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ABSTRACT

THE B-DECAY BRANCHING RATIOS OF THE NEUTRON-RICH NUCLEUS
155

By

Richard Harkewicz

Detailed experimental information on the B-decay properties of nuclei far from
stability can provide crucial tests of tile validity of shell-model Hamiltonians which
have been constructed from data associated with stable and near stable nuclei. Such
tests can lead to refinement of shell-model interactions. The neutron-rich boron
isotopes are particularly interesting in that the ratio of neutrons to protons lies in
a range of two to almost three. While progress in establishing the limits of particle
stability for the boron isotopes has been quite good, suprisingly up to now much

remains unknown about the decay of !3B.

In the present study '°B nuclei were produced at the National Superconducting
Cyclotron Laboratory at Michigan State University through fragmentation of an E/A
= 80 MeV 0 beam from the K1200 cyclotron in a thick ?Be target. The products
of this reaction were then separated using the momentum-loss achromat mode of the
NSCL A1200 separator. This technique provided a nearly pure beam of !*B ions
(> 93%) which was transported to a low background experimental vault with an
overall yield of approximately 600 '°B ions per second. The !*B ions were implanted
in the center of the NSCL neutron detector array, a device designed to study the decay

of 3-delayed neutron emitting nuclei. The array consists of 16 proton-recoil plastic



scintillation neutron detectors which covers a total solid angle of approximately 1.9

steradians that can measure neutron energies by the time-of-flight method.

In the present work, the first B-delayed neutron spectroscopy of '*B was performed,
and in addition, a remeasurement of the 1B half-life was made. As a result of these

measurements, the '>B f-decay branching ratios have been established.

The experimentally determined '*B B-decay properties from the present work are
compared to shell-model calculations carried out in the complete psd model space us-
ing the Millener-Kurath-Wildenthal interaction. Future work at the NSCL using the
neutron detector array to study other 3-delayed neutron emitting nuclei is suggested.

Ideas concerning how the array may be improved are also provided.
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Chapter 1

Introduction

pB-decay is the process through which a nucleus that has an imbalance in its num-
ber of protons and neutrons can become more stable by converting a proton into a
neutron or a neutron into a proton. In this process, the mass number of the nu-
cleus, A, remains unchanged but the atomic number, Z, changes by one unit; this
transformation is accompanied by the emission from the nucleus of an electron and
an anti-neutrino (for neutron excessive nuclei, where a neutron is converted into a
proton) or a positron and a neutrino (for proton excessive nuclei, where a proton is
converted into a neutron)!. 3-decay was one of the~ﬁrst forms of radioactivity to be
observed, and it still provides new valuable insight into the internal structure of the
nucleus. An important nuclear model, the shell model, was formulated nearly fifty
years ago, and is able to successfully explain and predict various nuclear properties,
including details of §-decay. Two important assumptions of the shell-model are (1)
the nucleons within the nucleus move in a potential that they themselves create, and
(2) the motion of a single nucleon is governed by a potential caused by all of the other
nucleons. Detailed experimental information on the 5-decay properties of nuclei far

from stability are particularly important because they can provide crucial tests of the

!Both the electron and positron can be referred to as “f-particles”, and both the neutrino and
anti-neutrino can be referred to as “neutrinos” in these decays.



validity of the assumptions used to construct shell-model Hamiltonians which have
been based on data associated with stable and near-stable nuclei. These tests can lead
to refinement of the knowledge of shell-model interactions. With such refinements,
the shell-model extrapolations for the properties of even more exotic nuclei become,

of course, more reliable.

The further nuclei are from stability, the more energy they have available for de-
cay processes and the more exotic these processes become. One such decay process
is that of f-delayed nucleon emission. With the increased decay energy, the decay
may populate highly excited states in the daughter nucleus and these states may
subsequently decay by prompt nucleon emission®. The emitted nucleon may actu-
ally provide more information than the A-particle because, while the energy of the
B-particle is continuous due to the decay energy being shared among three bodies,
the nucleon has a definite energy determined by the energy of the populated excited
state in the daughter nucleus, as this is a two body decay. By observing the emitted
nucleons’ energies and emission probabilities, the populations of the excited states
of the daughter from the S-decay can be determined. This experimentally deter-
mined information can then be related to theoretically predicted quantities; as will
be expanded upon shortly. It should also be noted that with the advancements in
accelerator technology, the ability to produce nuclei further and further from stability
at unprecedented rates will continue to yield new experimental data from which the

shell-model can be “put to the test”.

The goal of the present work was to establish the previously unknown B $-decay
branching ratios; 1*B already known to be a 3-delayed neutron emitter. A large part

of the present work involved designing, constructing and testing the NSCL neutron

*The emission of the nucleon occurs typically in 10~%° seconds after the excited state has been
populated through the 5-decay, so essentially the 3-particle and nucleon are emitted from the nucleus
simultaneously.



detector array, a detector array designed to study (-delayed neutron emitting nuclei.
In this opening chapter, (1) some discussion of the types of 3-decays will be presented
(allowed and forbidden) along with an explanation of some experimentally derived
quantities which bridge the gap between theory and experiment, and (2) the neutron-
rich boron isotopes will be examined (with an emphasis on **B). Chapter II describes
the production and separation of !°B using the MSU NSCL A1200 radioactive beam
device, the experimental setup, and detailed information on the neutron detector
array. In Chapter III, the experimental results and analysis are presented, and the 1*B
-decay branching ratios established. Lastly, Chapter IV compares the experimental

results to shell-model calculations carried out in the psd model space.

1.1 A Brief Overview of §-Decay

An entire derivation of the Fermi theory of 3-decay is not the purpose of this section;
the steps of this derivation can be found in almost any introdutory nuclear physics
text (such as “Introductory Nuclear Physics” by K. Krane [Kr88] or “Nuclear and
Radiochemistry” by Friedlander, Kennedy, Macias, and Miller [Fr81]). What will be
presented here are a few tenets of Fermi’s theory of 3-decay explicated by K. Krane
[Kr88] and D. Mikolas [Mi89] and how they relate to experimentally determined

qua,nt'ities. This will aid in some of the discussions which follow latter.

Fermi treated the 8-decay causing interaction as a weak pertubation. Through
Fermi’s Golden Rule, he related the transition probability for #-decay, A, to the
interaction that causes the transition between an initial and final quasi-stationary

state, V, and also a density of final states that is accessible during the decay, p(E 1)
27|" 2
A= 2TVl ol Ey) (1)

where Vy; is the integral of the interaction that causes the transition between the




initial and final states of the system:

Vf,' = /¢}V¢,dv (1.2)

The density of final states term in the above equation has the obvious effect that a

given transition is more likely to occur if there is a large number of accessible final

states.

Different mathematical forms of V' are available which discribe its transformation
properties and its behavior under rotation and space inversion. These include, but
are not limited to, the vector operator (V4), and the axial vector operator (Va)
which will be addressed later; for now V will be used to represent either of these
operators. For 3-decay, the wave functions of the A-particle and the neutrino must
also be considered, where 1; only refers to the final nuclear wave function, so the

more complete interaction matrix element should have the form:

Vii =g [(85¢505)Vibido (1.3)

where g represents the S-decay strength constant and determines the strength of the
transformation interaction. The §-particle and neutrino wave functions are usually
assumed to have plane wave forms @g(7) x e#7* and ¢, (§) x e%7/% where § is the
B-particle momentum and § the neutrino momentum. Expanding the exponential

forms of these functions gives:

_ _ 7 - 1,97
eiﬁo‘ﬂl=1+2pﬁr+§ ph ]2+... (1.4)
. q- 7 16g
e'm=1+zqﬁ +§[ qn Pt | (1.5)

Notice that in these expressions, the §-particle and neutrino wave functions de-
pend on 7, the location in the nucleus where the two particles are created. If the

particles are created at the nuclear origin (r = 0), then they cannot carry off any




orbital angular momentum (! = 0) and the wave functions both reduce to a value of
1. This limit is known as the allowed approximation and the only factors that depend

on the B-particle and neutrino energy come from the density of final states. Eq. 1.3

can then reduce to:
My=g / AR (1.6)

where My; is the nuclear matrix element and accounts for the overlap of initial and

final nuclear states.

Two types of allowed f-decay exist, called Fermi and Gamow-Teller decay and
can be distinguished by the spins of the particles. In allowed Fermi decay, the 8-
particle and neutrino are emitted such that their intrinsic spins of 1/2 (s = 1/2) are
anti-parallel and couple to zero. With [ = 0, in Fermi decay there is no change in
the spin of the nucleus. Using the standard quark-model of the nucleons, only the
identity of one of the three quarks within the nucleon changes, ([udd] — [uud] for
example, neutron — proton), while the spin of the nucleon, and hence the spin of
the entire nucleus, remains unchanged [Mi89]. The only thing that does change is
the charge of the nucleus which has been labeled the total isospin vector, T, 3; the
isospin, T (to be described shortly), remains unchanged in pure Fermi §-decay and,
as a result this quantity can be thought of as conserved during the decay and connects
two states of identical nuclear wave functions*. All the Fermi decay strength should
go into this single daughter state known as the analog state. In allowed Fermi decay,
the transition operator is of the vector form, Viy. The charge independence of the
nuclear force allows the neutron and proton to be treated as two different states of the

same particle, the nucleon. In the absence of an electromagnetic field the proton and

3The total isospin vector, T,, has the value %(N — Z). The isospin of a nucleus, T, can have
values ranging from |T;| to |A/2|.

*In the first order, the strong or nuclear force is not effected by the charge of a nucleon (an
electromagnetic force). The daughter state connected by pure Fermi decay, the analog state, has an
identical nuclear wave function to that of the parent.



neutron are degenerate. The nucleon is thus assigned a “quasi” spin vector, called the
“isospin”, with the isospin quantum number being +3 or isospin-up for the neutron

and —7 or isospin-down for the proton.

B-decay can also occur in the Gamow-Teller mode in which the B-particle and
neutrino are emitted parallel and their spins couple to a spin of S = 1. In a more
microscopic picture the spin of a quark must flip, and this allows both the spin and
isospin of the nucleus to change by one unit. Gamow-Teller decay populates many
more states in the daughter than does Fermi decay; recall that Fermi decay is limited
to feed only the analog state, where as Gamow-Teller decay can also feed the analog
state but is not limited exclusively to it. In allowed Gamow-Teller decay, the transition
operator is of the axial vector form, V4. Also note that in either Fermi or Gamow-

Teller allowed A3-decay the parity of the initial and final states is not permitted to

change.

B-decay selection rules can be written in terms of these permitted spin and parity
changes. For allowed Fermi decay, AT = 0, AJ = 0, and A7 = no. Examples of
allowed pure Fermi decay are the 0t — 0% decays of 1O — !*N* and 34Cl — 3S;
these decays cannot occur through a Gamow-Teller transition. For allowed Gamow-
Teller decay, AT=0or 1; AJ = 0 or 1; and A = no. Decays such as ®He — 6Li (0*
— 1*) and *B — *C (37 — 17) are pure Gamow-Teller transitions and contain no
Fermi component. A decay suchasn — p (%+ — %"') can satisfy both the Fermi and

Gamow-Teller selection rules and is an example of a “mixed” Fermi/Gamow-Teller

transition.

In both the allowed Fermi and Gamow-Teller transitions the S-particle and the
neutrino are emitted with zero orbital angular momentum. In cases where the two
particles must carry off one or more units of orbital angular momentum,. these decays

are called forbidden decays - the degree of “forbiddeness” (1st, 2nd, etc.) correspond-
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ing to the number of units of orbital angular momentum carried off (1 &, 2 &, etc.).
The assumption in Eqgs. 1.4 and 1.5 that the B-particle and neutrino wave functions
reduce to the value of one is obviously not valid here; each succeeding term in the
expansion of the exponential form of the plane wave function gives a higher order of
forbiddeness. Generally, forbidden S-decay is a much more difficult process to cal-
culate accurately than allowed decay. Since a difference in the parity of the initial
and final states of a nucleus requires an odd number of orbital angular momentum
units to be emitted, this represents the most frequent occurrence of forbidden decays.
Selection rules for first-forbidden decays are AJ =0, 1, or 2 and Ar = yes; examples
being "N — 70 (1~ — £%) and B — 15C (3~ — 17). Selection rules for second-
forbidden decays are AJ = 2 or 3 and Ax = no; an example being ?Na — 22Ne (3+ —
0%). There are also third-forbidden decays (four cases known) and fourth-forbidden
decays (two cases known). As expected, the higher the order of forbiddeness, the less
likely is the probability for the f-transition. If the opportunity permits, a nucleus
will decay via an allowed or lowest order transition possible. Only when no other

decay channel is possible, do the higher-order decays occur.

In his formulation of allowed §-decay theory, one of Fermi’s goals was to be able to
predict the momentum and energy distributions for specific 3-decays and have these
agree with actual experimental results. Using the relationships established in Eqgs. 1.1
through 1.6, and others, Fermi was able to successfully predict the shape of 3-decays
by including three factors. These are (1) a statistical term which accounts for the
number of final states accessible to the emitted particles; (2) a term which accounts
for the influence of the nuclear Coulomb field; and (3) a term which includes the
nuclear matrix element |M;|* to account for the overlap of initial and final nuclear
states. The first and second terms can be combined into one term known as the Fermi

integral, f(Z, Eq), where Z is the atomic number of the daughter nucleus and Ej is the
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“state-specific” B-endpoint energy (@s — Ez); this integral can be calculated knowing

the Z and Eo. Using a calculated quantity known as the comparative half-life, ft,

ji= 12 Ecgg/z.(:om) (1.7)

experimentally determined values such as the total half-life (the actual half-life which
is measured) and §-decay branching ratios (BR) can be used to indicate how well ini-
tial and final nuclear state wave functions overlap. Comparative half-lives (expressed
in the units of seconds) allow us to put all 3-decays on equal footing (“normalized” for
the number of final accessible states and the nuclear Coulomb field), and therefore

differences in ft values indicate differences in the matching of the initial and final

nuclear states.

As an example, consider the B-decay of *B (J™ = 7 [Aj91]) to the 3.103 MeV,
17 state in *C (this is the lowest energy negative parity state in *C). In the present
work, a total half-life of 10.3 ms was measured for 158 as was a 62.8% decay branch
to the 3.103 MeV state. Using the method of Wilkinson and Macefield [Wi74] to
calculate the Fermi integral, and taking the mazimum f-endpoint energy, Qg, to be
19.1 MeV [Aj91], the comparative half-life is determined as follows:

= = 1% .0103
ft=f(Z 6, Eo 01212\;6 ) 0001035 _ o) 478 (1.8)

Typically, the log of the ft values are reported, so for the above example the log f1
value is 4.34. The log ft value can be rel‘ated to the order of forbiddeness of a decay;
Figure 1.1 summarizes experimental log ft values for many different decays. It is clear
from this figure that there is a correlation between the logft value and the order of
forbiddeness. Each additional degree of forbiddeness increases the logft value by
approximately 3.5, representing a reduction in the transition probability of about
3x10~*. Most allowed decays have log ft values in the range of 3.5 to 6.5, and first-

forbidden decays have values in the range of 6.5 to 9.0. Second-forbidden decays have
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log ft values in the range of 10 to 13, third-forbidden decays 14 to 20, and fourth-
forbidden decays have log ft values of near 23. The utility of log ft values lies in their
predictive ability. For example, given the 8-decay of B, if a log ft value of 5.4 was
deduced for the decay to an unknown state in 1*C, it would be reasonable to assume
that this was an allowed decay, and the '3C state’s J™ would be limited to 25,8 or
27, since the J* of 1*B is 2=,

Now, with some of the basics of 3-decay having been reviewed, the neutron-rich

boron isotopes will be discussed next.
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Figure 1.1: Experimental logft values and associated types of S-decays. From K.
Krane, Introductory Nuclear Physics (New York: John Wiley and Sons, 1988).
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1.2 B and the Other Neutron-Rich Boron Iso-
topes

The stable boron isotopes include °B and 'B (20% and 80% atom percent abun-
dance, respectively). Although it may be proper to refer to any boron isotope with
mass greater than eleven as being “neutron-rich”, in the present work the neutron-
rich boron isotopes will be taken to be those with a mass of fifteen or more. Such
neutron-rich boron isotopes have been studied over a long period of time, and they
are particularly interesting in that the ratio of neutrons to protons is very large, be-
ing in the range of two to almosf. three. '*B was first observed to be stable against
prompt particle emission in 1966 [Po66)]. In 1974 the particle stability of 1”B and the
particle instability of '*B were shown [Bo74]. Recently, in 1984, '°B was shown to be
the most neutron-rich stable boron isotope; in that same experiment *B was shown
to be unstable to prompt neutron emission [Mu84]. Thus progress in establishing the
limits of particle stability for the neutron-rich boron isotopes has been quite good.
Suprisingly though, up till now nearly twenty-five years after it was first observed to

be particle stable, much remains unknown about the decay of °B.

The half-life of '*B has been measured by a number of different research groups
most of which are in good agreement. Table 1.1 gives a summary of these half-life
measurements. If the particularly low value of 8.8 ms observed by Curtin et al. [Cu86]
is excluded, the weighted average obtained from the remaining half-life measurements
is 10.340.2 ms. The value of 10.54+0.3 ms for the °B half-life has been adopted by
Ajzenberg-Selove [Aj91].

However, not much is known about the 5-delayed neutron decay of 1*B, other than
that it is dominated mostly by single 3-delayed neutron emission. In 1984 Dufour et

al. [Du84] established the limits of Py, < 5% and Pyn < 1.5% for 1°B decay (implying
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therefore Py, > 93.5%), and more recently Reeder et al. observed P, > 77.3% and
Py, = 0.410.2% [Re91, Re90]. However, no measurement of the §-delayed neutron
energies has been made, hence the 8-decay branching ratios of *B to states in 1°C is
not known. Referring to Figure 1.2 (the energy level scheme for *C), the 5B S-decays
fhat populate the ground state (E, = 0.00 MeV, J™ = §+) and first excited state (E,
= 0.74 MeV, J* = g+) of 1°C would be (1) particle bound due to the 1.218 MeV
neutron separation energy, and (2) first-forbidden decays due to the positive parity
of these states. The observed low P, is consistent with the fact that these are
first-forbidden decays. Decays to the low-level, negative parity states in *C would
be allowed (due to the spins and negative parity of these states) and additionally
favored by the large phase space available; since these states have energies above the
1.218 MeV neutron separation energy (neutron emission via the ground state of 1*C),
neutrons with kinetic energies in the range of 1.8 to 5 MeV will be emitted as a result
of their feeding — this is consistent with the observed large Py,. If the higher level
states in '*C are populated by the $-decay, it is possible they can decay by emitting
one neutron via the first excited state of 1*C (}°C level must be at least 7.31 MeV) or
even decay by emitting two neutrons via the ground state of *C (**C level must be
at least 9.39 MeV). It would be expected though that decays occurring via these two
channels would be severely restricted due to the smaller amount of available phase

space and this is partially supported by the observed low P;,.

The importance of establishing the B 3-decay branching ratios to test the va-
lidity of shell-model calculations for nuclei far from stability was pointed out in the
first section of this chapter. It should also be noted that B has been used as a cali-
bration standard for other 3-delayed neutron experiments, and that such calibrations
depend on the assumed neutron energy distribution [Mu88, Le89]. A measurement

of the neutron energy spectrum for '°B is important for establishing the utility of



13

B as such a standard. Lastly, the decay study of B in the present work was
partially undertaken as the “ground breaking” in the technical development of the
hardware which would hopefully be used in the future studies of many other, more
exotic, B-delayed neutron emitting nuclei at the NSCL using the newly designed and

constructed neutron detector array.
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Table 1.1: Summary of the half-life measurements made for the decay of °B. Listed is

the reasercher and date the measurement was published, the reaction used to produce
the B, and the reported 5B half-life.

Researcher Reaction Half-life (ms)

(year) ~

Dufour et al. [Du84] | B0 fragmentation 11+1
(1984)

Curtin et al. [Cu86] | 'O fragmentation 8.840.6
(1986)

Mueller et al. [Mu88] | %Kr fragmentation 10.4+0.3
(1988)

Samuel et al. [Sa88] | *?Ne fragmentation | 10.8+0.5
(1988)

Lewitowicz et al. [Le89] | ®Ca fragmentation | 10.3+0.6

(1989)

Reeder et al. [Re9l1] proton spallation 10.140.2
(1991)
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Chapter 2

Experimental Details

This chapter describes the experimental details involved with measuring the decay of
15B. The information provided, however, could also be used as a guide in the future
decay studies of other neutron-rich exotic nuclei using the NSCL neutron detector
array. The production and separation of B using the NSCL A1200 radioactive
beam facility is briefly described, along with the transportation of the !°B secondary
beam to a low background experimental vault. The recently constructed neutron
detector array, a device designed for the study of B-delayed neutron emitting nuclei,
1s introduced and its performance and specifications are described in detail. The
method used to determine the neutron efficiency of the array is also outlined. Lastly,
because it is necessary for decay studies to pulse the primary cyclotron beam on and
off, the different cycles employed in this experiment, and the technique used, are

described.

2.1 The NSCL A1200 Radioactive Beam Facility

The '*B nuclei observed in this work were produced at the National Superconduct-
ing Cyclotron Laboratory at Michigan State University with an E/A = 80 MeV

'80%* beam, with an intensity of 12 pnA, from the K1200 cyclotron. A °Be tar-

16
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get, 790 mg/cm? thick, was used and the reaction products were separated using the
momentum-loss achromat mode of the A1200. A limited description of the A1200
separator is presented below and a full description of the device has been provided

by Sherrill et al. [Sh91]

A schematic view of the A1200 radioactive beam facility is shown in Figure 2.1.
The device consists of a series of fourteen superconducting quadrupole and four su-
perconducting dipole magnets. It can be operated as a fragment separator with an
angular acceptance of 0.8 msr, 2 3% momentum acceptance, and a maximum rigidity
of 5.4 Tm. The ?Be target was placed at the “object” position of Figure 2.1 and
heavy-ion reaction products resulting from the projectile fragmentation of the 180
beam moved in the forward direction with essentially the beam velocity. Initial se-
lection of reaction products with a specific m/q is accomplished with the first two
dipole magnets; in the present experiment the dipole magnets were tuned (3.535 Tm)
for an m/q = 3. Reaction products having a different m/q are filtered out or dumped
at these first two dipole magnets. For example, the primary 0 beam with an m/q
of 2.25, after passing through the Be target (**0%*), was dumped on a catcher bar

inside the first dipole magnet and did not continue forward through the remainder of

the A1200 device.

A thin (7.84 mg/cm?) plastic scintillation detector, placed at Image # 1 of Fig-
ure 2.1, was used to make a time-of-flight measurement of reaction products. The
forward moving reaction products with the same m/q then travel through an achro-
matic wedge placed at Image # 2. The wedge introduces a Z dependent momentum

shift due to the Z and velocity dependent energy-loss in the wedge given for example

by the Bethe formula:

- dE/dz « 7% /v? (2.1)

This momentum shift is converted into a physical separation of the isotopes at the
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final image of the A1200 by the last two dipole magnets. A wedge shaped degrader, as
compared to a uniform thickness degrader (or flat degrader), results in the focussing
of isotopes with the same Z and mass but different velocities at the A1200 final image;
hence, maintains the achromaticity of the device. For this experiment, an aluminum
wedge with a median thickness of 365 mg/cm? and an angle of 2.8 mrad was used.
The last two dipole magnets were tuned (3.393 Tm) for *B5* ions with the expected
energy per nucleon of E/A = 59.8 MeV. Most of the reaction products with m/q = 3

and Z <5 were dumped at the last two dipole magnets and did not reach the A1200

final image.

The A1200 provided a nearly pure (> 93%) beam of B5+ jons at the its final
image; impurities were ?Be**, 9Li3+, 6He2* and 3H!+ (described in more detail be-
low). The '°B secondary beam was then transported through a beamline to a low
background experimental vault, some 60 meters away (including a total of 3 meters
of concrete shielding) from the site of the primary '®0 reaction (see Figure 2.2), with

an overall yield of approximately 600 particles per second.




19

Figure 2.1: Schematic drawing of the NSCL A1200 radioactive beam facility and the
K1200 cyclotron.
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Figure 2.2: Schematic view of the NSCL experimental floor layout.The '*B secondary
beam was produced and separated at the A1200 and then transported to a low back-

ground experimental vault, some 60 meters away from the primary '80 reaction.
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2.2 The Neutron Detector Array

The '°B ions were stopped in an active detector in the center of an array of neutron
detectors. A schematic view of the NSCL neutron detector array is shown in Fig-
ure 2.3. The *B beam (E/A = 59.8 MeV) passed through a thin kapton window
(0.25 mm thick) that separated the vacuum of the beamline from the air, approxi-
mately one meter of air, 6.8 mm of aluminum degrader (exiting with E/A = 25 MeV),
a silicon surface barrier AE detector (0.2 mm thick, 300 mm? area) and came to rest
at a depth of 5.2+1.2 mm (the 1.2 mm is a limit, not 1¢) in a 10 mm thick plastic
scintillator, referred to as the implantation detector (BC{12, 2.0 cm by 2.5 cm by
1 cm deep). A close-up view of the detectors and associated hardware located at the
center of the array is shown in Figure 2.4. The energy-loss of the !*B ions in air and
silicon, and the amount of aluminum degrader needed to stop the ions in the center
of the implantation detector was determined using the NSCL program INTENSITY

[Wig1]. This program uses the energy-loss parameters explicated by Hubert et al.
[Hu90].

Energy loss in the AE detector, in addition to a time-of-flight measurement, al-
lowed on-line monitoring of the purity of the !B secondary beam. The time-of-flight
measurement was started by a signal from the start detector at Image # 1 of the
A1200 (refer to Figure 2.1) and stopped by a signal from the AE detector at the
center of the neutron detector array (refer to Figure 2.3). This arrangement also
allowed us to determine the exact number of !*B ions deposited in the implantation
detector. A thick silicon surface barrier veto detector (I mm thick, 300 mm? area)
was placed behind the implantation detector in order to verify that the !B ions were
indeed stopped in the plastic material. Figure 2.5 shows the energy spectra obtained

from the AE detector and the veto detector for the implantation of the !B sec-
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ondary beam. The ions and their relative percentages that entered the AE detector
were *H'* (2.7%), *He?t (1.7%), °Li*t (1.3%), ?Be** (0.8%), and 'SBS+ (93.5%).
By comparing the number of ions that entered the AE detector to the number that
entered the veto detector, the relative percentages of ions that actually stopped in
the implantation detector were *H'* (0.17%), ®He** (0.56%), °Li** (0.83%), 12Be*+
(0.62%), and **B* (97.8%). Notice that, most of the *H passed through the implan-
tation detector and all the '°B stopped in it. The purity of the A1200 secondary

beam for this experiment is summarized in Table 2.1.

As indicated in Figure 2.3, the implantation detector was partially surrounded by
sixteen large rectangular (157 cm by 7.6 cm by 2.54 cm thick, each) BC{12 plastic
neutron detectors bent in a one meter radius of curvature. The gap between adjacent
neutron detectors had an area of approximately 800 cm?. Neutrons leaving the central
implantation detector and interacting with any part of any one of the sixteen neutron
detectors would have a uniform flight path of one meter. The sixteen detectors covered

a total solid angle of approximately 1.9 steradians.

The production rate of '*B was sufficiently high that the cyclotron beam was cy-
cled on and off, discussed below, and neutrons were observed during the beam-off
period. The (-decay of the *B was detected by two photomultiplier tubes (1.9 cm
diameter, HAMAMATSU H3167) attached to the implantation detector. The cal-
culated mean-time of these signals served as the start for the neutron time-of-flight
measurement. Each neutron detector also had two photomultiplier tubes (7.6 cm

diameter, THORN EMI 9821B) and the mean-time served as a neutron time-of-flight
stop.

Figure 2.6 is a schematic diagram of the electronic setup used for the 1B decay
experiment. The electronic modules used for the secondary beam purity time-of-flight

measurement are shown (beam On period), as are the electronic modules used for
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the 3-delayed neutron time-of-flight measurement (beam Off period). The electronic
modules needed to pulse the primary cyclotron beam on and off, in addition to those
necessary for obtaining a half-life measurement during the beam Off period, are shown
and details concerning their use are described later in this chapter. (This setup could

remain essentially the same for other 3-delayed neutron decay experiments).
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Table 2.1: Summary of the A1200 beam purity for the implantation of the **B sec-
ondary beam. '

e *B beam purity monitored by time-of-flight measurement (start from start
detector at “Image 1” of A1200, stop from AE detector signal) and energy loss
in AE detector.

e A1200 secondary beam purity from AE detector:

- 3HY 2.7%
- SHe?*t 1.7%
- L3+ 1.3%
— 12Bett 0.8%
- 1B%+ 93.5%

® A1200 secondary beam purity that actually stopped in implantation detector
(determined from AE and veto detectors):

-~ 3H™ 0.17%
- SHe?* 0.56%
- 9Li3+ 0.83%
— 12Bett 0.62%
— 15B%+ 97.8%
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2.3 Neutron detector efficiency

The neutron detection efficiency of the neutron detector array was determined as
a function of threshold setting using a plutonium-beryllium source (PuBe source)
positioned at the center of the detector array. In addition, a small liquid scintillation
detector which will be referred to as the standard detector (BC501, 6.75 cm diameter
by 3.60 cm deep), whose efficiency could be reliably determined to within 5% using a
Monte-Carlo efficiency code [CeT9], was also placed a distance of one meter from the
PuBe source to be used as a reference in our efficiency calibration. The PuBe source
produces neutrons in coincidence with-a 4.4 MeV v-ray through the °Be(*He,n)'?C*
reaction. The 4.4 MeV 4-ray produced in this reaction was detected in a 5 cm
diameter by 10 cm deep BaF; detector and served as a time-of-flight start signal. The
BaF'; detector was used here because it had fast timing characteristics comparable to
the implantation detector, but unlike the implantation detector, it also had superior

stopping power to identify the full energy of the 4.4 MeV v-ray.

Neutron time-of-flight spectra were obtained for each of the sixteen array detec-
tors in addition to the standard detector (here the standard detector had a neutron
threshold set at 0.2 MeV electron-equivalent energy). Figure 2.7 shows the time-of-
flight spectrum obtained for one of the array detectors (each of the other fifteen were
very similar) and the time-of-flight spectrum obtained for the standard detector. The
- “fast” 4-ray peak seen in each spectrum established “time-zero”; this peak is due to
the PuBe source producing v-rays (in addition to neutrons) in coincidence with the
4.4 MeV y-ray. The peak labeled “cosmic” resulted from cosmic particles passing
through a neutron detector first and then passing through the implantation detector
and triggering the master gate of the data acquisition system; a peak appeared in this

same channel location of the time-of-flight spectra when a vy-ray source was placed
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on the outer side of a neutron detector. The peak labeled “flag” was a diagnostic
marker written into software to indicate when a neutron detector did not have an
event occurring within a selected time window. Having an accurate time calibration
of each spectrum (obtained by using an ORTEC model # 462 time calibrator) and
a fixed flight path of one meter, neutron energy “bites” were obtained from each
time-of-flight spectrum (the sixteen array detectors and the standard detector) for
neutrons with kinetic energies in the likely energy range for the decay of 5B (1.8, 2.8,
3.2, 4.3 and 4.8 MeV; this deduced from the known states in !C and the neutron

separation energy of C [Aj91], and shell-model predictions [Cu86]).

For 1.8 MeV neutrons, an energy bin (bin # 1) of 1.6 MeV to 2.0 MeV was selected;
the calculated Monte-Carlo neutron detection efficiency for the standard detector was
17.6% for 1.60 MeV neutrons and 22.9% for 2.0 MeV neutrons (hence, an average
efficiency of 20.3% for this energy bin). For 2.8 MeV and 3.2 MeV neutrons, an
energy bin (bin # 2) of 2.4 MeV to 3.4 MeV was selected; the calculated Monte-
Carlo neutron detection efficiency for the standard detector was 24.0% for 2.4 MeV
neutrons and 23.9% for 3.4 MeV neutrons (hence, an average efficiency of 23.95% for
this energy bin). Lastly, for 4.3 MeV and 4.8 MeV neutrons, an energy bin (bin # 3)
of 4.0 MeV to 5.0 MeV was selected; the calculated Monte-Carlo neutron detection
efficiency for the standard detector was 22.9% for 4.0 MeV neutrons and 21.9% for 5.0
MeV neutrons (hence, an average efficiency of 22.4% for this energy bin). Figure 2.8

shows these three energy bins for the PuBe time-of-flight spectra.

The efficiency of each array detector was then determined by (1) taking the ratio
of number of neutrons detected in an array detector and the standard detector as
a function of energy (number of neutrons in the specific energy bin), (2) normaliz-
ing for the solid angle of the array detector (119.5 msr) and the standard detector

(3.585 msr), and (3) normalizing according to the calculated Monte-Carlo neutron
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detection efficiency for the standard detector for the specific energy bin (using the
average efficiency specified in the previous paragraph). For purpose of example, the
neutron detection efficiency of array detector # 1 for 1.8 MeV neutrons was deter-

mined as follows:

_ 7135 3.858
€= 200 *119.5

x 0.203 x 100 = 22.5% (2.2)
The estimated error associated with this measured efficiency accounted for the number
of neutrons available for the measurement, the 5% uncertainty in the Monte-Carlo
calculation, and an additional term to account for uncertainties related to the PuBe

energy bin (this estimated to be 5% for bin # 1, 1% for bin # 2, and 2% for bin #3),

and was determined as follows (for bin # 1, det # 1):

de _ \/(\/209)2 (7735
e V7209 7735

)? + (0.05)2 + (0.05)2 = 0.100 (2.3)

As such, array detector # 1 had a detection efficiency of 22.54+2.25% for 1.8 MeV
neutrons. Table 2.2 summarizes the neutron detection efficiency measurements for the
sixteen array detectors; included is the estimated error associated with each measure-

ment in addition to the mean and standard deviation of the efficiency measurements.
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in determining the neutron detector array neutron detection efficiency. The peaks
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Table 2.2: Summary of the measured neutron detection efficiencies (using the PuBe
source) for the sixteen array detectors. Listed are the measured efficiencies, including
the estimated error associated with each measurement, for the detection of 1.8 MeV,
3.0 MeV and 4.5 MeV neutrons. Also included is the mean and standard deviation
of the sixteen measurements for the three energy bins.

|Detector | 1.8 Me_y_ 3.0 MeV 4.5 MeV
#1 [22.5+2.25% | 21.8+1.27% | 18.0+1.11%
#2  [20.7+2.07% | 20.6+1.20% | 17.5+1.08%
#3 [23.3+2.33% | 21.8£1.27% | 17.8+1.10%
#4 [ 23.2£2.32% | 22.4+1.30% | 17.0£1.05%
#5 [ 20.7£2.17% | 21.4£1.24% | 16.6£1.03%
#6 [225£2.25% | 22.4+1.30% | 17.1£1.06%
#7 [[22.3%2.23% | 22.1+1.28% | 17.4+1.08%
#8 [21.7£2.17% | 21.3£1.24% | 17.6+1.09%
#9 [21.9£2.19% | 22.7£1.32% | 17.9+£1.11%
# 10 || 21.0£2.10% | 24.0+1.40% | 17.1£1.06%
# 11 || 22.0£2.20% | 21.7+1.26% | 17.9+1.11%
# 12 [20.7£2.07% | 21.2+1.23% | 17.1£1.06%
# 13 [[22.3£2.23% | 22.0£1.28% | 17.4+1.08%
# 14 || 23.4£2.34% | 22.3£1.30% | 15.9+0.98%
#15 || 24.0£2.40% | 22.1+£1.29% | 17.4+1.08%
#16 | 23.242.32% | 21.8£1.27% | 15.6£0.96%
Toss 22.3 220 17.2
ooy | 102 0.78 0.71
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2.4 Comparison of the Measured (PuBe) Efficiency
to a Monte-Carlo Calculated Efficiency for an
Array Detector

The measured neutron detection efficiency of an array detector (det # 1), which was
obtained using the PuBe source, was compared to a Monte-Carlo [Ce79] calculated
efficiency. The neutron detection efficiency of a detector is a strong function of the
detector’s threshold setting. Typically, the threshold setting of a neutron detector
is determined using +-ray sources which, in their interaction with the scintillation
material, produce Compton edges of specific energies. For example, a Compton edge
obtained using a ®Co source (which yields a Compton edge of approximately 1.0 MeV)
with the standard detector used in the PuBe efficiency measurement appeared at
channel 103 of the detector’s pulse height (energy) spectrum!. Using a 34Cs source
(which produces two Compton edges, one at 0.42 MeV and one at 0.61 MeV) two
Compton edges‘ appeared in the pulse height spectrum at channel 42 and channel 60.
These are shown in Figure 2.9. A threshold set at channel 20 of the detector’s
pulse height spectrum, therefore, would correspond to a 0.2 MeV electron-equivalent
neutron energy threshold (equivalent to approximately a 1.0 MeV neutron energy

cut-off).

For an array detector, establishing the known threshold setting was more compli-
cated because the pulse height channel a Compton edge appeared at was dependent
on the location along the detector a y-ray source was placed (varying distances from
the right and left photomultiplier tubes). Figure 2.10 shows the five positions a colli-
mated *°Co source was placed at in order to determine the detector’s threshold setting

and its dependence on position. Figure 2.11 shows the Compton edges obtained from

!The position of half-height was used to denote the Compton edge of all appropriate measure-
ments in this work.
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the left and right sides of array detector # 1 for these five positions.

Referring to the electronics diagram (Figure 2.6), a logical “and” was required
between the left and right sides of an array detector for an event to be valid. For this
reason, the validity of an event occurring on the left half of the detector would be
determined by the signal detected in the right photomultiplier tube and its associated
threshold setting (since, for such an event, the right signal is smaller then the left
signal and hence the limiting factor), while the validity of an event occurring on the
right half of the detector would be determined by the detector’s left side. Referring to
Figure 2.11 and observing the Compton edge obtained from the detector’s right side
for positions # 1, 2 and 3 in addition to observing the Compton edge obtained from
the detector’s left side for positions # 3, 4 and 5, an average threshold of 0.12 MeV
electron-equivalent energy was estimated (equivalent to approximately a 0.8 MeV
neutron energy cut-off). A Monte-Carlo efficiency calculation [Ce79] was performed
for array detector # 1 using the 0.12 MeV electron-equivalent threshold setting. The
results of the measured (PuBe) and Monte-Carlo calculated efficiencies are shown in

Table 2.3 (not including solid angle). The overall agreement is quite good.
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Pos.

Figure 2.10: Array detector showing the five positions a 8Co source was placed in
order to determine the detector’s neutron threshold setting and its dependence on
position. The source was collimated and placed flush against the detector.
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Figure 2.11: Compton edges obtained, using a **Co source, from the left and right
sides of array detector # 1 for the five positions shown in Figure 2.10.
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Table 2.3: Comparison of measured (PuBe) and calculated (Monte-Carlo) efficiencies
for neutron array detector # 1 as a function of neutron energy (not including solid
angle).

Energy | Measured Calculated
(MeV) (PuBe) (Monte-Carlo)

1.8 | 22.5+2.25% 22.0%
3.0 | 21.81.27% 20.8%
4.5 || 18.0+1.11% 18.8%
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2.5 Exploring Position Sensitivity with the Neu-
tron Detector Array

While a technique which would identify and confine a neutron interaction to a specific
location on an individual array detector was not needed for the '*B decay experiment
(since the neutrons were emitted isotropically from the implantation detector), the
ability to achieve position sensitivity with individual array detectors was explored. It
is already possible to determine events occurring in different array detectors simulta-
neously; for example, in the !*B experiment it would have been possible to identify
that events had occurred in detectors # 1, 4 and 14, or any combination, from a
single decay. Going a step further and being able to associate an event with a specific
sector of a single detector could expand the usefulness of the neutron detector array

in angular correlation experiments.

To determine if position sensitivity was possible with an array detector, a colli-
mated %°Co source was placed at positions one through five of an array detector (refer
to Figure 2.10). Two techniques were then investigated. One technique used the pulse
height (energy) signal measured at each end of the detector, the other technique used

the timing signal measured at each detector end.

The technique using pulse height signals to determine position is based on the
principle of light attenuation through the plastic. When the ®Co source is placed
at array detector position # 3 (center), the pulse height measured from the left and
right sides of the detector should be the same; this of course if the two sides are
gain matched. When the source is placed at position # 1, the pulse height measured
at the detector’s left side is larger than that measured at its right side. Simply, the
more plastic the light must travel through before reaching a photomultiplier tube, the

more the light is attenuated, hence the smaller its measured pulse height signal. Two
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functions were used to obtain position information from pulse height measurements.

The first assumed linear attenuation of light through the plastic scintillator:

L ulseheight
POSiinear = of fset + slope x £ g 2.4
finea ff P Lpulseheight + Rpulaeheight ( )

The second assumed exponential attenuation of light through the plastic:

L ulsehet I
POSezponential = of fset + slope x ln(———-—R’;1 i : 'gl;: ) (2.5)
ulseheig

The technique using timing signals to determine position information is based on
the fact that light traveling through the plastic scintillator travels at a finite and
measurable velocity (roughly 15 cm/ns). When the 5°Co source is placed at position
# 3 (center) of the array detector, light reaches the left and right photomultiplier
tubes at nearly the same time, about 5.2 ns after being created. When the %°Co
source is placed at position # 1, light will reach the left photomultiplier tube in
about 1.7 ns, while it will take about 8.7 ns to reach the right tube. The function

used to obtain position information from the timing signals was:

ime L ime
POSining = of et + slape x giime—_tne )

The method employing pulse height signals supplied position sensitivity with a res-
olution of approximately 25 cm (FWHM) using the linear function and approximately
20 cm (FWHM) using the exponential function. The method employing timing sig-
nals proved superior, supplying position sensitivity with a resolution of approximately
13 cm (FWHM). Figure 2.12 shows the results of placing the ®°Co source at the five
detector locations and using the “position through timing” function (Equation 2.6);

those shown in the figure are the results obtained with detector # 6.

By taking the centroid of the five position peaks shown in Figure 2.12 and their

associated array positions in  (-30°for pos # 1, =15 "for pos # 2, 0°for pos #
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3, 15" for pos #4 and 30 ° for pos # 5), a linear function was generated that would
identify an event to a detector position in 8. It should be noted that the position

resolution of 13 cm corresponds to approximately 7°in 4.

Table 2.4 summarizes the specifications of the NSCL neutron detector array de-

scribed throughout this chapter.
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Figure 2.12: Results of placing a collimated ®Co source at the five array detector
locations shown in Figure 2.10 and using the “position through timing” function
(Equation 2.6).
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Table 2.4: Summary of the NSCL neutron detector array specifications.

. Implantation detector constructed from BCY!2 plastic scintillator (2 cm square
by 1 cm deep) and HAMAMATSU H3167 (1.9 cm diameter) photomultiplier
tubes.

. Neutron detectors constructed from BC412 plastic scintillator and THORN EMI
9821B (7.6 cm diameter) photomultiplier tubes.

. Sixteen individual neutron detector elements in total array.
. Total array active area covers a solid angle of approximately 1.9 steradians.

. Each neutron detector element (157 cm by 7.6 cm by 2.54 cm thick) has an
active area which covers a solid angle of approximately 120 msr (0.076 rad in
angle 0, 1.57 rad in angle ¢).

. Gap between adjacent detectors measures approximately 800 cm? or approxi-
mately 0.05 rad in angle 8 (approximately 70% area of one detector element)

. Neutron energy determined by time-of-flight method with flight path equal to 1
meter. Time-of-flight start from calculated meantime of implantation detector,
time-of-flight stop from calculated meantime of neutron detector.

. Total timing resolution of detectors determined by combination of electronics
contribution (approximately 1 ns) and neutron-energy dependent time-uncertainty
owing to a flight path uncertainty (for a typical detector, flight path uncertainty
is approximately 4 cm). As such, total time resolution (FWHM) for detector is
2.4 ns for 1.8 MeV neutron, 1.9 ns for 3.2 MeV neutron, and 1.7 ns for 4.8 MeV
neutron.

- Position information (in angle §) for each neutron detector determined by timing

comparison of left vs. right side of detector (%-:;—;‘*)- This results in a position

resolution of approximately 13 cm (FWHM) or 7 “in angle 6.
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2.6 Cyclotron Beam On/Beam Off Cycles for De-
cay Studies

In order to study the decay of B it was necessary to pulse the primary cyclotron
beam on and off for fixed intervals of time. Since the production rate of 158 was
relatively high considering its 10.5 ms half-life (one 15B ion produced per 1.9 ms),
it was most efficient to pulse the beam at fixed intervals. In decay studies for very
exotic species, the half-lives tend to be very short (large A) and the times between
implantation of these nuclei tend to be long (many times 1 /A). In these cases, it is
most efficient to shut off the primary beam after each arrival, and the decay of the

single atom is observed; this technique is explained in detail by Mikolas [Mi89).

The pulsing of the primary beam was accomplished with a gate module that
periodically sent a logic signal to a fast phase shifter in the rf transmitter of one
of the “dees” of the K1200 cyclotron. The cyclotron beam was interrupted within
approximately 40 us [Mi89]. To measure the decay branches of '*B to neutron-
unbound states in '3C a 50 ms On/50 ms Off cycle was used for part of the experiment
and later changed to a 20 ms On/40 ms Off cycle. '°B ions were deposited in the
implantation detector during the beam on time and decays were monitored during
the subsequent beam off time. A real time clock module started at the beginning of
each beam off interval (zeroed at the beginning of each subsequent beam on interval)
was used to measure the time of each event relative to the end of the beam on period. -
The total beam off period was easily measured with the real time clock. The beam
on period was calibrated by recording events from a 80Co ~-ray source positioned
near the implantation detector (during these runs there was no cyclotron beam) for
the different time cycles. By ratio of the number of 7-rays observed during the two

periods and knowing the beam off time period exactly, the exact times of the cycles
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turned out to be 49.23 ms On/49.80 ms Off and 20.33 ms On/39.55 ms Off. For
purpose of example, the 50 ms/50 ms cycle was calculated in the following manner.
In order to determine the exact time of the Off cycle, the last channel of the time
spectrum from the real time clock was simply multiplied by the time per channel

which was controlled by a crystal oscillator:

102¢ch. x 0.4883%5 = 49.80ms. 2.7)

To determine the exact time of the On cycle, the exact time of the Off cycle was

multiplied by the ratio of 4 events recorded for the On/Off cycles:

7129
49.80ms X w75 = 49.23ms. (2.8)

It should be noted that the computer dead time and sampling efficiency was the same

for the On and Off cycle.

To determine the number of '*B decays that led to bound states in C (t/;
= 2.449+0.005 s, [Aj91]), the cyclotron beam cycle was later changed to 4.847 s
On/5.719 s Off. Here, '°B ions were deposited in the implantation detector during

the beam on period and °C decays (3-emission) were counted during the beam off

period.

To determine the efficiency of the implantation detector for *C B-particles, the
A1200 was used to produce *C and !N and these ions were deposited in the implan-
tation detector using a 4.762 s On/7.063 s Off cycle. The results of this implantation

are discussed later.

Table 2.5 lists the measurements recorded in order to determine the exact times

of the different time cycles.
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Table 2.5: Beam On/beam Off ®Co 4-ray source measurements used to calibrate
exact times of On/Off cycles. Listed are the time cycles, number of ¥ events recorded
during On/Off cycle, time calibration of real time clock, last channel of Off cycle time
spectrum, and calculated exact times of beam On/beam Off cycles.

time cycle v events | time/channel | last channel exact time
| (On/Off) (On/OfF) (Off cycle) (On/Off)
[50 ms/50 ms | 7129/7212 0.4883 ms 102 49.23 ms/49.80 ms
20 ms/40 ms | 8270/16088 | 0.4883 ms 81 20.33 ms/39.55 ms
5s/6s | 7764/9161 | 0.03125 s 183 4.847 5/5.719 s
5s/Ts 3165/4694 0.03125 s 226 4.762 s/7.063 s




Chapter 3

Results and Analysis

This chapter presents the experimental results and analysis involved with measuring
the decay of 1*B. The opening section gives a summary of the different experimental
runs used to accomplish this measurement. The information provided not only gives
the reader a concise overview of the entire experiment, but it also contains valuable
information about A1200 exotic nuclei production rates and systematics which can
be helpful in other decay studies. In the second section, the °B half-life obtained
from this work is compared to the published values of earlier studies. The third
section presents the results of depositing B ions into the implantation detector and
observing the 3-decay of 1°C to determine the 1*B -decay branch to 15C bound states.
The fourth section concentrates on the *B B-decay branch to unbound states in '*C,
and includes the results of the 1B 3-delayed neutron time-of-flight measurements. In

the final section the B-decay branching ratios of B are presented and discussed.

49
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3.1 A Summary of the Experimental Runs Made
to Measure the Decay of °B

The experimental runs involved with the present work can be divided into three
basic groups!. The runs in Group One involved the deposition of '*B ions into the
implantation detector during the beam on period and then monitoring their decays
during the beam off period. These runs were used to obtain a half-life and 3-delayed
neutron time-of-flight measurements of 15B: this group included runs (which will be
referred to as) # 1, 2 and 3 (50 ms/50ms - on/off cycle) and runs # 4 through 10 (20
ms/40 ms - on/off cycle). The runs in Group Two involved the deposition of '°B ions
into the implantation detector during the beam on period and then monitoring 15C
decays during the beam off period in order to determine the '°B B-decay branch to
15C bound states; this group included runs # 11, 12 and 13 (5 s/6 s — on/off cycle).
Lastly, a run in Group Three involved the deposition of *C and "N ions from the
A1200 radioactive beam device into the implantation detector during the beam on
period and then monitoring their decays during the beam off period. This run was
used to determine the detector’s 3-decay detection efficiency for nuclei other than
158 (specifically '*C); this will be described in more detail below. The third group
included run # 14 (5 s/7 s — on/off cycle).

3.1.1 Group One Experimental Runs

Two different beam on/beam off cycles were used for the Group One experimental
runs, the 50 ms/50 ms and the 20 ms/40 ms. Although either cycle alone could
have provided the half-life and 8-delayed neutron time-of-flight measurements of '°B,

the 20/40 was found to be more efficient (described below). In addition, using the

1Note that these do not include the PuBe source efficiency runs or the short duty cycle runs used
to determine the exact times of the beam on/off cycles.
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different cycle times provided a test to see if similar results would be obtained under
different conditions; for example, the implantation detector’s 3-detection efficiency.

Table 3.1 provides a summary of specific quantities related to the Group One runs.

The total time of each run (to the nearest 0.01 s) was written to magnetic tape
by the data acquisition program. The total number of *B ions deposited in the
implantation detector for each run was determined event by event from the particle
identification in the AE detector/time-of-flight measurement and then normalizing
this measurement to account for the beam on computer dead time?. Once the actual
number of implanted °B ions was known, the A1200 production rates were easily

determined by using the total time of each run and the exact times of the beam

on/off cycle (Table 2.5).

It should be noted that the A1200 !*B production rates (ions per ms) for runs 1
through 10 were, overall, fairly uniform with a high of 0.647, a low of 0.418, the mean
value was 0.532 with standard deviation of 0.081. This variation can be accounted

for by variations of the K1200 cyclotron primary beam current.

For purposes of discussion, “beam on period” and “implantation period” can be
considered synonymous, as can “end of the implantation period” and “beginning of
the beam off period”. The last column of values in Table 3.1 is the sum of the
number of 1°B ions that existed at the end of each implantation period for the entire
run. Consider the following example: it was determined (described below) that for
run #1, 9.34 B atoms were present in the implantation detector at the end of each
implantation period. With a total of 32,445 implantation periods for run #1, the
total number of B atoms present at the end of all the implantation periods for run

# 1 was 3.03ES5; this is the number listed in Table 3.1. This number is smaller than

2The computer dead time was determined by the ratio of two scaler values that were read for all
measurements every time an event occurred, one scaler value being read uninhibited and the other
read only when the computer was not busy.
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the number of !B jons implanted (third column in Table 3.1) because some of the °B
atoms decayed while the implantation was still in progress. It is the number of atoms
present at the end of the implantation period (when decays are able to be observed)
that comprise the sample population from which decay-related observables, like half-
life, are determined. Decays that occur while the implantation is still in progress

contribute nothing to these determinations.

The number, N, of atoms present at any time, t, during the implantation period

increases in proportion to the production rate, R, and decreases due to decay: dN =

Rdt — ANdt. This simple differential equation can be solved for N:

dN
R—-AN at
dN
= | dt
R - AN /
R—- AN =Ce™™
R — Ce™™

N = 3

Knowing that at time zero, N equals zero and at time infinity N equals R/A gives:

R Y
N=T(1-e™ (3.1)

This expression assumes that the rate of production, R, is constant throughout the
run. If this rate fluctuates considerably during the run, the implantation should be
divided into time intervals, t;, during which time the rate, R;, is steady and then
N can be determined as a summation of many short runs. In the present work,
the production rate during each run was assumed to be constant. The validity of

this assumption will be shown later in the section on the implantation detector’s

(3-detection efficiency.
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The number of °B atoms that existed at the end of each implantation period,
referred to as N 3, is determined by knowing the A1200 production rate in ions per
ms, Risg, the 1B decay constant Aisg = (6.60+0.07)E-2 ms™! [Aj91], and the exact

time of the implantation period, ton:

No= 2B _ g=disten (3.2)
Ais g

To account for 1B atoms that were “left over” (hadn’t decayed) from the previous im-
plantation period, referred to as Ni.fiovers, the exponential decay of Ny is determined

for the time of one implantation period, to,n, and one beam off period, toss:
Nleftouers = Noe_,\(ton‘Ho”) (33)

Nieftovers is only (1.8 x 1072)Ny for the 20/40 cycle and (1.4 x 10~3)N, for the 50/50
cycle. Left overs from two cycles ago would result in (1.8 x 10~2)2N, for the 20/40
cycle and (1.4 x 1073)2N, for the 50/50 cycle. It is clear that left overs from even
earlier implantation periods become insignificant. It was assumed therefore, that the
number of °B atoms present at the end of each implantation period, Noyieftovers, 18

well approximated by the expression:
N0+leftbuera = No(l + e_A(tm+t°II)) (34)

The values in the last column of Table 3.1 were determined by multiply this quantity

by the total number of implantation periods during an entire run.

When the total number of implanted !°B ions is compared to the number of 1°B
atoms still remaining at the end of all the implantation periods, it is observed that
the 20/40 cycle is nearly twice as efficient as the 50/50 cycle. Almost 55% of the
implanted °B ions-remained to be studied at the end of the implantation period for

the 20/40 runs, where as this quantity was less than 30% for the 50/50 runs. From Eq.

3N, does not account for 5B atoms “left over” from previous implantation periods.
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3.1, it can be shown that when the implantation period, ton, is very long compared
to the half-life of the species being implanted, a limit of R/\ is reached. When this
is the case, new activity is being formed at the same rate at which the older activity
decays; this is referred to as secular equilibrium. If the implantation period is twice
the half-life, 75% of the maximum activity is produced and when the implantation
period is three half-lives long, this will give 88% of the maximum activity. By keeping
the implantation period between two and three half-lives, the accelerator is being used

most efficiently.
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Table 3.1: Summary of part of the experimental runs (Group One) involved with
measuring the decay of *B. These runs were used to obtain a !B half-life measure-
ment and (-delayed neutron time-of-flight spectra. Listed are the run number and
corresponding on/off cycle, the time of each run, the total number of *B ions de-
posited in the implantation detector (per run), the A1200 !*B production rate, and
the total number of 1°B atoms (per run) remaining at the end of the implantation
period (see text for explanation).

Run # Run time 15B jons A1200 °B 15B atoms
(On/OfAf) (sec) implanted production | remaining at end
(per run) rate (ions/ms) | of implan. period
(per run)
1 (50/50) 3,213 1.033E6 0.647 3.03E5
3 (50/50) 1,560 1.104E6 0.527 3.50E5
3 (50/50) 7,440 T.547E6 0.418 1.54E5
4 (20/40) 10,183 1.566E6 0.453 8.58E5
5 (20/40) 7,894 1.186E6 0.442 6.49E5
6 (20/40) 7,163 1.378E6 0.566 7.54E5
7 (20/40) 10,797 2.036E6 0.555 11.2E5
§(20/40) | 14,175 9.341E6 0.486 12.8E5
9 (20/40) 14,188 2.826E6 0.587 15.5E5
10(20/40) | 4,380 1.064E6 0.642 5.83E5
Y = 84,493 L = 16.11E6 T = 0.532 L = 7.90E6
(23hr,30min) | (50/50 = 3.774E6) | o =0.081 | (50/50 = 1.11E6)
i} (20/40 = 12.34E6) (20/40 = 6.79E6)
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3.1.2 Group Two Experimental Runs

The second group of experimental runs (# 11, 12, and 13) involved the deposition of
1B ions into the implantation detector and then monitoring '*C decays (3-emission,
ty2 = 2.449+0.005 s [Aj91]) in order to determine the *B A-decay branch to '*C

bound states. Table 3.2 provides a summary of the Group Two runs.

The three runs in this group all used the same on/off cycle (5 s/6 s). The runs
are listed separately to demonstrate the consistency among the runs. The values in
the last column of Table 3.2 are the number of !°C atoms remaining at the end of
the implantation period and were determined using the same technique employed in
the previous section (Eq. 3.4). It was assumed here that 100% of the *B atoms
B-decay to '3C bound states; this assumption, is of course, not true and is made only
to demonstrate the implantation efficiency* (approximately 55%). Since the half-life
of °B is so short (10.5 ms, [Aj91]) compared to the implantation period of 4.847 s for
these runs, it is fair to assume that nearly all (99.7%) of the implanted '°B ions decay
to some state of 1®C by the end of each implantation period. It is almost as though
a 1C ion beam of mixed energy states was being deposited into the implantation

detector.
3.1.3 Group Three Experimental Runs

The third and final group of experimental runs (# 14) involved depositing beams
of 15C and "N into the implantation detector in order to determine the detector’s
B-decay detection efficiency for 1*C decays. This efficiency is important to determine
the 1B B-decay branch to !*C bound states from the Group Two runs. Table 3.3

contains the information for this run.

4Not to be confused with the implantation detector’s f-detection efficiency !
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In run # 14 the A1200 was tuned such that both 'C and '"N ions were present
at the focal plane of the device and transported to the implantation detector. From
the projectile fragmentation of the primary '*0 beam, the production cross section
for 17N is much greater than it is for '*C. While the A1200 was tuned for maximum
transmission of °C, the “tail” of the "N momentum distribution appeared as a
sizeable contaminant. The production rates of 1*C and "N for run 14, 0.43 ions/ms
and 0.59 ions/ms respectively, confirm this. It was actually beneficial to have the 1N
ions, in addition to the '3C, in understanding the implantation detector’s f-detection

efficiency; this will be explained later.



58

Table 3.2: Summary of part of the experimental runs (Group Two) involved with
measuring the decay of 1>B. These runs were used to measure the B 3-decay branch
to 1°C bound states. Listed are the run number and on/off cycle (only 5 s/6 s cycle
was used for these runs), the time of each run, the total number of !°B ions deposited
in the implantation detector (per run), the A1200 'B production rate, and the total
number of C atoms (per run) remaining at the end of the implantation period
assuming a 100% °B 3-decay branch to *C bound states (see text).

Run # Run time 5B ions A1200 B 15C atoms
(On/Off) (sec) implanted production | remaining at end
(per run) | rate (ions/ms) | of implan. period
(per run)
11 (5/6) 32,442 7.390E6 0.497 4.02E6
12 (5/6) 20,017 £.301E6 0.468 9.34E6
13 (5/6) 11,322 5.861E6 0.551 1.56E6
% = 63,781 | = 14.55E6 | % = 0.505 T = 7.02E6
(17hr,45min) o = 0.042




Table 3.3: Summary of part of the experimental runs (Group Three) involved with
measuring the decay of '*B. This run was used to determine the implantation detec-
tor’s B-decay detection efficiency for '3C. Listed is the run number and on/off cycle
(only 5 s/7 s cycle was used), the time of the run, the total number of ions deposited
in the implantation detector (per run), the A1200 production rate, and the total
number of atoms (per run) remaining at the end of the implantation period.

Run # Run time Ions A1200 Atoms
(On/Off) (sec) implanted production | remaining at end
(per run) rate (ions/ms) | of implan. period
___ (per run)
14 (5/7) 1,825 | 3.187E5 (*°C) | 0.434 (°C) 1.74E5 (°C)
4.327E5 (Y'N) | 0.589 ("N) | 2.99E5 ('7N)
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3.2 A Measurement of the Half-life of °B

In the present work, decay curves for 1°B inclusive 3-emission were obtained for the
Group One runs (one through ten). A least-square fitting procedure which assumed
a single exponential decay component and a constant background was used to deduce
the half-life of 1B, and in addition, the activity present at time-zero, A 5. The least-
square fitting procedure could be applied to the data between specified beginning and
end channels (these channels correspond to time). Since the decay is exponential, the
half-life should be independent as to where the fit is begun and ended. For example,
the same half-life should be obtained for a fit between channels # 5 to # 80 (2.44 ms
to 39.06 ms) or channels # 10 to # 75 (4.88 ms to 36.62 ms) where the 2.44 ms and
4.88 ms correspond to time after the end of the implantation period (calibration of
0.48828 ms/ch). Indeed, using these two different “fitting limits”, half-life values of
10.3+0.2 ms and 10.2+0.3 ms were obtained for }°B. The A, value obtained, however,
will depend on where the fit is begun and must be corrected for the exponential decay
that occurs between the actual end of the implantation period and start of the data
fit in order to obtain the true activity, Ag rye, present at the end of the implantation
period. For runs one through ten, the fit to the data began at 2.44 ms after the end

of the implantation period (ch. # 5) and Agrue Was calculated as:

Ao

o= s g(2-44m3) (3.5)

AO,true =

Channel # 5 was choosen because this gave good fitting results for all ten runs.
Other fitting limits were tried, giving very similar Ao true values once the appropriate

compensation was made to account for the exponential decay. Table 3.4 is a summary

5 A similar fitting procedure was tried in which the components’ decay constants could be fixed
to include a 2Be component, in addition to the !B component. The 12Be appeared to make no
noticeable contribution to these decay curves. Calculations made by estimating the amount of 12Be
that should decay along with !*B (determined from the A1200 beam purity and on/off cycle time)
indicate the 12Be Ag should at most be 0.35% that of the '*B Ao.
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