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ABSTRACT

Low-Temperature Measurement of the Giant Dipole
Resonance Width in Sn

By

Paul R. Heckman

Theoretical calculations within the adiabatic thermal shape fluctuation model predict
differences in the behavior of the Giant Dipole Resonance (GDR) width between nuclei
with and without shell effects. At low temperatures, in nuclei with strong shell effects,
the width is predicted to be suppressed relative to nuclei where shell effects are weak.

Studies have been performed on the GDR properties of nuclei with strong shell
effects (*®®Pb), and weak shell effects (Sn and Cu). The data for nuclei where shell
effects are weak show a deviation from predictions at low temperatures. To investigate
this discrepancy, an experiment was performed to measure the GDR width in 2°Sn
at lower temperatures than have previously been measured.

The width of the GDR built on excited states in 2°Sn was studied by means of
inelastically scattered 7O particles. This technique allowed for the first measurement
of the GDR width at a temperature as low as 1 MeV in Sn. A GDR width of 4 + 1 MeV
consistent with the GDR width of the ground state was extracted. This result does
not confirm the adiabatic coupling calculations of the evolution of the width as a
function of temperature, and indicates an overestimation of the influence of thermal

fluctuations.
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Chapter 1

Introduction

Giant resonances are an important topic in nuclear physics. These resonances are
called “giant” due to their collective nature. More specifically, all of the nucleons take
part in the resonance. Several giant resonances have been identified, resulting in two
classifications.

The first classification of giant resonances is electric vibrational modes. Several of
these modes have been found. In order of their discovery, they are the giant dipole,
quadrupole, monopole, and octupole resonances. These terms arise from the names
for electric fields of a given spatial complexity [1]. For example, the motion of protons
in the nucleus vibrating in the dipole mode give rise to an oscillating electric field
that resembles the field generated by two poles, or point charges.

The second classification of giant resonances is magnetic vibrational modes. The
magnetic giant resonances involve the spin orientation of the nucleons. In this type
of giant resonance, there is a coordinated precession of the nucleons. As a result,
the nucleus can acquire a net spin or net magnetic moment that oscillates at the
precession frequency. The names of the giant resonances in this category are the
giant Gamow-Teller and giant magnetic-dipole resonances.

In this thesis, the giant dipole resonance (GDR) built on excited states will be



investigated. The study of this resonance can provide nuclear structure information.
For example, the strong nuclear forces that hold the nucleus together can be probed.
The study of this resonance also provides an experimental check on the validity of
various theoretical models. The adiabatic thermal shape fluctuation model will be

tested in this thesis.

1.1 Background

1.1.1 GDR Built on Ground States

The first measurements of the GDR built on nuclear ground states were in the mid-
1940’s [1]. The experiments were performed with the use of photonuclear cross-section

measurements [2]. The photo-absorption cross section (o,s) is given by

() Are’h NZ 1 E$F2
Oabs = = ;
b Me AT(E - Bipg) + BT

(1.1)

where £, is the v-ray energy, Eqpr is the resonance energy, I' is the resonance width,
M is the mass of a nucleon, N is the number of neutrons, 7 is the number of protons,
and A is the number of nucleons. This functional form of g, provides a good descrip-
tion of the shape of the GDR in medium and heavy nuclei by treating the resonance
energy, width, and sum rule strength as energy-independent, empirically adjustable

parameters [3]. The sum rule strength is defined with the following expression:

0 02’ NZ  NZ
aT:/“awxﬂmwa: 32 22— 60— (MeVmb). (1.2)
0

A A

This expression corresponds to a classical E1 sum rule, and is referred to as the
Thomas-Reich-Kuhn (TRK) sum rule [4].
The GDR splits into two components for axially symmetric deformed nuclei, cor-

responding to oscillations along the short axis (high-energy component) and long axis
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(low-energy component). The ratio of the strength for the two components provides
a sense of the deformation (i.e. prolate or oblate deformed), and the energy splitting
is related to the magnitude of the deformation [3]. For the case of deformed nuclei,

Oaps can be generalized to include two Lorentzian components.

1.1.2 Macroscopic Picture

The easiest way to describe the motion of the GDR is macroscopically. The center of
mass is fixed, and the protons move collectively as a group, as do the neutrons.

One macroscopic description is named after Steinwedel and Jenson [5]. In this
model, the motion is thought of as density vibrations of neutron and proton fluids
against each other with the surfaces fixed [6], as depicted in Fig. 1.1. This description
leads to a form for the resonance energy in terms of the number of nucleons A given
by

Egpr o< A7V, (1.3)

A second description is named after Goldhaber and Teller [7]. Here, the pro-
tons and neutrons behave as two separate rigid but interpenetrating density distri-
butions. These rigid distributions undergo a harmonic displacement with respect to
each other [6], as depicted in Fig. 1.2. This mode also leads to an expression for the

resonance energy, and has the following form:

EGDR X A_l/ﬁ. (14)

The GDR can also be described as a superposition of the above two modes [6]. The
superposition of these two modes leads to the following equation for the resonance

energy:

Egpr = (1.13 x 107*A%% +7.34 x 107*AY/3)71/2, (1.5)



Figure 1.1: Cartoon of Steinwedel and Jenson model to show GDR vibrational motion.
The protons are shown in blue, and the neutrons in yellow. Images in this thesis are
presented in color.

Figure 1.2: Cartoon of Goldhaber and Teller GDR model. The rigid proton distri-
bution is shown in blue, while that of the neutrons is shown in yellow. The inter-
penetrating area is shown as green. The center of mass is fixed and shown as the
CTOSS.



The ratio of the contributions from the GT and SJ modes is

GT
<7 =649 % A3 (1.6)

and the contribution from the SJ mode becomes more significant with increasing

mass [4].

1.1.3 Microscopic Picture

The microscopic picture of the GDR is more complicated than the macroscopic pic-
ture. In the microscopic picture, the collective oscillations of the nuclear system are
described in terms of particle-hole excitations, obtained by promoting nucleons from
occupied shells to unoccupied shells [8]. In order to describe the resonance in this
way, the particle-hole interaction has to be taken into account. This can be done by
using the random-phase approximation (RPA) [8]. Examples of this treatment can be
found in Refs. [8-10].

Microscopic models have been applied to various nuclei. Despite this, the micro-
scopic picture has limitations. As energy increases, it becomes extremely difficult to
perform microscopic calculations. This is due to the fact that all energetically allowed
channels must be considered. These channels can include three, four, or more frag-
ments. Presently, a calculation with more than three fragments in the continuum is

out of reach at resonance energies [9].

1.1.4 GDR Built on Excited States

The GDR built on excited states differs from the GDR built on nuclear ground states
in that it is built on excited states, as the name suggests. The study of the resonance
built on excited states provides information about the nucleus at temperatures above

0 MeV. This makes this type of study especially useful in determining properties of



nuclei at high temperatures. For example, it is possible to study the shape evolution
of the nucleus with increasing temperature.

The existence of the GDR built on excited states was postulated as early as
1955 by David Brink [4]. He proposed that the energy dependence of the photo-
absorption cross section is independent of the detailed structure of the initial state
of the nucleus [3]. This weak-coupling hypothesis, known as the Brink hypothesis,
implies that Eqn. 1.1 should also apply to the GDR built on excited states.

It was soon realized that the Brink hypothesis together with the existence of a
substantial spreading width for the ground-state GDR meant that the high-energy
v decay of highly excited compound nuclei formed in nuclear reactions should be
observable and be visible as an enhancement or “bump” at 7-ray energies equal
to Egpr [3]- This “bump” was first observed experimentally with proton, *He, and
*He-induced reactions [11,12]. In these first experiments, the enhancement was only
observed. The first quantitative analysis of a high-energy y-ray spectrum was on the
nucleus #°2Cf in 1974 [13].

Since the first measurements of the GDR built on excited states, it has been
studied extensively by use of fusion-evaporation reactions [3,14-22]. More recently,
inelastic scattering has been used to study this resonance [23-27]. The most extensive

studies have been done on Sn isotopes.

1.1.5 GDR Width

The evolution of the GDR width with increasing temperature has been the focus
of many experimental studies [3,14-27]. These studies have resulted in a significant
amount of data covering a relatively large range of temperatures (0 < T< 3 MeV).
The availability of data over such a broad range of temperatures has lead to theories
that predict the width of the GDR as a function of temperature.

In general, the width of the GDR increases with temperature. This increase can



be explained microscopically. The GDR width (I'gpg) has two components

Lepr=T71T+T"4, (1.7)

where I" 1 is the escape width and I' | is the spreading width of the nucleus.

The escape width originates from the decay of the collective doorway state to
residual nuclei with a one-hole configuration resulting from the emission of a proton
or a neutron. In an excited nucleus, the escape width is small, on the order of a
few hundred keV [28]. Thus, the increase of the width with temperature is primarily
due to the spreading width, which is the result of the coupling of the coherent 1p-1h
excitation to 2p-2h and other complicated particle-hole configurations (np-nh) [4].

The magnitude of the spreading width is determined by its coupling with other
nuclear degrees of freedom, such as the nuclear shape. Because of this, shape fluctua-
tions are important in the behavior of the GDR. The shape of the nucleus is sensitive
to the angular momentum and temperature of the nucleus.

The magnitude of the shape fluctuations is determined in part by the free energy.
Several free energy surfaces are shown in Fig. 1.3 for Sn and Pb. The surfaces are
much broader in Sn than in Pb at a given temperature, due to the presence of shell
effects in Pb. As the temperature increases, the thermal fluctuations increase and
the nucleus probes different shapes. The GDR couples to these shape fluctuations
and the resonance properties convey information on the time scales of these shape
variations [29].

In most nuclei, the width of the GDR is 4-5 MeV at low temperatures (T ~ 0 MeV).
The lifetime of the resonance is then on the order of 10722 s. As the nucleus gets hot-
ter, the width of the resonance increases, and the lifetime decreases. The lifetime
of the GDR is much shorter than lifetimes of rotational and single-particle states,

which have lifetimes on the order of 10~'4-107'° s. These estimates indicate the GDR
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Figure 1.3: Free energy surfaces as a function of the quadrupole deformation param-
eter 3. The deformation parameter v was set to zero. Panel (a) is for °Sn and (b)
is for 2°8Pb. See Table 1.1 for the temperatures associated with each distribution.
lifetime is approximately seven to eight orders of magnitude shorter than those of
single-particle states and rotational states, respectively.

Several models have been proposed that use shape fluctuations in describing the
GDR properties [30]. The model that has been generally adopted is the adiabatic ther-
mal shape fluctuation model. The adiabatic assumption is that the nuclear shape does
not change during the time it takes the GDR to damp. The strength is then a weighted
sum of the strength distributions that correspond to vibrations built on the possible
shapes that the nucleus can have. The increase of the GDR width with increasing
temperature is then attributed to the resonance sampling all possible shapes, which
become more numerous as the free energy surfaces become more broad and shallow.

In some models that use shape fluctuations, the adiabatic assumption is dropped

Color | 12°Sn | 29%8Ph
red 0.0 0.0
blue 1.0 0.5
black | 2.0 1.0
green | 3.0 1.5
gray | 4.0 2.0

Table 1.1: Summary of temperatures in MeV associated with each curve in Fig. 1.3.



at high temperatures. These models take the relative time scales for the shape fluctu-
ations into account [30]. In these models, the time spent in each shape configuration
decreases with increasing temperature, and enough time may not be spent in a given
shape for the GDR to adjust its frequency to the corresponding nuclear shape. As a
result, the GDR only feels the average shape of the nucleus. The implication of this
is motional narrowing [31].

The GDR width has also been modeled without the use of shape fluctuations.
Microscopic calculations based on the linearized Vlasov equation that include the
interplay between one-body Landau damping and two-body collisional damping of

nucleons have been performed [27,32].

1.2 Motivation

The evolution of the giant dipole resonance (GDR) has been the focus of many ex-
perimental studies. The dependence of the GDR width on temperature and angular
momentum has been of particular interest. Fusion-evaporation and inelastic-scattering
reactions have been used to extract the GDR width at various temperatures [22,25,27]
and angular momenta [20,21], primarily in Sn and Pb.

Shell effects are thought to play an important role in predicting the width of the
GDR [33-35]. The generally accepted model is the adiabatic thermal shape fluctuation
model. In this model, the width of the GDR is determined by averaging over a thermal
ensemble of nuclear shapes. The increase of the GDR width is then attributed with
an increase in shape fluctuations with temperature. In nuclei where shell effects are
weak, such as Sn, the shape fluctuations are expected to behave as determined by a
rotating liquid drop. This is not the case for nuclei with strong shell effects. In nuclei
where shell effects are strong, such as Pb, shell effects must be considered. To take

shell effects into account, Nilsson-Strutinksy calculations are used to determine the
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Figure 1.4: Data and theory for Sn and Pb nuclei. Panel (a) — Sn. Panel (b) — Pb.
The solid curves are adiabatic thermal shape fluctuation calculations. The shapes were
determined using Nilsson-Strutinsky calculations for the red curve, while liquid drop
calculations were used for the gray curve. The calculations are taken from Ref. [35].
The black circles and green diamonds are data points taken from Ref. [35]. The black
circles were measured using inelastic scattering, whereas the green diamonds are from
fusion-evaporation measurements. The blue triangles are taken from Ref. [22]. The
orange rectangles show the range of widths measured for the ground state.

shapes.

Both panels in Fig. 1.4 show adiabatic thermal shape fluctuation calculations.
Calculations were performed where the shapes were determined within the Nilsson-
Strutinsky formalism (red curve) and liquid drop formalism (gray curve). In the
Nilsson-Strutinsky formalism, shell effects are considered, whereas in the liquid drop
formalism they are not. Examination of Fig. 1.4a shows that the calculations are
nearly identical. This suggests that the properties of a rotating liquid drop can be
used to determine the shape fluctuations in Sn, as already mentioned. As discussed
previously, liquid drop predictions cannot be used for Pb. This is evident in Fig. 1.4b.
The initial suppression of the GDR width found in Pb should be absent in Sn.

The existing data for Sn and Pb generally agree with calculations [33-35]. How-
ever, the lowest temperature data point in Sn is on the order of 1-2 MeV lower than

predicted (see Fig. 1.4a). This discrepancy suggests a possibly significant deviation

between theory and experiment. To investigate this discrepancy, the width of the
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GDR must be measured at even lower temperatures. Thus, the goal of this thesis was

to measure the GDR width at a temperature below 1.3 MeV.

1.3 Experimental Considerations

The majority of experiments performed to measure the GDR width in Sn used fusion-
evaporation reactions. These types of reactions cannot be used to study the GDR at
low temperatures. Traditional fusion-evaporation experiments are limited to higher
temperatures because of the Coulomb barrier in the entrance channel.

Inelastic scattering can be used to study the GDR at low temperatures. Inelastic
a-scattering has been used to measure the GDR width as a function of tempera-
ture [25,27] in the past. While this type of reaction is not limited to high temper-
atures, there is a difficulty associated with it. Inelastic-scattering reactions have the
disadvantage that it is difficult to determine the initial excitation energy [36,37]. This
is due to knockout reactions and contributions from other reactions that do not lead
to full energy equilibrium of the energy loss of the scattered particle. The latter effect
becomes more important with increasing projectile energy loss. The contribution due
to knockout reactions can be reduced by using heavy-ion scattering as opposed to
a-scattering [24].

The reaction employed in this experiment was 2°Sn(*70,170’). The projectile 17O
was chosen for several reasons. As mentioned above, the contribution from knockout
reactions and other processes that do not lead to full energy equilibrium of the energy
loss of the scattered projectile should be reduced with heavy-ion scattering. The
neutron binding energy of 7O is also very low (4.14 MeV). This is important as
we wish to study target excitations and not projectile excitations. If the projectile
becomes excited in the scattering process, it will emit v rays with energies up to the

neutron binding energy. Since the neutron binding energy is low, these v rays will have

11



energies below the region of interest. The v-ray energies probed in this experiment
range from 8-25 MeV. If the projectile is excited to energies above the neutron binding
energy, it will lose the loosely bound neutron to form Q. These events are easily
discriminated against as we demand an 7O fragment to be in coincidence with the

detected ~ rays.
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Chapter 2

Experimental Details

The experiment was performed at the National Superconducting Cyclotron Labora-
tory (NSCL). A primary beam of O was accelerated by the K1200 cyclotron to
80 MeV /nucleon. The beam was sent down the analysis line to the S800 magnetic
spectrograph. Here the beam bombarded a 7.45 mg/cm? target of 2°Sn.

Three major detector systems were used in this experiment. These systems in-
cluded an array of Barium Fluoride (BaFs) scintillators, an array of Cesium Iodide
(Csl) scintillators, and the S800 spectrometer. The BaF, scintillators were used to
measure high-energy ~ rays. The Csl scintillators detected charged particles. The
S800 measured inelastically scattered 7O particles and other reaction products. The
S800 focal plane detectors ultimately determined scattered particle energy loss. The
focal plane detectors also allowed for accurate particle identification. A schematic of
the setup is shown in Fig. 2.1.

The BaFy scintillators were arranged into two close-packed arrays. Each array
consisted of 68 scintillators. The arrays were placed at angles of +£90° with respect
to the target chamber of the S800. The geometry of the arrays is shown in Fig. 2.2.
The scintillators were stacked in a wall type configuration. The gap in the stacking

scheme was necessary because of the design of the S800 target chamber doors.
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Figure 2.1: Schematic of experimental setup. This drawing is not to scale.
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Figure 2.2: Schematic view of one of the BaF, arrays. The detectors are shown as the
orange hexagons. The white trapezoids were plastic that aided in the stacking of the
arrays. The aluminum frame used to hold the array together is also evident.

The S800 target chamber doors were modified in order to get the BaF, arrays as
close to the target as possible. Each door had a cavity that extended into the target
chamber. A piece of aluminum was welded to the back wall of the cavity to provide
strength. This piece of aluminum extended into the cavity, and is evident in Fig. 2.3.
As a result, it was necessary to stack the BaFs scintillators with a gap between two of
the rows. Positioning the arrays closer to the target gives a larger solid angle coverage,
which results in a higher detection efficiency.

The Csl scintillators were mounted inside the S800 target chamber. There were 11
of these scintillators in all. Nine of these scintillators were attached to the roof of the
target chamber, while the two most forward detectors were attached to the forward
wall. A picture of the Csl array is shown in Fig. 2.4. The most forward detector in

the picture was removed for the run. The array covered scattering angles as indicated

in Table 2.1.

15



Figure 2.3: Perspective drawing of the S800 target chamber door. Notice the alu-
minum extrusion from the door cavity.

Figure 2.4: The direction of the beam is from left to right in both panels. Left: Photo
of the Csl array. The most forward detector was removed during the experiment.
Right: Top view of the Csl array. The Csl detectors are depicted as green cylinders.
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Number | 0 (degrees) | ¢ (degrees)
1 30 20
2 60 60
3 90 60
4 120 60
3 150 60
6 180 60
7 -150 60
8 -120 60
9 -90 60
10 -60 60
11 -30 20

Table 2.1: Lab angles of the Csl detectors. # is the scattering angle, and ¢ is the
azimuthal angle. The z-axis is given by the direction of the beam. The numbering
scheme is as in Fig. 2.4.

2.1 Detectors and Experimental Devices

2.1.1 BaF, Scintillators

BaF; is an inorganic scintillator. The scintillation light consists of two components,
namely the fast component and the slow component. The fast component has a decay
time of 0.6 ns emitted in the short wavelength (220 nm) region of the spectrum, while
the slow component has a 630 ns decay time at wavelengths longer (310 nm) than that
of the fast component [38]. The very short decay time of the fast component makes
BaF; an excellent sub-nanosecond timing detector. In addition to the excellent timing
capabilities of BaF, it also has a high density (4.89 g/cm?) [39]. The high density
makes this material good for 7 ray detection.

The two arrays of BaF; scintillation detectors were assembled and installed at the
NSCL. The BaF; detectors belong to Oak Ridge National Laboratory (ORNL), Texas
A&M University (TAMU), and Michigan State University (MSU). All scintillators are
regular hexagons. The ORNL and TAMU scintillators have a length [ = 19.5 cm and
hexagonal cross section of inscribed radius » = 3.25 cm. The MSU dimensions differ

in that they have [ = 24.5 cm and r = 3.00 cm. The various BaF,; detectors were

17



PMT

BaF, Crystal

Figure 2.5: Perspective drawing of a BakF, scintillator. All components are shown
except for the materials used to wrap the crystal.
stacked into the arrays as follows: 1-15 TAMU, 16-61 ORNL, and 62-68 MSU. The
numbering scheme follows that of Fig. 2.2. All together 136 BaF, detectors were used.
Each BaF, detector consisted of a BaFy crystal, photomultiplier tube (PMT),
strap, frame, and base. The crystal was attached to the PMT by use of optical grease.
This grease is transparent to the ultraviolet light emitted in BaFs. The crystal was
then wrapped in teflon tape. The teflon tape gives the edges of the crystal a highly
reflective surface, which results in maximum light collection. Once coated with the
teflon tape, the crystal was wrapped with black electrical tape. The black tape pro-
duced a covering that was light tight. To aid in the strength of the coupling of the
PMT to the crystal, a frame and strap were used. This also helped in the stacking
of the arrays. A base was then attached to the PMT for applying voltage. Fig. 2.5

shows exactly how the various components of the BaF, detectors were connected.

2.1.2 Csl Array

Csl is an inorganic scintillator. Csl is typically activated with either thallium (T1)
or sodium (Na). The scintillators used in this experiment were activated with TI.

The resulting scintillation light consists of two components, namely the fast and slow
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component. The fast component has a decay time of 0.68 us, and the slow component
has a decay time of 3.34 us. The two components of light emitted allows for pulse
shape discrimination to differentiate among different types of radiation. The density
is 4.51 mg/cm? [39]. The scintillators were cylindrical in shape, with a length of 3 cm
and diameter of 1.5 cm.

The Csl scintillators were assembled as follows: first, all but one end of the crystal
was wrapped in teflon tape. As in the case of BaF,, this gave the edges of the crystal
a highly reflective surface. This is important for maximum light collection. Next,
the wrapped crystal was put into an aluminum can. The aluminum can served to
protect the crystal and to seal it from outside light. Finally, a photomultiplier tube

was attached to the end of the crystal not wrapped in tape.

2.1.3 S800 Magnetic Spectrograph

The S800 spectrometer is composed of an analysis line and a magnetic spectrograph.
The analysis line consists of four bending dipoles, one quadrupole doublet, five qua-
drupole triplets, and four sextupoles (See Fig. 2.1). The magnetic spectrograph con-
tains two dipole magnets (D1 and D2), two quadrupoles (Q1 and Q2), and a series
of detectors in its focal plane [40]. The focal plane detectors consist of two cathode
readout drift chambers, an ion chamber, and three plastic scintillators [41].

The magnetic spectrograph bends scattered fragments to its focal plane. The two
quadrupoles focus fragments in the dispersive (x) and non-dispersive (y) directions.
The two dipole magnets have a bending radius of 2.8 m with a maximum central
field of 1.6 T, giving an overall bending power of 4 Tm. This results in an angular
acceptance of 7° and 10° in the dispersive and non-dispersive directions, respectively
[41]. Running the spectrograph in dispersion-matched, energy-loss mode compensates
for intrinsic beam momentum spreading in the dispersive direction, which ideally gives

a zero-width image at the focal plane [40]. The S800 is capable of correcting Ap/p
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by 1% for every 10 cm at the dispersive image. The overall energy acceptance of
the device is 10%. For a very detailed description of the S800 and its operation see
Ref. [42].

Cathode Readout Drift Chambers

The Cathode Readout Drift Chambers (CRDC1 and CRDC2) are position sensitive
detectors in the S800 focal plane. The active area of each detector is 30 cm X 59 cm
with an active depth of 1.5 cm. The volume of the detectors is filled with a mixture
of 80% CF,4 and 20% C,H; gas at a pressure of 140 Torr [41].

The gas in the detector volume is ionized by charged particles passing through it.
The electrons created in this process drift through a region with a constant electric
field until they reach a grounded Frisch grid. Once the grid is passed, charge am-
plification (electron avalanche) takes place and the electrons are accelerated towards
the anode wire. The anode wire is typically kept at 1400 Volts. Cathode pads are
located in front of and behind the anode wire. There are 224 cathode pads in all. The
Frisch grid insures that the integration over all pad signals will be independent of the
charged fragment’s interaction distance from the anode. This is due to the fact that
no charge amplification takes place in the region of constant electric field [40].

The dispersive (x) position is determined with a Gaussian fit over non-zero pad
signals. The centroid of the fit gives the position. The non-dispersive (y) position is
determined by measuring the drift time of the electrons from the point of interaction
to the anode. The position resolution of these detectors is designed to be better than

0.48 mm in both directions.

Ionization Chamber

The ionization chamber (IC) is a detector that gives energy loss information. This

detector is a standard Frisch gridded ion chamber that is segmented into 16 one-inch

20



anodes perpendicular to the path of the ions [41]. The IC volume is filled with P10
gas at a pressure of 300 Torr. This gas is 90% argon and 10% methane. Sampling the
energy loss along the path through the IC reduces the noise, and provides an accurate

energy-loss signal.

Scintillation Detectors

The last set of detectors in the S800 focal plane are a series of scintillators. The
scintillators provide fragment energy loss and total energy information. They can
also be used for timing purposes. There are three scintillators in all. The first one
(E1) is 5 cm thick, while the second (E2) and third (E3) are 10 and 20 cm thick,
respectively. All three scintillators are made of plastic. Light guides are attached to
both ends of the plastic, and PMTs are attached to the light guides. The light guides
direct the light created in the scintillation process from the plastic to the PMTs. This
results in higher light collection. The E1 scintillator was also used to determine the

time-of-flight of fragments relative to the cyclotron radio frequency (RF).

2.2 Electronics

This experiment utilized three different electronic systems. These systems correspond
to the BaF, array, CsI array, and S800 spectrometer. Two different threshold settings
were used in the BaFs electronics. During the run, the BaF;, acquisition was started
if any of the individual detector elements had energy deposition greater than a high
threshold, Tj. In the event that T, was exceeded by any of the detector signals, a
high gamma trigger was created. Also, energy and time information was collected for
all detector elements with energy deposition greater than the low threshold, T;. The
Csl acquisition was started based on the energy deposited in the individual detector

elements. If any of the individual detectors had energy deposited greater than the

21



threshold, a Csl master trigger was generated. Additionally, energy and time-of-flight
information was collected for all Csl detectors. The S800 acquisition was started if
both PMTs attached to the E1 scintillator had a signal. If a signal was present in
both PMTs, a S800 master trigger was generated and information was collected from

all S800 focal plane detector elements.

2.2.1 BaF; Electronics

Each of the 136 BaF, scintillation detectors had two output signals. One of these
signals was delayed and split into two parts, namely the fast and slow signals. The
fast and slow signals were sent to a charge-to-digital converter (QDC) unit. The QDC
units integrated the charge and digitized it to give energy information. The other
output from each detector was used for logic and timing. This signal was attenuated
and fanned into two parts. The signals were attenuated to approximately match the
thresholds from detector to detector. The fanned logic signals were sent to leading
edge discriminators, one with threshold T; and the other with threshold T}. The
signals sent to the discriminator with threshold T; were used to generate the low
gamma (lo-y) logic, while the others were used to generate the high gamma (hi-v)
logic. The lo-y and hi-y logic was used to generate gates for the various electronic
modules, triggers for the data acquisition, and for timing purposes.

The lo-v logic path began with the 136 individual detector signals. These signals
were sent, to 10 different 16 channel discriminators, all with threshold T;. This formed
10 banks, each with up to 16 detectors. The individual outputs from each channel
were sent to a time-to-digital converter (TDC) unit. These signals were delayed and
served as individual stops to the TDC for each detector element. The TDC unit was
run in common start mode. The common start was provided by the event output from
the trigger box (to be discussed in Sec. 2.2.4). In addition to the individual outputs,

each of the 10 discriminators also had a single output that worked as a logical OR.
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The logical OR signal from each of the 10 discriminators were input to another logic
unit. This logic unit served as a logical OR to the 10 OR-ed discriminator signals.
This resulted in a single output that was true if any of the 136 detectors fire. It was
this signal, in coincidence with the master event signal, that was ultimately used to
generate the QDC gates. This signal was also used as the lo-vy trigger.

The hi-vy logic path began in the same way as the lo-y logic. The 136 detector
signals were sent to 10 discriminators, each with threshold T}j. As in the case of the lo-
7 logic, each of the 10 discriminators had a logical OR output. The 10 OR~ed outputs
were sent to a logic unit. This unit served as another logical OR. The resulting output
was used to generate the hi-y trigger.

A diagram of the electronics is shown in Fig. 2.6. The lo-y and hi-vy triggers were
input to the trigger box used in this experiment. The clears for the TDC and QDC

units came from the computer.

2.2.2 Csl Electronics

The Csl electronics were responsible for reading out energy and time information
from the individual Csl detectors. The readout was triggered based on the energy
deposited in the individual Csl detectors. If any of the detectors had energy deposition
greater than the threshold setting, energy and time information was gathered for all
11 elements. The time was determined with a TDC, where the individual detectors
provided a stop and the master event signal provided a common start. Both the fast
and slow energies were read out with the use of a QDC. A diagram of the electronics

is shown in Fig. 2.7. Clears for the QDC and TDC modules came from the computer.

2.2.3 S800 Electronics

The S800 electronics were responsible for reading out signals from all focal plane

detector elements. The readout was triggered based on the E1 scintillator. If both
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Figure 2.6: Diagram of the BaF electronics.
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Figure 2.7: Diagram of the CsI electronics.
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PMTs on this scintillator had a signal, the trigger was generated. Specifically, the
gates for the S800 electronics were created by the logical AND of constant fraction
discriminator (CFD) signals from both E1 scintillator PMTs. This signal also served
as the start signal for each CRDC time-to-analog converter (TAC). The stops for
each of these TACs came from the individual CRDC anodes. Additionally, the logical
AND between both E1 PMTs was the stop for a TAC which measured time-of-flight
relative to the cyclotron RF. The cyclotron RF provided the start for this TAC. The
analog signals from each TAC were sent to an analog-to-digital converter (ADC) to

be read by the acquisition. Diagrams of the electronics can be found in Ref. [42].

2.2.4 Trigger Box Electronics

The trigger box (TB8000) served as the control system between the various detector
systems and data acquisition. A diagram of TB8000 is shown in Fig. 2.8. TB8000
allowed for easy selection of which events started the acquisition, as the different
triggers were selected with the flip of a switch. It also allowed for downscaling of the
different inputs. Additionally, if the computer was busy, TB8000 was inhibited. This
was to block events that occur while the computer was still processing the current
event. Both raw and downscaled signals were sent to scaler modules.

The trigger inputs to TB8000 were Lo-v, Hi-y, S800 master, Csl master, a coin-
cidence trigger formed between a logical AND between Hi-y and S800 master, and
a second coincidence trigger formed between a logical AND between CsI master and
S800 master. Several triggers were selected during the experiment. Both coincidence
triggers were used to trigger the acquisition. The S800 master also triggered the ac-
quisition during the run. The S800 master was downscaled by a factor of 128 to give
S800 singles events. The Lo-v trigger was used for source calibration purposes with
the BaF, array. Similarly, the Csl master trigger was used for calibration purposes

with the CsI array.
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Figure 2.8: Diagram of trigger box, TB8000, which controlled the data acquisition for
this experiment. All inputs and outputs are described in the text.
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Chapter 3

Data Analysis

The experimental data analysis consisted of several parts. First calibrations were
performed. All detectors in the BaF, array and Csl array were calibrated for time
and energy. The only elements that needed calibration in the S800 focal plane were the
CRDC detectors. These detectors were calibrated for position. After the calibration
process, it was necessary to identify the fragments detected in the S800 focal plane.
This was to ensure that only inelastically-scattered O events were considered. Next,
the y-ray events detected with the BaF, array were isolated. The v rays were then
correlated with projectile energy loss in order to extract y-ray spectra corresponding
to various projectile energy losses. Finally, proton events in the Csl array were isolated

from other events. These events were also correlated with projectile energy loss.

3.1 Calibrations

3.1.1 BaF; Array

Each of the 136 BaF, detectors was calibrated for energy. The energy calibration was
carried out by using a source of Y and PuBe. These two sources gave calibration

points at 0.898 MeV, 1.836 MeV, 3.927 MeV, and 4.438 MeV. The two lowest energy
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Figure 3.1: Left: 88Y source calibration spectrum. Right: PuBe source calibration
spectrum. The lower energy peak in this plot is the first escape peak.
points were from the %Y source, while the other two were from the PuBe source.
Fig. 3.1 shows a typical spectrum resulting from the two sources. The first escape
peak is evident in the PuBe spectrum, and gave the calibration point at 3.927 MeV. A
higher energy calibration point was obtained from cosmic rays. The energy deposited
in the individual detector elements from cosmic rays depends on the geometry of the
detectors. Hence, the energy deposited in the ORNL and TAMU detectors was the
same. The detectors belonging to MSU had a lower amount of energy deposition as
compared to the other two types. The energy deposited in the ORNL and TAMU
detectors corresponds to an energy of 40.290 MeV, while in the MSU detector it is
37.930 MeV. These energies are based on simulations run at ORNL. In this analy-
sis, only the slow component was calibrated. A typical energy calibration curve is
shown in Fig. 3.2. A calibrated cosmic-ray spectrum is shown for both an MSU and
ORNL/TAMU detector in Fig. 3.3.

The time calibration of the BaFy detectors consisted of two parts. First, all of
the timing channels were gain matched. This was accomplished by using a pulser to
trigger the electronics. With the electronics triggered in this manner, a spectrum was

measured with several peaks (Fig. 3.4). The time between peaks corresponds to 40 ns,
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Figure 3.3: Calibrated cosmic-ray spectra. Panel (a) is for an ORNL/TAMU detector,
while panel (b) is for an MSU detector.
which was easily determined from the frequency of the pulser. With this information,
the time gains of the individual channels in the electronics were matched. With the
gains matched, a reference point was still needed to complete the time calibration.
The reference point to complete the calibration was obtained from actual run
data. The time spectrum of each individual detector contains a prompt peak as well
as random peaks (Fig. 3.4). The prompt peak corresponds to events that are correlated

with the current beam burst. The random peaks arise because of the width of the gates
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Figure 3.4: Time spectra used to calibrate the BaF, array. Left: Pulser data used to
gain match the individual electronic channels. Right: Time spectra from data used as
reference point. The prompt peak is indicated, as is a random peak.

used in the electronics. The width is sufficiently large for events from either previous
or later beam bursts to trigger the acquisition. These events are not correlated with
the current beam burst, and the occurrence of such events is random. The reference
point used in the calibration corresponds to the centroid of the prompt peak.

The time information from the BaF, detectors was used in conjunction with the
time between the RF and the E1 scintillator in the S800 focal plane. The accuracy
of the BaF, time, when measured relative to the E1 scintillator, was insufficient to
resolve the v rays from the neutrons. By subtracting the time between the RF and
E1 scintillator from the BaF, times, the times were relative to the cyclotron RF. The
resulting resolution with this reference point was good enough to resolve the v rays

and neutrons.

3.1.2 Csl Array

The CsI detectors were calibrated for time in the exact same manner as the BaFy
array (see Sec. 3.1.1). The individual gains were matched from detector to detector

with pulser data, while the prompt peak resulting from detected charged particles
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Figure 3.5: Calibrated time spectrum from the Csl detectors. The prompt and random
peaks are indicated in the spectrum.
was used as the reference point. The calibrated time spectrum is shown in Fig. 3.5.
The individual Csl detectors were calibrated for energy. Energy calibrations were
performed for o particles and protons. It was necessary to have a separate calibration
for each type of particle as the response of the detector is not the same for different
particles. For the calibration process, the CsI detectors were removed from their
position during the run and stacked into a holder. The holder was then placed into
the path of the beam. To get calibration points, beams of protons and alphas were
used. To get enough points for calibration, the beams were degraded with the use of
aluminum. Additionally, the Bp was varied. Two different degraders were used. The

2 and 209 mg/cm?. The values for Bp

two degraders had thicknesses of 420 mg/cm
varied between 0.65 Tm and 1.28 Tm. In the case of the a calibration, a source of
22U was also used. A typical calibration for both proton and « particles is shown

in Fig. 3.6. In the case of the protons, a linear fit gave a good fit to the calibration

points. A quadratic fit was needed for the « calibration.
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Figure 3.6: Calibration curves for one of the Csl detectors. The points were obtained
as explained in the text. The solid curve in each panel shows the resulting fit through
the points. Left: Proton calibration. Right: « calibration.

3.1.3 CRDC Detectors

The two CRDC detectors were calibrated for position in both the dispersive (x) and
non-dispersive (y) directions. This was accomplished with the use of a mask. Each
detector had its own mask, and each mask had holes and slits in it. The position
of the holes and slits was known. With the masks in place, the beam only struck
the detector where the holes and slits reside, as the mask itself was thick enough to
stop the beam. This resulted in a spectrum that was used to calibrate the CRDC
detectors for position. The spectrum used to calibrate CRDC1 is shown in Fig. 3.7.
In the figure, the non-dispersive position is given by S801_TAC, while the dispersive

position is given by S801_Cen_Fit.

3.2 S800 Analysis

3.2.1 Particle Identification

The particle identification (PID) in this experiment involved several steps. Typically,

a two-dimensional plot of the energy loss of fragments through the ion-chamber versus
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Figure 3.7: The mask spectrum used to calibrate CRDC1 for position in both the
dispersive and non-dispersive directions is shown. The points in this spectrum cor-
respond to holes in the mask, while the vertical bands correspond to slits in the
mask.

the time-of-flight (TOF) is used for identification purposes. In order for this type of
approach to be useful in this analysis, the TOF had to be adjusted. It should be
mentioned that the TOF was started with the cyclotron RF and stopped by the
signal from the E1 scintillator. The TOF was adjusted in such a way as to eliminate
the dependence on the dispersive angle, 6, for nuclei with similar mass to charge
(m/q) ratios. The TOF was subsequently adjusted to eliminate the dependence on
the dispersive position for CRDC1 (S801_Cen_Fit) for similar m/q. The general way
in which this was done was the following: first, a two-dimensional plot of TOF versus
6 (left panel in Fig. 3.8) was created. With this plot, the TOF was adjusted using the

following equation:

TOF' = TOF[1+ B(0 — 6y) + A(0 — 6p)?]. (3.1)

The parameters 3, A, and 6y were determined by reading points from the left plot in

Fig. 3.8. TOF' was held constant for all points read from the plot for a given m/q in
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Figure 3.8: Plots used to adjust the TOF parameter for particle identification. Left:
TOF vs. 6. Right: TOF vs. CRDC1 dispersive position

this process. Reading off three values for 6, A\, and TOF yielded three equations with
three unknowns, which allowed for a simple algebraic solution. The three points were
chosen along the center of one of the bands at the beginning, middle, and end of the
region. The new parameter, TOF’, was further adjusted from a plot of TOF’ versus
S801_Cen_Fit (X). This plot is shown in the right side of Fig. 3.8. The equation used

in this step is similar to Eqn. 3.1, and is:

TOF" = TOF'[1 + ((X — X,)]. (3.2)

This time there are only two unknowns, namely ¢ and X,. These parameters were
determined in the same fashion as , A, and y. The values found for the parameters
are shown in Table 3.1.

The new TOF parameter, TOF”] in conjunction with the energy loss of the frag-
ments through the ion-chamber (IC_Sum), allowed for the first step in the PID process.
This plot is shown in the right side of Fig. 3.9. Also shown in this figure is a plot of
IC_Sum vs. TOF. This plot shows that the adjustment to the TOF parameter was

indeed necessary, as it was impossible to distinguish between isotopes without it. The
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Figure 3.9: Left: Plot of IC_Sum vs. TOF. Right: Plot of IC_Sum vs. TOF”. This plot
was used initially for particle identification. The gate used is shown. The identified
isotopes are also indicated.
initial gate used for PID is shown in the right side of Fig. 3.9. A new gate was made
for each individual run. This was to account for any drifts in the RF.

A second gate was placed on a plot of IC_Sum versus the geometric mean of E1.
This is shown in the right side of Fig. 3.10. For comparison, the left side of Fig. 3.10
shows the same plot before the gate shown in Fig. 3.9 was implemented. The geometric

mean for E1 is given by:

geometric mean E1 = \/(E1.Up)(E1_Down), (3.3)

Table 3.1: Parameters used to adjust the TOF parameter for particle identification.
All units are arbitrary.

Parameter Value
B 5.5x10%
A 4.17x10°7
O 502.181
¢ 2.56x10®
Xo 5749.65
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Figure 3.10: Left: Plot of IC_Sum vs. Geometric Mean E1 before the initial gate
shown in Fig. 3.9 was implemented. Right: Plot of IC_Sum vs. Geometric Mean E1
after the gate shown in Fig. 3.9 was implemented. This plot ultimately gave particle
identification. The gate used for final particle identification is shown.

where E'1_Up and E1_Down are the signals from the top and bottom PMTSs, respec-
tively. Typically, the geometric mean is not position sensitive; however, this was not
the case in this experiment. 1O fragments that hit the left half of the E1 scintillator
resulted in a different geometric mean than fragments which hit the right half. This
is evident in the right side of Fig. 3.10. Clearly there are two intense regions in this
plot. 17O fragments hitting the center of E1 show up in this plot between the two
regions enclosed by the gate. This effect may have been due to some dead area in the

scintillator. This gate, in conjunction with the other (right side of Fig. 3.9), ultimately

allowed for inelastically scattered 7O events to be isolated.

3.2.2 Fragment Energy Loss

The energy loss of 17O fragments was determined with the S800 magnetic spectro-
graph. The information collected from the CRDC detectors completely determined
the trajectory of fragments reaching the focal plane. The parameters of fragments

reaching the focal plane are given by z¢, 0¢, ys, and ¢;. The parameters z; and y;
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give the position at the focus, while 6y and ¢, give the angles of trajectory in the x-z
and y-z planes, respectively. These parameters, along with magnetic field mappings,
were used to determine the energy loss.

The magnetic fields created by the magnets within the spectrograph were mapped
as described in Ref. [42]. With this information, it was possible to analytically recon-
struct the trajectory of fragments with known magnetic rigidity through the S800.
The ability to reconstruct the trajectory, coupled with the measured parameters at
the focus, allowed for the calculation of quantities that describe the motion of the
fragments as they left the target (0, y:, ¢4, 0;). The quantity J; is related to the
fragment’s kinetic energy. Specifically, the quantity ¢; is given by

E—E,
B,

5 = (3.4)

where E, is the kinetic energy of fragments traveling along the central axis of the

spectrometer. The quantity F, is determined by

3 2mE.,
Bpssoo = 2= = : (3.5)
q q

The quantities Bpgsg, m, and ¢ are the magnetic rigidity setting of the S800, fragment
mass, and fragment charge, respectively. The target and focus quantities are related

through the matrix equation

Qt\ (a:f

Yt 9f

o Ys

\4: \s

where R is the inverse matrix, which is calculated by the code Cosy INFINITY [43].

The parameters o; and E, are all that is needed to calculate the energy loss of the
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Figure 3.11: The S800 singles energy-loss spectrum is shown for 17O events. The peak
at ~ 15 MeV is from the ground-state GDR.

fragments. The energy of the fragments, E,, is given by
E,=6FE +E,. (3.7)

The parameter 7 is calculated from this energy. More specifically,

1 E
=2 +1, (3.8)

")/ pry =
02 mc?
e

where v is the velocity of the fragment and c is the speed of light. Finally, the energy

loss (E'L) is given by

ch

EL = T(% -7), (3.9)

where vy is calculated in the same manner as v, except with E, replaced with E..

The energy-loss spectrum for S800 singles 17O events is shown in Fig. 3.11.
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