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ABSTRACT

THE °0Sm(t,3He)°0Pm* AND 199Nd(3He,t)!9'Pm* REACTIONS
AND APPLICATIONS FOR 2v AND 0vr DOUBLE BETA DECAY

By

Carol Jeanne Guess

In models of 2v3:3 and Ovi3:3 decay, the transition is described as proceeding through
“virtual” states of the intermediate nucleus. Knowledge of the location and popula-
tion strength of these levels is crucial for constraining the nuclear matrix elements of
the transition. Charge-exchange (CE) experiments at intermediate energies can be
used to extract the Gamow-Teller strength for both legs of this transition, as well
as additional information on dipole and quadrupole excitations. The 3.3 decay of
150Nq to 190gm was probed in two experiments: 150Nd(3He.t)H’()Pm* at RCNP.
Osaka, Japan, and 15OSm(t,3He)150Pm"‘ at NSCL/MSU, East Lansing, Michigan.
USA. Gamow-Teller strength distributions and dipole and quadrupole cross section
distributions have been extracted using multipole decomposition techniques, includ-
ing a strong GT state in 150p1 at 0.11 MeV. Applying the extracted Gamow-Teller
strength from both experiments in this region, the single-state dominance hypothe-
sis predicts a 2vi3:3 decay half life of 10.0 £ 3.7 x1018 years. This is a reasonable
result, but the presence of other low-lying Gamow-Teller strength requires further
investigation using QRPA or other theoretical techniques. The extracted strength
distributions should constrain the nuclear matrix elements for both 2v:3:3 and 0v:3.3
decay. In addition, an excess of Gamow-Teller strength in the 1508111(t,3He) ex-
periment is attributed to the population of the IVSGMR. Data are compared with

deformed QRPA calculations from V. Rodin.
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Chapter 1

Introduction

1.1 Motivation

Double beta decay is currently the focus of a great deal of interest from within the
physics community. 2v:7:3 decay occurs when two neutrinos and two electrons are
simultaneously emitted from a nucleus. This process occurs only when other de-
cay methods are forbidden, and the half-lives associated with it are extremely long

017 years). Much of the interest in 3.7 decay is centered around the

(greater than 1
second possible mode, which is Ov:33 decay. The emission of two electrons without
two neutrinos would violate the Standard Model, breaking the conservation of lepton
number, and would prove that neutrinos are Majorana rather than Dirac in nature.
A Majorana neutrino is its own antiparticle. Half life values for the Or mode of decay
are several orders of magnitude higher than the 2v mode and Ov events could easily
be overshadowed by 2v events, so successful detection of this Or mode would be a

major experimental feat. If the measurement is exact enough, it should be possible

to extract the Majorana neutrino mass from the half life.

313 emitters tend to be heavy nuclei, which makes them hard to model. Theorists

working on this problem must model the location and strength of an enormous number



of states, and little to no data exists to constrain these models for several nuclei. The
decay of 150Nq to 190gm (through 150Pm) is one of these cases. A quantity called
a nuclear matrix element contains the physics of two simultaneous beta decays, from
150Nd to 190Pm and then to 120Sm. and this quantity must be known with an error
less than 20%: to design the experiments that measure the decayv half life and then to
successfully extract the neutrino mass from a half life measurement [1]. Knowing the
location of the levels in the intermediate nucleus, as well as how strongly they may

be populated, can place constraints on the models used to describe 3.3 decay.

Charge-exchange experiments are an excellent tool for this. since they allow us to
measure the location and strength of Gamow-Teller, Fermi. dipole. and quadrupole
transitions along the same paths taken by beta decay. A charge-exchange reaction
is characterized by a change in isospin (AT) of 1. When perforined at intermediate
energies (energies between 100 and 500 MeV/u), the reaction can be modeled as a

single-step process and Gamow-Teller transitions are preferentially excited.

This thesis describes two charge-exchange experiments designed to constrain the

nuclear matrix elements for the 3,3 decay of 150Nd to 190Gy,

Both populate excited
states in 190Pm. The first experiment, 1’50.\'(1(3He,t), took place at RCNP (Osaka,
Japan) with a primary 3He beam. The sccond experiment was 15OSm(t,3He) and
took place at the NSCL (East Lansing, Michigan, USA) with a secondary triton
beam. Gamow-Teller strengths were extracted from both experiments, along with
information on dipole and quadrupole strengths and the population of several giant
resonances. The results of these two experiments will be immediately useful for :3.3
decay theorists and for several experiments that are planned to directly search for

0v373 decay signals [2. 3, 4] from 150N,



1.2 Organization

This work is divided into chapters by topic. Double beta decay is introduced in
Chapter 2, followed by an introduction to charge-exchange reaction theory in Chapter
3. Chapters 4 and 5 discuss the two experiments and make up the bulk of this work.
Chapter 6 briefly ties the two experiments together, and Chapter 7 summarizes the
findings of both experiments and provides an outlook for similar experiments and

future charge-exchange techniques.



Chapter 2

Double Beta Decay

2.1 2v and Ov Double Beta Decay

2.1.1 Introduction

Fermi introduced his theory of beta (:3) decay in 1934 [5. 6]. One year later, half lives
for two-neutrino double-beta decay (2v.3:3) were first calculated by M. Goeppert-
Mayer [7]. She correctly predicted half lives to be on the order of 1017 years or more.
Four years later, M. Furry built upon this work by also considering zero-neutrino
double beta decay (0v:3:3) [8], which was possible only using Majorana symmetry
concepts, a departure from Fermi's Dirac model. While double electron capture [9]
has also been considered, much of the subsequent experimental and theoretical focus
has been on 2v:3.3 and Ov3.3 decays. Figure 2.1 shows a schematic of both types of
decay. 2v3.3 decay is modeled as two simultaneous 3 decays. making it a second-

order weak interaction within the standard model. 2v.3.3 decay:

N(A,Z) = N(A. Z+2)+27 +20¢ (235 (2.1)
N(A.Z) = N(A.Z-2)+2eF + 20 (23F) (2.2)

4



@

2vi3 Ovpp

e E 2
¥ Av e e

Figure 2.1: The two methods of double beta decay, 2-neutrino and 0-neutrino.

is permitted in the standard model, while Ovi 3 decay

N(A,Z) - N(A,Z+2)+2~ (26;,) (2.3)
N(A,Z)— N(A,Z-2)+2eT (23] (2.4)

would require physics beyond the standard model. 373 half lives are between 1017
to 1020 years, and 73 decay is only observed in situations where single-7 decay and
other decay modes are forbidden. This can have two causes: extremely high angu-
lar momentum transfer between mother and daughter (e.g. 48(‘&1). or parent nuclei
where decay to the 3 daughter has a positive Q value and decay to the 33 daughter
a negative Q value. All 33 mother and daughter nuclei have ground state J™ of 07,
and decay from ground state to ground state is more common than that to excited
states, because the phase space is reduced in decay to excited states [10, 11]. Cur-
rently, decay to excited states has only been measured in 100\f6 and 1°9Nd (see [12]

and references within). Some exotic models predict other causes and variants of 77

)



decay, such as the simultaneous emission of a Majoran y particle, which is a hypo-
thetical Goldstone boson associated with the breaking of lepton number symmetry
[13]. However, the experimental spectrum of summed electron energy would have a
shape that is predicted to differ from both Ov33 and 2v.:3.3 decays [14] (Figure 2.3
shows this spectrum for 0 and 2v:3.3 decay only). 2v.33 and Or.3.3 decays are the most

frequently considered and studied modes for (3.3 decay.

2.1.2 Implications

Signatures of neutrino oscillation were first seen in atmospheric neutrinos during the
Super-Kamiokande experiment [15] and were confirmed by the SNO experiment [16].
The scientific community then turned to questions of the absolute mass scale, how
the flavors change, the nature of the mass hierarchy, and whether neutrinos are their
own antiparticle. Neutrino flavor eigenstates and mass eigenstates are linked through

the Pontecorvo-Maki-Nakagawa-Sakata (PNMNS) unitary mixing matrix:

Ve Ueg Ue2 Ue3 "1
v | = Uﬂl UHQ ng %) (2.5)
vr Ui Uro Urg V3

where e, 1, and T are flavor eigenstates and 1, 2, and 3 are mass eigenstates. The Uy
matrix elements contain the neutrino mixing angles and three charge-parity (CP) vi-
olating phases (one Dirac phase and two Majorana phases. none of which have been
determined yet). Neither the absolute scale nor the hierarchy of mass eigenstates is
well known. Oscillation experiments were able to determine the squared differences
between squares of mass eigenstates, but not their order. Figure 2.2 shows the two
options for the neutrino hierarchy. Successful detection of neutrinoless double 3 de-

cay would allow bounds to be placed on the absolute mass scale and hierarchy [17] if
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Figure 2.2: Two possible configurations of the neutrino mixing and hierarchy. If
combined with improved measurements of the neutrino mixing angles and the mass
squared differences, a successful measurement of double beta decay can constrain the
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absolute mass scale and hierarchy.

the mass squared differences and mixing angles are also known [18]. An observation
of Ov33 decay would break the conservation of lepton number and also immediately
confirm that neutrinos are their own antiparticle (Majorana) rather than being two
distinct particles (Dirac). An unprecedented number of experiments are being devel-

oped to measure this decay.

2.2 Detection Challenges

2.2.1 Detection Methods

There are three techniques used to detect evidence of 3.3 decay: geochemical, radio-
chemical, and direct detection. In geochemical experiments, samples of very old ore
are carefully analyzed for the presence of 3.3 emitters and their daughters. Since this

method looks only at the presence of past decays, it measures a total rate for com-

——




bined 21,33 and Ov:3:3 decays [19]. In radiochemical studies, a 40-50 year old sealed
sample containing a .7.7 emitter is chemically purified and analvzed for evidence of
33 decay [20, 21]. Like geochemical analysis, this method is sensitive to a total decay
rate. The two methods have been used to set lower limits on the half lives of three
isotopes.

The most common method of measuring 3.3 decay half lives is that of direct
counting experiments. In this method, a large quantity of an isotope is placed in a low-
background environment and decay electrons analyzed. Many experiments take place
underground and are built from extremely low-background material. Direct counting
experiments can distinguish between the two decay methods. 2v.3.3 decay gives off
a total of four particles: two electrons/positrons and two neutrinos/antineutrinos.
Some of the decay energy is lost to the neutrinos, so the total decay energy of the
electrons is therefore a continuous distribution. In Ov.3.3 decay (without emission of
a Majoran x), the neutrino is reabsorbed. and the sum of the two decay electrons
must equal the total Q value for the reaction. Poor experimental energy resolution
can lead to the tail of the 21,33 decay overpowering a small Ov.3.3 decay signal. so
accurate models of the detector response and simulated 2v:3.3 signal are important.
Figure 2.3 shows a schematic for the a total 3.3 decay electron energy spectrumn.

A plethora of experimental techniques exist for direct detection experiments. The
CANDLES [22] project searches for the decay of 18Ca using CF9(Eu) scintillators.
CARVEL [23] is a competing experiment using 48Ca\VO4 crystals with an expected
sensitivity of .04-.09 eV. CUORE (a larger version of CUORICINO) [24] uses bolome-
ters to detect thermal energy from electrons emitted by the decay of 1281306, CO-
BRA, made of cadmium-zinc-telluride (CZT) detectors, contains five i3.3- emitters
and four 33+ emitters [14]. MAJORANA [25] is constructed of segmented Ge detec-
tors enriched in 76Ge, and together with GERDA [26)] (TGGe diodes) it will test the

controversial claim for Ov3,4 decay detection made by the HEIDELBERG-MOSCOW
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Figure 2.3: Simulation of the 33 decay summed electron spectrum in a direct counting
experiment, taken from reference [18]. Ke is the electron kinetic energy and Q is the
Q value. The 0v33 events fall at Ke=Q=1, while the 2v33 events have a wider
energy distribution. In the inset, the size of the Ov/33 decay spectrum is normalized
to 1076 of the 2vf3(3 decay amplitude. Detector energy resolutions of 5% are folded
into the simulation. (see text)
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Isotope Q value (MeV) Z2Q% G2¥(1/y) ([30)) T/2 (y) ([12, 31))

48Ca 4.274 57x10°  4.0x10~17 44708 <1019
76Ge 2.039 3.6x10% 1.3x10~19 1.540.1 x1021

82ge 2.995 28x10%  4.3x10718 0.9240.07 x1020
967, 3.347 6.7x10° 1.8x10~ 17 2.340.2 x1019
100y, 3.035 45%10°  8.9x10718 7.1£0.4 x1018
1164 2.004 74x10%  7.4x10718 2.840.2 x1019
124g, 2.287 1.6x10° 1.5x10~18 >1.040.2 x1017
1281, 0.865 1.3x103  8.5x10722 1.940.4 x10%4
130, 2.530 2.8x10°  4.8x10718 6.8712 x1020
136 2.468 27x10%  4.9x10~18 >8.1 x1020

150Nng 3.368 1.6x100 1.2x10~16 8.240.9 x1018

Table 2.1: Recommended half-life values for 3:3- emitters. Q values are from NNDC.

experiment [27]. EXO [28] uses liquid xenon calorimeters to detect the 3.3 decay of
136xe. MOON [29] is a tracking calorimeter device that looks for the decay of 100710,
Several more experiments are either planned or have completed their run, using some
combination of these techniques. Table 2.1 lists the most recent recommended values

for some double-beta half lives.

2.2.2 Detectors for "'Nd (3 decay

150Nd, there are three high-sensitivity direct count-

In the case of 3,3 decay from
ing experiments planned: SuperNemo [32], DCBA [33]. and SNO+ [4]. DCBA is
a magnetic tracking chamber that will be able to trace three-dimensional electron
paths. The detector is still in development, but it should be able to distinguish a
neutrino mass as low as 0.1 to 0.5 eV. See Figure 2.5 for a picture of the prototype.
SuperNemo is the successor to NEMOIII, which contained small slices of several dif-

ferent 30 emitters. SuperNEMO is a calorimetry-based experiment and will look at

either 82Se or 1°0Nd in more detail. Sensitivity is expected to be around 70 meV.
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Figure 2.4: One module of the SuperNemo detector. Picture credit: [2].

Figure 2.4 shows a single SuperNEMO module. SNO+ is a successor to the SNO
neutrino oscillation experiment, where the heavy water neutrino detector has been
drained and will be replaced with Nd-loaded liquid scintillator. This detector aims
for a sensitivity of around 100 meV [34]. A schematic of SNO+ is shown in Figure

2.6.

2.3 Nuclear Matrix Elements

2.3.1 Half-Life Calculation

&
150Nd is a popular choice of nucleus because it has a short 2v/37 decay half life and is

expected to also have a short half life for Ov33 decay. In order to accurately predict

11
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Figure 2.5: A prototype of the DCBA detector. Image taken from [3].

what direct detection experiments might see, all parameters of the half life equation

must be well known. The 2v/33 decay half life is

L) i 2 2 2 ]
[ LEUY*—*0+H L= ¢%(Ey, 2)| M2 (2.6)
where G2 is a phase space factor and is proportional to 22(25. [t can be calculated
exactly, and 150Nd has the highest value of this quantity. 22(25 and G2¥ values for
33— nuclei are shown in Table 2.1. M2¥ can be represented by a double Gamow-Teller

matrix element: a sum over the 1T states in the intermediate nucleus.

<0F |lor || 1T >< 1T ||or || OF >
A[2I/ _— f : ) J t
GT e E,Jﬁ-(}‘;))/'.z—EO

(2.7)

The double Gamow-Teller matrix element is the combination of Gamow-Teller matrix
elements for each leg of the decay and comes from second-order perturbation theory.

Chapter 3 will discuss the o7 (Gamow-Teller) operator in greater detail. In the

12



Figure 2.6: The SNO detector. SNO+ will feature the same acrylic vessel, but will be
held down with a series of ropes to offset the density difference between liquid scin-
tillator and water. Photo credit: Lawrence Berkeley National Lab (Roy Kaltschmidt,
photographer)
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denominator, Eq is the energy of the initial ground state, Q33 is the Q value for
33 decay, and E j is the energy of the intermediate state. Contributions from the
various states may interfere either constructively or destructively, so theory must be
used to calculate the relative phases. Because of this. experimental information about
transitions in each leg can constrain but not replace theory. Since the phase space
factor Gg is well known (see Table 2.1) and the 2v:7.3 decay half life has been measured
experimentally [35. 36], theorists can check their calculations of the summed nuclear
matrix elements directly. Abad et al. [37] first hypothesized that the presence of a
single low-lying state in the intermediate nucleus was sufficient to predict the 2v.3.J3
decay half life. The idea of single-state dominance (SSD) has become a significant
question in the field. It seems to apply to some nuclei but not to others, and it is
not known whether higher-lving states simply do not contribute to the total matrix
element or whether their contributions cancel [38]. Dvornicky et al. [39] recently
proposed that single-state dominance would not be realized in the decay of 150N¢
unless a low-lying 17 state were measured in 150P111, thinking higher-state dominance

(HSD) to be more likely.

The Ov mode of decay is much more complicated than the 2v mode. A neutrino
reabsorbed in Ovd3 decay can have a very large virtual excitation energy in the
intermediate nucleus with an associated momentum transfer around 50-100 MeV/c
[14], because the interaction occurs at a very short range. Therefore, the Ov3.3 decay
process can go through any intermediate state rather than just 17 states. The half

life equation is

2
()
[ {’/'fz(()+_>o+)] = GW(Ey. 2)| M + MY +q9 MY P % (28)
14

where GV is known [30]. Matrix elements for Gamow-Teller (\I(C)KF). Fermi (.\[%”).
Ov

and tensor (MT ) transitions must be calculated. The final term is the effective

14



Majorana neutrino mass:
3
my3 = Z UEA?’”I; (2.9)
k=1

where U is the unitary neutrino mixing matrix from section 2.1.2 and m is the neutrino
mass eigenstate. Accurate half life calculations are important when planning direct
decay experiments, but if a positive signal of neutrinoless 3.3 decay is found. half life
must be known to an error of 15-20% to allow for the extraction of the Majorana
neutrino mass [1] with high enough precision to discern the correct neutrino mass
scale and hierarchy [40]. This requires additional work on the nuclear matrix elements

(NMEs).

2.3.2 The Shell Model Approach

The large-scale shell model can be used to calculate the nuclear matrix elements of
(33 emitters. 2v33 decay in 48Ca can be calculated without any truncations to the
pf model space [41]. Recently, Horoi et al. have extended this effort to the calcula-
tion of 48Ca’s Ovi33 decay matrix elements [42]. though they assumed that negative
parity states in the intermediate nucleus could safely be neglected. Unfortunately,
the prohibitively large model spaces required for heavier nuclei restrict the reach of
the shell model and do not allow for full calculations of these nuclei within complete
model spaces. Caurier et al. did Ov3i3 decay calculations in limited model spaces
for /6Ge and 82Se when only considering the ground-state-to-ground-state transition
[43]. The Interacting Shell Model has recently allowed for 0v:3.3 decay calculations
in masses up to 136 [44], but these calculations (as well as many QRPA calculations)
rely on the closure approximation. Since the Ov3.3 decay calculation is so complex.
attempts have been made to reduce the dependence of the calculated nuclear matrix
elements on extensive knowledge of the intermediate nucleus. The closure approxima-

tion [45] collapses the sum over intermediate virtual states to a single matrix element



and approximates the difference in their excitation energies as an average energy. The
rationalization for this approach is that the virtual neutrino’s high momentum (100
MeV) drowns out the smaller differences in nuclear excitation energy [46]. Errors
from using the closure approximation are estimated to be approximately 10% [47],
but this is still a concern when the matrix elements overall need to be known to
15-20%. More accurate calculations are certainly desirable.

150Nd is both heavy and deformed, and shell model calculations are not yet
available even if the closure approximation is applied, although work on the projected
shell model may produce results in the future [48]. Calculations in the Interacting

Boson Model can provide another tool to calculate 3.3 decay matrix elements [19].

2.3.3 QRPA

The QRPA (quasiparticle random phase approximation) is based on the RPA (random
phase approximation) method of calculation. Quasiparticles are fermions constructed
from particles and holes via a canonical Bogoliubov transformation. The addition of
quasiparticles to the RPA reproduces ground state pairing correlations more closely
than with particles alone [50]. A full discussion on techniques for solving the QRPA
equations will not be presented here. (See references [46, 51, 50. 52].) However. I will
give a brief overview of recent developments in the field that are of importance to
nuclear matrix element calculations for 3.3 decay.

The QRPA model was developed to accurately describe collective states, such
as giant resonances. In the words of reference [46]. *...in the QRPA and RQRPA
(relativistic QRPA) one can include essentially unlimited set of single-particle states
...but only a limited subset of configurations (iterations of the particlehole. respec-
tively two-quasiparticle configurations), in contrast to the nuclear shell model where
the opposite is true.”

Two important variants of QRPA are the pnQRPA (proton-neutron QRPA) and

16



cQRPA (continuum QRPA). The pnQRPA [53, 54] was developed to model 3 decay
and Gamow-Teller excitations in nuclei, and is now one of the most popular techniques
for calculating 3 decay nuclear matrix elements. Particle-particle and particle-hole
residual interactions are required [55]. The cQRPA [56. 57, 58] allows for the consid-
eration of particle-unbound states and the study of widths and decay properties of
isovector giant resonances (see section 3.3).

2v3.3 decay calculations in the pnQRPA and cQRPA are very sensitive to the
chosen values of the parameter gyp. This parameter represents the strength of the
particle-particle part of the proton-neutron two-body interaction [54. 59]. It is deter-
mined by the ratio of the particle-particle and particle-hole interaction strengths [60].
and should be on the order of 1. A successful reproduction of the 2v.3.3 decay half
life is often used to check the feasibility of the more difficult Ov.3.3 decay calculation.
There are two main ways to determine the value of gpp: one can fit it to matrix
elements derived from experimental data on the 2v:3.7 decay half-life [61], or one can
use information from single ;3 decay [62]. Most calculations use the first method. but
increased use of charge-exchange experiments to constrain nuclear matrix elements
may change this. The QRPA’s sensitivity to gpp is a cause for concern [42], but using
available data from single- and 2v.3:3 decay should constrain the term enough that
calculations for Ov3.3 decay can be successfully performed.

Large deformations in some 3.3 emitters (76Ge. 150N d) have posed a serious chal-
lenge to theorists [63, 64]. Deformation differences between the mother and daughter
nuclei are thought to decrease the 3.3 decay nuclear matrix elements because of re-
duced overlap in their wavefunctions [65, 66] in comparison to transitions from one
spherical nucleus to another. Introducing deformations into the QRPA calculations
changes both the location and the shape of Gamow-Teller strengths in the inter-
mediate nucleus. Information on these intermediate states is necessary for accurate

calculations of the nuclear matrix elements, and this can be done with the use of
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charge-exchange experiments.

The group of Vadim Rodin (University of Tiibingen) has provided new QRPA cal-
culations for the Gamow-Teller and dipole strengths in 150py from both 190Nd and
150gm. These results will be presented and compared with experiment in Chapters

4. 5, and 6.

2.3.4 Constraining NMEs with charge-exchange experiments

Intermediate-energy charge-exchange experiments (see Chapter 3) can be used to
preferentially populate Gamow-Teller transitions in the interinediate nucleus between
the .3 mother and daughter. Transitions in the 3+ direction may take place using
the (n.p). (d,QHe), (t,3He), or (7Li,7Be') reactions, and transitions in the J- direction
may use the (p.n) or (3He.t) reactions.

Since all 3.3 mothers and daughters have a ground state J7 of 07F. the Gamow-
Teller transitions (AL=0,AS=1) go to 1T states. 2v3.3 decay should proceed largely
through 17 states. and knowledge of the exact location and the strengths with these
states are populated is important for accurate nuclear matrix element calculations.
Charge-exchange experiments will also populate other multipoles. such as dipole and
quadrupole transitions, which are significant in calculations of OvJ3.3 decay matrix
elements [61]. Figure 2.7 shows the population of intermediate states in 150pm via
charge-exchange reactions on 150Nd and 19Vs.

A collaborative effort is underway to svstematically measure charge-exchange tran-
sitions in 33 decay nuclei. Older (p.n) and (n.p) dara sets are being augmented by
new data, and this approach allows for Gamow-Teller contributions to be measured
up to high excitation energy. 4BCa(p.n) and 48Ti(n.p) were recently re-measured by
Yako et al. [67]. Unfortunately. (n.p) measurements suffer from poor (~1 MeV) en-
ergy resolution, which makes spectroscopy of low-lving states very challenging. Use of

more complex probes (such as (t.JH(‘) and (d.QH(')) has brought (n.p)-direction reso-
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Figure 2.7: Population of intermediate states in 150py via the (t.3He) and (3He.t)
charge-exchange reactions. This figure is a schematic, and levels shown do not corre-
spond to the location of actual levels. Figure by R.G.T. Zegers.
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lutions down to 110-300 keV. In the (p.n) direction, high-resolution beams of 3He are
regularly produced at RCNP, and (3He,t) experiments can achieve a 20-40 keV resolu-
tion. Recent measurements include 9Mo(d,2He) [68]. 768(‘(d.2He) [69]. 6471(d,2He)
[70], 100M0(3He.t) and 116Cd(3He.t) [71], 481i(d.2He) [72], and 48Ca(3He.t) [73].
Data on several more nuclei exist but have not yet been published. The measure-
ments of 15ONd(3He,t) and 15OPm(t,31-Ie) described in this document are the first

such measurements to address the ;33 decay of 1504,



Chapter 3

Charge-Exchange Reactions

3.1 Introduction to Charge-Exchange Reactions

Extensive programs in charge-exchange (CE) reactions have been developed in the
last half century (see [74, 75] and references therein) to probe the spin-isospin response
of nuclei. Charge-exchange reactions are characterized by an isospin transfer (AT) of
1, and can excite a nunber of different transitions. Table 3.1 provides a partial list.
In hadronic charge-exchange, a proton (neutron) transitions into a neutron (proton).
The process can be modeled by the exchange of m (and other) mesons between the
projectile and the target, where the projectile may consist of a single nucleon or he
a composite probe. Pion charge-exchange has also been used as a probe [76]. but
will not be discussed in any detail here.  Although charge-exchange is mediated by
the strong interaction and /3 decay by the weak interaction. the same final and initial
states are populated. The Fermi and Gamow-Teller transitions correspond to the two
types of allowed 3 decay, and the other transitions correspond to various tyvpes of
forbidden 3 decays. In a 3 decay experiment, states may be seen in an excitation
energy region from 0 MeV up to the Q value of the reaction. but higher-lving states

will not be accessible. Charge-exchange reactions allow for the excitation of higher-
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0% Fermi

1T Gamow-Teller

17 dipole

(0.1.2)™ spin-dipole

0.2 2% quadrupole

0.2 (1.2,3)F spin-quadrupole
0 1.3 37 octupole

1,3 (2,3,4) spin-octupole

0 024 47 hexadecapole

— O = O = O
—_—— O

= WL NN == O
—

Table 3.1: Charge-exchange excitations and their quantum numbers. All have AT=1.
A 0% ground state is assumed. The hw column refers to a transition between major
oscillator shells (i.e. a Ahw=1 could represent a transition between the sd- and pf-
shells).

lying states and give a complementary description of the spin-isospin response of a

nucleus.

Gamow-Teller (GT) strength is represented by B(GT). The GT transition is me-

diated by the o7 operator. If the general forms of a CE particle-hole oporat(.)r are
0N = Z Y\ (7)) (3.1)
for no-isovector spin-flip transitions and
0NT = Zr}-\[}’)\(v‘j) S o)ty (3.2)
J

for isovector spin-flip transitions, setting A to 0 results in the Fermi and GT operators

from 3-decay:
z t:tj and Z (-ij:tj [77]. (JJ)
J J :
A corresponds to AL+An, where An is the change in major oscillator shell.
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Equation 3.4 gives the relationship between B(GT) and the o7 operator in 3-
decay. 'y and ¢ are the initial and final nuclear states, and g 4 is the axial-vector

coupling constant of the weak interaction.

B(GT)4 =

1 N ,
| el Tl (3.4)

J

In 1963, Ikeda et al. [78] developed a non-energv-weighted sum rule for the total
amount of GT strength that should be seen in CE transitions from a given nucleus.

Ikeda’s model-independent sum rule is
S(37)=S(3T) =3(N = 2). (3.5)

Fermi strength has a similar sum rule:
S(3)-S(3TH)=N-2 (3.6)

The GT sum rule provides a useful upper limit on the amount of strength an exper-
imentalist is likely to see, although in most cases only 50-60% of the expected sumn
rule strength can be accounted for (for an example, see reference [79]). This is known
as the quenching problem (80, 81, 82, 83]. and will be discussed in Chapters 4 and 5.
Sum rules also exist for higher multipole excitations (see reference [77] for examples).

A charge-exchange reaction can go in either of two directions: AT-=x1. AT-=+1
corresponds to an (n.p)-type reaction, which goes diagonally down and to the right
on a chart of nuclides. AT:=-1 corresponds to a (p.n)-tvpe reaction, which goes
diagonally up and to the left on a chart of nuclides. Figure 3.1 shows both tyvpes
superimposed upon a small section of the chart of nuclides of relevance for this thesis.
Figure 3.2 shows a more thorough picture of isospin in CE reactions. The target

nucleus has T>=(N-Z)/2. For a (p.n)-type transition, a T(y ground state in the target
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Figure 3.1: S('hen;ati(‘ of charge-exchange on a subset of the chart 9f nucli(los.r Nu-
clei of interest (IOONd,Pm,Sm) are shown. The transition from 1°9Sm to 1‘)OPm

represents an isospin change of AT;=+1. and the transition from 150N d to 190pm
represents an isospin change of AT;=-1.

has an analogue T=T|) state (the Isobaric Analogue State) in the residual. In general.
a (p,n) transition can populate Tg+1, T(). and T(-1 states in the residual nucleus.
In an (n,p)-type transition, the residual has a minimum isospin of T=T+1. so only
states with isospin of T(+1 can be populated.

Figure 3.3 shows the microscopic picture of CE reactions as excitations of proton-
holes/neutron-particles (AT ;=+1) and neutron-holes/proton-particles (AT y=-1). In
medium-to-heavy stable nuclei with a significant neutron/proton asymmetry, the neu-
tron single-particle orbits are filled above the proton Fermi level. Pauli blocking
constrains the single-particle orbits involved in a transition: excitations of 1p-1h

components in the same oscillator shell are hindered in the (n.p) direction.
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Figure 3.2: Isospin symmetry in charge-exchange reactions. States of like isospin
(analogue states) are shown in like colors. In the (p.n) direction, the IAS is populated
from a T(y to Ty transition, but no such transition can occur in the (n.p) direction.
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Figure 3.3: Pauli blocking is strong for the (t.‘;He) reaction and reduces transition

strengths, but is not as significant in the (‘3He.t) direction.
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3.2 Reaction Theory

Cross section calculations in this thesis are performed using DWBA (Distorted Wave
Born Approximation) methods with the code FOLD [84]. The incoming and outgoing
waves are distorted by the nuclear mean field of the target. An effective potential
(Ve f f) describes the interaction between nuclei in the target and the projectile. The
cross section can be determined from the square of the amplitude of the outgoing

spherical wave. A T-matrix represents the transition between final and initial states.

Input from single-particle wave functions, one-body traunsition densities (OBTDs),
the nucleon-nucleon interaction, and optical potentials result in calculated angular
distributions for each type of charge-exchange transition listed in Table 3.1. These
angular distributions are then compared to data. Absolute Gamow-Teller and Fermi

strengths are calculated with the help of a phenomenological unit cross section.

3.2.1 DWBA

The scattering potential (V) is separated into two pieces: the distorting potential from
the nuclear mean field (Uj) plus a residual interaction (Ug) containing the physics

of interest. The Schrodinger equation is then
(E-T-U;=-Up)e=0 (3.7)
and the wavefunction may be written as a partial Lippmann-Schwinger equation

v=0+G{ (U] + U (3.8)
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where ¢ is the homogeneous solution to the Schrodinger equation and G(';' is a Green's

function equal to (E — T)_l. The resulting T-matrix is

‘/r

21
Thot - 1 0> (3.9)

k<(b

) &

When V is expanded into Uy + Uo, the expression for the T-matrix can be simplified
to

12k ~ ~
_;—H-Tfof =11 + V2 — 6TULIN > + < " [Usle >, (3.10)

where y is ¢ after being distorted by the mean field of the nucleus:
=o+GHU 3.11
x =0+ GyUpx. (3.11)

Expanding x into a series yields the Born Series

r 2u
U2 = _I—"ﬂf < (\+\GT +.)|Uglx >, (3.12)
1K

. — ] . .
where Gi" is equal to (E - T — Uj) L U1 can be ignored. since Uy does not
connect the initial and final states. The T matrix for DWBA calculations is then
DWBA 2 -7 .
T =-5-< (x " Ul >. : (3.13)
hek

(Notation and equation sequence largely taken from reference [85].) In many cases.

the Born series is truncated at the first term, and this approximation is known as a

first order Distorted Wave Born Approximation (DWBA). The reaction cross section

is proportional to the square of the T-matrix element governing the transition between

initial and final states

do U 2l\f 9 ‘
Q- (277,,2) Tyl (3.14)

2
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When Uj of the DWBA is a central optical potential, TV is 0 and TU2=Tf i
Tr =TU2 = — 21 Uy > (3.15)
fi= T OR2k Xt2ix > )

DWBA calculations in this work were carried out using the FOLD code. FOLD [84]
is a three-part program for charge-exchange reaction calculations originally developed
by J. Cook and J.A. Carr in 1988. The three separate sections of this code are called

WSAW, FOLD, and DWHI.

WSAW uses numerical methods to solve for single-particle radial wave functions
of relevance to the DWBA calculation. A Wood-Saxon potential is used to represent
the volume section of the total potential, and Coulomb and spin-orbit potentials are
also taken into account. The input of WSAW consists of binding energies and shell
model quantum numbers for single-particle orbits. Output wave function files are

then read into the FOLD code along with other input parameters.

3.2.2 One-body transition densities

Wave functions from WSAW are single-particle wave functions. The DWBA nuclear
structure input for each calculation involves a combination of 1p-1h transitions be-

tween single-particle orbits.

The relative weight of each 1p-1h transition is given by its OBTD. OBTDs contain
information on the overlap between the final and initial nuclear states [51] and must
be calculated for both the projectile/ejectile and the target/residual svstems. A
nuclear structure code (often a shell model code like OXBASH [86] or NuShellX
[87]) calculates the importance of each single-particle transition. calculates phase

factors, incorporates all of the necessary angular momentum coefficients, and returns
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an OBTD. The OBTD formula in an isospin framework is

< fT “ [az” @ &A(}]/\‘AT ” IT’ >
VA+1)(2AT +1)

OBTD(fikak 3 AAT) = [88] (3.16)
where al and a are single-particle creation and annihilation operators, f and i repre-
sents the final and initial quantum numbers, A is the rank of the operator. k,, 3 are
final and initial isospin states, and AT is the change in isospin.

150Nd and 120Sm are too heavy to calculate the OBTDs in the shell model
because the model space is too large. A normal modes formalism [89] is used instead.
Normal modes are the most coherent superposition of 1-particle 1-hole states for a
particular operator in a given particle-hole basis. They exhaust full (non-energy-
weighted) sum rule strengths and give a set of OBTDs for each type of transition
associated with the operator OAOT. However, the downside of this method is that
no information is provided on the strength distribution as a function of excitation
energy.

The following bases were used in calculations in this thesis: 150g;,, (150 Plll)(150N(i)
was assumed to have 32 (31)(30) protons (4 (3)(2) in the 2p 3/2 shell) and 88 (89)(90)
neutrons (6 (7)(8) in the 1h 9/2 shell). The neutron space included the 1h 11/2 level
for the 190Sm—190p1 calculation to allow for GT transitions — without this modi-
fication, Pauli blocking would prevent all GT transitions. To accommodate all of the
transitions relevant for this work, the model space was allowed to include orbits up

through 1i 11/2.

3.2.3 The nucleon-nucleon interaction

The free nucleon-nucleon interaction Vi9 takes the form

—

Vig = VC(I‘IQ) + VLS(I'IQ) LS + ‘/'T(I‘lg)slz. (3.17)
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where VC is the central potential, VLS is the spin-orbit potential. VT is a tensor
potential, and 1 and 2 refer to the two interacting nucleons. T-S is the spin-
orbit operator and Sy9 is the tensor operator. In their 1981 paper, Love and Franey
[90, 91, 92] determine V9 with the use of a large body of nucleon-nucleon scattering
data. They decompose V(r), VLS(r). and V‘T(r) in terms of Yukawa potentials with
the form %, chosen for their similarity to the one-pion exchange potential (OPEP).

The three potentials become

JVC ’
Ve =3 vEY (L)
S ‘
LS () Z VESY (L ) (3.18)

-3 ()

~

"I hese sums run over Yukawa potentials with different ranges that reflect the ranges
of the 7, p, and 2-m meson exchange. The result of Love and Franey's work was a
set of effective nucleon-nucleon t-matrix interaction strengths applicable to a wide
variety of nucleon-nucleus scattering techniques, such as (p,p’) and (p,n). While the

full effective interaction has many terms, the ones important for charge exchange are

Verg =S (Y () + 8 (o op S (1)

(3.19)

+vT) UY(RT )Sij )(fl--fj) [93].

(The sum over i and j runs over all nucleons in the projectile and target.) Love
and Franey showed that the o7 component is preferentially excited at energies above

100 MeV/u and below 500 MeV/u, where the 7 contribution is at a minimum (see
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Figure 3.4: Relative operator strengths for the 67 and 7 t-matrices, from reference
[91]. The oT t-matrix is significantly stronger than the 7 t-matrix at energies above
100 MeV /u, which allows charge-exchange experiments to preferentially populate o7
transitions over 7 ones. Values come from reference [91].

Figure 3.4). In addition to the dominance of the o7 term above 100 MeV, this energy
regime also features decreased contributions from multi-step processes and decreased
distortion effects from the central isoscalar potential. Near zero momentum transfer,
the LS7 term is so small it is negligible (it is also taken out of FOLD calculations).
Contributions from the T7 interaction are small, but must be taken into account
for non-zero momentum transfer as they create amplitudes that interference with

amplitudes mediated by Vgr.

A two-body interaction between nucleons is represented by “direct” and ‘“ex-

change” terms. The exchange term represents amplitudes due to processes where
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a nucleon in the target is struck and ejected and the projectile nucleon is captured
[77]. The exchange term contains non-local effects, which makes it much more difficult
to calculate. A short-range (no-recoil) approximation is often used [90] to deal with
the exchange terms, although it is known to underestimate the destructive exchange

contributions for reactions involving complex probes like (t,3He) and (3Ho.t) (94, 95].

3.2.4 FOLD

The Love-Franey interaction is an effective nucleon-nucleon interaction, but CE with
complex probes involves a nucleus-nucleus interaction. In order to calculate the cor-
rect T-matrix, the effective nucleon-nucleon interaction must be double-folded (in-
tegrated) over the transition densities of the projectile/ejectile and target /residual

systems to create a form factor:
F(r)=Us(r) =< mfnr‘Veff(r)hztnp >, (3.20)

where Qe r.tp Tepresent the ejectile. residual, target, and projectile wavefunctions,
respectively. The FOLD code carries out the double-folding procedure and produces
this form factor.

Each type of transition requires its own FOLD input file. For the 150Nd and
150gy, experiments, the use of normal-mode OBTDs means that only one form fac-
tor is available for each type of J™ transition. (If QRPA or shell model transition
densities were available, form factors for many states of the same J™ could be calcu-
lated.) Depending on the excitation, several form factors might have to be calculated:
these correspond to different units of angular momentum transfer between the target
and the projectile. Contributions to the cross section from each form factor are then
added. As an example, in a GT transition the relative change in total angular mo-

mentum is AJ=1 (AL=0. AS=1) for both the projectile/ejectile and target /residual
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systems. The relative angular momentum transfer can be calculated from that in the
projectile and target

Jp=Jp+Jr. (3.21)
rR=Jp+JT

In this case, Jp=1 and Jp=1. so Jp can be either 0 or 2 (1 is forbidden due to parity
conservation). A form factor is calculated for each Jp.

Calculations were done for all of the multipoles listed in Table 3.1 using OBTDs
from NORMOD (with the exception of octupole transitions, where only the 3- spin-

flip octupole was calculated).

3.2.5 DWHI

As mentioned in section 3.2, the incoming and outgoing particles are represented by
plane and spherical waves distorted by the optical potential. DWBA calculations ac-
count for this effect. Form factors are integrated with the distorted waves to calculate
the T-matrix

T =< ,\fIF(r)[,\',j >, (3.22)

which is then used in Equation 3.14 to calculate the cross section.

A common way to determine optical potential parameters is to take elastic scat-
tering data with the same experimental setup used for the experiment you wish to
apply it to — using the same projectile. the same target, and the same beam energy.
Optical potentials are fit to the cross sections from this elastic scattering data. Pro-
grams such as ECIS (used here) [96] or SFRESCO [97] are used. Real and imaginary
Wood-Saxon functions (volume. radius, and diffuseness parameters) are used as the
base for the fit, and the complexity of the fit can increase if extra functions are in-
cluded to account for surface or spin-orbit potentials. As DWHI is set up to handle
only volume-type optical potentials. these extra functions were not used.

In many cases, optical potentials are not available: they may be very difficult
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to measure, or it may be almost impossible to get beam time to do the measure-
ment. Fit parameters are then extrapolated from known potentials. Some efforts
have been made to establish global potentials from simultaneous analysis of many
elastic scattering experiments. For the two experiments discussed in this work, the
150Nd(3He,3He) optical potential was measured following the 150.\'(1(3He.t) exper-
iment. A measurement of the 1508n1(t.t) reaction was not feasible, so the 190Nd
optical potential from was scaled by 85% for the 15()Slxl(t,3He) experiment (following
reference [98]). This is a purely phenomenological solution and has been employed in

other (t,3He) experiments. More details of the optical potential measurement will be

discussed in section 4.3.2.

3.2.6 The unit cross section and B(GT)

Taddeucci et al. found a quantitative description [99] of the proportionality between

the Fermi and Gamow-Teller cross sections and beta decay:

do . 2 R

— = KN|. = . 3.2

0 lg=0 KN\|J7|“B(F) = 6 pB(F) (3.23)
W\ KN|er2B(GT) = 607B(GT)  [99] (3.24)
dQlg=0 " ar - oGT ' '

where 6  and 6 are phenomenological unit cross sections. N is a distortion factor
(the ratio of distorted to plane waves, and here the transformation to q=0 has been

included) )
oW (g =0)

N=—F —— -
oPW (g =0)

[99. 100]. (3.25)

K is a kinematical factor that includes the momenta (A; and /\'f) and reduced energies

(E; and Ef) for both the entrance and exit channels



and Jgr (or Jr) is the volume integral of the corresponding effective interaction
(see equation 3.19). In his derivation, one of Taddeucci's assumptions was that the
Eikonal approxmation was valid — both the projectile and ejectile trajectories are
well-represented by straight lines and the beamn energies are much higher than the
excitation energy. These conditions are satisfied for CE experiments at E>100 MeV /u
and g=0. The Eikonal approximation comes into play because its use allows the
different components of the T-matrix to be factorized into a nuclear structure and
a nuclear reaction part [101, 99]. While the factorization is only exact in the plane
wave approximation [101]. experiments have shown that it also works well for distorted
waves in AL=0 transitions [99, 95].

The proportionality of Equation 3.24 can be checked using GT strengths obtained
from beta decay experiments [102]. The unit cross section for both Fermi and Gamow-
Teller transitions are simple functions of the mass number A [99]. Figure 3.5 shows
this dependence for the (3He,t) reaction [95].  Where there are differences in the
calculated and measured unit cross sections, interference between V((;T and \"77-‘ is
thought to partially explain this difference. One example is the case of 98X\i, where
removing contributions from the tensor interaction (based on theory) restored the
proportionality of Equation 3.24 and brought the data point back to the phenomeno-

logical curve [103].

3.3 Giant Resonances

In a macroscopic picture, giant resonances are defined as a density oscillation of
proton-neutron nuclear fluid. The two fluids form overlapping spheres in the nucleus.
Density oscillations of these spheres can fall into one of two categories: isoscalar.
if the two fluids move in phase, or isovector, if they move out of phase. Isovector

resonances are further separated by whether particles with opposite spins move in or
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Figure 3.5: To the left, the Fermi unit cross section as a function of mass number for
(3He,t) data taken at 420 MeV. At the right, the dependence of the Gamow-Teller
unit cross section as a function of mass number for (3He,t) data taken at 420 MeV.
The data point completely off of the fit line corresponds to the case of 58\ i, and the
difference is due to the interference of V7T with V((;T [103]. Both figures are adapted

from reference [95].
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out of phase. Those resonances with a spin dependence are known as isovector spin
giant resonances (represented by an extra S in the abbreviation). Figure 3.6 shows

the oscillatory modes for several giant resonances.

A microscopic picture of giant resonances may be constructed by considering a
coherent superposition of many particle-hole excitations. If a large number of particle-
hole pairs are excited (collective excitations), single-particle characteristics are washed
out [77].

The amount of collective motion present may be observed by comparing the total
multipole strength seen with that predicted by a sum rule. Examples include the
Fermi and Gamow-Teller sumn rules mentioned in section 3.1. A general expression
for the non-energy-weighted sum rule (NEWSR) for transitions with multipolarity A
>1is

N 2+1

. 2 .
sA Sq o (N < r;,’\ >—Z <12 >)  [104]. (3.27)

p

Spin transfer is ignored in this equation. Giant resonances are defined to fulfill over

50% of the relevant NEWSR [77].

Table 3.2 provides the quantum numbers, approximate centroid, and excitation
energy for monopole, dipole, and quadrupole giant resonances. The resonances are
categorized based on angular momentum, spin, and isospin transfer. The single as-
terisks of Figure 3.6 indicate that the spin polarizations of the IVSGMR, IVSGDR,
and the IVSGQR can be drawn in two different ways. For example, in the IVSGMR
you can have protons with spin up and neutrons with spin down or protons with spin

down and neutrons with spin up.

Isovector giant resonances have three isospin components in the ('3Hc.t) direction.
The total strength will be split between Tgp+1. T(). and T(-1 isospin levels. The

relative population strengths of each level is dependent on the isospin of the target

1
(To+D(2TH+1)

nucleus. The strength of the T+1 level is weighted with a factor of
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Figure 3.6: Giant resonance modes from Table 3.2. p and n represent protons and
neutrons, and the small triangles indicate spin. Arrows show the proton and neutron
directions of motion. Single asterisks denote resonances for which more than one
accurate picture can be drawn: the spin polarization of protons and neutrons can be
either spin up or spin down. The double asterisk by the ISGDR indicates that this is
a second-order resonance. Neither this figure nor Table 3.2 is meant to be exhaustive;
higher-order resonances exist but will not be discussed in this work. See [77] for more
detailed information. The figure was modified from [105].
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Resonance name AL AS AT Ey (MeV)

ISGMR 0O 0 0 80A~1/3

IVGMR 0o 0 1 59.2A—1/6
IVSGMR o 1 1 *

ISGDR 1 0 0 120A~1/3
IVGDR 10 1 312A"1/34906A-1/6
IVSGDR 111 *

ISGQR 2 0 0 647A°1/3 (heavy nuclei) )
IVGQR 2 0 1 130A—1/3
IVSGQR 2 1 1 *

Table 3.2: Isoscalar and isovector giant resonances, from [77]. IS stands for isoscalar.
IV for isovector, and IVS for isovector-spin. Likewise, GMR stands for giant monopole
resonance, GDR for giant dipole resonance, and GQR for giant quadrupole resonance.
The excitation energy given is approximate and based on the hydrodynamic model,
and may be changed by significant deformation. See Figure 3.6 for a drawing of the
various modes. * The IVSGDR and IVSGQR have three spin components (the middle
resonance will have an excitation energy similar to the no-spin-flip resonance of the
same type), while the IVSGMR has one spin component. All resonances in the (p.n)
direction also have three isospin components. but one is preferentially populated (sce
text for more details).
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Figure 3.7: IVSGMR schematic for 150Nd — 150py,, .\Ion(r)})ole excita{_tions are
represented by very thick lines, and isobaric analogue levels in 150Nd and 1°9Pm are
connected by thin dotted lines.

the T( level with a factor of Tol_+T and the T(-1 level with a factor of %;:8_*__—} For
the 1'50‘.\'(1(3H(‘.t)150[’111 case (the target isospin is 15), these correspond to values
of 0.002, 0.0625, and 0.9355, so we expect the T()-1 resonance to dominate. In the
(t‘.3He) direction, all of the strength goes into the T(+1 isospin component because
it is the only one that can be populated. The IVSGMR has only one spin component,
but the IVSGDR and IVSGQR resonances have three spin components on top of
their isospin components: from a 01 ground state, 07, 17, and 27 states can be
populated through the IVSGDR, and 17, 2F, and 37 states through the IVSGQR.

For example, let’s examine the population of the IVSGMR in 150pyy; as excited
from 1P9Nd and 190Sm. In the (SH(‘.t) direction, Bohr and Mottelson [106] predict
that the (Tp-1) IVSGMR can be found at an energy of 6=(T() + 1)V} A~ lower than

the Ty monopole resonance:

where V(j is around 155 and V7 is 55 [107, 105]. This equation predicts a resonance

centroid of 37.5 MeV. Figure 3.7 shows the relevant schematic.
g
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Figure 3.8: IVSGMR schematic for 150gy;, — 150py,, Monopole excitations are rep-
resented by very thick lines, and isobaric analogue levels are connected by dotted lines.
Differences in excitation energy between analogue levels are close to the Coulomb dis-
placement. The excitation energy of the IVSGMR in 150pyy, s represented by the
quantity X, which has isobaric analogues in both 1508y, and 19VEu,

The situation in the (t.3He) direction is more complicated. Figure 3.8 shows
this situation. There are no other quantities in the residual nucleus with which to
calculate the excitation energy, but the analogue state in I50Ey can be calculated

1

. . [ . 3
and that excitation energy can then be extrapolated back to S0P based on isospin
o .15 . .=
svimetry. The excitation energy in 150Ey, i e=(Ty)V 14 L above the T monopole
o .15 . .
resonance, and the excitation energy in 150p1n can be found by subtracting twice the

energy of the Coulomb displacement from the 0Ey value.
EIVSGMR150p,) — vy 4713 4 ELAS(T)!OEw) + e - 212 (3.20)

and
2Z+1 . 0.76

AV = 0.7046 252 (1 — =

¢ A3 T 2

For values of Vo=16.5 MeV and e=1.77 MeV, the E‘{-"SG‘”R in 190pp is predicted

). (3.30)

to be around 15 MeV.
Centroids of the dipole and quadrupole resonances can be calculated in a similar

fashion.
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Chapter 4

INd(PHe,t)"’Pm* at RCNP

4.1 RCNP Experimental Setup and Procedure

4.1.1 Beam preparation and tuning

The Rescarch Center for Nuclear Physics (RCNP) in Osaka, Japan, has a well-
developed prograin of experiments with intermediate-energy 3He2t beams. The AVF
and the Ring cyclotrons are coupled to accelerate a beam of 3He nuclei to 420 MeV

010 particles per second. The faint-beam

and achieve beam intensities of up to 5x1
method is used to check dispersion-matched tuning [108, 109] in the WS beam line
(110, 111] (see Figure 4.1 for the WS floorplan). Excitation energy resolutions of
20-40 keV can be achieved.

The Grand Raiden Spectrometer [112] (see Figure 4.5) is used to analyze the mo-
mentum of tritons from (3He,t) experiments taking place at RCNP. It contains three
dipole magnets, two quadrupoles, one sextupole, and one multipole magnet. The
multipole magnet can produce dipole, quadrupole, octupole, sextupole. and decapole
fields to correct for aberrations in the ion optics. One magnet. the DSR (dipole mag-

net for spin rotation). is meant for polarized beam experiments and was not used

in this work. The Grand Raiden focal plane contains two sets of NMulti-Wire Drift
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Chambers (MWDCs), which were used to collect position and angle information.
Each MWDC has two planes of anode wires in between its three cathode planes: the
X layer has wires perpendicular to the “medium plane” of the spectrometer and the
U plane has wires at a 48.19° angle [112] with respect to that plane. “Potential”
wires are charged to create a uniform electrical potential [113], and “sense” wires are
grounded and detect ionization electrons. Cathode voltages were set to -5.6 kV and
potential wire voltages were set to -0.3 kV. The MWDCs were filled with a mixture of
71.4% argon, 28.6% isobutane, and a very small amount of isopropyl alcohol [113, 114].
Drift times from the four sets of anode wires give position resolutions around 300zm
in each plane. A set of two 10mm-thick plastic scintillators placed behind the drift
chambers is used to measure energy loss and time-of-flight information for each hit,
and the first scintillator triggers the data acquisition system and serves as the start of
the time of flight measurement. The cyclotron RF provides the stop signal. A 1 mm
aluminum plate placed between the scintillators improves the particle identification
(PID) by increasing the energy lost in the second scintillator (see Figure 4.6). For
more information on the parameters of the Grand Raiden, see Table 4.1. Event rates

were such that the data acquisition live time during the experiment was 96%.

One of the primary considerations in planning a charge-exchange experiment is
to optimize the measured energy resolution of the ejectile, which (in combination
with angular resolution) determines the excitation energy resolution in the residual.
This is accomplished by carefully considering the type of probe and target thickness.
but use of dispersion-matched rather than focused beam optics prior to the target
can increase the resolution by up to a factor of 3 (for a 3He beam at RCNP — the
increase is closer to a factor of 5 for the tritium beamn at the NSCL). Dispersion-
matching techniques were emploved for both the 150.\'(1(3He.t) and 15()Sxxx(t.3He)
experiments (see Chapter 5). The beam is momentum-dispersed on the target to

match the dispersion of the spectrometer. and the spectrometer then focuses the beam
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Figure 4.1: The WS beamline at RCNP. Figure taken from reference [111].
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Figure 4.2: Ion optical modes for high-resolution spectrometers. The beam trajecto-
ries represent different incoming momenta. a) shows focus mode, which focuses the
beam at the target and disperses the ejectiles throughout the focal plane. b) shows
dispersion-matched mode with lateral dispersion-matching only. The momentum-
dispersed beam hits the target and creates a large beam spot in the dispersive di-
rection, but the ejectiles have different angles coming into the focal plane. ¢) shows
a dispersion-matched mode with both lateral and angular dispersion-matching. The
ambiguity in the ejectile angle at the focal plane is considerably reduced. The figure
is taken from reference [109].

at a single point in the focal plane. In a lateral dispersion-matched tune, the beam
coming into the target area is focused along the spectrometer’s non-dispersive axis
and momentum-dispersed along the spectrometer’s dispersive axis. This produces a
long, thin beam spot. The lateral dispersion-matching technique can result in angular
ambiguities [109] in the dispersive direction unless angular dispersion matching is also
applied. In this process, the beam line is tuned so that tracks incident at different
angles to the target have the same angle in the focal plane [110]. Both types of
dispersion-matching were used in the 150Nd(3Ho.t) experiment. Figure 4.2 shows
the beam optics for focus matching, lateral dispersion-matching, and simultaneous
lateral and angular dispersion-matching. Figure 4.3 shows an image of the beam spot

from the 150N(l(3He.t) experiment.

The faint beam method is u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>