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Z u s a m m e n f a s s u n g 

In dieser Arbeit wurden angeregte Zustände in den leichten Kernen 9 B und 13N mit Hilfe 
der (3He,t) Ladungsaustauschreaktion untersucht. Dazu wurden am research center 
for nuclear physics (RCNP) in Osaka, Japan Targets aus 9Be und 13C mit 3He-Kernen 
beschossen, die durch das RCNP Ring-Zyklotron auf 420 MeV beschleunigt wurden. 
Die Tritonen wurden mit dem Magnetspektrometer GRAND HAIDEN analysiert. Mi t 
Hilfe des GRAND HAIDEN Spektrometers und der dispersiven Strahlführung im "WS 
course" des RCNP ist es möglich die (3He,t) Reaktion mit rund 30 keV Energieauflö-
sung zu untersuchen, was rund eine Größenordnung besser ist als die Auflösung die 
mit der (p,n) Ladungsaustauschreaktion erzielbar ist. Die hohe Auflösung erlaubt es 
Zustände besser zu trennen und schwache Anregungen aufzuspüren. Insgesamt wurden 
19 Zustände in 13N und 20 Zustände in 9B untersucht. In 13N wurden 9 dieser Zustände 
und in 9 B 10 dieser Zustände als Gamow-Teller Anregungen identifiziert. Ladungsaus-
tauschreaktionen sind mit dem Betazerfall verwandt, und bei verschwindendem Impul-
sübertrag existiert eine einfache Proportionalität zwischen dem Wirkungsquerschnitt der 
Ladungsaustauschreaktion und der Fermi (F) oder Gamow-Teller (GT) Stärke im Be-
tazerfall. Während die Fermi Stärke B(F) im Übergang in den isobaren Analogzus-
tand konzentriert ist, verteilt sich die Gamow-Teller Stärke B(GT) auf die angeregten 
Zustände. Das Hauptziel dieser Arbeit ist die Bestimmung von B(GT) Stärken in den Ker-
nen 9B und 13N. Die einzige Studie des Kerns 9 B mit Hilfe einer Ladungsaustauschreak-
tion wurde vor 30 Jahren mit der (p,n) Reaktion durchgeführt. Viele Zustände, vor 
allem bei hoher Anregungsenergie, konnten in dieser Studie nicht aufgelöst werden. In 
dieser Arbeit konnten viele schwach angeregte Zustände mit kleinen Zerfallsbreiten bei 
hohen Anregungsenergien (12-19 MeV) getrennt beobachtet werden. Die Verteilung der 
B(GT) Stärken wurde ebenfalls bestimmt mit Hilfe neuer Daten aus dem Betazerfall 
von 9C und 9Li. Die Ergebnisse deuten darauf hin, dass es starke Unterschiede in der 
Kernstruktur der niedrigliegenden Zustände von 9 B und den hochangeregten Zustän-
den gibt. Dieses Ergebnis wird auch durch theoretische Rechnungen und Daten aus 
dem Betazerfall bestätigt. Darüber hinaus konnte die Information über Anregungsen-
ergien und Zerfallsbreiten in beiden Kernen signifikant verbessert werden. Der Kern 13N 
wurde zuletzt 2001 mit Hilfe der (p,n) Reaktion untersucht. Ein (3He,t) Experiment 
wurde ebenfalls vor einigen Jahren (2004) am RCNP Osaka durchgeführt, allerdings mit 
niedrigerer Auflösung von rund 300 keV. In dieser Arbeit wurde die (3He,t) Reaktion 
mit hoher Auflösung (30 keV) benutzt um die Verteilung der B(GT) Stärken in 13N zu 
bestimmen. Die Targetanreicherung und die hohe Auflösung der Spektren erlaubte es 
den T = 3 / 2 Zustand bei 15.1 MeV vom 12N Grundzustand zu trennen und ermöglichte 
somit eine präzise Untersuchung der Verteilung der GT Stärke in 13N. 
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A b s t r a c t 

Excited states in the light nuclei 9 B and 13C were studied using the (3He,t) charge-
exchange reaction on 9Be and 13C targets. The measurements were performed at the 
research center for nuclear physics (RCNP) in Osaka, Japan, using the magnetic spec-
trometer GRAND HAIDEN and the dispersive WS course. The 3He beam with an energy 
of 420 MeV was accelerated by the RCNP Ring Cyclotron. The GRAND HAIDEN spec-
trometer and the WS course allow to study the (3He,t) charge-exchange reaction with 
an energy resolution of around 30 keV, which is one order of magnitude better than 
measurements with the (p,n) charge-exchange reaction. The high resolution allows to 
better separate individual states and to determine weak excitation strenghts because of 
low background in the spectra. A total of 19 states in 13N were studied, and a total of 20 
states were observed in 9B. Of these, 9 states in 13C and 10 states in 9 B were identified 
as being excited by a Gamow-Teller transition. Charge-exchange reactions are related 
to beta-decay, and at zero momentum transfer a simple proportionality exists between 
the cross-section of the charge-exchange experiment and the Fermi (F) or Gamow-Teller 
(GT) beta-decay strength. While the Fermi strength B(F) is concentrated in the transi-
tion to the isobaric analog state, the Gamow-Teller strength B(GT) is scattered among 
the excited states. The main aim of the present study is to determine the B(GT) 
strengths in the nuclei 9B and 13N. The only charge-exchange study of 9 B was made 30 
years ago with the (p,n) reaction and a resolution of around 300-400 keV. Many states, 
especially at high excitation energy, could not be resolved by this study. The present 
work was able to separate many weakly excited states with small decay width at high 
excitation energies (12-19 MeV) in 9 B and determine the B(GT) strength distribution by 
using recent high-precision beta-decay data. The results point to a strong difference in 
spatial structure between the low-lying levels of 9 B and the levels with high excitation 
energy. This result is also corroborated by beta-decay measurements and theoretical 
calculations. Furthermore, the information on excitation energies and decay widths in 
both nuclei could significantly be improved. The nucleus 13N has last been studied in 
2001 using the (p,n) reaction. A (3He,t) experiment was also performed at the RCNP 
Osaka a few years ago (2004), however with a lower resolution of around 300 keV. In the 
present work, the (3He,t) reaction with high resolution (30 keV) was used to determine 
the B(GT) strength distribution in 13N. The target enrichment and high resolution of 
the spectrum allowed to isolate the T = 3 / 2 state at 15.1 MeV from the 12N ground state 
and thus provide a high-precision analysis of the GT strength distribution in 13N. 
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CHAPTER 1. INTRODUCTION 

Chap te r 1 

I n t r o d u c t i o n 

1.1 Gamow-Tel ler t ransi t ions and charge-exchange 
reactions 

"I decided to get a Ph.D. in experimental physics because experimental physicists have their own room 
in the Institute where they can hang their coat, whereas theoretical physicists have to hang their coat 
at the entrance." 

George Gamow (1904-1968) 

Charge-exchange reactions in nuclear collisions result from the exchange of a proton 
and a neutron between the projectile and the target nucleus. In this work, the focus 
is on the (3He,t) charge-exchange reaction at intermediate beam energy (E/A=140 
MeV/nucleon). 

Charge-exchage reactions share many similarities with beta-decay, where the neutron 
is converted into a proton (ß~ decay) or vice versa ( ß + decay) as a result of the weak 
interaction. In beta-decay, allowed transitions (that is, those transitions that can be de-
scribed in an approximation where the transition operator is independent of the positions 
and velocities of the nucleons [Boh69]) can be divided in two types. One is the Fermi 
transition (F), where the operator is independent of the nucleon spin, and only mediated 
by the isospin operator r ± , which transforms a neutron into a proton and vice versa. 
The other is the Gamow-Teller (GT) transition, where the operator is proportional to 
the spin operator (<r) of the decaying nucleon. The operator of the GT transition is the 
spin-isospin operator a r ^ , and the corresponding reduced transition strength B(GT) for 
a system with a number A of nucleons is defined as 

As with electromagnetic reduced transition strengths, it is important to be careful about 
the direction of the transition (initial and final state). 

1 
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Experimentally, the B(GT) value can be obtained from the beta-decay partial half-life 
t i of a state via the ft value if there is no Fermi part in the decay: 

B { G T ) = i T I K ( L 2 ) 

where K is a constant defined by [HarOQ] 

K 27r3^?7 In 2 

and X=gA/gv is the ratio of weak interaction coupling constants which has a value of 
-1.2695(29) [Har06]. As K /gy and ft are measured in seconds, B(GT) is a dimensionless 
quantity. It should however be noted that some authors include the factor A2 into the 
B(GT) value so special attention is required to make sure which definition of B(GT) 
(including or not including the factor A2) was used for the determination of a quoted 
B(GT) value. The present work does not include A2 in the B(GT) value, which is the 
common standard used in studies involving charge-exchange reactions. 

For the transition between isobaric analog states (IAS), which can be mediated by 
the r operator alone, the resulting Fermi strength has to be taken into account. The 
reduced transition strengths B(GT) and B(F) (for the Fermi transition) then connect to 
the ft value as follows: 

K 1 

9v fU 
The Fermi strength is concentrated in the transition to the isobaric analog state of the 
ground state of the initial nucleus and has the value | N — Z\ (Fermi sum rule) [Ost92, 
Orm95], 

Both the Fermi and the Gamow-Teller transitions have spin, isospin and parity selec-
tion rules which are summarized in table 1.1. 

While B(GT) values can accurately be determined in beta-decay studies, their main 
limitation is the decay Q-value so that only low-lying states can be studied, and only the 
transition in one direction. In order to overcome this limitation and obtain B(GT) values 
at higher excitation energies, charge-exchange (CE) reactions of the (p,n) or (n,p) type 
can be used. 

When using the nuclear reaction, the projectile-target interaction becomes important. 
This interaction is usually very complicated, depending on the energy of the incident 
particle and the properties of the target nucleus. Solving the scattering problem involves 
the strong interaction NN-potentials, which result in a final weak effective interaction. 
Love and Franey [Lov81, Fra85] wrote the effective interaction V12 between the nucleons 
1 and 2 involved in the reaction as a sum of central (C), spin-orbit (LS) and tensor (T) 
terms with spin-isospin decomposition: 

B(F) + A 2B(GT) = — •— (1.4) 

V12(r) = V0
c(r) + Vf(r)a1(72 + V f i r ^ r 2 + V f ^ a ^ n r , 

+ (V0
T(r) + VT

T(r)r1r2)S12(f) (1.5) 
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Table 1.1: Selection rules for Fermi (F) and Gamow-Teller (GT) transitions. The transi-
tions connect an initial state with angular momentum and parity J f and isospin quantum 
numbers TitTzi to a final state with quantum numbers JJ,Tf,Tzf. 

FERMI 
Ji=Jf AJ=0 
Tf=Ti AT=0, but 0->0 forbidden 
Tzf=Tzi± 1 ATZ=±1 
A i r = 0 no parity change 

GAMOW-TELLER 
A J = 0 , ± 1 but J i = J f = 0 forbidden 
A T = 0 , ± 1 but T i = T f = 0 forbidden 
Tzf=Tzi± 1 ATZ=±1 
A i r = 0 no parity change 

where S = s i + s 2 is the total two-nucleon spin, L 1 2 the relative angular momentum oper-
ator between the two nucleons and S12(r)=3cr1rcr2r — <TI<T2 is the tensor operator. All 
interaction coefficients depend on the relative coordinate r = r i - r 2 of the two nucleons. 

The spin-isospin mode which is of interest for the study of GT transitions is excited 
via the V^(r)<Ti<r2TiT2 component of the interaction. This component should thus be 
maximized against other components to study GT strengths. The energy and momen-
tum transfer dependence of the components of the effective interaction were studied by 
Love and Franey[Lov81, Fra85], and the energy and momentum transfer dependence of 
the components is reproduced in the figures 1.1 and 1.2. They show clearly that at 
intermediate bombarding energies (E«100-140 MeV) and at zero momentum transfer, 
the or component becomes dominant, while the r component becomes suppressed. 

The low momentum transfer is achieved at forward angles. Since at small momentum 
transfer a multipole expansion of the transition operator is possible, a simple relation 
between the cross-section at zero degrees scattering angle and the beta-decay strength 
can be expected. Indeed, a simple proportionality [ G 0 0 8 O ] was discovered. This propor-
tionality has been studied in detail both theoretically and experimentally by Taddeucci 
et al. [Tad87], resulting in the formula 

= K(Ei, lo) • ND(q, u) • \JGT\2 • B(GT) (1.6) 

where K is a kinematic factor, ND a distortion factor and JQT represents the volume 
integral of the nucleon-nucleus effective interaction central component V„T. The momen-
tum transfer is denoted by q, the energy of the incident particle by Ei and cu = E x - Q g s is 
the energy loss (excitation energy of excited state expressed in terms of excitation energy 
relative to the ground state of the target nucleus). The kinematic and distortion factors 
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Figure 1.1: Energy dependence of the central components of the effective interaction 
V12 at zero momentum transfer, including direct and exchange terms. Figure taken 
from [Ost92]. The horizontal axis is the bombarding energy expressed in MeV/nucleon. 

are given by 

The distortion factor ND is defined by the ratio of plane-waves and distorted-waves 
cross-sections. 

The proportionality relation (1.6) allows to determine B(GT) strengths for higher 
excitation energy regions when a reference B(GT) value is known. 

1.2 T h e determinat ion of B ( G T ) st rengths using 
charge-exchange reactions 

The proportionality of eq. (1.6) was established and tested using the (p,n) reaction. 
Owing to the time of flight (TOF) measurement used in the neutron analysis, the energy 
resolution is of the order ^300 keV, which greatly restricts the study of individual levels 
in mirror nuclei. 

Despite the complexity of the projectile and ejectile, the (3He,t) reaction offers an 
interesting alternative to the (p,n) reaction. At intermediate energies of 100-200 MeV 
per nucleon, the (3He,t) reaction mechanism is expected to become simpler and can be 
approximated as a one-step reaction mechanism. The triton ejectile can be analyzed by a 

(1.7) 

(1.8) 
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Figure 1.2: The strength of the components of the effective interaction V12 as a function 
bombarding energy (number on curve) and momentum transfer, including direct and 
exchange terms. It can be seen that at zero momentum transfer, the non-central terms 
of the interaction can be neglected at intermediate energy (100-140 MeV), while the 
strength of is maximal. Figure taken from [Lov81], sligthly edited. 
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magnetic spectrometer, thus enabling studies with much higher resolution (e.g. [Fuj99a, 
Fuj02b]). The proportionality relation (1.6) has also been shown to hold for the (3He,t) 
probe at intermediate energies. At the research center for nuclear physics (RCNP) in 
Osaka, an energy resolution of «30 keV can nowadays be achieved for the (3He,t) reaction 
at beam energy 140 MeV/nucleon. 

For experimental purposes, the proportionality relation beteen the B(GT) strength 
and the differential cross-section can be rewritten in a simpler form, as 

= a a T B { G T ) ( L 9 ) 

with the unit cross section OGT acting as the proportionality factor. This unit cross-
section can be determined when a B(GT) value is known from beta-decay by relating it 
to the cross-section at q=0. 

Experimentally, the q=0 cross-section has to be extrapolated from measurements at 
finite scattering angle around zero degrees. Depending on the excitation energy, the unit 
cross section also has to be adjusted for the kinematic and distortion factor, which is 
done by a DWBA calculation. 

For the transition to the IAS, a similar proportionality relation holds, involving the 
Fermi unit cross-section OF and the Fermi strength B(F): 

D(T OFB(F) + OGTB(GT) (1.10) 
dÜ q=0 

When analyzing the transition to the IAS, the Fermi part of the total differential 
cross-section thus has to be isolated in order to obtain the B(GT) strength. In cases 
where both a pure B(GT) transition is known (to determine OGT) and the IAS B(GT) is 
known, a,f can be determined. 

The unit cross sections OF and OGT and their nuclear mass and energy dependence 
have been studied in detail for the (p,n) reaction (see figure 1.3). The mass dependence 
takes the form of a rather smooth curve. Being able to roughly calibrate the unit 
cross section via such a systematic mass dependence is very useful when not all B(GT) 
values required for a calibration of the cross-section are available. A unit cross-section 
determined from systematics can then be used as a placeholder in order to determine 
B(GT) strengths via the CE reaction. 

A systematic study [Zeg07] was recently carried out using the available (3He,t) data 
to determine the mass A dependence of the unit cross-sections at beam energy 140 
MeV/nucleon. 

The empirical relations 

op = 72 • A ~ i m mb/sr (1.11) 
oGT = 109 • A~OM mb/sr (1.12) 

were found as best fits to the experimental data (see fig. 1.4). It has been shown [C0 IO6 ] 

that contributions from the tensor-r part of the effective central interaction (V?) pro-
duce interferences between the A L = 0 GT amplitude and A L = 2 amplitudes, which exper-
imentally lead to higher than expected unit cross-sections in some cases. The correction 
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Figure 1.3: &F,GT as a function of mass number A for (p,n) reactions at 120 MeV. Figure 
taken from [Tad87]. 

deduced from the treatment of V j has the right sign and magnitude to account for the 
deviations. 

The unit cross-sections for a given nucleus and beam energy are also often presented 
in the literature via the ratio R2 

1.3 T h e proportionality and experimental require-
ments 

In order to study GT strengths with CE reactions and to use the proportionality relation 
between cross-section and B(GT) strength, several requirements have to be fulfilled in 
the measurement. They are, in summary, the following: 

• The proportionality is only valid for states that are excited via angular momentum 
transfer A L = 0 . Other states, which are not of Fermi and/or Gamow-Teller nature 
may also be excited by the reaction. It must be possible to isolate these states in 
the measurements obtained with the probe. In the (3He,t) reaction, this is done 
via the angular distribution of cross-sections, which is strongly forward-peaked for 
A L = 0 transitions (see 4.7). Zero angular momentum transfer is a requirement for 
obtaining states excited with the <TT operator. In case L is not a good quantum 
number, A L = 0 means that the wavefunctions of the initial and the final states 
have components with the same values of L. 

(1.13) 
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Figure 1.4: &F,GT as a function of mass number A for (3He,t) reactions at 140 
MeV/nucleon. Figure taken from [Zeg07]. The arrows show the correction if the ef-
fect from the tensor-r interaction is removed (see text). 

• The reaction must take place under conditions such that the reaction is well-
described as a single-step transition. The (3He,t) probe at intermediate energies 
fulfils this requirement. 

• The proportionality is given for momentum transfer q=0 and energy loss u=0. Ex-
perimentally, this requires the extrapolation to the scattering angle at zero degrees 
and the extrapolation to zero Q-value by using DWBA. The zero-degree measure-
ments with the GRAND RAIDEN spectrometer at the RCNP Osaka allow for the 
extrapolation to zero degrees scattering angle due to the high angle resolution 
(see 4.8). 

• It was shown by Love and Franey [Lov81, Fra85] and used by Taddeucci et 
al. [Tad87] that the effect of the err operator is best isolated at intermediate 
beam energies (100-150 MeV/nucleon). This result does not depend on the probe 
structure, so it is generally fulfilled for any charge-exchange reaction. The main 
physical reason is that the mass of the pion is around 140 MeV/c2 so that, at a 
beam energy of around 140 MeV/nucleon, the probability of one-pion exchange is 
maximal, and so the action of the err operator. 
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1.4 Nuclei studied in th is work 

Based on the main principles outlined in this introduction, this work was aimed at deter-
mining B(GT) strengths in the nuclei 9B and 13N by using the (3He,t) reaction on 9Be 
and 13C targets at 140 MeV/nucleon beam energy. 

In the A=13 system, beta-decay information is available for calibrations purposes for 
the 13N(/?+), the 1 30(/?+) and the 1 3 B( /T ) decays. The isobar diagram of the A=13 
system is shown as a reference in figure 1.5. The nucleus 13N has already been studied in 
(p,n), most recently by Wang etai [WanOl], and in (3He,t) (with much lower resolution) 
by Fujimura et al. [Fuj04a] and Zegers et al. [Zeg08]. While Zegers et al. mainly focused 
on the determination of the B(GT) value of the 3.5 MeV state in 13N, this work will 
give a detailed analysis of the B(GT) distribution up to 20 MeV excitation energy. Our 
results compare well to the (p,n) results by Wang et al., as will be shown in 5.5. 

Figure 1.5: Isobar diagram of the A=13 system, reproduced from [AS91]. 

The A=9 system (whose isobar diagram is shown in fig. 1.6) has not been extensively 
studied with charge-exchange reactions. In 1980, a 9Be(p,n) experiment was carried out 
at 135 MeV proton energy at the Indiana University Cyclotron Facility (IUCF) [Pug85, 
Faz82] with an energy resolution of about 300-400 keV. At that time, beta-decay data was 
was not available to determine B(GT) values, so only cross-sections were determined. 
Recent high-precision data is available for the beta decays of 9Li and 9C so that a 
calibration using the ground-state decays of those nuclei was possible, although their 
B(GT) strengths are very weak. B(GT) strengths in 9B are more difficult to calibrate 
since there is no ground-state beta decay between 9B and 9Be. The present study made 
use of the mass-number systematics of the R2 value in order to estimate the Fermi part of 
the ground state transition. The higher resolution and sensitivity of the (3He,t) reaction 
also made the characterization of highly-excited states easier, so that the cross-sections 
of individual states could be established. 

The experimental work was carried out at the cyclotron facility of the research center 
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for nuclear physics (RCNP) in Osaka, Japan. The next chapter will deal in detail with 
the experimental setup and the techniques used to obtain a high-resolution spectrum. 

(27_01 

Figure 1.6: Isobar diagram of the A=9 system, reproduced from [Til04]. 



CHAPTER 2. EXPERIMENTS 

Chap te r 2 

Expe r imen ts 

This chapter describes the experiments carried out within the scope of the thesis. It will 
describe in detail the experimental setup at the accelerator facility of the RCNP Osaka, 
and various techniques used for the achievement of beam and detector conditions suitable 
for the experiments. 

2.1 Overv iew of the per formed exper iments 

The experiments were performed at the Research Center for Nuclear Physics1 (RCNP), 
Osaka University. The 3He beam was accelerated by the K=1202 AVF3 Cyclotron, 
boosted up to 420 MeV (140 MeV/A) by the K=400 Ring Cyclotron and guided to the 
target through the WS beam line. Details on the beam tuning, focussing and matching 
will be given in subsequent sections. Targets of metallic 9Be under vacuum (thickness 
of 1.73 mg/cm 2 ) and 13C in the form of 99% enriched polyethylene4 (thickness 0.5 
mg/cm 2 ) were used to study excited states in 9 B and 13N via the (3He,t) reaction. The 
specification of other targets used for calibration can be found in the Appendix C, Table 
C. l . The outgoing tritons ( A / Z = 3 ) were momentum-analyzed by the GRAND HAIDEN 
spectrometer which will be explained in more detail in the next section. Scattered 3 H e + + 

( A / Z = 3 / 2 ) particles were dumped into the Faraday cup installed in the first dipole 
magnet ( D l ) , which was also used to monitor the beam current. At the focal plane, the 
particles were traced using multiwire drift chambers (MWDC) for track reconstruction 
and plastic scintillators for particle identification and triggering of the MWDCs. The 
data was taken at a spectrometer angle of zero degrees. 

Japanese name: ^ l ö v P — (Osaka Daigaku Kakubutsuri Kenkyu Senta) 
2The K number of a cyclotron gives the energy up to which ions can be accelerated. If ions have a 

charge Q (given in units of the elementary charge e) and a mass A (given in units of the atomic mass 
unit u), then for a given K number these ions can be accelerated up to the energy Eacc = K ^ ^ , 
where Eacc is given in MeV [Kat89, Cla90], 

3Azimuthally varying field 
4[-H2C-CH2-]n 

11 
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Table 2.1: Specifications of the RCNP cyclotrons [Kat89]. 

Ring Cyclotron AVF Cyclotron 
Number of sector magnets 6 3 
Injection radius [m] 2 
Extraction radius [m] 4.04 1 
Magnet gap [cm] 6 20.7 (min) 
Proton max. energy [MeV] 400 84 
a particle energy [MeV] 400 130 
3He energy [MeV] 510 160 
Weight of magnet [t] 2000 400 
Main coil power [kW] 450 450 
Trim coil power [kW] 250 265 
Number of cavities 3 1 
Radio frequency (RF) power [kW] 250x3 120 

2.2 T h e Grand Raiden Spect rometer 

The spectrometer GRAND RAIDEN5 consists of three dipole magnets (D1,D2, and 
DSR), two quadrupole magnets ( Q l and Q2), a sextupole magnet (SX) and a multipole 
magnet (MP). The schematic arrangement of the magnets that make up the GRAND 
RAIDEN is shown in fig.2.2, and its specifications and ion-optical properties are sum-
marized in table 2.2. Its stand-out features are the high momentum resolution p / A p 
and its large magnetic rigidity6. In order to gain a large acceptance for vertical scatter-
ing angles7, a strong quadrupole magnet ( Q l ) is placed near the scattering chamber. 
Second-order ion-optical properties like the t i l t ing angle of the focal plane are adjusted 
by the sextupole magnet (SX). The multipole magnet (MP) which is placed between 
the two dipole magnets (D1 and D2) can generate quadrupole, sextupole, octupole and 
decapole fields to correct higher order aberrations. The third dipole magnet (DSR) was 
installed for measurements of the in-plane polarization transfer, and was not used in 
the experiments. A comprehensive review of the GRAND RAIDEN spectrometer can be 
found in the paper by M. Fujiwara et al. [Fuj99b]. 

fjHT-X tz)bt tx, 
5named after f i l l JS^ttrPI(Raiden Tameemon) (1767-1825), considered one of the greatest sumo 

wrestlers in history. 
6The magnitude of the magnetic field B times the gyroradius of a charged particle equals to its 

momentum per unit charge, also called magnetic rigidity (B • r = 
7The vertical angle is crucial for the identification of A L = 0 transitions, see details regarding the 

overfocus mode in section 2.4.3. 
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Table 2.2: Specifications of the Grand Raiden magnetic spectrometer [Kat89, Ada07, 
Shi05], 

Mean orbit radius 3m 
Total deflection angle 162° 
Measurable angle -4° to 90° 
Momentum range 5% 
Momentum dispersion 15.45 m 
Momentum resolution (p /Ap) 37000 
Tilt ing angle of focal line 45° 
Focal plane length 120 cm 
Maximum magnetic rigidity 5.4 T-m 
Maximum field strength (D l , D2) 1.8 T 
Maximum magnetic gradient (Q l ) 0.13 T / cm 
Maximum magnetic gradient (Q2) 0.033 T / c m 
Horizontal magnification (x x) -0.417 
Vertical magnification (y y) 5.98 
Horizontal acceptance angle ±20 mrad 
Vertical acceptance angle ±70 mrad 
Maximum soild angle ~ 5.6 msr 
Flight path for the central ray 20 m 

. * •• j magnets 

scattering chamber 

VDCs 

beam line 

Figure 2.1: The Grand Raiden Spectrometer. 
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r o c a i r i a n e 

Figure 2 . 2 : Layout of the G R A N D R A I D E X Spectrometer with scale. Dl, D2 and DSR are 
dipole magnets, Q1 and Q2 are quadrupole magnets, SX is a sextupole magnet and MP a 
multipole magnet. The scattering chamber is on the lower right side of the picture. 
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2.3 T h e focal plane detector and trigger system 

The detector system placed at the focal plane of the GRAND RAIDEN spectrometer is 
used to determine the positions as well as the incident angles of particles. The layout 
is shown in fig. 2.3. Multiwire drift chambers (MWDCs), which are also called vertical 
drift chambers (VDCs), are used for the determination of positions and angles. The 
plastic scintillators PS l and PS2 produce a signal that is proportional to the energy loss 
of the incident particles and were used for particle identification (here: to separate the 
tritons from scattered 3 He + ions8) and to provide trigger signals. A detailed description 
of the VDC setup can be found in the 1991 annual report of the RCNP Osaka [Nor91]. 
Each VDC consists of two anode-wire planes (called X and U) that are sandwiched by 
three cathode planes. The anode-wire planes contain sense wires and potential wires. 
The structure of such a plane is schematically illustrated in fig. 2.4. The sense wires are 
placed 6mm apart in the X-planes and 4mm apart in the U-planes. The potential wires 
create a uniform electric field between the cathode planes and the anode plane. When a 
charged particle crosses the VDC, an avalanche process in the gas which is contained in 
the chamber occurs near to the sense wires. For example, in the illustration of fig. 2.4, 
the particle trajectory can be reconstructed using the drift-t ime information from four 
different wires. The potential resolution is around 300 f im (FWHM 9 ) . 

Figure 2.3: Layout of the focal plane detector system. The system consists of two sets of 
vertical drift chambers (VDCs), MWDCl and MWDC2, and a trigger system consisting of two 
plastic scintillators, PSl and PS2. The MWDCs have two anode planes, X and U, where XI 
(of MWDCl) coincides with the focal plane of the spectrometer, and the U planes are tilted at 
an angle of 48.2° relative to the X planes. 

The gas used in the MWDCs is a mixture of argon (71.4%), isobutane (28.6%) and 

8See 3.1 for a detailed discussion of the particle identification 
®Full width at half maximum 

T 
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a small amount of isopropyl alcohol (2-propanol), added to the argon gas at 2°C with 
vapor pressure to reduce deterioration (like polymerization of gas on the wire surfaces). 
The two plastic scintillators PS l and PS2 have a thickness of 10mm, and they are posi-
tioned behind the MWDCs. The area of the scintillators ( W x H ) is 1200mmx 120mm. 
The scintillation was detected by photomultiplier tubes (PMTs), model HAMAMATSU 
H1161, placed on both sides of the plastic scintillators. The signals from these scintil-
lators were used to generate GRAND HAIDEN event signals (trigger) and as energy loss 
counters for particle identification. 

Table 2.3: Specifications of the MWDCs [Nor91, Ada07, Shi05], 

Wire configuration 
Active area ( W x H ) 
Number of sense wires 
Cathode-anode gap 
Anode wire spacing 
Sense wires 
Potential wires 
Cathode 
Cathode voltage 
Potential wire voltage 
Gas mixture 

Entrance and exit window 
Distance between two MWDCs 
Preamplifier 

X (0°=vertical), U (48.2°) 
1150 mm x 120 mm 

192 (X), 208 (U) 
10 mm 

6 mm (X), 4 mm (U) 
0 20 jum gold-plated tungsten wire 

0 50 jum gold-plated beryllium-copper wire 
10 jum carbon-aramid film 

-5.6 kV 
-350 V (X), -500 V (U) 

Argon + Isobutane + Isopropyl alcohol 
(71.4%) (28.6%) (2°C vapor pressure) 

12.5 jum aramid film 
25 mm 

LeCroy 2735DC 

The trigger system of the focal plane scintillators is set up in the following way: the 
output signals from the PMTs first go through constant fraction discriminators (CFDs), 
which eliminate smaller signals produced by 7-rays. The CFD ouputs are subsequently 
separated. One part goes into a time-to-digital (TDC) system, consisting of a time-to-
FERA converter (TFD) followed by FERAs10. Another part goes into Mean Timers. The 
signals are averaged by the Mean Timers for the left and right PMTs of the scintillators 
and then enter the LeCroy 2366 Universal Logic Modules (ULM) consisting of FPGA11 

chips[Yos96]. 

10Fast Encoding and Readout ADCs (Analog-to-digital converter) 
11 Field Programmable Gate-Array 
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Figure 2.4: Schematic illustration of the structure of an X-plane of a VDC. The anode wires 
are sandwiched between two cathode planes with alternating sense and potential wires. The 
arrow indicates a typical track of a charged particle. 

Figure 2.5 Circuit diagram of the trigger system of the focal plane scintillators. 



18 CHAPTER 2. EXPERIMENTS 

2.4 Beam match ing techniques and beam tun ing 

This section will focus on the details of the beam matching techniques used and ap-
plied at the RCNP facility in order to obtain high-resolution particle spectra. An early 
review on the resolution of accelerator magnetic analyzing systems from 1959 by B.L. 
Cohen [Coh59] gives the basic concepts of this problem. Papers published by Y. Fujita 
et al. [Fuj97], H. Fujita et al. [Fuj02a, FujOl] and T. Wakasa et al. [Wak02] cover the 
RCNP-specific details of beam matching techniques via the WS course beamline and the 
ion-optical resolution of the GRAND RAIDEN spectrometer. Further details regarding 
the optics of high resolution magnetic spectrometers can also be found in [Liy99, Mar83]. 

The central result of the beam transformation (explained in detail in appendix A) are 
the relations 

xfp = x0 (snbnT + S12&21) 

+ 6>o (snbnT + S12&22) 

+ S0 (snbi3T + S12&23 + S13C) 

+ 0 ( s i 2 + s 1 3 K ) (2.1) 

0fp = x0 (s2ibnT + S22&21) 

+ 0o (s2lbl2T + s22b22) 

+ So (s2ibi3T + s22b23 + S23C) 

+ © (S22 + S23K) (2.2) 

Sfp = 52 = KO + C5O (2.3) 

which give the focal plane coordinates of position (xfp), horizontal scattering angle 
(0 f p ) and fractional momentum deviation (5fp) as functions of the incoming beam co-
ordinates (x0 ,90,50 ) and the spectrometer and beam line transformation matrices (si j ) 
and (bij). This result is derived and explained in detail in appendix A and is the basis 
of the resolution improvement achieved at RCNP through lateral and angular dispersion 
matching. 

2.4 .1 Lateral and angular dispersion matching 

The intrinsic resolution of the GRAND RAIDEN spectrometer is about 20 keV for a 
420 MeV 3He beam with a 1mm horizontal spread. However, the energy spread of 
the beam produced by the cyclotron reduces the energy resolution to typically 100 keV 
in achromatic beam transportation. A high-resolution measurement using this beam 
can only be achieved by matching the spectrometer and the beam line [Fuj97, Wak02, 
Fuj02a], 

These matching techniques and their applications will be briefly described in this 
section. 

The first three terms in eq. (2.1) in the previous section depend on the source point 
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Figure 2.6: Layout of the WS course beam line setup at the RCNP Ring Cyclotron Facility. 

parameters x0,90 and and on the beam line and spectrometer matrix elements and 
Sij. In order to reduce uncertainties in the position Xfp at the focal plane, the horizontal 
spread ;r0 of the incoming beam should be minimized first. Subsequently, the minimum 
horizontal spread at the target (and thus the best resolution) can be achieved if the 
coefficents of the 9o,50 and 6 in eq. (2.1) are zero. 

These matching conditions are called focus matching (^-coefficient is zero), disper-
sion matching (^-coefficient is zero) and kinematics correction (6-coefficient is zero). 
To obtain a good angle resolution (of the horizontal scattering angle 9), the 50-term in 
eq. (2.2) should also be minimized (preferrably zero), as it has the biggest influence on 
dfp once dispersion matching is realized. 

All matching conditions can, in principle, be achieved simultaneously. However, the 
order of the steps taken to achieve the matching conditions is important as the corrections 
influence each other. The general way is to first compensate the kinematic broadening 
of the beam in the spectrometer (kinematics correction), then to adjust the kinematic 
defocusing and finally to implement the dispersion matching conditions. 

The kinematics correction is relatively easy and can be achieved by adjusting the 
settings of the spectrometer magnets (the strength of the horizontal quadrupole) only, 
as the 6-coefficient in eq. (2.1) and (2.2) depends only on spectrometer matrix elements. 
If S12 = —S13Ä', then dispersion matching (^-coefficient is zero in eq. (2.1) and (2.2)) 
is achieved if (using sns22 — «12^21 = 1) 

s 1 3 C &13 = — (1 + S11S23Ä' — S21S13Ä') — (lateral dispersion matching) (2.4) 
S11 T 
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and 
b23 = (S21S13 — S11S23) C (angular dispersion matching) (2.5) 

These relations show that the beam line parameters bri (lateral dispersion matching) 
and 623 (angular dispersion matching) have to be changed while staying adjusted to the 
kinematics correction, i.e. the spectrometer parameters required for the correct matching 
relating to the reaction of interest at the target. 

The resolving power of the matched system is given by [Fuj97, Mar83] 

R 
1 «13 1 Sl3 

2;r0 SnbnT - si3b2iK 2x0 M 
(2.6) 

where M is the ^-coefficient in eq. (2.1) with kinematics correction applied (si2 

—sriK), and represents the overall horizontal magnification of the beam spread. 

Figure 2.7: Schematic trajectories for zero-degree scattering under different matching condi-
tions. The rays shown correspond to the trajectories of particles with zero degrees scattering 
angle, having different momenta, (a) achromatic focus - the momentum spread of the focused 
beam results in a broadened image at the focal plane due to the momentum-analyzing character 
of the spectrometer, (b) lateral dispersion matching - lateral matching conditions ensure that 
momentum deviations in the incident beam are cancelled at the focal plane. The broadening in 
the horizontal scattering angle however remains, (c) lateral and angular dispersion matching -
the horizontal scattering angle broadening is cancelled by matching the angles of incident rays 
accordingly, while still maintaining the lateral dispersion matching as in (b). 

The result of different matchings of beamline and spectrometer at the focal plane 
are shown in fig. 2.7. The figure shows only central rays scattered at zero degrees, 
with three different momenta, = 0,5o = + A p / p and = —Ap/p. In part (a) of 
the figure, the trajectories are shown with achromatic focus at the target position (this 
means 613=623=0, i.e. there is no momentum influence from the beam line transforma-
tion on x and 9). Particles with different momenta are thus "momentum-analyzed" by 
the spectrometer and the beam spread at the focal plane is proportional to the beam 
momentum spread. 
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Part (b) of the figure shows trajectories with only lateral dispersion matching realized 
(&i3 matched according to eq. (2.4), while 623=0). In this case, rays with different mo-
menta are focused at different positions on the target (dispersive monochromatic focus), 
and this dispersion at the target is compensated by the dispersion of the spectrometer 
(thus dispersion matching). 

However, in this case, rays with different momenta cross the focal plane with different 
angles, thus showing that lateral dispersion matching alone gives rise to uncertainty in 
the scattering angle. The angles can be made accurate by obtaining the right incident 
angles for rays with different momenta at the target, as shown in part (c) of the figure. 
This adjustment of the angle dispersion is the angular dispersion matching. 

Table 2.4: Overview of matching conditions. 

NAME LATERAL ANGULAR 

kinematics correction 

focus matching 

dispersion matching 

«12 + S13K = 0 

Snbi2T + S12&22 = 0 

&13 = (1 + SUS23K - S21S13K) f 

S22 + S23K = 0 

S2ibuT + S22&22 = 0 

&23 = (S21S13 - S11S23) c 

2.4.2 Faint beam tuning 

Achieving the desired matching conditions discussed in the previous section requires a 
monitoring of the beam (beam diagnostics). Beam viewers coated with phosphorescent 
zinc sulfide (ZnS) are placed inside the beam line at the target position and at focusing 
points; however, the achieving of matching conditions cannot be judged by the beam 
spot profile on these viewers as both a defocused beam and a dispersed beam have a 
broad profile. 

A beam diagnostic method using the spectrometer was proposed by Fujita et al. [Fuj02a] 
and is used at the RCNP to tune the beam in order to achieve the matching conditions, 
called faint beam tuning. It uses the fact that the matching between beamline and 
spectrometer can be verified at the focal plane by using the beam going directly into the 
spectrometer, without any target, as the beam envelope is kept intact by the spectrom-
eter. Therefore, the image at the focal plane directly shows the condition of the beam. 
The schematic images of four different cases are shown in fig. 2.8. The desired beam 
condition is (a). 

There are two issues when using this method. The first one is that the beam intensity 
has to be substantially reduced, as even a few nanoamperes of beam intensity would be 
damaging the detector system. Therefore, wire grid attenuators were placed downstream 
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of the ion source, reducing the beam current to a few thousand particles per second. 
Despite the much lower intensity, the faint beam still has the same emittance12 and 
momentum spread as the beam used for the charge-exchange experiment. 

Table 2.5: Magnet settings of the WS course used for the experiments E237 and E273. 
Deviations can be as high as ±0.3%. See fig. 2.6 for the position of the magnets in the 
WS course. 

MAGNET CURRENT MAGNET CURRENT 
QM3U -17.18 A Qf 0.02 A 
QM3D 14.62 A Q^ »/I7D -11.06 A 
QM4U 13.79 A Qt 21.45 A 
QM4D -14.23 A Q^ MD -33.00 A 
QM5U 40.91 A Ql 21.10 A 
QM5D 20.73 A QlV 110U 24.67 A 
QM6U 20.71 A QIV I10M -40.64 A 
QM6D 40.88 A QIV 110D 24.60 A 

The second tuning problem is related to the charge-exchange experiment. The faint 
beam tuning method requires that the particles are correctly focused on the focal plane, 
therefore the GRAND HAIDEN magnets have to be set to focus 3He particles (3He 
mode). But the matching conditions for the dispersive mode depend on the spectrometer 
matrix elements as well, which means that for the (3He,t) reaction, the beamline has 
to be adjusted together with the spectrometer in tr i ton mode. The magnet settings of 
GRAND HAIDEN for the triton mode and the 3He mode are very different at 420 MeV 
beam energy, which means that if the beamline is tuned by using the 3He beam at the 
focal plane, the matching will break down as the spectrometer is set to analyze tritons 
from the charge-exchange reaction. 

This problem is solved by trying to obtain (in the 3He faint beam tuning at 420 
MeV) similar matrix elements to the ion optics of the triton mode at 420 MeV. The 
focus tuning for the faint beam was performed by using the (3He,3He') elastic scattering 
at 10° spectrometer angle on a 1.93 mg/cm 2 197Au target, and setting the over-focus 
( Q l magnet) somewhat lower. Then, the beamline is adjusted to reach the required 
matching conditions. This was done mainly by adjusting the Q8U (lateral dispersion), 
Q9U (angular dispersion) and Q 1 0 U / M / D (focus) magnets (see fig. 2.6 for the position 
of the magnets in the WS course). 

After installing a target, the relative momentum ratio C (see eq. (A.13)) changes. 
In order to adjust for this change and fine-tune the dispersion matching, additional 
adjustments were made using the triton mode with the (3He,t) reaction on an 27AI 
target at zero degrees spectrometer angle. The final settings of the dispersive mode of 
the beamline used for the experiments E237 and E273 are shown in table 2.5. 

12The beam emittance of a particle accelerator is the extent occupied by the particles of the beam 
in space and momentum phase space as it travels. A low-emittance particle beam is a beam where the 
particles are confined to a small distance and have nearly the same momentum. 
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Figure 2.8: Schematic illustration of the beam image at the focal plane in Xfp-9fp coordinates 
for different matching conditions. When no matching conditions are realized, the beam image 
is broad in the x- and d-dimension at the focal plane, as in (d). If only focus matching but no 
dispersion matching condition is met, particles with different momenta have different impact 
points at the focal plane and the beam image has the shape of a tilted ellipse, as in (c). If 
focus and lateral dispersion matching is achieved, the beam image is observed as an elongated 
ellipse, but without slope, as in (b). Finally, if all matching conditions are met, the spatial and 
angular spread of the beam image at the focal plane becomes small, as shown in (a). The 
matching procedure using the faint beam method consists in minimizing the image size of the 
faint beam at the focal plane. 
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2.4.3 Off-focus mode 

(a) 

Target Q1 Q2 D1 D2 Foca! plane 

Figure 2.9: Vertical beam envelope inside the G R A N D R A I D K X spectrometer for different 
focus conditions, (a) Normal focus (b) Over-focus (c) Under-focus. 

To distinguish states excited by A L = 0 transitions, which have a strongly forward-
peaked angular distribution (see 4.7), a good resolution of the scattering angle is im-
portant. The scattering angle depends on the vertical (0) as well as the horizontal (9) 
angles (eq. (A . l ) and fig. A . l ) . Good resolution for the horizontal angle is achieved via 
the angular dispersion matching, but a good resolution is also required for the vertical 
angle. 

Since the GRAND RAIDEN is a horizontal bending spectrometer, a vertical focusing 
quadrupole magnet ( Q l , see fig. 2.2) is placed near the target chamber in order to obtain 
a large vertical acceptance. As a result, the vertical angle magnification becomes small. 
Trajectories inside the GRAND RAIDEN for normal vertical focus are shown in fig. 2.9(a) 
from the target position on to the horizontal focus plane. The vertical angle is scaled 
by a factor «0.17, meaning that reaction products with rather large vertical scattering 
angle are observed at small angle at the focal plane. The MWDCs (2.3) have an angle 
resolution of around 2 mrad, so this means that with normal focus, the best possible 
vertical angle resolution is 12 mrad. 

It is thus necessary to defocus the beam in vertical direction using the Q l magnet 
in order to improve the vertical angle resolution. The defocusing of the beam in vertical 
direction does not pose a problem for the analysis as the vertical scattering angle can be 
reconstructed from the vertical position ( y f p ) in the detector plane. The defocusing can 
either be achieved by increasing the strength of the Q l quadrupole magnet (over-focus 
mode) or decreasing it (under-focus mode). The y i v position depends only on (f)tgt in 
first order (at a given Xfp position), but also depends in second order on the horizontal 
angle 9tgt, the horizontal position xtgt, and the relative momentum 5 of the incoming 
beam. The calibration of the vertical angle (as well as the adjustment of the horizontal 
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angle) was performed offline by software (see Appendix B for the detailed procedure) to 
obtain the high-resolution spectra from calibration runs using a sieve slit. 

A good vertical angle resolution can be achieved in the over-focus mode by increasing 
the strength of the Q l magnet current by about 17% compared to the normal (point-
to-point) focus. In total, the vertical defocusing and the lateral and angular dispersion 
matching provide an angle resolution of around 8 mrad. 

It should be noted that since the matching conditions dependend to some extent on 
the Q l magnet strength, the beamline has to be matched to the spectrometer to realize 
angular and lateral dispersion matching conditions after the over-focus mode has been 
set. 



26 CHAPTER 2. EXPERIMENTS 



CHAPTER 3. SPECTRUM RECONSTRUCTION 

Chap te r 3 

S p e c t r u m recons t ruc t i on 

Three years on a stone 
(Japanese proverb)1 

In order to obtain a clean high-resolution spectrum of the nucleus under consideration, 
the raw data must be processed in a variety of sophisticated ways. This chapter deals 
with the different procedures used to obtain the final high-resolution spectra. 

3.1 Part icle ident i f icat ion 

The incident 3He beam coming from the Cyclotron creates, besides the tritons, a variety 
of other reaction products upon hitting the target. All these particles have a different 
mean radius (p) in the spectrometer which selects the particles according to their mo-
mentum and charge. For a reaction product to reach the focal plane, its momentum and 
charge must satisfy the relation 

2 v mv 
m— = zvB^Bp= (3.1) 

p z 

where mv is the momentum of the particle (mass m and velocity v) and z its atomic 
charge. The magnetic field B of the spectrometer can be set to detect tritons at the 
focal plane. However, 3He+ particles produced by the pickup of an electron of the 
incident 3 He + + beam have nearly the same mv/z value than the produced tritons and 
are thus also detected at the focal plane. Since the atomic charge exchange is not a 
nuclear reaction, the energy of the 3He+ particles is nearly the same as the incident 
energy of the 3 He + + particles accelerated by the Cyclotron (420 MeV) and they are thus 
expected to hit the high momentum side of the focal plane detectors. However, they 
can be eliminated from the spectrum through a particle identification procedure, using 

1meaning that to accomplish anything, about three years of preparation and perseverance are required 
(it takes three years sitting on a stone to make it warm). 

27 
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the different energy loss of the charged 3He+ and the tritons in the plastic scintillators 
(PSl and PS2) behind the vertical drift chambers (VDC). This energy loss is mainly due 
to scattering on the electrons of the target, which is described by the Bethe formula 
[Bet30] 

dEkin 4?r nz2 ( e2 

dx mec2 ß2 \47re0 

where me ist the rest mass of the electron, and n the electron density, n = Na^p 

(Avogadro number NA, material density p, Z and A atomic number and mass number 
of the target material) and ß = ^ (where v is the projectile velocity), ze the charge 
of the projectile and x the distance travelled by the projectile particle. I is the mean 
excitation potential of the target material, which is material-dependent [Ogi88]. Note 
that the energy loss does not depend on the mass of the projectile, only on its velocity 
and charge. However in our case (see eq. 3.1) the velocity of the particle is depending 
on its mass and charge. Since 3 H + and 3He+ have the same mass and charge, their 
energy losses in the scintillators should be equal. However, the overwhelming part of the 
incident 3He+ ions loses its electron immediately upon entering the scintillator material 
and becomes 3 He + + , thus having a four times larger energy loss than the tritons. This 
can be seen in fig. 3.1, where the energy loss is plotted against the XfP coordinate. 

The energy loss itself is obtained from the scintillators through the photomultiplier 
tubes (PMT) attached on both sides of them. The scintillation photons produced by 
the ionizing particles are attenuated in the scintillator material through absorption and 
the photon intensity is observed in the PMTs depending on the position of the incident 
ion as 

In 
2 mec2ß2 

N I - ß 2 ) 
- ß 2 (3.2) 

I{x) = I0e~ t (3.3) 

where I 0 is the initial photon intensity and I a characteristic attenuation lenght of 
the scintillator material. If the total lenght of the scintillator is L, then the output of 
the left and right PMT (PL and PR) are proportional to I(x) and I(L — x), respectively. 
The geometrical mean of both values (Pm) then becomes independent of the position x 
and directly proportional to /0 , which is itself proportional to A E : 

Pm = VPL • PR OC y / l { x ) • I{L - x ) = (3.4) 

The result of this procedure is shown examplarily for a run of the 9Be(3He,t)9B 
experiment in fig. 3.2. Subsequently all spectra were gated to include only the triton 
events. 
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AE (channel) 
1200 

SCINTILLATOR 1 

AE (channel) 
1200 

250 

Xfp (mm) 

50 

rc/p (mm) 

Figure 3.1: Energy loss in the plastic scintillators 1 and 2 plotted against the Xfp coordinate 
detected in the MWDC's. The 3He+ events are clearly separated from the triton events. 
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SCINTILLATOR 1 

triton 

SCINTILLATOR 2 

triton 

250 500 750 1000 
Pm(cx A E ) 

particle identification (all events) 

0 250 500 750 1000 
Pm(cx AE) 

triton triton 

?50 500 750 1000 
PJcx AE) 

Z50 500 750 1000 
Pm{cx AE) 
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Figure 3.2: Total energy loss in the plastic scintillators 1 and 2. The absciss is the square root 
of the product of the respective left and right pulse height measured by the PMTs. The first 
row includes all detected events, the second row only the events that could be raytraced in the 
MWDCs. 
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3.2 Track reconstruct ion in the mu l t iw i re d r i f t cham 
bers 

P = PI +1 

Figure 3.3: Position determination in the MWDCs using the drift information derived from 
multiple sense wires. 

As shown schematically in fig. 2.4, the position(s) (i.e. trajectories) of charged 
particles entering the focal plane are determined by the MWDCs. The position p at 
which a particle hits the focal plane is determined by the drift lengths di-\,di,di+i,--- of 
at least more than two wires within the same cluster. Since X- and 7-rays mostly only 
cause the firing of one wire, background events by photons can generally be excluded by 
requiring the firing of several wires. If di is the minimum drift length in an event causing 
the firing of three wires, the position p can then be determined (see also fig. 3.3 as: 

d i+l di-1 

Iws + Pi ~ P 

P~ Pi 

Iws + Pi - P 

op-Pi-1 

di-1 

V ~ Pi-1 
di-1 

O p \ l -

di+l 
d- • 

di+1 
d- • ' '7—7 

di+l 

o p = 

o p = 

(Iws +Pi~P) 

{Iws + Pi) +Pi-1 
di+i 

-dj-iilws +Pi) di+ipi-i 

di+i — di-1 di+1 — di-1 

-di-i{lws +Pi) + di+1(pi - Iws) 

= Pi + l WS 

di+i — di-1 

dj-1 + dj-1-1 
di -1 — di+1 

(3.5) 

where p i - \ and p i are the positions of the zth and (z-l)th sense wire, Iws is the wire 
spacing and the di s are the various drift lengths as seen in fig. 3.3. The signs of d i -1 and 
di+1 are opposite since the electrons moving to the (z-l)th and the (z+l ) th wire drift 
in opposite directions. In the standard setting of the GRAND HAIDEN spectrometer, 
particles having correct trajectories usually cause more than three sense wires to fire, 
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x 1 0 3 x 1 0 3 

V D C 4 - T D C V D C 5 - T D C 

Figure 3.4: TDC spectra of the MWDCs for X- and U-plane wires. The X-axis is an arbitrary 
channel number. The drift velocity changes considerably in the vicinity of the sense wires. 
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except for particles with small scattering angles in the low-momentum region of the 
focal plane. 

Figure 3.5: Wire configurations of the X-plane and the U-plane of the MWDCs. The U-plane 
wires have an inclination angle of 48.1&3 relative to the X-plane wires. The wire spacing is 
6mm in the X-plane and 4mm in the U-plane. 

Four anode planes in two MWDCs are used to determine the three-dimensional tra-
jectory of the charged particles. Each VDC has two anode planes, an X-plane and an 
U-plane. The wire configurations of these planes are shown in fig. 3.5. The wires in the 
U-plane have an inclination angle relative to the X-plane wires of -0=48.19°. The sense 
wire spacing is 6mm in the X-plane and 4mm in the U-plane (see 2.3). 

The coordinate system in the MWDCs is given as in fig. 3.5 and is labeled x',y',z'. 
The z axis is perpendicular to the anode planes (X and U) of the MWDCs. The MWDC 
coordinate systems are different from the central ray coordinates (x,y,z), where the z-axis 
is the momentum direction of the central ray. 

The positions pxi,pX2,puI and Pui, determined as in equation (3.5), represent the 
incident ray positions in the drift chambers. The angles of the incident ray relative to 
the z axis in the MWDCs system are denoted by d'x,d'y and 9'u. Using the distance of 
the two MWDCs, L = z'x2 — zxl = z'u2 — zul, the angles can be determined as 

tan 9„ 

tan 9„, 

tan 9„ 

Px2 ~ Pxl 

L 

Pu2 - Pu 1 

L 

tan 9„ tan 9„ 
tan tfj sin tfj 

(3.6) 

(3.7) 

(3.8) 

and the x'0,y'0 and u0 positions (the horizontal, vertical and u-direction position at 
the z '=0 plane) in the MWDC coordinate system can be determined by (see fig. 3.6) 
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XN 

Un = 

Px 1 

Pui - zui • t an e'v 
/ / 

^n 
Z/o tan ip sin tp 

(3.9) 

(3.10) 

(3.11) 

angle ip. 

For the GRAND HAIDEN spectrometer, the distance between the two drift chambers 
is L = 2 5 0 mm. The horizontal and vertical angles in the MWDC coordinates can be 
converted back into the central ray coordinate system by using (see fig. 3.7) 

Ox = e'x-Oy DC (3.12) 

tan 9y = t an0 COSOVDC (3.13) 

with 6 V D C being the the angle at which the MWDCs are positioned relative to the 
central ray. For the GRAND HAIDEN setup, 6 V DC = 4 5 ° . The setup of the two MWDCs 
is shown in fig. 3.7. The central ray coordinate angles 9X and 9y as determined by 
equations (3.12) and (3.13) can be traced back to the scattering angles at the target. 
This will be described in the next section. 
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X 

Figure 3.7: Illustration of the coordinates x' and z' and the setup of the MWDCs at the 
G R A N D R A I D E X experiment. 

3.3 Reconstruction of the scattering angle 

In order to obtain a high-resolution spectrum for the reaction at 0° scattering angle, 
the scattering angles 9tgt and (f)tgt at the target have to be reconstructed from the focal 
plane observables 9fp and yfp. A good way to achieve this is the sieve slit technique 
using the over-focus mode of the Grand Raiden spectrometer (see 2.4.3 and [FujOl]). A 
multi-hole slit with well-known metrics as shown in fig. 3.8 is placed behind the target 
and a spectrum is recorded. The deformed image (see fig. 3.9) of the sieve slit is then 
used to obtain the correct scattering angles for the raytraced events. The procedure is 
explained in detail in the appendix B. The multi-hole slit (sieve) was installed 605.5 
mm behind the target. An example of the focal plane image of the sieve in 9fP and 
yfp (overfocus) coordinates for two different excitation energy regions (x f p coordinates) 
is shown in fig. 3.9. A 70 p.m 13CH2 target was used for the angle calibration runs. 
Two spectra were recorded for a total of 50min. For the reconstruction of the scattering 
angles, the dependence of the horizontal and vertical scattering angles at the target were 
assumed to be polynomial functions of the scattering angles at the focal plane and the 
position at the focal plane, as follows: 

3 3 1 

<ptgt = < f k g t { y f p , 0 f p , x f p ) = ^ 2 ^ 2 ^ 2 a i j k x t
f p e 3

f p y k
f p (3.14) 

i=0 j=0 k=0 

2 4 2 

Otgt = 0 t g t ( y f p , 0 f p , x f p ) = ^ ^ ^ 2 b i j k x t
f p y 3

f p e k
f p (3.15) 

i=0 j=0 k=0 

which requires 77 parameters in total to reconstruct the scattering angles (32 parameters 
for the vertical scattering angle and 45 parameters for the horizontal scattering angle). 
The determination of these parameters is explained and shown in the appendix. The 
result of the scattering angle reconstruction is shown in B.1.3. 
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distance to target: d=605.5 mm 

radius of large hole: 6 mm 

radius of small holes: 1.5 mm 

horizontal distance between 
small holes: 5.25 mm 

vertical distance between 
small holes: 6 mm 

horizontal displacement of 
large hole: 3.2 mm 

horizontal angles 

e = tarr1 (x / d) 
A =0.3028° 
B =0.4968° 
C =0.9935° 

0 o o vertical angles 

<j> = tan^1 (y/d) 

0 0 0 o o 
a =0.5677° 
b =1.1354° 
c =1.7028° 
d =2.2698° 

0 0 o o 
e =2.8364° 

0 0 0 o o 

0 0 0 o o 

Figure 3.8: The multi-hole slit used for the angle calibration. 
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Figure 3.9: Sieve slit images at the focal plane for two different Xfp gates 
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3.4 Correct ion of o and ^-aberrat ions 

After the sieve slit correction and the reconstruction of the target scattering angles 
6 tgt and (f)tgt, higher-order aberrations are still present in the spectra. They manifest 
themselves in distorted peak lines in the XfP — 9tgt and XfP — (f)tgt spectra. If the 
scattered particles were correctly focused, the peaks would be seen as straight lines. The 
defocusing is mainly due to the saturation of the dipole magnets of GRAND HAIDEN 
at the high magnetic field of 1.7 T . 

This aberration has important consequenced for the energy resolution of projected 
spectra. Since a spectrum obtained by making a cut in 9 — 4> space includes a range of 
9 or 4> coordinates, the distortion of the peak line severely worsens the resolution. 

To treat these higher-order aberrations, the peak lines were corrected by software 
using spline and polynomial interpolation. The novel procedure used to treat these 
aberrations and the software codes developed for this purpose are discussed in detail in 
the appendix B.2. 

After the treatment of the 4> and 9 aberrations, the tr i ton spectra have the desired 
high resolution needed for a detailed determination of B(GT) values. 

Figure 3.10 shows the results obtained after each step of the offline correction for a 
sample peak (the ground state of 13N). In the first row of the figure, only the sieve slit 
angle calibration has been carried out. Aberrations in 9 and 4> are clearly present and 
affect the projected spectra. The spectrum shown is the smallest angle cut, obviously 
the effect of the aberration on the resolution is even worse at larger angles. 

The second row shows the result obtained after correcting the ^-aberration with the 
procedures outlined in B.2. The Xfp — 9tgt spectrum is corrected so that a straight 
line is obtained, while the XfP — (f)tgt spectrum is still distorted. The resolution already 
becomes much better since the ^-aberration has a larger effect than the ^-aberration on 
the resolution. 

After treating the ^-aberration as well, the last row is obtained, which shows straight 
lines in the x-0 and x-9 spectra. After both aberrations have been treated, the final 
spectra have the highest possible resolution of around 30 keV and can be further analyzed. 
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Figure 3.10: Illustration of the effect of aberration corrections on the resolution of the 
final spectrum. The first column shows the Xfp — Otgt spectrum, the second column the 
X f p — (fttgt spectrum, and the final column the spectrum obtained by projection of events 

with e = + 4>tgt <0.5°. All plots show the ground state of13N obtained after various 

corrections. 

The first row (A) shows the spectra obtained after the sieve slit correction. The aber-
rations in 0 and (f) can be clearly seen. Even in a projection with 6 <0.5°, the effect on the 
energy spectrum are significant. 
The second row (B) shows the spectra obtained after a correction of the 6-aberration. The 
Xfp — Otgt spectrum now has the form of a straight line, while the Xfp — (fttgt spectrum is still 
distorted. 
The third row (C) shows the final spectrum after both the 9 and the (f) aberrations have been 
treated. The peak in the energy spectrum now has the best possible resolution of around 30 
keV. 
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CHAPTER 4. DATA ANALYSIS 

Chap te r 4 

Da ta Ana lys is 

4 .1 Project ions of 2D Spectra and cal ibrat ion 

Spectra for various scattering angle regions were obtained by projecting events within 
these regions onto the x-axis of the focal plane (see e.g. fig 4.18). Spectra for scattering 
angles between 0° and 0.50° are of main interest for the determination of Gamow-Teller 
strengths, while higher angle cuts were used to identify A L = 0 transitions, which have 
a pronounced forward-peaking in their angular distributions. Especially the difference 
spectra between 0° and 2° are very sensitive to A L = 0 contributions [Jän93]. Using 
several bins of scattering angles, the angular distribution can be extrapolated to the 
differential cross section at zero degrees, which is used to obtain the Gamow-Teller 
strength. 

4.2 Peak f i t t i ng 

The spectra were analyzed using the computer code SFIT [Fuj] by H. Fujita. The program 
allows to deconvolute peaks using a Lorentzian or gaussian peak shape, as well as a 
custom reference shape and its convolution with a Lorentzian peak shape. Even with 
the high resolution of around 30 keV, some peaks still overlap, especially with broader 
states, making deconvolution absolutely mandatory. The peaks in the spectra generally 
have a Lorentzian distribution, however this is affected by the beam condition, the fine-
tuning of the ion optics by hardware and the off-line spectrum reconstruction process. 
Therefore, it is useful to use an isolated peak (preferably with no natural width) as a 
reference shape for the peak f i t t ing procedure. 

For both the 9Be(3He,t)9B and the 13C(3He,t)13N reaction, the ground state peak 
was used as a reference peak. The peaks were sampled from a low-angle cut spectrum 
and smoothed by spline interpolation to obtain a reference function for the peak shape. 
The form of the peak shapes can be seen in figs. 4.1 and 4.2. Both reference peaks have 
a FWHM value of roughly 5 channels (4.75 chn for 9B, 5.2 chn for 13N), the excitation 

41 
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Figure 4.1: The reference peak shape for the 9ßef3He,tf B reaction used in the deconvolution 
of the spectra. The x-axis represents channel numbers, the y-axis the intensity in arbitrary 
units. 

Figure 4.2: The reference peak shape for the 13 Cf3He,t)13N reaction used in the deconvolution 
of the spectra. The x-axis represents channel numbers, the y-axis the intensity in arbitrary units. 
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energy being roughly 6.5 keV/chn1; this means the resolution achieved is around 30 keV. 
The ground states of 9B and 13N have only very small decay widths. The ground state of 
13N has a half-life of 9.965(4) min which gives a decay width in the order of 10~21 keV2, 
and the ground state of 9 B has a decay width of 0.54(21) keV. The spectra were fitted 
using channels as position variables. The position and width information resulting from 
the fits as well as their respective errors (see next section) were subsequently converted 
into excitation energy using the energy calibration functions obtained as described in 
Appendix C. 

4.3 Determina t ion of errors 

The program SFIT produces position, peak volume (intensity) and width information of 
the deconvoluted peaks. However, it does not automatically generate error estimates 
for these outputs. Nevertheless, it gives a x 2 value of the obtained fit. In order to 
estimate the f i t t ing error, a procedure suggested by P.R. Bevington [Bev69] was used. 
Approximating by expansion the hypersurface, one finds that for a variation of of in 
one parameter a» and an optimization of all other parameters a ^ j , the new value of x 2 

will be greater than the old value by 1: 

X2(at + o*) = X
2(at) + 1 (4.1) 

The errors of fits were determined using this approximation, which can be considered 
reasonable for the definition of the uncertainty Oi for linear and non-linear f i t t ing [Bev69]. 

4.4 Ident i f icat ion o f con taminan t peaks 

It has to be taken into account that states originating from target impurities can appear 
in the obtained spectra. There are no isotopic impurities in the Beryllium target case, 
since the natural abundance of 9Be is nearly 100%, with only trace amounts of 10Be. A 
small amount of carbon contamination must have existed in the target or the vacuum 
container since the strong 12N ground state peak can be observed in the spectra (see figs. 
4.13 and 4.14). Fortunately, due to the high resolution of the spectrometer, this state 
can be separated from the 9B states in the spectra. In the case of the 13C target, the 
target has a 99% enrichment in 13C (natural abundance 1.109%), thus contains 1% of 
the naturally more abundant (98.89%) 12C isotope. The 12N ground state (which is the 
most prominent state in the 12C(3He,t)12N reaction, see Appendix C) is thus observed in 
the spectra. Incidentally, the tritons being produced by an excitation of the ground state 
of 12N have nearly the same magnetic rigidity value Br within the spectrometer as the 
1=3/2, 15064.6(4) keV, J ^ = 3 / 2 " state in 13N. The separation of the cross-section of 
this peak from the contaminant cross-section is thus more difficult, but can nevertheless 
be achieved because of the high resolution of the spectrometer and by using the f i t t ing 

1See Appendix C 
2 r = m-s = 4-6 • 10-18eV 
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program (see 4.2). The difference of 0.4 kG-cm in magnetic rigidity corresponds to 58 
keV excitation energy difference, which is just at the limit of the resolving power of the 
spectrometer. This state will later be discussed in more detail. The spectra did not 
contain other contaminants or impurities. 

4.5 T h e 1 3C(3He,t )1 3N spect rum 

Figure 4.3 shows the full 13C(3He,t)13N spectrum recorded at 420 MeV beam energy 
for scattering angle Qiab<0.5°. In the following sections, the features of the spectrum 
(mainly the excitation energies and widths of excited states in 13N) will be analyzed in 
more detail. 

4.5.1 Excitation energies from 0 to 6.5 MeV 

The 13C(3He,t)13N spectrum from 0-6.5 MeV in excitation energy, for <diab<0.5° is shown 
in fig. 4.4, with a cut-off around 1000 counts, chosen to show the weakly excited states. 
The dominant peaks in this region are the J 7 r = l / 2 ~ ground state and the 3.5 MeV, 
3 / 2 " state of 13N. The 1/2+ state at 2.36 MeV and the 5/2+ state at 6.36 MeV can be 
weakly observed. 

Since the proton-separation energy of 13N is very low (5^=1.9435 MeV), all excited 
states have intrinsic natural decay widths. Thus, Lorentzian shapes were employed in 
fitt ing the peaks of the discrete states. When the energy resolution of around 30 keV 
was not negligibly small compared to the width of a discrete state, the Lorentzian shapes 
(BW) were folded with the reference peak shape shown in fig. 4.2 (RB) when possible. 
The obtained energies, decay widths and the triton yield in the 6<0 .5° angular cut 
are presented in table 4.1. There is good agreement with the compiled data from the 
nuclear data sheets (NDS) by F. Ajzenberg-Selove [AS91]. There is a state at 3.55 MeV 
(J 7 r =5/2+) which cannot be separated from the state at 3.5 MeV. The transition to the 
3.55 MeV state is not of Fermi or Gamow-Teller nature (AL^O) , and therefore is not 
expected to have a significant cross-section. If its cross-section were significant, it would 
drastically alter the angular distribution of the 3.5 MeV, 3 / 2 " state, since its angular 
distribution would have a minimum at zero degrees and a maximum at finite angle. This 
is not the case, as will be seen later. 
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Figure 4.3: Full spectrum of the 13C(3He,t)13N reaction at 420 MeV beam energy. In the 
lower part of the picture, the spectrum has been cut off in order to make weakly excited states 
visible. 
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Table 4.1: Summary of the spectrum deconvolution for excitation energies 0-6.5 MeV. 
peak shape is the response function folded with a Breit-Wigner (Lorentzian) distribution 
peak shape is a Breit-Wigner (Lorentzian) distribution only 

(c) 71/2=9.965(4) min [AS91] 
^ the natural width was determined from the width r B w of the fitted peak using the energy resolution 
from the response function for 13N of 33.8 keV: F c . m ^ ^ r ^ - 33.82 

Peak 
shape [keV] 

E{
x
NDS} 

[keV] 
.r 

(NDS) 

V(EXP) 
1 c.m. 

[keV] 

r(NDS) 
1 c.m. 

[keV] 
T r i t o n 

RB(«) 1.2(34) 0 1/2- 0+3 Q(E) 34826(849) 

RB 
r)'i7'i 1 + 2 5 . 5 Z O / O . l _ 2 o . g 2364.9(6) 1 / 2 + 23(3) 31.7(8) 328(54) 

RB 3501.2l3;^ 3502(2) 3/2- 52 .5 l< i 62(4) 94238(2534) 

- - 3547(4) 5 / 2 + - 47(7) -

B W
( 6 ) 

6363.3(34) 6364(9) 5 / 2 + 1 5 ( 7 ) ^ 11 69(12) 
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Figure 4.4: Deconvolution of the spectrum for scattering angle less than 0.5° of the 
13 C(3 He,t)13 N reaction for excitation energies 0-6.5 MeV. 
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4.5.2 Excitation energies from 6 to 16 MeV 
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Figure 4.5: Deconvolution of the spectrum for scattering angle less than 0.5° of the 
13 Q3He,t)13 N reaction for excitation energies 6-16 MeV. 

The 13C(3He,t)13N spectrum from 6-16 MeV in excitation energy (for 6/a fc<0.5°) 
is shown in fig. 4.5, while fig. 4.6 shows the same spectrum with a y-axis cut-off at 
750 counts, for a better visibility of the weakly excited states. The excitation energy 
and decay width of eight states in total were determined for this scattering angle region 
using SFIT. The results are summarized in table 4.2 and compared to the compiled 
values [AS91], 

As expected, mainly states with JW=1/2" and 3 / 2 " ( A L = 0 ) are excited at zero 
degrees in the (3He,t) reaction. These are the prominent states in the spectrum for this 
energy region, at 8.9 MeV ( 1 / 2 " ) , 9.5 MeV ( 3 / 2 " ) , 10.8 MeV ( 1 / 2 " ) , 11.9 MeV ( 3 / 2 " ) 
and 15.1 MeV ( 3 / 2 " ) . 

The state at 11877(7) keV excitation energy (with r c . m .=82(5) keV) in the spectrum 
is strongly excited, and its angular distribution clearly supports a A L = 0 assignment. 
The compilation, however, lists a state at 11860(40) as being a 1 /2+ state with a width 
of 380(50) keV, both of which are not supported by the present experimental evidence. 
The 11860(40), 1 /2+ level was observed by Meyer and Plattner [Mey73] in 1973 from 
proton scattering on 12C, who only found a 3 / 2 " state at 11.7 MeV with a width of 530 
keV. A similar study from 1972 by Wienhard, Clausnitzer and Hartmann [Wie72] found 
no evidence for the 1 /2+ state found by Meyer and Plattner, which was inside the energy 
range of their analysis. Wienhard et al. found a 3 / 2 " state at E, r=11.67 MeV (a level 
which they felt was not identical with the 11.88 level seen in pick-up and two-nucleon 
transfer reactions, see below) and a 3 /2+ state at 11.82 MeV, deduced from a strong 
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Table 4.2: Summary of the spectrum deconvolution for excitation energies 6.5-16 MeV. 
the natural width was determined from the width T B w of the fitted peak using the energy resolution 

from the response function for 13N of 33.8 keV: — 33.82 

^ The angular distribution as well as observations by other experimentators are strongly supporting 
the 3/2- assignment, see discussion in text or [Fuj04a] 

The existence of a 3 /2~ state at 11.8 MeV has been confirmed by many other transfer reactions, 
see text. 

Peak 
shape [keV] [keV] 

.F 

(NDS) 

r ( E X P ) 
1 c.m. 

[keV] 

r(NDS) 
1 c.m. 

[keV] 

BW 7385.2(68) 7376(9) 5/2- 66.2(74)(°) 75(5) 

RB 8881(27) 8918(11) 1/2- 243(14) 230 

RB 9478(11) 9476(8) 3/2- 25(2) 30 

RB 10811.3(45) 10833(9) 1/2- 20(2) 

RB 11876.9(65) 11860(40) 
or 11740(50), 

11.88 MeV<c> [Fuj04a] 

1 / 2 + 
or 3/2-W 

3/2" 

82(5) 380(50) 
or 530(80) 
98 [Fuj04a] 

BW 13474(48) 12937(24) or 
13.5 MeV [Nag61] 

438(27) >400 
500 [Nag61] 

BW 13645 13500(200) 3 / 2 + 4565 «6500 

RB 15062.6(25) 15064.6(4) 3/2- 5 . 0 1 ^ 0.86(12) 
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destructive interference observed in the 12C(p,70)13N reaction at 90° indicating a level 
with positive parity (1/2+ or 3/2+) at 11.8 MeV. 

An 11.8 MeV, 3 /2 " , T=115 keV state had already been observed in many transfer 
reactions in the 1960s, by Kozub et al. [Koz67], Bachelier et al. [Bac66], Hinterberger 
et al. [Hin68], Fleming et al. [F!e68] and Ball et al. [Bal69], More recently (2004), 
Fujimura et al. [Fuj04a] have also studied the (3He,t) reaction on 13C at 450 MeV and 
found this 3 / 2 " state at E ^ l l . 8 8 MeV with a width of 98 keV, which is in agreement 
with the observations in the present study. It seems the elastic proton scattering is not 
sensitive to this level, which is clearly seen as a strongly excited state in both (p,n) and 
(3He,t) reactions. This 3 /2 " state was also observed in nB(3He,n) at 11878(12) keV, 
14N(p,d) at 11.86 MeV and 14N(d,t) at 11.8 MeV [AS91], The (p,n) reaction does not 
offer sufficient energy resolution to choose between 11.74 and 11.88 MeV, the recent 
experiment by Wang et al. [WanOl] with an energy resolution of 200 keV gives the 
compiled energy of 11.74 MeV. 

The analog 3 /2 " state in 13C is given at 11.748(10) MeV with a width of r=110(15) 
keV, while a level at 11.848(4) MeV with a width of 68(4) keV is assigned J n = 7 / 2 + [AS91]. 
A 12C(d,p)13C experiment by Goss et al. [Gos73] saw both levels in the proton spectra 
at 11.748(10) MeV ( r=107(14)) and 11.851(5) MeV ( r=68(4)) . The 3 / 2 " spin as-
signment for the 11.75 MeV level in 13C is the result of a neutron inelastic scattering 
study (12C(n,n)12C) by Knox and Lane [Kno82], who acknowledge that the "proposed 
structure in this region is less certain than that at lower energies due to the difficulties 
in fitting the experimental data in this region". 

The excitation energies and decay widths of all other negative parity states observed 
are in agreement with the compiled data. 

The T=3 /2 , J7 r=3/2~ state at 15.1 MeV is important for the analysis of GT strengths 
for calibration purposes, as it has two analog /3-decay transitions (13B(/3~)13C and 
130(/3+)13N ), whose lifetimes, and thus B(GT) values are known from experiments. 

In the (3He,t) experiment on a carbon target, a difficulty arises since the 15.1 MeV 
state in 13N is nearly inseparable from the ground state of 12N excited by the charge-
exchange reaction on 12C, especially if a target with low enrichment in 13C is used. At 420 
MeV and zero degrees, r e l k i n [Phi67, Poi68, Dav69] gives a magnetic rigidity value of 
5193.45 kG-cm for the 15.1 MeV state in 13N and 5193.05 kG-cm for the ground state of 
12N. This difference of 0.4 kG-cm corresponds to an energy difference of 58 keV3, which 
means the separation of both states is just at the limit of the resolving power of GRAND 
HAIDEN (both states have negligible intrinsic decay widths). Previous experiments, like 
the (3He,t) experiment on an enriched 13C target by Fujimura et al. [Fuj04a], with a lower 
energy resolution (about 300 keV), were not able to separate both states and had to 
estimate the influence of the 12N ground state cross-section on the 13N T=3 /2 , J7 r=3/2~ 
state cross-section at 15.1 MeV excitation energy. 

In the present work, it was possible to separate both states in the deconvolution 
analysis using SFIT and the reference peak shapes. The deconvolution for 6 i ( l f c<0.5° is 
shown in fig. 4.7. In this spectrum (and for the used target which had 99% enrichment in 

3See Appendix C 
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Figure 4.6: Deconvolution of the spectrum for scattering angle less than 0.5° of the 
13 Q3 He,t)13 N reaction for excitation energies 6-16 MeV. The spectrum is scaled for better 
visibility. 

Data 
All peaks 

Background 

13C(3He,t)13N, scattering angle < 0.5 
(energy region 6-16 MeV) 

1. Ex=6364 keV 
2. Ex=7385 keV 
3. Ex=8881 keV 
4. Ex=9478 keV 
5. Ex=10811 keV 
6. E x =l 1877 keV 
7. Ex=13474 keV 
8. Ex=13645 keV 
9. Ex=15063 keV 
10. ground state of 12N 

13C), the 12N ground state cross-section corresponds to around 6.5% of the cross-section 
of the 13N state at 15.1 MeV. 

Another feature of the recorded spectrum is the presence of a broad state which peaks 
at around 13.6 MeV. The data compilation quotes a state at 13.5(2) MeV with a width 
of «6.5 MeV. There are two references for this level, a ,m tC(p,7) reaction at 9-24 MeV 
proton energy by D. F. Measday, M. Hasinoff and D. L. Johnson [Mea73] which gives 
the 6.5 MeV width, and an elastic proton scattering experiment by Nagahara [Nag61], 
who obtained E,r=13.5 MeV and T=500 keV. The present experimental study seems to 
reflect both results. A state at 13.5 MeV can clearly be seen (we obtain 13474(48) keV), 
and the width of 438(27) is comparable to the width obtained by Nagahara. On the 
other hand, there is also evidence for a broad underlying structure in the region between 
10 and 16 MeV in excitation energy. The state at 13645 keV presented in table 4.2 
was obtained by holding all other peak positions and widths at their previously fitted 
positions, and fitt ing a broad Lorentzian shape with free width and position. The best 
X2 was obtained for E.r=13645 and T=4565, which is close to the value of Measday et 
al. [Mea73]. It is difficult to give error estimates for these broad states from the fit, but 
the position can vary by at least 100 keV and the width by several hundred keV. 

At higher scattering angle, the cross-section of states excited via A L > 1 gradually 
increases. This can be seen in fig. 4.8, where the spectra obtained for different scattering 
angle regions are plotted, adjusted for the solid angle size (see 4.8). The spectra are 
plotted with a small y-offset of 25 units per spectrum for better visibility. Since the 
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Figure 4.7: Separation of the 12N ground state and the 13N T=3/2 state at 15.1 MeV in the 
deconvolution analysis with SF1T. 

spectra have been adjusted for the solid angle, the y-axis is directly proportional to the 
differential cross-section. 

Small peaks that appear at higher scattering angle can clearly be distinguished. Peaks 
at 6950 keV (most likely corresponding to the 6886(8) keV, 3 /2+ state in the compila-
tion [AS91]) and 7170 keV (most likely corresponding to the 7155(5), 7 /2+ state in the 
compilation) can be observed below 8 MeV. Another state not present in the zero degree 
spectrum is found at 10.29 MeV (most likely corresponding to the 10.25(15), ( l / 2 + ) 
state in the compilation). 

4 .5 .3 Excitat ion energies f rom 17 to 30 M e V 

At higher excitation energy, beyond the 15.1 MeV T = 3 / 2 state, there is anecdotal 
evidence for a state around 15.9 MeV which could either correspond to the 15.3(2) 
MeV, (3/2+) or to the 15.99(3) MeV, 7 /2+ state in the compilation. There is also 
indication for one or more broad state(s) at around 18 MeV, and there are two possible 
candidates in the compilation: 18.15(3), 3 /2+ and 18.17(2), 1 / 2 " . The states observed 
in fig. 4.9 at 17.8 MeV and 18.2 MeV can be better distinguished at higher angle, since 
the cross-section of the 17.8 MeV state increases with higher scattering angle. 

The state observed at 18.4 MeV clearly has A L = 0 nature, however the compilation 
quotes a state with E,r=18.406(5) MeV and Jw=3/2+, observed in proton scattering on 
12C. The situation here could be similar to the one encountered at the 11.8 MeV level, 
as the (p,n) reaction does not have sufficient energy resolution to distinguish between 

C( He,t) N, scattering angle < 0.5° 



52 CHAPTER 4. DATA ANALYSIS 

N(G < 0.5°) jV(1.0° < 0 < 1.5°)/3.325 
13 PY3 U a 13 

N(0.5° < © < 1.0°)/2.925 N(1.5° < 0 < 2.0°)/2.896 ^ 

Figure 4.8: Spectra of the 13 C(3 He,t)13 N reaction for excitation energies 6-19 MeV at different 
scattering angles. The spectra are offset by 25 counts to each other for better visibility, and 
have been scaled with their respective solid angle adjustment factors (Qi/Q\) so that the y-axis 
is directly proportional to the differential cross-section. The lowest spectrum (red) shows the 
data obtained for @<0.5°, the next spectrum (black) the data for 0.5°<@<1.0°, the spectrum 
with +50 counts offset (blue) shows the data for l.CP<@<1.5° and the last spectrum (green) 
shows the data for 1.5° <@<2.0°. It is evident in the green and blue spectra that states excited 
with AL >1 appear at higher scattering angle. 
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Figure 4.9: Deconvolution of the spectrum for scattering angle less than 0.5° of the 
13 Q3He,t)13, N reaction for excitation energies 17-30 MeV. 

18.2 and 18.4 MeV (Wang et al. give the 18.17 MeV value for the 3 / 2 " level). Fujimura 
et al. [Fuj04a] (who also noted the difficulty to find one-to-one correspondence with the 
compiled data) also observed this level, they found it at 18.37(1) MeV with a width of 
23 keV (fixed, corresponding to the compiled width of the 18.96(1), (3 /2~,7 /2 + ) state), 
which is in agreement with the present study. The two smaller states at 17.8 MeV and 
18.2 MeV were found by Fujmura et al. [Fuj04a] at 17.68(3) MeV and 18.12(2) MeV 
respectively. 

There are more states at higher excitation energy, but no A L = 0 nature can evidently 
be attributed to them. Since this work is restricted to rather small scattering angles, not 
much can be said about the states beyond 19 MeV. The work of Fujimura et al. [Fuj04a] 
also studied higher scattering angles of up to 6.25°, and analyzed the region 16-30 MeV 
excitation energy in great detail. Of the states found in [Fuj04a], the states at 19.15 
MeV (19.11(1) MeV in [Fuj04a]), 19.76 MeV (19.83(2) MeV in [Fuj04a]). 21.9 MeV 
(22.14(1) MeV in [Fuj04a]) and 24.6 MeV (24.50(4) MeV in [Fuj04a]) were observed as 

(Energy region 1 7 - 3 0 MeV) 13, 
C(AHe,t)13N, scattering angle < 0.5C 

1. E x = 17758 keV 
2. E x = 18160 keV 
3. E x = 18397(4) keV 
4. E x = 19152 keV 
5. E x = 19757 keV 
6. E x = 21882 keV 
7. E = 24614 keV 

4000 4500 5000 chn 5500 
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4.6 T h e 9 Be( 3 He, t ) 9 B spect rum 

Figure 4.10 shows the full 9Be(3He,t)9B spectrum recorded at 420 MeV beam energy for 
scattering angle 6 i ( l f c<0.5°. The nucleus 9Be has the smallest neutron separation energy 
among stable nuclei (Sra=1665.4(4) keV) [Til04], and the mass difference between 9B 
and 9Be being smaller than the mass difference between proton and neutron gives a 
negative proton separation energy for 9B (Sp=-185.6(10) keV), which means all states 
in 9B are above the proton threshold and particle-unbound. 

In the following sections, the features of the spectrum (mainly the excitation energies 
and widths of excited states in 9B) will be analyzed in more detail. 

4.6.1 Excitation energies from 0 to 10 MeV 

The excited states in 9B below 10 MeV, with exception of the ground state, are overlap-
ping with large widths, which makes the identification of individual states rather difficult. 
All states below 10 MeV are T = l / 2 states. The deconvolution of the spectrum was at-
tempted based on the compiled information from Tilley et al. [Til04]4. The obtained 
excitation energies and widths for states below 10 MeV are summarized in table 4.3 and 
compared to the previous evaluations. The deconvolution of the spectrum is shown in 
the figures 4.11 and 4.12. 

The first excited state in 9B is deemed to be the analog of the 1.68 MeV, J 7 r = l / 2 + 

state of 9Be. The search for this state has yielded a wide range of possible energies and 
widths in previous experimental studies. Since 1/2+ states are only weakly excited in 
the (3He,t) reaction at forward angle, this state would be buried under the very large 
bump-like structure arising from the overlapping of the higher excited states with large 
widths. The present deconvolution attempt yields a value for the excitation energy of 
1.85(13) MeV for this state, and a decay width of 7OOI200 keV. This is broadly in line 
with previous studies, especially the recent (3He,t) deconvolution analysis by Akimune 
et al. [AkiOl]. The next state is the strongly excited 5 / 2 " state at 2.358(7) MeV (the 
second-strongest after the ground state), whose excitation energy and width is well 
confirmed in the present study. 

The study by Akimune et al. [AkiOl] from 2001, using the same (3He,t) reaction at 
a slightly higher beam energy of E/A=150 MeV, furthermore found compelling evidence 
for a state at excitation energy of 3.8 MeV, which is also clearly seen in the present 
experiment. The angular distribution also supports a A L = 0 character, and the obtained 
decay width also agrees with the value obtained by Akimune et al. 

The spectrum of the present experiment also contains a rather strongly excited state 
with A L = 0 character around 2.7 MeV. Akimune et al. observed this state as well, 
but fixed the excitation energy at 2.788 MeV, which corresponds to a state assigned 
5/2+ [Til04], The evaluation cites a state at 2.75(30) MeV with J 7 r = l / 2 " (analog 
to the 2.78 MeV state in 9Be) which would better correspond to the observed angular 

4The most current data can be found on the TUNL nuclear data evalutation website, 
http://www. tunl. duke.edu/nucldata/ 

http://www
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F i g u r e 4 . 1 0 : Full spectrum of the gBe(3He,t)gB reaction at 420 MeV beam energy. In the 
lower part of the picture, the spectrum has been cut off in order to make weakly excited states 
visible. 
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Figure 4.11: Deconvolution of the lower part of the spectrum for scattering angle less than 
0.5° of the 9Be(3He,t)9B reaction. The spectrum is scaled to the height of the 2.3 MeV peak 
for better visibility (the ground state peak has 1.13-105 maximum counts). 

distribution and excitation strength. However, the decay width cited in the compilation 
(3.13(20) MeV) is larger than the value obtained from the deconvolution (1.0(2) MeV). 
It does however agree with the value obtained in [AkiOl]. 

The states given in the compilation at 4.8 MeV and 7.0 MeV are not strongly excited 
and also do not exhibit A L = 0 character in their angular distribution. Their positions 
have been kept fixed for the deconvolution. Although the presence of further strongly 
excited states in the spectrum can be ruled out, there is some evidence pointing to the 
presence of one (or more) state(s) with a large decay width around 8 MeV excitation 
energy. It is however very difficult to give an exact position or width for this hypothetical 
state because of the weak excitation and large ambiguity in the f i t t ing procedure. A 
good fit is obtained for E.r «8.8 MeV and V « 6 MeV. 
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Table 4.3: Summary of the spectrum deconvolution for excitation energies 0-10 MeV. 
The observables presented in columns indicated with a (NDS) superscript denote values 
from the evaluation by Tilley et al. [Ti!04], unless another citation is given. 

this value has been kept fixed for the deconvolution 
A wide range of excitation energies and widths have been given from searches for the analog of the 

1.68 MeV 1/2+ state of 9Be [Til04], The values obtained by Akimune et al. [AkiOl] for the excitation 
energy and width of this state closely coincide to the values obtained in the present study. 

A 5 /2+ and a 1 / 2 - state have been reported in this energy range [Til04], Akimune et al. chose to fix 
the position of this state in the spectrum at 2788 keV, but acknowledged the angular distribution does 
not follow the expected L = 1 behaviour for a 5 /2+ state. The width, however, matches the reported 
value. The excitation energy obtained in the present study agrees with both energy values, but not the 
quoted widths. It agrees with the width obtained in [AkiOl], and the angular distribution shows a clear 
A L = 0 character. 

This state is not present in the previous evaluations. The deconvolution of the spectrum supports 
the presence of an additional very broad peak within this energy range. 

E i E X F ) 

[keV] 

NDS) 

[keV] 
J7r(NDS) r ( E X P ) 

1 c.m. 

[keV] 

UNDS) 
i c.m. 

[keV] 

0.0(3) g.s. 3/2- o.o+°-5 0.54(21) 

1850(130) «1600 (6) 

1800^20 [AkiOl] 
70012OO «700 

600!32?° [AkiOl] 

2358(7) 2361(5) 5/2- 84(7) 81(5) 

2730(70) 2750(300)^ 
2788(30)(c) 

1/2-
5 / 2 + 

1000(200) 3130(200) 
550(40) 

8IOI310 keV [AkiOl] 

3930(100) 3 8 2 0 l | ° [AkiOl] 1570(250) 1330lggQ [AkiOl] 

4900(a) 4800(100) 2000(500) 1200(200) 

7000<°> 6985(50) 7/2- 2190(") 2180(150) 

8800(<i) « 6000 
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Figure 4.12: Deconvolution of the lower part of the spectrum for scattering angle less than 
0.5° of the 9 Bef3 He,tf B reaction. The spectrum is scaled to the height of the 2.73 MeV peak 
for better visibility of the broad states making up the "bump"-like structure of the spectrum 
between 1-10 MeV excitation energy. 
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4.6.2 Excitation energies from 10 to 16 MeV 

Figure 4.13: Deconvolution of the spectrum for scattering angle less than 0.5° of the 
9Be(3He,t)9B reaction for excitation energies 10-16 MeV. 

More easily separable peaks appear in the spectrum starting with the 12.245(56) 
MeV, 5 / 2 " state. The deconvolution of the spectrum in the excitation energy region 
10-16 MeV is shown in fig. 4.13, and the obtained energies and widths are presented in 
table 4.4 and compared to the compiled data. 

The observed excitation energy of the 12.2 MeV state agrees with the compilation, 
however we find a somewhat smaller decay width of 376(20) keV ( r ( W D S ) =450(20) keV). 

A bump-like structure can be seen in the spectrum between 13.8 and 15.3 MeV. It 
contains the well-separated 1410llgo keV state (its energy and width agree with the 
compilation, and the angular distribution supports a A L = 0 assignment, which gives the 
spin/parity assignment possibilities J 7 r =( l / 2 ,3 /2 ,5 /2 ) " ) , and the T = 3 / 2 analog state 
to the 9C ground state (J7 r=3/2~) at 14.65 MeV. 

The remaining strength is given by the compilation as a state with E,r=14.70(18) 
MeV and T=l .35(20) MeV. The deconvolution of the spectrum cannot be achieved in a 
satisfactory way assuming the existence of such a state. Especially the sharp drop of the 
spectrum at around 15.3 MeV rules out a significant strength with large decay width. 
The deconvolution attempt of the present spectrum uses three states which the best 
fit places at 14.45, 14.90 and 15.2 MeV, with decay widths of 175,330 and 150 keV, 
respectively. The angular distribution of the whole "bump" shows no significant A L > 1 
contribution, so that it can be assumed that the whole structure could have GT nature 
(the (5/2)~ assignment in the compilation is thus not contradicted). However, since it 
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seems that a decomposition in several smaller states is required in order to reproduce 
the total structure, it cannot be ruled out that strength arising from higher L transfer 
is present in the structure, it will therefore not be attempted to extract a GT strength 
from the three extra states derived from the deconvolution, but rather an upper limit 
for the GT strength that can be derived from the zero degree cross-section of the whole 
structure will be given. 

The spectrum contains a further state, near the contaminant 12N ground state peak, 
but well-separated, at 16050(40) keV, which agrees with the compiled value of 16024(25) 
keV (the obtained width agrees as well). This state does not have a spin/parity assign-
ment, but the angular distribution supports a A L = 0 character for this state. It can thus 
be assigned J ^ = ( l / 2 " , 3 / 2 - , 5 / 2 " ) . 

Table 4.4: Summary of the spectrum deconvolution for excitation energies 10-16 MeV. 
The observables presented in columns indicated with a (NDS) superscript denote values 
from the evaluation by Tilley et al. [Til04], unless another citation is given. 

The bump-like structure between 13.8 and 15.3 MeV was deconvoluted using the clearly separated 
peaks at 14.1 MeV and 14.65 MeV. The compilation [Til04] only gives one very broad state ( r= l . 35 (20 ) 
MeV) at an energy degenerate with the T = 3 / 2 peak at 14.65 MeV. The present spectrum can not be 
deconvoluted using such a state. Instead, it was found that rather three states are needed to correctly 
reproduce the observed spectrum. They are given here with the fitted positions and width, without 
errors. The state at the edge of the bump, at Ea;=15.2 MeV might correspond to the 15.3 MeV state 
in the compilation. 

P (EXP) 

[keV] 

r-(NDS) 
tic 

[keV] 
J7r(NDS) r ( E X P ) 

1 c.m. 

[keV] 

r(NDS) 
1 c.m. 

[keV] 

12245(56) 12190(40) 5/2- 376(20) 450(20) 

1410ll59° 14010(70) 7 T = - 454(35) 390(110) 

14652(3) 14655(3) 3/2-, T = 3 / 2 o.o+7-° 0.395(42) 

14450(«) 
14895^ 
15205^ 

14700(180) 
15290(40) 

(5/2-) 
175 
330 
150 

1350(200) 

16050(40) 16024(25) 155(20) 180(16) 

4.6.3 Excitation energies from 16 to 25 MeV 

The deconvolution of the spectrum for the excitation energy region 16-25 MeV is shown 
in fig. 4.14, and the obtained energies and decay widths are summarized in table 4.5, 
and compared with previously compiled data. 
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Figure 4.14: Deconvolution of the spectrum for scattering angle less than 0.5° of the 
9Be(3He,t)9B reaction for excitation energies 16-25 MeV. 

The 9B nucleus has a second T = 3 / 2 state (the analog of the first 1 /2 " state in 9Li 
and 9C) at 17.1 MeV, which is seen as a sharp state in the (3He,t) spectrum. Its level 
energy is known with good accuracy from its 7-decay to the ground state. 

Some 300 keV lower there is a state identified at 16.71(10) MeV in the compila-
tion [Til04], from unpublished work [Pug85, Faz82] on 9Be(p,n). Dixit et al. [Dix91] 
observed the analog state in 9Be at 16.671(8) MeV, which is assigned J7 r=5/2+ , which 
would not be contradicted by the observed angular distribution (AL>1) . The level en-
ergy assigned in the present study (E,r=16.800(10) MeV) is much more precise than the 
compiled value, since the state can be well separated from the T = 3 / 2 state owing to 
the high resolution. 

The width of this state has not been given before, we obtain 81(5) keV in the present 
study. 

The next observed peak is seen at 17.637(7) MeV in the present study. There are 
two levels in the compilation which correspond to this energy, and it might well be the 
case that both levels are not distinct [Til04], One is given as 17.54(10) MeV (7/2+) 
from unpublished 9Be(p,n) work [Pug85, Faz82] and is thought to be the analog of the 
9Be 7/2+ state at 17.49 MeV. Dixit et al. observed this level at 17.490(9) and assigned 
J7r=7/2+. The other compiled state is given at 17.638(10) MeV, with a decay width of 
71(8) keV. The energy assigned in the present study (E,r=17.637(7) MeV) agrees well 
with the second data point, however the width obtained is a little larger (r=102(18) 
keV). The decay width from the compilation is the average of 71(8) keV obtained from 
a 7Be(d,n) experiment and 70(20) keV from a 6Li(3He,a) study [Ti 104], The angular 
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distribution of this peak does not have A L = 0 character. 

There are only two more levels compiled above 18 MeV excitation energy in 9B, both 
are broad and lie near to the neutron and triton separation energies. The level given 
as Ex=18.6(3) MeV, T = 1 MeV is observed at 18.65(10) MeV with a somewhat smaller 
width of 680(140) keV. The 8 B + n separation threshold lies at 18.577 MeV. 

The last compiled state is given at £^=20.7(5) MeV, T=1.6(3) MeV. We observe 
this level at 20.85(10) MeV with a larger width of 2.56(22) MeV. The 6 Be+t separation 
threshold lies at 20.909 MeV. 

Table 4.5: Summary of the spectrum deconvolution for excitation energies 16-25 MeV. 
The observables presented in columns indicated with a (NDS) superscript denote values 
from the evaluation by Tilley et al. [Til04], unless an other citation is given. 

level from unpublished work on 9Be(p,n) [Pug85, Faz82], which might not be distinct from the 
17.637(10) MeV level [Til04], The V assignement of the analog state in 9Be was determined from a 
proton scattering experiment at 180 MeV by Dixit et al. [Dix91], who placed this level at 17.490(9) MeV. 
The present study cannot distinguish these states. The angular distribution of the observed 17.637(7) 
MeV peak does not have A L = 0 character. 

P (EXP) 

[keV] 

p (NDS) 
t-x 

[keV] 
J7r(NDS) r ( E X P ) 

1 c.m. 

[keV] 

r(NDS) 
1 c.m. 

[keV] 

16800(10) 16710(100) (5 /2+ ) 81(5) 

17076(4) 17076(4) 1/2-, T = 3 / 2 22.5(35) 22(5) 

17637(7) 17638(10) 
17540(100)(°) (7 /2+ ) [Dix91] 

102(18) 71(8) 

18650(100) 18600(300) 680(140) 1000 

20850(100) 20700(500) 2560(220) 1600(300) 
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4.7 Ident i f icat ion of A L = 0 states in the ( 3 He, t ) 
react ion 

Gamow-Teller transitions occur upon the action of the <tt operator on the nuclear wave-
function, where r changes the isospin, and the operator a can cause a change A S = 0 or 
1 in the spin part of the nuclear wavefunction, but no change in L. In Fermi transitions, 
there is no change in orbital or spin angular momentum. The orbital angular momentum 
L is not always a good quantum number, however if the nuclear wavefunction is decom-
posed in its various components, it can be seen that Gamow-Teller of Fermi transitions 
can only occur between those parts of the wavefunction where the orbital momentum 
L of the considered components does not change (the wavefunctions of the initial and 
final states have components with the same values of L). The (3He,t) reaction at zero 
degrees mainly excites states via A L = 0 , which is desired since Gamow-Teller (and Fermi) 
excitations are the subject of this analysis. However, states with higher angular momen-
tum transfer can be weakly observed as well, and their cross-section increases with the 
scattering angle. The A L = 0 cross-section has a strong forward-peaking with maximum 
at zero scattering angle, while the cross-section for states excited via A L > 1 increases as 
the momentum transfer q gets larger. The cross-sections of these states peak at finite 
angle. Figure 4.15 shows the typical angular distribution of cross-sections obtained for 
different A L transfer in a (3He,t) reaction. The angular distributions were calculated 
using the DWBA code FOLD by J. Cook and J.A. Carr [Coo] in an updated version. 

Figure 4.15: Angular distribution of differential cross-sections depending on the angular mo-
mentum transfer AL for a typical ('3He,t) reaction. Calculated with FOLD [COO], The insert 
shows the detail of the angular distribution from OP to 3°, which is the region of interest in the 
zero-degrees scattering experiment. 

There are various ways to identify the s ta tes t h a t are excited in the ( 3 He, t ) reaction 
via A L = 0 . One way would be to take the intensity ratio of s ta tes around zero degrees 
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and at finite angle, and to normalize it with respect to a known A L = 0 transition. States 
exhibiting the same behaviour as this transition could then be classified as A L = 0 , while 
states showing a higher ratio would be classified as A L > 1 . 

Another method would be to analyze the angular distribution of the respective cross-
sections in detail. The angular distribution of cross-sections can be compared to a DWBA 
calculation to analyze the L-transfer character. This is the most exhaustive method and 
should be used if the first, rather crude method is inconclusive. The rough method of 
considering intensity ratios of zero degree and finite scattering angles is, however, in 
most cases sufficient to distinguish A L = 0 from A L > 1 states. 

The figures 4.16 and 4.17 show a plot of the normalized ratio of counts obtained 
from the deconvolution of the spectrum with scattering angle less than 0.5° to the 
spectrum with scattering angle 1.5° < 6 <2.0° for both analyzed nuclei. The ratio is 
normalized so that the average of the ratio obtained from the ground state transition 
and the transition to a highly excited T = 3 / 2 state is unity. It can be seen that in both 
cases, the normalized ratio of states with dominant A L = 0 character does not deviate 
more than 25% from unity. 
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Figure 4.16: Identification of A L = 0 states in the 13 Cf3He,t)1 3N reaction. The ratio of the 
counts obtained in the 1.5° < 6 <2.0° spectrum to the counts obtained in the 0.0° < 6 <0.5° 
spectrum can be used as a tool to identify these states. The ratio was normalized to the average 
value of the ratio for the ground state and the 15.1 MeV state. The lines show variations of 
25% from unity. States within the lines have a dominant AL=0 nature. The ratio is plotted 
on a logarithmic scale. 
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Figure 4.17: Identification of AL=0 states in the gBe(3He,t)gB reaction. The ratio of the 
counts obtained in the 1.5° < 6 <2.0° spectrum to the counts obtained in the 0.0° < 6 <0.5° 
spectrum can be used as a tool to identify these states. The ratio was normalized to the average 
value of the ratio for the ground state and the 17.1 MeV state. The lines show variations of 
25% from unity. States within the lines have a dominant AL=0 nature. 
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4.8 Determina t ion of Cross-sections 

This section describes the experimental procedures used to derive absolute differential 
cross-sections for the experiments. The analysis of the angular distributions of cross-
sections (the experimental results) will be considered in detail in the next chapter, as the 
extrapolated differential cross-section at zero degrees is used to determine the B(GT) 
strength. 

The scattering angles were divided into four bins of 0.5° (8.7 mrad) (See figs. 4.18 
and 4.19) in the laboratory frame, up to a total of 2° (34.9 mrad) in scattering angle. In 
the center of mass frame, 2° in the lab frame correspond to around 2.52° for the carbon 
target and 2.74° for the beryllium target5. The solid angle Qj ( i= l ,2 ,3 ,4) is 

r 2TT rSi+i 
Q i = / sin OdOd® (4.2) 

J$=o Je=8i 

where 6 and $ are the regular spherical coordinates, while the scattering angles derived 
from the experimental data are the horizontal (9) and vertical ((f)) scattering angles. 
However, since the involved angles are small (horizontal displacement angle (9) and 
vertical displacement angle ((f)) are smaller than 2°), the surface of the circle inscribed 
in the 9-<p plane as in fig. 4.18 and 4.19 can also be used as a good approximation to 
obtain the relevant solid angle. This surface is much easier to calculate, especially if the 
angles are limited by the spectrometer acceptance: 

Qr>a>b ~ 2 • Ir(a, b) = 2 • / Vr2 - 92 d9 = I 9Vr2 - 92 + r2 arcsm • (4.3) 

For example, in the case of Qi , the difference is 8-10 4% (0.8 pcm): 

»2 IT ' Z7r ' 360 
Q1= / sm<dd<dd& = 0.000239244 sr (4.4) 

J$=oJe=o 
/ 360 

~ 0̂.50,-0.50,0.5° = 2 • / Vr2 -92d9 = 0.000239246 sr (4.5) 

T h e solid angles Qj ( i = l , 2 , 3 , 4 ) can thus be approximated (depending on the acceptance, 

Calculated with CATKIN [Cat04] 
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which is different for the 9Be and the 13C target) as 

^ 0 . 5 ° , - 0 . 5 ° ,0.5° 

0.000239246 sr (4.6) 

^ 1 . 0 ° , - 1 . 0 ° ,0.9° ~~ ^ 0 . 5 ° , - 0 . 5 ° ,0.5° 

0.000939095 - 0.000239246 = 6.99849 • 10"4 sr (13C target) (4.7) 

^ 1 . 0 ° , - 1 . 0 ° , 0 . 6 ° ~~ ^ 0 . 5 ° , - 0 . 5 ° ,0.5° 

0.00082073 — 0.000239246 = 5.81484 • 10~4 sr (9Be target) (4.8) 

^ 1 . 5 ° , - 1 . 2 ° ,0.9° ~~ ^ 1 . 0 ° , - 1 . 0 ° ,0.9° 

0.00173458 - 0.000939095 = 7.95485 • 10"4 sr (13C target) (4.9) 

^ 1 . 5 ° , - 1 . 5 ° , 0 . 6 ° ~~ ^ 1 . 0 ° , - 1 . 0 ° ,0.6° 

0.00160992 - 0.00082073 = 7.8919 • 10"4 sr (9Be target) (4.10) 

^ 2 . 0 ° , - 1 . 2 ° ,0.9° ~~ ^ 1 . 5 ° , - 1 . 2 ° ,0.9° 

0.00242735 — 0.00173458 = 6.9277 • 10~4 sr (13C target) (4.11) 

^ 2 . 0 ° , - 1 . 6 ° , 0 . 6 ° ~~ ^ 1 . 5 ° , - 1 . 5 ° ,0.6° 

0.00243471 - 0.00160992 = 8.2479 • 10"4 sr (9Be target) (4.12) 

In the case of the outer angular bins (£!2, ^4), the limits of integration are con-
strained by the angular acceptance of the spectrometer (see fig. 4.18 and 4.19), and 
angles 9 > 0.9 and 9 < - 1 . 2 (for the 13C target) and 9 > 0.6 and 9 < - 1 . 6 (for the 
9Be target) have to be excluded from the integration. The opening solid angles in the 
laboratory frame are listed in table 4.6 for each scattering angle region and target. 

Table 4.6: Laboratory scattering angle ranges and corresponding opening angles. 

13 C target 

i 6-range [°] Hi [sr] a M 
1 [0.0,0.5) 0.239246-10"3 1.000 
2 [0.5,1.0) 0.699849-10"3 2.925 
3 [1.0,1.5) 0.795485-10"3 3.325 
4 [1.5,2.0) 0.69277-10"3 2.896 

9Be target 

i 6-range [°] Hi [sr] a M 
1 [0.0,0.5) 0.239246-10"3 1.000 
2 [0.5,1.0) 0.581484-10"3 2.430 
3 [1.0,1.5) 0.78919-10"3 3.299 
4 [1.5,2.0) 0.82479-10"3 3.447 

For each opening angle f ^ , the absolute differential cross-section in the center of 
mass frame is given by 

Hi ~ 

n t B e ) * 

n t B e ) * 
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Figure 4.18: Angular aperture and integration surfaces for the experiment with 13C target. 
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d a m = J _ . ^ t r i t o n ( B i ) ( 4 1 3 J 

d Q c . m . ^ t a r g e t ' - ^ 3 He 

where Ntliton(Oi) is the number of tritons in the focal plane at angle 0» (i.e. in 
the corresponding scattering angle bin) that can be attributed to the charge-exchange 
reaction for a given number of incident 3He particles (iV3He) on the target, and where 
^target gives the number of target nuclei per unit area. The solid angle in the laboratory 
frame (Qj) is transformed into the solid angle ttc.m. in the center of mass frame via the 
factor / which connects both frames. The factor / can be calculated relativistically and 
is / = 1.372 for the beryllium target and / = 1.260 for the carbon target. The average 
angle 0» (laboratory frame) used to represent each bin was calculated in way such that 
it would halve the surface of the corresponding circle in the 9 — 4> plane, by the formula 

e , = y ^ k (4.14) 

which gives the values presented in table 4.7. This table also contains the conversion 
of the lab frame angles to the respective center of mass angles, which is useful for the 
angular distributions. 

Table 4.7: Scattering angles in the center of mass and the laboratory frame. 

Laboratory frame c.m. frame [mrad] c.m. frame [mrad] 
[mrad] (9Be target) (13C target) 

©1 6.17 8.38 7.85 
© 2 13.80 19.02 17.45 
© 3 22.25 30.54 28.10 
© 4 30.85 42.41 38.92 

The determination of the zero degree cross section gives rise to a statistical error, 
which is caused by the fitting of the angular distribution with four angular bins and 
then extrapolating to zero degrees, as well as by the fitting of the respective spectra 
to determine Ntliton(Oi), and a systematic error which is due to the uncertainty in the 
overall normalization of the 3He beam. The 3He beam intensity is normalized using 
the scattered 3He particles collected in the D I Faraday cup of the GRAND HAIDEN 
spectrometer. 

Absolute cross-sections of states excited by the (3He,t) reaction can be deduced 
from the experiments by determining the number of tritons iVtriton(0i) scattered from 
the target under the scattering angle 0» at various energies. The number of tritons is 
determined as discussed in 4.2 by fitting the spectra obtained for each scattering angle 
bin. 

The number of incident 3He particles from the beam was determined in the experi-
ment from a Faraday cup installed inside the inner bend of the first dipole (DI) magnet 
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of GRAND RAIDEN. The charge accumulated in the Faraday cup was counted by a 
sealer/integrator with a sampling frequency of 1kHz. At various full scale current set-
tings of the scaler, the total amount of charge (in nanocoulomb) accumulated during a 
run can be determined by 

„ r , full scale current [nA] /„„.-n 
Q nC = scaler counts x — (4.15) 
^ L J 1000 Hz v 1 

For the charge-exchange reaction with the 9Be target, the full scale current of the 
integrator was set at 20 nA. The total amount of incident 3He beam particles can thus 
be determined by dividing the total collected charge by two elementary charges. 

Ns H e = (4.16) 

The data of the various experimental runs is shown in table 4.8. For the 9Be(3He,t)9B 
reaction, 5.09-1014 particles were collected in total in the Faraday cup during 4.86h 
of runtime, corresponding to an average beam current of 9.3 nA. The live time of 
the spectrometer was approximately 94%. As was noted during the experiment, the 
transmission to the D1 Faraday cup was not 100%). Beam current measurements at the 
scattering chamber Faraday cup and the beam stopper BS3 indicate approximately 20% 
loss. Therefore the total amount of incident 3He particles was corrected by a factor 1.25. 

Table 4.8: Intensity of the 3He beam (9Be target). 

run 1129 1130 1131 Total 
time [s] 6857 6922 3734 17513 
beam intensity [scaler] 3113167 3269962 1764286 8147415 
accumulated charge [nC] 62263.34 65399.24 35285.72 162948.3 
3He particles 1.9431-1014 2.0409-1014 1.1012-1014 5.0852-1014 

corrected for D1FC loss 6.3565-1014 

GR event request 14944083 15736677 8427357 39108117 
GR events after veto 13981196 14727892 7897833 36606921 
ratio 93.56% 93.59% 93.72% 93.60% 
GR clock request 65962240 66560741 35922201 168445182 
GR clock after veto 62294519 62696908 33850612 158842039 
ratio 94.44% 94.20% 94.23% 94.30% 

If eq. (4.13) is rewritten, the differential cross-section for the 9 B e ( 3 H e , t ) 9 B reaction 
becomes 
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da(®i £ A*) = _ J 1 1 Tri ton(Bi) 
d ^ l c . m . '"-target - ^ 3 He H j / H 1 

1 
X 

(1.372)2(0.239246 • 10"3 sr)(6.3565 • 1014) 
9.012 • 103 g • mol"1 • 1027 mb • cm"2 A^triton(QJ 
1.0 • 1.73 g • cm"2 • 6.022 • 1023 mol"1 ' Q i/Q1 

x 

(3.02176 • 10"5 mb/sr) • (4.17) 
i l i / i l i 

where the relativistic angle scaling factor / = 1.372, the target thickness of 1.73 
m g / c m 2 , the Avogadro constant NA = 6.022 • 10 2 3mol _ 1 , the target enrichment of 
100%, the molar mass of 9Be (9.012 g • m o l - 1 ) and the the definition of millibarn 
( l m b = 10~2 7cm2) were used. 

Table 4.9: Efficiency of the MWDCs (9Be target). 

efficiency of the X i plane 
efficiency of the Ui plane 
efficiency of the X2 plane 
efficiency of the U2 plane 

99.80% 
99.83% 
99.67% 
99.82% 

total efficiency 99.12% 

Table 4.10: Efficiency of the MWDCs (13C target). 

efficiency of the X i plane 
efficiency of the Ui plane 
efficiency of the X2 plane 
efficiency of the U2 plane 

99.52% 
99.75% 
99.51% 
99.75% 

total efficiency 98.54% 

The number of triton counts Ntriton(Oi) has to be corrected for the dead time of 
the data acquisition system of the spectrometer (GR dead time, see table 4.8) and the 
detection efficiency of the MWDCs. To assess the efficiency of the drift chambers, the 
raytracing information provided by the analyzer program [YosOl] (see table D . l in the 
appendix) was used. The efficiency of each plane is defined as 
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Nx1nu1nx2nu2 1Qx 
~ Iv T n ^ ' ^ x1nu1nx2nu2 + Wu1nx2 nu2 

tUl = N TN ( 9) 

^ x-ic\u-ic\x2c\u2 + iVXinx2nf/2 

NX1C\U1C\X2C\U2 ORA 
6X2 = N TN ^ ^ x1c\u1c\x2c\u2 + ^x1nu1nu2 Nx1nu1nx2nu2 ,, olN 
ec/2 = N TN > ^ x-ic\u-ic\x2c\u2 + I*x1nu1nx2 

Where AOcint/inx2nt/2 's the number of events for which the raytracing was success-
ful (position determined in all four planes, RAY-ID=1), and Ninjnk is the number of 
events for which the position could only be determined in the planes i,j and k (i.e. the 
position could not be determined for one plane, RAY-ID=1,2,4,5). These numbers are 
in principle dependant on the triton energy, and the time-difference spectra from the 
trigger scintillators can be used as a gate to roughly estimate the position (i.e. excita-
tion energy) dependence. The position dependence of the efficiency is negligible in the 
present experiments. Efficiencies of 98-99% were obtained for all planes (see table 4.9 
and table 4.10) and the overall efficiency is 99.12% for the experiment with 9Be target 
and 98.54% for the experiment with 13C target. 

Let us now consider the 13C(3He,t)13N experiment. As for the 9Be(3He,t)9B cross-
sections, 3He beam particles were collected in the Faraday cup inside the D1 magnet. 
For the charge determination using the integrator, the full scale current was set to 60 
nA. The data from the experimental runs is shown in table 4.11, and the total result for 
all runs in table 4.12. A total of 2.87-1014 particles were gathered within 3.3h of runtime, 
corresponding to an average beam current of 7.68 nA. The live time of the spectrometer 
was approximately 99%. 

If eq. (4.13) is rewritten as for the 9Be target, the differential cross-section for the 
13C(3He,t)13N reaction becomes 

dajOj e Qt) = 1 1 Ntriton(Ot) 
d ^ l c . m . ^ t a r g e t ^ 3 H e H j / H 1 

1 
X 

(1.26)2(0.239246 • 10"3 sr)(3.592 • 1014) 
13.00335 • 103 g • mol"1 • 1027 mb • cm"2 AW>n(0i) 

0.99 • 0.5 g • cm"2 • 6.022 • 1023 mol"1 Q i/Q1 
x 

= (3.19736 • 10~4m6/sr) • (4.22) 
i l i / i l i 

where the relativistic angle scaling factor / = 1.26, the target thickness of 0.5 
m g / c m 2 , the Avogadro constant Na = 6.022 • 10 2 3 mol _ 1 , the target enrichment of 
99%, the molar mass of 13C (13.00335 g • m o l - 1 ) and the the definition of millibarn 
( l m b = 10~ 2 7cm 2 ) were used. 
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Table 4.11: Intensities of the 3He beam (13C target). 

run 1024 1025 1026 1027 
time [s] 3622 905 1198 148 
beam intensity [scaler] 471475 130318 151338 12485 
accumulated charge [nC] 28288.5 7819.08 9080.28 749.1 
3He particles 8.8281-1013 2.4401-1013 2.8337-1013 2.3378-1012 

GR event request 1814747 530521 603085 52683 
GR events after veto 1788315 521232 593483 51830 
ratio 98.54% 98.25% 98.41% 98.38% 
GR clock request 34842170 8708076 11527972 1424196 
GR clock after veto 34394036 8576953 11378802 1411138 
ratio 98.71% 98.49% 98.71% 99.08% 

run 1028 1029 1030 1031 
time [s] 1487 1514 1578 1542 
beam intensity [scaler] 194826 196734 189508 188013 
accumulated charge [nC] 11689.56 11804.04 11370.48 11280.78 
3He particles 3.6480-1013 3.6838-1013 3.5484-1013 3.5205-1013 

GR event request 796305 792071 775721 783083 
GR events after veto 782603 778415 762220 769927 
ratio 98.28% 98.28% 98.26% 98.32% 
GR clock request 14296363 14567326 15182528 14830824 
GR clock after veto 14099483 14371718 14990915 14637079 
ratio 98.62% 98.66% 98.74% 98.69% 

Table 4.12: Intensity of the 3He beam (13C target, total of all runs). 

run numbers 1024-1031 
time [s] 11994 
beam intensity [scaler] 1534697 
accumulated charge [nC] 92081.82 
3He particles 2.8736-1014 

corrected for D1FC loss 3.592-1014 

GR event request 6148216 
GR event after veto 6048025 
ratio 98.37% 
GR clock request 115379455 
GR clock after veto 113860124 
ratio 98.68% 
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Chap te r 5 

E x t r a c t i o n o f Gamow-Te l l e r 
s t reng ths 

This chapter deals with the extraction of the B(GT) strengths from the 9Be(3He,t)9B 
and the 13C(3He,t)13N reactions, by using the proportionality relation (5.1) between the 
B(GT) strength and the cross-section at momentum transfer q=0. 

5 .1 D W B A calculat ions 

The following section analyzes the dependence of the cross section distribution as a 
function of momentum transfer q and energy loss u. In the proportionality relationship 

^ = aa(Ep,A)Fa(q,u)B(a) (5.1) 

the factor F(q,uj) describes the shape of the cross-section distribution as a function 
of q and u = Ex — Q and goes to unity in the limit of zero momentum transfer and 
energy loss. If the reaction is fixed, this factor depends only on the scattering angle and 
excitation energy F = F(d\ah, Ex). Since we are mainly interested in the cross-section at 
zero degrees, what should be examined is the dependence of the cross section distribution 
on the excitation energy. The determination of the energy dependence of the F-factor is 
crucial to extract B(GT) values from the measured differential cross-sections. For these 
reasons, F(Q = 0°,EX ) was studied by DWBA (distorted wave Born approximation) 
calculations. The code DW81 by J.R. Comfort [Com], whose formalism is detailed in 
[Ray67], was used to perform these calculations. 

5 . 1 . 1 Q-values 

To compute the excitation energies for the considered reactions, their respective Q-values 
have to be determined. The Q-value of the ^X( 3 He, t )^ + 1 Y reaction is 

Q = rrix + msHe — mY — ^t - (5-2) 

75 
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The Q-values of the analyzed reactions were calculated using masses from the Atomic 
Mass Evaluation [Aud03] as given in table 5.1. 

Table 5.1: Masses (from [Aud03]) and corresponding reaction Q-values. 

Nucleus Mass [keV] Reaction Q-value [keV] 
t 

3He 
14949.8060(23) 
14931.2148(24) 

9 Be 
9B 

11347.6(4) 
12415.7(10) Q(9Be(3He,t)9B)= -1086.7(10) 

13C 

13 N 
3125.0113(9) 
5345.48(27) Q(13C(3He,t)13N)= -2239.06(27) 

5.1.2 D W B A calculation parameters 

The DWBA calculation requires parameters for the optical potential (entrance and exit 
channel) and the interaction, single particle energies and transition densities. 

Optical potential parameters for 12C are available for 3He beams of 450 MeV (Yam-
agata et al.) [Yam95] and 443 MeV (Kamiya et al.) [Kam03]. These parameters (given 
in table 5.2) were used in the DWBA calculations for the 9Be(3He,t) and 13C(3He,t) 
reactions. 

Table 5.2: Optical potential parameters for 12C from 3He elastic scattering by Yamagata 
et al. [Yam95] and Kamiya et al. [Kam03]. 

ref. E s He V ß [MeV] rR [fm] aR [fm] W j [MeV] r i [fm] a j [fm] 
[Yam 9 5] 450 30.4 1.49 0.73 11.2 1.15 1.37 
[Kam03] 443 19.73 1.592 0.705 37.76 0.989 0.868 

The effective 3He-iV interaction V3HeN was used in the DWBA calculations. The 
interaction parameters, represented by a Yukawa potential, were V r =0 .75 MeV, \ / a T = -
2.5 MeV and V T r = - 2 . 1 MeV [Zeg03]. For the outgoing triton channel, by following the 
arguments given by van der Werf et al. [vdW89], the well depths were multiplied by a 
factor of 0.85 without changing the geometrical parameters of the optical potential. 

The single-particle energies for the p3 /2 and pi /2 orbits were taken from fig.5.1: 
Ep 3 / 2=-9.75 MeV for A = 9 and -18 MeV for A=13, E p l / 2 =-3 .5 MeV for A = 9 and -13 
MeV for A=13. These values can be obtained in more detail, e.g. in [Sch08] (see 5.3), 
but the more precise values (different for proton and neutron orbits) have only marginal 
influence on F(0°,UJ). 

For the one-body transition densities (OBTD) , various scenarios were considered. As 
it is shown in fig. 5.2, in the A = 9 case, (p3/2P3/2) and (pi/2P3/2) transitions were con-
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Figure 5.1: Single particle energies for light nuclei in the shell model. Energies of neutron 
orbits in Wood-Saxon potentials. ro=1.27 fm, Vws=-51 MeV, R=roA1/3. 

sidered, whereas in the A=13 case, (P1/2P3/2) a n d ( P i ^ P ^ ) transitions were considered. 
Only pure transitions ( 0 B T D = 1 ) were considered for all cases to derive the behaviour 
of the F(0° , cj)-factor. As it can be seen in fig. 5.3 and 5.4, the energy-dependent 
behaviour of the F-factor at zero degrees is robust against changes in the parameters 
of the optical potential as well as a change in the shells considered for the transition. 
The decrease in GT strength obtained via the differential cross-section is about 20% at 
18 MeV reaction Q-value. A detailed table of the calculated values shown in figs. 5.3 
and 5.4 can be found in the appendix (tables E. l and E.2). 

5.2 Angular d is t r ibut ion of cross-sections 

The differential cross-sections obtained from the data analysis were fitted to angu-
lar distributions calculated using a distorted wave Born approximation (DWBA) with 
the program FOLD [COO]. This code uses the Love-Franey nucleon-nucleon interac-
tion [Lov81, Fra85], double-folded over the projectile-ejectile and target-residue transi-
tion densities. A short-range approximation [Lov81] is used for the exchange terms in 
the potential. Radial wave functions were calculated using the Woods-Saxon potential 
(parameters from [Sch08]) with the code WSAW, a part of the FOLD package1. Optical 
potential parameters were used as described in the previous sections. For the outgoing 
tr i ton channel, by following the arguments given by van der Werfet al. [vdW89], the well 
depths were multiplied by a factor of 0.85 without changing the geometrical parameters 
of the optical potential (radii and diffuseness). 

1The FOLD program package can be downloaded from Remco Zegers' website at 
http:// www. nscl. msu. edu/^zegers/ fold.html 
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Be B 

7T V 

Figure 5.2: Possible configurations (not exhaustive) resulting from ß~-type transitions 
(AJ=0,1) 9ße^9ß and 13C-^13N. The most simple shell structure is assumed. The filling 
of protons (TT) and neutrons v is shown with filled black and striped circles, respectively. The 
particles and holes newly created by the transitions are shown in filled grey and dotted circles, 
the arrows indicate the direction of the charge-exchange reaction. 
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Figure 5.3: Evolution of the relative cross section of 9Be(3He,t)9B calculated with DWBA. 
The cross section is normalized to zero energy loss and zero momentum transfer, where the 
factor F(0°, Ex) goes to unity (data from table E.l is used). The energy-dependent behaviour 
of F is robust against different parametrizations of the optical potential and the choice of shell 
configurations. 
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Figure 5.4: Evolution of the relative cross-section of13 C(3He,t)13N calculated with DWBA. 
The cross-section is normalized to zero energy loss and zero momentum transfer, where the 
factor F(0°, Ex) goes to unity (data from table E.2 is used). 

5.3 Cross-sections of the 1 3C(3He,t)1 3N react ion 

For the 13C(3He,t)13N reaction, the absolute differential cross-sections shown in table 5.4 
were determined for four angular bins, as described in 4.8. The angular distributions of 
states with A L = 0 character ( l / 2 ~ and 3 / 2 " ) were compared to angular distributions 
calculated in DWBA as described in 5.2. The calculated distributions were fitted to 
the obtained data by using a single scaling parameter, using the program TOPFIT [Wie]. 
The fit to these calculated distributions allows to extrapolate the cross section at zero 
degrees scattering angle, ^ (6 c .m . = 0) which is shown in table 5.3 for all states with 
A L = 0 character. 

In principle, the analysis of A J 7 r = l + states requires a fit in which the A L = 0 and 
the A L = 2 parts are separately f itted2. The DWBA analysis shows that incoherent 
A L = 2 contributions to the cross section are very small at forward scattering angles 
in the case of 13N (less than 1%, thus negligible when considering the cross-section 
uncertainties [Zeg08]). 

The values obtained for the zero-degrees cross-section of observed GT states are 
summarized in table 5.3 and in the logarithmic plot of angular distributions in fig. 5.5. 
These cross-sections can then be used to calculate the cross-section at momentum trans-
fer q=0 by dividing by the factor F (0° ,c j ) calculated in 5.1. The cross section at zero 
degrees and zero momentum transfer can then be used to determine the Gamow-Teller 
strength of the corresponding state. 

2A AJ7 r = l + can be obtained via A L = 0 , A S = 1 and AL=2 ,AS=1 , where only the first possibility is 
physically relevant for the B(GT) strength. 
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Table 5.3: Extrapolated absolute differential cross-sections for 13N levels with A L = 0 
character from fits to calculated DWBA angular distribution. 

p(eicp) 
i-x 

(mb/sr) 

0 keV 11.89(11) 
3501(4) keV 31.63(31) 

8881(27) keV 5.32(10) 
9478(11) keV 1.25(2) 
10811(5) keV 2.53(4) 
11877(7) keV 8.98(10) 

13474(48) keV 0.77(2) 
15063(3) keV 4.75(5) 
18397(4) keV 0.50(1) 

The individual angular distributions ^ (6c .m .) together with the fitted DWBA curves 
are shown in figs. 5.6-5.11. The errorbars shown in the plots only reflect the statistical 
error arising from the deconvolution of the spectrum, and do not account for systematic 
errors (mainly the beam intensity and target thickness) which would have the effect of 
scaling the entire set of derived cross sections by a single scaling factor (see 4.8). 
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Figure 5.5: Summary of angular distributions of cross-sections for l/2~ and 3/2~ states in 
13N (logarithmic plot). The data are fitted to the calculated angular distribution for AL=0, 
A 5 = 1 with a single scaling factor. 

Figure 5 .6: Angular distribution of the cross-section of the 13N l/2~ ground state excited by 
the f3He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated anuglar 
distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling factor (Xred =0.75). 
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Figure 5.7: Angular distribution of the cross-section of the 13 N 3/2~ state at 3.50 MeV excited 
by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated anuglar 
distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling factor (Xred =0.03). 

Figure 5 .8: Angular distribution of the cross-section of the 13 N l/2~ state at 8.88 MeV excited 
by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated anuglar 
distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling factor (x^-ed =1-32). 
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Figure 5.9: Angular distribution of the cross-section of the 13 N 3/2~ state at 9.48 MeV excited 
by the (^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated anuglar 
distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling factor (Xred =l-98)-

Figure 5.10: Angular distribution of the cross-section of the 13/V l/2~ state at 10.81 MeV 
excited by the f3He,t) reaction at 140 MeV/A beam energy. The solid curve is the calcu-
lated anuglar distribution for AL=0, A5=1, scaled to fit the data with a single scaling factor 
(X2

red=0.36). 
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Figure 5.11: Angular distribution of the cross-section of the 13N (l/2~,3/2~) state at 11.88 
MeV excited by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the 
calculated anuglar distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling 
factor (xled=0.08). 

Figure 5.12: Angular distribution of the cross-section of the 13N (l/2~,3/2~) state at 13.47 
MeV excited by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the 
calculated anuglar distribution for AL=0, A5=1, scaled to fit the data with a single scaling 
factor (xled =1.71). 
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Figure 5.13: Angular distribution of the cross-section of the 13 N 3/2~, T=3/2 state at 15.06 
MeV excited by the (^He, t) reaction at 140 MeV/A beam energy. The solid curve is the 
calculated anuglar distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling 
factor (X

2
red=0.38). 

Figure 5.14: Angular distribution of the cross-section of the 13N (l/2~,3/2~) state at 18.40 
MeV excited by the f3He,t) reaction at 140 MeV/A beam energy. The solid curve is the 
calculated anuglar distribution for AL=0, A5=1, scaled to fit the data with a single scaling 
factor (X

2
red=0.12). 
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Table 5.4: Absolute differential cross-sections for 13N levels. A j ^ s t a t ' indicates the 
statistical error from the fitting of the angular distribution and the triton spectra. 
includes the errors from the target thickness and the 3He beam intensity, both of which 
are assumed at 10%. 

9 c . m . (in ( © C . m . ) 
mb/sr 

a da stat-
^ ( i n 
mb/sr 

A da tot-
^ ( i n 
mb/sr 

© c . m . 
[°] 

(in ( © c . m . ) 
mb/sr 

a da stat-
^ ( i n 
mb/sr 

A da tot-
^ ( i n 
mb/sr 

E{:xp)=0 keV 1/2- p{exp) i-x = 2373121 keV ,r= 1 /2+ 

0.45 11.5 0.3 1.6 0.45 0 . 1 1 0.02 0.02 
1 . 0 0 10.8 0.2 1.5 1 . 0 0 0.30 0.02 0.05 
1.61 8.9 0.2 1.3 1.61 0.59 0.03 0.09 
2.23 6.6 0.1 0.9 2.23 0.91 0.05 0.14 

p(eicp) _ i-x -=3501.2tH keV , r = 3 / 2 -
p(exp)_ i-x -=6363.3(34) keV , r = 5 / 2 + 

0.45 31.1 0.8 4.5 0.45 0.021 0.004 0.005 
1 . 0 0 28.2 0.5 4.0 1 . 0 0 0.028 0.003 0.005 
1.61 23.5 0.4 3.3 1.61 0.038 0.003 0.006 
2.23 18.0 0.4 2.6 2.23 0.052 0.003 0.008 
p(exp, i-x =7385(7) keV J7 r=5/2- p {exp) i-x = 8881(27) keV 1/2-

[°] 

dn ( © c . m . ) 
mb/sr 

a da stat-
^ ( i n 
mb/sr 

A da tot-
^ ( i n 
mb/sr [°] 

dtt ( © c . m . ) 
mb/sr 

a da stat-
^ ( i n 
mb/sr 

A da tot-
^ ( i n 
mb/sr 

0.45 0.130 0.016 0.024 0.45 5.53 0.32 0.84 
1 . 0 0 0.170 0.016 0.029 1 . 0 0 4.88 0.16 0.71 
1.61 0.148 0.013 0.025 1.61 3.96 0.13 0.57 
2.23 0.128 0.013 0.022 2.23 2.87 0.10 0.42 
p(exp) i-x =9478(11) keV ,r=3/2- p{exp) i-x =10811(5) keV 1/2-

0.45 1.29 0.07 0.19 0.45 2.40 0.09 0.35 
1 . 0 0 1.16 0.03 0.17 1 . 0 0 2.25 0.06 0.32 
1.61 0.93 0.03 0.13 1.61 1.92 0.05 0.28 
2.23 0.67 0.02 0.10 2.23 1.44 0.04 0.21 
p(exp)_ i-x = 11877(7) keV .F=( 3 /2 - ; l /2 - ) p(exp)_ i-x =13474(48) keV .F=( 3 /2 - ; l /2 - ) 

Qc.m. 
[°] 

dn ( © c . m . ) 
mb/sr 

A da stat-
(in 

mb/sr 

A da tot-
(in 

mb/sr 
Qc.m. 

[°] 
dn ( © c . m . ) 

mb/sr 

A da stat-
(in 

mb/sr 

A da tot-
(in 

mb/sr 
0.45 8.9 0.3 1.3 0.45 0.79 0.05 0.12 
1 . 0 0 8.0 0.2 1.1 1 . 0 0 0.71 0.03 0.10 
1.61 6.7 0.1 1.0 1.61 0.56 0.02 0.08 
2.23 5.1 0.1 0.7 2.23 0.39 0.03 0.06 

p (exp, i-x =15062.6(25) ,r=3/2- p{exp) i-x =18397(4) keV .F=( 3 /2 - ; l /2 - ) 

0.45 4.68 0 . 1 1 0.67 0.45 0.49 0.03 0.08 
1 . 0 0 4.28 0.08 0.64 1 . 0 0 0.44 0.02 0.06 
1.61 3.52 0.06 0.54 1.61 0.38 0 . 0 1 0.06 
2.23 2.65 0.06 0.41 2.23 0.28 0 . 0 1 0.04 
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5.4 Cross-sections of the 9 Be( 3 He, t ) 9 B react ion 

For the 9Be(3He,t)9B reaction, the absolute differential cross-sections shown in table 5.6 
were determined for four angular bins, as described in 4.8. The angular distributions of 
states with A L = 0 character ( l /2— ,3 /2— ,5 /2— ) were compared to angular distributions 
calculated in DWBA as described in 5.2. The calculated distributions were fitted to 
the obtained data by using a single scaling parameter, using the program TOPFIT [Wie]. 
The fit to these calculated distributions allows to extrapolate the cross-section at zero 
degrees scattering angle, ^ (6c .m . = 0) which is shown in table 5.5 for all states with 
A L = 0 character. 

Table 5.5: Extrapolated absolute differential cross-sections for 9B levels with A L = 0 
character from fits to calculated DWBA angular distribution. 

The detailed DWBA fit for 9B is difficult as optical potentials are only known for 
much lower beam energies, and the angle region of the experiment is not large enough 
to allow a detailed determination of all parameters. We will assume in the following that 
the incoherent A L = 2 contribution to the cross-section at zero degrees scattering angle 
is small. 

The values obtained for the zero-degrees cross-section of observed GT states are 
summarized in table 5.5. These cross-sections can then be used to calculate the cross-
section at momentum transfer q=0 by dividing by the factor F(0°,UJ) calculated in 5.1. 
The cross section at zero degrees and zero momentum transfer can then be used to 
determine the Gamow-Teller strength of the corresponding state. 

The individual angular distributions ^ (6c.m.) together with the fitted DWBA curves 
are shown in figs. 5.15-5.24. The errorbars shown in the plots only reflect the statistical 
error arising from the deconvolution of the spectrum, and do not account for systematic 
errors (mainly the beam intensity and target thickness) which would have the effect of 
scaling the entire set of derived cross-sections by a single scaling factor (see 4.8). 

(mb/sr) 
0.0(3) 24.53(6) 

2358(7) 6.29(1) 
2730(70) 18.71(20) 

3930(100) 9.31(5) 
12245(56) 0.732(9) 
1410llgo 0.461(6) 
14652(3) 0.135(1) 

14895 0.494(7) 
16050(40) 0.065(1) 

17076(4) 0.0705(8) 
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Figure 5.15: Angular distribution of the cross-section of the 9B 3/2~ ground state excited 
by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated angular 
distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling factor. 
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Figure 5 . 8 : Angular distribution of the cross-section of the 13 N l/2~ state at 8.88 MeV excited 
by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated anuglar 

distribution for AL=0, A5=1, scaled to fit the data with a single scaling factor (x^-ed =1-32). 
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Figure 5.17: Angular distribution of the cross-section of the 9B l/2~ state at 2730(70) keV 
excited by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated 
angular distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling factor. 
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Figure 5.18: Angular distribution of the cross-section of the 9 ß , f , | ) state at 
3930(100) keV excited by the (^He,t) reaction at 140 MeV/A beam energy. The solid curve is 
the calculated angular distribution for AL=0, A5=1, scaled to fit the data with a single scaling 
factor. 
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Figure 5.19: Angular distribution of the cross-section of the 9B 5/2r state at 12245(56) keV 
excited by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated 
angular distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling factor. 
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Figure 5 . 8 : Angular distribution of the cross-section of the 13 N l/2~ state at 8.88 MeV excited 
by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated anuglar 

distribution for AL=0, A5=1, scaled to fit the data with a single scaling factor (x^-ed =1-32). 
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Figure 5.21: Angular distribution of the cross-section of the9B 3/2r, T=3/2 state at 14652(3) 
keV excited by the f3 He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated 
angular distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling factor. 
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Figure 5.22: Angular distribution of the cross-section of the 9 ß ß , f , f ) state(s) around 
14895 keV excited by the f3He,t) reaction at 140 MeV/A beam energy. The solid curve is the 
calculated angular distribution for AL=0, A5=1, scaled to fit the data with a single scaling 
factor. 
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Figure 5.23: Angular distribution of the cross-section of the 9B ) state at 
16050(40) keV excited by the ^He, t) reaction at 140 MeV/A beam energy. The solid curve is 
the calculated angular distribution for A L = 0 , A 5 = 1 , scaled to fit the data with a single scaling 
factor. 
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Figure 5 . 8 : Angular distribution of the cross-section of the 13 N l/2~ state at 8.88 MeV excited 
by the ^He,t) reaction at 140 MeV/A beam energy. The solid curve is the calculated anuglar 

distribution for AL=0, A5=1, scaled to fit the data with a single scaling factor (x^-ed =1-32). 
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Table 5.6: Absolute differential cross-sections for 9B levels. a ' indicates the sta-

tistical error from the f i t t ing of the angular distribution and the triton spectra. 
includes the errors from the target thickness and the 3He beam intensity, both are as-
sumed to be at 10%. 

Oc.m. (in (®c.m.) 
mb/sr 

A da s t a t -
^ d n 

mb/sr 

A da tot-
^ ( i n 
mb/sr 

O c . m . 

[°] 
(in (®c.m.) 

mb/sr 

A da s t a t -
^ ( i n 

mb/sr 

A da tot-
^ ( i n 
mb/sr 

E { i x p ) = 0.0(3) keV J * = 3 / 2 -
p ( e x p ) =2358(7) keV J 7 r =5/2-

0.48 24.37 0.13 3.45 0.48 5.95 0.03 0.84 
1.09 20.41 0.09 2.89 1.09 5.08 0.02 0.72 
1.75 15.42 0.08 2.18 1.75 4.08 0.01 0.58 
2.43 10.22 0.06 1.45 2.43 2.77 0.01 0.39 
p(eicp) 
i-x =2730(70) keV F = 1/2- p ( e x p ) _ 

i-x -=3930(100) keV 3 - 5~\ 
2 > 2 / 

0.48 18.13 0.49 2.61 0.48 8.88 0.15 1.26 
1.09 15.05 0.29 2.15 1.09 7.28 0.08 1.03 
1.75 11.96 0.22 1.71 1.75 5.34 0.05 0.76 
2.43 8.23 0.18 1.18 2.43 3.27 0.03 0.46 
p(eicp)_ 
i-x -=12245(56) keV , F = 5/2- p ( e x p ) 

i-x =141011®° keV 3 - 5~\ 
2 ' 2 / 

0.48 0.696 0.024 0.101 0.48 0.444 0.018 0.065 
1.09 0.584 0.013 0.084 1.09 0.373 0.010 0.054 
1.75 0.492 0.010 0.070 1.75 0.278 0.006 0.040 
2.43 0.355 0.007 0.051 2.43 0.213 0.005 0.031 
p(eicp) 
t - i =14652(3) keV J 7 r =3/2 - E ; r / ' =14895 keV J 7 r =(5 /2 ) -

0.48 0.136 0.004 0.020 0.48 0.484 0.023 0.072 
1.09 0.122 0.003 0.017 1.09 0.399 0.012 0.058 
1.75 0.094 0.002 0.013 1.75 0.310 0.008 0.045 
2.43 0.077 0.002 0.011 2.43 0.216 0.006 0.031 
p(eicp)_ 
i-x -=16050(40) keV ( r 

3 - 5~\ 
2 ' 2 / 

p(exp) 
i-x =17076(4) keV F = 1/2-

0.48 0.066 0.003 0.010 0.48 0.0680 0.0024 0.0099 
1.09 0.060 0.002 0.009 1.09 0.0613 0.0014 0.0088 
1.75 0.047 0.002 0.007 1.75 0.0510 0.0010 0.0073 
2.43 0.003 0.002 0.005 2.43 0.0404 0.0008 0.0058 
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5.5 Gamow-Tel ler st rengths for the i dC target 

The extrapolated cross-sections at zero degree scattering angle determined in 5.3 allow 
to determine the corresponding GT strength by using the proportionality relation [Tad87] 

da 

dQ 
= aGTB(GT) (5.3) 

q=0 

for Gamow-Teller states, and 

aFB(F) + aGTB(GT) (5.4) 
da 
dn q=0 

for the isobaric analog state (IAS), where the factors <TF,GT are the unit cross-sections 
for the Fermi- and Gamow-Teller transitions. The unit cross-sections can be obtained 
by calibrating the experimental cross-section with a known lifetime from beta-decay, or 
by carefully using the systematics across a wide range of nuclear masses [Zeg07]. 

For the (3He,t) reaction at 420 MeV beam energy, the empirical relations 

aF = 72- A~L06 mb/sr (5.5) 
ACT = 109 • A~om mb/sr (5.6) 

give unit cross-sections <TF=4.75 mb/sr and <TGT=20.6 mb/sr for A=13. Further-
more, the transition to the 3 / 2 ~ , T = 3 / 2 state at 15.06 MeV in 13N can be used to cali-
brate the GT unit cross-section, since the lifetimes of the analog transitions 13B(/3~)13C 
and 1 3 0( /3 + ) 1 3 N are known from beta-decay measurements. 

Using the f t values from beta-decay, the B(GT) value can be obtained (see intro-
duction) using 

= (5.7) 
\9v J dv'J1 

where K / ^ = 6 1 4 7 ( 7 ) s [Har09] and gA/gv=-1.2695(29) [Har06]. The GT strength 
of the ground state transition can be found by assuming that the Fermi strength B(F) 
exhausts the full Fermi sum rule [Ost92] 

EB(F) = ( N - Z ) = 1, (5.8) 

an assumption that is valid on the level of 0.15(9)% [Orm95], and gives (using the log f t 
value of the 13N to 13C ground state to ground state beta-decay of 3.6648(5)) 

1 f K 
B ( G T ) = 

= (1.2695(29))* ( 3 - 0 = 0 / 2 0 5 < 2 ) ( 5 ' 9 ) 
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13 B 13C 13 N 13Q 

(15.1 MeV) (15.1 MeV) 
3 /2 - T=3/2 3 / 2 - T=3/2 3 /2 - T=3/2 3 /2 - T=3/2 

Figure 5.25: ß-decays and analog transitions for A=13 

However, this value is not suited to accurately calibrate the GT unit cross-section [Zeg08, 
Zeg07, WanOl] since the Fermi unit cross-section has to be known with good accuracy. 

There is no Fermi part in the beta decay of the 1 30 3 / 2 " ground state to the 13N 
1 /2" ground state, and in the 13B 3 /2 " ground state to the 13C 1 /2 " ground state. 
The lifetimes of these decays can be used to calibrate the GT unit cross-section. The 
log f t value of the 1 3 0 ^ 1 3 N transition is 4.081(11), which gives ft= 12050(305)s. Thus 
we obtain for the B(GT) value of this transition 

B(GT-,13 0(g.s.) N(g.s.)) = 0.317(2). (5.10) 

To obtain the B(GT) value of the 13C(g.s.) ^13N(E; j .=15.1 MeV) transition, one has to 
adjust for the different spin and isospin factors, while the reduced matrix element M G t 
is the same for both transitions. The relation between B(GT) and the reduced matrix 
element of the err operator is 

pfrirrs _ 1 (TiTziATATz\TfTzf)2
 2 

B { G T ) 2(2.7,+ 1) 2 7 > n M g t ( 5 1 1 ) 

where J» and J/ are the total angular momentum of the initial and final states, T» and 
Tf the initial and final isospin values, and Tz the z-projection of Isospin. Since 

B(GT;13 0(g.s.) - 1 3 N(g.s.)) = 0.317(2) = ± • ± • 1; l | M £ t (5.12) 

and 

B(GTF c( g.s.) - 1 3 N(15.1 MeV)) = i ; - l | | ; (5.13) 
3 1\2 

the B(GT) value for this transition can be obtained by combining both expressions, to 
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obtain 

' I - + i . 1. _1 |3. _1\2 
B(GT " N = . 0.317(2) 

\ 2' 2> > I 2> 2' 

= | - 0.317(2) = 0.211(1) (5.14) 

A similar calculation for the 13B(g.s.)^13C(g.s.) (Iog/t=4.034(6)) yields B(GT)=0.353(3) 
for this transition and thus B(GT)=0.235(2) for the transition from the 13C ground state 
to the T = 3 / 2 state at 15.1 MeV in 13N. The difference between both values is due to 
the breaking of the isospin by the Coulomb interaction. The B(GT) value for the con-
sidered transition should be between those two values. Rather than taking an average 
of both values, Taddeucci et al. used the 13B(/3~) value and the asymmetry parameter 
for A=12, by which they obtained B(GT)=0.23(1) with the larger error accounting for 
the uncertainty arising from the asymmetry [Tad87]. We shall use this value for our 
considerations as well. 

Using this transition to calibrate the GT unit cross-section has the disadvantage 
that the Q-value for this beta-decay is rather large (~17 MeV), which means that the 
momentum transfer for this transition is relatively large. The value of the cross-section 
at zero momentum transfer has to be extrapolated (see 5.1) using the factor F(CJ,0°). 
The uncertainty arising from this extrapolation is however smaller than using the ground 
state transition which contains the Fermi part. 

Using F(CJ=17.3 MeV,0°)=0.82 and the zero-degrees cross-section extrapolated from 
the data (4.75(5) mb/sr), one obtains 

da 
dti 

= 5.79(6) mb/sr. (5.15) 
g=0,©=0 

Using this value and B(GT)=0.23(1) to calibrate, the GT unit cross-section is 25(1) 
mb/sr, which is not consistent with the value of 20.6 mb/sr obtained from the system-
atics3. It should however be remembered that the errors do not include the systematic 
errors stemming from the beam normalization and the target thickness, both of which 
are significant. The deviation in the GT unit cross-section from systematics does also 
not affect the derived B(GT) values using the calibration, as the systematic errors affect 
all determined cross-sections by the same magnitude. 

The B(GT) strengths in 13N obtained by using this GT unit cross-section are given 
in table 5.7 in the fifth column. They are compared to B(GT) values obtained from a 
(p,n) reaction by Wang et al. [WanOl] in 2001. 

Wang et al. used a different method to obtain the GT unit cross-section (in this 
case for the (p,n) reaction at 197 MeV), namely calculating it using the ground state 
transition B(GT) derived from the known beta-decay f t value (B(GT)=0.205(2)) and 
extracting the <TGT unit cross-section by using the empirical ratio R2=<TGT/<TF obtained 
from mass-number systematics (in this case, from the (p,n) reaction on even targets, 
see [Tad87]). 

3Zegers eta/. [Zeg08] obtained a unit cross-section of 20(1) mb/sr in their (3He,t) experiment 
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If we use a similar approach, following [Zeg07], we would obtain a value (see equa-
tions (5.5) and (5.6)) 

- - = 4.33(69) (5.16) 

where the error is obtained by the error of the systematics indicated in [Zeg07] (5% for 
c t g t and 15% for a F ) . Using this R2 value together with the ground state transition 
B(GT)=0.205(2) yields 

VGT 
q=0,©=0 

B(GT) + ^B(F) 

11.98(11) 
0.205(2) + ^ = 27(2) mb/sr (5.17) 

which agrees with the value of 25(1) mb/sr which results from using the 15.06 MeV 
transition (25(1) mb/sr), but has larger uncertainty. Its absolute value is about 10% 
higher, which agrees with the works of Watson [WatOl, Wat85] and Zegers [Zeg08] 
regarding the issue of using the ground state transition for calibration purposes (see 
discussion in 6.1).The B(GT) values derived using this method (analog to the one used 
by Wang et al.) are shown in table 5.7 in the sixth column. 

The distribution of B(GT) strength obtained in this study is compared to the (p,n) 
values from by Wang et al. in figure 5.26. 
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Figure 5.26: Distribution of the B(GT) strengths in 13N obtained in the present work (using 
the 15.1 MeV transition calibration), compared with the results from 13C(p,n) by Wang et 
al. [WanOl]. 
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Table 5.7: B(GT) values for 13C(g.s.)^13N(Ea ;) calculated using the GT unit cross-
section obtained by calibrating with the T = 3 / 2 beta-decay values. The errors are only 
statistical (arising from the fitt ing of the triton spectra). B(GT) values obtained from 
(p,n) [WanOl] are shown as comparison. 

Obtained by using the f t value for the 15.06 MeV transition to determine the GT unit cross-section 
Obtained by using the ground state transition and R2 mass number systematics to extract the GT 

unit cross-section 
Wang et al. calculated OGT by normalizing to the Fermi transition and using the empirical ratio 

R 2 = < t g t / < t f obtained with even targets in the (p,n) reaction. 
Value derived from the 13N(/3+) decay, see discussion regarding the Fermi unit cross-section in the 

text 
calibration value for aGT used in the present work 

Ex F ( 0 ° , u ) f (9 = 0) B(GT) B(GT) B(GT) 
[MeV] [mb /s r ] [mb /s r ] present data^^ present d a t a ^ [WanOlp) 

0.00 0.99 11.89(11) 11.98(11) 0.205(2)^ 0.205(2)^ 0.20(<i) 

3.50 0.97 31.63(31) 32.56(32) 1.29(6) 1.19(10) 1.06 
8.88 0.91 5.32(10) 5.82(11) 0.23(1) 0.21(2) 0.16 
9.48 0.91 1.25(2) 1.38(2) 0.055(3) 0.050(4) 0.08 
10.81 0.89 2.53(4) 2.85(5) 0.113(5) 0.104(9) 0.12 
11.88 0.87 8.98(10) 10.30(11) 0.41(2) 0.37(3) 0.39 
13.47 0.85 0.77(2) 0.91(2) 0.036(2) 0.033(3) 0.12 
15.06 0.82 4.75(5) 5.79(6) 0.23(1)(£) 0.21(2) 0.19 
18.40 0.76 0.50(1) 0.66(1) 0.026(1) 0.024(2) 0.03 

E 2.60(6) 2.40(11) 2.35 



100 CHAPTER 5. EXTRACTION OF GAMOW-TELLER STRENGTHS 

5.6 Gamow-Tel ler st rengths for the 9Be target 

The extrapolated cross-sections at zero degree scattering angle determined in 5.4 can be 
used along with the proportionality relations (5.3),(5.4) to determine the B(GT) strength 
for the 9Be target. Equations (5.5) and (5.6) give unit cross-sections <tf=7.01 mb/sr 
and <JGT=26.13 mb/sr for A=9 (R2=3.73). In this case, however, there is no beta-decay 
from 9B that can be used for calibration purposes. 

9 Li 9 Be 9 B 9 C 
(14.392 MeV) (14.655 MeV) 

3 /2 - T=3/2 3 /2 - T=3/2 3 /2 - T=3/2 3 / 2 - T=3/2 

Figure 5.27: ß-decays arid analog transitions for A=9. 

The Gamow-Teller unit cross-section can be calibrated as in the 13C case by using 
the analog beta decays from 9Li and 9C (see fig. 5.27): 

B(GTf C(g.s.) B(g.s.)) = 0.0183(5) (5.18) 

B(GTf Li(g.s.) Be(g.s.)) = 0.0181(6) (5.19) 

These values were taken from the compilation by Tilley et al. [Til04], Recent studies of 
the 9C(ß+) decay were carried out by Buchmann et al. [BucOl], Bergmann et al. [BerOl] 
and Mikolas et al. [Mik88]. Recent studies of the 9Li(/3~) decay include the works of 
Nyman et al. [Nym90] and Prezado et al. [Pre03]. Regarding the Gamow-Teller strength, 
the experimental work of Dangtip et al. [DanOO] using the 9Be(n,p)9Li reaction should 
also be mentioned. Although large asymmetries have been observed in the A=9 system 
for decays to excited states [Pre03], the decays to the ground states of 9Be and 9B 
exhibit no asymmetry. Adjusting for the different spin and isospin character of the 
9Be(g.s.) -^(E,.=14.655 MeV) transition (using eq. (5.11) and the same procedure 
as outlined for the A=13 case), we obtain 

B(GTf Be, 3- i i\ B,3- 3 _±\) = + % ! ^ 2 ' 2 -0-0183(5) 

= ^-0.0183(5) = 0.0061(2) (5.20) 
O 

using the 9C(ß+) decay and B(GT)=0.0060(2) taking the 9Li(/3~) decay value. In the 
present study, we shall 

use the value B(GT,9Be f l^ —^B^ gMev)—0.00607(18) as the 
calibration value for the Gamow-Teller unit cross-section. 
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As for the A=13 case, using this transition to calibrate the GT unit cross-section has 
the disadvantage that the Q-value for this beta-decay is rather large (~16 MeV) which 
means that the momentum transfer for this transition is relatively large. The value of 
the cross-section at zero momentum transfer has to be extrapolated (see 5.1) using the 
factor F ( c j , 0 ° ) . This is however the only practicable way since there is no ground state 
beta-decay of 9B. 

Using F(„'=15.74 MeV,0°)=0.836 and the zero-degrees cross-section extrapolated 
from the data (0.135(1) mb/sr), one obtains 

da 
dti q=0,©=0 

(EX = 14.655MeV) = 0.161(2) mb/sr. (5.21) 

Using this value and B(GT)=0.00607(18) to calibrate, the GT unit cross-section is 
26.5(8) mb/sr, which is consistent with the value of 26.13 mb/sr obtained from the sys-
tematics. The errors do not include the systematic errors stemming from the beam nor-
malization and the target thickness, both of which are significant. Using the R2=3.73(59) 
value from the systematics4, the Fermi unit cross-section obtained is 

26.5(8) 
= 3 =7(1) mb/sr. (5.22) 

The Fermi unit cross-section derived from the R2 systematics can be used to extract the 
B(GT) strength in the ground state transition (9Beg.s. -+9Bg.s). Following eq. (5.4), we 
obtain (assuming once more that the total B(F)=N-Z=1 strength is concentrated in the 
IAS) 

da . ^ 
M ( E • =0) 

q=0,©=0 
A F - L + aGT- JB(GT;9Beg . s . B G . S . ) 

^B(GT-9 Beg.s. Bg s.) 
1 

E 2 

\ 
q=0,©=0 - 1 

V 
aF 

0.66(18) (5.23) 

All other B(GT) strengths in 9B were obtained by dividing the extrapolated zero-
degrees, q=0 cross-section by the determined GGT- The results are summarized in ta-
ble 5.8 and the B(GT) strength distribution is shown in fig. 5.28. 

4The error is derived from the error of the systematics indicated in [Zeg07] (5% for a G T and 15% 
for a

F
), A R 2 = Y /(0.05 • i?2 )2 + (0.15 • i?2)2 
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Table 5.8: B(GT) values for 9Be(g.s.)^9B(Ea ;) calculated using the GT unit cross-
section obtained by calibrating with the T = 3 / 2 beta-decay values. The errors are only 
statistical (arising from the fitt ing of the triton spectra). 

Obtained by using the B(GT) values from the 9Li(/3 ) and 9C(/3+) decays to determine the GT unit 
cross-section (see text) 

Obtained using R2 from systematics (see text) 
as discussed in section 4.6, the bump-like structure around 14.9 MeV most probably consists of 

several states, all of which may not be GT states. The analysis of the angular distribution supports an 
overall A L = 0 character, but as a precaution the B(GT) value is given as an upper limit. This value 
was included in the total sum of B(GT) strength. 

Ex F ( 0 ° , u ) f (9 = 0) B(GT) 
[keV] [mb/sr] [mb/sr] present data^^ 

0.0(3) 0.997 24.53(6) 24.61(6) 0.66(18)^ 
2358(7) 0.985 6.29(1) 6.38(1) 0.241(8) 

2730(70) 0.983 18.71(20) 19.0(2) 0.718(24) 
3930(100) 0.974 9.31(5) 9.56(5) 0.360(12) 
12245(56) 0.875 0.732(9) 0.836(10) 0.0315(11) 
1410ll59° 0.845 0.461(6) 0.545(7) 0.0205(7) 
14652(3) 0.836 0.135(1) 0.161(2) 0.0061(2) 

14895 0.832 0.494(7) 0.594(9) <0.0224(8)(c) 
16050(40) 0.812 0.065(1) 0.0806(18) 0.00304(12) 
17076(4) 0.793 0.0705(8) 0.0889(1) 0.00335(11) 

E 2.07(18) 

10 
E (MeV) 

F i g u r e 5 . 2 8 : Distribution ofB( GT) strength in 9B obtained from the9 ß e f 3 He,t)9 B experiment. 
The arrows indicate the very weak strengths at 16.05 and 17.08 MeV. 



CHAPTER 6. INTERPRETATION OF THE OBTAINED RESULTS AND 
COMPARISON WITH PREVIOUS STUDIES 

Chap te r 6 

I n te rp re ta t i on o f t h e ob ta ined 
results and compar i son w i t h 
previous studies 

6.1 G T st rength in 13N 

The B(GT) strengths obtained in the present 13C(3He,t)13N experiment were already 
given in table 5.7, and compared to the results obtained by Wang et al. in [WanOl]. We 
will now compare these results in more detail. 

It has been known for some time, especially from the works of Watson et al. [WatOl, 
Wat85], that there are anomalies in the conversion of CE cross-sections to GT strength 
when considering the ground state to ground state transitions in odd-A nuclei (especially 
for the targets 13C,15N and and 39K). Charge-exchange measurements using the (p,n) 
reaction [WatOl] found that the Gamow-Teller fraction fGT = (?GT/{OF + OGT) in the 
ground state transitions is typically 10% larger than predicted from beta-decay matrix 
elements and the systematics of even-A (p,n) results. 

Both the studies of Watson et aI. [WatOl, Wat85] and the more recent studies of 
Zegers et al. [Zeg07, Zeg08] conclude that this effect is due to an interference between 
A L = 0 and A L = 2 amplitudes which breaks the general proportionality between the beta-
decay strength and the experimental cross-section. While Watson et al. speculate that 
this is due to A-isobar admixtures in the reaction mechanism [Wat85], Zegers et al. 
found [Zeg07, C0IO6, Zeg08] that a theoretical description of the cross-section using 
DWBA with the effective interaction of Love and Franey yields values consistent with 
systematics when the effect of the tensor-r (V?) part of the interaction is accounted 
for. The consequences of both descriptions are similar (interference of A L = 0 and A L = 2 
amplitudes that break the proportionality for ground state to ground state transitions for 
odd-A target nuclei). 

This causes the unit cross-sections derived from charge-exchange experiments on 
these nuclei (when using odd-A systematics) to deviate by about 10-15% from the 
proportionality. Zegers et al. [Zeg08] found that the contribution from the tensor-r part 
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Figure 6.1: Comparison of the ratios of the B(GT) strength of excited states in 13N with 
respect to the 3.5 MeV B(GT) strength. The data of Wang et al. [WanOl] was re-calibrated to 
the 15.1 MeV transition (see text). 
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of the effective interaction increases the Fermi part of the ground state cross-section 
by about 16% (from 5.1(5) mb/sr to 5.9(5) mb/sr) while it decreases the GT part 
of the ground state cross-section by 16% (from 5.0(2) mb/sr to 4.2(2) mb/sr). The 
OGT values derived from the systematics are thus too large when calibrating with the 
ground state transitions, and all B(GT) values for higher excited states obtained from 
the proportionality relation are thus smaller than they should be. A calibration with 
a transition where such interferences are not significant (e.g. pure GT transitions like 
the 15 MeV beta-decay of 1 3 0 to 13N) is thus the better choice and offers a way to 
empirically test the proportionality breaking when a ground-state beta-decay is available, 
such as for the 13N case. 

In the case of 13N, the problems were compouded by the fact that the 15.1 MeV 
state is contaminated by the ground state of 12N which has nearly the same Q-value. 
Charge-exchange measurements using the (p,n) probe were unable to separate both 
states, which is one of the main reasons Wang et al. [WanOl] chose to determine B(GT) 
values from their (p,n) experiment by relying on the systematics of unit cross-sections. 
If their B(GT) value of B(GT,E.,.=15.1 MeV)=0.19 were taken as reference value, all 
their B(GT) values would have to be increased by about 21%, which would e.g. bring 
the B(GT) value of the 3.5 MeV transition (1.06(5)-1.21=1.28(7)) in-line with the result 
of (3He,t) studies (1.37(7) [Zeg08], and 1.29(6) (present work)) and shell-model results 
(1.50 with the CKII interaction with 67%-quenching [Zeg08] and 1.34 with the W B T 
interaction [WanOl]). The results obtained are shown in table 6.1 and compared to 
the results of Wang et al. if recalculated using the 15.1 MeV state cross-section as a 
reference. The B(GT) ratios obtained by dividing the B(GT) strength of an excited state 
by the strength of the 3.5 MeV state are shown in figure 6.1 and figure 6.2. 

While the results for the states with rather large cross-sections agree quite well, those 
with smaller cross-sections clearly do not. This is most certainly a result of the higher 
sensitivity and resolution of the (3He,t) reaction compared to the (p,n) experiment. 

The B(GT) values for the strong and well-separated 3.5 MeV state agree if the 
calibration is made with the 15.1 MeV state. The states at 8.88 and 9.48 MeV cannot 
be well separated in the (p,n) reaction, while the (3He,t) reaction clearly separates them. 
While the present study obtains a higher B(GT) for the 8.88 MeV state (0.23(1) vs 
0.19(1) in (p,n)), it also obtains a lower value (0.055(3) vs 0.099(5)) for the 9.48 MeV 
state. If both strengths are added together, the present study obtains B(GT,8.88+9.48 
MeV)=0.285 while Wang et al. would obtain 0.288 (if calibrating with the 15.1 MeV 
state). The B(GT) of the 10.81 MeV and 11.88 MeV states, which are separated in the 
spectra, agree with the results of [WanOl], however they are smaller than the results 
obtained if the (p,n) data is calibrated with the 15.1 MeV state. 

The most important deviation (by about a factor of four) is observed for the GT 
strength of the 13.47 MeV state. As has been discussed in 4.5, the present experimen-
tal study distinguishes two separate states around this excitation energy. The B(GT) 
strength of 0.036(2) given represents the strength of the sharper state with width of 440 
keV. The present study assumes that the broader state ( r «4.5 MeV) is not a GT state 
and thus its cross-section does not result in a corresponding GT strength. The (p,n) 
reaction is certainly unable to distinguish both states (see spectrum shown in [WanOl] 
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Figure 6.2: Comparison of the ratios of the B(GT) strength of excited states in 13N with 
respect to the 3.5 MeV B(GT) strength. The data of Wang et al. [WanOl] (empty circles) was 
re-calibrated to the 15.1 MeV transition (see text), and the excitation energies of the (p,n) data 
are shifted upwards by 200 keV for better visibility. 
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compared to fig. 4.6 in this work). 

The same effect is most probably playing into the 50% larger B(GT) value determined 
in (p,n) for the 18.4 MeV state. As can be seen in fig. 4.9, the (p,n) reaction cross-
section certainly has a large admixture of strength resulting from the states at 17.8 and 
18.2 MeV which do not have A L = 0 nature and should thus not give rise to any B(GT) 
strength. 

Table 6.1: B(GT) values for 1 3C(g.s.)^1 3N(E ; c) by various authors. B(GT) values from 
[WanOl] were obtained from (p,n), B(GT) values from [Zeg08] from (3He,t). 

Obtained by using the f t value for the 15.06 MeV transition to determine the GT unit cross-section 
Obtained by using the ground state transition and using R2 mass number systematics to extract the 

GT unit cross-section 
Wang et al. calculated oGT by normalizing to the Fermi transition and using the empirical ratio 

R 2 = < t g t / < t f obtained with even targets in the (p.n) reaction. The values were recalculated from the 
cross-sections indicated in [WanOl] using the indicated statistical errors. 

Values that would be obtained from the (p.n) data of Wang et al. if they had calibrated with the 
15.1 MeV state, and the indicated 15.1 MeV cross-section is indeed the 13C(p,n) cross-section. 
(e ) Zegers eta/. [Zeg08] obtained B(GT)=1.37(7) for this state in their (3He,t) study. 

The results obtained from the shell model calculations both include the phenomenological quenching 
of about 0.67 for the Gamow-Teller strength. The values from [Zeg08] were derived using the CKII 
interaction, while the values from [WanOl] were derived from the WBT interaction. 
( s ) Value derived from the 13N(/3+) decay 
^ calibration value for o G T used in the present work and in [Zeg08], also used for column 5. 

[MeV] 
B (G T) " 

present work 

B(GT)W 
present work 

B(GT) ' 
[WanOl] 

B(GT) 
( x 1.21) 

B(GT)s
?

; / 

[Zeg08] 
B(GT)s

?
; / 

[WanOl] 

0 0.205(2)^ 0.205(2) 0.2 0 . 2 ^ 0.19 0.17 
3.5 1.29(6)(£) 1.19(10) 1.06(5) 1.29(6) 1.5 1.34 

8.88 0.23(1) 0.21(2) 0.156(8) 0.189(9) 
9.48 0.055(3) 0.050(4) 0.082(4) 0.099(5) 
10.81 0.113(5) 0.104(9) 0.116(6) 0.141(7) 
11.88 0.41(2) 0.37(3) 0.39(2) 0.47(2) 
13.47 0.036(2) 0.033(3) 0.123(7) 0.149(8) 
15.06 0 .23(1)^ 0.21(2) 0.19(1) 0.22(1) 0.23 0.29 
18.4 0.026(1) 0.024(2) 0.033(2) 0.040(2) 

6.2 B ( G T ) st rengths in 9 B 

Previous charge-exchange studies of 9B include the 9Be(p,n)9B reaction at Ep=135 MeV 
studies by B.G. Pugh in his Ph.D. thesis at MIT [Pug85, Faz82], While Pugh was not 
able to give B(GT) values due to the lack of beta-decay data (and the difficulty to resolve 
the weakly excited state at 14.6 MeV), differential cross-section values for the excited 
states in 9B are given in his thesis. 

These cross-sections can be used to obtain a comparison to the present (3He,t) data 
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Table 6.2: Comparison of the ratio obtained by dividing the B(GT) strength of an excited 
state by the B(GT) strength of the state at 3.5 MeV for the present data and the (p,n) 
data of Wang et al. [WanOl]. The (p,n) data has been recalibrated to the 15.1 MeV 
state (see text). The data is compared graphically in figure 6.2 

E® 
[MeV] 

B(GT;EX) 
B(GT; 3.5) 

(present data) 

B(GT;EX) 
B(GT; 3.5) 

(Wang et al. [WanOl], recalibrated) 
0 0.159(7) 0.159(7) 

3.5 1.00(6) 1.00(7) 
8.88 0.18(1) 0.15(1) 
9.48 0.042(3) 0.077(6) 
10.81 0.088(6) 0.109(7) 
11.88 0.32(2) 0.37(2) 
13.47 0.028(2) 0.116(9) 
15.06 0.18(1) 0.17(1) 
18.4 0.020(1) 0.031(2) 

by converting them to B(GT) values using the present results. It would not be wise to 
calibrate the (p,n) data using the 14.6 MeV T = 3 / 2 state, as the resolution and sensitivity 
of the (p,n) reaction is not good enough to isolate the strength of this state (see spectrum 
in [Pug85]). Instead a calibration by using the strongest pure GT state, the 5 / 2 " state 
at E,.=2.36 MeV was made. The calibration value used was B(GT)=0.241(8) taken from 
the present high-resolution (3He,t) experiment (see table 5.8 in 5.6). The results of the 
determination of B(GT) values derived from the (p,n) cross-sections is shown in table 6.3, 
and the B(GT) ratios obtained by dividing the B(GT) strength of an excited state by 
the strength of the 2.36 MeV state are shown in fig. 6.3. The zero-degree cross-sections 
obtained by Pugh were converted to q=0 cross-sections by calculating the F(UJ) factor 
in DWBA, using the proton bombarding energy of Ep=135, and the optical potential 
parameters Pugh used for the fitt ing of cross-sections in his experiment (Vr=16 .2 MeV, 
rR=1.2 fm, 3R=0.66 fm, W j = l l . l MeV, r / = 1 . 2 8 fm and a/=0.63 fm [Pug85]). The 
calibration to the B(GT) strength of the 2.36 MeV state yields a GT unit cross-section 

^' = 2,1S/sr = 8-85(34)mb/sr <"> 
which agrees well with the systematic trend of the (p,n) GT unit cross-sections (see 
fig. 1.3 in the introduction). All q=0 cross-sections (except for the ground state) were 
then divided by CJQ^ to obtain the corresponding B(GT) strength. The ground state 
was treated using eq. (5.23) since there is no beta-decay data available. The Fermi to 
Gamow-Teller unit cross-section ratio was taken from the systematics for (p,n) experi-
ments [Tad87], assuming a 10% error: 

^ = ( E ' ( ^ V ) ) 2 = 6.0(6) (6.2) 

The B(GT) value for the ground state transition obtained in this way is B(GT,E,.=0) = 
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0.91(15), which agrees with the value of 0.66(18) obtained from the (3He,t) data within 
the errorbars. 

Table 6.3: B(GT) values for 9Be(g.s.)^9B(Ea ;) calculated from the cross-section data 
obtained by Pugh in his 9Be(p,n) experiment [Pug85, Faz82], Like in the comparison 
with (p,n) data for the 13C target, the B(GT) values of strong and well-separated GT 
states agree with the (3He,t) results, while weaker states and states that are near to other 
A L > 1 states that cannot be resolved in the (p,n) reaction result in much higher B(GT) 
values since the A L > 1 often cannot be properly separated in the (p,n) experiment due 
to lower resolution. 

The F-Factor was determined by DWBA using the bombarding proton energy of 135 MeV and the 
optical potential parameters used by Pugh in his thesis [Pug85] 

The B(GT) values were derived from the zero-degree cross-sections given by Pugh in his the-
sis [Pug85], using the 2.36 MeV state as a calibration value since it is the strongest pure GT state. The 
reference value used was B(GT)=0.241(8) obtained from the present (3He,t) study. 

The ground state B(GT) was calculated using the equation (5.23), and using the R2 value obtained 

from (p.n) systematics: R 2 = (Ep(f5
eV) f [Tad87] 

E x f (0°) f (9 = 0) B(GT) 
[MeV] [mb/sr] [mb/sr] derived from [Pug85]® 

0 0.995 9.52(4) 9.56(4) 0.91(15)^ 
2.36 0.98 2.09(4) 2.13(4) 0.24(1)® 
2.71 0.977 2.83(36) 2.9(4) 0.33(4) 
2.75 0.977 9.73(29) 10.0(3) 1.13(5) 
4.3 0.962 2.41(6) 2.50(6) 0.28(1) 
12.2 0.848 0.230(14) 0.27(2) 0.031(2) 
14 0.814 0.0657(22) 0.081(3) 0.0091(5) 

14.6 0.802 0.213(25) 0.27(3) 0.030(4) 
15.9 0.775 0.0578(59) 0.075(8) 0.0084(9) 
16.7 0.759 0.0441(50) 0.058(7) 0.0066(8) 

E 2.98(16) 

Generally, like in the case of the 13C target, the B(GT) obtained for the strong states 
that can be resolved in the (p,n) reaction agree with the (3He,t) results. In 9B this can 
only be said for the ground state, the 2.36 MeV state (which was used for calibration), 
and the 12.2 MeV state. Remarkably, the B(GT) value for the 12.2 MeV state (0.031(2)), 
which is the strongest of the states at higher excitation energy and is also well separated 
from other states, agrees completely with the (3He,t) value (0.0315(11)). 

The values for the states with higher excitation energy are all much larger than the 
more precise data obtained from (3He,t). The sharp T = 3 / 2 state at 14.6 MeV (which 
was used for the calibration of the (3He,t) data) could not be separated from the "bump" 
strength (see 4.6) and the 14 MeV state is not clearly separated as well. Comparing the 
whole strength in the 14-15 MeV region gives a better result: for the (p,n) data, we obtain 
EB(GT)=0.0091(5) + 0.030(4) = 0.039(4) and for the (3He,t) data EB(GT)=0.049(1) 
(sum of the strengths of the 14.1 MeV state, the 14.6 MeV state and the 14.9 MeV 
state) which is in much better agreement than the individual B(GT) strengths. 
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Figure 6.3: Comparison of the ratios of the B(GT) strength of excited states in 9B with respect 
to the 2.36 MeV B(GT) strength. The data derived (see text) from the cross-sections obtained 
in Pugh's (p,n) experiment [Pug85] are shown in comparison. 



6.3. Clusters, the NCSM and beta-decay 111 

The same separation problem exists for the states given at 15.9 MeV and 16.7 MeV 
in Pugh's thesis. Both states are near to the 16.8 MeV state and the 17.6 MeV state, 
both of which have A L > 1 character and have a significant cross-section. The B(GT) 
values of both states being larger by a factor of two in the (p,n) results is therefore not 
suprising. 

The most important difference (which also makes the biggest contribution to the 
larger total B(GT) strength) comes from the treatment of the broad states at 2-3 MeV 
excitation energy. Here, Pugh gives two cross-sections, for a 2.71 MeV state and a 2.75 
MeV state, which yield a total B(GT) value of 1.46, while the B(GT) value from (3He,t) 
for the 2.73 MeV state is only 0.718(24). The 2.75 MeV state shown in the spectrum 
fits in [Pug85] has a very unusual shape and seems to be more of a residual strength 
required to obtain a good fit. Pugh assumed that the broad "bump" around 3 MeV was 
mainly the result of a single broad peak, which he assumed was the 2.75 MeV state. 
From (3He,t) results with higher resolution, like the study of Akimune et al. [AkiOl], 
we now know that the bump is made up of several states with different character. It is 
therefore understandable that (while it still can not be ruled out that there are still some 
weak GT states present in the spectrum in the region 5-9 MeV) the strength obtained 
from the (p,n) data is far too large. 

Table 6.4: Comparison of the ratio obtained by dividing the B(GT) strength of an excited 
state by the B(GT) strength of the state at 2.36 MeV for the present data and the data 
extracted from the (p,n) cross-sections obtained by Pugh [Pug85]. The data is compared 
graphically in figure 6.3. 

EIE 
[MeV] 

B(GT;EX) 
B(GT; 3.5) 

(present data) 
Eie 

[MeV] 

B(GT;EX) 
B(GT; 3.5) 

(derived from Pugh [Pug85]) 
0 2.7(2) 0 3.8(6) 

2.358 1.00(4) 2.36 1.00(6) 
2.73 3.0(1) 2.71 1.4(2) 

2.75 4.7(3) 
3.93 1.50(7) 4.3 1.17(7) 

12.245 0.131(6) 12.2 0.13(1) 
14.101 0.085(4) 14 0.038(3) 
14.652 0.025(1) 14.6 0.12(2) 
14.895 0.093(4) 
16.05 0.0126(6) 15.9 0.035(4) 

17.076 0.0139(6) 16.7 0.027(3) 

6.3 Clusters, the NCSM and beta-decay 

Studies of B(GT) strength in light nuclei are an important testing ground for theoretical 
nuclear structure calculations, as has been shown e.g. for the nucleus 1 1B [Fuj04b]. 
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The B(GT) transition strengths are an important observable that state-of-the art nu-
clear structure calculations like ab initio calculations (no core shell model, NCSM) or 
cluster calculations (antisymmetrized molecular dynamics (AMD) or fermionic molecular 
dynamics (FMD)) must be able to reproduce. The B(GT) strengths also give some 
insight into the nuclear structure. This will be illustrated here for the 9B case. 

Table 6.5: Shell model predictions for the lowest levels in 9B. The values are taken from 
the work of Mikolas et al. [Mik88]. Four interactions were considered and are given in this 
order in the table: Cohen-Kurath CK-2BME [Coh65], Millener [Mik88], Kumar [Kum74] 
and Cohen-Kurath CK-POT [Coh65], 

J* EX(SM) B(GT;E.r) Experiment 
[MeV] (SM) (present work) 

3/2- 0 0.647 B(GT)=0.66(18) 
0 0.617 E.r=0 
0 0.569 r=3/2-
0 0.603 

5/2- 2.64 0.145 B(GT)=0.241(8) 
3.03 0.177 Ea,=2358(7) 
2.43 0.145 r=5/2-
2.95 0.181 

1/2- 3.02 0.655 B(GT)=0.718(24) 
2.75 0.653 £^=2730(70) 
3.25 0.651 J 7 r = l / 2 -
1.79 0.638 

3/2- 5.09 0.243 B(GT)=0.360(12) 
4.87 0.292 E;j.=3930(100) 
5.49 0.303 J 7 r=( l /2- ,3 /2- ,5 /2- ) 
4.66 0.300 

An immediately obvious feature of the B(GT) strength distribution in 9B (fig. 5.28) 
is that the B(GT) strengths above 12 MeV excitation energy are one order of magnitude 
smaller (even two orders of magnitude smaller starting from 14.6 MeV) than the B(GT) 
strengths of the states with excitation energy 0-4 MeV. 

To understand this, it must be remembered that the B(GT) strength is an expression 
of the action of the <tt operator, which by its simple form cannot change the spatial 
shape of the nucleus. The fact that B(GT) strengths to the higher excited energies are 
strongly suppressed therefore suggests that the states lying in the excitation energy range 
of the ground states of the Tz=±3/2 nuclei 9Li and 9C and above have a different spatial 
structure. A similar behaviour can be observed in the beta-decays of these Tz=±3/2 
nuclei to the T ^ = ± l / 2 nuclei 9Be and 9B (see figure 6.4). Recent high-precision beta-
decay measurements of 9C(/3+)9B [BerOl, Pre03, BucOl] and 9Li(/3")9Be [Nym90] clearly 
show that the transitions from the ground state of these nuclei to the ground states of 
9Be and 9B have very weak B(GT) strengths, while transitions to the highly excited 
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states have very large B(GT) strengths. This is the same effect as the one observed in 
the (3He,t) charge exchange reaction, where the transitions between the ground states 
and states with low excitation energy have large B(GT) strengths whereas the B(GT) 
strength to states with higher excitation energy above 14 MeV are strongly suppressed. 
This fact is illustrated in figure 6.5. 

The description of states with different spatial structures is a big challenge for the 
shell model. While standard shell model calculations (see table 6.5) are able to predict 
quite well the excitation energy and B(GT) strengths of the lowest levels, the higher 
excitation energies and B(GT) values could not be reproduced. 

Recent ab initio shell model calculations using a three-body interaction (TNI) [Nav07, 
For05] have been quite successful in the description of higher excited states in light nuclei. 
Navratil et al. report a B(GT) value for the sharp T = 3 / 2 states that is in agreement with 
our experimental results while the excitation energies only differ by about 800 keV [Nav] 
(the older shell model calculations underpredicted the excitation energies of these states 
by around 2 MeV [Mik88]). 
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Figure 6.4: Comparison of the B(GT) strengths obtained from 9C(ß+)gB, gBe(3He,t)gB and 
9Li(ß~)gBe. The arrows indicate very weak strengths. It can clearly be seen that the states 
with similar spatial structure are strongly connected by the <JT operator, whereas transitions to 
states with different spatial structure are strongly suppressed. 
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T=3/2 

Figure 6.5: Illustration of the spatial shapes in the A=9 system and interpretation of the 
distribution of B(GT) strengths in charge-exchange processes in the A=9 system (see fig 6.4). 
The ground states of9 Li and 9 C can be considered spherical or mean-field-like, and have closed 
p3 /2 shells, while the ground states of9 Be and 9B are strongly deformed and have a 2a+n or 
2a+p structure. The weak process, mediated by the <JT operator, only very weakly connects 
states with different spatial structure. 
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CHAPTER 7. SUMMARY 

Chap te r 7 

S u m m a r y 

Excited states in the light nuclei 9B and 13C were studied using the (3He,t) charge-
exchange reaction on 9Be and 13C targets. The measurements were performed at the 
research center for nuclear physics (RCNP) in Osaka, Japan, using the magnetic spec-
trometer GRAND HAIDEN and the dispersive WS course. The 3He beam with an energy 
of 420 MeV was accelerated by the RCNP Ring Cyclotron. 

The GRAND HAIDEN spectrometer and the WS course allow to study the (3He,t) 
charge-exchange reaction with an energy resolution of around 30 keV, which is one 
order of magnitude better than measurements with the (p,n) charge-exchange reaction. 
The high resolution allows to better separate individual states and to determine weak 
excitation strenghts because of low background in the spectra. For both the 9Be and 
the 13C targets, excited states could be studied in the charge-exchange reaction with a 
precision that was previously not available. This made it possible to get more precise and 
complete information on excitation energies and decay widths of excited states in these 
nuclei. A total of 19 states in 13N were studied, and a total of 20 states were observed 
in 9B. Of these, 9 states in 13C and 10 states in 9B were identified as being excited by 
a Gamow-Teller transition. 

Charge-exchange reactions are related to beta-decay, and at zero momentum transfer 
a simple proportionality exists between the cross-section of the charge-exchange exper-
iment and the Fermi (F) or Gamow-Teller (GT) beta-decay strength. While the Fermi 
strength B(F) is concentrated in the transition to the isobaric analog state, the Gamow-
Teller strength B(GT) is scattered among the excited states. The main aim of the present 
study was to determine the B(GT) strengths in the nuclei 9B and 13N. 

The only charge-exchange study of 9B was made 30 years ago with the (p,n) reaction 
and a resolution of around 300-400 keV. Many states, especially at high excitation energy, 
could not be resolved by this study. The present work was able to separate many weakly 
excited states with small decay width at high excitation energies (12-19 MeV) in 9B 
and determine the B(GT) strength distribution by using recent high-precision beta-decay 
data. This was a significant improvement over the (p,n) study which was unable to 
discern among these states. The results point to a strong difference in spatial structure 
between the low-lying levels of 9B and the levels with high excitation energy. This 
result is also corroborated by beta-decay measurements and theoretical calculations. 
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Furthermore, the decay width and excitation energy information of the highly excited 
states in 9B was substantially improved. 

The nucleus 13N has last been studied in 2001 using the (p,n) reaction. A (3He,t) 
experiment was also performed at the RCNP Osaka a few years ago (2004), however 
with a lower resolution of around 300 keV. In the present work, the (3He,t) reaction 
with high resolution (30 keV) was used to determine the B(GT) strength distribution in 
13N. For the first time, the 13N T = 3 / 2 state at 15.1 MeV could be separated from the 
contaminant 12N state which lies at nearly the same excitation energy in the spectrum, 
allowing a unambiguous calibration of the GT unit cross-section. This calibration allowed 
a precise determination of B(GT) strengths in 13N which confirms the main results of the 
(p,n) analysis, but provides results going beyond the (p,n) study because some states and 
their cross-section could be better isolated owing to the high resolution of the (3He,t) 
data and the high target enrichment. 
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A p p e n d i x A 

Beam op t i cs 

This appendix chapter contains the detailed derivation of equations (2.1),(2.2),(2.3) 
introduced in 2.4. 

A . l Beam coordinates 

A beam line can be idealized as a set of magnetic elements that are placed sequentially 
at intervals along an (assumed) reference trajectory. This reference trajectory (or central 
trajectory) is the path of a charged particle produced by the beam source with the design 
momentum p0 that is passing through ideal magnets (i.e. with no fabrication or posi-
tioning errors). As neither the magnetic elements nor the beam source can be assumed 
to be perfect, a realistic beam is always broadened. The design of the beam line and the 
tuning of the magnetic parameters can however provide means to ensure matching of a 
dispersed and diffracted beam to the spectrometer to get optimal measuring conditions 
(e.g. a high resolving power). 

Figure A . l : Geometrical representation of the arbitrary ray with respect to the assumed central 
beam trajectory and the components of v as given in eq. A.l. 

For theoretical purposes, we can model the position of a charged particle in the beam 

I 
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line (following the widely used notations of the computer code TRANSPORT [Car98]) 
as a vector v (that will also be referred to as ray) with six components 

which are (see illustration in fig. A . l : 

( x \ 
e 
y 

i 

\ » J 

(A . l ) 

x = the horizontal displacement of the arbitrary ray with respect to the reference 
trajectory 

9 = the angle between the ray and the reference trajectory in the horizontal plane 
(horizontal angle) 

y = the vertical displacement of the ray with respect to the reference trajectory 

4> = the angle between the ray and the reference trajectory in the vertical plane 
(vertical angle) 

I = the path lenght difference between the ray and the central trajectory 

5 = Ap/po is the fractional momentum deviation of the ray from the assumed 
central trajectory. 

To be strict, 9 and 4> are not really angles but tangents of angles ( t an 9,tan 4>) but 
the difference between an angle and its tangent is of third order for angles close to zero 
so that they can be referred to as angles. The local coordinate system is shown in fig. 
A.2. 

A.2 Beam t rans format ion 

In first order, the action of a magnetic lens on the particle coordinates can be represented 
by a square matrix R. Taking v0 as initial coordinate vector of the considered particle and 
v\ as the final (transformed) coordinate vector, the action of a magnet can be described 
by the equation 

^ = Rvo (A.2) 

The same matrix R can be used for all particles going through the magnet, since 
they only differ in their initial coordinates v0. 
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Figure A.2: The local coordinate system shown before and inside a bending magnet. The 
longitudal coordinate is marked as z. The distance along the reference trajectory is usually 
marked as s. In a field-free region, s and z are the same. However, inside a bending magnet, 
the coordinate s is curvilinear and follows the central trajectory, while z remains rectilinear and 
is tangent to the central trajectory. 

When going through a system of magnets and drift spaces (the beam line), the 
transforming effects can be cumulated in a single cumulative transfer matrix which is 
the product matrix of the individual transformation matrices: 

R{t) = R(n)R(n - 1) • • • #(3)^(2)^(1) (A.3) 

If we now only consider bending magnets acting on the horizontal component of the 
beam, the 6 x 6 matrices can be reduced to 3 x 3 square matrices if we don't consider the 
path lenght difference I in our calculations. So let us consider a beam originating from 
a source point at the beginning of the beam line with components x0,9o,So- This beam 
is transported to the target and its components are transformed under the action of the 
beam line matrix B = ( b i j ) and just before hitting the target the ray has the components 
x\ ,9 i ,8 i . The energy is not changed inside the beamline, which means that = 
Thus we can write: 

bn b\2 &13 N \ ( X0 

&23 • u 
&31 &32 &33 ) 1 \8o 

bnx0 + bu9o -I- bis So \ 
621^0 + &220O -\- b23ö0 

So 

bn bn &13 \ ( Xo 

&21 &22 &23 • 9o 
0 0 1 ) V So 

(A.4) 

(A.5) 

At the target, the beam particles are scattered. Assuming a scattering angle a and 
a target angle relative to the central ray of the beam of (f)T, the horizontal distance of a 
scattered non-central ray changes (see fig. A.3) from x\ to x2 and the transformation 
can be easily derived from the figure: 
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e = « - <pT ; X 2 = X ! (A.6) 7T = £ — CÜ + (f>T + F + E COS 0 T 

The factor transforming the horizontal displacement of the ray at the target is called 
target function and will be called T. Thus, we already have the transformation of the 
first coordinate of the ray at the target: 

x2 = T • xi = <»*(<* ~Jt)Xi (AJ) 
COS (f>T 

The transformation of the horizontal angle can also easily be derived from fig. A.3. 
The incident beam has a horizontal angle relative to the central trajectory. The 
scattered particle has a relative horizontal angle d2. Introducing the free parameter 
6 = 02 — 9\ as "effective scattering angle" (the real scattering angle of the non-central 
ray would be a + 02 — 9\) [Fuj97], we get 

d2 = + 6 (A.8) 

as transformation for the horizontal angle of the particle ray. The only issue left to 
consider is the transformation of the fractional momentum deviation to 62. In order 
to calculate it, the following definition can be used: 

82 = ^ ^ (A.9) 
Pout 
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and the differential Ap o u t depends on the scattering angle a and the incident 
momentum pin) can then be calculated as 

A j w = + (A.10) 
da dpin 

Further using the relations A a = 62 — = 6 (the horizontal angle difference 
between the scattering angle of the central trajectory and the scattering angle of the 
non-central ray) and A p i n = pin • (see eq. A.9) we obtain 

1 (dpout ~ , 9'Pcrut = — + (A.11) 
Pont \ oa d'Pin J 

where = (eq. A.4). Introducing the kinematic factor K and the relative 
momentum ratio C defined as 

K = (A.12) 
Pont OCt 

C = (A.13) 
Pout dp in 

we can rewrite eq. A.11 as 

ö2 = KO + Cö1 (A. 14) 

We now have the transformations for all three components of the ray, and can thus 
write down the ray components directly after the scattering as a function of the initial 
coordinates x0,9o,8o'-

i 2 \ / TbnXo + Tbn9o + Tbi360 \ 
02 = b21x0 + b22d0 + b23ö0 + 9 (A.15) 
52 J \ KO + C5o J 

The last transformation is the beam trajectory inside the magnetic spectrograph, 
which we will describe by the matrix S (once again the energy of the beam is not 
changed here, so s3 i = s32 = 0 and s33 = 1). The end coordinates of the ray on the 
focal plane of the detector are defined as x,9,8. The transformation gives: 

x \ / s n si2 «13 \ / Tbnxo + Tbi290 + Tbi350 

0 = S21 s22 «23 • b2Xx0 + b220o + b23S0 + 6 I = (A.16) 
5 J V 0 0 1 / V KO + CS0 

xo(s11b11T+s12b2l)+do(s11b12T+s12b22)+&o(s11b13T+s12b23+si3C)+@(s12+si3K) 
Xo(s2lbllT+S22b2l)+9o(s2lbl2T+S22b22)+Öo(s2lbl3T+S22b23+S23C)+&(s22+S23K) (A.17) 

K&+CSO 
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The end result at the focal plane is thus 

Xfp = x0 (snbnT + S12&21) 
+ 6>o (snbnT + S12622) 

+ S0 (snbi3T + S12623 + S13C) 
+ e(Sl2 + Sl3x) (A.18) 

0/p = Xo (s2ibnT + S22621) 

+ 0o (s2lbl2T + s22b22) 
+ £0 («21&1371 + S22&23 + s23C) 
+ 0(S22 + S23K) (A.19) 

5fp = 52 = KO + C5O (A.20) 
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A p p e n d i x B 

A n g u l a r ca l ib ra t ion procedure 

The following chapter describes in detail the calibration procedure to obtain a good 
definition of the scattering angle, as well as spectra with a high energy-resolution, which 
was briefly summarized in chapter 3. It is structured in two parts, which follow the 
chronological order of the data processing: first the reconstruction of the scattering 
angle using a multi-hope slit (sieve), then the correction of higher-order aberrations and 
the correction of the spectra. 

B . l Reconstruction of the scattering angle 

In order to obtain a high-resolution spectrum for the reaction at 0° scattering angle, 
the scattering angles 6 tgt and (f)tgt at the target have to be reconstructed from the focal 
plane observables 9fp and j//p. A good way to achieve this is the sieve slit technique 
using the over-focus mode of the Grand Raiden spectrometer [FujOl]. A multi-hole slit 
with well-known metrics is placed behind the target and a spectrum is recorded. The 
deformed image of the sieve slit is then used to obtain the correct scattering angles for 
the raytraced events. The procedure will be explained in detail in this section. 

The deformation of the original sieve image is a function of several variables. The 
deformation depends on the x-position at the focal plane, as well as the angle coordinates 
9fP and j//p at the focal plane. For the correction method described here, we will assume 
that 

3 3 1 

<t>tgt = MyfP,9fp,xfp) = J2J2J2aiikXlfpd'fpykfp ( B 1 ) 
i=0 j=0 k=0 
2 4 2 

Otgt = 0tgt(yfp,9fp,xfp) = J2J2J2biikxtfpy3fp9fp (B-2) 
i=0 j=0 k=0 

which requires 77 parameters in total to reconstruct the scattering angles (32 pa-
rameters for the vertical scattering angle and 45 parameters for the horizontal scattering 

VII 
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angle). This number may seem large, but consider that approximately 40 hole images of 
the sieve slit can be seen at the focal plane for each focal plane position. Since sieve slit 
images were taken for ten different regions at the focal plane, this gives a total amount 
of roughly 400 data points which have to be fitted in order to reconstruct the scattering 
angles at the target. The following sections will explain in detail how the parameters in 
equations (B . l ) and (B.2) were derived. 

The first step requires to obtain the "distorted" images of the sieve slit for various 
Xfp positions at the focal plane. Nine such images were obtained for different x-regions 
as shown in fig. B . l . 

140,-80](mm) 

Xfp G [-74, -48](mm) Xfp t [—45, —5](mm) Xfp t [35, 95](mm) 

Figure B . l : Images of the sieve slit at nine different x-positions at the focal plane. These 
images were used to reconstruct the scattering angles 0tgt and (f)tat at the target from the focal 
plane observables via the known dimensions of the sieve. 

These images, which show a 9fp vs yfp plot of triton events, can subsequently be 
sliced in "rows" and "columns" to determine the distorted positions of the original 9tgt 

and (f)tgt coordinates. 
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B . l . l Reconstruction of (f)tgt 

(f)tgt as a linear function of yfp 

To determine the parameters required for the reconstruction of the (f)tgt angle, the images 
shown in fig. B . l are sliced into five "columns". For the images with the highest Xfp 

values, the fifth column could not always be seen or did not have a sufficient number 
of events to be used in the f i t t ing procedure. The columns correspond to the the 9tgt 
positions given in table B . l , derived from the positions of the holes in the sieve slit and 
the target-slit distance of 605.5 mm. For column 5, it was assumed that observed counts 
only result from particles originating from the parts of the hole closest to the center of 
the slit, whose horizontal displacement is 9 mm (instead of 10.5 mm if the center of the 
hole is considered) 

Table B. l : 6 tg t positions corresponding to the column numbers. 

Column M l 
Column 1 -0.993(5) 
Column 2 -0.497(5) 
Column 3 0.000(5) 
Column 4 0.497(5) 
Column 5 0.852(5) 

For each of the nine x/p-ranges, five columns are projected onto the j/ /p axis, and 
the y f p position of the respective peaks is related to the (f)tgt position corresponding to 
the respective hole in the sieve slit: 

<t>tgt = a(9tgt, Xfp)yfp + b(9tgt, xfp) (B.3) 

with a and b depending on the x-position and the column (i.e. the ^-position). The 
results of the linear fit are summarized in table B.2, and the details of the individual 
projections are shown in the figures B.3-B.11. 
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5.25/ 

® © 
distance to target: d=605.5 mm 

radius of large hole: 6 mm 

radius of small holes: 1.5 mm 

horizontal distance between 
small holes: 5.25 mm 

vertical distance between 
small holes: 6 mm 

horizontal displacement of 
large hole: 3.2 mm 

horizontal angles 

6 •> = tan 1(x/d) 
A =0.3028° 
B =0.4968° 
C =0.9935° 

vertical angles 

b = tan 1(y/d) 
a =0.5677° 
b = 1.1354° 
c = 1.7028° 
d =2.2698° 
e =2.8364° 

Figure B.2: Dimensions of the sieve slit. The large hole in the center is asymetrically installed 
at a horizontal distance of 3.2 mm. The placement of the smaller holes is symmetric and all 
have the same horizontal and vertical spacing (except around the large hole). Horizontal and 
vertical angles resulting from a target-slit distance of 605.5 mm are given in the picture. 
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column 1 

Figure B.3: Projections of all five columns for the sieve slit image at Xfp € [—410, —367] and 
determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 
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Figure B.4: Projections of all five columns for the sieve slit image at Xfp € [—295, —255] and 
determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 
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-15 -10 -5 

Figure B.5: Projections of all five columns for the sieve slit image at Xfp € [—410, —367] and 
determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 
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Figure B.6: Projections of all five columns for the sieve slit image at Xfp € [—295, —255] and 
determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 
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Figure B.7: Projections of all five columns for the sieve slit image at Xfp € [—410, —367] and 
determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 



XVIII APPENDIX B. ANGULAR CALIBRATION PROCEDURE 

Figure B.8: Projections of all five columns for the sieve slit image at Xfp € [—295, —255] and 
determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 
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Figure B.9: Projections of all five columns for the sieve slit image at Xfp € [—410, —367] and 
determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 
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Figure B.10: Projections of all five columns for the sieve slit image at Xfp € [—295, —255] and 
determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 
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Figure B . l l : Projections of the first four columns for the sieve slit image at Xfp € [340, 520] 
and determination of centroids. The centroids are fitted to their respective original (f>tat position 
using a linear function. The fitted functions are shown along with the residuum of the fit. 
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Table B.2: Results of the linear fit connecting y f p to original (f)tgt position via (f)tgt = 
ayfp + b. 

Column x £ x £ x £ x £ x £ 
[ - 4 1 0 , - 3 6 7 ] [ - 2 9 5 , - 2 5 5 ] [ - 1 4 0 , - 8 0 ] [ - 7 4 , - 4 8 ] [ - 4 5 , - 5 ] 

Col. l a .0677(1) .0699(1) .0736(1) .0748(2) .0757(1) 
b -.022(4) -.014(3) -.016(3) -.017(3) -.018(3) 

Col.2 a .0752(1) .0778(1) .0821(2) .0835(2) .0844(2) 
b -.001(3) .010(3) .014(3) .009(3) .001(3) 

Col.3 a .0802(2) .0832(2) .0874(2) .0887(2) .0897(2) 
b .017(4) .033(4) .035(1) .030(4) .029(4) 

Col.4 a .0847(2) .0878(2) .0938(2) .0959(2) .0972(2) 
b .042(4) .050(4) .051(4) .045(4) .042(1) 

Col.5 a .0887(3) .0933(3) .1023(4) .1060(5) .1089(4) 
b .062(5) .074(4) .088(3) .081(6) .079(5) 

Column x £ x £ x £ x £ 
[35, 95] [115,190] [190, 320] [340, 520] 

Col. l a .0779(1) .0800(2) .0830(2) .0879(2) 
b -.016(3) -.015(3) -.018(3) -.005(1) 

Col.2 a .0889(2) .0922(2) .0982(2) .0982(2) 
b -.000(3) .010(2) .009(2) .006(2) 

Col.3 a .0923(2) .0953(2) .0994(2) .1080(3) 
b .022(4) .016(4) .017(4) .019(4) 

Col.4 a .1015(3) .1066(3) .1141(3) .1323(4) 
b .039(2) .038(4) .032(4) .025(1) 

Col.5 a .1179(5) .1227(65) .126(9) .140(15) 
b .063(5) .05(1) .05(1) .05(1) 
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Parameters of the linear function as a function of 9tgt 

The parameters a(9tgt,Xfp) and a(9tgt,Xfp) derived as in table B.2 were subsequently 
fitted for each xfp region as a function of 9tgt. The different columns of the sieve slit 
images correspond to specific 9tgt values as given in table B . l . The parameters were 
fitted as third-order polynomial functions of 9tgt-

a(0tgt, xfp) = aa(xfp) + ßa(xfp)6tgt + la(xfp)92
tgt + Sa(xfp)9^t (B.4) 

b(9tgt,XfP) = ab(xfp) + ßb(xfp)9tgt + lb(xfp)92
tgt + Sb(xfp)9^t (B.5) 

where the fitted parameters aa,b, ßa,b, 7a,& and 8a,b still depend on the focal plane 
position XFP. The results of the fit are summarized in table B.3, and the details of the 
individual fits are shown in the figures B.12-B.20. 

Table B.3: Results of the fit of a(9TGT,XFP) and b(9TGT,XFP) as a function of 9tgt for 
different Xfp positions. 

Xfp O-a ß a 7 a <5a 
-386(5) 0.0802(1) 0.0089(15) -0.0010(3) 0.0026(23) 
-273(4) 0.0830(2) 0.0092(3) -0.0001(4) 0.0040(4) 
-107(2) 0.0873(2) 0.0102(4) 0.0029(4) 0.0066(6) 
-54(3) 0.0886(2) 0.0105(4) 0.0047(5) 0.0082(6) 
-23(3) 0.0895(2) 0.0108(4) 0.0059(5) 0.0091(7) 
69(5) 0.0919(2) 0.0121(5) 0.0103(5) 0.0123(7) 
157(5) 0.0952(2) 0.0154(19) 0.0100(12) 0.0100(13) 
274(7) 0.0994(3) 0.0187(5) 0.0152(13) 0.0130(14) 

430(15) 0.1081(3) 0.0293(6) 0.0289(18) 0.0200(18) 

Xfp a . b ßb 7 b 5b 

-386(5) 0.018(3) 0.041(7) 0.007(6) 0.007(10) 
-273(4) 0.031(3) 0.038(7) 0.005(5) 0.011(9) 
-107(2 0.035(1) 0.033(7) 0.009(3) 0.028(9) 
-54(3) 0.026(3) 0.032(8) 0.013(7) 0.025(11) 
-23(3) 0.020(2) 0.033(5) 0.017(6) 0.023(8) 
69(5) 0.018(2) 0.036(6) 0.010(6) 0.008(9) 
157(5) 0.020(3) 0.019(6) 0.008(9) 0.025(1) 
274(7) 0.018(3) 0.015(6) 0.005(9) 0.027(11) 

430(15) 0.014(2) 0.016(4) 0.008(9) 0.011(10) 
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Figure B.12: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tgt = ciijfp + b relation for the sieve slit image at Xfp € [—410, —367]. The fitted functions 
are shown along with the residuum of the fit. 

Figure B.13: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tat = ciijfp + b relation for the sieve slit image at Xfp € [—295, —255]. The fitted functions 
are shown along with the residuum of the fit. 
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Figure B.14: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tgt = ayfp + b relation for the sieve slit image at Xfp € [—140, —80], The fitted functions 
are shown along with the residuum of the fit. 

Figure B.15: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tat = ayfp + b relation for the sieve slit image at Xfp € [—74, —48], The fitted functions 
are shown along with the residuum of the fit. 
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Figure B.16: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tgt = ayfp + b relation for the sieve slit image at Xfp € [—45, —5], The fitted functions 
are shown along with the residuum of the fit. 

Figure B.17: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tat = ayfp + b relation for the sieve slit image at Xfp € [35,95], The fitted functions are 
shown along with the residuum of the fit. 
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Figure B.18: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tgt = ayfp + b relation for the sieve slit image at Xfp € [115,190], The fitted functions 
are shown along with the residuum of the fit. 

Figure B.19: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tat = ayfp + b relation for the sieve slit image at Xfp € [190,320], The fitted functions 
are shown along with the residuum of the fit. 
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Figure B.20: Third-order polynomial fit as a function of 6 for the linear parameters a and b of 
the (f>tgt = ayfp + b relation for the sieve slit image at Xfp € [340, 520], The fitted functions 
are shown along with the residuum of the fit. 
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Determination of a i j k for the reconstruction of 4>tgt 

The parameters aa,b, ßa,b,la,b and as determined in table B.3 still depend on the 
focal plane position XFP. By fitt ing these parameters as a function of XFP up to third 
order one can finally obtain the coefficients a i j k required to correct the vertical angle 
(Ptgt-

OtaißC f p ) = «000 -|- a i o o X f p -h «200 X2fp -h «300 "Cjp (B.6) 

ß a ( X f p ) = &010 -\- a n o x f p -h « 2 1 0 ^ / p -h « 3 1 0 ^ / p (B.7) 

l a { X f p ) = &020 -\- « 1 2 0 ^ / p " h «220 ^ / p -h «320 "Cjp (B.8) 

Ö a ( X f p ) = «030 -|- a i s o X f p -h «230 X 2 f p -h « 3 3 0 ^ / p (B.9) 

a b ( x f p ) = &001 " \- a w i x f p -h «201 ̂ / p " h « 3 0 1 ^ / p (B.10) 

ß b ( X f P ) = «011 " \- C l i n X f p -h « 2 1 1 ^ / p -h « 3 1 1 ^ / p ( B . l l ) 

7 b ( X f p ) = «021 " \- a \ 2 \ X f p -h «221 " h « 3 2 1 j p (B.12) 

8 b { x f p ) = &031 " \~ «131 x f p ~ h « 2 3 1 ^ / p " h «331 (B.13) 

The coefficients a i j k are given in table B.4, and the fits are shown in fig. B.21 
and B.22. 

Table B.4: Results of the fit of aa,b, ßa,b,la,b and 8a>b as a function of focal plane position. 

a{9tgt,Xfp) ( k = 0 ) a0 j0 ( i=0) ay0 ( i = l ) a2jo ( i = 2 ) a3jo ( i = 3 ) 

aa ( j=0 ) 
ßa (j = l ) 
7a ( j=2) 

(j = 3) 

0.0901(1) 
0.0111(2) 
0.0065(2) 
0.0093(4) 

2.80(5)E-05 
1.26(21)E-05 
3.4(2) E-05 

1.95(27)E-05 

1.7(2)E-08 
4.0(4) E-08 
3.3(5) E-08 
1.8(59)E-09 

2.9(6)E-11 
6.6(19)E-11 
-9.6(2)E-12 
7(15)E-12 

Kdtgt,Xfp) ( k = l ) a0ji ( i = 0 ) a y i (i = l ) a2ji ( i = 2 ) a3jl ( i = 3 ) 

ab ( j=0) 
ßb 0 = 1 ) 
76 0 = 2 ) 
Sb 0 = 3 ) 

0.024(1) 
0.031(3) 
0.011(3) 
0.022(4) 

-7.1(9)E-05 
-5.0(24) E-05 

5(24) E-06 
1(40) E-06 

1.3(6)E-07 
-2.5(35) E-08 
-3.4(35) E-08 
-7.7(54) E-08 

4.9(7)E-10 
1.4(17)E-10 
-2(18)E-11 
6(28)E-11 
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Figure B.21: third-order polynomial fit as a function of Xfp for the parameters aa,ßa, 7„ and 

Figure B.22: third-order polynomial fit as a function of Xfp for the parameters ab,ßb,jb and 
sb. 
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B . l . 2 Reconstruction of 6tgt 

0tgt as a quadratic function of 9fp 

To determine the parameters required for the reconstruction of the 9tgt angle, the sieve 
slit plots obtained after the (f)tgt correction (previous section) were sliced into seven "rows" 
and projected onto the ö-axis. The row numbers correspond to the rows of the multi-hole 
slit (see fig. B.2), counted from the lowest vertical angle (row 1, (ptgt=-2.8364°) to the 
highest vertical angle (row 11, <ptgt=-\-2.8364°). In order to obtain sufficient data points 
for a fit, the rows 5-7, which contain the large hole, were consolidated into one (row 6 
would only have three anchor points, while rows 5 and 7 would only contain data about 
the fringe of the large hole). The 9 f p position was determined by f i t t ing the obtained 
spectra. In order to reconstruct the horizontal angle at the target, it was assumed that 

Otgt = a(4)tgt,xfp) + b((f)tgtlxfp)9fp + c((f)tgtlxfp)9'2fp (B.14) 

with the parameters a, b and c to be determined by f i t t ing the positions obtained 
by f i t t ing the row projections to the sieve position. The results are shown in table B.5, 
and the details of the fits (projections of the rows and fit-functions) can be found in the 
figures B.24-B.37. 

ROW IO Q Q Q O O 

ROW 9 0 O O O Q 
j ROW 8 ) O O O O 

ROW 4 0 O O O O 

ROW 3 o o O o 
ROW 2 

-1 .5 - 1 - 0 . 5 0 0.5 1 1.5 

0 f P (°) 

Figure B.23: A sieve slit image after the reconstruction of cbtgt. To obtain the row projections 
on the 6fp axis, the image is sliced into rows on the (fttgt axis as shown in the picture. 
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Figure B.24: Projections for the five lowest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.25: Projections for the five highest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 



XXXVIII APPENDIX B. ANGULAR CALIBRATION PROCEDURE 

Figure B.26: Projections for the five lowest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.27: Projections for the five highest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.28: Projections for the five lowest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Chn : - 1 

xfp e [35,95] 

M 1 

0fpl°] 

- 1 - 0 . 5 0 0.5 

xfp e [120,180] 

M ° ] 

0fpl°] 

- 1 - 0 . 5 0 0.5 

xfp e [240,300] 

6fpl°] 

- 1 - 0 . 5 0 0.5 

xfp e [340,400] 

0fpl°] 

- 1 - 0 . 5 0 0.5 

xfp e [440,500] 

M ° ] 

75 80 85 90 95 

Figure B.29: Projections for the five highest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.30: Projections for the five lowest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.31: Projections for the five highest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.32: Projections for the five lowest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.33: Projections for the five highest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.34: Projections for the five lowest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.35: Projections for the five highest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.36: Projections for the five lowest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Figure B.37: Projections for the five highest x-positions of rows 5-7 of the sieve slit image and 
determination of centroids. The centroids are fitted to their respective original 9tgt position 
using a second order polynomial function. 
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Table B.5: Results of the fit connecting 0 f p to the original 9 tg t position via 4>tgt = 
a + b9fp + c82

f . 

Row x G [ - 4 1 0 , - 3 6 7 ] x G [ - 2 9 5 , - 2 5 5 ] 
4>tgt a b c a b c 

Row 2 -2.270 0.288(4) 0.943(5) -0.112(11) 0.316(4) 0.937(5) -0.208(7) 
Row 3 -1.703 0.306(3) 0.916(5) -0.174(6) 0.295(3) 0.918(4) -0.168(6) 
Row 4 -1.135 0.299(3) 0.915(4) -0.170(6) 0.285(3) 0.918(4) -0.156(6) 
Rows 5-7 0.000 0.283(4) 0.896(4) -0.173(7) 0.268(4) 0.899(4) -0.156(7) 
Row 8 1.135 0.299(3) 0.914(4) -0.168(6) 0.285(3) 0.916(4) -0.156(6) 
Row 9 1.703 0.306(3) 0.911(5) -0.164(6) 0.292(3) 0.915(4) -0.156(6) 
Row 10 2.270 0.315(3) 0.908(5) -0.166(6) 0.302(3) 0.913(4) -0.160(6) 

Row x G [ - 1 4 0 , -80] x G [ - 7 4 , - 4 8 ] 
4>tgt a b c a b c 

Row 2 -2.270 0.312(4) 0.932(5) -0.199(7) 0.312(4) 0.936(5) -0.193(8) 
Row 3 -1.703 0.288(3) 0.914(4) -0.158(6) 0.291(4) 0.913(4) -0.162(6) 
Row 4 -1.135 0.278(3) 0.916(4) -0.146(4) 0.280(4) 0.917(4) -0.148(6) 
Rows 5-7 0.000 0.267(4) 0.894(4) -0.152(7) 0.267(4) 0.896(5) -0.151(7) 
Row 8 1.135 0.279(3) 0.912(4) -0.148(6) 0.281(4) 0.914(4) -0.151(6) 
Row 9 1.703 0.286(3) 0.911(4) -0.151(6) 0.289(4) 0.912(5) -0.153(8) 
Row 10 2.270 0.295(3) 0.908(4) -0.154(6) 0.296(4) 0.912(5) -0.153(6) 

Row x G [ - 4 5 , -5] x G [35, 95 
4>tgt a b c a b c 

Row 2 -2.270 0.308(4) 0.937(5) -0.191(7) 0.307(4) 0.940(5) -0.187(7) 
Row 3 -1.703 0.286(3) 0.917(4) -0.158(6) 0.285(4) 0.918(5) -0.157(9) 
Row 4 -1.135 0.277(3) 0.920(4) -0.144(6) 0.274(3) 0.918(4) -0.146(6) 
Rows 5-7 0.000 0.266(4) 0.905(5) -0.144(7) 0.271(4) 0.896(4) -0.161(7) 
Row 8 1.135 0.275(4) 0.920(4) -0.143(6) 0.271(3) 0.919(4) -0.147(6) 
Row 9 1.703 0.281(3) 0.917(4) -0.147(6) 0.277(3) 0.917(4) -0.150(6) 
Row 10 2.270 0.290(3) 0.917(4) -0.149(6) 0.285(4) 0.920(4) -0.147(5) 

Row x G [120,180] x G [240, 300] 
4>tgt a b c a b c 

Row 2 -2.270 0.302(4) 0.947(5) -0.178(8) 0.304(4) 0.938(13) -0.180(13) 
Row 3 -1.703 0.280(4) 0.916(5) -0.157(6) 0.280(3) 0.919(4) -0.149(6) 
Row 4 -1.135 0.269(4) 0.916(4) -0.148(6) 0.270(3) 0.912(4) -0.146(6) 
Row 5-7 0.000 0.272(4) 0.896(4) -0.167(7) 0.281(4) 0.889(4) -0.175(7) 
Row 8 1.135 0.266(4) 0.917(4) -0.149(6) 0.265(4) 0.913(4) -0.148(6) 
Row 9 1.703 0.272(4) 0.918(5) -0.151(8) 0.272(3) 0.915(4) -0.147(6) 
Row 10 2.270 0.277(3) 0.922(4) -0.145(6) 0.278(3) 0.929(5) -0.133(6) 

Row x G [340,400] x G [440, 500] 
4>tgt a b c a b c 

Row 2 -2.270 0.308(4) 0.931(13) 0.177(13) 0.304(4) 0.993(18) -0.062(28) 
Row 3 -1.703 0.289(3) 0.938(5) -0.130(7) 0.287(4) 0.937(12) -0.129(12) 
Row 4 -1.135 0.278(4) 0.910(4) -0.148(6) 0.276(4) 0.939(5) -0.117(7) 
Rows 5-7 0.000 0.294(4) 0.881(4) -0.185(7) 0.292(4) 0.877(4) -0.184(7) 
Row 8 1.135 0.274(4) 0.910(4) -0.148(6) 0.271(4) 0.926(5) -0.129(6) 
Row 9 1.703 0.280(3) 0.924(5) -0.135(6) 0.281(4) 0.946(5) -0.118(7) 
Row 10 2.270 0.288(4) 0.936(12) -0.126(12) 0.291(4) 0.926(12) -0.138(12) 
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Parameters of the cubic function as a function of 4>tgt 

In the next step, the parameters a(4>tgt,Xfp), b ( ( f ) t g t , X f p ) and c(4>tgt,Xfp) derived as in 
table B.5 were fitted for each x f p region as a function of 4>tgt- The parameters were 
fitted as fourth-order polynomial functions of (f)tgt 

a{<hgt,Xfp) = +ßa<ptgt + la<p2
tgt + 5a<ftgt + ta<ptgt (

B

-
1 5

) 

K<t>tgt,XfP) = ab + ßb(ptgt + lb<fitgt + 5b<ftgt + tb<Ptgt ( B 1 6 ) 

c(<l>tgt,xfp) = ac + ßc(j)tgt +-fc(j)2
tgt + 5c(j)3

tgt + tc(j)4
tgt (B.17) 

where the fitted parameters a a ^ c , ßa,b,c 7a,6,0 Sa,b,c and ea;fc)C still depend on the 
focal plane position XfP. The results of the fit are summarized in table B.6, and the fits 
themselves are shown in the figures B.38,B.39 and B.40. 
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Figure B.38: Fit of the parameter a(<fitgt,%fp) as a function offogt for all ten Xfp ranges. 
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Figure B.39: Fit of the parameter b((j)tgt,Xfp) as a function of (f>tgt for all ten Xfp ranges. 
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Figure B.40: Fit of the parameter a(<fitgt,%fp) as a function offogt for all ten Xfp ranges. 
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Table B.6: Results of the fit of the parameters a, b and c as a function of 4>tgt-

a{4>tgt, Xfp) = o.a +" ßaßtgt + laßigt + Saßtgt - ea4>tgt 
Xfp a-a ß a la <5a £a 

-389(5) 0.284(4) -0.004(4) 0.013(3) 0.0018(8) -0.0020(6) 
-275(5) 0.271(4) 0.002(2) 0.010(3) -0.0009(3) -0.0005(5) 
-110(5) 0.269(3) 0.002(3) 0.007(2) -0.0011(8) -0.00002(5) 
-61(5) 0.269(4) 0.002(1) 0.009(3) -0.0011(1) -0.0004(5) 
-25(5) 0.267(3) 0.001(2) 0.006(2) -0.0009(4) 0.0001(2) 
65(5) 0.270(4) 0.0003(6) 0.002(3) -0.0010(4) 0.0006(6) 
150(5) 0.270(3) 0.001(2) -0.0019(2) -0.0012(4) 0.0011(1) 
270(5) 0.275(3) 0.0001(28) -0.005(1) -0.0011(7) 0.0016(2) 
370(5) 0.287(4) -0.001(2) -0.008(3) -0.0007(5) 0.0020(5) 
470(5) 0.285(4) -0.0012(7) -0.007(3) -0.0003(2) 0.0019(6) 

K<t>tgt,Xfp) = ab -f ßbßtgt + Ibßtgt + Sbßtgt + eb4>tgt 

Xfp a.b ßb 1b Sb £6 
-389(5) 0.900(4) 0.0033(5) 0.008(3) -0.0021(6) -0.0006(5) 
-275(5) 0.903(4) 0.0018(6) 0.008(3) -0.0013(3) -0.0008(4) 
-110(5) 0.899(4) 0.0009(8) 0.010(3) -0.0011(7) -0.0011(4) 
-61(5) 0.901(4) 0.002(1) 0.007(4) -0.00139(9) -0.0006(5) 
-25(5) 0.910(4) 0.003(2) 0.005(3) -0.00150(9) -0.0003(5) 
65(5) 0.901(4) 0.002(1) 0.010(1) -0.0013(5) -0.0009(2) 
150(5) 0.900(4) 0.004(2) 0.009(4) -0.0017(4) -0.0005(8) 
270(5) 0.894(4) 0.0003(12) 0.012(4) -0.0003(1) -0.0010(8) 
370(5) 0.882(4) -0.002(3) 0.026(4) -0.0001(5) -0.0030(11) 
470(5) 0.881(4) -0.004(2) 0.044(5) -0.0009(7) -0.006(1) 

c{4>tgt, Xfp) = ac -f ßcßtgt + Icßtqt + Öc<t>tQt + ec4>tgt 

Xfp ac ßc 1c 4 ec 

-389(5) -0.169(6) 0.011(4) -0.004(5) -0.004(1) 0.002(1) 
-275(5) -0.156(5) -0.004(4) 0.002(3) 0.003(1) -0.001(1) 
-110(5) -0.150(6) -0.006(4) 0.004(5) 0.003(1) -0.002(1) 
-61(5) -0.150(6) -0.005(4) 0.0005(26) 0.003(1) -0.001(1) 
-25(5) -0.143(4) -0.003(4) 0.0004(17) 0.002(1) -0.0011(4) 
65(5) -0.157(6) -0.005(4) 0.008(5) 0.003(1) -0.002(1) 
150(5) -0.163(6) -0.004(4) 0.011(5) 0.002(1) -0.002(1) 
270(5) -0.170(6) -0.007(4) 0.017(5) 0.003(1) -0.003(1) 
370(5) -0.183(6) -0.008(5) 0.033(5) 0.003(1) -0.005(1) 
470(5) -0.176(6) -0.001(4) 0.043(6) -0.001(2) -0.006(1) 
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Determination of bijk for the reconstruction of 9tgt 

Since we chose to calibrate the 6 tg t angle after calibrating the (f)tgt angle (and used this 
calibration), the description of the parameters of equation (B.2) has to be adapted. The 
variable j//p is a function of 4>tgt, therefore a substitution can be done: 

3 3 1 

4>tgt = 4>tgt{yfP, Ofp, xfp) = aijkx}pOJ
fpyfp 

i=0 j=0 k=0 
1 

= Y,akykfp 
k=0 

Vfv = = ( B 1 8 ) 

The parameters we obtained in the fitt ing of rows are therefore the parameters b^k 
instead of 

2 4 2 

0tgt = 0tgt (Vfv, 0fP, Xfp) = bijkx%
fpyJ

fp9kfp 
i=0 j=0 k=0 

2 4 2 

= 9tgt(<f>tgt, 9fp,xfp) = ~hHkXlfp(plgt9kfp (B .19 ) 
i=0 j=0 k=0 

The obtained bijk are summarized in table B.7, and the details of the fits are shown 
in the figures B.41,B.42 and B.43. 
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Figure B.41: Fit of the parameters aa, ßa,la, and ea as a function of Xfp to determine bijk 
for k=0. 
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Figure B.42: Fit of the parameters ab, ßb,"fb,öb and tb as a function of Xfp to determine bijk 
for k=l. 
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Figure B.43: Fit of the parameters ac, ßc,%,öc and ec as a function of Xfp to determine bijk 
for k=2. 
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Table B.7: Results of the f i t of aa>b>C) ßa>b>c)^a>b>c)5a>b>c and ea;fc)C as a function of focal 
plane position. 

a(4>tgt,Xfp) (k=0) b0jo ( i=0) blj0 ( i = l ) b2j0 0=2) 
aa ( j=0) 0.2681 2.20E-06 9.19E-08 
ßa (j = l ) 6.79E-04 -3.71E-06 0.00 
7a ( j=2) 2.79E-03 -3.02E 0.00 
<5a (j = 3) -1.17E-03 -8.76E-07 5.80E-09 

(j = 4) 4.24E-04 4.22E-06 0.00 

H4>tgt,Xfp) ( k = l ) b0ji ( i=0) biji ( i = l ) b2ji ( i=2) 
ab ( j=0) 0.9026 -1.81E-05 -6.97E-08 
ßb ( j = i ) 1.31E-03 -4.67E-06 0.00 
76 0=2) 7.91E-03 2.35E-05 7.97E-08 
Sb 0=3) -1.25E-03 2.35E-05 7.97E-08 
£6 0=4) -6.73E-04 -2.96E-06-1.06E-08 

c{4>tgt,xfp) (k=2) b0ji ( i=0) biji ( i = l ) b2ji ( i=2) 
a c 0=0) -0.1504 -1.52E-05 -1.36E-07 
ßc 0=1) -5.76E-03 -1.32E-05 4.44E-08 
7c 0=2) 2.43E-03 3.98E-05 9.62E-08 
4 0=3) 3.14E-03 3.79E-06 -2.27E-08 

0=4) -1.70E-03 -5.96E-06 0.00 
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B . l . 3 Results of the multi-hole slit calibration 

The following section summarizes the results of the reconstruction of the horizontal and 
vertical scattering angles at the target, 9tgt and ( f ) t g t . For ten Xfp regions, the original 
multi-hole slit images in 9 f p -y f p coordinates (as determined by the raytracing in the 
MWDCs) are compared to the reconstructed image in 9tgt-<f>tgt coordinates (reconstructed 
via the previously determined parameters aijk. and bijk). In order to be able to judge 
the quality of the angle reconstruction, the multi-hole slit coordinates are superimposed 
to the reconstructed images as white lines. The reconstruction is generally very good, 
except for the 9 « 1 ° range when the focal plane position Xfp becomes large (i.e. towards 
higher excitation energies, see fig. B.48). 
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Figure B.44: Results of the sieve slit calibration for Xfp € [ -410, -367] and Xfp € 
[ -295, -255] , 
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Figure B.45: Results of the sieve slit calibration for Xfp € [-140, -80] and Xfp € [ -74, -48] . 

Figure B.46: Results of the sieve slit calibration for Xfp € [—45, —5] and Xfp € [35,95], 
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Figure B.47: Results of the sieve slit calibration for Xfp € [120,180] and Xfp € [240,300]. 
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Figure B.48: Results of the sieve slit calibration for Xfp € [340,400] and Xfp € [440,500]. 
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B . 2 C o r r e c t i o n o f a b e r r a t i o n s 

After recontruction of the horizontal and vertical scattering angles as described in the 
previous section, higher order ion-optical aberrations are still present in the spectra. They 
manifest themselves in curved lines (representing the observed peaks) in the XfP vs. 9,<p 
plots (see fig. B.51). In order to correct these aberrations, the inverse transformation 
to these curved lines has to be applied. This inverse function cannot be given globally, 
and thus a local inverse mapping has to be found. 

One such way is to divide the Xfp-9 and XfP~4> planes in relatively thin stripes in 
the angles and reproducing the curved peaks by a cubic spline interpolation, to which 
the inverse mapping can be deduced. This procedure will be explained in detail in this 
section. For simplicity, we will only consider the case of 9 aberration (the 4> aberration 
is treated in exactly the same way). 

B.2.1 T h e aberration as a mapping 

We can model the observed aberration as a mapping transforming the rectilinear (desired) 
coordinates into the curved (observed) ones, as it is shown schematically in fig. B.49. 
The coordinates (x, 9) are transformed by the mapping T into coordinates (x, 9) (here 
we assume that the 9 coordinate remains fixed in the plane): 

(x,9) = T(x,9) (B.20) 

The whole problem of treating the aberration is thus to find an inverse mapping, 
T~l, which could transform every observed data point in such a way that the rectilinear 
spectrum is restored. This is however globally impossible since the mapping is not 
necessarily injective. We thus have to construct locally an inverse mapping that is rather 
simple to compute but still very precise in order to conserve the high resolution. 

This can be achieved by dividing the x-9 plane into stripes (thus effectively cre-
ating a mesh, together with the (x,9 = 0) data points) and performing cubic spline 
interpolations. 

B.2.2 Cubic spline interpolation 

The method of cubic spline interpolation [Boo78, Sto80] is a well-known procedure to 
obtain a smooth curve connecting a given set of points. The method constructs a set 
of n — 1 cubic polynomials to n given "control points" and requires only these points as 
well as a value for the first derivatives at the beginning and the end of the interval where 
the interpolation takes place. The numerical calculation procedure for this interpolation 
is well-established and standard codes for various programming languages are available, 
e.g. [Pre92]. 

In our specific case, we cut the two-dimensional x-9 plane in n— 1 stripes ( n control 
points) parallel to the x-axis. If we assume that the 9 = 0 line is unaffected by the 
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M ) 

\ 

Figure B.49: Model of the observed aberration as a two-dimensional mapping which only 
changes the x coordinate. 

mapping T , we then effectively obtain a mesh for the x-9 plane, defined by the ^-stripes 
and the x = x^\9 = 0) = x^ values (see fig. B.50). Using the nomenclature defined 
in fig. B.50, we can calculate a spline function Si}j(9) (where % is the index numbering 
the stripes in 9, i e { 1 . . . n — 1}) for every observed peak j ( j G { 1 , . . . , to}) which 
smoothly interpolates the observed data. An example of one such interpolation is shown 
in fig. B.51. 

Two additional control points, for i=0 and i=n + 1, are required in order to obtain 
the values of the spline function derivatives S[ j(91) and S'n_1j(9n) at the endpoints of 
the interval. They are computed simply by taking the difference quotients (here, x(9i}j) 
denotes the x-coordinate of peak j at the angle 9i) : 

S [ M ) = (B.21) 
91 - 9Q 

c' (n \ xißn+li j) — x(9n,j) . . 
bn-lj(.Vn) = 2 a 

Pra+1 — "n 

and the spline function can be extended to areas outside of the interval boundaries 
by using a linear function. Thus the transformed coordinate (x,9) of a a point (x,9) 
lying on a peak line can be described as a function of 9 as follows ( j is the peak index): 
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Figure B.50: Schematic drawing of the spline functions as derived from the observed data. 
The two dimensional spectrum is cut in stripes in 9 and control points are marked along the 
observed "curved" peaks. With these, a smooth cubic spline function can be calculated, and 
thus an inverse mapping to the aberration can be derived. 
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x 

f ( x f r j ) - s'hJ(91)91) + s'^e^e ifd<d1 

Si,M = « i j + M + r : j ) - + <i:./r if el < e < 

{ {x(en,j)-s'n_ld(en)en) + s'n_ld(en)e ifd>en 

(B.23) 

Figure B.51: Example of a cubic spline interpolation of one spectral line in the Xfp-9fp plane. 
The individual cubic polynomials are shown as white dotted lines, while the resulting overall 
spline is shown in red. The control points are marked by black crosses. 

We know that the original peak line should be a straight line at fixed x-position for 
all 9 values. However, we have to treat all incoming data points, and the overwhelming 
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majority does not lie exactly on a peak line. If the point (x, 9) in the rectilinear system 
does not lie on a peak line, we can obtain its transformed coordinate (x, 9) by the 
following procedure: 

1. Choose the right ^-stripe [9i,9i+1] (if 9 lies outside the interval endpoints, go to 
point 4) 

2. Calculate Sit3{9) for all j values (i.e. all peaks), to determine in which x-interval the 
preimage of x is located. Let us assume it is found that Sit3p{9) < x < Sitjp+i(9), 
thus x G [XQP\ XOJP+1')]. If x lies outside of the range where it lies between two 
peaks, i.e. j=1 (below the lowest peak) or j=m (above the highest peak), go to 
step 5. 

3. The two known boundary spline functions Si>3p{9) and Si>3p+1 (9) (see fig. B.50) 
are given by 

Su,(0) = a3p + bjp9 + cjp92 + d3p93 (B.24) 

Sijp+i(0) = ajp+1 + bjp+19 + cjp+1P + d ^ P (B.25) 

The transformed point (x,9) should thus be obtained via a cubic polynomial 

x = ShX(9) = a(x) + b(x)9 + c(x)92 + d(x)93 (B.26) 

in which the coefficients are still unknown. We can derive these parameters (and 
by these means, x) if we linearily evolve the coefficients of the boundary spline 
functions. It can easily be shown that this conserves the smoothness of the ob-
tained "intermediate" spline functions. We would thus get 

RY RY^V KL> X q 

XQ XQ 

b(x) = b3p+ *~X}\pK+l-b3p) (B.28) 
XQ XQ 

c(x) = c3p+ ^c3p+l-c3p) (B.29) 
XQ XQ 

d(x) = d3p+ ^\p(d3p+l-d3p) (B.30) 
XQ XQ 

where x is the unknown original position that we are looking for. By introducing 

xc . 

get 
Xc '•= jp+i0 jp and inserting the equations for the coefficients into eq. B.26, we x0 ~x0 
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x = ajp + xc{ajp+1 - ajp) + [bjp + xc{bjp+l - bjp)] 9 + 

+ [cjp + xc(c3p+1 - cjp)] 92 + [djp + xc(d3p+1 - djp)] 93 (B.31) 
= (ajp + M + cJp02 + + + &J-P+10 + cJp+1e2 + ^ p + 1 0 3 ) -

-(aJp+bJpe + cJpe2 + d J f ) } (B.32) 

= sijp(0) + xc{ShJp+l{9) - ShJp{9)) (B.33) 

where everything is known from the data, except xc, i.e. x itself, and the original 
x-position can now be obtained by solving the linear equation: 

x — x3
0

p _ x Sijp [0) (B.34) 
xi?+1-xi? ShJp+1(9) - ShJp(9) 

Thus, if 9 and x are given, the preimage x can be calculated by finding the correct 
indices jp (peak index) and % (stripe index). This procedure will yield the original 
x-position for all incoming data points that have 9 values within the range [9i,9n], 

4. if 9 ^ [9i,9n], then calculate x according to eq. B.23 for all j values and obtain 
the [ x q p \ X o v + l \ interval in which the preimage x of x is located, as in part 2. 
From then on, we proceed as in part 3., but this time the boundary functions are 
not cubic but linear: 

(0) = ajp+1 + bjp+19 (B.36) 

h(0) = ajP + bjp9 (B.37) 
x = fx{9) = a{x) + b{x)9 (B.38) 

The coefficients are made to evolve linearly within the range [x]
0
p, x]

0
p+1] as well: 

RY RY^P KL> 0 
a(x) = aiv + jp+i _ jp(a3p+1 - aip) = aiv + xc(ajp+1 - ajp) (B.39) 

XQ Xq 

b(x) = b3p + 3
X

p~*° jp [bjp+i - b3p) = b3p + xc(bJp+l - bjp). (B.40) 
XQ XQ 

Inserting eqs. B.39 and B.40 into eq. B.38, we obtain 

x = ajp + xc(ajp+1 - ajp) + (bjp + xc(bjp+1 - bjp)) 9 (B.41) 
= ajp + bjp6 + xc (a3p+1 + bjp+1e - a3p - b3p9) (B.42) 
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which can be solved to obtain x. Inserting the values from eq. B.23, the solution 
can be written as 

x 

(.X0
P XQ ) 

( i f 0 < 0i) 

(.XQ
P — XQ ) 

( i f 0 > 0 n ) 

(s'1Jp(e1)-s'1Jp+1(e1))(e1-e)+x(e1jp+i)-x(e1jp) 
3p 

3v)+S'n_ ltj{0n){0n-0) 3p 

(B.43) 

If the x-position of the incoming particle is outside the boundaries defined by the 
individual splines, i.e. x < Sn(9) or x > Sim(9), it is not possible to linearly evolve 
the spline coefficients as in step 3. The best way to solve this is by introducing 
"ghost peaks" with perfectly straight shape (vertical lines) that are located far 
below the lowest peak and far above the highest peak. This way, the spline 
coefficients can still evolve naturally and do not change drastically over short 
ranges in x. If these peaks are introduced, the calculation of the preimage can 
proceed as in step 3 or 4 (depending on the 9 position). 

B.2.3 Implementation in computer code 

The correction of the aberration was implemented as F O R T R A N code in the analyzer 
code for GRAND RAIDEN written by M. Yosoi [YosOl] to analyze data obtained via the 
T A M I D A Q acquisition system [Tam97]. 

The aberration correction was included in the CORRFP1 subroutine, which also in-
cludes the sieve slit correction procedure. The CORRFP1 subroutine is contained in the 
o p t i o n _ m . f source code of the Yosoi analyzer. The following sample code is an aber-
ration correction by splines using 7 peaks numbered by j = 1,..., 7 and 13 9tgt positions 
as spline anchor points. These are given as t h ( i ) . The XfP positions of the 7 peaks at 
9tgt=0 are given by m i d ( i ) . The positions x(9i,jp) and x{9n,jp) (see previous section) 
are given by x t a ( j ) and x t b ( j ) , respectively. 

The coefficients of the various splines are calculated via a separate program, s p l i c a l c , 
which uses the spline anchor points determined from the data to compute the spline co-
efficients (AG ( j , i ) , BG ( j , i ) , CG ( j , i ) , DG ( j , i ) ) and the derivatives S'l jp(91) 
( s l o p ( j , l ) ) and (S'n_ l j p ( s l o p ( j , 2 ) ) . All the values required by the spline cor-
rection routine inside the analyzer code are conveniently produced by the s p l i c a l c 
program and its output (the numerical value of the variables) has just to be inserted 
inside the o p t i o n _ m . f file at the right place. 

Only the code for the correction of ^-aberrations is presented here, the correction 
of ^-aberrations works exactly in the same way. The corrections are carried out sub-
sequently, which means first the correction of 9 aberrations needs to be processed by 
offline analysis, then the output used to determine the required parameters for the 4> 
aberration correction. 
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C FIND THE CORRECT STRIPE IN THETA 

c (th(i) values compared to AC) 

c "i" has to be selected (isel) 

c AC=(theta_tgt) 

c XC=(x_fp) 

c th(i)=(theta_i, spline anchor point) 

c xta(j)=(x_fp position at theta_l) 

c xtb(j) = (x_fp position at theta_n) 

isel=0 

do 35 i=l,13 

if(AC.gt.th(i)) then 

isel=i-l 

endif 

35 enddo 

c P R I N T * s e l e c t e d stripe:',isel 

C FIND THE CORRECT PEAK j 
c since the stripe has been selected, calculate the 

c spline values for all peaks j at "isel" and compare 

c with XC to find the correct j. 

if(isel.eq.O)then 

c If theta value is below the last spline anchor p o i n t , 

c use linear continuation 

j sel = 0 

do 38 j =1,7 

c requires access to x and theta anchor points 

c y(i,X)=mid(i) is the x-position 

sjp= (xta (j ) -slop (j , 1) *th (2) ) +slop (j , 1) *AC 

if (XC.ge.sjp)then 

j sel=j 

endif 

38 enddo 

elseif(isel.ge.l.and.isel.It.11)then 

c Region where regular splines can be used, main part 

j sel = 0 

do 36 j =1,7 

sjp=ag(j,isel)+AC*(bg(j,isel)+AC*(eg(j,isel)+ 

& AC*dg (j,isel))) 

if(XC.ge.sjp)then 

j sel=j 

endif 

3 6 enddo 

elseif(isel.ge.ll)then 

c If theta value is above the last spline anchor p o i n t , 

c use linear continuation 
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j sel = 0 

do 41 j =1, 7 

c requires access to x and theta anchor points 

sjp= (xtb (j ) - slop (j , 2) *th (12 ) ) +slop (j , 2) *AC 

if(XC.ge.sjp)then 

j sel=j 

c 

41 

endif 

enddo 

else P R I N T * * E R R O R * in determination of x-position 

endif 

c then calculate the corrected x-value (preimage, yc) 

c Positions outside of spline range have to be considered 

c as well (linear interpolation), depends on "isel" 

c GHOST PEAKS AT X=-1000 and X=1000 introduced. 

C FIRST, POSSIBILITY THAT POINT LIES BELOW THE THETA-SPLINE 

C REGION (REGION WHERE LINEAR CONTINUATION IS U S E D , isel=0) 

if(isel.eq.0)then 

if(j sei.ge.1.and.j sei.It.7)then 

XC=(mid(j sel + 1)-mid(j sei))*(XC-xta(j sei)+slop(j sei,1)* 

& (th(2)-AC))/((slop(j sei,1)-slop(jsel + 1,1)) * (th(2) -

& AC)+xta(j sel + 1)-xta(j sei))+mid(j sei) 

C SLOPE OF GHOST PEAK AT X=-1000. IS ZERO 

elseif(jsel.lt.l)then 

XC=(mid(j sel + 1)+1000.)*(XC+1000.+0.* 

& (th(2) - AC) ) / ( (0 . - slop (j sel + 1,1) ) * (th(2) -

Sc AC)+xta (j sel + 1)+1000 .)-1000 . 

C SLOPE OF GHOST PEAK AT X=+1000. IS ZERO 

elseif(jsel.ge.7)then 

XC= (100 0. -mid (j sei) ) * (XC-xta (j sei) +slop(jsel, 1) * (th(2) 

& -AC) ) / ( (slop (j sei, 1) - 0 . ) * (th(2) -AC) + 

& 1000.-xta(jsei))+mid(jsei) 

C POINT LIES WITHIN THE THETA-SPLINE REGION 

c (isel>=l and =<11) 

elseif(isel.ge.l.and.isel.It.11)then 

if(j sei.ge.1.and.j sei.It.7)then 

sjp=ag(j sei,isel)+AC*(bg(j sei,isel)+AC*(eg(j sei,isel) 

& +AC*dg(jsei,isel))) 

endif 

sjpl=ag(j sel + 1,isel)+AC*(bg(j sel + 1,isel)+AC*(eg(j sel + 1, 

& isel)+pointx*dg(jsel+1,isel))) 
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dsj =sjpl-sjp 

XC=(mid(j sel + 1)-mid(j sei))*((XC-sjp)/dsj)+mid(j sei) 

elseif(jsel.lt.l)then 

sjp=-1000 . 

sjpl=ag(j sel + 1,isel)+AC*(bg(jsel+l,isel)+AC*(eg(j sel + 1, 

Sc isel) +AC*dg (j sel + 1, isel) ) ) 

dsj =sjpl-sjp 

XC=(mid(jsel+1)+10 00.)*((XC-sjp)/dsj)-10 00 

elseif(jsel.ge.7)then 

sjp=ag(j sei,isel)+AC*(bg(j sei,isel)+AC*(eg(j sei,isel) 

& +AC*dg(jsei,isel))) 

sjpl=1000. 

dsj =sjpl-sjp 

XC=(10 00.-mid(jsei))*((XC-sjp)/dsj)+mid(jsel) 

endif 

C POINT LIES ABOVE THE THETA-SPLINE REGION 

C (WHERE LINEAR CONTINUATION IS U S E D , i s e l > = l l ) 

elseif(isel.ge.ll)then 

if(j sei.ge.1.and.j sei.It.7)then 

XC=(mid(j sel + 1)-mid(j sei))*(XC-xtb(j sei)+slop(j sei,2)* 

& (th(12)-AC))/((slop(jsei,2)- slop(jsel + 1,2))*(th(12)-

& AC)+xtb(j sel + 1)-xtb(j sei))+mid(j sei) 

C SLOPE OF GHOST PEAK AT X=-1000. IS ZERO 

elseif(jsel.lt.l)then 

XC=(mid(j sel + 1)+1000.)*(XC+1000.+0.* 

& (th(12)-AC))/((0.-slop(jsel+1,2))*(th(12)-

& AC)+xtb(jsel+1)+1000.)-1000. 

C SLOPE OF GHOST PEAK AT X=+1000. IS ZERO 

elseif(jsel.ge.7)then 

XC=(100 0.-mid(jsel))*(XC-xtb(jsel)+slop(jsel,2)*(th(12) 

& -AC))/((slop(jsel,2)-0.)*(th(12)-AC)+ 

& 1000.-xtb(jsei))+mid(jsei) 

endif 

e n d i f 
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Alternatively, if the aberration is rather symmetrical in the 9 or (p coordinate, or if 
states (peak lines) are too close to each other to effectively use the spline interpolation, it 
is possible to use a polynomial interpolation of the whole peak line (fourth order with no 
constant term is usually a good choice). Using a fourth order polynomial as the describing 
function of the aberration for each peak, the coefficients can be evolved linearly as for 
the spline case. The software above then simplifies since a stripe in 9 (or 4>) no longer 
needs to be selected or considered in the correction procedure. This can be implemented 
by using a code such as the following (here, b g ( j ) , eg ( j ) , dg ( j ) , eg ( j ) represent 
the linear, quadratic, cubic and quartic coefficients of each fitted peak shape in x-9 
space) 

if(j sei.ge.1.and.j sei.It.14)then 

sjp=mid(j sei)+AC*(bg(j sei)+AC*(eg(j sei)+AC*(dg(j sei) 

& +AC*eg(jsel)))) 

sjpl=mid(j sel + 1)+AC*(bg(j sel + 1)+AC*(eg(j sel + 1) 

& +AC*(dg(j sel + 1)+AC*eg(j sel + 1)))) 

dsj =sjpl-sjp 

XC= (mid (j sel + 1) -mid (j sei) ) * ( (XC-sjp) /dsj ) +mid(jsel) 

elseif(jsel.lt.l)then 

sjp=-1000. 

sjpl=mid(j sel + 1)+AC*(bg(j sel + 1)+AC*(eg(j sel + 1) 

& +AC*(dg(j sel + 1)+AC*eg(j sel + 1)))) 

dsj =sjpl-sjp 

XC=(mid(jsel+1)+1000.)*((XC-sjp)/dsj)-1000 

elseif(j sei.ge.14)then 

sjp=mid(j sei)+AC*(bg(j sei)+AC*(eg(j sei)+AC*(dg(j sei) 

& +AC*eg(j sei)))) 

sjpl=1000. 

dsj =sjpl-sjp 

XC=(100 0.-mid(jsel))*((XC-sjp)/dsj)+mid(jsel) 

endif 



LXXII APPENDIX C. ENERGY CALIBRATION PROCEDURE 

A p p e n d i x C 

Energy ca l ib ra t ion procedure 

In order to match the recorded arbitrary channels to the excitation energies present in 
the spectrum, an energy calibration has to be carried out. To this end, it is necessary to 
have a reasonable amount of reference peaks with well-known energy over a broad range 
of excitation energies. During the experiment, spectra of the reactions 24 '26Mg(3He,t) 
and PVA1(3He,t) were recorded and were analyzed for the energy calibration. Some 
sharp states in the 9Be(3He,t)9B spectrum can also be used for the energy calibration. 

The excitation energies obtained for different nuclei cannot be immediately compared, 
as the momentum of the outgoing triton depends on the Q value of the reaction and 
on the mass of the target nucleus. However, the excitation energies can be compared if 
we translate them to their magnetic rigidity value2, which is equal to the momentum p 
divided by the charge qc 

B r = — (C. l ) 
Qc 

where B is the magnetic field of the spectrometer and r is the radius of the mean 
orbit of the tritons. For the energy calibration, we thus first have to construct a relation 
between known excitation energies and the recorded channel numbers, and subsequently 
a relation between energies and magnetic rigidity values. In this way, a channel-energy 
relation can be derived for arbitrary channels and a given nucleus. 

The magnetic rigidity values Br are derived using the relativistic two-body kinematics 
code r e l k i n [Phi67, Poi68, Dav69] with some modifications, including an updated 
mass excess table [Aud95], a corrected calculation of the reaction threshold and the 
possibility to calculate values for the zero-degrees scattering angle. The stopping power 
of chemical elements for charged particles is calculated in a subroutine using the algorithm 
of Williamson, Boujot, and Picard [Wil66]. 

To determine the channel positions of known states, raytraced spectra with a scat-
tering angle cut of 0° < |6| <0.5° were used for the calibration runs. The peak channels 

1 Polyvinyl alcohol, (CH2-CH-OH)„ 
2The magnitude of B times the gyroradius of a charged particle equals to its momentum per unit 

charge, also called magnetic rigidity (B r = ^f^) 

LXIX 
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Figure C. l : Lowest part of the recorded spectrum of the 26Mg(3He,t)'26AI reaction used for 
the energy calibration. Some peaks are very strong so the spectrum is shown in both linear 
scale and logarithmic scale. 
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Chn 

Figure C . 2 : Higher part of the recorded spectrum of the 26Mgf3He,t)26Al reaction used for 
the energy calibration. 

Table C . l : Thickness of targets used in the experiments. 

Target thickness [mg/cm2] 
9Be 1.73 

2 6Mg 0.872 
24 Mg 0.815 
PVA 1.1 

were determined by fitt ing the spectra and the results are summarized in table C.2, to-
gether with the Br values computed with relkin. The spectra are shown in figs. C.l, 
C.2, C.3 and C.4. The calculated Br values are fitted as a second-order polynomial 
function / of the channel number x. For a better stability of the fit routine, 5000 kG cm 
is substracted from the Br value. 

f(Kx) = a + bx + cx2 (C.2) 

Since the used targets have different thicknesses (see table C.l), the experimental 
Br values are slightly shifted against the values calculated by relkin, which gives a 
bad fit using the unshifted values (see upper part of figure C.5). Since 26AI has the most 
data points with high accuracy, all other data points were shifted to match the 26AI Br 
values as well as possible. A single shift term was used per target nucleus. These terms 
are given in table C.3. The fact that the constituent nuclei of the P V A target require 
roughly the same shift term corroborates the assumption that the observed shifts are a 
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Figure C.3: Recorded spectrum of the PVA^He,t) reaction used for the energy calibration. 
The used peaks belonging to 1 6 ' 1 8F and 12 ,13 A/ are marked. 

Chn 

Figure C.4: recorded spectrum of the MMg(3He,t)'MAI reaction used for the energy calibration. 
Only the energy of the first 1+ peak (425.8(1) keV) is known with sufficient accuracy to be 
used in the energy calibration. 
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Table C.2: Energy levels used for the energy calibration of the spectrum. 

Chn Ex Br Chn Ex Br 
[N] [keV] [kG cm] [N] [keV] [kG cm] 

2 6 A | 24 A! 
1399.17(2) 228.305(13) 5283.016(1) 2884.736(86) 425.8(1) 5214.154(1) 

1427.517(51) 416.852(3) 5281.734(1) 18 F 

1523.323(11) 1057.739(12) 5277.375(1) 1017.35(20) 0.0(2) 5300.502(2) 
1641.772(15) 1850.62(3) 5271.979(1) 13 N 
1674.562(27) 2071.64(4) 5270.47(1) 1101.84(13) 0(1) 5296.671(7) 
1718.440(28) 2365.150(18) 5268.475(1) 1626.34(28) 3502(2) 5272.861(14) 
1745.136(62) 2545.367(17) 5267.247(1) 16 F 

1774.082(27) 2740.03(3) 5265.920(1) 3056.2(3) 0(1) 5206.417(7) 
1836.67(13) 3159.889(13) 5263.058(1) 3086.00(96) 193(6) 5205.085(41) 
1901.70(18) 3596.34(4) 5260.081(1) 3119.109(64) 424(5) 5203.491(34) 

1920.975(39) 3723.81(4) 5259.211(1) 3163.44(41) 721(4) 5201.441(28) 
1990.03(22) 4191.92(6) 5256.016(1) 3602.62(24) 3758(6) 5180.432(42) 
2025.24(13) 4430.72(6) 5254.385(1) 3731.32(14) 4654(6) 5174.218(42) 

2111.068(17) 5010.24(7) 5250.426(1) 12 N 
2196.044(74) 5584.99(6) 5246.497(1) 3338.012(12) 0(2) 5193.054(14) 
2249.890(47) 5949.93(8) 5244.001(1) 3477.464(96) 960(12) 5186.401(84) 
2297.168(28) 6270.19(11) 5241.809(1) 3691.94(29) 2439(9) 5176.132(63) 
2386.173(55) 6874.29(8) 5237.673(1) 9 B 
2433.970(31) 7198.44(12) 5235.453(1) 926.86(1) 0(1) 5304.481(7) 
2472.091(59) 7455.34(19) 5233.692(2) 1281.599(58) 2345(11) 5288.569(75) 
2524.360(51) 7813.63(18) 5231.236(2) 3103.910(72) 14655.0(25) 5204.122(18) 

3456.97(18) 17076(4) 5187.327(28) 

target thickness effect. After thus adjusting the Br values, the data was fitted again, 
this time yielding a reasonable residuum (see bottom part of figure C.5). 

In order to get the final energy calibration for a given spectrum, Br values are 
calculated with r e l k i n for various equidistant energies and the relation between Br 
value y and energy E is again fitted with a second-order polynomial. 

E(y) = a + ßy + iy
2 (C.3) 

Combining the result of this fitt ing procedure with f ( x ) derived before, one obtains 
a direct relationship between channel number x and energy E, which is a polynomial of 
degree four: 
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Table C.3: Shift terms of Br against the calculated values for 26AI. 

Target nucleus Shift term [kG cm] 
9 Be 0.162 

2 6Mg 0.000 
24 Mg -0.177 

i 2 C 0.213 
1 3 C 0.203 
1 6 Q 0.236 
18 Q 0.261 

y = f ( x ) + 5000 = (a + 5000) + bx + cx2 (C.4) 

=>- E(x) = ei + e2x + e3x2 + + e^x4 (C.5) 

where 

ei = a + ßa- 5000/3 + 7a 2 + 500027 - 10000a7 (C.6) 

e2 = ßb + 2-fab - I O O O O 6 7 (C.7) 

e3 = ßc + 7b2 + 27ac - I O O O O C 7 (C .8) 

e4 = 276c (C.9) 

e5 = 7c2 (C.10) 

The values obtained from this procedure for the nuclei of interest are summarized in 
table C.4. 

Table C.4: Parameters of the energy calibration function for various nuclei. 

Parameter 9B 13 N 
ei -6075.605 -7231.988 
e2 6.505 6.500 
e3 5.849-10"5 6.153-10"5 

e4 -8.333-10"10 -7.484-10"10 

e5 -5.698-10"15 -5.118-10"15 
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Figure C.5: Residuum of the fit function connecting the channels and the Br values. Due 
to target thickness effects, the measured Br values differ from the calculated values (using 
relkin) depending on the target, which leads to unconclusive fit results. After a correction 
for these shifts, an accurate fit function could be derived. 
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Figure C.6: Graph of the fitted second-order function f(x) establishing the correspondence 
from channels x to Br values (Br(x)=f(x)+5000) for the target nucleus 9 Be. 
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Table D. l : Raytracing information of the MWDCs for both charge-exchange experiments. 
The RAY-ID number is the raytracing identification channel of the Yosoi analyzer soft-
ware. The description of the RAY-ID number is given in the first column. The plane 
numbers 1,2,4 and 5 correspond to the X- and U-planes of the two MWDCs. Different 
RAY-ID events are mutually exclusive. 

Description RAY-ID 9Be(3He,t)9B experiment 
no region ID -10 624 
Bad VDC events -9 1557711 
position ID of all planes unsuccessful -8 245936 
four planes have two good clusters -7 8594 
position ID of only one plane successful (plane 5) -5 220640 
position ID of only one plane successful (plane 4) -4 75616 
position ID of only one plane successful (plane 2) -2 28006 
position ID of only one plane successful (plane 1) - 1 15173 
RAY-TRACING SUCCESSFUL 0 30085844 
position ID unsuccessful in plane 1 1 59806 
position ID unsuccessful in plane 2 2 49791 
position ID unsuccessful in plane 4 4 100933 
position ID unsuccessful in plane 5 5 54091 
position ID unsuccessful in plane 1 AND 2 12 351247 
position ID unsuccessful in plane 1 AND 4 14 49965 
position ID unsuccessful in plane 1 AND 5 15 9861 
position ID unsuccessful in plane 2 AND 4 24 10734 
position ID unsuccessful in plane 2 AND 5 25 11508 
position ID unsuccessful in plane 4 AND 5 45 202022 

Description RAY-ID 1 3C(3He,t) i : iN experiment 
no region ID -10 0 
Bad VDC events -9 996576 
position ID of all planes unsuccessful -8 185007 
four planes have two good clusters -7 370 
position ID of only one plane successful (plane 5) -5 131391 
position ID of only one plane successful (plane 4) -4 49500 
position ID of only one plane successful (plane 2) -2 16768 
position ID of only one plane successful (plane 1) - 1 6982 
RAY-TRACING SUCCESSFUL 0 4411565 
position ID unsuccessful in plane 1 1 21458 
position ID unsuccessful in plane 2 2 10875 
position ID unsuccessful in plane 4 4 21548 
position ID unsuccessful in plane 5 5 11193 
position ID unsuccessful in plane 1 AND 2 12 124887 
position ID unsuccessful in plane 1 AND 4 14 14736 
position ID unsuccessful in plane 1 AND 5 15 4771 
position ID unsuccessful in plane 2 AND 4 24 3665 
position ID unsuccessful in plane 2 AND 5 25 3047 
position ID unsuccessful in plane 4 AND 5 45 34458 
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Table E.l : Evolution of the relative cross sections for various excitation energies for the 
9Be(3He,t)9B reaction. 

9Be(3He,t)9B ([Yam95], pure (P3/2P3A)) 9Be(3He,t)9B ([Yam95], pure (P1/2P3A)) 
L0 E,(9B) CDWBA(0°) F( 0°,U) LO E,(9B) CDWBA(0°) F( 0°,U) 

[MeV] [MeV] [mb/sr] [MeV] [MeV] [mb/sr] 
0 - 54.426 1.0000 0 - 42.640 1.0000 
2 0.91 54.045 0.9930 2 0.91 42.339 0.9929 
4 2.91 53.423 0.9816 4 2.91 41.839 0.9812 
6 4.91 52.566 0.9658 6 4.91 41.147 0.9650 
8 6.91 51.487 0.9460 8 6.91 40.272 0.9445 
10 8.91 50.197 0.9223 10 8.91 39.227 0.9200 
12 10.91 48.716 0.8951 12 10.91 38.026 0.8918 
14 12.91 47.062 0.8647 14 12.91 36.688 0.8604 
16 14.91 45.259 0.8316 16 14.91 35.232 0.8263 
18 16.91 43.330 0.7961 18 16.91 33.679 0.7898 

9Be(3He,t)9B ([Kam03], pure (P3/2P3/2)) 9Be(3He,t)9B ([Kam03], pure (P1/2P3/2)) 

L0 E,(9B) CDWBA(0°) F( 0°,U) LO E,(9B) CDWBA(0°) F( 0°,U) 
[MeV] [MeV] [mb/sr] [MeV] [MeV] [mb/sr] 

0 -1.09 40.679 1.0000 0 -1.09 31.910 1.0000 
2 0.91 40.436 0.9940 2 0.91 31.717 0.9940 
4 2.91 40.006 0.9835 4 2.91 31.369 0.9830 
6 4.91 39.392 0.9684 6 4.91 30.869 0.9674 
8 6.91 38.604 0.9490 8 6.91 30.224 0.9472 
10 8.91 37.652 0.9256 10 8.91 29.445 0.9228 
12 10.91 36.548 0.8984 12 10.91 28.542 0.8945 
14 12.91 35.310 0.8680 14 12.91 27.530 0.8627 
16 14.91 33.954 0.8347 16 14.91 26.425 0.8281 
18 16.91 32.499 0.7989 18 16.91 25.243 0.7911 
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Table E.2: Evolution of the relative cross sections for various excitation energies for the 
13C(3He,t)13N reaction. 

13C(3He,t)13N ([Yam95], pure (P1/2P3A)) 13C(3He,t)13N ([Yam95], pure (pi/aPrA)) 
L0 E,(13N) CDWBA(0°) F(Q°,UJ) LJ E,(1 3N) CDWBA(0°) F(Q°,UJ) 

[MeV] [MeV] [mb/sr] [MeV] [MeV] [mb/sr] 
0 -2.24 44.559 1.0000 0 -2.24 6.0879 1.0000 
2 -0.24 44.291 0.9940 2 -0.24 6.0523 0.9942 
4 1.76 43.833 0.9837 4 1.76 5.9916 0.9842 
6 3.76 43.187 0.9692 6 3.76 5.9062 0.9702 
8 5.76 42.364 0.9507 8 5.76 5.7971 0.9522 
10 7.76 41.373 0.9285 10 7.76 5.6655 0.9306 
12 9.76 40.228 0.9028 12 9.76 5.5128 0.9055 
14 11.76 38.946 0.8740 14 11.76 5.3408 0.8773 
16 13.76 37.544 0.8426 16 13.76 5.1514 0.8462 
18 15.76 36.042 0.8089 18 15.76 4.9468 0.8126 
20 17.76 34.458 0.7733 20 17.76 4.7291 0.7768 
22 19.76 32.813 0.7364 22 19.76 4.5008 0.7393 

13C(3He,t)13N ([Kam03], pure (P1/2P3/2)) 13C(3He,t)13N ([Kam03], pure ( p i / a p ^ ) ) 
LJ E,(13N) CDWBA(0°) -PDWBA LJ E,(1 3N) cdwba(0°) -PDWBA 

[MeV] [MeV] [mb/sr] [MeV] [MeV] [mb/sr] 
0 -2.24 30.052 1.0000 0 -2.24 4.4686 1.0000 
2 -0.24 29.908 0.9952 2 -0.24 4.4482 0.9954 
4 1.76 29.625 0.9858 4 1.76 4.4095 0.9868 
6 3.76 29.207 0.9719 6 3.76 4.3529 0.9741 
8 5.76 28.659 0.9536 8 5.76 4.2789 0.9575 
10 7.76 27.990 0.9314 10 7.76 4.1884 0.9373 
12 9.76 27.208 0.9054 12 9.76 4.0824 0.9136 
14 11.76 26.326 0.8760 14 11.76 3.9620 0.8866 
16 13.76 25.357 0.8438 16 13.76 3.8288 0.8568 
18 15.76 24.314 0.8091 18 15.76 3.6842 0.8245 
20 17.76 23.212 0.7724 20 17.76 3.5298 0.7899 
22 19.76 22.066 0.7343 22 19.76 3.3674 0.7536 
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