The system is immersed in a static magnetic field B parallel
to the orientation axis to preserve the spin orientation of the ensemble and to
induce the Zeeman splitting of the nuclear hyperfine levels. Perpendicular to B,
in the direction of the beam line, a linearly polarized oscillating magnetic field,

with amplitude 2B, and frequency wgp, is added:
RF = 2Bl COS(wRFt)ngAB (33)

The oscillating magnetic field is composed of a right and a left circularly polarized
component. Only the component rotating with the same sense as the nuclear
Larmor precession wpg can induce a resonance. The sign of the frequency is
therefore defined by wrr = —|;%||wRF|.

The time dependent Hamiltonian of this system in the LAB-frame (figure 2.3) is:

HNMR = wBIZ + wl[cos g(t)[X + sin g(t)ly] (34)
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with wg = —%, as in equation 2.8, w; = —% and 6(t) = wrrt + A. The
phase A is the phase of the RF field at ¢ = 0, the instant of implantation of the
nucleus in the crystal.

After a unitary transformation to a rotating axis system (X'Y’Z’) with the same

frequency as the RF field, the Hamiltonian becomes time independent: [90]
Hyyg = [wp — wrrllz +wilx (3.5)

The non-axial term inducing the mixing of different |m > states is proportional
to By, typically 1 to 10 Gauss. When compared to LMR, equation 2.8 where the
mixing is proportional to B sin 3, one can see that the mixing for a LMR is easily
stronger since the static field B is of the order of 100 to 1000 Gauss and (3 can
be chosen large (up to 15 — 20°).

As in the LMR, it is possible to make a Breit-Rabi diagram in the rotating frame
showing the energy of the different |m > states as a function of the static magnetic
field B. The mixing of the population of the levels will be induced when two (or

more) |m > states are crossing, this is when wp = wgp or when

gunB
I3

(3.6)

VRr =

In fact, at the level crossing all levels are degenerate. A mixing will make all the
levels equally populated, and the (-emission will become isotropic. This is why
a spin aligned ensemble is not sufficient, since a change in alignment can not be
detected in the 8 asymmetry.

It can also be understood as following. When wp = wgr, equation 3.5 becomes
Hl g = wilx. The spins of the nuclei will precess around Iy and the nuclear
orientation will be destroyed.

Similarly, the perturbation factors can be calculated as for the LMR with the

perturbation matrix element:
w, — (3.7)

This demonstrate that the width of the resonance increases with increasing B

also called power broadening. Before this perturbation can be implemented in
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the angular distribution (equation 2.15), the perturbation factors have to be
transformed back to the LAB-system.

The nuclear states are produced continuously, without any time relation to the
RF field. Therefore all phase angles A are equally probable. The corresponding
perturbation coefficients must be integrated over the phase angle.

The orientation axis is vertical, perpendicular on the horizontal reaction plane.
The OR-frame coincides with the LAB-frame and no transformations on the
orientation tensors have to be performed.

The angular distribution (equation 2.15), comes down to
W(O,7)pap =1+ A BY(I,7)pap cos() (3.8)

For equidistant splittings caused by a static magnetic field, the perturbation
coefficients G2 (t) are independent of the spin I of the nuclear states and one
can proof that terms with & # k' vanish, [90]. Integration over all phase angles

A leaves only terms with n # n' and equation 2.17 reduces to:

By(I,T)pap = Gio(ws, T)rap By(I,t =0)rap—or (3.9)

By(I,t =0)op = —,/%P(tzo) (3.10)

In the resonance condition, all levels are equally populated and the perturbation
coefficient is G})(wp = wrr, T) = 0. The angular distribution is isotropic. Taking

the efficiency of the two [ telescopes into account the observed asymmetry is
W (0% 7)

Ry = 7)(003 = wRF) =

W (1800, 7

Far from the resonance condition, the RF perturbation is too small to induce a

eup

(3.11)

€EDOWN

change in orientation and therefore is G} (wp # wrr,7) = 1 or

W(OO,T) Eup 31
=17 R 14+ 2A/——P(t = A2
Rour TV (1800, 7) (wp # wrr) GDOWN( AN T (t=0) (3.12)

When the asymmetry is normalized to the asymmetry obtained when no RF

frequency is applied, knowing that Rrr,rr = Rour, one obtains

Ry 31
~ 1—-244/——P(t=0 3.13
— W Pe=0 3.13)
Rour —_ (3.14)
Rprrofy
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and the amount of polarization can be obtained directly from the amplitude of

the resonance.

3.2 Experimental setup.

The setup for the nuclear magnetic resonance is very similar to the one of the
LMR as discussed in section 2.2. This section will focus only on the specific
details different from the setup described above, especially the way how a broad
region of g-factors can be scanned with only a few measurements by changing the

magnetic field and keeping the RF frequency with a broad modulation constant.

3.2.1 Selection of the fragment.

3681%

.."'~9Be target

| - p<3.50 4

v stopper

Figure 3.6: Schematic drawing of the deviation of the primary beam by the mov-

able magnet M in front of the LISE target.

In order to obtain a net polarization (section 3.1.1), the primary beam of 30S!6+
is deviated by a movable magnet in front of the rotating “Be target, figure 3.6.
A maximum deflection angle of 3.5° can be reached at LISE and can not be set
smaller than 1° as the heavy stopper for the primary beam would hinder the free

passage of the secondary beam.
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This system was designed to avoid contamination of the different charge states of
the primary beam in the selected secondary beam [72]. Light projectiles at inter-
mediate energy are fully stripped after their way through the target. However the
charge of heavier elements can have a large distribution according to their nature,
energy and thickness of the target. The different charge states are transported
by the spectrometer together with the studied isotopes. By stopping the primary
beam, the secondary beam is purified without loosing too much in counting rate
(a factor 2 to 3) due to the rather small acceptance of LISE compared to the
angular distribution of the fragments.

The primary beam is deviated with an angle of 2° for the selection of the ?"Na,
3LAl and 3'Mg fragments.

To purify the secondary fragment beam, a last selection can be made by the
Wien filter, additional to the selection by the LISE spectrometer, figure 2.7 and
section 2.2.1. The beam passes through an electric field EWien perpendicular to a
magnetic field EWien. The direction of the electric field is vertical, consequently
the direction of the magnetic field is horizontal and their intensities are chosen so
that the selected ion can pass this filter without being decelerated nor deviated

from the initial path. The forces induced by the two fields are compensated:
q(7 x éWz'en) — Fy = —Fg = —qEwien (3.15)

This velocity filter is used for the experiment on 3'Al. It induces an additional
rotation of the polarization axis around the horizontal magnetic field EWZ-m. This

will reduce the measured asymmetry.

3.2.2 The g-NMR setup.

Detection and identification is performed in a similar way as for the LMR exper-
iment, section 2.2.3. The same measurement chamber as shown in figure 2.14 is
used. The polarized 2’Na are implanted in a NaCl single crystal, the 3'Al and
31Mg in a MgO single crystal. Both the crystals are cubic and insulators. Since

no random interaction with conduction electrons is possible, the relaxation of
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beam_>

NMR-coil

Figure 3.7: The NMR coil is mounted between the two 3 telescopes on top of the

cubic crystal and with the linearly polarized field in the direction of the beam.

the orientation is expected to be much longer than the lifetime of the isotopes
and cooling is not necessary [79, 80, 81]. Around the crystal, a coil is installed
inducing the linearly polarized oscillating magnetic field in the direction of the
beam, figure 3.7.

To overcome the inhomogeneous linewidth as a result of defects in the lattice or
due to the inhomogeneity of the static magnetic field, a modulation with ampli-
tude Avgp and frequency vp,.q is applied on the central frequency vgpp = wrp/27.
The shape of the modulation is triangular, in order to spread the power equally
over the whole frequency band, figure 3.8. The same amplitude of the resonance
can be expected if the resonance would occur in the middle of the modulation in-
terval (figure 3.8(a)), or at the extreme of the modulation interval (figure 3.8(b)).
This would not be the case if for example a sinusoidal shape would have been

used.

The amplitude B; of the RF frequency is monitored by a pick-up antenna in the
back of the crystal. The tension S induced in this antenna is proportional to the

field strength in the coil:
S

B = ——— 3.16
! 27TVRFNA ( )

with N the amount of windings with radius r, and A = 772 the surface enclosed

by the windings.
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<

implantation decay

Figure 3.8: Schematic view of the frequency modulation with o triangular shape.
The power of the RF frequency is equally spread over the full frequency band and
therefore the same amplitude of the resonance can be expected if (a) the resonance
would occur in the middle of the modulation interval, or (b) at the extreme of the
modulation interval.

C

F/W%DE))@A |

«

I

m COS (O)RF t)

Figure 3.9: Schematic drawing of an RLC-circuit which consists of a resistance

R [], a inductance L [H] and a capacitance C [F].

The RF coil connected with a synthesizer providing an electromagnetic tension
Vem with pulsation cos(wgpt) is part of a RLC-circuit, figure 3.9. According to
the second law of Kirchhoff

d? dg ¢

Ld—tg + Rdt + = C = V;m cos(wRFt) (317)
the current I(t) in the circuit becomes
Vem

I(t) = —= cos(wgrrt — A) (3.18)

Z

with the electric impedance Z = \/R2 + (Lwrp — 1/Cwgp)? and A the phase
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difference between the imposed voltage and the current. The current is maximal

when wgp = /1/LC, figure 3.10.

4 (@
Ve/Z

cm’

c/t

Figure 3.10: The resonant behavior of Ve, /Z of an RLC-circuit as a function of
the frequency (a) for different capacities and (b) for different resistors.

To saturate the NMR signal, i.e. to mix the populations of the hyperfine levels
fully, a sufficiently large current is required to obtain sufficient magnetic field
strength in the RF coil. Therefore a variable capacitor is used to be able to get
the highest current at the desired frequency, figure 3.10(a).

To be able to scan over a broad region of g-factors, a large modulation amplitude is
required, and the current must be maximal for a large wgp interval. The FWHM
of the resonant curve of V,,,/Z as a function of wgp is inversely proportional to
the quality factor QQ of the RF system. So a low Q-factor is necessary, easily
obtained by the intrinsic resistance of the wires, figure 3.10(b). Unfortunately a
broader FWHM also implies a lower maximum of the current.

In a classical NMR experiment the § asymmetry is detected as a function of the
RF frequency. When a higher or lower value for the g-factor is investigated, the
RLC circuit has to be adapted to obtain a maximum current with an appropriate
Q-factor for the new frequency region at the expense of valuable beam time. To
overcome this problem, the frequency and modulation is kept constant, and the
asymmetry is detected as a function of the static magnetic holding field B.

As for the LMR, the static magnetic field is monitored by a Hall probe. The power
supply of the magnet is PC-controlled with a Lab-View programme (National
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Instruments).

3.2.3 Experimental procedure.

The [ asymmetry Ny,/Naown is detected as a function of the static magnetic
field. In one sweep, the field is changed every 3 minutes over 3 to 9 field values
to avoid an experimental asymmetry induced by beam fluctuations.

Due to technical problems (the communication between the synthesizer and the
control PC broke down), no normalization on the 3 asymmetry without RF was
possible. Theoretically, normalization on the asymmetry measured for a static
magnetic field far from resonance gives exactly the same result, equation 3.13.
However, in this case no correction is made for the experimentally observed asym-
metry change due to other effects different from the NMR. For example, the static
magnetic field can influence the trajectory of the charged [ particles, and there-
fore induce a change in observed asymmetry when changing the magnetic field.
When for every field value the asymmetry is normalized to the asymmetry with-
out RF frequency, this effect is sorted out and a flat baseline is obtained.

All the figures on the 3 NMR experiments show the asymmetry W (108%, 7) /W (0°, 7)
since the upper detector is the detector positioned at 180° with respect to the
orientation axis Zpgr. The detector positioned under the crystal, is the one at 0°

with respect Zpg. The observed ratio R’ becomes (equations 3.11, 3.12, 3.13):

W (180°, 7) €EDOWN
e = 7 = = 3.19
™ W 7) (wp = wrF) — (3.19)
W (180°, 7) €DOW N 31
/ o R S A ~ ]_ — 2A P t= 0
ouUT W (00, 7) (wp # wrr) cup ( W71 ( )
or after normalization:
! 31
IN
~ 1+4+24,{/—P(t=0 3.20
Ripos; W3 t=0 (3:20)
!
—OoUL = (3.21)
RFof f

When a resonant change in 4 asymmetry is observed, the g-factor of the isotope

can be deduced from the position of the resonance, equation 3.6. From the
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amplitude, the initial amount of polarization is obtained, equation 3.20.

3.2.4 Production yields, a comparison of the experimental

values with the LISE calculations.

The aim of the NMR measurement is not only to determine the magnetic moment
of 3'Al and 3'Mg, but also to understand the behaviour of the polarization in
a fragmentation reaction as a function of momentum selection (section 2.2.2).
Therefore, for every selection, the experimentally obtained production yields are
compared to the theoretical calculation (LISE program [75]), to investigate if we
can rely on this program as far as the momentum selections are concerned.

In order to change the magnetic rigidity of the spectrometer, the thickness of the
target is varied by tilting the target over an angle with respect to the vertical
direction without changing the settings of the spectrometer. The production rate
is obtained by the amount of particles detected by the silicon detector in the
LMR measurement chamber divided by the real time, this is the measuring time
from which the death time is subtracted. Also the purity of the beam is taken
into account. No accurate normalization on the intensity of the primary beam is
possible. One can assume for Al that no intensity fluctuations occurred since
the measurement of production rates are performed in 15 minutes. The situation
for 2’Na is different. The intensity of the primary beam is put very low in order
not to destroy the silicon detector with a too high counting rate and therefore no
measurement of the intensity was possible. Since the emittance of the beam after
the alpha spectrometer is differently set for each target thickness, influencing
the intensity of the primary beam, the comparison of the experimental to the

calculated yield is not reliable.

Production rate of 3'Al.

The emittance of the beam after the alpha spectrometer is 2 x 20 mm.mrad. The

thickness of the °Be target amounts to 959 um at 0°. The magnetic rigidity
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of the first dipole of the LISE spectrometer is Bp; = 2.8177Tm, of the second
Bpy = 2.6023Tm and a 1.062mm Be wedge is used. The momentum acceptance
is set to Ap/p = 0.46%. Using the Wien filter, the purity of the beam is 98, 5(5)%
for the different target settings (Bw ey = 257.2Gauss).

The absolute theoretical production rates overestimates the experimental values,
but the calculation reproduces well the ratio of the production yields of the three
selections, as shown in table 3.2 and figure 3.17(a). In the figure, the theoretical
values are normalized to the experimental ones at the maximum of the curve,

this is for the target tilted to an angle of 40°.

Production rate of 2’Na.

The magnetic rigidity of the first dipole of the LISE spectrometer is Bp, =
2.91450T'm, of the second Bpy = 2.737507T'm and a 1.062mm Be wedge is used.
The momentum acceptance is set to Ap/p = 0.29%. Not only the intensity but
also the purity of the beam differs with the thickness of the target. The counting
rates are corrected for the emittance and purity, table 3.1 and figure 3.13(a).

Once more, the theoretical yields are proportionally comparable to the experi-
mental. In figure 3.13 the theoretical values are normalized to the experimental

at the maximum of the curve, this is at a tilt angle of the target at 40°.

3.3 Experimental results on *’Na.

Several experiments on *"Na (f1,=301ms, I" = 5/2%, Q3=9.010MeV, p =
3.895(5) un, g=1.558(2) [16]) are performed to examine the best conditions con-
cerning maximal polarization and maximal destruction of the orientation by the
radio frequency.

A precise measurement is performed with a small modulation amplitude of Avgr =

2kHz and modulation frequency v,,,¢ = 5Hz on a central frequency of vgpr =
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1000kHz and B, = 4Gauss, with the target tilted to 58°. A fit with a Gaussian-
shape function (x* = 1.4) of these data yields a g-factor of 1.559(1), figure 3.11.
With a systematic error of 0.1% on the measurement of the static field, a g-factor
of 1.559(2) or p = 3.896(6)ux is found. The result is consistent with earlier
g-factor measurement g=1.558(2) [16].

From the decay of ?"Na (figure 1.17), one can deduce that 84.3% of the j-
decay has a radiation parameter A; = +/(I +1)/3] = +0.6831 and 11.2% has
Ay = +1/4/3I(I +1) = +0.1380. For the total decay this becomes A; ~ +0.619.
With equation 3.20 and Ry, = 0.618(7) the amplitude of the resonance is
5.4(1.4)% in asymmetry or P = 3.0(0.8)%.

0.66

asymmetry
S
N
B

—+

849 841 833 607 603 B [Gauss]
1.545 1.56 1575 2.160 2175  g-factor

0.61

Figure 3.11: Precise measurement of the g-factor of *’ Na, vgr = (1000 + 2)kHz
and Vpmoq = DHz, resulting in g=1.5585(23).

The aim of the experiment is first to measure the g-factor of 3'Al and 3'Mg
with low accuracy in order to have an idea about the order of magnitude. This
implicates a scan of a broad g-factor range to cover the full region predicted for
different configurations of the nuclei. To find the optimal RF-conditions, several

test with a large modulation amplitude are performed on ?"Na, figure 3.12.

To investigate the best settings of the RF frequency, a first test using vrp =
(450 £ 35)kHz and B; = 4.5 £ 1.5Gauss is performed with a modulation fre-
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Figure 3.12: Several test are performed on 2"Na to find the optimal conditions
for the maximal amount of initial polarization and mazimal destruction of the
polarization, using vrr = (450 + 35)kHz and By = 4.5(1.5) Gauss (a)Vmeq = 5Hz,
target at 58° (b)vmea = 800Hz, target at 58°(c)vmea = HHz, target at 58° and
using the Wien filter (d)vmeq = 100Hz, target at 40° (€)vy,0q = 100Hz, target at
50° (f)Vmoa = 100Hz, target at 58°.

quency of v, = 5Hz. This means that the frequency is modulated 1.5 times

during the halflife of the nucleus, figure 3.12(a) (emittance after the alpha spec-
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trometer 2 * 2r mm.mrad, the target at 58°). The B-asymmetry is +10.4(1.0)%
or P =5.7(0.6)%.

When the modulation amplitude Avgpr and the amplitude of the RF field B,
are kept constant, but the modulation frequency v,,,q is raised, the power at
the resonance frequency is lowered. To examine if the system is saturated, the
modulation frequency is put at v,,,q = 800Hz, or 241 times a sweep over the
whole frequency band during 1/, , figure 3.12(b). A similar f-asymmetry as in
previous case is found 10.1(1.1)% or P = 5.6(0.6)%, indicating that the system
is saturated in both situations.

To obtain a beam with higher purity, the Wien filter can be used. The spin po-
larization of the fragments will be influenced by the static magnetic field By ey
which is in the horizontal direction (section 3.2.1), but not by the electric field
Ewreny. Although the direction of the beam is not disturbed, the spins rotate
over a small angle with the Larmor frequency w; = gunyBwpy/h during their
passage through the velocity filter. Figure 3.12(c) shows the result of the mea-
surement making use of the Wien filter, By rpy = 252Gauss. With the speed of
the fragments of 10.14cm/ns and 5m effective magnetic length of the filter, the
passage takes t=49ns. The spins will be rotated over 6 = gunBwpn.t/h = 5.28°,
the polarization in the vertical direction is reduced with cos(5.28") = 0.996 and
this is negligible as the asymmetry proves: 9.8(1.1)% or P = 5.4(0.6)%.

To study the polarization as a function of the longitudinal momentum selec-
tion, three test are performed keeping the settings for the RF frequency constant
(vrr = (450 + 35)kHz, vy, = 100Hz, B; = 4.5(1.5)Gauss). A first test is per-
formed on fragments from the center of the distribution, using the target tilted to
40° with respect to the vertical direction (emittance of the primary beam after the
alpha spectrometer 0.8 x 0.8 mm.mrad) , figure 3.12(d) and figure 3.13(a). With
this settings, no appreciable asymmetry is obtained: 0.7(0.9)% or P = 0.4(0.5)%.
The target is tilted at 50° for a second test (emittance 1 x 1m mm.mrad). The
selected fragments have a slightly higher momentum than the central one, fig-
ure 3.13(a). The total asymmetry is 4.6(0.6)% or P = 2.5(0.3)%, figure 3.12(e).
In the third test, the target is set at 58° (emittance 2 * 2r), figure 3.13(a). The
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obtained asymmetry is 8.2(1.1)% or P = 4.5(0.6)%, figure 3.12(f).

Table 3.1: Comparison for the 2" Na isotopes of the experimentally obtained pro-
duction rate I.,, and the calculated rate with LISE [75] I, for different tilt angles
of the target or target thickness d. The experimentally obtained polarization is

also tabulated.

tilt angle d emittance | purity | Iy, | Iine P

pm | mm.mrad | % cps | cps %
40° 1252 | 0.8+ 0.87 | 93 1880 | 1.4 + 10* | 0.4(0.5)
50° 1492 | 117 98 1601 | 1.2 % 10" | 2.5(0.3)
58° 1810 | 2 % 27 96.5 755 | 5.9%10% | 4.5(0.6)
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Figure 3.13: (a) The yield of ?’ Na as a function of the selection in longitudi-
nal momentum, comparison of theoretical [75] to experimental values. (b) The

experimental polarization as a function of the magnetic rigidity of the Lise spec-

trometer.
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3.4 Experimental results on 3'Al.

The emittance of the beam after the alpha spectrometer is put at 117 mm.mrad
for all NMR experiments on *'Al (t;/5=644ms, Q3=7.995MeV). The search for
the g-factor is performed with the target tilted to 56° with respect to the vertical
direction, figure 3.17(a).

Since the spin is experimentally not known, but limited to I = 3/2 or 5/2, a
broad scan of the g-factor is made from 0.5 < g-factor < 1.9 to cover all pos-
sible g-factors, section 4.3. A radio frequency vgp = (450 £+ 35)kHz is used
with v, = 50Hz and B; = 8Gauss. Although the data between 600 and
1200 Gauss have a descending tendency, figure 3.14, one data point has clearly a
higher asymmetry, indicating that the g-factor of 3'Al is situated in the interval
[1.387(1),1.621(1)]. The descending tendency for high magnetic fields is probably
due to the interaction of the charged ( particle in the static field.

Deduced from the decay (figure 1.13), the radiation parameter amounts to A; =
+v/(I +1)/3I = 40.683 for 91% of the 3 decay, and A; = —i—l/\/m =
+0.1380 for 8% of the decay. In total this gives A; ~ +0.639. With equa-
tion 3.20 and Ry = 0.713(4) around 400 Gauss, the amplitude of the resonance
is 4.0(1.1)% or P = 2.1(0.6)%.

To increase the accuracy on the measured g-factor, a smaller RF modulation and
higher magnetic field is used in the next two measurements. The radio frequency
is now vgp = (1000 + 12)kHz, vy,,¢ = 50Hz and B; = 6Gauss. Due to technical
problems the Wien filter is not used, resulting in a less pure beam, and the
silicon detector monitoring the purity, is accidentally put on non-active. With
Ry = 0.779(2) the amplitude of the resonance is 2.9(0.5)% or P = 1.6(0.3)%,
figure 3.15(a).

The asymmetry is almost 30% lower than in the first experiment and can not
be explained by an increase of the amount contaminants of a few percent. To
investigate if the power of the RF signal is sufficient to saturate the resonance,
a second measurement is performed with B; = 10Gauss, giving an even smaller

asymmetry. With R, = 0.786(2) the amplitude of the resonance is 1.5(0.5)%
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Figure 3.14: Study of the g-factor of 3' Al using vrr = (450 £ 35)kHz vy,00 = 50Hz
and B, = 8 Gauss.

or P =0.8(0.3)%, figure 3.15(b).

The main results of these two measurements is the value of the g-factor: g =
1.517(20). The accuracy of this value is partly determined by the modulation
amplitude of the radio frequency, and partly by the accuracy of the readout of
the static magnetic field.

For the last measurement the target is tilted to 50° with respect to the primary

beam in order to select the fragments with a momentum closer to the central

momentum, figure 3.17(a). With Ry, = 0.816(3) the amplitude of the resonance
is 2.2(0.6)% or P = 1.2(0.3)%, figure 3.16. The same result for the g-factor is
found: g = 1.517(20).
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Figure 3.15: Study of the g-factor of 3' Al with high accuracy, using vpr = (10004
12)kHz Vypoa = 50Hz (a)B, = 6Gauss (b)B; = 10Gauss.
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Figure 3.16: g-factor measurements using a target tilted at 50°, vgr = (1000 +

12)kHz, Vpmoq = 50Hz and By = 10Gauss.

Table 3.2: Comparison for the ' Al isotopes of the experimentally obtained pro-

duction rate I.,, and the calculated rate with LISE [75] I}, for different tilt angles

of the target or target thickness d. The obtained polarization is also mentioned.

tilt angle | d | Leyp | Line P
deg pm | cps | cps %

40° 1252 | 2279 | 1.4 % 10°

50° 1492 | 1254 | 10° 1.2(0.3)

56" 1715 | 457 | 2.8 10* | 2.1(0.6) % 314
56" 1.6(0.3)ig 3:15(a)
56° 0.8(0.3)fig 3-15()
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Figure 3.17: (a) The yield of 3' Al as a function of the selection in longitudi-
nal momentum, comparison of theoretical [75] to experimental values. (b) The

experimental polarization as a function of the magnetic rigidity of the Lise spec-

trometer.
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3.5 Experimental results on *'Mg.

In order to determine the g-factor of 3'Mg, several measurements are performed
with following parameters. The emittance of the beam after the alpha spec-
trometer is 10 * 10m. The target thickness is varied. The magnetic rigidity of
the first dipole of the LISE spectrometer is Bp; = 3.0017Tm, of the second
Bpy = 2.7954Tm and a 1.062mm Be wedge is used. The momentum acceptance
is set to Ap/p = 0.46%. The Wien filter is used to purify the secondary beam
(Bwren = 261.1Gauss). The purity of the secondary beam amounts to 96(2)%.
With a primary beam of 2 A the silicon detector in the measurement chamber
counts typically 250 particles per second, or 10 times less compared to the LMR
measurement, when the particles are selected in the forward direction (no devi-
ation of the primary beam and selection of the fragments in the middle of the
momentum distribution).

For the first setting (SET1), the thickness of the ?Be target is 1991um (959um at
61°), figure 3.18(a). A thicker target of 2103um (2071um at 10°) is used for the
second setting (SET2), figure 3.18(b). And the third setting (SET3) is a target
of 1558um (959um at 52°), figure 3.18(c).

(a) (b) (©)

Yield [a.u.]

2.0 2.7 3.42.0 2.7 3.420 2.7 3.4
Bp [Tm] Bp [Tm] Bp [Tm]

Figure 3.18: The target thickness is varied without changing the magnetic rigidity
of the Lise spectrometer in order to obtain different selections of the longitudi-
nal momentum of the 3 Mg fragments, (a)1991um (SET1) (b)2103um (SET2)
(c)1558um (SET3).
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Different measurements are performed using fragments selected according to
SET1, figures 3.19(b), according to SET2 figures 3.19(a,c) and 3.20(b), and ac-
cording to SET3 figures 3.20(a). A broad g-factor region is scanned to cover all
possible values, table 4.3.

The data from figure 3.19 show an increasing asymmetry for decreasing magnetic
field between 2000 and 1000 Gauss. For lower fields, lower than 1000 Gauss it is
not clear, in figure 3.19(b) the tendency persist but in figure 3.20 not. Similar
tendency was seen in the ' Al measurement although for lower magnetic field
values between 1200 and 600 Gauss (figure 3.14). This can be understood by the
endpoint energy of the 3’s being ~ 2MeV lower for the 3 Al decay. The influence
on trajectory of the particles is therefore detectable from lower fields on.

There are two indications for a resonance signal corresponding to: 0.453 < g-

factor < 0.530 fig 3.19(b), and 0.454 < g-factor < 0.611 fig 3.19(c).

For each data set obtained with one specific setting of the spectrometer (each set-
ting has a different asymmetry because of a different implantation of the isotopes
into the crystal) a function b.ln(z) — a is fitted through the data, in order to nor-
malize to asymmetry Ry, = 1. For SET1 a = 0.876(1) and b = 0.0322(1), for
SET?2 figure 3.19(a) a = 0.803(1) and b = 0.0366(1). For a second measurement
with the same settings (SET2) the beam is retuned due to technical problems
and therefore, new fit-parameters are appropriate, figure 3.19(c) a = 0.745(1)
and b = 0.0366(1).

All the normalized data with the same settings for the radio frequency and
with the same static magnetic field are averaged, figure 3.21. For a g-factor
of g=0.498(26), an asymmetry of 1.6(5)% is reached, giving an indication of the
magnetic moment of 3'Mg. The obtained accuracy on the change in asymmetry

is not large enough to give a conclusive result on the g-factor.

One more measurement with smaller modulation amplitude is performed using
SET2, vgr = (450 + 9)kHz and v, = 50Hz, to establish the g-factor with
higher precision, figure 3.22. The dotted line is the change in asymmetry that

is expected from the previous results of the measurement using a broad modula-
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Figure 3.19: NMR measurement on ' Mg obtained with (a)SET2, vgr = (400 +
23)kHz, Vimoq = 50Hz and By = 4Gauss (b)SET1, vrr = (450 + 35)kHz, Vpoq =
50Hz and By, = 4Gauss (¢)SET2, vgr = (450 £+ 35)kHz, Vo = 50Hz and
B, = 4Gauss.

tion amplitude. Unfortunately, the statistics are not sufficient in order to deter-
mine the g-factor unambiguously. For g=0.495(10) the measured (-asymmetry
is —1.1(0.7)%, which does not contradict but also does not confirm the results

obtained using a broad modulation amplitude.
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Figure 3.20: NMR measurement on ' Mg obtained using vgr = (450 & 35)kHz,
Vmod = D0Hz and By = 4Gauss (a) for a selection of fragments using SET3 (b)

using SET2.
0472 0.523
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0.25 0.60 0.95 g-factor

Figure 3.21: Average of the normalized data on 3' Mg obtained with a large mod-

ulation amplitude.
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Figure 3.22: Normalized data of the NMR measurement on ' Mg using SET?2,
vrr = (450 £ 9)kHz, Vpmoq = D0Hz and By = TGauss. The dotted line shows the
asymmetry expected from the measurement with a broad modulation amplitude.

Because of the poor statistics, the results do not confirm but do not contradict

either the previous results.
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Chapter 4

Interpretation of the results.

4.1 Polarization in a fragmentation reaction.

A positive polarization is obtained for 2’Na and 3'Al when the fragments with a
larger longitudinal momentum than the primary beam are selected, figure 3.13
and 3.17. When compared to the theoretical model of K.Asahi et al. [86], one con-
cludes that Coulomb repulsion between target nucleus and projectile dominates
over nuclear attraction. The ?’Na and 3' Al fragments produced by fragmentation
of 3°S on a ?Be target, follow the near-side trajectory, figure 3.3.

For 2"Na, in the middle of the momentum distribution no considerable polariza-
tion is detected, 0.4(0.5)%, figure 3.13. Clearly a raising trend of the polarization
is observed as a function of selection of the fragments. A maximum of 4.5(0.6)%
is obtained for fragments in the extreme of the momentum distribution. This
trend reproduces nicely the theoretical model, figure 3.2.

For the 3'Al, no measurement in the middle of the momentum distribution is
performed, but a positive polarization is observed, figure 3.17. The raising trend
of the orientation as a function of the momentum selection is not clear since a
lot of scattering is present on the value for the polarization at the extreme of
the distribution. No precise reason is found for this scattering. A maximum

polarization of 2.1(0.6)% is measured for *'Al. This is half the value compared

99

www.manaraa.com



4 UV

4110T1L Piltlavivll Ul L1t 1Toulivs.

to *’Na. It could be due to a faster relaxation of the 3'Al (¢,/o = 644ms) in the
MgO crystal compared to the relaxation of *’Na (¢1/2 = 301ms) in NaCl.

4.2 The quadrupole and magnetic moment of

29Mg.

Table 4.1: Calculated values with the USD interaction for the magnetic moment

and quadrupole moment of *’Mg using ¢/;; = 0.5 and eJ;; = 1.3.

Hfree che VQ/:U’the
[un] | [mb] | [FHz/py]
0.953 | -98 | -165

From the theoretical shell model calculations using the USD interaction a mag-
netic moment g = 0.953uy is obtained. With a spin I = 3/2 the g-factor of
the ground state of Mg is g=0.635. With temperature T = 4.25(25)K and
using the Korringa relation (equation 2.30), the spin lattice relaxation becomes
Ty = 1.7sec. The beam was pulsed and data are only collected during beam on
1.5sec which is of the same order of the relaxation time. Several nuclei are fully
relaxed before decay. They do not contribute to the LMR, but cause a constant
back ground, inducing a reduction of the amplitude of the resonances, figure 4.1.
The reduction factor is calculated assuming a continuous implantation of the
isotopes [91, 92]. Therefore, in order to estimate the reduction factor, the ratio
of the relaxation time to the detection time is used instead of the ratio of the

relaxation time to the lifetime and a factor 5 is obtained.

Assuming a large value for the spin alignment A = 20% and a factor 5 for the
orientation loss, the orientation tensor component becomes BY = 0.06. To fit
the experimental data with a LMR curve, figure 2.26, a By = 0.22(7) was re-

quired. This means that 3 to 4 times more initial alignment was necessary to
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Figure 4.1: Influence of the relaxation on the amplitude of a level mixing reso-

nance assuming a continuous implantation of the isotopes [91, 92].

reproduce the fitted resonance. Moreover, an asymmetry parameter A; = —0.3
was assumed, taking only the [ particles with the highest energy into account
(section 2.4.2). If this parameter is smaller, a even larger BY is required. There-
fore, one can conclude that the statistics are not sufficient in order to determine

the magnetic and the quadrupole moment of 2Mg.

4.3 The spin and g-factor of *'Al.

The magnetic moment of the odd-even nucleus (Z=13,N=18) can be estimated
by the Schmidt value assuming the extreme single particle shell model (SPSM).

Following equation is used [93]

p=g (j—1/2)+1/2g7 (4.1)

for j=I+s, [ the orbital angular momentum, s the spin angular momentum of
the single particle, and with the free proton orbital and spin g-factors g = 1.0
and g™ = 5.58. In this calculation, the ground state of 3'Al is assumed to have
a configuration with all neutron pairs coupled to spin I=0 and with 1 unpaired

proton in the ds/y orbit (7d3)5/+ (¥ = 1).
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From this calculation the magnetic moment is obtained. In the SPSM the nuclear
spin I is the total angular momentum of the single particle I = j = 5/2 and the
g-factor can be obtained with © = jguny.

The theoretical value g=1.917 is much higher than the experimental value g=1.517(20)
(table 4.2 and figure 3.15and 3.16). From this, one can conclude that the config-
uration is not purely the one proposed above.

Calculations with the USD interaction provide an excellent description of the low
lying spectrum, figure 1.12 [29]. A spin [ = 5/2 is predicted for the ground state,
with 57% of the m(ds/2)° v(ds/2)(s1/2)?(d3/2)? configuration. The remaining part
of the 5/27 wave function consists of a complex mixture of many sd-shell con-
figurations. The theoretical value is calculated using the free nucleon g-factors
(9f = 1.0, g¢ = 0.0, g7 = 5.58 and ¢g¥ = —3.81). A very good agreement is
found between the USDy,.. and experimental g-factor. It confirms that there is
less quenching of the M1 spin operator than of the Gamow-Teller operator for sd
nuclei, as claimed by A.Brown et al. [9].

The calculated value for the ground state with I = 3/2% is g = 0.806, much lower
than the experimental. This allows the assignment of spin and parity [ = 5/2%
for the ground state of 3'Al.

Using the effective charges e, = 1.3 and e, = 0.5, a quadrupole moment @) =

142.1mb is predicted. This value needs to be confirmed in a future experiment.

Table 4.2: Experimental and calculated values for the g-factor of 3'Al with I =
5/2.

AL || geap gilee " | Gpree
1=5/2 | 1.517(20) | 1.917 | 1.524
1=3/2 || 1.517(20) 0.806

From the measured magnetic moment corresponding to a ground state with I =

5/2% can be concluded that no intruder configurations are necessary to describe
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the ground state of 3'Al. It can be understood in the pure sd space. Therefore,

the isotope is clearly out of the Island of Inversion.

4.4 The spin, g-factor and quadrupole moment

of 3'Mg.

4.4.1 Theoretical predictions for the quadrupole and mag-

netic moment.

When the experiment on *' Mg was initiated, a LMR and NMR measurement on
the ground state with spin I = 3/2" was aimed. However, the obtained data
show a LMR of a level with spin I = 7/2, figure 2.21. From simulations of such
a resonance a lower limit on the lifetime of this level can be deduced 7 > 20usec.
Therefore, the most important conclusion of this measurement is that for 3'Mg,
a long living state with spin I = 7/2 is observed. Whether it is the ground state
or an isomeric state can not be decided (see further).

Theoretical values for the magnetic moment and quadrupole moment are given
for the I = 3/2 case as well as the values obtained for a I = 7/2 state, table 4.3.
Using the Oxbash code with the WBMB interaction [7], the magnetic moment
and quadrupole moment are calculated for the lowest lying, pure 0, 1 and 2hw
configurations. In the pure Ohw configuration, all the neutrons are confined in
the sd space and the WBMB interaction restricted to the sd space is exactly the
same as the USD interaction. In the 1 and 2hw configurations, 1 and 2 neutrons
respectively are occupying the fp shell.

A more recent interaction, developed to fit the N=28 neutron rich isotopes by
Retamosa et al. [48], is used with the Antoine code for the pure and for the
mixed 0 and 2Aw states, and for the lowest lying 1hw state. All these states are
very low in energy, but with this interaction, the 7/2~ state becomes the ground
state, figure 4.2. Due to the open d5/; proton shell (Z=12) and the open f7/, neu-

tron shell, a large quadrupole proton neutron interaction induces deformation.
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The protons couple to a 2% configuration and the 7/2~ ground state originates

from a coupling of the 2% proton configuration with a 7/2~ neutron configuration

(7 (dsj2)2+ @ v(fr/2)772- )72

Calculations with a similar interaction but with a small modification on the

9/2- Thw

5/2- Tho

5/2+ Ohw
1/2- Tho

512+ 2how
11/2- Tho

E, [MeV]

32+
1 N 32+ 2he

— 12+ 2ho

— 3/2- lho

—— 32+ Oho ..

320

52(-) >
0 52+> 7/2-
- (3/2)+ — 72- 1o — 32-

Experiment int: Retamosa int: Retamosa int: Caurier

pure mixed

Figure 4.2: Comparison of the experimental and theoretical level structure of 3 My

using the interaction of Retamosa et al. [48], and using the interaction of Caurier

et al. [49].

monopole term by Caurier et al. [49], confirm that the normal configurations are
almost degenerate with the opposite parity 17w intruders, while the 2Aw intrud-
ers appear a bit above. But here, the competition for the ground state is between
the normal (vd3),); o+ and the 1hw intruder (m(dsj2)2+ ® v(f1/2)7/2-)3/5- config-
uration.

Also for the odd-even 3'Mg, the magnetic moment can be estimated by the
Schmidt value assuming the extreme single particle shell model (SPSM). When
the uncoupled neutron is situated in the ds/, orbital, the magnetic moment be-

comes ji = —g;’m for j=I-s, with the free neutron orbital and spin g-factors
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g¢ =0 and g = —3.81. In this calculation, the ground state of 3'Mg is assumed
to have all proton pairs coupled to spin I=0 and the unpaired neutron in the
(vd3)5)3/0+ (v =1). The obtained magnetic moment is = 1.1415 or g = 0.76.
When the uncoupled neutron is positioned in the f7/, orbital, then j=l+s and
the Schmidt value comes down to p = 1/2¢g¥ = —1.9uy, or g = —0.543.

Table 4.3: Experimental and calculated values for the gyromagnetic ratio and

quadrupole moment of 3! Mg.

I SPSM Gfree

3/2+  Ohw 0.76

7/27  1hw -0.54

It WBMB [7] Gfree gef s Qthe vQ/ Hpe
[mb] [kHz/pn]

3/2%  Ohw 0.895 0.849 | 86 103

3/2% 2hw 0.777 0.705 | -86 -118

7/27 lhw -0.365 -0.343 | -184.7 232

I Retamosa [48] || gree Qihe vQ/ e
[mb] [kHz/px]

3/2%  Ohw 0.89 92 96

3/2+  2hw 0.43 1146 316

3/2%  mixed 0.81 50 57

7/27 (24) ®(1hw) || -0.32 2204 254

3/2  (2+) ®(1hw) || -1.23 99 75

I Experiment Geap Qexp vg/ Heap
[mb] [kHz/pn]

7/2  LMR ~0.5(753) +170("70) | 158.2(2.6)

7 NMR +0.498(26) £170(10)
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4.4.2 Comparison with the experimentally obtained re-

sults.

It is clear that from theoretical point of view the spin of the ground state is not
fixed. But, for a state with spin I = 7/2~ a negative magnetic and a negative
quadrupole moment are predicted by theory. The negative magnetic moment
is consistent with the experimentally obtained negative value using the LMR
method. Although the accuracy is rather low, there is no doubt about the sign.
The sign of the quadrupole frequency can not be fixed because of the unknown
sign of the asymmetry parameter A;, and of the unknown sign of the spin align-
ment.

The measured ratio of the quadrupole moment to the magnetic moment is de-
termined very accurately. However, comparing the ratio to theory does not yield
a lot of information since the experimental magnetic moment and quadrupole
moment can differ slightly from the predicted ones, but result in a very different
experimental ratio compared to the theoretical ratio. A measurement of one of
the moments separately is necessary.

The obtained ratio is smaller than the theoretical value for a 7/2~ state, pre-
dicted by the two models (table 4.3).

If the indication for the g-factor obtained with the NMR method and with the
LMR method is assumed to be correct, some deductions can be made.

The experimental quadrupole moment (.., = £170(10)mb is slightly lower than
the calculated values in both models (table 4.3). A negative sign can be assumed

based on the negative sign deduced from theory.

From the Nilsson diagram, the deformation parameter § can be estimated, fig-
ure 4.3. For the odd particle nucleus with 19 neutrons and spin 1=7/2, the pro-
jection of the spin on the symmetry axis of the nucleus is K=7/2 and the nucleus
has an oblate shape with a deformation parameter 8 ~ —0.3. With the relation

between the intrinsic and the measured spectroscopic quadrupole moment

(2I +3)(I +1)

QO — 3K2 _ [(I—|— 1)Qspec (42)
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Figure 4.3: Nilsson diagram for protons or neutrons (Z or N< 50 as a function

of the deformation parameter e ~ 0.953 [9/].

and with the relation between the quadrupole moment and the charge defor-
mation in the rotational model (equation 1.9), a deformation parameter 5 =
—0.34(2) is obtained from the experimental quadrupole moment. Therefore, it

can be concluded that 3 Mg in a 7/27 state has an oblate deformation.

4.4.3 Comparison with the spectroscopy experiments.

Before discussing all the possible situations of the long living (> 20usec) 7/2
isomeric or ground state in the energy scheme of *' Mg, the reason why this level
is not observed before will be studied.

In the spectroscopy experiment performed by G.Klotz et al. [29], the observed
levels in 3'Mg are populated through the 3 decay of the mother nucleus 3'Na
having a positive parity ground state, figure 1.10. If a 7/2 state is present, a

negative parity is a natural assumption. A negative parity state will probably
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not be fed with observable intensities. Moreover, the spin of the ground state of
3Na is I = 3/2". The decay towards a 7/2 state is not only forbidden because
of the change in parity but also because of the change in spin Al = 2. Therefore,
direct feeding of a 7/2" level is very unlikely. Indirect feeding of a 7/2" state is
not excluded, but not observed in [29].

Negative parity states are studied via the 3 delayed neutron decay of 32Na having
a negative parity ground state, figure 1.11. However, the experimental conditions
were difficult because of a weak production yield due to the increased remoteness
from stability, because of the presence of the directly produced 32Al and because
of background from multicharged ions not eliminated by the separator. The
negative parity states of 3'Mg in reference [29] are established by comparison
between a direct v spectrum of the 3?Na (3, ) process to the v spectrum taken
in coincidence with neutrons (5,n — 7). If the coincidence window was of the
order of nsec (not mentioned in reference [29]), and if a long living 7 > 20usec
isomer is present, the intensities of the ~ lines in the [ delayed neutron decay
could easily be misinterpreted. Especially if one considers the possibility of a
decaying long living state, the feeding of this level would not leave any trace in

the v spectrum.

4.4.4 Possible scenario’s for a long lived 7/2 state in 3'Mg.

Several situations are possible, (figure 4.4, 4.6 and 4.8). For each of them the
arguments in favor and possible arguments against a particular scenario will be
discussed. Three elements will be useful in the further coming argumentation on
the possible position of the 7/2 state.

Firstly, the relative production of the isomeric state and the ground state in a
fragmentation reaction will be considered. Based on the model of H.Okuno et al.
[87] and on the experimental systematics of the angular momentum transferred
in a nuclear fragmentation by J.M.Daugas et al. [99], an estimation of the iso-
meric ratio F' can be made. F' corresponds to the number of fragments produced

in an isomeric state divided by the total number of nuclei for a given A and Z.
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The angular momentum transfer is expected to have a minimum value when the
fragment velocity v is close to the beam velocity v = vg. If the isomeric spin
is larger than the ground state spin, production of the low spin state (ground
state) is favored in the center of the momentum distribution. If the isomeric spin
is smaller than the ground state spin, production of the isomeric state will be
favored. In the LMR experiment, 3'Mg fragments from the center of the mo-
mentum distribution are selected (figure 2.11), for which the ratio of production
of a 7/2 state to the production of a 3/2 state is estimated to be F' = 30%,
independent from the ordering of the two states.

On the other hand, if the difference between the v and vy increases, the angular
momentum transfer increases due to the link between the linear and angular mo-
mentum transfer. Thus higher spin states are more populated compared to lower
spin states. In the NMR experiment the 3'Mg fragments are selected in the wing
of the momentum distribution, and a higher production of the 7/2 state can be
expected.

Secondly, for the 7/2~ state with a g-factor g=0.498(26) the lowest limit of the
relaxation time of the orientation of 3!Mg in the magnesium single crystal can
be estimated as 77 = 2.9(2)sec (equation 2.30). The lower limit on lifetime of
the 7/2~ state is 20usec. Therefore, it could be that the relaxation of the spin
orientation is negligible during the LMR experiment.

For the I = 3/2 state, a g-factor of ¢ = 0.7 to 0.9 yields a relaxation time of
Ty = 0.9 to 1.45sec. This is 3 to 4 times the lifetime of the 3/2 level. This
means that the amplitude of the Level Mixing resonances is reduced with a fac-
tor 2 because of the orientation losses in the LMR experiment with continuous
implantation of the isotopes (figure 4.1).

Thirdly, the asymmetry parameter for the 3/2% state can be estimated, fig-
ure 1.12. The branch to the ground state of 3'Al (I™ = 5/27) has A; = —0.45.
Assuming a spin and parity I™ = 1/2% for the first excited level, the asymmetry
parameter of the branch to this level becomes A; = 0.75. Assuming a spin and
parity I™ = 3/2% for the second excited level, the asymmetry parameter of the

branch to this level becomes A; = 0.30. The spins of the remaining states are

www.manaraa.com



41U 4110T1L Piltlavivll Ul L1t 1Toulivs.

not known. The three branches represent 30% of the total decay, and taking
the weighted average, it has a total asymmetry parameter A; = 0.09. The more
branches are taken into account, the smaller A; becomes since the branches with
positive asymmetry are averaged with branches with a negative asymmetry.

The decay of a 7/2~ state is not observed, therefore, no estimation can be made
for the asymmetry parameter. It will probably decay via an allowed transition
towards a 5/27,7/2~ or 9/2~ state. If only one major decay branch is present,
the asymmetry parameter of the 7/2~ decay can easily be large. For example,

one branch to a 5/27 state as an asymmetry parameter A; = 0.65.

1390 3 ()<

1029
945

G.Klotz et al. A B

Figure 4.4: Possible scenario’s A and B if the the long living 7/2~ state is lower
in enerqy than the experimentally observed level scheme of 3* Mg by G.Klotz et
al.[29].  The dotted level represents the 7/2~ state. The dotted v transitions
represent not observed but expected transitions if the 7/2 state is the ground

state.

7/2~ as the ground state of *'Mg.

The 7/2~ state could be the ground state, not observed in reference [29].
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e In this scenario the 3/2" state could be a spin isomer. The energy difference
between the lowest 3/2% and the 7/27 ground state must then be very small
in order to obtain the observed ( decaying 3/2% state with a half-life of
250msec, figure 4.4. The Weisskopf estimate for a M2 transition of 50keV
from the 3/2% to the 7/27 state is t;/, = 10ms. The experimental half
life in the mass region 5 < A < 44 is expected to be similar or up to 10
times longer than the single particle estimate [95]. If the energy difference
is even smaller, the lifetime becomes longer and the 3 decay starts to be
competitive with the M2 ~ decay. The half-life using the renormalised
Gamow-Teller operator is 200ms for the 3 decaying 3/2% state, calculated
with the interaction and valence space of Poves et al. [11].

The possibly weak v transition between the 3/2" and the 7/2~ state could
not have been observed by G.Klotz et al., since the germanium detectors

were not efficient for such a low energy.

e The 3/2" state could also be a spin isomer. This positive parity state has
a Ohw or a 2hw configuration or a mixture of these two configurations. The
nucleus with this configuration is therefore spherical or prolate deformed.
Due to the shape difference with the oblate 7/2~ ground state, the transition
from the isomer to the ground state can be hindered so much that the -
decay channel becomes the main decay channel for the isomer. Although in
this scenario the energy difference between the isomeric 3/2% state and the
7/2~ ground state can be larger than 50keV, and therefore large enough in
order to be detected by the germanium detectors, the v transition could be

so weak that it would not be observed.

e A strong indication against these two scenario is the not observed transi-
tions between the higher lying negative parity states, e.g. at 461keV or
1390keV, towards the 7/2 ground state in the 3 delayed neutron decay of
32Na. Theoretically, a state with spin I = 3/27 and one with [ = 11/2~
can be expected at energies lower than 2MeV (figure 4.2). Assuming for ex-

ample that the level at 461keV has spin and parity 3/2~ (figure 4.4A), then
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a strong (t1/2 ~ 107 'nsec) E2 transition towards the 7/2~ state should be
present, competing with the observed transition towards the 221keV level
(in this case probably an E1 transition towards a 5/2% or 1/27 state). Such
a transition with F, ~ 500keV" has not been identified. However, in the ex-
periment of G.Klotz et al. there is a unexplained + line of 694keV observed
in the decay of ?Na.

In case of a shape isomer, this argument becomes even stronger, since the
transition from the higher lying negative parity states, having an oblate
shape, towards the oblate ground state would be much stronger than the

transition to the positive parity states.

e Two 3 decaying levels is not contradicting with the measured Level Mixing
Resonances of a state with spin I=7/2.
Assuming a g-factor g=0.7 to 0.9 as predicted for the I = 3/2 case, the
LMR resonance is reduced with a factor 2. This, in combination with an
upper limit on the absolute value of the asymmetry parameter |A;| = 0.45,
A; = —0.45 being the value for the branch to the ground state of 3 Al only,
the amplitude of the LMR resonance is reduced with a factor 4 or larger.
Assuming a large value for the spin alignment A = 20% and a factor 2 for
the orientation loss, the orientation tensor component becomes B = 0.024.
To simulate the experimental data with a LMR curve for a state with spin
3/2 (figure 2.20a), a BY = 0.11 was required. This means that 4 to 5 times
more initial alignment was necessary to reproduce the fitted resonance.
Therefore, the statistics are not sufficient in order to observe the LMR
resonances from the 3/2 state of 3'Mg.
In case a [ decaying I = 7/2 state is present as well, it is expected to have
g ~ 0.2 —0.5. Assuming its lifetime is similar or less than 7(/ = 3/2),
then the relaxation is expected to be less influencing the LMR amplitude,
reducing to at most 80%. The detected resonance amplitude of 2 to 3%
for a state with I = 7/2 (figure 2.21c) seems therefore realistic. The initial

alignment can not be determined from the fit since for the I = 7/2 state,
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the asymmetry parameter A; is not known.

Therefore, the (-particles, originating from the decay of the isomer with
spin and parity I™ = 3/2", cause an almost constant back ground and
the [-particles from the ground state could induce an observable LMR

resonance.

e Two 3 decaying levels is also not contradicting the indication of a state
with spin I = 7/2 obtained with the NMR, experiment.
When two states are present, the RF frequency induces two NMR res-
onances at two different magnetic fields according to the g-factor of the
two states. The amplitude of the two resonances can be different, since
the asymmetry parameters are different. Therefore, it is possible that the
NMR resonance of the 7/2 state can be observed and not the resonance of

the 3/2 state.

e The presence of two  decaying states is also not contradicting the measured
lifetime of ' Mg, figure 4.5. The lifetime measured by Détraz et al. [28], is
determined by the time dependence of the 7 lines from the disintegration of

the first and second excited level of 3 Al after production of ' Na, figure 1.13.

In the decay of 3'Na the 7/2 state is probably not substantially popu-
lated. Moreover, if the 7/27 state would have been populated, it will most
probably decay via an allowed [ transition Al = 0,1 towards the negative
parity states with spin (5/2,7/2,9/2) of ' Al. These states will have their
strongest v decay towards the ground state of 3 Al with spin I=5/2 and not
to the first (I=1/2) and second (I=3/2) exited state because of the lower
multipolarity and the higher transition energy. Therefore, the lifetime of
the 7/2~ state of **Mg will not be observed in the time dependence of the
transitions of the first and second excited state of 3L Al.

The lifetime from the time dependence of the [(-delayed neutrons ¢/, =
230(20)ms, is once again obtained after production of *'Na [30]. Also in

this measurement, the 7/2~ state is not populated, and therefore, not ob-
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Figure 4.5: The half life of 3 Mg deduced from the time dependence of the v lines
from the disintegration of the first and second excited level of 3 Al after production

of 3' Na [28].

servable in the time dependence of the (-delayed neutrons.

461

221
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Figure 4.6: Possible scenario if the long living 7/2~ state is an isomeric state,
not observed by G.Klotz et al.[29]. The dotted level represents the suggested 7/2~
state. The dotted v transitions represent not observed transitions, but expected if

the 7/2~ state is situated at ~ 200keV .
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7/2~ as an isomeric state of *'Mg.

Consider a long living 7/2~ state above the 3/2% ground state. If this state
is situated at an excitation energy ~ 200keV’, the M2 transition towards the
3/2% ground state will induce a lifetime for the 7/2~ state of tij2 ~ 10pusec,
figure 4.6. The experimental partial half life for a M2 transition in the mass
region 5 < A < 44 is expected to be similar or up to 10 times longer than the
single particle estimate [95], therefore, long enough to allow the electromagnetic
interaction.

The 7/2~ state could be a [ or v decaying state. If it is a v decaying isomeric
state, the M2 transition towards the 3/2" state could have been missed in refer-
ence [29] due to the long lifetime.

Assuming for example a 1/2% at 50keV, 5/2% at 221keV and 3/27 at 461keV
(figure 4.6A), which is possible according to shell model calculations (figure 4.2).
Based on single particle estimates and corrected for the expected strength in the
5 < A < 44 mass region, the E1 transition from the 5/2% to the 7/27 state is
of similar strength as the M1 transition to the 3/2% ground state. The thresh-
old of the germanium detectors of reference [29] was 50keV, therefore, if the E1
transition was present it could not have been observed. The Weisskopf estimate
for the partial half life of the 3/27 state at 461keV is 15 ~ 10™"*sec for a single
E1 decay towards the 221keV state. In this mass region the E1 transition can
be slowed down with a factor 10 to 10°. The Weisskopf estimate for the E2
transition to the 7/2~ state at 200keV is tijg ~ 1078sec. In this mass region it
is similar or faster with a factor 10. Therefore, the intensity of the E1 v decay
(3/27 — 5/2%) can vary from similar up to 10* times more intense than the E2
transition (3/2~ — 7/27), which makes it possible that the E2 is not observed
by Klotz et al. if it would be present.

7/2 as a v or 3 decaying isomer of *'Mg.

In the last situation, the assumption is made that the 7/2~ state is possibly a

decaying isomer, with a long enough lifetime to make a Level Mixing Resonance
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possible.

e The observed LMR can not be induced by a < isomer. In this case, the
observed # LMR comes from a subsequent perturbation in the I=7/2 and
[=3/2 levels, figure 4.7.

m‘ LMR 70 -

U, =0.87
U, =0.65

m LMR Relaxation 3/2 +

A, <045

Figure 4.7: If the isomeric 7/2~ state is v decaying, it implies that the initial
orientation is reduced in the different steps of production and deexcitation of the
wsomer and relaxation when the isotope is in the ground state, before the (3 is

observed.

The double perturbation formalism for two subsequent ~ transitions is de-
veloped by K.Vyvey et al. [96, 97]. For a subsequent v — 3 double pertur-
bation a similar deduction can be made.

At the moment ¢; of the decay of the 7/2~ isomer, the orientation after the

Level Mixing interaction can be written as

BE(I=17/2t=t) = GMIMI=17/2, %,tl)BZ(I =7/2,t=0) (4.3)
k,n

Note that the perturbation factor G} (1, VTQ, t) is a function of the nuclear

moment ratio and the spin, and describes the Level Mixing Resonances.
B (I,t = 0) describes the orientation of the spins of the [=7/2 isomeric
state, as produced in the fragmentation process. The initial orientation
of the ground state equals the final orientation of the isomer corrected by
the deorientation coefficients U, which take into account the loss of the
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orientation due to the intermediate v rays. For every ~ transition 7, the
deorientation coefficient U} has to be taken into account: Uy = [I; Uj.
Therefore, the initial orientation of the 3/2% ground state is given by

B (I=3/2,t=t) = UyBl(I=T7/2t=t)

Ur, ZG"”‘ (I1=1/2, ;?1 t)BMI =7/2,t=0) (4.4)

The ground state interacts with the electromagnetic fields before it decays
at time ty. The orientation at the moment of decay t, is

Bz =3 Gr(r =32, %,m —1)BMI =3/2,t=t,) (4.5)

k1,m1

= Y GEr(I=3/2, 52 ty — t) Uk, Y GRp(I = 7/2,%,::1)3;;(1 =7/2,t=0)

kl ni k:n

Assuming only one transition from the 7/27 to the 3/2% ground state,
the deorientation coefficients of this M2 transition are U; = 0.878 and
Uy, = 0.655 [98]. Or, from the induced orientation in the LMR of the
isomeric state, 87.8% of the polarization and 65.5% of the alignment is con-
served in the decay to the 3/2% ground state, figure 4.7. If more transitions
are considered between the isomeric state and the ground state, the total
deorientation coefficient becomes smaller and more spin orientation is lost
in the ~ cascade.

Moreover, with the predicted g-factor of the 3/2% state, 50% of the induced
polarization in the ground state level mixing will be lost due to relaxation
when the measurement is performed with a continuous implantation of the
3IMg isotopes. This, in combination with an upper limit on the absolute
value of the asymmetry parameter |A;| < 0.45, the amplitude of the reso-
nance will be considerably reduced by a factor of 4 or larger.

Assuming a g-factor and quadrupole moment as predicted for the I = 3/2
state, the LMR of the ground state will occur in the same field region as
for the isomeric state (between 0 and 150 Gauss, figure 2.20 and 2.21). The
Level Mixing Resonance of the 7/2~ state could be changed in amplitude
by the Level Mixing of the 3/2% state. Therefore, a fit of a single 7/2 state
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inducing a LMR is rather improbable, since the amplitude of one resonance
fixes the amplitude of the other resonances. The position of one resonance,
fixes the positions of the other resonances. And the width of one resonance,
fixes the width of the other resonances.

All the arguments (fig 4.7): the low population of the isomer, the loss of
orientation in the v decay, the fast relaxation in comparison with the life-
time of the ground state, the two Level Mixing interactions in the same
magnetic field region and the small absolute value for the asymmetry pa-
rameter, make it rather improbable that the 7/2~ isomeric state is a +y

decaying state.

e A v decaying isomeric state with spin 7/2 is also not in agreement with the
observed NMR. The two states would induce a NMR at the static magnetic
field according to the g-factor of the two states. This would impose that,
if the Nuclear Magnetic Resonance of the 7/2 isomeric state is observed,
and if all the nuclei are produced in the isomeric state, the amplitude of
the NMR of the 7/2 state must be as large as the amplitude of the 3/2
ground state NMR, since they are observed via the same (3 decay channel
with a certain asymmetry parameter. If the isomeric ratio is smaller than
100%, the amplitudes must reflect this ratio, but the NMR amplitude of
the 7/2~ state will be smaller or as large as the NMR amplitude of the
3/2% state. Since only an indication for the 7/2 is obtained, the amplitude
of the NMR resonance of the 3/2 state is smaller than the NMR of the 7/2

state, contradicting the possibility of a v decaying isomer.

7/2~ as a shape isomer of 3'Mg.

Supposing the 7/27 level has a higher excitation energy implies that the tran-
sitions towards lower lying levels is delayed due to the shape difference of the
positive and negative parity states. The positive parity states have Ohw and 2hw
configurations, and therefore, they are spherical or prolate deformed. The nega-

tive parity states are in the 1hw configuration and are possibly oblate deformed,
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Figure 4.8: Possible scenario’s A and B if the long living 7/2~ state is an isomeric

state, observed by G.Klotz et al.[29]. The dotted level represents the 7/2~ state.

depending on K, the projection of the spin onto the symmetry axis. This shape
difference can cause a delay in the deexcitation resulting in a shape isomer, fig-
ure 4.8.

The situation represented in figure 4.8A is ruled out by the observation of G.Klotz
et al. [29]. The observed transitions from the 221keV level towards the first ex-
cited state and towards the ground state show that the lifetime of the 221keV
level is shorter than nsec. This is too short to allow the electromagnetic interac-
tion inducing the Level Mixing Resonances.

If the 7/2~ spin state is the state observed at 461keV, figure 4.8B, the lower lying
levels must all have positive parity, otherwise a very strong transition towards
a negative parity state is expected which makes a long living state at 461keV
impossible. This is also the reason why the 7/2~ state is assumed not to have
an excitation energy higher than 461keV. Since the 461keV state has a negative
parity, a higher lying 7/2~ state will decay to the lower lying negative parity
state, and the lifetime will not be long enough for a LMR or for a # decaying
isomer.

A higher lying isomer however, would confirm the Qg measured by C.Détraz et
al. [12]. In this perspective it can be interesting to look back to the two neutron
separation energy of 3'Mg determined by C.Détraz et al. [12], figure 4.9. If a
high lying isomer is present, the mass determined with the time of flight method

is the mass of the isomeric state, and the mass determined by the ()g method
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is the one of the ground state. The variation of Sy, as a function of neutron
number shows a sharp increase at N=19. This means a much larger overbinding
than expected from a normal filling of the neutron shells. In this case, 3'Mg is

clearly situated in the Island of Inversion.

] I T ]

T ] ]
ug Alg P sal
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|

Figure 4.9: The variation of the two neutron separation energy with number N of
neutrons [12]. The Sy, values of 3' Mg and 3> Mg are determined by C.Détraz et
al. [12], the values of 3 Na and **Na by C.Thibault et al. [1].
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Chapter 5

Conclusions and future

perspectives

The g-factor of 3'Al is determined as |g| = 1.517(20) using the Nuclear Magnetic
Resonance method. According to shell model calculations in the sd model space
with the USD interaction, this corresponds to a ground state with spin and parity
I™ =5/2". Tt is described by a complex mixture of many sd shell configurations.
Therefore, 3' Al is clearly situated out of the Island of Inversion.

The ratio of the quadrupole to the magnetic moment of 2 Mg is measured using
the Level Mixing Resonance method. Due to the very poor statistics, it was im-
possible to determine the value for this ratio.

The ratio of the quadrupole to the magnetic moment of 3'Mg is determined as
|Q/p| = 98.6(1.6)mb/uy for a state with spin I = 7/2 and a minimum life-
time 7 = 20usec. The negative sign of the magnetic moment is extracted from
the shape of the LMR resonances. From the NMR experiment an indication for
lg| = 0.498(26) is obtained. From considerations on the lifetime versus relax-
ation time, and on orientation losses in the v and  decay of the 7/2 state and
the (3/2)" ground state, a § decaying 7/2 state is most probable. It is not clear
where this state is situated in comparison with the observed energy levels of 3' Mg
by G.Klotz et al. [29]. A 3 decaying 7/2 state is not in disagreement with the

earlier observed lifetime of 3'Mg. The reason is that in earlier work the 3'Mg
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nuclei were not directly produced, but via 3 Na (I™ = 3/2%) 3 decay, favoring
the positive parity states.

In order to study the lifetime, the excitation energy and decay modes of the 7/2~
state, a spectroscopy experiment on 3'Mg is planned. It will be the first spec-
troscopy experiment on directly produced 3'Mg.

From the deexcitation of a possible v isomer, low energy 7 transitions are ex-
pected. On the other hand, the v transitions following the 5 decay of the 7/2~
state are transitions from the negative parity states in 3'Al, having a high exci-
tation energy. Therefore, also high energy transitions have to be identified. To
allow detection of low and high energy v transitions, a low energy photon spec-
trometer (LEPS detector) will be used together with high-efficiency germanium
detectors in a close geometry.

The studied isotopes could be implanted in a stack of silicon detectors for an
unambiguous identification and for the detection of electrons from the g decay
following the implantation of the ion. Using the time difference measured be-
tween the implantation of the ion of interest and the first 3 decay subsequently
detected in the same detector, the 3 decay time spectra can be obtained. This
time spectra will contain the lifetime of the 3/2 and 7/2 state. Using the time
difference measured between the implantation of the ion of interest and the first
decay, the possibility of a v decaying isomer can be studied. When the ion-3 and
ion-v correlations are studied over a period longer than one lifetime (~ 200ms),
the production must be limited to ~ 5ions/sec.

Instead of detecting the ion-3 or ion-7 correlations, the beam could be pulsed to
allow a higher production rate. By bunching the beam, the ingrow and decay
curves of the 3’s in coincidence with a specific v transition of 3 Al, contain infor-
mation on the lifetime of the two long living states of 3'Mg.

From comparison of the -v coincidence spectra of 3' Al when the 3'Mg isotopes
are directly produced with the same (-v spectra of 3'Al when the 3'Na isotopes
are produced, one can deduce information on the parity of the levels of Al
Also, from the time dependence of this specific v transitions, the lifetime of the

3/2 and 7/2 state can be studied.
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When a thick plastic detector or Nal detector is used, the end-point energy of
the § particles can be observed. Calibration of this detector is possible by mea-
suring the end-point energy of the 3’s from the decay of the Na isotopic chain in
coincidence with a « transition of the Mg daughter nucleus.

If the end-point energy of the 3 decay of the 3/2 and 7/2 level of 3' Mg is observed,
and the energy difference between the two levels is larger than the accuracy on
this end-point energy determination (~ 500keV’), one can deduce which of the
two levels is the ground state.

A NMR experiment on 3 Mg is also planned in order to obtain the g-factor with
better statistics. Technical improvements are possible compared to the NMR ex-
periment described in this work. A major improvement will be the normalization
of the RFpy data to the data taken when no RF field is applied RFopp. One
could also think of applying the adiabatic fast passage (ATP) method. With this
method the spin polarization of the isotopes is not destroyed, but inverted in
order to double the amplitude of the NMR. The major drawback is the loss in
counting rate since for this method the beam must be pulsed.

Further investigation on the limits of the Island of Inversion with LMR and
NMR techniques can be very interesting, for example on **Al. This isotope has
the magic neutron number N=20 and although it is situated at the less exotic
side of the intruder region, this nucleus is not studied, only the mass excess A
is measured. In shell model calculations [7, 20], **Al is classified as a normal
nucleus, while a substantial mixing (50%) of intruder configurations into the
ground state wave function occurs in the Monte Carlo shell model calculations of
Y.Utsuno et al. [19]. The magnetic dipole and electric quadrupole moments of the
5/2% ground state are 3.88uy and 160mb respectively, while they are 4.25u 5 and
118mb in the sd-shell model with USD, resulting in a ratio of Q/u = 41.2mb/uyx
for MCSM calculations and @Q/p = 27.8mb/puy for USD. Since the nuclear mo-
ments differ significantly, **Al (Qg = 11.99M eV, t/5 ~ ms) is a good candidate
for LMR and NMR measurements to distinguish between the two situations.
Moreover, it seems to be a feasible experiment at GANIL, since the production

of this isotope is 4 times higher then 3'Mg according to calculations with the Lise
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program [75].

In this work, the Level Mixing and Nuclear Magnetic resonance methods are
shown to be good tools to investigate the nuclear structure of exotic isotopes.
Measuring the nuclear moments provides complementary information to decay-
spectroscopy data, mass measurements and reaction studies. The applied tech-
niques allow a unique identification of the nuclear spin of the investigated level,
which is not always possible via (3 decay studies. By combining results from LMR,
and NMR experiments with spectroscopy results and reaction studies, a definite

understanding of the nuclear structure of exotic nuclei is possible.
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