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ABSTRACT

PRODUCTION OF NEUTRON-UNBOUND STATES
IN INTERMEDIATE-MASS FRAGMENTS
FROM ' ‘N + Ag REACTIONS AT E/A = 35 MeV

By

Lawrence Harvey Heilbronn

The populations of neutron-unbound states and of bound states in intermediate-
mass fragments have been measured at 15°, 31°, and 64° from the ' ‘N + Ag reaction at
E/A = 35 MeV. The data are identified in terms of the reaction mechanism producing
them, which is either a deep-inelastic mechanism or a quasielastic mechanism. In order
to test the assumption that the deep-inelastic data are produced from a thermal source,
the unbound-state/bound-state population ratios of deep-inelastic fragments are
compared to the predictions of a thermal sequential decay model. Most, but not all, of
the deep-inelastic population ratios are fitted with model calculations that assume a
source temperature between 2.5 and 3.5 MeV. Three or more populations from the same
isotope were measured for ' ’C, '?B, and ' °Be. The deep-inelastic populations from
'*C and '°Be were fitted with a single temperature, while the deep-inelastic
populations from ' B were not fitted. There is enough of the deep-inelastic data that is
not fitted with the predictions of a thermal model that the assumption of a thermal
source for the production of deep-inelastic fragments may be incorrect, or there may be
other effects present which alter the thermal properﬁes of the data. The dependence of
the unbound-state/bound-state population ratio on the fragment kinetic energy shows a
difference between the quasielastic a'ﬁd deep-inelastic data. For quasielastic fragments
whose mass is near the mass of the beam, the ratio decreases towards zero as the

fragment velocity approaches the beam velocity. In contrast, the ratio for half-beam




mass quasielastic fragments is constant or only slightly decreasing as the kinetic energy
increases. The ratio for deep-inelastic fragments is approximately constant as a function
of kinetic energy, independent of fragment mass. The amount of feeding from several
neutrc;n-unbound channels into bound states is measured and compared to the
sequential decay model. The effect of feeding on both spectral temperatures and on
population temperatures is investigated. The effect of feeding on both temperatures, as
determined by model calculations, cannot account for the discrepancy in the values

between the two.
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Chapter I: Introduction

A. Motivation

An important property of intermediate-energy (E/A =~ 20-200 MeV) heavy-ion
reactions is the production of intermediate-mass fragments (for this thesis,3 s Z 7,6 <
A < 14, referred to as IMFs). Both IMF and light particle spectra yield information about
the reaction mechanisms governing their production, but IMFs bear additional
information not found with very light particles, such as neutrons and protons.
Specifically, IMFs are produced in excited states, and measurements of the populations
of those states can be readily applied to an understanding of IMF production. In this
thesis the populations of several neutron-unbound states in IMFs are reported along
with their relevance to models used to explain IMF production.

In general, intermediate-energy reactions that have no fissionable products
appear to produce IMFs from two different types of reaction mechanisms. Quasielastic
(QE) processes dominate IMF spectra at high IMF kinetic energy at or near the grazing
angle. Deep-inelastic (DI) processes dominate IMF spectra for all IMF kinetic energies at
angles much greater than the grazing angle and for low IMF kinetic energies at or near
the grazing angle. It should be pointed out that although there are many models
associated with the word "deep-inelastic" that describe specific reactions, "deep-
inelastic" is used here to describe a general class of reactions that result from violent
collisions between the projectile and target in which a large amount of the projectile’s
kinetic energy is dissipated amongst the participating nucleons. The main difference
between QE and DI processes is that DI fragments seem to come from a thermal source,

whereas QE fragments appear to come from a nonthermal source.
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1. IMF Singles Data
a. Quasielastic Data

Quasielastic IMF inclusive spectra have been detected in several systems
(Moug81, Menc83, Guer83, Namb83, Murp83, Blum86, Cask88, Kiss89, Deak90). The
fragmentation models of Goldhaber (Gold74) and Friedman (Frie83), which are
successful in describing IMF spectra in high-energy heavy-ion collisions, are moderately
successful in describing IMF spectra in intermediate-energy collisions. Specifically, the
width and location of the quasielastic peak are two experimental observables that are
predicted by these models. For intermediate beam energies, the peak shape at momenta
greater than the peak value of the momentum are fitted well by the models. However,
these models are unsuccessful in fitting the peak shapes below the peak momentum
(Cask88) since both models predict a Gaussian peak shape (in momentum space), and in
fact the peak has non-Gaussian shape below the peak momentum (see Figure 1 of
Cask88). In general, the peak shape below the peak momentum is much broader than
the high-momentum side for spectra from intermediate-energy reactions, whereas the
peak shape for spectra from high-energy reactions is purely a Gaussian. This feature is
seen as an important distinction between high-energy and intermediate-energy QE
reactions.

Nucleon-exchange models, such as the stripping-pickup model (Kiss89), have
been more successful in describing the general features of intermediate-energy IMF
spectra. Qualitatively, the broad region below the peak momentum is seen in the model
of Kiss et al. (Kiss89) as a consequence of the mixing between the projectile remenant
and nucleons emitted by a source formed in the region of overlap between the target
and projectile (this region is referred to as the participant zone). The lower the
momentum, the more the number of nucleons from the participant zone that interacted
with the projectile remnant. Also, lower-mass IMFs are believed to come from collisions

with a smaller impact parameter (hence a larger overlap region) than higher-mass IMFs.




b. Deep-Inelastic Data

Deep-inelastic IMF spectra have been parameterized for a wide range of systems
(Chen87a, Chen87b, Chen88, Bloc88, Fox88, Poch87) using the moving-source model
(West76). The moving source model assumes that light particles and fragments are
emitted from a hot, moving source that is in thermal equilibrium, and that the kinetic
energy distribution of the emitted particles and fragments is governed by a Maxwell
velocity distribution. In general, most of the IMFs come from a source with a velocity
roughly one-third of the beam velocity (Bloc88, Deak90). As the beam energy increases,
the source temperature also increases (see Figure 2 of Chen87a), which is consistent with
the assumption of creating a thermal source. For the reaction used in this thesis the
source temperature extracted from IMF spectra is about 13 MeV (Bloc88, Deak90).

2. IMF Excited-State Populations

a. Quasielastic Data

Populations of excited states of QE-produced IMFs, especially the populations of
excited-state IMFs with large kinetic energies (Siwe85, Deak89), should bear information
on the partition of excitation energy between reaction partners (Siwe85). The
dependence of excited IMF population on IMF kinetic energy is seen as an important test
of nucleon-exchange models (Siwe85, Siem71, Wilc90) used to describe QE IMF
production. One group has reported on the dependence of the ratio of specific gamma-
emitting states’ populations to their corresponding fragment singles populations on
kinetic energy (Siwe85). They show that for IMFs with a mass lower than the mass of
the beam (stripping reactions) the ratio is essentially constant, whereas for IMFs with a
mass higher than the mass of the beam (pickup reactions), the ratio increases as the
kinetic energy increases. Another grbﬁp (Deak89) has reported on the dependence of
the ratio of the population of the 3.388-MeV state in ' *B to its corresponding bound
states population on kinetic energy, and they report that the ratio decreases as the

kinetic energy increases. It is interesting to note that these two reports on the
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dependence of IMF excitation as a function of kinetic energy for QE-IMFs with mass
below the mass of the beam are quite different from each other. It is not known if this
difference is due to the fact that the two reports came from different reaction systems
(‘*N+'°‘DyatE/A =20 MeV for Siwe85and ' ‘N + Agat E/A = 35 MeV for Deak89)
or is due to the fact that bound-state populations were measured in one experiment
(Siwe85) and unbound-state populations were measured in the other (Deak89). In any
case, there is a need for more of this type of data on QE IMFs.
b. Deep-Inelastic Data

Both particle-bound excited states (Morr84, Morr85, Bloc87, Gome88, Xu89) and
particle-unbound states (Deak89, Chen87a, Chen87b, Fox88, Poch87, Bloc87, Poch85a,
Poch85b, Chit86, Xu86, Kiss87, Galo87, Chen87c, Sain88, Naya89, Cebr89) in IMFs have
been detected in several intermediate-energy systems. The measured populations of
these states can be used to calculate temperatures from a Boltzmann population
distribution. The population ratio of two states of the same nucleus is related to the

Boltzmann temperature (T) in the following way:

R= %{-—:;}- exp(-AE/T) (L.1)

where R is the ratio of the population of state 1 to the population of state 2,J, and J, are
the state spins, and AE is the difference in levei energy between state 1 and state 2. Ifitis
assumed that excited, DI IMFs come from a thermal source, then the population ratio
gives the temperature of that source, just as IMF kinetic energy spectra give that
temperature. For the system investigated in this thesis, the temperatures that have been
deduced from excited state populations ranged from ~0.6 MeV to ~3 MeV. These

population temperatures are much lower than the corresponding spectral temperatures.
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Large discrepancies between population temperatures and spectral temperatures have
been reported for other systems (Chen87a, Poch87, Xu89).

One possible explanation for the discrepancy between a Boltzmann temperature
and Maxwell temperature measured for the same system is that sequential 'feeding from
higher lying states may alter the measured populations of ground and excited states
from their initial populations, making this experimentally derived "apparent" Boltzmann
temperature different from the "true", or initial source temperature (Hahn87, Poch85b).
The initial temperatures derived from analyses that compensate the measured state
populations for feeding range from ~2.5 MeV to 5 MeV (Xu89, Fox88, Naya90). Thus,
even after taking feeding into account the extracted population temperatures are still
much lower than the spectral temperatures. To date, no attempt has been made to
determine the effect that sequential feeding has on spectral temperatures deduced from
IMF spectra.

There is some data that suggests that DI excited-IMFs are not produced by a
thermal source. One group has measured the populations of seven states in the same
isotope and has reported that it is not possible to fit a single temperature to all seven
populations, even after taking feeding into account (Naya89). Also, the finding of
population temperatures that are constant as a function of beam energies from E/A = 11
MeV to E/A = 94 MeV (Chen87a, Fox88, Gome88, Xu89, Sain88, Lee90a, Lee90b)
contradicts the assumption of emission from a thermal source, as one would expect the
the temperature to rise as more energy is dﬁbmped into the system. (It has been shown
(see Figure 2 of Chen87a) that spectral temperatures do increase as the beam energy
increases.)

Although there is some data on excited-state populations that seems inconsistent
with what would be expected if they were produced by a thermal sburce, there is a large
amount of population data that agrees with one property associated with thermal

sources. One would expect that the populations of a large range of isotopes and states
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created in the same system would reflect the same temperature, and this result is found
for both bound-state and unbound-state populations (Fox88, Xu89). Although the value
of the corresponding spectral temperatures derived from a moving-source analysis of
inclusive IMF spectra are much higher than the population temperatures, they also are
uniform as a function of IMF species. Thus, even though there is some contradictory
evidence, the question of the validity of assumed thermal sources is still open.

Just as the dependence of R (Equation 1.1) on IMF kinetic energy gives detailed
information on the production of QE IMFs, this dependence can also yield important
information on the nature of the thermal source producing DI IMFs, assuming they are
produced by such a source. For example, if one assumes that this thermal source
behaves like a source of infinite exten.t, one would expect the value of R to be constant as
a function of kinetic energy. On the other hand, if the source is small enough, the effects
of cooling from particle emission may give a different dependence of R on kinetic
energy. One can imagine that as a finite-size source emits particles and fragments, it
will cool and subsequently emit fragments whose kinetic energy distributions and state
populations will be characteristic of the lower temperature. Because of this, IMFs with
low values of kinetic energy would, on the average, come from the later, cooler stages of
the reaction than IMFs with higher values of kinetic energy. Thus, the value of R would
increase as IMF Kkinetic energy increased. An argument can be made that a finite-sized
source which is vulnerable to the effects of evaporative cooling is not a source in thermal
equilibrium, in which case it would not Be correct to use a Boltzmann population
distribution to calculate R. But in any case the dependence of R on IMF kinetic energy

will add more information on the nature of the reaction mechanism producing DI IMFs.
B. Issues Addressed in this Thesis
The populations of several QE and DI IMF neutron-unbound states produced in

the E/A = 35 MeV, ' ‘N + Ag system, will be reported on in this thesis. This work

expands on the data previously reported on neutron-unbound states produced from this
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system (Deak89, Bloc87), and adds to the set of data on bound-state populations
(Morr84, Morr85) and charged particle-unbound state populations (Fox88, Naya90) for
this system. The assumption of thermal production of DI IMFs will be tested by
attempting to fit two-level population ratios calculated from measured unbound-state
and bound-state populations to the predictions of the same ratios as calculated with a
sequential feeding model using a single source temperature. It will also be determined
whether three state populations in ' *B, three state populations in ' °Be, and four state
populations in ' *C can be fitted with a single Boltzmann temperature. The dependence
of R (Eq. 1) on IMF kinetic energy for both QE and DI IMFs will also be reported, along
with its significance to the models used to describe QE and DI IMF production.

Using both the bound-state and unbound-state populations, the amount of
feeding into boﬁnd-state populations from several neutron-unbound states will be
reported and compared to predictions of the feeding from a sequential feeding model.
The dependence of the feeding on kinetic energy will be used to determine the effect the
feeding has on the parameters used to describe DI and QE IMF inclusive spectra. In
particular, the effect feeding has on the spectral temperatures will be investigated, along
with its consequences on the discrepancy between population temperatures and spectral
temperatures.

Bound-state populations will be determined from IMF singles spectra that were
also measured for this system. Fits to IMF singles spectra will be done using a
parameterizatioh suggested by Kiss89, and the results of these fits will be used to
identify which regions of IMF kinetic energy are dominated by DI or QE processes. It is

assumed that these regions are similar for unbound IMFs.
C. Organization

Chapter II contains the details of the experiment from which the data presented
in this thesis came. Included are details about the fragment and neutron detectors, as

well as a brief description of the electronics and data acquisition. Chapter III presents




8
the details of the data analysis which yielded fragment singles spectra and relative
velocity spectra, and Chapter IV presents the results of that analysis. Chapter V
compares the data on the populations of many bound and neutron-unbound IMF states
with the predictions from a sequential-decay calculation. The sequential-decay model
used for the comparison is described in Chapter V. Chapter VI contains the data
showing the dependence of several population ratios on fragment kinetic energy.
Chapter VII compares the data on feeding into IMF bound states to predictions from the
sequential-decay model that was used in Chapter V. The effect the measured feeding
has on IMF singles spectra is also presented in Chapter VII. Chapter VIII presents the
conclusions from the data and analysis presented in the previous chapters. Appendix A
details the calculation of the effective spin factor that was used in Chapter V, Appendix
B explains the method used to determine the level-energies and widths of two neutron-
unbound states from the data used in this thesis, Appendix C shows how the measured
"Li singles spectra were corrected for ‘Be contamination, and Appendix D gives the
details of how an energy-dependent width was used in the analysis of the 7.456-MeV

state in "Li.



Chapter II: Experimental Method

A. Experimental Setup

The data presented in this thesis came from an experiment performed at the
National Superconducting Cyclotron Laboratory during the fall of 1986. The K-500
cyclotron delivered a beam of 35 MeV/nucleon ' *N onto a silver target. Each beam
burst was about 1 ns wide with a period of 52.4 ns. The energy of the beam was known
to + 2%. Typical beam intensity used during the experiment was about 1.5x10'°
particles per second. The beam spot at the target location was roughly circular in shape,
and it was about four mm in diameter.

The silver target and charged-particle detectors were housed in a 1/8 inch thick,
36-inch diameter steel scattering chamber with a domed lid on the top and bottom.
Located at 0° and 180° with respect to the beam were five-inch diameter entrance and
exit ports. Attached to these ports were four-inch diameter beam tubes. Nine-inch
diameter ports were located on both sides of the chamber at 90° with respect to the
beam axis, and two additional ports, both three inches in diameter, were located at -45°
and 135° (a negative angle indicates the side opposite the charged-particle detectors).
One-quarter inch thick black lexan was used for the port covers at + 90° and at - 45°,
and one-quarter inch thick clear lucite was used for thé port cover at 135°. Signal cables
for the fragment detectors were routed through the 90° ports using BNC-BNC and BNC-
SHV vacuum feed-throughs. The coolant lines that ran to the charged-particle detectors
were fed through the -45° port. A video camera was located just outside the port at
135° in order to monitor the position of the beam at the target location. A steel and

concrete beam dump was located about two meters from the exit port of the chamber. A
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well shielded Faraday cup was located at the end of the beam line inside the beam dump
at a distance of about three meters from the target. During the experiment additional
steel, lead and concrete shielding was added between the Faraday cup and neutron
detectors which were located at 15° in order to reduce the number of background
neutrons coming from the Faraday cup. A turbo vacuum pump and roughing pump
were connected to the exit beam tube near the entrance to the beam dump. A cryogenic

vacuum pump was connected to the bottom of the scattering chamber. Typical

pressures inside the chamber during the experiment averaged about 1x10™ torr.
Mounted on top of the scattering chamber was a motor that controlled the height and
rotation of the target ladder, which was inside the chamber.

The target ladder held four targets during the experiment. One of the targets
used was a blank target, which was used to measure any events in the detection system
that did not originate from the target. Another one of the targets used was a MgO

scintillator, which was used to check the location of the beam at the target position.

Finally, two rolled-silver targets of 5.0 mg/ cm? and 3.88 mg/ cm2 were mounted on the
target ladder. During the experiment the silver targets were rotated 45° with respect to
the beam in order to minimize the energy loss in the target of reaction products
observed with fragment detectors located at 15°, 31 °, and 64°. No visible surface
contamination of the targets from pump oils and coolant liquid was noted during the
experiment. |

A large amount of the time during the experiment was spent measuring neutron-
fragment coincidences produced by collisions of ' * N projectiles with the silver targets.
Since the goal of the experiment was to measure the populations of neutron-unbound
states created during these collisions, a'r;d since there is a strong kinematical focussing of

the neutrons that come from the decay of these states (Deak87), the neutron and

fragment detectors were set up in a colinear alignment. One such setup was placed at
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15°, where projectile fragmentation is the dominant.reaction mechanism for production
of IMFs. Two others were placed at 31° and 64°, where deep-inelastic reaction
mechanisms dominate.

The neutron detectors that were used were glass cells filled with liquid
scintillator.  Two types of scintillator were used, NE-213 and BC-501, with no
discernable differences in performance detected between them during data taking and
analysis. Each cell was a cylinder approximately 7.6 cm long and 12.7 cm in diameter,
and the glass used for the cells had a thickness of 1/8 inch. The back of each cell had a
conical plastic (lucite) light pipe glued to it, which in turn had a 5.1 cm diameter
photomultiplier tube glued to it. Each detector was housed in a thin aluminum can
15.25 cm in diameter, with a small amount of foam padding between the glass cell and
the can. The intrinsic timing resolution of these detectors, when measured using y-rays
from a ° °Co source, was 0.9 ns on the average.

A close-packed array of three neutron detectors was centered at 15°, with a
distance of 457 cm from the target to the centers of the scintillator cells. The array
subtended a half angle of 1.9°, with 50% of the available solid angle in that space taken
up by scintillator. Two close-packed arrays of seven detectors each were centered at 31°
and 64°, with distances from target to cell centers of 438 cm and 354 cm, respectively.
The array at 31° subtended a half angle of 2.8°, and the array at 64° subtended a half
angle of 3.5°. Both arrays had 58% of the available solid angle taken up by scintillator.
Table II.1 contains some of the important physical parameters of the neutron detectors
that were placed in colinear alignment with a fragment detector.

"Veto paddles” were placed in front of the neutron detectors to detect any high
energy protons that made it out of the scattering chamber and into the neutron detector.
(In order for a proton to reach one of the neutron detectors it will typically have to go
through at least 5 mm of silicon, 3 mm of steel, 3500 mm of air, 2 mm of aluminum, 6

mm of foam, and 3 mm of glass. Using those thicknesses, it is estimated that protons
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Table II.1 - The positions of the neutron detectors used in the experiment along with the
detector thicknesses and diameters and type of scintillator used.

distance from
angle target to cell cell type of
] d cell center thickness diameter  scintillator
{deg)  (deg) (cm) (cm) (cm)
14 -6 456.51 7.525 12.355 BC 501
16 -6 456.87 7.518 12.700 NE 213
15 1.1 457.52 6.985 12.471 NE 213
31 0 437.13 7.620 12.700 NE 213
33 0 437.87 7.630 12.295 BC 501
32 -1.7 437.63 7.140 12.365 BC 501
30 -1.7 437.82 7.530 12.355 BC 501
29 0 437.64 7.170 12.380 BC 501
30 17 437.72 7.330 12.355 BC 501
32 17 438.83 6.985 12.471 NE 213
64 0 352.73 7.620 12.700 NE 213
67 0 353.51 7.570 12.380 BC 501
66 -21 354.50 6.985 12.471 NE 213
63 -2.1 353.59 7.730 12.275 BC 501
62 0 353.53 7.620 12.270 BC 501
63 2.1 354.50 6.985 12.471 NE 213

66 2.1 353.44 7.445 12.325 BC 501



13

with kinetic energies of approximately 70 MeV or greater can make it to the neutron
detectors.) The veto paddle used in this experiment was a round, 6-mm thick plastic
scintillator approximately six inches in diameter. Each scintillator was glued to a light
pipe, which in turn was glued to a two-inch phototube. It was placed in the laboratory
such that the solid angles subtended by a neutron-detector array and its veto paddle
were the same. Any signal in the neutron detector that was in coincidence with a signal
in the veto detector in front of the neutron detector was subsequently identified as a
proton.

In order to measure the number of background neutrons produced during the
experiment, shadow bars were placed between the target and neutron detector arrays.
Each bar was a brass cylinder 7.6 cm in diameter, and was long enough (50.8 cm at 15°,
40.6 cm at 31°, and 30.0 cm at 64°) to stop more than 99% of the neutron flux coming
from the target directly to the neutron detector. About 40% of the beam time was
dedicated to measuring background neutrons.

Figure II.1 shows a schematic overhead view of the entire experimental setup.
The shadow bars are represented by the hatched lines, and the veto paddles are
represented by the solid lines. The dashed outlines around a neutron detector indicate a
multidetector array. The boxes inside the scattering chamber represent the silicon-
detector telescopes. The dashed box at 0° is for the out-of-plane telescope, which was
placed at a polar angle of 14° below the beam.

Fragment isotope identification and energy determination were achieved using
solid-state silicon detectors. Two-element, AE-E telescopes were used at 31° (94pm and
5mm) and 64° (74pm and 5mm). At 15°, where some Li fragments have a large range, a
four-element, AE-AE-E-E telescope (94pm, 97um, 5mm, and 1mm) was used. Every
element was cooled to -10°C to reduce the noise due to thermally excited electrons that
"leak” into the conduction band of the Si detector. Good isotope identification and

separation of IMFs were achieved using these telescopes. Fragment energy calibration
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was done with alpha particles from a * * * Th source, using a calibrated pulser to extend
the calibration to higher energies. Fragment energies were determined with an
uncertaintity of +2%.

Copper collimators with a thin (10 mg/cm?) gold foil placed on their front faces
were placed in front of each telescope. The foils were used to stop electrons and x-rays
knocked out from the target. The diameters of the collimators defined the solid angle
subtended by each of the fragment detectors. The collimator at 15° subtended a half
angle of 1.9° and a solid angle of 3.5 msr. The collimators at 31° and 64° both
subtended half angles of 2.9° and solid angles of 8.1 msr.

Neutron energies were determined by using a time-of-flight technique that used
neutron and fragment signals as the start and stop, respectively, of a timing circuit. The
timing signal from the fragment side of the circuit came from the first AE element of each
telescope, with the aid of a time-pickoff unit. The timing signal from the neutron side
came from the fast (anode) pulse from the neutron detector. The overall timing
resolution of this system was determined by looking at the prompt y-rays in the time-of-
flight spectra, and was 0.9 ns for all three angles.

As mentioned above, a blank target was used to measure the number of
coincidence events that did not originate from the target. The results from this

measurement indicated that no appreciable amount of the data came from such events.
B. Electronics and Data Acquisition

Figure I1.2 shows a simplified version of the electronics setup used for the
experiment from which the data in this thesis came. Shown are the electronics for a
single neutron detector (with a veto paddle) and the four-element telescope which was
used at 15°. The électronics setup for the other neutron detectors and silicon telescopes
was the same, with the exception that the other telescopes were two-element telescopes.

Neutron/gamma-ray separation was achieved using a pulse-shape

discrimination technique (Helt88) that uses charge-integrating ADCs to integrate the
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total anode pulse from the neutron detector and to integrate the tail of the pulse. A clear
separation between neutrons and gamma rays can then be seen in a plot of the tail-
integrated charge versus the total-integrated charge (see Figure 3 of Helt88). The charge-
integrating ADCs used in this experiment were Lecroy 2249W.

Looking at the neutron side of the electronics in Figure II.2, the timing signal
from the neutron side was taken from a constant-fraction discriminator (CFD) which
was fed from the anode pulse of the neutron detector. The CFDs used for this
experiment were Tennelec TC-455s. In addition to the neutron timing signal, the output
from the CFD was also used in the fragment/neutron coincidence logic and the veto-
paddle/neutron-detector coincidence logic. The output from the veto/neutron logic
was used to set the veto scaler. Note that in the pulse-shape discrimination electronics
each neutron signal is integrated three times. In addition to integrating the total pulse
and the tail of the pulse (as described above), an attenuated total pulse is also integrated
in order to increase the dynamic range of signals that can be used in the pulse-shape
discrimination technique.

Looking at the fragment side of Figure I1.2, the timing signal from the fragment
side originated from the signal of the first (or only) AE element with the aid of a time-
pickoff unit (TPO). The fast timing signal from the TPO was then fed into a CFD, which
then generated the timing signal used in the fragment/neutron time-of-flight logic. A
valid fragment event required a coincidence between signals from the AE and E
elements. The output from the AE/E coincidence logic was then used in the
fragment/neutron coincidence logic. Pulse heights of the signals from the silicon
elements were recorded via analog-to-digital convertors (ADCs - Ortec AD811).

Neutron/fragment time-of-ﬂight' was determined from a time-to-digital
convertor (TDC - LeCroy 2228A). The channel width of the TDCs was determined after
the experiment using an EG&G time calibrator. Each channel was found to be, on the

average, about 0.225 ns wide, which is lower than the nominal value of 0.25 ns.
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Data acquisition was performed using a system developed at the NSCL (Vand85)
based on a 68010 microprocessor. For each coincidence event the fragment-telescope
identification number and pulse height from each telescope element were recorded,
along with the time of flight between the coincident fragment and neutron signals. On
the neutron side of the event the neutron-detector identification number, total charge (of
the anode pulse), attenuated total charge, and tail charge were recorded. For fragment-
singles measurements, just the fragment-telescope bit registers and telescope-element

pulse heights were recorded.



Chapter III: Data Analysis

The goal of the data analysis was to measure both bound-state and neutron-
unbound state populations in IMFs. Before the populations were determined it was
necessary to apply corrections to both the IMF singles and IMF-neutron coincidence
~ data. Once these corrections were made, IMF singles spectra and IMF-neutron relative
velocity spectra were produced, and from these spectra the state populations were

extracted.

A, IMF Singles Data

As previously mentioned, IMF energies were determined using calibrated silicon
telescopes. Small corrections to these energies were needed to compensate for energy
loss in the target and the gold foil that preceded each telescope. In addition, the energy
loss in the dead layers of the silicon detectors was also taken into account.

After applying the corrections to IMF energy on an event-by-event basis, IMF
singles spectra were generated for each isotope at 15°, 31°, and 64° in the following
manner. First, two-dimensional spectra were constructed with particle-identification
number (PID) on the ordinate and fragment energy on the abcissa. PID was calculated

from the following equation:

PID = n x [(E, ) - (B)" 1/3 (IIL1)
where
x=182+ 11_'1%)‘3{3, (IIL2)

19
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and where Etot is the sum of the AE and E signals, t is the thickness of the AE detectors (in

units of pm), and n is a normalization constant chosen such that the maximum value of
the PID is 32767. Once the two dimensional spectra were constructed, 5-MeV wide cuts
were made along the energy axis, and those cuts were projected onto the PID axis.
Figure III.1 shows the resulting plot for Be isotopes (note the absence of *Be) at 15° with
energies between 240 MeV and 245 MeV. The solid line in Figure III.1 indicates a fit to
the data using three Gaussians added on top of a linear background. The area of each
Gaussian was then taken to be the number of counts for the corresponding isotope in

that energy range. The number of counts was then converted to a cross section.
B. IMF-Neutron Coincidence Data

The corrections which were applied to the IMF kinetic energy are also needed for
a precise determination of the neutron energy, since neutron energies were determined
from a time-of-flight method that used the fragment signal for the stop, requiring the
fragment flight time to be added to the neutron-fragment time of flight. The position of
the gamma-ray peak in the time-of-flight spectrum did not shift as a function of IMF
kinetic energy, which indicates that the proper fragment-flight time was added to each
gamma-fragment (and neutron-fragment) time of flight.

Once the neutron flight time was determined for each event, corrections were
made for the neutron side of the event. The energy dependent neutron detection
efficiency for each detector was calculated using the code TOTEFF (Kurz64), and these
calculations were compared to the efficiencies computed using a Monte-Carlo code
developed by Cecil et al. (Ceci79). The results from tl'{e two codes disagreed by at most
10%, and this value was taken as the uncertainty in the efficiencies. Figure III.2 shows
the efficiency calculation using TOTEI;F for one of the neutron detectors at 15°. The
signal-energy threshold used in the calculation was 800 keV equivalent-electron energy,

which corresponds to proton energy of 3 MeV. This threshold, which is higher than the
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Figure III.1 - A particle identification spectrum for beryllium isotopes at 15° and for
fragment kinetic energies between 240 and 245 MeV. The solid line shows a fit to the
spectrum using three Gaussians added on top of a linear background.
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hardware threshold used during data acquisition, was applied to all of the neutron
signals in the subsequent analysis.

The loss of neutron flux due to out-scattering from materials between the target
and neutron detector (silicon detectors, steel vacuum chamber wall, air, aluminum
neutron detector can, and glass cell) was estimated using a code developed by
Remington (Remi86). Other energy dependent corrections such as the background
subtraction and accidentals subtraction were also made. All corrections were applied on
an event-by-event basis.

After the corrections were made, relative velocity spectra were constructed from
the colinear coincidence events using a technique very similar to the one used to
construct IMF singles spectra. First, cuts were made on IMF PID that separated them by
element. Then the relative velocity between a fragment and its coincident neutron was
calculated on an event-by-event basis by assuming all the fragments of a particular
element had the mass of one of its isotopes. The next step was then to construct two-
dimensional plots of PID versus relative velocity. Cuts 0.1 cm/ns wide were then made
along the relative velocity axis and projected onto the PID axis. Figure IIL.3 shows a plot
resulting from this projection for Li isotopes with a cut made on relative velocity
between 0.6 cm/ns and 0.7 cm/ns. In this case the relative velocities were calculated
assuming all of the lithium was 'Li. Fits to the data in plots such as Figure IIL.3 were
done by fitting Gaussians on top of a linear background. The solid line in Figure I11.3
shows the fit. The area of each Gaussian was taken to be the number of counts for each
isotope in the corresponding relative-velocity bin. Of course, the number of counts is
correct only for the isotope whose mass was used to calculate the relative velocity, and is
incorrect for all other isotopes. For example, in Figure IIL3 only the number of counts in
the peak corresponding to ’Li + n is correct. The number of counts for °Li +n was
calculated by repeating all of the above steps, except the mass used to calculate the

relative velocity was the mass of °Li, not ’Li. Figure 1I1.4 is the same as Figure IIL.3,
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Figure II1.3 - Particle identification spectrum for lithium isotopes in coincidence with
neutrons at 15° and for v; .-v_ between 0.6 and 0.7 cm/ns. Relative velocities were

calculated using a mass number of seven for all fragments. The solid line shows a fit to
the data using three Gaussians added onto a linear background.
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Figure II1.4 - Same as Figure IIL3 except the relative velocities were calculated using a
mass number of six.
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except the relative velocity was calculated using the mass of °Li. Relative velocity plots
for particular isotope/neutron coincidences were then built up using the number of
counts extracted from the fits to plots like the ones in Figures II1.3 and I11.4

Figure IIL5 shows a relative velocity spectrum for neutrons in coincidence with
'*Cat 15°. The abcissa shows the value of the fragment velocity minus the neutron
velocity, while the top of the figure shows the relative energy between the fragment and
neutron. Included in Figure IIL5 is an energy level diagram which indicates the decays
that show a resonance in the corresponding relative velocity plot. The solid line shows a
fit to the data from Monte Carlo simulations (described later in this chapter) of the
decays of the numbered resonances into the detection system added onto a background.
The background is indicated with the dotted line.

Looking at Figure IIL5, one notes that for each decay from a single state or group
of states there are two peaks, one at a negative relative velocity and one at a positive
relative velocity. These two peaks are a result of the kinematical focussing of the decay
neutron and the finite detector geometry. Figure IIL6 illustrates the decay of an excited
fragment into a daughter fragment and a neutron. The dashed lines indicate the
available solid angle for neutron and fragment detection. For simplicity, the daughter
recoil momentum is neglected and the solid angles of the neutron and fragment
detectors are taken to be equal. If the decay energy is large enough, only the most
forward-focussed neutrons (which give a negative relative velocity) and the most
backward-focussed neutrons (positive relative velocity) will be detected. In this way
two peaks are created for each decay. The peak at negative relative velocity will be
larger than its companion peak at positive relative velocity since the available solid
angle in the decay frame for detection (the geometrical efficiency) is greater for forward-
focussed neutrons.

If the decay energy is small enough, all of the neutrons will be focussed into the

neutron detector, and as a result there will only be one peak in the corresponding
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Figure IIL.5 - Relative velocity spectrum for ' *C + nat 15° and for E, , c2 15MeV/A. The

numbered resonances come from the decays indicated in the level diagram. A relative
energy scale is included for reference. The FWHM of peaks 2 and 3 are given. Each
width corresponds to relative velocity resolution of 2 cm/ns. The solid line is from a fit

described in the text, and the dotted line shows the background used in the fit (a
Gaussian).
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vi = fragment vel.

l

vnl = neut. vel. in lab frame

vn = neut. vel in the decay frame

Neut. det.

Figure II1.6 - A velocity diagram showing the neutron decay of an excited fragment
heading towards a colinear fragment-neutron detection system. Recoil of the daughter
is neglected. The dashed line indicates the cone of acceptance of the detection system,

and the circle represents all of the possible directions of decay. Only decays that lie
within the cone of acceptance will be detected.
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numbered locations correspond to relative velocities that come from the decays
indicated in the energy level diagram. A relative energy scale is included for reference.
The solid line is from a fit described in the text, and the dotted line shows the
background used in the fit (a Gaussian).



30

relative velocity spectrum, and it will be centered at 0 cm/ns. Such a case is best shown
in Figure I11.7, where the central peak is due to the decay of the 3.388-MeV state of ' *B
to the ground state of ' 'B. For this decay, the decay energy is only 18 keV, and the
geometrical efficiency is about 33% (note that this value of the geometrical efficiency is
much greater than the percentage of the available solid angle in the lab taken up by the
neutron detectors, which is about 0.17% - thus the kinematical focussing increases the
counting rate by a factor of ~200). Since the efficiency is less than 100%, one might
expect the forward and backward peaks to be separated. Although there is a dip in the
peak at 0 cm/ns, clearly the forward and backward peaks are unresolved from each
other. The reason they are unresolved is due to the instrumental resolution. Hence,
only one peak is observed for this decay.

For this experiment, the relative velocity resolution, dvr olr W3S about 2 mm/ns for

all of the spectra. The corresponding relative energy resolution is related to the relative

velocity resolution by dEre1=”vreldVrel’ where p is the reduced mass of the daughter-

fragment/neutron system. Thus, as the decay energy increases, the relative energy
resolution gets worse, even though the relative velocity resolution remains the same.
Because of this, the ability to resolve individual decays decreases as the decay energy
increases. Figure III.5 shows the relative energy resolution for two of the decays. For
E

=0.1 MeV, for example, dEre1= 90 keV, whereas for Erel= 2MeV, dEre =450 keV, and

rel 1

for E j=26MeV, dErel= 510 keV. The energy resolution at a particular value of relative

velocity will vary slightly, of course, depending on the mass of the fragment in
question, but not by much.

Since the geometrical efficiency for all the detected decays was less than 100%, it
had to be calculated in order for the total population of the neutron-unbound states to be
extracted from the relative velocity spectra. Fragment and neutron detector sizes and

flight paths, initial fragment velocity, level decay energies and level widths all have an
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effect on the geometrical efficiency, and were put into the Monte Carlo code MONTRES
(Deak87), which simulates the decay of neutron-unbound states into the detection
system. Conditions which affect the energy determination of the fragments, such as
silicon detector resolution and target thickness, and conditions which affect the timing
resolution of the neutron detectors, such as detector thickness and intrinsic timing
resolution, are also put into the code. The solid lines in Figures IIL.5 and IIl.7 show the
fits to the data using the decay simulations from MONTRES added onto a background.
The spectral resolution and spectral shapes are matched well with the simulations. It
should be noted here that the decay is assumed to be isotropic in the rest frame of the
parent fragment. Data from another experiment that used the same system as ours has
been analyzed to test this assumption on states that decay by emission of charged
particles (Naya90), and no evidence has been found that contradicts it.

It should also be noted that for all cases except one, the level widths used in the
simulations are taken as constants in Lorentzian resonance functions. The one exception
is for the decay of the 7.46-MeV state in 'Li to the ground state of °Li. Here the
reported width, 89 keV (Ajze84), is close enough to the decay energy, 210 keV, to take
into account the energy dependence of the width. The energy dependence was
calculated using penetrabilities from Mona58. More details regarding this case may be
found in Appendix D.

The precise nature of the background in the spectra shown in Figures II1.5 and
IL7 is not known. A background has been calculated using random coincidences
between fragments and neutrons and has been used in previous analyses (Bloc87,
Kiss87), although it cannot account for all the background. It is a broad Gaussian whose
peak is, in general, at some nonzero- value of relative velocity. The dotted lines in
Figures IIL5 and III.7 show this type of background. In order to estimate the effect the
uncertainty in background determination had on the extacted level populations, all the

spectra were fitted using at least two types of backgrounds. The background just
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mentioned was always used, and others that were used are Cauchy backgrounds, Tippet
functions, and linear backgrounds. An average population from all backgrounds was
calculated, and the deviation from the average was used as the uncertainty in the
population due to the background.

In addition to the uncertainty in the population due to the background, statistical
uncertainties and systematic errors (such as an assumed detector misalignment, current
integrator error, target thickness nonuniformity, etc.) were also included in the final
uncertainties reported for the populations, ratios, and temperatures. In most cases, the
background uncertainty and statistical error were the main contributors to the final

uncertainty.



Chapter IV: Results

A. IMF Singles Spectra

Figures IV.1, IV.2, and IV.3 contain the fragment singles spectra for selected
isotopes and 15°, 31°, and 64°, respectively. The solid lines in each plot in Figures IV.1
and IV.2 indicate fits to the singles spectra using the sum of two functions which are
represented with the dotted and dashed lines. The dotted lines show the fits to the deep-

inelastic parts of the spectra with the function:

Fy= Npypx(E/ A)xexp(-Ep) Iv.1

where NDI and p are the fit parameters, A is the mass number, and E is the kinetic energy

of the fragment. The dashed lines show the fits to the quasielastic parts with the

function:

Foyp= NopxVUE7AT xexpla/(E7AT Ix(1+explb(E/ A-E N av.2)

where NQE’ a,b,and E | are the fit parameters. The pafameterization of the QE data is the

same as the one used in Kiss89. This parameterization is used to estimate the percentage
of QE IMFs and DI IMFs in the bound-state yields at 15° and 31° for various cuts on
IMF kinetic energy, which in turn are used to identify the regions of IMF kinetic energy

that are dominated either by QE or DI reaction mechanisms. It is assumed that these
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Figure IV.1 - Fragment singles spectra for 15°. The solid, dotted, and dashed lines come
from a fit using Equations IV.1 and IV.2.
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Figure IV.2 - Fragment singles spectra for 31°. The solid, dotted, and dashed lines come
from a fit using Equations IV.1 and IV.2
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37
regions are the same for unbound-state IMF production as for bound-state IMF
production. Table IV.1 shows the percentage of QE IMFs in the bound-state yield for
various cuts on IMF kinetic energy at 15° and 31°. All of the yield at 64° is assumed to
come from DI reactions. No IMF data below a kinetic energy of 6 MeV/nucleon was
used in this thesis.

Tables IV.2 - IV.5 contain the energy-integrated cross sections for the isotopes of
lithium, beryllium, boron, and carbon, respectively, for the kinetic-energy gates used in
this thesis. These cross sections were used as the values of the bound-state populations
extracted from the IMF singles analysis. Two sets of vaules are given for "Li in Table
IV.2, one for the values extracted from the original 'Li spectra, and another for the
values extracted after correcting the spectra for ‘Be contamination. Appendix C

explains how the "Li spectra were corrected for this contamination.
B. IMF - Neutron Coincidence Data

Unbound-state populations were determined from analyses of relative velocity
spectra such as the ones in Figures IIL5 and IIL7. For all of the relative velocity plots
shown in this chapter, fits to the data are indicated with the solid line, and the
background used in the fitting procedure is indicated with the dotted line (for details on
the fitting procedure, see Chapter III). In total, 16 populations from neutron-unbound
states were measured from nine different isotopes. Unless otherwise noted, the level
energies, spins, and widths for all the states mentioned in subsections 1-9 come from
AjzeB4, Ajze86, and Ajze90. All of the unbound-state populations reported in
subsections 1-9 are the cross sections for a particular neutron-decay branch, and they are
not corrected for any branching ratios. In order to calculate the total population for a
particular unbound state, it will be necessary to divide the reported cross section by the

branching ratio for neutron decay.
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Table IV.1 - Percentage of QE fragments as determined by fits to inclusive IMF spectra
using Equations IV.1 and IV.2 of the text for various cuts on IMF kinetic energy (in MeV)
at 15° and 31°. Typical uncertainties of the fits are from + 1% to + 3%.

15° 15° 15° 31° 31°
isotope E/A215 6sE/A<15 6sE/A<10 E/A<6 6<E/A<15

"Li 87 % 37 % 26 % 7 % 2%
'Li 94 % 55 % 43 % 5 % 2%
’Be 90 % 22 % 11 % 13 % 5%
' °Be 92 % 22% 11% 24 % 11 %
''B 90 % 22 % 11 % 16 % 7%
'’B 90 % 14 % 6 % 19 % 8 %
':C 97 % 31% 16 % 15 % 6 %
*C 96 % 25 % 12 % 10 % 5%

'C 94 % 18 % 9 % 7 % 6 %
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Table IV.2 - Energy-integrated cross sections for lithium isotopes detected at 15°, 31°,
and 64°. The units are mb/sr, and the uncertainties in the last significant digit(s) are
written in the parentheses following each value of the cross section. The uncertainties
are due to statistical errors only. The values under the ’Li(a) column are the cross
sections before correcting for *Be contamination, and the values under the "Li(b) are
after the correction.

15°
Energy Range *Li 'Li@) 'Li(b) fLi *Li
6-40 MeV/A 108.2(3) 154.2(4) 140.4(4) 17.44(14) 2.08(11)
6-15MeV/A 26.50(14) 45.5(2) 43.62(18) 6.37(7)
15-40 MeV/A  81.9(3) 108.7(3) 96.8(3) 11.07(12)
6-10 MeV/A 11.48(9) 20.62(15) 19.98(12) 3.08(5)

10-15MeV/A  15.01(11) 24.88(14) 23.64(14) 3.29(5)
1520 MeV/A  16.44(11) 24.50(14) 22.56(14) 3.20(6)
20-25 MeV/A  19.41(13) 29.01(15) 26.06(15) 3.38(6)
25-30 MeV/A  21.52(14) 30.62(16) 26.83(16) 2.28(6)
30-40 MeV/A  24.35(17) 24.59(15) 21.34(15) 1.61(5)

31°

Energy Range “Li "Li(a) ’Li(b) *Li “Li
6-40MeV/A  240909)  3493(11)  2975(16)  457(4) 0962
6-15MeV/A  13807)  22778)  1933(13)  3.1109)

1540 MeV/A  10.29(6) 12160) 1042000  1.46(3)

6-8 MeV/A  3.8103) 6.81(4) 5.84(7) 0.91(2)
810MeV/A  3.36(3) 5.73(4) 4.88(6) 0.79(2)
10-12MeV/A  29303) 4.69(4) 3.95(6) 0.63(2)

1216 MeV/A  4.76(4) 7.70(5) 5.95(7) 0.992)
16-22MeV/A  5.00(4) 6.56(5) 5.52(7) 0.93(2)

22-40MeV/A  4.23(4) 4.07(4) 3.60(6) 0.32(1)



Table IV.2 (cont’d.).

Energy Range
6-40 MeV/A

°Li

1.750(14)

64°

"Li(a)
2.028(15)

"Li(b)
1.83(2)

2Li
0.206(5)



41

Table IV.3 - Energy-integrated cross sections for beryllium isotopes detected at 15°, 31°,
and 64°. The units are mb/sr, and the uncertainties in the last significant digit(s) are
written in the parentheses following each value of the cross section. The uncertainties
are due to statistical errors only.

[y
o4
-]

Energy Range "Be ’Be ' °Be
6-40 MeV/A 47.55(19) 34.13(16) 17.75(12)

6-15MeV/A 6.60(7)
15-40 MeV/A 11.14(10)
6-10 MeV/A 3.59(5)
10-14 MeV/A 2.46(4)
14-18 MeV/A 2.204)
18-22MeV/A 2.47(4)
22-26 MeV/A 2.87(5)
26-30 MeV/A 2.57(5)
30-40 MeV/A 1.59(4)
31°
Energy Range "Be ’Be ' °Be
6-40 MeV/A 7.96(6) 6.28(5) 3.53(4)
6-15MeV/A 2.64(3)
15-40 MeV/A 0.89(2)
6-10 MeV/A 1.65(2)
10-14 MeV/A 0.85(2)
14-40 MeV/A 1.04(2)
64°
Energy Range "Be ‘Be ' °Be

6-40 MeV/A 0.293(6) 0.121(4)
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Table IV.4 - Energy-integrated cross sections for boron isotopes detected at 15°, 31°, and
64°. The units are mb/sr, and the uncertainties in the last significant digit(s) are written
in the parentheses following each value of the cross section. The uncertainties are are
due to statistical errors only.

15°

Energy Range ''B '’B
6-40 MeV/A 58.41(21) 6.09(7)
6-15MeV/A 18.37(11) 2.10(4)
15-40 MeV/A 40.04(17) 3.99(6)
6-8 MeV/A 5.69(6) 0.70(2)
8-10MeV/A 4.31(5) 0.55(2)
10-12MeV/A 3.69(5) 0.39(2)
12-14 MeV/A 3.19(5) 0.32(1)
14-16 MeV/A 3.02(4) 0.29(2)
16-18 MeV/A 3.18(5) 0.28(1)
18-20 MeV/A 3.68(5) 0.33(2)
20-22 MeV/A 4.23(6) 0.42(2)
22-24§ MeV/A 4.91(6) 0.52(2)
24-26 MeV/A 5.30(6) 0.57(2)
26-28 MeV/A 5.28(6) 0.58(2)
28-30 MeV/A 4.73(6) 0.50(2)
30-32MeV/A 3.58(5) 0.39(2)

32-34 MeV/A 2.28(4) 0.18(1) '
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Table IV.4 (cont'd.).
31°
Energy Range ''B '’B
6-40 MeV/A 8.58(5) 0.983(18)
6-15MeV/A 6.71(5) 0.832(16)
15-40 MeV/A 1.87(2) 0.151(8)
6-8 MeV/A 2.64(3) 0.358(10)
8-10 MeV/A 1.71(2) 0.218(8)
10-12MeV/A 1.18(2) 0.138(7)
12-14 MeV/A 0.81(2) 0.085(5)
14-16 MeV/A 0.68(1) 0.058(4)
16-18 MeV/A 0.51(1) 0.042(4)
18-22MeV/A 0.66(1) 0.054(5)
22-40MeV/A 0.39(1) 0.030(4)
64°
Energy Range ''B '’B

6-40 MeV/A 0.260(5) 0.0239(17)
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Table IV.5 - Energy-integrated cross sections for carbon isotopes detected at 15°, 31°,
and 64°. The units are mb/sr, and the uncertainties int the last significant digit(s) are
written in the parentheses following each value of the cross section. The uncertainties
are due to statistical errors only.

Energy Range

6-40 MeV/A

6-15MeV/A

15-40 MeV/A
6-10 MeV/A

10-15MeV/A
15-20 MeV/A
20-25 MeV/A
25-30 MeV/A
30-40 MeV/A

Energy Range
6-40 MeV/A

6-15MeV/A
15-40 MeV/A

Energy Range
6-40 MeV/A

-t
o
°

e
32.98(16)
7.76(8)
25.23(14)
3.95(6)
3.81(5)
4.19(6)
7.03(7)
8.81(8)
5.19(6)

':C
3.1903)
7.76(3)
0.648(14)

64°

12 C
0.103(3)

e
15.92(11)
5.58(7)
10.04(9)
3.44(5)

2.44(4)

2.44(4)
3.45(5)
3.23(5)
0.91(3)

—C
2.1403)
1.86(2)

0.28(1)

IIC

0.059(2)

1 4C
3.10(5)

1.75(4)
1.35(3)

14C

0.606(16)

14C

0.0159(13)
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1. 6Li+n
Figure IV.4 shows the relative velocity spectrum for °Li + neutron coincidence
events at 15° and for °Li kinetic energies between 6 and 40 MeV /nucleon. It shows a

pronounced resonance at Vel +0.6 cm/ns, which is due to the decay of the 7.456-MeV

statein "Li "=5/2", r=89keV, r./ [, = 0.776) to the ground state of “Li. An energy level

diagram is included in the righthand portion of the plot illustrating the observed
resonance. This resonance was also seen at 31° and 64°. The relative velocity spectra at
31° and 64° for ‘Li kinetic energies between 6 and 40 MeV/nucleon are shown in
Figure IV.5.

Statistics were good enough at 15° and 31° to determine the 7.456-MeV state
population gated on small cuts in the °Li fragment kinetic energy. Figure IV.6 shows
the relative velocity spectra for ‘Li + n at 15° for gates on °Li kinetic energy of 6-10
MeV/nucleon, 10-15 MeV/nucleon, 15-20 MeV/nucleon, 20-25 MeV/nucleon, 25-30
MeV /nucleon, and 30-40 MeV /nucleon. Figure IV.7 shows the relative velocity spectra
for ‘Li + n at 31° for gates on °‘Li kinetic energy of 6-8 MeV/nucleon, 8-10
MeV /nucleon, 10-12 MeV /nucleon, 12-16 MeV /nucleon, 16-22 MeV /nucleon, and 22-40
MeV /nucleon.

In addition to the kinetic-energy gates already mentioned for 15°, the population
of the 7.456-MeV state was also determined at 15° for kinetic-energy gates of 6-15
MeV/nucleon and 15-40 MeV/nucleon. Instead of simply adding spectra for smaller
cuts to determine these two spectra (for example, adding the 6-10 MeV /nucleon and 10-
15 MeV/nucleon spectra together to get the 6-15 MeV/nucleon spectrum), they were
generated using the analysis described in Chapter III, which was the method used for all
~ the other spectra. Figure IV.8 shows the relative velocity spectra for the two energy

gates of 6-15 MeV/nucleon and 15-40 MeV/nucleon. Table IV.6 contains the
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Figure IV.4 - Relative velocity spectrum for °Li + n at 15°. The resonance comes from
the decay indicated in the energy level diagram. A relative energy scale is included for
reference. The line shows a fit to the data that is explained in the text. The dotted line
shows the background used.
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‘Li kinetic energy.
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Figure IV.8 - Relative velocity spectra for *Li + n at 15° and for cuts on °Li kinetic
energy from 6-15 MeV/A and 15-40 MeV/A.
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Table IV.6 - Populations of the 7.46-MeV state in ’Li for the indicated cuts on °Li kinetic
energy and for the indicated angles. The units are in mb/sr, and the uncertainty in the
last significant digit(s) is written in the parenthesis following each value of the
population.

15° 31°

Energy Range Population Energy Range ' Population
6-40 MeV/A 5.44(30) 6-40 MeV/A 1.19(7)
6-15MeV/A 2.10(14) 6-15MeV/A 0.79(5)
15-40 MeV/A 4.04(17) 15-40 MeV/A 0.49(2)
6-10 MeV/A 0.93(10) 6-8 MeV/A 0.26(4)
10-15MeV/A 1.03(8) 8-10 MeV/A 0.25(2)
15-20 MeV/A 1.04(7) 10-12MeV/A 0.119(15)
20-25MeV/A 1.05(7) 12-16 MeV/A 0.270(18)
25-30 MeV/A 0.98(6) 16-22 MeV/A 0.273(14)
30-40 MeV/A 1.15(5) 22-40 MeV/A 0.204(15)

64°

Energy Range Population
6-40 MeV/A 0.153(12)
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populations of the 7.456-MeV state of ’Li extracted from the spectra shown in Figures
IV.4-8. All populations are reported as cross sections in units of mb/sr.

2. 7Li+n

The relative velocity spectra for 'Li + n show a resonance at +0.6 cm/ns at all

three angles, which is due to the decay of the 2.255-MeV state of *Li "= 3%, I = 33 keV)

to the ground state of "Li. Figure IV.9 shows such a spectrum for 6 = 15°, 6
MeV /nucleon < E;1 ;s 40 MeV/nucleon. Included in Figure IV.9 are an energy level

diagram and a relative energy scale for reference. As was the case for ‘Li + n, statistics
were good enough at 15° and 31° to allow the population of the 2.255-MeV state in ‘Li
to be determined for the same gates on the fragment kinetic energy as the ones for °Li +
n. Figure IV.10 shows the spectra for "Li + n at 15° for all 6 cuts on ’Li kinetic energy,
and Figure IV.11 shows the spectra for 'Li + n at 31° for the indicated cuts on ’Li
energy. Figure IV.12 shows the relative velocity spectra for 'Li + n at 15° for cuts of 6-
15 MeV /nucleon and 15-40 MeV /nucleon on ’Li kinetic energy. Figure IV.13 shows the
relative velocity spectra for ‘Li + n at 31° and 64° for energies between 6 and 40
MeV /nucleon. The populations extracted from the spectra shown in Figures IV.9-13 are

contained in Table IV.7 in units of mb/sr.
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Figure IV.9 - Relative velocity spectrum for ’Li + n at 15°. The resonance comes from
the decay indicated in the energy level diagram. A relative energy scale is included for

reference. The line shows a fit to the data that is explained in the text. The dotted line
shows the background used.
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Figure IV.10 - Relative velocity spectra for "Li + n at 15° and for the indicated cuts on
"Li kinetic energy.
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Figure IV.11 - Relative velocity spectra for "Li + n at 31° and for the indicated cuts on
"Li kinetic energy.
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Table IV.7 - Populations of the 2.255-MeV state in, ‘Li for the indicated cuts on 'Li
kinetic energy and for the indicated angles. The units are in mb/sr, and the uncertainty
in the last significant digit(s) is written in the parenthesis following each value of the
population.

15° 31°

Energy Range Population Energy Range Population
6-15MeV/A 3.57(17) 6-40 MeV/A 1.44(12)
15-40 MeV/A 4.16(33) 6-8 MeV/A 0.36(3)
6-10 MeV/A 1.64(11) 8-10 MeV/A 0.268(19)
10-15MeV/A 1.75(8) 10-12MeV/A 0.226(15)
15-20 MeV/A 1.54(8) 12-16 MeV/A 0.294(16)
20-25MeV/A 1.40(8) 16-22 MeV/A 0.277(21)
25-30 MeV/A 1.17(5) 22-40 MeV/A 0.113(8)

30-40 MeV/A 0.60(3)

64°

Energy Range Population
6-40 MeV/A 0.129(9)
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3. 8Li+n

The decay of the 4.296-MeV state in *Li (J = 5/2, T = 60 + 45 keV) to the ground
state of ‘Li is observed at 15° and 31°. Figure IV.14 shows the relative velocity
spectrum for ‘Li + n at 15° along with an energy-level diagram for °Li with the
detected decay of the 4.296-MeV state indicated with the arrow. Figure IV.15 shows the
relative velocity spectrum for ‘Li + n at 31°. The energy range used for both of the
spectra in Figures IV.14 and IV.15 is 6-40 MeV/nucleon. The energy and width of this
state come from a separate analysis of this data (see Appendix B). The spin used for this
state comes from Youn71. The population of the 4.3-MeV state in *Li at 15° is 0.74 +
0.17 mb/sr, and the population at 31° is 0.17 + 0.05 mb/sr.

4. 7Be+n

The neutron decay of the 19.234-MeV (]”_—_ 3+, I = 210 keV) state in *Be to the
ground state of "Be is seen as the set of peaks at + 0.9 cm/ns and the peak at 0 cm/ns in
relative velocity spectra for 'Be + n at 15° and 31° in Figures IV.16 and V.17,
respectively. Both figures show spectra for 'Be kinetic energies between 6 and 40
MeV/nucleon. Included in Figure IV.16 is an energy level diagram for * Be showing the
decay observed in the spectrum. The energy and spin of this state come from a separate
analysis of the "Be + n data (see Appendix B). The population of the 19.24-MeV state in
*Be at 15° is 1.91 + 0.11 mb/sr, and the population at 31° is 0.2465 + 0.025 mb/sr. It is
assumed that nearly 100% of the decay of the 19.24-MeV state in *Be is through the

neutron branch.
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Figure IV.14 - Relative velocity spectrum for *Li + n at 15°. The resonance comes from
the decay indicated in the energy level diagram. A relative energy scale is included for
reference. The line shows a fit to the data that is explained in the text. The dotted line
shows the background used.
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Figure IV.16 - Relative velocity spectrum for "Be + n at 15°. The resonance comes from
the decay indicated in the energy level diagram. A relative energy scale is included for
reference. The line shows a fit to the data that is explained in the text. The dotted line
shows the background used.
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5. 9Be+n
Figure IV.18 shows the relative velocity spectrum for *Be + n at 15° for ’Be

kinetic energies between 6 and 40 MeV/nucleon. Two sets of peaks are observed in this
spectrum. One set, at +1.0 cm/ns, is due to the decays of the 7.371-MeV ("= 3", T = 157

keV) and 7.542-MeV ("= 2%, I' = 6.3 keV) states of ' °Be to the ground state of *Be.
Because of the experimental resolution (~2 mm/ns), these two states cannot be

separated. The second set, at + 2.3 cm/ns, is due to the decays of the overlapping 9.27-

MeV ("= 4", T = 150 keV) and 9.4-MeV ("= 2", I" = 291 keV) states of ' ° Be to the ground
state of "Be. Using the data from McLa88, it is -estimated that the decay to the ground
state from these two states accounts for 93 + 8 % of the total width. With widths of 150
and 291 keV and a separation of only 130 keV, these two states are not resolvable.
Figure IV.19 shows the *Be + n relative velocity spectra at 31° and 64° for °Be kinetic
energies between 6 and 40 MeV /nucleon. The decay of the 7.37-MeV + 7.54-MeV states
can be seen at all three angles, and the decay of the 9.27-MeV + 9.4-MéV states can be
seen at 15° and 31°. Figure IV.20 contains ’Be + n relative velocity spectra at 15° for
cuts on ’'Be kinetic energy of 6-10 MeV/nucleon, 6-15 MeV/nucleon, and 15-40
MeV/nucleon. Figure IV.21 shows ’Be + n relative velocity spectra at 31° for energy
cuts of 6-15 MeV/nucleon and 15-40 MeV /nucleon.

Table IV.8 contains the populations of the 7.37-MeV + 7.54-MeV group of states
and the 9.27-MeV + 9.4-MeV group of states extracted from the fits to the spectra shown
in Figures IV.18-21. Because of a lack of statistics, no populations are reported for the

9.27-MeV + 9.4-MeV group of states for kinetic energies below 15 MeV /nucleon.
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Figure IV.18 - Relative velocity spectrum for *Be + n at 15° and for ’Be kinetic energies
above 6 MeV/A. The resonances come from the decays indicated in the energy level
diagram. A relative energy scale is included for reference. The line shows a fit to the
data using a background that is shown with the dotted line. The fit is explained in the
text.
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Figure IV.20 - Relative velocity spectra for *Be + n at 15° and for the indicated cuts on
*Be kinetic energy.
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Table IV.8 - Populations of the 7.37-MeV + 7.54-MeV group of states and the 9.27-MeV +
9.4-MeV group of states in ' °Be for the indicated cuts on ’Be kinetic energy and for the
indicated angles. The units are in mb/sr, and the uncertainty in the last significant
digit(s) is written in the parenthesis following each value of the population.

' °Be(7.37-MeV _+ 7.54-MeV) Population

Energy Range 15° 31° 64°
6-40 MeV/A 0.014(4)
6-15MeV/A 1.08(17) 0.334)

15-40 MeV/A 1.16(12) 0.10(7)

6-10 MeV/A 0.55(12)

' “Be(9.27-MeV + 9.40-MeV) Population

Energy Range 15° 31°
6-15MeV/A 0.43(53) 0.10(7)

15-40 MeV/A 1.59(42) 0.16(3)
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6. 10Be+n

The decay of the 3.89-MeV (J 2 7/2, T s 10 keV) state in ' ' Be to the first excited

state of ' °Be (3.368-MeV, "= 2¥) gives the central peak observed in ' °Be + n relative
velocity spectra. Figure IV.22 shows the relative velocity spectrum for ' °Be + n at 31°,

along with an energy-level diagram showing the observed decays in that spectrum. The

decay of the 3.96-MeV (J T~ 3/27, I = 15 keV) state of ' 'Be to the first excited state of
' °Be is also seen. Figure IV.23 shows the relative velocity spectra for ' °Be + n at 15°
and 64° for ' °Be kinetic energies between 6 and 40 MeV /nucleon. Statistics were good
enough to determine the population of both states for cuts on kinetic energy of 6-10
MeV/nucleon, 10-14 MeV/nucleon, 14-18 MeV/nucleon, 18-22 MeV/nucleon, 22-26
MeV /nucleon, 26-30 MeV /nucleon, and 30-40 MeV /nucleon at 15°, and for cuts of 6-10
MeV /nucleon, 10-14 MeV /nucleon, and 14-40 MeV /nucleon at 31°. Figure IV.24 shows
relative velocity spectra for ' °Be + n at 15° for the indicated energy cuts, and Figure
IV.25 shows ' °Be + n spectra at 31° for the indicated cuts on energy. The populations
of both states extracted from the fits to the spectra shown in Figures IV.24 and IV.25 are
shown in Table IV.9.



71

1ige* . 198 4 p

20000 — T L
- 10.0 5.0 20 1.0 5.2 .050
- Relative Energy (MeV) 5.24 —
- 1
E 15000 [— g:gg ___%_’__ 2.671
E _ 3.41 ——
3 i 2.69 —
< -
10000 —
.zj) o 1.78 ——
=
5
2 —_—
@ 0.32 mBe‘nO.SOS
5000 J .
0 |

-4 -2 0
Relative Velocity (cm/ns)

Figure IV.22 - Relative velocity spectrum for '°Be + n at 31° and for '°Be kinetic
energies above 6 MeV/A. The resonances come from the decays indicated in the energy
level diagram. A relative energy scale is included for reference. The line shows a fit to

the data using a background that is shown with the dotted line. The fit is explained in
the text.
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Figure IV.23 - Relative velocity spectra for ' °Be + n at 15° and 64° and for all * °Be
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Figure IV.24 - Relative velocity spectra for ' °Be + n at 15° and for the indicated cuts on
' “Be kinetic energy.
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Table IV.9 - Populations of the 3.89-MeV state and the 3.96-MeV state in ' ' Be for the
indicated cuts on ' °Be kinetic energy and for the indicated angles. The units are in
mb/sr, and the uncertainty in the last significant digit(s) is written in the parenthesis

following each value of the population.

15°

Energy Range
6-10 MeV/A

10-14 MeV/A
14-18 MeV/A
18-22MeV/A
22-26 MeV/A
26-30 MeV/A
30-40 MeV/A

15°

Energy Range
6-10 MeV/A

10-14 MeV/A
14-40 MeV/A

' ' Be(3.89-MeV) Population (mb/sr)

Population Energy Ranige
0.037(3) 6-10 MeV/A
0.019(2) 10-14 MeV/A
0.021(2) 14-40 MeV/A
0.023(4)

0.044(3)
0.039(4)
0.020(2)
' ' Be(3.96-MeV) Population (mb/sr)

Population
0.025(15)

0.078(76)
0.105(76)

Population
0.0148(12)

0.0065(8)
0.0071(8)

Energy Range Population
6-10 MeV/A 0.016(4)
10-14 MeV/A 0.005(2)
14-40 MeV/A 0.0057(17)
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7. 11B+n
Two unbound-state populations can be determined from relative velocity spectra
for ' 'B + n. Looking at Figure IIL7, which is for * 'B + n at 31° and for 6 MeV /nucleon

< E, 1 g< 40 MeV/nucleon, it is noted that the large, central peak is due to the decay of the

3.388-MeV (]n=3', I = 3.1 keV) state in ' *B to the ground state of ' ' B. Because of the
large collection efficiency for that decay, it is possible to obtain good statistical accuray
for the state population even when the fragment kinetic energy gate is small. Figure
IV.26 shows relative velocity spectra for * 'B + nat 15° for 2-MeV /nucleon wide cuts on
' 'B kinetic energy. The energy cuts are indicated in each plot. Figure IV.27 shows
relative velocity spectra for ' 'B + n at 31° for the indicated cuts on kinetic energy.
Figures IV.28 and IV.29 show relative velocity spectra for cuts of 6-15 MeV /nucleon and
15-40 MeV /nucleon on kinetic energy at 15° and 31°, respectively. Figure IV.30 shows
the relative velocity spectrum for kinetic energies between 6 and 40 MeV /nucleon at

64°. As can be seen in Figures IIL.7, IV.28, and IV.29, the decay of the 3.759-MeV state

("= 2%, I = 40 keV) of '’B to the ground state of ' 'B is also detected for the
corresponding cuts on kinetic energy. The populations of the 3.388-MeV and 3.759-MeV
states extracted from the fits to the spectra shown in Figures IV.26-29 are listed in Table
IV.10 in units of mb/sr. The population of the 3.388-MeV state in ' *B for ' 'B kinetic

energies between 6 and 40 MeV /nucleon at 64° is 0.0074 + 0.0007 mb/sr.
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Figure IV.26 - Relative velocity spectra for ' 'B + n at 15° and for the indicated cuts on
' 'B kinetic energy.
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Table IV.10 - Populations of the 3.388-MeV state and the 3.76-MeV state in ' ’B for the
indicated cuts on ''B kinetic energy and for the indicated angles. The units are in
mb/sr, and the uncertainty in the last significant digit(s) is written in the parenthesis
following each value of the population.

' *B(3.388-MeV) Population (mb/sr)

150 _ 310
Energy Range Population Energy Range Population
6-40 MeV/A 0.856(16) 6-40 MeV/A 0.141(3)
6-15MeV/A 0.423(11) 6-15MeV/A 0.122(3)
15-40 MeV/A 0.501(11) 15-40 MeV/A 0.0207(12)
6-8 MeV/A 0.144(7) 6-8 MeV/A 0.052(2)
8-10 MeV/A 0.095(5) 8-10 MeV/A 0.0295(15)
10-12MeV/A 0.090(5) 10-12MeV/A 0.0206(13)
12-14 MeV/A 0.065(4) 12-14 MeV/A 0.0144(10)
14-16 MeV/A 0.063(4) 14-16 MeV/A 0.0108(9)
16-18 MeV/A 0.066(4) 16-18 MeV/A 0.0064(7)
18-20 MeV/A 0.072(4) 18-22MeV/A 0.0067(7)
20-22MeV/A 0.068(4) 22-40 MeV/A 0.0025(5)
22-24 MeV/A 0.077(4)

24-26 MeV/A 0.074(4)
26-28MeV/A  0.057(3)
28-30MeV/A  0.031(3)
30-32 MeV/A 0.014(2)
32-34 MeV/A 0.004(1)
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Table IV.10 (cont’d.).
' 2B(3.76-MeV) Population (mb/sr
15° 31°
Energy Range Population Energy Range Population
6-15MeV/A 0.38(8) 6-15 MeV/A 0.11(2)

1540 MeV/A 0.59(7)
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8. 12C+n
The decay from three groups of unbound states in ' >C can be seen in the relative
velocity spectrum for ' *C + n at 15° in Figure IIL5, which is for ' *C kinetic energies

between 15 and 40 MeV /nucleon. The set of peaks at +0.5 cm/ns comes from the decay
of the 9.5-MeV (™ = 9/ 2%, I = 5 keV) state of ' *C to the first excited state of ' *C (4.44-
MeV, J*= 2%). This decay accounts for approximately 90% of the total decay width
(Ohnu86). The set of peaks at + 2 cm/ns comes from the decay of the 6.868-MeV (J™=
5/2%,T = 6 keV) state of * *C to the ground state of ' *C. The set of peaks at +2.4 cm/ns
comes from the decay of three unresolved states in ' *C (the 7.492-MeV, ]n=7/ 2t ,T<5

keV state, the 7.547-MeV, ]n=5 /2", T = 1.2 keV state, and the 7.686-MeV, ]1:= 3/ 2+, r=70
keV state) that decay to the ground state of '*C. Statistics were good enough to
determine the populations of the 9.5-MeV state and the 7.49-MeV + 7.55-MeV + 7.69-
MeV group of states at 15° for cuts on kinetic energy of 6-10 MeV/nucleon, 10-15
MeV /nucleon, 15-20 MeV/nucleon, 20-25 MeV /nucleon, 25-30 MeV /nucleon, and 30-40
MeV/nucleon. The spectra for these cuts on energy are shown in Figure IV.31. Figure
IV.32 shows the relative velocity spectra for a cut of 6-15 MeV /nucleon at 15° and 31°.
Figure IV.33 shows relative velocity spectra at 31° and 64° for kinetic energies between
6 and 40 MeV/nucleon. Table IV.11 lists the populations extracted from the fits to the

spectra shown in Figures IV.31-33.
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Table IV.11 - Populations of the 6.86-MeV state, the 7.49-MeV + 7.55-MeV + 7.69-MeV
group of states, and the 9.5-MeV state in ' *C for the indicated cuts on ' *C kinetic
energy and for the indicated angles. The units are in mb/sr, and the uncertainty in the
last significant digit(s) is written in the parenthesis following each value of the
population.

15° Populations

Energy Range 6.86-MeV Pop. 7.55-MeV Pop.  9.5-MeV Pop.

6-15MeV/A 0.33(18) 1.1(4) 0.209(20)
15-40 MeV/A 0.55(12) 4.3(5) 0.245(17)
6-10 MeV/A 0.53(26) 0.082(17)
10-15MeV/A 0.53(21) 0.107(14)
15-20 MeV/A 1.2(3) 0.076(10)
20-25 MeV/A 1.6(3) 0.105(11)
25-30 MeV/A 1.29(25) 0.053(8)

30-40 MeV/A 0.21(11) 0.010(4)

31° Populations

Energy Range 6.86-MeV Pop. 7.55-MeV Pop. 9.5-MeV Pop.

6-15MeV/A 0.29(8) 0.043(5)
6-40 MeV/A 0.045(42) 0.39(9) 0.053(6)

64° Populations

Energy Range 6.86-MeV Pop.  7.55-MeV Poé. 9.5-MeV Pop.
6-40 MeV/A 0.0031(12)
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9. 13C+n

The decay of the 8.318-MeV ("=2%,r=34 keV) state of ' *C to the ground state

of ' >C can be seen in the relative velocity spectrum for 'C+nat15°in Figure 1v.34,

MeV/nucleon < E, , cs 40 MeV /nucleon. Although other possible decays are seen in

Figures IV.34 and 1V 35 (see relative velocities between -2.8 cm/ns and -1.8 cm/ns), the
lack of statistics does not allow a population to be reliably extracted from these decays.
The populations of the 8.318-MeV state extracted from the fits to the spectra shown in
Figures IV.34 and IV.35 are listed in Table IV.12.
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Table 1V.12 - Populations of the 8.318-MeV state in

' *C for the indicated cuts on ' *C
kinetic energy and for the indicated angles. The unit

s are in mb/sr, and the uncertainty
in the last significant digit(s) is written in the parenthesis following each value of the
population.

15° 31°
Energy Range Population Energy Range Population
6-40 MeV/A 0.171(19) 6-40 MeV/A 0.034(5)

15-40 MeV/A 0.098(13)



Chapter V: Comparisons of the Data with Model

Predictions

As was mentioned in Chapter I, there is some evidence that suggests that DI
IMFs are produced from a thermal reaction mechanism. If DI IMFs come from a thermal
source, the ratios of two state populations should be described by a Boltzmann
population distribution (Equation L.1). One would expect the DI population ratios from
all of the IMFs to reflect the same source temperature, independent of IMF mass, since
spectral temperatures derived from IMF singles spectra are independent of IMF mass
(Bloc88, Deak90). A temperature can be readily calculated from the population ratios
using Equation 1.1, and those temperatures can be compared with each other to see if
they all agree with a single source temperature. However, the effects of sequential
feeding (Hahn 87) from higher-lying states into unbound-state and bound-state
populations will yield an experimentally measured "apparent" temperature different
from the "true", or initial, source temperature. Thus, if one is to test whether or not a
large number of population ratios from different isotopes are described by a thermal
source with a single temperature, the effects of sequential feeding must be taken into
account.

In this chapter the population data from Chapter IV will be compared with the
predictions of a sequential-decay model to determine whether or not the data can be
described by a thermal reaction model. The model used in this thesis is described in
Section A of this chapter. Section B compares two-level population ratios of several

IMFs with the model's predictions. In Section C all of the populations of a particular
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isotope that had three or more measured populations will be checked to see if they are

produced from a source with a single temperature.
A. The Sequential Decay Model

The model used for this work has been reported on in several papers (Xu89,
Poch85a, Poch85b, Naya89, Naya90), so only the major features will be described here.
The model calculation Creates a primary, or “initial", population of IMFs in bound and
unbound states, with all of the populations characterized by a single temperature. The
. decay of these fragments is then followed until a ground-state fragment is reached. The
decay of a fragment from the initial distribution may follow several steps before finally
decaying to a ground-state fragment. The populations of the "final step” states, i.e., the
populations of the levels that decay directly to a bound state of a fragment, are also
calculated in the model. Population ratios, such as the ones measured in the laboratory,
are then calculated using the final step unbound-state populations and the final ground-
state populations predicted by the model.

For this thesis the model calculated the feeding from higher-lying states in nuclej
with Z < 13. The model considered both discrete states and continuum states in these
nuclei. When known, complete spectroscopic information (Ievel energy, spin, parity,
width, branching ratio, isospin) for each level was put in for the discrete states. When
unknown, values for the Spin, isospin, and parity were selected randomly from a set of
most likely values that were determined from the noninteracting shell model developed
by B.A. Brown of Michigan State University. Unknown branching ratios were calculated
using the Hauser-Feshbach formula (Haus52). The feeding calculation was repeated for
different‘ choices of the randomly selected values to determine the uncertainty in the
calculation due to these values,

The initial population of a particular level is given by:

Py Po(A Z)@)+Dexp(E /T),  (V.1)
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where P°(Ai’zi) denotes the initial ground-state population. The initial population was
assumed thermal up to a cutoff energy E cut=5A; The value of § used in this thesis was 5
MeV, in keeping with calculations previously done with this model. P, has the

following parameterization;

P°(Ai’zi) o exp(-fVC/ T+Q/T). (V.2)

VC is the coulomb barrier for emission of a fragment or light particle from a parent

nucleus and Q is the ground state Q value, where Vc and Q are given by

_ 2 1/3 1/3
Ve 22, )%/ ir [ +HA-AT) (v

and

Q= [B(Ap- Ai,Zp- Zi) + Bi] -B(A p,Zp). (V.g)

The value of r, used in Equation V.3 is 1.2 fm, and the values of A and Z of the parent
nucleus (Ap and Zp in Equations V.3 and V.4) are 122 and 54, respectively (Ap and Zp
are equal to the sum of the projectile and target A and Z). The binding energies B(A,Z) in

Equation V.4 were calculated from the Weizss cker mass formula.

Theiparameter f of Equation V2 was used as a fitting parameter to compare the
€xperimental and calculated element-bound-state yields. Figure V.1 shows the best fits
to the element yields for IMFs at 15° with kinetic energies above ¢ MeV /nucleon for

various values of T. The solid histograms in each plot in Figure V.1 represent the model



99

102
[ ]
0 101
|
’5 109
= 102
E 1
:g 10
9
ald
g
g 102
2
(5] 10!
100
10—1
10—2

2345678

'TdfT""m“"””f
& . -3
T =25 MeV : %
f =11
..... . e ;
s
...... -g
T = 3.6 MeV ;
f = 0.85 ]
..... ‘!
* o i
T-suev 00000
f=05
| U OO O TR I
2 3 4 5 (] 7 8

Element N umber



100

predictions of the final step ground state yields using the indicated values of T and f,
The dotted histograms represent the initial ground state populations as calculated by the
model.

It is evident from Comparing the solid histograms with the dotted histograms in
Figure V.1 that the effect of feeding into the final yields increases as the atomic number
increases. The effect of feeding also increases as the temperature increases. The increase
of feeding with an increase of source temperature is to be expected, as one would expect
the population of high-lying states to increase as the temperature increases. However,
the fact that the feeding is greater for higher-Z elements is a bit surprising since the
elements with a relatively lower-Z have proportionly more higher-lying states that can
feed into them than do the higher-Z elements. One possible explanation for this
surprising result may be that if the majority of the sequential decays are one or two-step
Processes, many of those high-lying states will never decay down to one of the lower-Z
elements, such as lithium, For example, the ground state of ’Lj may be fed by the
following four-step decay sequence:

! ‘N*—»p +1°Co @+ *Be - n+ 'Be - p+ 'Li

If the majority of decays takes one or two steps, however, this type of decay sequence
Mmay never occur. Thus, the elements with a relatively lower Z may not have as many

high-lying states feeding them as was first thought.

Figure V.2 shows the x% values extracted from fits to the 15° yields (and for
energies above 6 MeV /nucleon) as a function of f for a source temperature T = 2.5 MeV.
From plots such as the one in Figure V.2, it is estimated that the uncertainty in f is less
than 0.05. Table V.1 shows the best fit values of f as a function of‘IMF angle, IMF energy
cut, and source temperature (T)'.( The model predictions of the state populations in
Sections B and C were calculated using the values of f from Table V.1 for the

corresponding source temperatures.



101

100 | ¥ " L) ' |} 1} [ 1 ' | | | ¥ | ] , 1 | | |} | § , 1 ]

[ Enr 2 6 MeV/4 |

80 [- r eV/ B

: Qw = 15° :

[ T = 2.5 MeV ]

60 — —

B A ]

-

E

0 i 1 1 1 ' [ 1 1 1 l 1 1 § 1 l 1 1 1 1 l 1 g
0.6 0.8 1 1.2 1.4

f (Coulomb Correction Factor)

Figure v2 . x: values as a function of f from fits to the element yields with the
\

predictions of the Sequential decay model. The temperature used in each fit represented
In the plot was 2.5 Mev.



Table V.1 - The best values of f (see E
energy cut, and source tem
0.05. The unit for IMF ener

Source

Temperature
2.0 MeV

2.5 MeV
3.0 MeV
3.5 MeV
4.0 MeV
5.0 MeV

31°

Source

Temperature
2.0 MeV

2.5 MeV
3.0 MeV
3.5 MeV
4.0 MeV
5.0 MeV
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quation V.2) for. the given values of IMF angle, IMF
perature. The uncertainty in f is estimated to be less than

6<E/A<15 6<E/A<10

gy is MeV.
15°
E/A:6 E/A>15

1.3 1.3 1.3

11 1.1 1.1

0.95 0.95 1.0

0.85 0.85 0.85

0.7 0.7 0.7

0.5 0.5 0.55
64°

Source
E/Az:6 Temperature

1.2 2.0 MeV

1.1 2.5 MeV

1.0 3.0 MeV

0.8 3.5 MeV

0.7 4.0 MeV

0.5 5.0 MeV

1.3
1.1
1.0
0.85
0.75
0.55

E/Az26
1.0
09
0.8
0.7
0.6
0.45
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B. Two-Level Population Ratios

As was mentioned in the introduction to this chapter, the ratio of two
populations from the same nucleus may be used as a test of the thermal nature of the
reaction producing DI IMFs. In this section the ratio of an unbound-state population to
the bound state population is calculated using the results from Chapter V. These "two-
level” population ratios are then compared to the ratios that are calculated using the
“final step" state populations predicted by the model described in Section A.

In total, eleven unbound-state populations were determined from seven isotopes
whose bound-state populations were also determined. The ratios of én unbound-state
population to its corresponding bound-state population are shown in Figure V.3. The
data are labeled with the appropriate unbound-state energy. The error bars include all
of the uncertainties discussed in Chapter IIl. The lefthand plot in Figure V.3 is for IMFs
at 15°. The open symbols are for QE ratios, and the solid symbols are for the DI ratios.
The middle plot of Figure V.3 shows the data for DI IMFs at 31° and the righthand plot
shows the data at 64°.

At 15°, the region of kinetic energy taken to be DI is 6-10 MeV /nucleon except
for the 8.3-MeV state in ' ‘C and the 3.756-MeV state in ' >B, where statistics were good
enough only for a cut from 6 to 15 MeV/nucleon. It was not possible to determine the
populations of the 4.236-MeV state in °Li and the 9.27-MeV + 9.4-MeV states in ' °Be for
any cuts below 15 MeV /nucleon. The percentage of QE data from 6 to 10 MeV /nucleon
and from 6 to 15 MeV /nucleon for a particular isotope can be seen in Table IV.1. All of
the data above 15 MeV/nucleon is at least 87% QE. Again, the percentage of QE data in
a particular kinetic energy range was estimated from the analysis of IMF singles spectra
using Equations IV.1 and IV.2.

The DI region at 31° was taken to be all energies above 6 MeV/nucleon, except
for the 3.388-MeV and 3.756-MeV states in ' *B and the 7.37-MeV + 7.54-MeV group of

states in ' °Be, where the DI region was taken to be 6-15 MeV /nucleon. The reason for
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Figure V.3 - The lefthand plot contains the population ratios at 15° with the solid
symbols representing the DI data and the open symbols representing the QE data. The
middle plot is for DI IMFs at 31°, and the righthand plot is for DI IMFs at 64°. The solid
histograms in every plot indicate the ratios calculated from a sequential feeding model

forTsource=2.5MeV,and thedottedhistogramsindicatethecalculatedratiosforTsource= 3.5

MeV. The dashed line in the righthand plot indicates the ratios predicted by the
sequential feeding model for T, ource™ 6-0MeV. Thebound states and unbound states used

to calculate the ratios are shown on the righthand side of the figure.
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taking a smaller kinetic energy gate was to reduce the amount of contamination from QE
processes. Statistics were not good enough to take the 6-15 MeV/nucleon gate for the
9.27-MeV + 9.4-MeV group of states in ' °Be, so the gate used in this case was E = 6
MeV /nucleon. All of the data at 64° is DI

The histograms in Figure V.3 represent the population ratios calculated with the
final bound-state and unbound-state populations predicted by the sequential decay
model. Looking at Figure V.3, one notes that for each initial source temperature there is
a pair of histograms showing the prediction of the measured population ratio. The pair
of histograms represents the uncertainty in the calculation by showing the highest and
lowest values of the population ratio obtained from the feeding model calculations.

The dotted histograms in Figure V.3 show the predictions of the population
ratios for an initial source temperature of 3.5 MeV, and the solid histograms show the
predictions for a temperature of 2.5 MeV. It is in this range of initial source
temperatures that the model best predicts the measured DI population ratios. The
dashed line in the righthand plot is for a source temperature of 6.0 MeV.

Looking at the DI population ratios at 15° (solid symbols), it is seen that seven of
the nine ratios are fitted by the model predictions for initial temperatures between 2.5
and 3.5 MeV. Of the two that were not fitted, only one, that being the 2.255-MeV state in
*Li, is more than two standard deviations away from the model predictions. This may
not be surprising since 43% of the inclusive *Li data in this region comes from QE
processes. At 31°, eight of the ten DI population ratios are fitted by the model
calculations for source temperatures between 2.5 and 3.5 MeV.

Based on the results for DI ratios at 15° and 31°, it appears that the data is
consistent with production from a thermal source whose temperature is between 2.5 and
3.5 MeV. However, the data at 64° cannot be fitted by the model predictions, even for a
range of 2.5 to 6 MeV. Only one point, the point for the 9.5-MeV state in ' ’C, agrees

with the model predictions with source temperatures between 2.5 and 3.5 MeV. The
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point for the 7.46-MeV state in ’Li agrees with a source temperature between 3.5 and 6
MeV, but the other three points are outside the range between 2.5 and 6 MeV.

Looking at the data and model predictions for the 3.388-MeV state in ' ’B and
the 7.37-MeV + 7.54-MeV states in ' °Be at 64°, it appears that no model calculation will
agree with the data. As the source temperature increases from 2.5 to 3.5 MeV the
predicted ratio also increases, but as the temperature increases to 6 MeV, the predicted
ratio decreases to a value below the prediction for 2.5 MeV. This indicates that the
model predicts a maximum value of the ratio that is below the measured ratio in both
cases.

It is interesting to note that, for the most part, the measured DI and QE
population ratios at 15° (Figure V.3) a;e similar. The noteable exceptions are the group
of states near 7.5 MeV in ' *C, the 3.388-MeV state in ' B, and the 7.37-MeV + 7.54-MeV
pair of states in ' °Be. Otherwise, it appears that the population ratios for QE IMFs are
similar to those for DI IMFs. Thus, the amount of QE contamination in a predominantly
DI region does not produce a significant error in the determination of R for the DI

process, in most cases.
C. Multilevel Populations

Another test which can be applied to the DI population data to see if they are
consistent with emission from a thermal source is to check whether three or more
populations from the same nucleus can be fitted with a single temperature. Figure V.4
shows a plot of the natural logarithm of the population (divided by the appropriate spin
factor) of each of the three unbound states and of the bound states detected for ' *C at
15¢ for the indicated cuts on fragment energy. Each point is plotted at its appropriate
level energy. All of the bound states were treated as a single state whose level energy is
2.3 MeV, and whose effective spin factor (2J+1) is 12.22 (see Appendix A).

If all four groups of states were populated according to a Boltzmann population

distribution, and if the effect of sequential feeding was negligible, then all four points in
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sequential feeding model for initial source temperatures of 2, 3, 4, and 5 MeV,

respectively.
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each plot of Figure V.4 would lie on a straight line. This appears to be the case for E Xle

between 6 and 10 MeV/nucleon and for E, Yo between 10 and 15 MeV /nucleon. The

solid, dashed, dotted and dot-dashed lines in each plot indicate the predicted
populations (relative to the bound-state population) from the sequential feeding model
for initial temperatures of 2, 3,4 and 5 MeV, respectively. Below 10 MeV /nucleon, the
data is fitted with the model calculations using initial temperatures of 3, 4, and 5 MeV.
The data for 10-15 MeV/nucleon is nearly fitted with the model calculation, According
to Table V.1, 25% of the bound-state yield below 15 MeV /nucleon is quasielastic, while
below 10 MeV /nucleon it is 12%. Thus it appears that for the ' *C data dominated by
DI processes, the measured populations are indicative of a thermal reaction mechanism.
Above 15 MeV/nucleon none of the data can be fitted with the model calculation,
although the data from 30-40 MeV /nucleon is nearly fitted. This is consistent with the
assumption of a nonthermal reaction mechanism for the production of QE IMFs,

Figure V.5 shows the plot of the logarithm of three populations in ' *B, the 3.76-
MeV state, the 3.388-MeV state, and the bound states. The bound states were treated as
the a single state with a level-energy of 1.13 MeV and an effective spin factor of 16.35.
The left plot in Figure V.5 is for 15° and 6-15 MeV/nucleon, the middle plot is for 15°
and 15-40 MeV /nucleon, and the right plot is for 31° and 6-15 MeV/nucleon. The lines
represent the same temperatures as in Figure V.4. As in Figure V.4, the QE data (middle
plot) is not fitted by any of the model predictions. However, none of the DI data is
fitted, either, which is in contrast to the results presented in Figure V.4, where the DI
data is fitted and the QE data is not.

Figure V.6 shows plots of the logarithm of three populations in ' °Be, the 7.37-
MeV + 7.54-MeV group of states, the 9.27-MeV + 9.4-MeV group of states, and the
bound states. The bound states were plotted as a single state with an energy of 3.7 MeV

and an effective spin factor of 15.95. The left plot is for 15° and kinetic energies above 15
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MeV/nucleon, the middle plot is for 31° and energies below 15 MeV /nucleon, and the
right plot is for 31° and energies above 15 MeV/nucleon. The lines represent the same
temperatures as in Figures V.4 and V.5. As in Figures V.4 and V.6 the QE data (above 15
MeV/nucleon) cannot be fitted with a single temperature. It appears that the DI data
(31° below 15 MeV /nucleon) can be fitted with a temperature between 2 and 3 MeV.

In regards to the nature of the DI reaction mechanism, the results from the two-
level and multilevel data are not clear. Some of the DI data can be fitted with a thermal
model, but there are some exceptions which are not fitted. What this set of data may
indicate is that the DI reaction mechanism may indeed be thermal in nature, but that
there are other effects present during the reaction which are not accounted for in the
model which can alter some of the measured populations such that they appear to be
nonthermal. One such effect could be final-state interactions (Boal84), for example. The
data may also indicate that while feeding calculations like the one used here may be

generally correct, it may not be correct for every final state.



Chapter VI: R versus Kinetic Energy

While there are a few cases shown in Chapter V where the QE population data is
clearly different than the DI population data, for the most part no distinction can be
made between the two. However, it should be pointed out that up to this point most of
the data shown has been for rather large cuts on IMF kinetic energy. The difference
between QE and DI data becomes more obvious when the populations are examined
with smaller cuts on kinetic energy, particularly when R (Equation L.1) is plotted as a
function of the kinetic energy. For four isotopes, namely ’Li, *Li, ' *B, and '*C,
statistics were good enough to take smaller gates on kinetic energy.

The dependence of the ratio of an unbound-state population to the bound-state
population on IMF kinetic energy is shown for the 7.456-MeV state in "Li, the 2.255-MeV
state in °*Li, the 3.388-MeV state in ' *B, and the 9.5-MeV state and 7.5-MeV group of
states in ' *C in Figures V1.1-VL4, respectively. The upper plots show R versus kinetic
energy, while the lower plots show the corresponding singles spectra. In Figure VL1,
the filled points show the data after correcting the inclusive spectra for ‘Be
contamination, and the open symbols show the data before the correction. The top plot
in Figure V1.4 is for the group of three states near 7.5-MeV in ' *C, and the middle plot is
for the 9.5-MeV state. For reference, a temperature scale computed using Equation 1.1
without corrections for feeding is included in the upper plots of Figures VL.1-VL4. The
numbers in the upper plots indicate the percentage of QE data in the bound-state yield

at a particular energy gate.
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Figure VI.1 - The upper plots show the ratio of the population of the neutron-unbound
7.46-MeV state in "Li to the 'Li bound-state population as a function of fragment
kinetic energy at 15° and 31°. Open symbols represent the data before correcting for
‘Be contamination, and filled symbols represent the data after the correction. The
temperature scale on the right hand side was deduced from Equation 1.1. The lower
plots show the "Li singles spectra at 15° and 31°. The open and filled symbols have the
same meanings as for the upper plots. The solid, dotted, and dashed lines are from a fit
described in the text. The numbers in the upper two plots indicate the percentage of QE
"Li in the bound-state yield for the corresponding energy bin.
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The solid, dotted, and dashed lines are from a fit described in the text. The numbers in

the upper two plots indicate the percentage of QE *Li in the bound-state yield for the
corresponding energy bin.
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Figure V1.3 - The upper plots show the ratio of the population of the neutron-unbound
3.388-MeV state in ' *B to the ' ’B bound-state population as a function of fragment
kinetic energy at 15° and 31°. The lower plots show ' *B singles spectra at 15° and 31°.
The solid, dotted, and dashed lines are from fits described in the text. The numbers in
the upper plots indicate the percentage of QE '’B in the bound-state yield for the
corresponding energy bin.
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Figure V1.4 - (a) and (b) show the population ratios of neutron-unbound states in ' *C to
the ' *C bound states as a function of ' *C kinetic energy at 15°. In (a) the unbound
state is at 9.50 MeV, and in (b) there are three unresolved unbound states at 7.49-MeV,
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in the bound-state yield for the corresponding energy bin. (c) shows the '*C singles
spectrum at 15°. The solid, dotted, and dashed lines are from a fit described in the text.
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A. QE IMFs

The dependence of R on IMF kinetic energy for QE events may be seen in Figures
VL1-VI14 for large kinetic energies. It is interesting to note that for the two isotopes with
a mass close to the mass of the projectile, ' *B and ' *C (Figures V1.3 and V1.4), the ratio
decreases as the fragment kinetic energy increases, and it appeafs that the ratio goes to
zero as the fragment velocity approaches the beam velocity. However, for the two
isotopes with about half the mass of the projectile, "Li and *Li (Figures VL1 and VIL.2),
the ratio appears to be constant, or decreasing slightly, with the ratio still above zero for
fragment velocities near the beam velocity. In terms of a nucleon-exchange model, the
difference in R versus kinetic energy between IMFs with half-beam mass and near-beam
mass is consistent with the picture of collisions with smaller impact parameter (hence
more mixing between target and projectile nucleons) for the lower-mass IMFs. Even for
IMF velocities near the velocity of the beam, one might expect that the lower-mass IMFs
to be in a higher state of excitation than the higher-mass IMFs since a projectile which
has lost half of its nucleons is much more deformed than a projectile that has lost only
one or two nucleons.

The dependence of R versus kinetic energy was measured for the 6.8-MeV state
in ' 'B and the 4.4-MeV state in ' *C for projectilelike fragments created in the E/A = 20
MeV, ' *N + ' °“Dy reaction, and it was found that the ratio was essentially constant
with kinetic energy and above zero near the velocity of the beam (Siwe85). Note that
these results are quite different from the results presented here for IMFs with similar
mass, namely '’B and '’C. In fact, their results more closely resemble the results
presented here for "Li and ‘Li. It is not known if the discrepancy between the results
here and those of (Siwe85) is due to the different beam energy and target or due to the
fact that one set of ratios is for unbound states, and the other is for bound states.
Regardless, measurements such as these give an indication of the amount of excitation

energy deposited in the QE fragment, and the dependence of the ratio on kinetic energy
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may bear important information on the details of models used to predict the production
of QE IMFs, such as the nucleon-exchange model (Wilc89) or the participant-spectator
model (Deak89).

B. DI IMFs

The kinetic energy dependence of the ratio of an unbound-state population to a
bound-state population for DI IMFs may be seen in Figures V1.1 and VL4 at 31° and in
Figure V1.3 for low energies at 15° and 31°. The dependence of the ratio of the 2.255-
MeV state population in 'Li (Figure VI.2) to the bound-state population on kinetic
energy indicates a slightly decreasing or constant ratio with increasing kinetic energy. A
constant ratio would be consistent with emission from a thermal source, assuming that
effects due to evaporative cooling could be neglected. The data for the 7.46-MeV state in
"Li (Figure VL1) and the 3.388-MeV state in ' *B (Figure VI.3) are consistent with the
dependence of the ratio on kinetic energy observed for the 2.255-MeV state in *Li,
although there is clearly a need for data at lower fragment kinetic energies to firmly
establish this dependence for DI IMFs.



Chapter VII: Measured Feeding into Bound States

Although the effects of sequential feeding will alter the measured populations
from their initial distributions, very little data exists that measures the magnitude of the
feeding into the bound states. Because of this, most analyses have relied on model
calculations to correct their data for feeding, just as has been done in this thesis. The
amount of feeding through several neutron-unbound channels into bound states has
been measured, and this data can be used as a check on the accuracy of feeding
calculations used for this work.

Table VIL1 shows the percentage of a bound-state population that came from the
decay of a neutron-unbound state. For example, 1.5 % of the ' ' B bound-state yield at
15° was ''B that came from the decay of the 3.388-MeV state in ' *B. The last six
columns show the predictions for the amount of feeding according the sequential
feeding model calculations, using initial temperatures of 2 MeV, 2.5 MeV, 3 MeV, 3.5
MeV, 4 MeV, and 5 MeV. Most of the data matches the model calculations for an initial
temperature between 2.5 and 4 MeV, which is in agreement with the temperatures fitted
with the DI population data. The model calculations could not match the data within
uncertainties for one case, that being the feeding at 15° from the group of three levels
around 7.5 MeV in ' *C to the ground state of ' *C.

The idea of sequential feeding was first introduced as a possible explanation for
the discrepancy between population temperatures and spectral temperatures. It was
thought that accounting for the feeding would raise the initial population temperatures
enough that they would agree with the spectral temperatures. Although feeding does

raise the population temperatures, it is not enough to account for the difference.
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Table VIL1 - Percent feeding from neutron-unbound states into their corresponding
daughter-fragment inclusive yields at various angles. The uncertainty in the last
significant digit(s) is enclosed in the parenthesis following the value of the feeding. The
last 6 columns show predictions for the percent feeding from a sequential feeding
calculation described in the text. The initial temperature used in the calculation is
indicated in the column heading.

model model model model model model
parent exp 2 25 3 3.5 4 5
state © % feeding MeV MeV MeV MeV MeV MeV

'Li(7.46) 15°  5.0(3) 2.1 5.1 8.7 123 154 20.5
'Li(746) 31°  5.0(3) 2.2 5.1 8.7 123 16.0 21.6
'Li(7.46) 64°  8.7(7) 2.2 5.3 9.0 13.2 16.5 21.6
*Li(2.255) 15°  6.6(3) 1.2 2.8 4.7 6.8 8.6 11.7
*Li(2255) 31°  9.3(5) 1.2 | 2.8 4.8 6.8 9.0 123
*Li(2.255) 64°  7.6(5) 1.2 29 5.0 7.4 9.3 123
*Li(4.296) 15°  4.3(10) 05 1.2 2.1 3.1 4.1 5.8
’Li(4.296) 31° 3.8(10) 0.5 1.2 21 3.1 4.1 5.8
*Be(19.23) 15°  4.0(2) 1.5 3.6 6.1 9.0 119 17.3
*Be(19.23) 31°  3.1(3) 15 3.6 6.2 9.0 119 17.1
"°Be(7.5) 15°  6.6(6) 2.3 57 9.5 13.1 15.7 18.7
"°Be(7.5) 31°  6.5(6) 24 57 9.7 13.1 16.3 20.0
"°Be(7.5) 64°  4.9(6) 24 5.8 9.9 14.0 16.8 20.0
"°Be(9.5) 15°  6.(2) 1. 3. 6. 9. 11. 14.
"°Be(9.5) 31°  42(12) 1.1 3.1 6.0 8.8 11.6 15.1
Z'°Be 15 12.(2) 3. 9. ' 15. 22. 27. 33.
z''Be 31°  107(13) 34 8.8 15.6 220 279 35.1
''Be(3.89) 15° 1.20(4) 0.13"° 0.34 0.61 0.91 1.21 1.75
''Be(3.89) 31°  0.80(4) 0.13 0.34 0.62 0.91 1.23 1.82

' 'Be(3.89) 64°  1.3(3) 0.1 0.4 0.6 0.9 1.3 1.8
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Table VIL.1 (cont’'d.).
model model model model model model

parent exp 2 25 3 35 4 5
state. © %feeding MeV MeV MeV MeV MeV MeV

'1Be(3.96) 15° 1.10(14) 025 0.66 1.19 1.78 235 338
''Be(3.96) 31°  0.60(11) 0.26 0.66 1.20 1.78 241 3.52
£''Be  15° 2.69(14) 038 1.00 180 269 356 5.13
T''Be  31° 13012 039 1.00 1.82 269  3.64 5.34
12B(3.388) 15° 1.503) 115 2.03 2.55 282 280 2.56
12B(3.388) 31° 1.60@4) 117 2.03 261 2.82 2.92 2.76
':B(3.388) 64° 27(3) 12 2.1 2.7 3.1 3.0 2.8
1:B(3.76) 15°  1.70(18) 0.68 127 1.67 1.94 2.04 212
1:B376) 31° 132 07 1.3 1.7 1.9 2.1 23
z'B 15°  3.20(18) 1.83 3.30 422 476 4.84 4.68

'’B 31° 29(2) 1.9 3.3 43 4.8 5.0 5.0
'2C(6.86) 15°  2.7(8) 1.9 3.7 4.8 53 5.1 4.6
'°C(6.86) 31° 14(13) 19 37 5.0 53 5.5 54
'*C(75 15°  16.2) 4. 8. 11. 13. 12. 11.
)C(75  31° 12.03) 4. 8. 12. 13. 13. 13.

*C@5 15°  1.50(8) 0.81 1.95 2.64 278 241 1.78

'*CO.5) 31°  19(Q2) 0.8 20 2.7 2.8 27 22
'*C(95 64° 35(12) 08 2.1 29 33 29 2.2
z’C 15°  21.(2) 7. 14. | 19. 21. 20. 18.
'°C 31°  16.(3) 7. 14. 20. 21. 22. 20.

'4C(8.32) 15° 1.10(12) 1.25 210 2.51 272 2.68 2.56
14C(8.32) 31°  1.6(2) 1.3 2.1 2.6 27 29 29
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However, no attempt has been made to see what effect feeding has on the measured
spectral temperatures. If the feeding is dependent on the kinetic energy, then correcting
the IMF spectra for the feeding will also be energy dependent. This, then, will change
the slope of the spectrum, which in turn will have an effect on the deduced spectral
temperature.

The dependence of the feeding on kinetic energy has been measured in detail for
one case, that being the feeding from the 3.388-MeV state in ' *B to the ground state of
' 'B. According to Table VIL1, the best value of the initial temperature that matches the
feeding from both of the detected neutron-unbound states in ' *B is ~2.5 MeV. Using
that initial temperature, the model predicts that ~33 % of the yield of ' ' B at 15° and 31°
comes from feeding from all of the possible decay channels that end up in a bound state
of ' 'B. The top two plots in Figure VII.1 show the fraction of feeding into ' 'B from the
3.388-MeV state in ' *B at 15° and 31° as a function of ' 'B kinetic energy. The solid
lines show a convenient fit to the data. The lower two plots show the measured ' 'B
inclusive spectra at 15° and 31° (open symbols) and the spectra corrected for feeding
(solid symbols) using a value of 33 % for total feeding. The dependence of the feeding
on kinetic energy for all of the possible channels was assumed to be the same as the
dependence for the one channel which was measured.

The solid lines through the corrected and uncorrected spectra in the lower plots
indicate the fits using the sum of two functions. One function was used to fit the DI part
of the two spectra at 15° and 31°, and it has the standarad parameterization of a thermal
moving source. Equation IV.2 was used for the other function, which was used to fit the
QE part of the data. Only the data at 15° and 31° was used for the fitting. The dotted
lines in the lower plots show.the contribution from the moving source for the
uncorrected data, and the dashed lines show the contribution from the moving source
for the corrected data. The value of the temperature of the moving source changed from

11.2 MeV before correcting for feeding to 14.0 MeV after the correction for feeding. The
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Figure VIL1 - The upper plots show the ratio of the population of the 3.388-MeV state in
' B to the bound-state population of ' 'B as a function of ' ' B kinetic energy. The solid
lines are a fit to the data. The open symbols in the lower plots show the singles cross
section of ' 'B at 15° and 31° before correcting for feeding, and the closed symbols
show the cross sections after the correction. The solid, dashed, and dotted lines in the
lower plots come from a fit described in the text.
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statistical uncertainty of the value of the temperature is less than 5%, in both cases. It
appears, then, that correcting for feeding will increase the spectral temperature extracted
from ' ' B singles spectra, just as correcting for feeding will also increase the population
temperatures. Based on these results, the effects of sequential feeding cannot account

for the discrepancy between population temperatures and spectral temperatures.



Chapter VIII: Summary and Conclusions

A. Summary

The populations of eleven neutron-unbound states in seven IMFs were measured
at 15°, 31°, and 64°, along with the bound-state populations of those seven IMFs. The
ratios of unbound-state to bound-state populations for DI IMFs at 15° and 31° were
fitted with a statistical sequential decay model using a single initial source temperature
between 2.5 and 3.5 MeV. This finding supports the assumption of a statistical, or
thermal, origin for DI IMFs. However, at 64°, where all of the IMFs come from DI
reactions, fits to most of the measured population ratios were not possible with the
sequential decay model.  Although the DI and QE reaction mechanisms are quite
different, there was basically no difference between QE and DI two-level population
ratios for most IMFs.

It is possible to fit the populations of four groups of states detected in '’C

(bound states + 3 groups of unbound states) with a single temperature at 15° and E , <

15 MeV/nucleon. This is additional evidence of a thermal origin of DI IMFs. Also,
above 15 MeV /nucleon, where QE reactions dominate, the four groups of populations in
' *C cannot be fitted. However, the populations of three groups of states in ' *B (bound
states + 2 unbound states) could not be fitted with a single temperature for either DI or
QE reactions.

The functional dependenée of the ratio of a neutron-unbound state population to
a bound-state population on IMF kinetic energy was investigated for several QE and DI

IMFs. For QE IMFs close to the projectile mass, the ratio decreased with increasing
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kinetic energy, going to zero as the fragment velocity approached the beam velocity.
However, for QE IMFs with about half the mass of the projectile, the ratio only slightly
decreased with increasing velocity, and stayed above zero at velocities near the beam
velocity. For DI IMFs, the measured ratios can be approximated with a constant
functional dependence, but there is a need for data below the IMF kinetic energy
threshold used here (6 MeV/nucleon) in order to draw any firm conclusions about the
dependence. A constant functional dependence is consistent with emission from a
thermal source.

The amount of feeding into bound states was measured for several neutron
decay channels. The data is consistent with predictions of the feeding from a sequential
decay model. Comparisons of the measured feeding and the predicted feeding from a
sequential decay model indicate a source temperature between 2.5 and 4.0 MeV, which
is consistent with the temperatures deduced from the analysis of two-level population
ratios. The functional dependence of the amount of feeding on IMF kinetic energy was
also investigated, and this dependence was used to estimate the correction to the ''B
inclusive spectra at 15° and 31°. Correcting for feeding raised the spectral temperature

extracted from a moving-source analysis of the ' ' B spectra from 11.2 MeV to 14.0 MeV

B. Conclusions

The ratios of neutron-unbound state populations to bound-state populations in
DI IMFs are in general agreement with model calculations that assume a thermal
mechanism for their production. Some of the DI population ratios are not fitted with the
model calculations, however, which may suggest that other effects are present in the DI
reaction mechanism that are not accounted for in the thermal, sequential decay model.
The dependence of the ratio of an unbound-state population to its bound-state
population on kinetic energy is consistent with emission from a thermal source, but
additional data is needed to come to a definite conclusion. Correcting both the unbound-

state populations and inclusive spectra for feeding does not resolve the discrepancy
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between population temperatures derived from state populations and spectral
temperatures derived from moving source analyses of singles spectra.

No clear difference can be seen between the two-level population ratios of DI and
QE IMFs, where the data was sorted into relatively broad cuts on IMF kinetic energy.
However, a difference between QE and DI IMFs can be seen in the dependence of the
population ratios on narrower cuts on IMF kinetic energy. In addition, a difference in
the dependence of the population ratio on kinetic energy is observed between half-beam

mass and near-beam mass IMFs.
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Appendix A

Effective Spin Factors

If a particular state in a fragment is populated according to a Boltzmann

population distribution, then the population of that state can be written as:

P, = constx(2];+1)xexp(-E, /T), (A1)

where P, is the population of a particular state with a level energy E; and a spin ], const

is a normalization constant, and T is the temperature of the source that is thermally
emitting fragments. Rearranging the terms of Equation A.1 and taking the logarithm of
both sides yields

ln[Pi/ (2J;+1)] = In(const) - E./T (A2

If a nucleus has two or more states that are populated according to Equation A.1,
and if the effects due to sequential feeding are neglected, then when one plotted the

value of the lefthand side of Equation A.2 versus E,, one would expect that every point

plotted would lie on a straight line whose slope would be equal to -1/T. A problem
occurs, however, if the measured population actually comes from a group of states

instead of a single state. For example, the bound state population of ' *C contains the
populations of the ground state (J™= 1/2"), the 3.09-MeV state (™= 1/27), the 3.68-MeV

state (J™ = 3/27), and the 3.85-MeV state JT=5/ 2%). If the bound state population is to be

plotted in the manner just described, then what are the values of E, and (2]i+1) that are
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to be used for this particular point? The answer may be seen by writing a more general

form of Equation A.1 for a single population that comes from many levels.
P= <:onstxig1 (2J;+1)xexp(-E,/T) (A.3)

where n is the number of individual states, each with level energy E, and spin J, that
contribute to the total population P. Adding and subtracting the constant E, to E, in

Equation A.3 yields

P = constx, 3, (2] +1)xexpl(E . -E.-E,,)/T]
Rearranging the terms,
P= constx{ig1 2J;+Dxexpl(E,-E)/Tlixexp(-E, /T)

or,

P = constx(2] ¢+1)xexp(-E, /T) (A4)

where (2] +1), called the "effective spin factor," is given by

@ oget1) = £, @I+ Dxexpl(E-E)/T] (A5)

Now the value of the multilevel population P is'given by an expression (Equation A.4)

for the population from a single level with level energy E,, and spin ] off (compare with

Equation A.1).
Of course the value of the effective spin factor will vary as a function of the

temperature T and effective energy E ,, but it is possible to choose a value of E, that will

minimize the range of values of (2] +1) over a particular range of T. Then 2] gt 1 will
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be a function of only T if a Boltzmann population distribution is assumed for the four

states. The advantage of choosing E, in this way is that it reduces the uncertainty in the
value of In[P, /(2] ;+1)] (see Equations A.2 and A.4) due to the range of possible values

of the effective spin factor.

Figure A.1 shows the value of the effective spin factor for the bound-state
population of ' *C as a function of temperature for various values of E,. If the effective
spin factor is needed for a range of low temperatures, then a relatively low value of E, is

needed. For the purposes of this paper, the range of temperatures was taken to be 2 to 6
MeV. Table A.1 contains the maximum and minimum values of the effective spin factor
in the range of 2 to 6 MeV for the multilevel populations measured here. The values of

the effective spin factor shown in the table were calculated using the value of E, that
minimized the range of values of (2] ogg+1) for each particular case. The value of the

effective spin factor that was used for plotting the population of a "multilevel state" is
simply the average of the minimum and maximum spin factors, and the uncertainty of
the effective spin factor is one-half the difference between the maximum and minimum

values.
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Figure A.1 - Values of the effective spin parameter for the bound states population in
C as a function of source temperature. Three sets of values are shown for different
values of E, (see Equation A.5), as indicated in the figure.
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Table A.1 - Values for E,, and the minimum and maximum effective spin factors (ZJeff+1)

calculated for states whose measured population consists of populations from 2 or more
individual levels. The level energy (in MeV) and spin is given for each individual state
that is part of the "multilevel state.”

Multilevel levels used E, Min. Max.
State energy  spin (MeV) (2]e et 1 (2]e e+ 1)
"> C(bound) g.s. 1/2 2.32 12.02 12.55
3.089 1/2
3.685 3/2
3.854 5/2
' *C(7.55) 7.492 7/2 7.55 17.98 17.99
7.547 5/2
7.686 3/2
' *B(bound) g.s. 1 1.13 16.26 16.44
0.953 2
1.674 2
2.621 1
2.723 0
' °Be(bound) gs. 0 3.70 15.35 16.55
3.368 2
5.958 2
5.960 1
6.179 0
6.263 2
' °Be(7.44) 7.371 3 7.44 12.00 12.00
7.542 2
' °Be(9.31) 9.27 9.32 14.01 14.03

N B
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Appendix B

Determination of Level Energies and Widths

The measurement of level energies and widths in intermediate-mass fragments
(IMFs) has been, and still is, a topic of great interest in the nuclear physics community.
A number of experimental techniques (Kull67, Ooth77, Ajze76, Youn71, Ajze78) have
been developed over the yéars that measure these state parameters. Some of the
methods are only applicable to particle-unbound states, while others can be applied to
both particle-bound and particle-unbound states. All of the methods share a common
trait in that they produce a two-body final state, which allows the energy and width to
be determined by measuring the kinetic energy and yield of just one reaction product.

A great variety of both particle-bound and particle-unbound states in IMFs is
created in intermediate-energy heavy-ion collisions, providing the experimenter a
source of excited states to measure and study. However, many of the previous
techniques used to measure the level energy and width are not applicable to nuclei
created in heavy-ion reactions, since in general heavy-ion reactions result in a many-
body final state. A method which is applicable is the method of sequential-decay
spectroscopy, in which the two-body decay of an unbound state is detected by observing
both decay products. |

Using the neutron-IMF coincidence data reported on in this thesis, it is possible
to measure the energy and width‘ bf a level in *Be and of a level in ’Li with a precision
comparable to previous measurements of the widths and energies of these levels. The

method used here to measure the level energy and width is an adaptation of the method
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of sequential neutron-decay spectroscopy, which separates one excited state of one
nucleus from all other states produced in the collision by using a coincidence technique
that gives the momenta of the neutron and the daughter nucleus. The vector difference
of those momenta determines the decay energy, which is independent of the laboratory
kinetic energy of the parent nucleus. This technique has been adapted to include only
the coincidence data from colinear neutron-fragment detection systems.

By using colinear detector systems, one can take advantage of the kinematical
focussing of the decay neutrons into the neutron detectors. The kinematical focussing
greatly increases the counting rate, since much of the neutron flux from the decay of an
excited IMF is swept along with the IMF. To give an idea of how much the counting rate
is increased, consider the following case of detecting neutrons that come from the decay
of the 19.24-MeV state in *Be, using the colinear detector system at 15°. In total, the
three neutron detectors at 15° subtend only 0.17% of the 4rn stereradians in which a |
neutron can be emitted. However, if a neutron is emitted from the decay of the 19.24-
MeV state of an excited *Be nucleus, and if the excited *Be nucleus is traveling towards
the 15° detector with an energy between 6 and 35 MeV/nucleon, then approximately
2.4% of such neutrons will be focussed into the 15° neutron-detector array. Thus the
counting rate increases by a factor of about 14 due to the kinematical focussing.

The level energy and width for two states have been deduced from the analysis
of relative energy spectra, such as the ones in Figures B.1 and B.2. Figure B.1 shows the
relative energy spectrum for "Be + n at 15°, and Figure B.2 shows the relative energy
spectrum for *Li + n at 15°. Relative energy is defined as the following:

1 2

Ere1= MVrel

where

Vrel™ Ydaugh™ 'n

and
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Figure B.1 - Relative energy spectrum for "Be + neutron at 15°. The dashed line shows
the fit using the background indicated with the dot-dashed line, while the solid line
shows the fit to the data using the background indicated with the dotted line. The peak
at 0.28 MeV comes from the decay of the 19.24-MeV state (I' ~ 200 keV) in *Be. Inserted
in the upper right-hand corner is a simulation of the decay of the 19.24-MeV state for I' =
10 keV (dotted line), I' = 100 keV (dashed line), and I' = 500 keV (solid line). There is no
background included in the simulations.
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Figure B.2 - Relative energy spectrum for *Li + neutron at 15°. The solid line shows the
fit to the data, and the dotted line shows the background used in the fitting. The peak at
200 keV (indicated by the arrow) is from the decay of the 4.31-MeV state in °Li to the

ground state of *Li. Shown in the upper right-hand corner is an expanded view of the
region of interest. '
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p=(m m )/ (m

daugh+ m)

daugh
The peak at 0.28 MeV in Figure B.1 is from the decay of the 19.24-MeV state in *Be, and
the peak at 0.2 MeV in Figure B.2 (shown by the arrow) is from the decay of the 4.3-MeV
state in *Li. Inserted in the upper right of Figure B.2 is an expanded view of the region
of interest.

The solid and dashed lines in Figures B.1 and B.2 are fits to the spectra using
Monte Carlo simulations of the decay into the detection system, added on top of a
background represented by the dotted and dot-dashed lines. In Figure B.1, the dotted
line was the background used for the fit represented by the solid line, and the dot-
dashed line shows the background used for the dashed-line fit. The Monte Carlo
simulations were calculated by the code MONTRES, which has been described in the
main body of this thesis. The fitting was done by producing a number of simulations for
various combinations of level energy and width, holding all other input parameters in
the code fixed. These simulations were then used to make a X* fit that gridded on the
two parameters that were varied.

Inserted in the upper right of Figure B.1 are three simulations of the decay of a
19.24-MeV state in *Be using values of 10 keV, 100 keV, and 500 keV for the level width.
There is no background shown with these simulations. As the level width increases
from 10 to 500 keV, not only does the peak shape change, but the spectral shape between
0 and 0.2 MeV also changes. The fact that the number of events in the region between 0
and 0.2 MeV increases as the width increases is an interesting consequence of the
kinematical focussing and the size of the width compared to the decay energy, which is
about 340 keV. When the width is comparable to the decay energy it is possible to have
a decay with an energy significantly lower than 340 keV, although the probability of
getting lower, off-resonance energies decreases with energy. However, as the decay

energy decreases, the kinematical focussing increases rapidly. It is these two effects
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together which conspire to give the spectrum its unique shape between 0 and 0.2 MeV
for the larger values of the width.

The widths used for both of the states analyzed here are constants in a
Lorentzian resonance function that represents the decay of these states. As it turns out,
in both cases the level widths are close enough to the decay energies that it would be
prefered to use an energy dependent width in the Lorentzian resonance function.
However, an energy dependent width cannot be used for either case. In the case of the
19.24-MeV state in *Be, there are other decay branches (p and o). The branching ratios
for the decays of this state are not known, hence the energy dependent width cannot be
deduced, since the partial neutron width is not known. In the case of °Li, the spin of the
43-MeV state is not known, whiéh makes it impossible to calculate neutron
penetrabilities for the decay from this state.

Since the precise nature of the background in relative energy spectra is unknown,
two different backgrounds were used during the analysis to estimate the uncertainty in
the extracted level parameters due to background determination. One of the
backgrounds used is a Gaussian in relative velocity space transformed to relative energy
space. This type of background is shown by the dotted lines in Figures B.1 and B.2. The
other type of background used is essentially a flat background, and it is shown as the
dot-dashed line in Figure B.1 and in the insert in Figure B.2. Although these two
backgrounds are similar in the high-energy tails of the spectra, they differ a great deal in
the low-energy end, which is the region where the fitting is most sensitive. For both of
the levels reported on here, the energy and width determined with one background are
well within uncertainties of the values obtained with the other background.

Table B.1 contains the energies and widths determined from the best fits to the
data for the 19.24-MeV state in *Be and the 4.3-MeV state in °Li. Once the best values
were found for each type of background, the errors in those values were determined by

the following method. A contour plot of the X* values versus decay energy and I' was
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Table B.1 - Level Energies and Widths

Level Decay
Isotope  Energy (MeV) Energy (keV) Width (keV) Reference
‘Be 19.23(12) 336 210(35) This work
19.21 312 208(30) Kull67
19.26(30) 362 220(30) Ooth77
19.22(30) 322 265(30) Ajze76
*Li 4.30(15) 233 60(45) This work
4.31(30) 247 250(30) Youn71

4.31(20) 247 100(30) Ajze78
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Figure B.3 - Contour plot of the X* space gridded on decay energy and level width for
"Be + neutron at 15°, using a Gaussian background. The minimum contoured value is
6.95, and each succeeding contour represents an increase of 0.5 in the total X*. A legend
is included in the upper right of the plot. The arrows indicate the maximum and
minimum values of the decay energy and I' on the contour labeled with a "3", which is
forX* =7.95.
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made. Figure B.3 shows such a plot for *Be at 15° using a Gaussian background. The
minimum total X’ is 6.95, and it corresponds to a decay energy of 338 keV and a level
width of 200 keV. The contour that represents this value of the total X* is labeled with a
"1". Each succeeding contour corresponds to an increase of 0.5 to the total X*. Thus the
contour labeled "3" corresponds to a total X* of 7.95. A legend is included in the upper
right of the plot. The maximum and minimum values for the decay energy and width
on the contour that represents the value of X* + 1, namely 7.95, are taken to be the upper
and lower limits on the uncertainties for those parameters. In Figure B.3 the upper and
lower limits for the uncertainty of the decay energy are 328 and 349 keV, and the upper
and lower limits for the uncertainty of the width are 170 and 225 keV. These limits are
indicated with arrows in the figure. |

Note that there is some correlation between the decay energy and I'. If these two
parameters were uncorrelated, then the upper and lower limits on the uncertainty of the
decay energy would lie on a line of constant energy, and the limits on the uncertainty of
the width would lie on a line of constant I'. This is clearly not the case in Figure B.3. The
contour plots for all other isotope-background combinations showed some correlation
between I' and the decay energy.

In the case of the 19.24-MeV state in *Be, data was obtained at both 15° and 31°.
The values and uncertainties reported in Table B.1 for the energy and width of this state
are the weighted values and uncertainties from those two angles. No data was obtained
at 31° for the 4.3-MeV state in ’Li because of the poor statistical quality. The
uncertainties reported in Table B.1 from this measurement also include the effect of an
assumed misalignment from colinearity of the detectors by 0.5°, and an assumed flight-
path error (1 - 3 cm) that would produce a shift of 0.25 mm/ns in relative velocity.
These systematic errors contributed little to the total uncertainty.

Included in Table B.1 are the values for the energies and widths of the 19.24-MeV

state in *Be and the 4.3-MeV state in 'Li from Kull67, Ooth77, Ajze76, Youn71, and
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Ajze78. In all of the measurements, the energy and width were determined from either
an excitation function of the light particle emitted from a two-body final state or from a
spectrum of the light particle. Both the energy and width determined from the analysis
reported here for both of these states are within the uncertainties of the previous
measurements, except for the width of the 4.3-MeV state in *Li. The width reported
here is lower than either of the previously reported values, although it is consistent
(within uncertainties) with the value reported in Ajze78.

When compared to the other results in Table B.1, the accuracy and precision of
the method described here that was used to determine the energies and widths of the
two reported states indicate this method can be a useful technique when applied to
heavy-ion collisions. It should be noted that the experiment was not designed for the
purpose of measuring state energies and widths (the main purpose was to measure the
populations of those states), so it is conceivable that the technique could be improved.
For example, one could simply lengthen the flight paths or reduce the angular
acceptance of the fragment detector. It should also be noted that the technique
described here is best used for states where the decay energy is small, so some
modifications would be necessary if one wanted to achieve the same precision for states

of higher decay energy.



Appendix C

8Be Contamination in 7Li Spectra

The fact that ’Li spectra measured with solid-state detectors also contain events
from the double-alpha breakup of ‘Be has been known and reported on for several
years (Wozn72, Bloc86). The reason why this contamination of "Li spectra is present can
be shown by the following: Supposea ‘Be and a "Li have the same energy,

E7Li=E

‘Be
Since the flight times in this experiment for a *Be to reach the detection system from the

target varied between 2 and 8 nsec, and since the lifetime of the ground state of *Be is on

the order of 10’16 seconds, all of the ground state *Be breaks up into two o particles
before reaching the detection system. Each a will have approximately one-half of the
total energy of the *Be.

Eu= 0.5xE, Be

The magnitude of the AE signal for a "Li can be found using the Bethe-Bloch
formula for energy loss in a material, which can be written simply as (neglecting

constants and logarithmic factors):

AE/Ax =mZ2/E,
where Ax is the thickness of the material, m is the mass of the particle losing energy, Z is
the charge of the particle, and E is the kinetic energy of the particle. Using 7 for the mass
of "Liand Z = 3, the energy loss for "Li is given by
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Similarly, the energy loss for an o particle is given by

AE/ Ax)az 16/ Ea'

If both alphas from the breakup of a *Be are collected by the detection system, the
energy loss in the detector from this erstwhile *Be particle is

AE/AX), g = 2xAE/Ax)a= 32/E,,

and since each o has half of the *Be energy, the energy loss can be written as

AE/AX), Be™ 64/E, Be' C2)

If the *Be and the "Li particles have the same energy (hence they lie at the same point
on the E axis on a AE - E plot), Equation C.2 can be written as

AE/Ax) ' Be= 64/E, Li (C.3)

Comparing Equations C.1 and C.3, it is seen that for the same total kinetic energy E, the
AE signals from these two types of particles differ by 1 part in 64, or about 1.6%. This
percentage is smaller than the straggling due to electron-hole production and charge
collection in the silicon detectors that were used (which is about 5%, on the average),
thus it is not possible to resolve these two different types of particles from each other.
Note that this contarﬁination will be present in all "Li spectra that are measured with
detection systems that provide isotope identification with AE versus E plots.

If the *Be spectrum is known, and if the probability for collecting both alphas
from the breakup is known, this contamination can be subtracted from the ’Li + *Be
spectrum. The probability of collecting both alphas is a function of the parent *Be
kinetic energy and detector geometry, and it can be calculated using a Monte Carlo
simulation. Of course, there is no direct way of measuring a *Be spectrum, but it can be
determined using a technique reported in Bloc86. In this technique the 'Li + °Be
spectrum is measured at the same angle, but fbr two different solid angles. Once the

probability of collecting both alphas (also referred to as the collection efficiency) is
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calculated for each solid angle, either the true ’Li spectrum or the *Be spectrum can be

estimated from the following two relations:

Y20 = Y[ 0)) + £ xYp @) (C4)

Ytot(gz ) = YLi(Qz) + €, XYBe(Qz ) (CS)

where Y, refers to the measured "Li + *Be yield at a particular energy, Y| ; refers to the
"Li yield, Yp, refers to the *Be yield, ¢ refers to the collection efficiency, and the
subscripts 1 and 2 refer to the two solid angles used. Since both Y, ¢ are measured and

both e are calculated, Equations C4 and CJ5 are two equations with only two

unknowns, and both Yy ;and YBe can be determined from those equations.

Although the *Be spectrum was not measured in this experiment, another group
(Bloc86) has measured the *Be spectrum at 50° for the same system as the one here,
namely ' ‘N + Ag at 35 MeV/nucleon. In the analysis reported in Bloc86, the *Be
spectrum is assumed to have the same spectral shape as the °*Be spectrum. The ratio of
the energy-integrated ‘Be yield to the energy-integrated °Be yield is also calculated in
Bloc86, and they report a value of ‘Be/’Be of 2.1 + 0.5. Since the work reported in
Bloc86 is for the same system as ours, and since they measured *Be at an angle where
deep-inelastic reactions dominate, it is assumed that the same value of *Be/’Be is true
at 31° and 64°, and that the 'Be spectrum has the same spectral shape as the *Be
spectrum. Thus, the *Be spectra at 31° and 64° are taken to be 2.1 times the measured
"Be spectra at those angles. (In addition to the *Be spectrum, the collection efficiency
also had to be calculated in order to correct the "Li + *Be spectrum. The calculation of
the collection efficiency will be discussed below). The measured 'Li + *Be spectra and
the corrected, true ’'Li spectra at' 31° and 64° are shown in Figure C.1. The corrected

spectra are shown with the solid symbols.
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Figure C.1 - "Li singles spectra at 31° and 64°. The open symbols indicate the spectra
before correcting for *Be contamination, and the closed symbols show the spectra after
the correction.
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Since the *Be spectrum measured by Bloc86 is in a region where deep-inelastic
processes dominate, the procedure used to correct the spectra at 31° and 64° was not
used to correct the "Li spectrum at 15°, where there is a strong contribution from
quasielastic processes. Quasielastic ‘Be has not been measured for this system, so the
‘Be spectrum at 15° was estimated from an interpolation of the 'Be, *Be, and ' °Be
spectra at 15° at specific values of E/A. Figure C.2 shows the interpolated *Be spectrum
at 15°, along with the spectra for "Be, *Be, and ' °Be. The interpolated spectrum was
then used to correct the "Li + *Be spectrum at 15°.

In addition to the *Be spectrum, the collection efficiency for the detection system
is also needed in order to correct the measured ’Li + *Be spectra at 15°, 31°, and 64°.
The collection efficiency was calculated using a Monte Carlo simulation of the decay of
the parent ‘Be and the subsequent kinematical focussing of the two alpha particles
towards the detector. The code assumes an isotropic emission of the alphas, with the
constraint that the alphas are emitted 180° with respect to each other in the center-of-
mass frame. Once the decay has occurred, the paths of both alphas are followed to see if
both are collected in the detector. The code then keeps track of the percentage of decays
from a *Be of a specific energy that result in both alphas being detected. Figure C.3
shows the collection efficiency as a function of *Be kinetic energy for the detectors at 15°
(solid line) and at 31° and 64° (dashed line). The solid angle subtended by the 15°
detector was 3.54 msr, and the solid angle subtended by both the 31° and 64° detectors
was 8.10 msr.

Once the *Be spectra and collection efficiencies at 15°, 31° and 64 ° were in hand,
the measured 'Li + ' Be spectra were corrected on a point-by-point basis, as follows. For
a particular energy, the value of the *Be spectrum at that energy was multiplied by its
corresponding collection efficiency, and that result was then subtracted from the value

of the "Li + *Be spectrum. The final result was the value of the "true" ’Li spectrum for
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Figure C.2 - Singles spectra for "Be, *Be, *Be, and ' °Be at 15°. The symbols used for
the "Be, 'Be, and ' °Be spectra are indicated in the figure. The line indicates the *Be
spectrum, which was interpolated from its neighboring 'Be, *Be, and ' °Be singles
spectra.
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Figure C.3 - The collection efficiency for detecting both alpha particles from the breakup
of *Be in the silicon telescopes at 15°, 31° and 64°. Note that the same efficiency curve
is used for 31° and 64° since the detector solid angles were the same at these two angles.
The efficiencies were calculated using a Monte Carlo simulation.
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that energy. Figure C.4 shows the measured 'Li + ‘Be spectrum and the corrected
spectrum (shown with the solid symbols) at 15°.

The effect of the correction on the integrated cross sections at 15°, 31°, and 64°
shows how large the contamination is at each of these angles. At 15°, the integrated
cross section was reduced by 9% after the correction, and at 31° and 64° the integrated
cross sections were reduced by 15% and 9%, respectively. In all three cases, the overall
correction is not very large in terms of its effect on the integrated cross sections, but it is

large enough to justify the effort to apply the correction to the data.
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Figure C.4 - "Li singles spectrum at 15°. The open symbols show the spectrum before
correcting for *Be contamination, and the closed symbols show the spectrum after the
correction.



Appendix D

Width Calculation using Penetrabilities

The probability that a particular nuclear state decays through a specific channel

(designated by §) with a channel energy E is given by (Blat52):

r.r
P(E) < (1/47)(28 +1)A.} p tot

7 (D.1)
) (h—hres) + (O.SFto

t)

where 1“ﬁ is the width of the decay channel B, Liop s the sum of all of the possible decay

channel widths, E . is the resonance energy for the particular decay channel B, 4, is the

B

de Broglie wavelength of the channel g (A, /2= =kb1, wherek .= (2rn/h)vZME),and 1 isthe

p B

angular momentum of the channel. The expression in Equation D.1 was used in the
Monte Carlo code Montres (see Chapter III of this thesis) to determine the energy
available to the neutron and daughter fragment that came from the neutron decay of a
particular parent state. This energy was then used to calculate the relative velocity
between the neutron and daughter fragment. Montres calculated one million events for
each particular decay, and for each event the relative energy between the neutron and
daughter was determined using Equation D.1. Thus, one can see that because of the

widths I“B and rtot’ a distribution of relative velocities is obtained from the one million

events, even if all other effects which affect the relative-velocity resolution are neglected.

In general, I“B can be written as the following (Blat52):

I“B= (Zkﬁva )YB p (D.2)
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where R is the channel radius (equal to the sum of both particles’ radii for a two-body

decay), v, is the penetration factor for the channel g that has an angular momentum 1,
and yé is the reduced width for channel p. The first factor in Equation D.2 (ZkBRv 1) isa

function of the channel energy and depends on conditions outside the nucleus. The

reduced width y? incorporates all of the properties of the interior of the nucleus.
B p prope

In every case except one, T, and Ty op Were taken to be constant as a function of

channel energy when they were used in the code Montres. The one exception was for
the decay of the 7.456-MeV ("= 5/2", T = 89 keV) state in "Li to the ground state of °Li

"= 1) plus a neutron. Since the reported width (89 keV) is relatively large when
compared to the resonance decay energy (209 keV), there is a non-zero probability for a
decay with a very low decay energy. This point is illustrated with the solid line in
Figure D.1, which shows the value of P(E) (Equation D.1) as a function of E, using

constant values of I'_and I, , (for this calculation, I'_= 68 keV,I' =21 keV,and I, =89
n tot n o, tot

keV).

In order to conserve angular momentum and parity in the neutron decay of the
7.456-MeV state in "Li, the decay channel must carry an angular momentum of either
£=1 or £=3. Since the channel has a non-zero angular momentum, there is a centrifugal
barrier the neutron must penetrate in order to decay, and the probability that the
neutron penetrates the barrier depends on the energy of the neutron. As the decay
energy available to the neutron becomes less and less, the probability for barrier
penetration gets smaller. Thus when the effects of the centrifugal barrier are taken into
account, the probability for a decay with a near-zero decay energy is reduced.

The effect of the centrifugal barrier is taken into account with the penetration

fractor v 0 of Equation D.2. When this is done, the neutron width Fn is no longer constant

as a function of energy. The values of v . for § = 1 were obtained from Mona58 for
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Figure D.1 - Decay probability as a function of energy, as calculated with Equation D.1.
The solid line is for the calculation using constant widths, and the dotted line shows the
calculation using an energy dependent width.
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neutron energies ranging from 0 keV to 750 keV, and these values were used to calculate

the energy dependent neutron width I o(E). Using the calculated values of l“n(E), P(E)

from Equation D.1 was calculated. The calculated values of P(E) (Equation D.1) using

the energy dependent values of I'_(E) are shown with the dotted line in Figure D.1. Note

in Figure D.1 that the probability for a low-energy decay calculated with an energy
dependent width (dotted line) is lower than the probability for a low-energy decay
calculated with a constant width (solid line).

Figure D.2 shows the fits to the °Li + n relative velocity spectrum at 15° with a
Monte Carlo simulation of the neutron decay of the 7.456-MeV state in ’Li (added on
top of a background) using a constant width (top plot) and an energy-dependent with
(lower plot). The X* /d.o.f. for the fit in the upper plot is 2.1, and the X* /d.o.f. for the fit
in the lower plot is 1.2. Clearly, the ‘Li + n relative velocity spectrum is fitted much

better when an energy-dependent width is used in the Monte Carlo simulation.
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Figure D.2 - Both plots show fits to the °Li + n relative velocity spectrum for °Li kinetic
energies between 25 MeV/A and 30 MeV/A and for © = 15°." The fitting in both cases
was done using a Monte Carlo simulation of the decay of the 7.456-MeV state in Li to
the ground state of °Li added on top of a background (the dotted line shows the
background used). The fit in the top plot used a constant width in the Monte Carlo

simulation, and the fit in the bottom plot used an energy-dependent width in the
simulation.
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